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The enthusiastic reception of the prior edition of Essentials
of Rubin’s Pathology motivated us to prepare a new fifth edi-
tion. The text is based on the larger fifth edition of Rubin’s
Pathology and provides a summary of contemporary general
and systemic pathology. We have omitted most of the dis-
cussions of normal anatomy, physiology and histology, as
well as the descriptions of less frequently encountered dis-
eases, when such do not teach important fundamental con-
cepts. In addition, the clinical and experimental support for
statements in the text have been shortened. Thus, our goal
for Essentials of Rubin’s Pathology is to present the reader with
all the key concepts of the evolution and expression of dis-
ease and to assign priorities based on the clinical impor-
tance and heuristic relevance of the individual disorders. In
revising the manuscript we have updated and modified
content that is important in achieving our goal.

As in earlier editions, Essentials of Rubin’s Pathology main-
tains the tradition of dividing the subject matter into gen-
eral (Chapters 1-9) and systemic (Chapters 10-30) patholo-
gy. The text continues to distinguish between pathogene-
sis, pathology and clinical features of the various diseases
discussed. Throughout the text, key terms and definitions

of importance have been highlighted by bullets, italics, bold
face and color to add emphasis and aid review. Many of the
original drawings and photographs have been revised and
new ones have been added.

This edition of Essentials of Rubin’s Pathology recognizes
the expansion of knowledge relevant to pathology into the
molecular realm and contains a considerable amount of
new material. It should continue to serve the needs of all
students of pathology who wish to integrate the concepts
of molecular, cellular and tissue based biology with the
study of clinical medicine.

Attempting to edit a comprehensive textbook of pathol-
ogy without missing prior errors, or introducing new ones
is like trying to live without sin--worth the effort, but ulti-
mately impossible. The inevitability of human error has not
deterred us from the inclusion of new and sometimes still
controversial concepts. Some of these will stand the test of
time, others will be corrected in the next edition. We stand
ready to catch cast stones.

Emanuel Rubin, MD
Howard Reisner, PhD
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David S. Strayer

Emanuel Rubin

Reactions to Persistent Stress and Cell Injury
Proteasomes
Atrophy as Adaptation
Hypertrophy
Hyperplasia
Metaplasia
Dysplasia
Mechanisms and Morphology of Cell Injury
Hydropic Swelling
Subcellular Changes
Ischemic Cell Injury
Oxidative Stress
Ischemia/Reperfusion Injury
Intracellular Storage

Pathology is the study of structural and functional ab-
normalities that are expressed as diseases of organs and
systems. Classic theories attributed diseases to imbal-
ances or noxious effects of bumors on specific organs. In
the 19th century, Rudolf Virchow, often referred to as
the father of modern pathology, proposed that injury to
the smallest living unit of the body, the cell, is the basis
of all disease. To this day, clinical and experimental
pathology remain rooted in this concept, which is now
extended by an increased understanding of the molecu-
lar nature of many disease processes.

A living cell must maintain the ability to produce en-
ergy, much of which is spent in establishing a barrier be-
tween the internal milien of the cell and a hostile envi-
ronment. The plasma membrane, associated ion
pumps, and receptor molecules serve this purpose.

How Exogenous Agents Injure Cells
lonizing Radiation
Viral Cytotoxicity
Chemicals
Abnormal G Protein Activity
Cell Death
Necrosis from Exogenous Stress
Necrosis from Intracellular Insults
Apoptosis (Programmed Cell Death)
Biological Aging
Maximal Life Span
The Cellular Basis of Aging
Genetic Factors
Somatic Damage
Summary Hypothesis of Aging

A cell must also be able to adapt to adverse environ-
mental conditions, such as changes in temperature,
solute concentrations, oxygen supply, or the presence of
noxious agents, and so on. If an injury exceeds the
adaptive capacity of the cell, the cell dies. From this per-
spective, pathology is the study of cell injury and the ex-
pression of a cell’s pre-existing capacity to adapt to such

mjury.

Reactions to Persistent Stress
and Cell Injury

Persistent stress often leads to chronic cell injury. Whereas perma-
nent organ injury is associated with the death of individual cells, the
cellular response to persistent sublethal injury (whether chemical or
physical) reflects adaptation of the cell to a hostile environment.
Again, these changes are, for the most part, reversible on discontin-
uation of the stress. The major adaptive responses are atrophy, hy-
pertrophy, hyperplasia, metaplasia, dysplasia, and intracellular stor-

1
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age of certain endogenous or exogenous materials. In addition, cer-
tain forms of neoplasia may follow adaptive responses.

Proteasomes are Key Participants in Cell
Homeostasis, Response to Stress, and Adaptation
to Altered Extracellular Environment

Cellular homeostasis requires mechanisms that allow the cell to
destroy certain proteins selectively. Although there is evidence that
more than one such pathway may exist, the best-understood
mechanism by which cells target specific proteins for elimination
is the ubiquitin (Ub)-proteasomal apparatus.

Proteasomes
The importance of the proteosome is underscored by the fact that
it may comprise up to 1% of the total protein of the cell. Protea-
somes are evolutionarily highly conserved and are present in all eu-
karyotic cells. Mutations leading to interference with normal pro-
teasomal function are lethal.

Proteasomes exist in two forms. The 20S proteasomes are im-
portant in degradation of oxidized proteins. In 26S proteasomes,
ubiquitinated proteins are degraded.

Ub and Ubiquitination

Proteins to be degraded are flagged by attaching small chains of
Ub molecules to them, thereby serving to identify proteins to be
destroyed.

How Ubiquitination Matters

The importance of ubiquitination and specific protein elimina-
tion is fundamental to cellular adaptation to stress and injury.
Defective ubiquitination may play a role in several important neu-
rodegenerative diseases. Mutations in parkin, a Ub ligase, and also
a related enzyme, are implicated in two hereditary forms of
Parkinson disease. Manipulation of ubiquitination may be impor-
tant in tumor development. Thus, papilloma virus strains that are
associated with human cervical cancer (see Chapters 5 and 18) pro-
duce increased p53 ubiquitination and accelerate p53 degrada-
tion. Impaired ubiquitination may also be involved in some cellu-
lar degenerative changes that occur in aging and in some storage
diseases.

Atrophy is an Adaptation to Diminished Need or
Resources for a Cell’s Activities

Clinically, atrophy is often noted as a decrease in size or function
of an organ that occurs under pathologic or physiologic circum-
stances. Therefore, atrophy may result from disuse of skeletal
muscle or from loss of trophic signals as part of normal aging. At
the level of an individual cell, atrophy may be thought of as an
adaptive response, whereby a cell accommodates to changes in its
environment while remaining viable. Reduction in an organ’s size
may reflect reversible cell atrophy or irreversible loss of cells. For
example, atrophy of the brain in Alzheimer disease is secondary to
extensive cell death; the size of the organ cannot be restored (Fig.
1-1). Atrophy occurs under a variety of conditions:

* Reduced Functional Demand: For example, after immobi-
lization of a limb in a cast, muscle cells atrophy, and muscular
strength is reduced. When normal activity resumes, the mus-
cle’s size and function return.

* Inadequate Supply of Oxygen: Interference with blood supply to
tissues is called ischemia. Although total cessation of oxygen per-
fusion results in cell death, partial ischemia is often compatible
with cell viability. Under such circumstances, cell atrophy is
common.

o
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are thinned and the sulci conspicuously widened.

|II\I|‘II\||‘|IN|\ IW‘"‘"H Atrophy of the brain. Marked atrophy of the frontal
IhiMMERIA 10be is noted in this photograph of the brain. The gyri

* Insufficient Nutrients: Starvation or inadequate nutrition as-
sociated with chronic disease leads to cell atrophy, particularly
in skeletal muscle.

 Interruption of Trophic Signals: The functions of many cells
depend on signals transmitted by chemical mediators, of which
the endocrine system and neuromuscular transmission are the
best examples. Loss of such signals via ablation of an endocrine
gland or denervation results in atrophy of the target organ.
Atrophy secondary to endocrine insufficiency is not restricted
to pathologic conditions. For example, the endometrium atro-
phies when estrogen levels decrease after menopause (Fig. 1-2).

* Aging: The size of all parenchymal organs decreases with age.
The size of the brain is invariably decreased, and in the very old,
the size of the heart may be so diminished that the term senile
atrophy has been used.

Hypertrophy is an Increase in Cell Size and
Functional Capacity

Hypertrophy is an adaptive change that results in an increase in
cellular size to satisfy increased functional demand or trophic sig-
nals. In some cases, increased cellular number (hyperplasia, see be-
low) may also result. In organs made of terminally differentiated
cells (e.g., heart, skeletal muscle), such adaptive responses are ac-
complished solely by increased cell size (Fig. 1-3). In other organs
(e.g., kidney, thyroid), cell numbers and cell size may both increase.
Hypertrophy is associated with an initial increase in the degrada-
tion of certain cellular proteins, followed by an increase in the syn-
thesis of proteins needed to meet increased functional demand.
Programmed cell death (apoptosis, see below) may be inhibited,
thereby resulting in an increase in cell survival.

Hyperplasia is an Increase in the Number of Cells
in an Organ or Tissue

Hypertrophy and hyperplasia often occur concurrently. The spe-
cific stimuli that induce hyperplasia and the mechanisms by which
they act vary greatly from one tissue and cell type to the next.
Whatever the stimulus, hyperplasia involves stimulating resting
cells (GO) to enter the cell cycle (G1) and then to multiply. This may
be a response to an altered endocrine milieu, increased functional
demand, or chronic injury. These topics are discussed in Chapters
3and 5.

o
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FlGUREHLS Proliferative endometrium. A. A section of the uterus from a woman of reproductive age reveals a thick en-
Il dometrium composed of proliferative glands in an abundant stroma. B. The endometrium of a 75-year-old
woman (shown at the same magnification) is thin and contains only a few atrophic and cystic glands.

* Hormonal Stimulation: Changes in hormone concentrations,
whether physiologic or pathologic, can elicit proliferation of
responsive cells. The normal increase in estrogens at puberty or
early in the menstrual cycle leads to increased numbers of en-
dometrial and uterine stromal cells. Exogenous estrogen ad-
ministration to postmenopausal women has the same effect.
Ectopic hormone production may also result in hyperplasia.
Erythropoietin production by renal tumors may lead to hyper-
plasia of erythrocytes in the bone marrow.

* Increased Functional Demand: Hyperplasia, like hypertro-
phy, may be a response to increased physiologic demand. At
high altitudes, low atmospheric oxygen content leads to com-
pensatory hyperplasia of erythrocyte precursors in the bone
marrow and increased erythrocytes in the blood (secondary
polycythemia). Chronic blood loss, as in excessive menstrual
bleeding, also causes hyperplasia of erythrocytic elements.

¢ Chronic Injury: Long-standing inflammation or chronic
physical or chemical injury often results in a hyperplastic re-
sponse. Pressure from ill-fitting shoes causes hyperplasia of the
skin of the foot, so-called corns or calluses, which reflects the
skin’s protective capacity.

Inappropriate hyperplasia can itself be harmful—witness the
unpleasant consequences of psoriasis, which is characterized by
conspicuous hyperplasia of the skin (Fig. 1-4). Excessive estrogen

Myocardial hypertrophy. Cross-section of the heart
FIGURE -3 ) f ’ .
of a patient with long-standing hypertension shows

pronounced, concentric left ventricular hypertrophy.

stimulation, whether from endogenous or exogenous sources, may
lead to endometrial hyperplasia.

Metaplasia is Conversion of One Differentiated Cell
Type to Another

Metaplasia is usually an adaptive response to chronic persistent
injury, in which a tissue assumes the phenotype that provides it
with the best protection from the insult. Most commonly, glandu-
lar epithelium is replaced by squamous epithelium. Columnar or
cuboidal lining cells may be committed to mucus production but
may not be adequately resistant to the effects of chronic irritation
or a pernicious chemical. For example, prolonged exposure of the
bronchial epithelium to tobacco smoke leads to squamous meta-
plasia. A similar response occurs in the endocervix afflicted by
chronic infection (Fig. 1-5).

The process is not restricted to squamous differentiation.
When highly acidic gastric contents reflux chronically into the
lower esophagus, the squamous epithelium of the esophagus may
be replaced by stomach-like glandular mucosa (Barrett epithe-
lium). This can be thought of as an adaptation to protect the
esophagus from injury by gastric acid and pepsin, to which the
normal gastric mucosa is resistant. Metaplasia may also consist of
replacement of one glandular epithelium by another. Metaplasia
of transitional epithelium to glandular epithelium occurs when
the bladder is chronically inflamed (cystitis glandularis).

Although metaplasia is often adaptive, it is not necessarily in-
nocuous. For example, squamous metaplasia may protect a
bronchus from tobacco smoke, but it also impairs mucus produc-
tion and ciliary clearance. Neoplastic transformation may occur in
metaplastic epithelium; cancers of the lung, cervix, stomach, and
bladder often arise in such areas. Metaplasia is usually fully reversible.
If the noxious stimulus is removed (e.g., when one stops smoking),
the metaplastic epithelium eventually returns to normal.

Dysplasia is Disordered Growth and Maturation of
the Cellular Components of a Tissue

The cells that compose an epithelium normally exhibit uniformity
of size, shape, and nuclear structure. Moreover, they are arranged
in a regular fashion, as, for example, a squamous epithelium pro-
gresses from plump basal cells to flat superficial cells. In dysplasia,
this monotonous appearance is disturbed by (1) variation in cell
size and shape, (2) nuclear enlargement, irregularity, and hyper-
chromatism, and (3) disarray in the arrangement of cells within
the epithelium (Fig. 1-6). Dysplasia occurs most often in hyper-
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Hyperplasia. A. Normal epidermis. B. Epidermal hyperplasia in psoriasis, shown at the same magnification as
FIGURE -4k . o . ) :
in A. The epidermis is thickened, owing to an increase in the number of squamous cells.

plastic squamous epithelium, as seen in epidermal actinic kerato-
sis (caused by sunlight) and in areas of squamous metaplasia, such
as in the bronchus or the cervix. It is not, however, exclusive to
squamous epithelium. Ulcerative colitis, an inflammatory disease
of the large intestine, is often complicated by dysplastic changes in
the columnar mucosal cells.

Like metaplasia, dysplasia is a response to a persistent injurious
influence and will usually regress, for example, on cessation of
smoking or the disappearance of human papillomavirus from the
cervix. However, it shares many cytologic features with cancer, and
the line between the two may be very fine. For example, it may be
difficult to distinguish severe dysplasia from early cancer of the
cervix. Dysplasia is preneoplastic, in the sense that it is a necessary stage in
the multistep cellular evolution to cancer. In fact, dysplasia is included
in the morphologic classifications of the stages of intraepithelial
neoplasia in a variety of organs (e.g., cervix, prostate, bladder).
Severe dysplasia is considered an indication for aggressive preven-
tive therapy to cure the underlying cause, eliminate the noxious
agent, or surgically remove the offending tissue.

As in the development of cancer (see Chapter 5), dysplasia re-
sults from sequential mutations in a proliferating cell population.
Dysplasia is the morphologic expression of the molecular disturbance in
growth regulation. However, unlike cancer cells, dysplastic cells are
not entirely autonomous, and with intervention, tissue appear-
ance may still revert to normal.

Squamous metaplasia. A section of endocervix
RIGURE 15 .
shows the normal columnar epithelium at both mar-

gins and a focus of squamous metaplasia in the center.

Mechanisms and Morphology of Cell Injury

All cells have efficient mechanisms to deal with shifts in environ-
mental conditions. Thus, ion channels open or close, harmful
chemicals are detoxified, metabolic stores such as fat or glycogen
may be mobilized, and catabolic processes may lead to the segrega-
tion of internal particulate materials. It is when environmental
changes exceed the cell’s capacity to maintain normal homeostasis that cell
injury occurs. If the stress is removed in time or if the cell can with-
stand the assault, cell injury is reversible, and complete structural
and functional integrity is restored. The cell can also be exposed to
persistent sublethal stress, as in mechanical irritation of the skin
or exposure of the bronchial mucosa to tobacco smoke. In such in-
stances, the cell has time to adapt to reversible injury in a number
of ways, each of which has its morphologic counterpart. On the
other hand, if the stress is severe, irreversible injury leads to death
of the cell. The precise moment at which reversible injury gives way
to irreversible injury, the “point of no return,” cannot be identified
at present.

Dysplasia. The dysplastic epithelium of the uterine
FIGURE| -6 " . o

cervix lacks the normal polarity, and the individual
cells show hyperchromatic nuclei, a larger nucleus-to-cytoplasm ratio,
and a disorderly arrangement.
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FlGURE L7 Hydroplc _swelllng. A nee(jle blgpsy of the liver of a
patient with toxic hepatic injury shows severe

hydropic swelling in the centrilobular zone. The affected hepatocytes
exhibit central nuclei and cytoplasm distended (ballooned) by excess fluid.

Hydropic Swelling is a Reversible Increase in Cell
Volume

Hydropic swelling is characterized by a large, pale cytoplasm and a
normally located nucleus (Fig. 1-7). The greater volume reflects an
increased water content. Hydropic swelling reflects acute, reversible
cell injury and may result from such varied causes as chemical and
biological toxins, viral or bacterial infections, ischemia, excessive
heat or cold, etc.

By electron microscopy, the number of organelles is un-
changed, although they appear dispersed in a larger volume. The
excess fluid accumulates preferentially in the cisternae of the en-
doplasmic reticulum, which are conspicuously dilated, presum-
ably because of ionic shifts into this compartment (Fig. 1-8).
Hydropic swelling is entirely reversible when the cause is removed.

Hydropic swelling results from impairment of cellular volume
regulation, a process that controls ionic concentrations in the cy-
toplasm. This regulation, particularly for sodium (Na®), involves
three components: (1) the plasma membrane, (2) the plasma mem-
brane Na" pump, and (3) the supply of ATP. The plasma mem-
brane imposes a barrier to the flow of Na” down a concentration

o
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gradient into the cell and prevents a similar efflux of potassium
(K") from the cell. The barrier to Na" is imperfect, and the relative
leakiness to that ion permits its passive entry into the cell. To com-
pensate for this intrusion, the energy-dependent plasma mem-
brane Na" pump (Na'/K"-ATPase), which is fueled by ATP, ex-
trudes Na” from the cell. Injurious agents may interfere with this
membrane-regulated process by (1) increasing the permeability of
the plasma membrane to Na’, thereby exceeding the capacity of
the pump to extrude Na”, (2) damaging the pump directly, or (3)
interfering with the synthesis of ATP, thereby depriving the pump
of its fuel. In any event, the accumulation of Na" in the cell leads
to an increase in water content to maintain isosmotic conditions;
the cell then swells.

Subcellular Changes Occur in Reversibly
Injured Cells

* Endoplasmic Reticulum: The cisternae of the endoplasmic
reticulum are distended by fluid in hydropic swelling. In other
forms of acute, reversible cell injury, membrane-bound
polysomes may undergo disaggregation and detach from the
surface of the rough endoplasmic reticulum.

* Mitochondria: In some forms of acute injury, particularly is-
chemia, mitochondria swell. This enlargement reflects the dis-
sipation of the energy gradient and consequent impairment of
mitochondrial volume control. Amorphous densities rich in
phospholipid may appear, but these effects are fully reversible
on recovery.

e Plasma Membrane: Blebs of the cellular plasma membrane—
that is, focal extrusions of the cytoplasm—are occasionally
noted. These can detach from the membrane into the external
environment without the loss of cell viability.

* Nucleus: In the nucleus, reversible injury is reflected princi-
pally in nucleolar change. The fibrillar and granular compo-
nents of the nucleolus may segregate. Alternatively, the granu-
lar component may be diminished, leaving only a fibrillar core.

These changes in cell organelles (Fig. 1-9) are reflected in func-
tional derangements (e.g., reduced protein synthesis and impaired
energy production). After withdrawal of an acute stress that bas led to re-
versible cell injury, by definition, the cell returns to its normal state.

Ischemic Cell Injury Usually Results from
Obstruction to the Flow of Blood
When tissues are deprived of oxygen, ATP cannot be produced by

aerobic metabolism and is instead generated inefficiently by anaer-
obic metabolism. Ischemia initiates a series of chemical and pH

Flaurehls Ultrastructure of hydropic swelling of a liver cell. A. Two apposed normal hepatocytes with tightly organ-
il ized, parallel arrays of rough endoplasmic reticulum. B. Swollen hepatocyte in which the cisternae of the en-

doplasmic reticulum are dilated by excess fluid.
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Plama membrane bleb

Increased intracellular
volume

Mitochondrial swelling
and calcification

Disaggregated
ribosomes

Dilated, vesicular
endoplasmic reticulum

Aggregated cytoskeletal
elements

m”pu!‘"l!!umnl Ml Ultrastructural features of reversible cell injury.
i

imbalances, which are accompanied by enhanced generation of in-
jurious free-radical species. The damage produced by short peri-
ods of ischemia tends to be reversible if the circulation is restored.
However, cells subjected to long episodes of ischemia become irre-
versibly injured and die. The mechanisms of cell damage are dis-
cussed later.

Oxidative Stress Leads to Cell Injury
in Many Organs

For human life, oxygen is both a blessing and a curse. Without it,
life is impossible, but oxygen metabolism can produce partially re-
duced oxygen species that react with virtually any molecule they
reach.

Reactive Oxygen Species (ROS)
ROS have been identified as the likely cause of cell injury in many
diseases and other damaging events. These include:

* The inflammatory process (see Chapter 2)

* Chemical toxicity

* Ionizing radiation in which injury is the result of the direct
formation of hydroxyl (* OH) radicals from the radiolysis of
water (H,0)

¢ Chemical carcinogenesis

* Aging (see below)

Cells may also be injured when oxygen is present at concentra-
tions greater than normal. The lungs of adults and the eyes of pre-
mature newborns were at one time the major targets of such oxy-
gen toxicity (retrolental fibroplasia) until recognized.

Complete reduction of O, to H,O by mitochondrial electron
transport involves the transfer of four electrons. There are three
partially reduced species that are intermediate between O, and
H,O, representing transfers of varying numbers of electrons (Fig.
1-10). They are O, superoxide (one electron); H,O,, hydrogen
peroxide (two electrons); and ¢ OH, the ¢ OH radical (three elec-
trons). For the most part, these ROS are produced principally by

leaks in mitochondrial electron transport, with an additional con-
tribution from the mixed-function oxygenase (P450) system. The
major forms of ROS are listed in Table 1-1.

Superoxide

The superoxide anion (O3") is produced principally by leaks in mi-
tochondrial electron transport or as part of the inflammatory re-
sponse (see Chapter 2). Superoxide and other ROS are the princi-

/ o2
cytosolic \

Electron
transport
chain

H20 Peroxisome

Mitochondrion

PPl Mechanisms by which reactive oxygen radicals
FIGURE 0

guliidbielll are generated from molecular oxygen and then
detoxified by cellular enzymes. CoQ, coenzyme Q; GPX, glutathione
peroxidase; H*, hydrogen ion; HoO, water; HoOo, hydrogen peroxide;
0o, oxygen; Oo superoxide; SOD, superoxide dismutase.
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TABLE 1-1
| et sy et 111111 T
pactive| Oxyge Secies
ibdunatifubbitheenidtinal it
Molecule Attributes

Forms free radicals via
Fe?*-catalyzed Fenton reaction

Diffuses widely within the cell

Hydrogen peroxide
(H205)

Superoxide anion (05") Generated by leaks in the electron
transport chain and some

cytosolic reactions
Produces other ROS

Does not readily diffuse far
from its origin

Hydroxyl radical (¢OH) Generated from H,O, by

Fe?*-catalyzed Fenton reaction

The intracellular radical most
responsible for attack on
macromolecules

Peroxynitrite (ONOOQOe) Formed from the reaction of nitric
oxide (NO) with O, damages

macromolecules

Lipid peroxide radicals Organic radicals produced

(RCOOe) during lipid peroxidation
Hypochlorous acid Produced by macrophages and
(HOCI) neutrophils during respiratory burst

that accompanies phagocytosis

Dissociates to yield hypochlorite
radical (OCI")

Fe?*, ferrous iron; ROS, reactive oxygen species.

pal effectors of cellular oxidative defenses that destroy pathogens,
fragments of necrotic cells, or other phagocytosed material. They
may also serve as signaling intermediates that elicit the release of
proteolytic and other degradative enzymes (see Chapter 2).

Hydrogen Peroxide

O, anions are catabolized by superoxide dismutase to produce
H,0,. Hydrogen peroxide is also produced directly by a number of
oxidases in cytoplasmic peroxisomes (see Fig. 1-10). By itself,
H,0, is not particularly injurious, and it is largely metabolized to
H,O by catalase or glutathione peroxidase in both the cytosol and
the mitochondria (see Fig. 1-10). However, when produced in ex-
cess, it is converted to highly reactive ¢OH. In neutrophils,
myeloperoxidase transforms H,O5 to the potent radical hypochlo-
rite (OCL"), which is lethal for microorganisms and cells.

Hydroxyl Radical

Hydroxyl radicals (¢ OH) are formed by (1) the radiolysis of H,O,
(2) the reaction of H,O, with ferrous iron (Fe*") (Fenton reaction),
and (3) the reaction of O, with H,O, (Haber-Weiss reaction). The
* OH radical is the most reactive molecule of ROS, and there are several
mechanisms by which it can damage macromolecules.

 Lipid Peroxidation: This process ultimately results in the de-
struction of the unsaturated fatty acids of phospholipids and a
loss of membrane integrity.

* Protein Interactions: As a result of oxidative damage caused
by * OH, proteins undergo fragmentation, cross-linking, aggre-
gation, and eventually degradation.

* DNA damage: DNA is an important target of the « OH. A va-
riety of structural alterations include strand breaks, modified
bases, and cross-links between strands. In most cases, the in-
tegrity of the genome can be reconstituted by the various DNA
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~

CELL DEATH

”"m‘"rr}!' ‘RH' il Hl”"\'"ﬂ \IHIIWHHH Mechanisms of cell injury by activated oxygen
il species. Fe?*, ferrous iron; Fe?*, ferric iron; GSH,
glutathione; GSSG, glutathione; H>O,, hydrogen peroxide; O,, oxygen;
05, superoxide anion; ®OH, hydroxyl radical.

repair pathways. However, if oxidative damage to DNA is suffi-
ciently extensive, the cell dies.

Figure 1-11 summarizes the mechanisms of cell injury by activated
oxygen species.

Cellular Defenses against Oxygen-Free Radicals
Cells manifest potent antioxidant defenses against ROS,
including detoxifying enzymes such as superoxide dismutase,
catalase and glutathione peroxidase (see above), and exogenous
free-radical scavengers such as vitamins C (ascorbate), vitamin E
(a-tocopherol), and vitamin A precursors (retinoids)

Ischemia/Reperfusion Injury Reflects
Oxidative Stress

Ischemia/reperfusion (I/R) injury is a common clinical problem
that arises in occlusive cardiovascular disease, infection, shock,
and many other settings. I/R injury reflects the interplay of
transient ischemia, consequent tissue damage, and exposure of
damaged tissue to the oxygen that arrives when blood flow is
re-established (reperfusion). Initially, ischemic cellular damage
leads to the generation of free-radical species. Reperfusion then
provides abundant molecular O to combine with free radicals to
form ROS. The evolution of I/R injury also involves several other
factors, including inflammatory mediators (tumor necrosis factor-
a [TNF-a], interleukin-1 [IL-1]), platelet-activating factor, nitric
oxide synthase (NOS), NO ¢, intercellular adhesion molecules, and
many more.

Reperfusion injury can be put into perspective by emphasizing
that there are three different degrees of cell injury, depending on
the duration of the ischemia:

* With short periods of ischemia, reperfusion (and, therefore, the
resupply of oxygen) completely restores the structural and
functional integrity of the cell. Cell injury in this case is com-
pletely reversible.
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» With longer periods of ischemia, reperfusion is not associated
with restoration of cell structure and function but rather with
deterioration and death of the cells. In this case, lethal cell in-
jury occurs during the period of reperfusion.

* Lethal cell injury may develop during the period of ischemia it-
self, in which case reperfusion is not a factor. A longer period of
ischemia is needed to produce this third type of cell injury. In
this case, cell damage does not depend on the formation of ac-
tivated oxygen species.

Intracellular Storage Is Retention
of Materials Within the Cell

The substances that accumulate may be normal or abnormal, en-
dogenous or exogenous, harmful or innocuous and may act as an
indicator of cell injury (Fig 1-12).

* Degraded phospholipids, which result from the turnover of
endogenous membranes, are stored in lysosomes and may be
recycled or remain as insoluble pigments (lipofuscin) (Fig.
1-12D).

* Substances that cannot be metabolized accumulate in cells.
These include (1) endogenous substrates that are not further
processed because a key enzyme is missing (hereditary storage
diseases) (see Chapter 6), (2) insoluble endogenous pigments,
such as lipofuscin (see above) and melanin (Fig. 1-12 E), (3) ag-
gregates of normal or abnormal proteins, and (4) exogenous
particulates (e.g., inhaled silica and carbon or injected tattoo
pigments).

* Overload of normal body constituents, including iron, cop-
per, and cholesterol, injures a variety of cells.

e Abnormal proteins may be toxic when they are retained
within a cell. Examples are Lewy bodies in Parkinson disease
and mutant Q;-antitrypsin in liver disease (Fig. 1-12 C).

Fat

Abnormal accumulation of fat is most conspicuous in the liver, a
subject treated in detail in Chapter 14. When delivery of free fatty
acids to the liver is increased, as in diabetes, or when intrahepatic
lipid metabolism is disturbed, as in alcoholism, triglycerides accu-
mulate in liver cells. Fatty liver is identified morphologically as
lipid globules in the cytoplasm. Other organs, including the hearrt,
kidney, and skeletal muscle, also store fat, as do atherosclerotic
plaque macrophage (Fig. 1-12AB). Fat storage is generally re-
versible, and there is no evidence that the excess fat by itself inter-
feres with cell function (although such storage may well be associ-
ated with disease).

Lipofuscin

Lipofuscin is a mixture of lipids and proteins containing a golden-
brown pigment called ceroid. Lipofuscin tends to accumulate by
accretion of oxidized, cross-linked proteins and is not digestible. It
occurs mainly in terminally differentiated cells (neurons and car-
diac myocytes) or in cells that cycle infrequently (hepatocytes) (see
Fig. 1-12D). It is often more conspicuous in conditions associated
with atrophy of an organ.

Melanin

Melanin is an insoluble, brown-black pigment found principally in the epi-
dermal cells of the skin but also in the eye and other organs (see Fig. 1-
12E). Itis located in intracellular organelles known as melanosomes
and results from the polymerization of certain oxidation products
of tyrosine. The amount of melanin is responsible for the differ-
ences in skin color among the various races, as well as the color of
the eyes. It serves a protective function, owing to its ability to ab-
sorb ultraviolet light. In white persons, exposure to sunlight in-
creases melanin formation (tanning). Melanin is discussed in de-
tail in Chapter 24.

o

Exogenous Substances
Anthracosis refers to the storage of carbon particles in the lung and regional
lymph nodes (Fig. 1-12F). Virtually all urban dwellers inhale partic-
ulates of organic carbon generated by the burning of fossil fuels.
These particles accumulate in alveolar macrophages and are also
transported to hilar and mediastinal lymph nodes, where the indi-
gestible material is stored indefinitely within macrophages.
Although the gross appearance of the lungs of persons with an-
thracosis may be alarming, the condition is innocuous.

Tattoos are the result of the introduction of insoluble metallic
and vegetable pigments into the skin, where they are engulfed by
dermal macrophages and persist for a lifetime.

Iron and Other Metals

Total body iron may be increased by enhanced intestinal iron absorp-
tion, as in some anemias, or by administration of iron-containing
erythrocytes in a transfusion. In either case, the excess iron is stored
intracellularly as ferritin and hemosiderin (Fig. 1-12G). Increasing
the body’s total iron content leads to progressive accumulation of he-
mosiderin (a partially denatured form of ferritin that aggregates eas-
ily and is recognized microscopically as yellow-brown granules in the
cytoplasm), a condition termed hemosiderosis. Intracellular accumula-
tion of iron in hemosiderosis does not usually injure cells. However,
if the increase in total body iron is extreme, we speak of iron over-
load syndromes (see Chapter 14), in which iron deposition is so se-
vere that it damages vital organs—particularly the heart, liver, and
pancreas. Excessive iron storage in some organs is also associated
with an increased risk of cancer. Pulmonary siderosis encountered
among certain metal polishers is accompanied by an increased risk of
lung cancer. Hereditary hemochromatosis (a genetic abnormality of
iron absorption) leads to a higher incidence of liver cancer, as well as
cirrhosis and cardiac disease.

Excess accumulation of lead, particularly in children, causes
mental retardation and anemia. In Wilson disease, a hereditary
disorder of copper metabolism, storage of excess copper in the
liver and brain may produce severe chronic disease of those or-
gans.

Calcification is a Normal or Abnormal Process

The deposition of mineral salts of calcium is a normal process in
the formation of bone from cartilage. Calcium entry into dead or
dying cells occurs, owing to the inability of such cells to maintain
a steep calcium gradient. This cellular calcification is not ordinar-
ily visible except as inclusions within mitochondria.

Dystrophic calcification refers to the macroscopic deposition of cal-
ciwm salts in injured tissues. This type of calcification does not simply
reflect an accumulation of calcium derived from the bodies of
dead cells. Rather it represents an extracellular deposition of cal-
cium from the circulation or interstitial fluid associated with per-
sistent necrotic tissue. Dystrophic calcification may have no func-
tional consequences, but if it occurs in a crucial location, such as a
mitral or aortic valve, it may result in disease.

Metastatic calcification reflects deranged calcium metabolism, in con-
trast to dystrophic calcification, which has its origin in cell injury.
Metastatic calcification is associated with an increased serum cal-
cium concentration (hypercalcemia).

How Exogenous Agents Injure Cells

Ionizing radiation, chemicals, and viral pathogens injure cells by di-
verse mechanisms, often by direct interactions with and damage to
critical cell components. Other agents may require metabolic activa-
tion that produces highly reactive free radicals (ROS), or as is the
case with ionizing radiation, directly produce reactive * OH radicals.
Viruses may subvert intrinsic cell death pathways (apoptotic path-
ways) to their advantage or provoke immune-mediated injury.
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A. Lipid accumulation in macrophages in a cutaneous

xanthoma. B. Abnormal cholesterol accumulation in
an atherosclerotic plaque. C. Storage of abnormal, mutant, a1-antitrypsin
in the liver (red granules). Periodic acid-Schiff (PAS) stain after diastase
treatment to remove glycogen. D. Lipofuscin. Photomicrograph of the
liver from an 80-year-old man shows golden cytoplasmic granules, which
represent lysosomal storage of lipofuscin. E. Melanin storage (arrows) in
an intradermal nevus. F. Carbon pigment storage. A mediastinal lymph
node, which drains the lungs, exhibits numerous macrophages that con-
tain black anthracotic (carbon) pigment. This material was inhaled and
originally deposited in the lungs. G. Iron storage in hereditary hemochro-
matosis. Prussian blue stain of the liver reveals large deposits of iron
within hepatocellular lysosomes.

o



Rubin01_HP

1/9/08 5:52 PM Page 10

10 Essentials of Rubin’s Pathology

lonizing Radiation Damages Cells by Production of
Hydroxyl Radicals and Direct Mutagenic Effects

The term “ionizing radiation” connotes an ability to cause radiolysis
of water, thereby directly forming ® OH. As noted above, * OH in-
teract with DNA and inhibit DNA replication. For a nonprolifer-
ating cell, such as a hepatocyte or a neuron, the inability to divide
is of little consequence. For a proliferating cell, however, the pre-
vention of mitosis is a catastrophic loss of function. Once a prolif-
erating cell can no longer divide, it dies by apoptosis (see below),
which rids the body of those cells that have lost their prime func-
tion. Direct mutagenic effects of ionizing radiation on DNA are
also important. The cytotoxic effects of ionizing radiation are dose
dependent. Whereas exposure to significant amounts of radiation
impairs the replicating capacity of cycling cells, massive doses of
radiation may kill both proliferating and quiescent cells directly.
Figure 1-13 summarizes the mechanisms of cell killing by ionizing
radiation.

Viral Cytotoxicity is Direct or Immunologically
Mediated

The means by which viruses cause cell injury and death are as di-
verse as viruses themselves. Unlike bacteria, a virus requires a cel-
lular host to (1) house it; (2) provide enzymes, substrates, and
other resources for viral replication; and (3) serve as a source for
dissemination when mature virions are ready to be spread to other
cells.

lonizing Radiation

300-1000 R >2000 R

Energy transfer to
macromolecules
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Radiolysis of H,O

@
j

All cells
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DNA damage
Protein and lipid adducts
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||‘"‘m'}!‘p"‘""|‘"‘I||‘|m|\||ml"|\||‘|| Mechanisms by which ionizing radiation at low
il ang high doses causes cell death. H,0, water;
*OH, hydroxyl radical; R, rads.
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* Direct Toxicity: Viruses may injure cells directly by subverting
cellular enzymes and depleting the cell’s nutrients, thereby dis-
rupting the normal homeostatic mechanisms. The mecha-
nisms underlying virus-induced lysis of cells, however, are com-
plex.

* Manipulation of Apoptosis (see below): There are many vi-
ral activities that can elicit apoptosis. For example, apoptosis is
activated when the cell detects episomal (extrachromosomal)
DNA replication. Because viruses must avoid cell death before
they have produced infectious progeny, they have evolved
mechanisms to counteract this effect by upregulating anti-
apoptotic proteins and inhibiting proapoptotic ones. Some
viruses also encode proteins that induce apoptosis once daugh-
ter virions are released.

* Immunologically mediated cytotoxicity: Both humoral and
cellular arms of the immune system protect against the harm-
ful effects of viral infections by eliminating infected cells. These
arms of the immune system eliminate virus-infected cells by in-
ducing apoptosis or by lysing the cell with complement (see
Chapter 4).

Chemicals Injure Cells Directly and Indirectly

Innumerable chemicals can damage almost any cell in the body.
The science of toxicology attempts to define the mechanisms that
determine both target cell specificity and the mechanism of action
of such chemicals. Toxic chemicals either (1) are themselves not
toxic but are metabolized to yield an ultimate toxin that interacts
with the target cell or (2) interact directly with cellular con-
stituents without requiring metabolic activation. Whatever the
mechanism, the result is usually necrotic cell death (see below).

Liver Necrosis Caused by the Metabolic
Products of Chemicals
Acetaminophen, an important constituent of many analgesics, is a
well-studied hepatotoxin, which is metabolized by the mixed-
function oxidase system of the endoplasmic reticulum of the he-
patocyte and causes liver cell necrosis. The drug is innocuous in
recommended doses, but when consumed to excess, it is highly
toxic to the liver. Most acetaminophen is enzymatically converted
in the liver to nontoxic glucuronide or sulfate metabolites. Less
than 5% of acetaminophen is ordinarily metabolized by isoforms
of cytochrome P450 to N-acetyl-p-benzoquinone imine (NAPQI), a
highly reactive quinone (Fig. 1-14). However, when large doses of
acetaminophen overwhelm the glucuronidation pathway, toxic
amounts of NAPQI are formed. The conjugation of NAPQI with
sulfhydryl groups on liver proteins causes extensive cellular dys-
function and subsequent injury. At the same time, NAPQI de-
pletes the antioxidant glutathione (GSH), rendering the cell more
susceptible to free radical-induced injury. Thus, conditions that
deplete GSH, such as starvation, enhance the toxicity of acetamin-
ophen. In addition, acetaminophen toxicity is increased by
chronic alcohol consumption, an effect mediated by an ethanol-
induced increase in the 3A4 isoform of P450, which results in in-
creased production of NAPQIL

Other hepatotoxic compounds (such as carbon tetrachloride
[CCLy]) produce metabolites that directly peroxidate and damage
cell membrane phospholipids.

Chemicals that are Not Metabolized

Directly cytotoxic chemicals interact with cellular constituents
without prior metabolic conversion. The critical cellular targets
are diverse and include, for example, mitochondria (heavy metals
and cyanide), cytoskeleton (phalloidin from toxic mushrooms),
and DNA (chemotherapeutic alkylating agents). The interaction
of directly cytotoxic chemicals with glutathione (alkylating
agents) weakens the cell’s antioxidant defenses.
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Abnormal G Protein Activity Leads to Functional
Cell Injury

Normal cell function requires the coordination of numerous
activating and regulatory signaling cascades. Hereditary or ac-
quired interference with correct signal transduction can result in
significant cellular dysfunction, as illustrated by diseases associ-
ated with faulty G proteins. Inherited defects in G protein sub-
units can lead to constitutive activation of the enzyme. In one
such hereditary syndrome, endocrine manifestations predomi-
nate, including multiple tumors in the pituitary and thyroid
glands. Another G protein mutation appears to predominate in
many cases of essential hypertension, in which exaggerated acti-
vation of G protein signaling results in increased vascular re-
sponsiveness to stimuli that cause vasoconstriction. Certain mi-
croorganisms (e.g., Vibrio cholerae and Escherichia coli) produce
their effects by elaborating toxins that activate G proteins.

Cell Death

Paradoxically, an organism’s survival requires the sacrifice of indi-
vidual cells. Physiologic cell death is integral to the transformation
of embryonic anlagen to fully developed organs. It is also crucial
for the regulation of cell numbers in a variety of tissues, including
the epidermis, gastrointestinal tract, and hematopoietic system.
Physiological cell death involves the activation of an internal suicide
program, which results in cell killing by a process termed apopto-
sis.

By contrast, pathologic cell death is not regulated and is invariably
injurious to the organism. It may result from a variety of insults to
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cellular integrity (e.g., ischemia, burns, and toxins). Necrosis oc-
curs when an insult irreversibly interferes with a vital structure or
function of an organelle (plasma membrane, mitochondria, etc.)
and does not trigger apoptosis. Pathologic cell death, however, can
also result from apoptosis, as exemplified by viral infections and
ionizing radiation.

Necrosis Results from Exogenous Cell Injury

At the cellular level, necrosis is characterized by cell and organelle
swelling, ATP depletion, increased plasma membrane permeabil-
ity, release of macromolecules, and eventually inflammation.
Although the mechanisms responsible for necrosis vary according
to the nature of the insult and the organ involved (see above),
most instances of necrosis share certain mechanistic similarities.

Whatever the nature of the lethal insult, cell necrosis is her-
alded by disruption of the permeability barrier function of the
plasma membrane. Normally, extracellular concentrations of Na"
and calcium are orders of magnitude greater than intracellular
concentrations. The opposite holds for potassium. The selective
ion permeability requires (1) considerable energy, (2) structural in-
tegrity of the lipid bilayer, (3) intact ion channel proteins, and (4)
normal association of the membrane with cytoskeletal con-
stituents. When one or more of these elements is severely dam-
aged, the resulting disturbance of the internal ionic balance is
thought to represent the “point of no return” for the injured cell.

The role of calcium in the pathogenesis of cell death deserves
special mention. Ca®* concentranon in extracellular ﬂu1ds is in
the millimolar range (10~ M). By contrast, cytosohc Ca®*concen-
tration is 10,000-fold lower, on the order of 1077 M. Many crucial
cell funcnons are exquisitely regulated by minute fluctuations in
the cytosohc free calcium concentration. Thus, a massive influx of
Ca®" through a damaged plasma membrane ensures the loss of
cell viability.

Coagulative Necrosis
Coagulative necrosis refers to light microscopic alterations in a dead or dy-
ing cell (Fig. 1-15). The appearance of the necrotic cell has tradi-
tionally been termed coagulative necrosis because of its similar-
ity to coagulation of proteins that occurs upon heating. However,
the usefulness of this historical term today is questionable.
Shortly after a cell’s death, its outline is maintained. When
stained with the usual combination of hematoxylin and eosin, the
cytoplasm of a necrotic cell is more deeply eosinophilic than usual.
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In the nucleus, chromatin is initially clumped and then is redis-
tributed along the nuclear membrane. Three morphologic
changes follow:

e Pyknosis: The nucleus becomes smaller and stains deeply ba-
sophilic as chromatin clumping continues.

» Karyorrhexis: The pyknotic nucleus breaks up into many
smaller fragments scattered about the cytoplasm.

+ Karyolysis: The pyknotic nucleus may be extruded from the
cell or it may manifest progressive loss of chromatin staining.

Early ultrastructural changes in a dying or dead cell reflect an
extension of alterations associated with reversible cell injury. In
addition to the nuclear changes described above, the dead cell fea-
tures dilated endoplasmic reticulum, disaggregated ribosomes,
swollen and calcified mitochondria, aggregated cytoskeletal ele-
ments, and plasma membrane blebs.

After a variable time, depending on the tissue and circum-
stances, a dead cell is subjected to the lytic activity of intracellular
and extracellular enzymes. As a result, the cell disintegrates. This is
particularly the case when necrotic cells have elicited an acute in-
flammatory response (see Chapter 2).

Whereas the morphology of individual cell death tends to be
uniform across different cell types, the tissue responses are more
variable. This diversity is described by a number of terms that re-
flect specific histologic patterns that depend upon the organ and
the circumstances.

Liquefactive Necrosis
When the rate of dissolution of the necrotic cells is considerably
faster than the rate of repair, the resulting morphologic appear-
ance is termed liquefactive necrosis. The polymorphonuclear
leukocytes of the acute inflammatory reaction contain potent hy-
drolases capable of digesting dead cells. A sharply localized collec-
tion of these acute inflammatory cells, generally in response to
bacterial infection, produces rapid cell death and tissue dissolu-
tion. The result is often an abscess (Fig. 1-16), which is a cavity
formed by liquefactive necrosis in a solid tissue. Eventually, an ab-
scess is walled off by a fibrous capsule that contains its contents.
Coagulative necrosis of the brain may occur after cerebral ar-
tery occlusion and is followed by rapid dissolution—liquefactive
necrosis—of the dead tissue by a mechanism that cannot be attrib-
uted to the action of an acute inflammatory response. Liquefactive
necrosis of large areas of the central nervous system can lead to an
actual cavity or cyst that persists for the rest of the person’s life.

AT

ElaURE A }'|\||‘|| Liquefactive necrosis in an abscess of the skin.
Il The abscess cavity is filled with polymorphonuclear

leukocytes.
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"‘lmm Fat necrosis. A photomicrograph of peripancreatic
||| adipose tissue from a patient with acute pancreatitis
shows an island of necrotic adipocytes adjacent to an acutely inflamed
area. Fatty acids are precipitated as calcium soaps, which accumulate

as amorphous, basophilic deposits at the periphery of the irregular island
of necrotic adipocytes.

Fat Necrosis

Fat necrosis specifically affects adipose tissue and most commonly
results from pancreatitis or trauma (Fig. 1-17). The unique feature
determining this type of necrosis is the presence of triglycerides in
adipose tissue. The process begins when digestive enzymes, nor-
mally found only in the pancreatic duct and small intestine, are re-
leased from injured pancreatic acinar cells and ducts into the extra-
cellular spaces. On extracellular activation, these enzymes digest the
pancreas itself as well as surrounding tissues, including adipose
cells. Free fatty acids bind calcium and are precipitated as calcium
soaps. Grossly, fat necrosis appears as an irregular, chalky white area
embedded in otherwise normal adipose tissue. Traumatic fat necro-
sis is common in the breast, where triglycerides and lipases are re-
leased from injured adipocytes as a result of direct cell injury.

Caseous Necrosis

Caseous necrosis is characteristic of tuberculosis. The lesions of tuberculo-
sis are compact aggregates of macrophages and other inflammatory
cells termed granulomas or tubercles (see Chapter 2). In the center of
such caseous granulomas, accumulated mononuclear cells that me-
diate the chronic inflammatory reaction to the offending mycobac-
teria are killed. The necrotic cells fail to retain their cellular outlines
but do not disappear by lysis, as in liquefactive necrosis. Rather, the
dead cells persist indefinitely as amorphous, coarsely granular,
eosinophilic debris. Grossly, this debris is grayish white, soft, and fri-
able. It resembles clumpy cheese, hence the name caseous necrosis.
This distinctive type of necrosis is generally attributed to the toxic
effects of the mycobacterial cell wall, which contains complex waxes
(peptidoglycolipids) that exert potent biological effects.

Necrosis Usually Involves Accumulation
of a Number of Intracellular Insults

The processes by which cells undergo death by necrosis vary ac-
cording to the cause, organ, and cell type. The best-studied and
most clinically important example is ischemic necrosis of cardiac
myocytes, the leading cause of death in the Western world. The
mechanisms underlying the death of cardiac myocytes are in part
unique, but the basic processes that are involved are comparable to
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those in other organs. Some of the unfolding events may occur si-
multaneously; others may be sequential This complex series of
events is summarized below (Fig. 1-18).

 Interruption of blood supply decreases delivery of O, and
glucose.

* Anaerobic glycolysis leads to overproduction of lactate and
decreased intracellular pH.

* Distortion of the activities of pumps in the plasma mem-
brane as a result of lack of ATP and intracellular acidosis
skews the ionic balance of the cell.

+ Ca*" accumulates in the cell.

* Activation of phospholipase A, (PLA;) and proteases by
high intracellular Ca®" disrupts the plasma membrane and
cytoskeleton, thereby causing cell swelling.

* The lack of O, impairs mitochondrial electron transport,
thereby decreasing ATP synthesis and facilitating produc-
tion of ROS.

* Mitochondrial damage promotes the release of cy-
tochrome c to the cytosol.

e The cell dies.

Ample data from experimental and clinical studies indicate
that pharmacologic interference with a number of events involved
in the pathogenesis of cell necrosis can preserve cell viability after
an ischemic insult. Treatments that increase glucose uptake and
redress some of the ionic imbalances may preserve myocyte viabil-
ity during ischemia.
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Apoptosis, or Programmed Cell Death, Refers
to a Cellular Suicide Mechanism

Apoptosis is a prearranged pathway of cell death triggered by a variety of
specific extracellular and intracellular signals. It is part of the balance
between the life and death of cells and determines that a cell dies
when it is no longer useful or when it may be harmful to the larger
organism. As a self-defense mechanism, cells that are infected with
pathogens or in which genomic alterations have occurred are de-
stroyed. In this context, many pathogens have evolved mecha-
nisms to inactivate key components of the apoptotic signaling cas-
cades. Apoptosis detects and destroys cells that harbor dangerous
mutations, thereby maintaining genetic consistency and prevent-
ing the development of cancer. By contrast, as in the case of infec-
tious agents, successful clones of tumor cells often devise mecha-
nisms to circumvent apoptosis.

The Morphology of Apoptosis

Apoptotic cells are recognized by nuclear fragmentation and py-
knosis, generally against a background of viable cells. Importantly,
individual cells or small groups of cells undergo apoptosis,
whereas necrosis characteristically involves larger geographic areas
of cell death. Ultrastructural features of apoptotic cells include (1)
nuclear condensation and fragmentation, (2) segregation of cyto-
plasmic organelles into distinct regions, (3) blebs of the plasma
membrane, and (4) membrane-bound cellular fragments, which
often lack nuclei (Fig. 1-19).

Cells that have undergone necrotic cell death tend to elicit
strong inflammatory responses. Inflammation, however, is not
generally seen in the vicinity of apoptotic cells. Mononuclear
phagocytes may contain cellular debris from apoptotic cells but re-
cruitment of neutrophils or lymphocytes is uncommon (see
Chapter 2). In view of the numerous developmental, physiologic,
and protective functions of apoptosis, the lack of inflammation is
clearly beneficial to the organism. Apoptosis plays multiple vital
roles in normal development and physiology including:

e Pruning of nonpersistent structures (such as interdigital tis-
sue) during development

* Removal of self-reactive clones during the generation of im-
mune diversity

* Removal of mature, senescent, and less functional cells in organs
continuously repopulated from stem cells (such as the gastroin-
testinal mucosa, epidermis, and hematopoietic system)

* Regression of hyperplasia in organs responding to changing
trophic signals (such as postmenopausal atrophy of the en-
dometrium)

* Deletion of mutant cells after recognition of irreparable DNA
damage, in concert with p53

Apoptosis as a Defense against Dissemination

of Infection

When a cell “detects” episomal (extrachromosomal) DNA replica-
tion, as in a viral infection, it tends to initiate apoptosis. This ef-
fect can be viewed as a means to eliminate infected cells before they

A
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gone condensation and fragmentation.

o

I "H'!"I”"u Apoptosis. A viable leukemic cell (A) contrasts with
il 2, apoptotic cell (B) in which the nucleus has under-



Rubin0l1_HP 1/9/08 5:52 PM Page 14

14 Essentials of Rubin’s Pathology

can spread the virus. Many viruses have evolved protective mecha-
nisms to manipulate cellular apoptosis. Viral gene products that
inhibit apoptosis have been identified for many agents, including
human immunodeficiency virus, human papillomavirus, aden-
ovirus, and many others. In some cases, these viral proteins bind
and inactivate certain cellular proteins (e.g., pS3) that are impor-
tant in signaling apoptosis. In other instances, they may act at var-
ious points in the signaling pathways that activate apoptosis.

The Initiation of Apoptosis

Apoptosis is a final effector mechanism that can be initiated by
many different stimuli and has signals that are propagated by a
number of pathways. Unlike necrosis, apoptosis engages the cell’s
own signaling cascades. That is, a cell that undergoes apoptosis is
an active participant in its own death (suicide). Most intermediate
enzymes that transduce proapoptotic signals belong to a family of
cysteine proteases called caspases.

The best understood initiators of apoptosis at the cell membrane
are the binding of TNF-a to its receptor (TNFR) and that of the Fas
ligand to its receptor (Fas, or Fas receptor). TNF-a is most often a
free cytokine, whereas the Fas ligand is located at the plasma mem-
brane of certain cells, such as cytotoxic effector lymphocytes.

The receptors for TNF-o and the Fas ligand become activated
when they bind their ligands. These transmembrane proteins have

TNFR

o

specific amino acid sequences, termed death domains, in their cyto-
plasmic tails that act as docking sites for death domains of other pro-
teins that participate in the signaling process leading to apoptosis
(Fig. 1-20A). After binding to the receptors, the latter proteins activate
downstream signaling molecules, especially procaspase-8, which is
converted to caspase-8. In turn, caspase-8 initiates an activation cas-
cade of other downstream caspases in the apoptosis pathway. These
caspases (3, 6, and 7) activate a number of nuclear enzymes (e.g., poly-
adenosine diphosphate [ADP]-ribosyl polymerase [PARP]) that medi-
ate the nuclear fragmentation of apoptotic cell death.

Activation of caspase signaling also occurs when killer lympho-
cytes, mainly cytotoxic T cells, recognize a cell as foreign. These
lymphocytes release perforin and granzyme B. Perforin, as its
name suggests, punches a hole in the plasma membrane of a tar-
get cell, through which granzyme B enters and activates procas-
pase-8 directly (see Fig. 1-20B).

Apoptosis and Mitochondrial Proteins

The mitochondrial membrane is a key regulator of the balance be-
tween cell death and cell survival. Proteins of the Bcl-2 family reside
in the mitochondrial inner membrane and are either proapoptotic
or anti-apoptotic (prosurvival). The balance between such factors
determines the fate of the cell (see Fig. 1-20C). Bcl-2 dimers at the
mitochondrial membrane bind the protein Apaf-1. A surfeit of
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proapoptotic constituents of the Bcl-2 family leads to the release of
Apaf-1. At the same time, the mitochondrial permeability transi-
tion pore opens, and cytochrome c leaks through the mitochondr-
ial membrane. Cytosolic cytochrome c activates Apaf-1, which in
turn converts procaspase-9 to caspase-9. Caspase-9 activates down-
stream caspases (3, 6, and 7) in the same manner as caspase-8.

Apoptosis Activated by p53

A pivotal molecule in the cell’s life-and-death dance is the versatile
protein pS3, which preserves the viability of an injured cell when
DNA damage can be repaired, but propels it toward apoptosis after
irreparable harm has occurred (pS3 is discussed in greater detail in
Chapter 5). After it binds to areas of DNA damage, p53 activates pro-
teins that arrest the cell in stage G1 of the cell cycle, allowing time for
DNA repair to proceed. It also directs DNA repair enzymes to the site
of injury. If DNA damage cannot be repaired, pS3 activates mecha-
nisms that lead to apoptosis. Stress also leads to accumulation of
pS53. Activation of certain oncogenes, such as c-myc, hypoxia, deple-
tion of ribonucleotides, and loss of cell-cell adhesion during oncoge-
nesis all promote p53-dependent apoptotic pathways.

In summary, cells are continually poised between survival and
apoptosis: their fate rests on the balance of powerful intracellular
and extracellular forces and have signals that constantly act upon
and counteract each other. Often, apoptosis functions as a self-pro-
tective programmed mechanism that leads to a cell’s suicide when
its survival may be detrimental to the organism. At other times,
apoptosis is a pathologic process that contributes to many disor-
ders, especially degenerative diseases. Thus, pharmacologic manip-
ulation of apoptosis is an active frontier of drug development.

Biological Aging

Aging must be distinguished from mortality on the one hand and from dis-
ease on the other. Death is a random event; an aged person who does
not succumb to the most common cause of death will die from the
second, third, or tenth most common cause. Although the in-
creased vulnerability to disease among the elderly is an interesting
problem, disease itself is entirely distinct from aging.

Maximal Life Span Has Remained Unchanged

Millennia ago, the psalmist sang of a natural life span of 70 years,
which with vigor may extend to 80. By contrast, it is estimated that
the usual age at death of Neolithic humans was 20 to 25 years, and
the average life span today in some regions is often barely 10 years
more. Interestingly, the maximum life span attained is not significantly al-
tered by a protected environment. With improved safety and sanita-
tion, antibiotics and other drugs, and better diagnostic and thera-
peutic methods, the age-adjusted death rate in the United States
has declined by 40% since 1970. In 2004, life expectancy at the time
of birth was 80.4 years for females and 75.2 years for males. Yet the
maximum human life span has remained constant at about 110
years. Even if diseases associated with old age, such as cardiovascu-
lar disease and cancer, were eliminated, only a modest increase in
average life expectancy would be seen.

The Cellular Basis of Aging

Although the biological basis for aging is obscure, there is general
agreement that its cause lies at the cellular level. Various theories of
cellular aging have been proposed, but the evidence adduced for each
is at best indirect. Support for the concept of a genetically pro-
grammed life span comes from studies of replicating cells in tissue
culture. Unlike cancer cells, normal cells in tissue culture have a lim-
ited capacity to replicate at about 50 population doublings. If they
are exposed to an oncogenic virus or a chemical carcinogen, they may
continue to replicate; in a sense, they become immortal. A rough cor-
relation between the number of population doublings in fibroblasts
and life span has been reported in several species. Moreover, cells ob-
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N'!l" ""‘""mlvl'} |‘|||‘||m Progeria. A 10-year-old girl shows the typical fea-
hiilllil] 1. ot premature aging associated with progeria.

tained from persons aftlicted with a syndrome of precocious aging,
such as progeria (see below), also display a reduced number of popu-
lation doublings in vitro. However, there is no demonstrable age-re-
lated change in vivo in the replicative capacity of rapidly cycling cells
(e.g., epithelial cells of the intestine), leaving one with an apparent
paradox. Cellular senescence in vitro is also a dominant genetic trait.
Thus, hybrids between normal human cells in vitro, which exhibit a
limited number of cell divisions, and immortalized cells with an in-
definite capacity to divide, undergo senescence.

An attractive explanation for cell senescence in vitro centers on
the genetic elements at the tips of chromosomes, termed telom-
eres. These are series of short repetitive nucleotide sequences
(2,000 in human chromosomes). Because DNA polymerase cannot
copy the linear chromosomes all the way to the tip, the telomeres
tend to shorten with each cell division until a critical diminution
in size interferes with replication. Thus, telomere shortening acts
as a molecular clock that produces senescence after a defined
number of cell divisions in vitro. Most eukaryotic cells have the
potential to express a ribonucleoprotein enzyme termed telom-
erase, which can extend chromosome ends. Expression of telom-
erase can reverse the senescent phenotype in vitro, and can be
demonstrated in immortalized cells, but at the cost of producing
a tumor-like phenotype. Hence, the telomeric clock functions as a
tumor-suppressing mechanism, limiting cell proliferative capacity
in vivo. Telomere shortening-dependent growth arrest suppresses
tumorigenesis but at the cost of contributing to aging.

Genetic Factors Influence Aging

In humans, the modest correlation in longevity between related
persons, the excellent concordance of life span among identical
twins, and the presence of heritable disease associated with acceler-
ated aging (progeria) lend credence to the concept that aging is in-
fluenced by genetic factors. One of the most striking of such ge-
netic diseases is Hutchinson-Guilford progeria, in which the entire
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process of aging, including features such as male-pattern baldness,
cataracts, and coronary artery disease, is compressed into a span of
less than 10 years (Fig. 1-21). The cause of this form of progeria is
a mutation in the LMNA gene; its product is a protein termed
lamin A, and the mutant form of this protein is termed progerin.
This abnormal protein accumulates in the nucleus from one cell
generation to the next, thereby interfering with the structural in-
tegrity and organization of the nucleus. A variety of additional mu-
tations of the LMNA gene (termed “laminopathies”), as well as de-
fects of other genes, are associated with the progeric phenotype.

\ 2
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Aging May Reflect Accumulated Somatic Damage

Oxidative stress is an invariable consequence of life in an atmos-
phere rich in oxygen. An important hypothesis holds that the loss
of function that is characteristic of aging is caused by progressive
and irreversible accrual of molecular oxidative damage. The rate of
generation of ROS correlates with an organism’s overall metabolic
rate. The theory that aging is related to oxidative stress is based on
several observations: (1) larger animals usually live longer than
smaller ones; (2) metabolic rate is inversely related to body size
(the larger the animal, the lower the metabolic rate); and (3) gen-

eration of activated oxygen species correlates inversely with body
size. Additional evidence for progressive oxidative damage with ag-
ing is the deposition of oxidized aggregated proteins and lipofus-
cin pigment, principally in postmitotic cells of organs such as the
brain, heart, and liver (see above) and the accumulation of hy-
droxyl radical-mediated damage to mitochondrial DNA. Aerobic
respiration in mitochondria is the richest source of ROS in the
cell.

Summary Hypothesis of Aging

Current evidence supports the notion that although aging is under
some measure of genetic control, it is unlikely that a predetermined genetic
program for aging exists (Fig. 1-22). It is likely that the combined ef-
fects of a number of genes eventually lead to the accumulation of
somatic mutations, deficiencies in DNA repair, the accretion of
oxidative damage to macromolecules, and a variety of other de-
fects in cell function, all culminating in the progressive failure of
homeostatic mechanisms characteristic of aging. As Maimonides
said in the 12th century, “The same forces that operate in the birth
and temporal existence of man also operate in his destruction and
death.”
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Overview of Inflammation

Acute Inflammation: Vascular Events

Plasma-Derived Mediators of Inflammation
Hageman Factor
Kinins
Complement System and the Membrane Attack
Complex (MAC)

Cell-Derived Mediators of Inflammation
Arachidonic Acid and Platelet-Activating Factor
Prostanoids, Leukotrienes, and Lipoxins
Cytokines
Reactive Oxygen Species (ROS)

Cells of Inflammation
Neutrophils
Endothelial Cells
Monocyte/Macrophages
Mast Cells and Basophils
Eosinophils
Platelets

Inflammation is the response to injury of a tissue
and its microcirculation and is characterized by the
elaboration of inflammatory mediators as well as the
movement of fluid and leukocytes from the blood into
extravascular tissues. Inflammation localizes and elimi-
nates microorganisms, damaged cells, and foreign parti-
cles, paving the way for a return to normal structure
and function.

The clinical signs of inflammation, recognized in
Egyptian medical texts before 1000 BC, were codified
as the four cardinal signs of inflammation: rubor (red-
ness), calor (heat), tumor (swelling), and dolor
(pain) by the Roman encyclopedist Aulus Celsus in the
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Leukocyte Recruitment in Acute Inflammation
Leukocyte Adhesion
Chemotactic Molecules

Leukocytes Traverse the Endothelial Cell Barrier to Gain
Access to the Tissue

Leukoctye Functions in Acute Inflammation
Phagocytosis
Neutrophil Enzymes
Oxidative and Nonoxidative Bactericidal Activity
Outcomes of Acute Inflammation
Chronic Inflammation

Cells from Both the Circulation and Affected Tissue
Play a Role in Chronic Inflammation

Injury and Repair in Chronic Inflammation
Granulomatous Inflammation
Systemic Manifestations of Inflammation
Acute Phase Response
Fever
Shock

second century AD. These features correspond to the
inflammatory events of vasodilation, edema, and tissue
damage. A fifth sign, functio laesa (loss of function),
was added in the 19th century by Rudolf Virchow, who
recognized inflammation as a response to tissue injury.

Overview of Inflammation

Inflammation is best viewed as an ongoing process that can be di-
vided into phases.

* Initiation results in a stereotypic, immediate response termed
acute inflammation. The acute response is characterized by
the rapid flooding of the injured tissue with fluid, coagulation
factors, cytokines, chemokines, platelets and inflammatory
cells, and neutrophils in particular (Fig. 2-1).
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FlGURE Rl ‘mm Acute inflammation with densely packed polymor-
phonuclear neutrophils (PMNs) with multilobed nu-

clei (arrows).

* Amplification depends upon the extent of injury and the acti-
vation of mediators such as kinins and complement compo-
nents. Additional leukocytes and macrophages are recruited to
the area.

* Destruction of the inciting agent by phagocytosis and enzy-
matic or nonenzymatic processes reduces or eliminates foreign
material or infectious organisms. At the same time, damaged
tissue components are also removed, paving the way for repair
to begin (see Chapter 3).

e Termination of the inflammatory response is mediated by in-
trinsic anti-inflammatory mechanisms that limit tissue dam-
age and allow for either restoration of tissue, with return to
normal physiological function, or repair and the develop-
ment of a scar in place of normal tissue.

Certain types of injury trigger a sustained inflammatory re-
sponse associated with the inability to clear injured tissue and for-
eign agents. Such a persistent response (which often has an im-
mune component) is termed chronic inflammation. Chronic
inflammatory infiltrates are composed largely of lymphocytes,
plasma cells, and macrophages and often have an immune compo-
nent (Fig. 2-2). Acute and chronic inflammatory infiltrates often
coexist.

Acute Inflammation: Vascular Events

Among the earliest responses to tissue injury are alterations in the
anatomy and function of the microvasculature, which may pro-
mote edema (see Figs. 2-3 and 2-4). These responses include:

1. Transient vasoconstriction of arterioles at the site of injury
is the earliest vascular response to mild skin injury. This
process is mediated by both neurogenic and chemical mediator
systems and usually resolves within seconds to minutes.

2. Vasodilation of precapillary arterioles then increases blood
flow to the tissue, a condition known as hyperemia.

CHAPTER 2: INFLAMMATION 19

Chronic inflammation. Lymphocytes, plasma cells
(arrows), and a few macrophages are present.

FIGURE 22 m

Vasodilation is caused by the release of specific mediators and
is responsible for redness and warmth at sites of tissue injury.

3. An increase in endothelial cell barrier permeability results
in edema. Loss of fluid from intravascular compartments as
blood passes through capillary venules leads to local stasis and
plugging of dilated small vessels with erythrocytes. These
changes are reversible following mild injury: within several
minutes to hours, the extravascular fluid is cleared through
lymphatics.

The vascular response to injury is a dynamic event that involves
sequential physiological and pathological changes. Vasoactive
mediators, originating from both plasma and cellular sources, are
generated at sites of tissue injury (see Fig. 2-4). These mediators
bind to specific receptors on vascular endothelial and smooth mus-
cle cells, causing vasoconstriction or vasodilation. Proximal to cap-
illaries, vasodilation of arterioles increases blood flow and can exac-
erbate fluid leakage into the tissue. Distally, vasoconstriction of
postcapillary venules increases capillary bed hydrostatic pressure,
potentiating edema formation. By contrast, vasodilation of venules
decreases capillary hydrostatic pressure and inhibits movement of
fluid into extravascular spaces.

After injury, vasoactive mediators bind specific receptors on
endothelial cells, causing endothelial cell contraction and gap for-
mation, a reversible process (see Fig. 2-3B). This break in the en-
dothelial barrier leads to extravasation (leakage) of intravascular
fluids into the extravascular space. Mild direct injury to the en-
dothelium results in a biphasic response: an early change in per-
meability occurs within 30 minutes after injury, followed by a
second increase in vascular permeability after 3 to 5 hours. When
damage is severe, exudation of intravascular fluid into the extravas-
cular compartment increases progressively, peaking 3 to 4 hours af-
ter injury.

Severe direct injury to the endothelium, such as is caused by
burns or caustic chemicals, may result in irreversible damage. In
such cases, the endothelium separates from the basement mem-
brane, resulting in cell blebbing (blisters or bubbles between the
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A NORMAL VENULE
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separate and permit the passage of the fluid constituents of the blood. C. With severe direct injury, the endothelial cells form blebs
(b) and separate from the underlying basement membrane. Areas of denuded basement membrane (arrows) allow a prolonged
escape of fluid elements from the microvasculature.
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endothelium and the basement membrane). This leaves areas of
basement membrane naked (see Fig. 2-3C), thereby disrupting
the barrier between the intravascular and extravascular spaces.

Several definitions are important for understanding the vascu-
lar components of inflammation:

e Edema is the accumulation of fluid within the extravascular
compartment and interstitial tissues.

* A transudate is edema fluid with a low protein content (spe-
cific gravity <1.015). Transudates tend to occur in noninflam-
matory conditions, where the endothelial barrier remains in-
tact and prevents the loss of large molecules from the
vasculature.

e An exudate is edema fluid with a high protein concentration
(specific gravity >1.015), which frequently contains inflamma-
tory cells. Exudates are observed early in acute inflammatory
reactions and are produced by mild injuries, such as sunburn
or traumatic blisters.

* A fibrinous exudate contains large amounts of fibrin as a re-
sult of activation of the coagulation system. When a fibrinous
exudate occurs on a serosal surface, such as the pleura or peri-
cardium, it is referred to as “fibrinous pleuritis” or “fibrinous
pericarditis.”

Time course of change
in permeability
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"H Responses of the microvasculature to injury. A. The wall of the normal venule is sealed by tight junctions
between adjacent endothelial cells. B. During mild vasoactive mediator-induced injury, the endothelial cells

* A purulent exudate or effusion contains prominent cellular
components. It is frequently associated with pathological con-
ditions such as pyogenic bacterial infections, in which the pre-
dominant cell type is the polymorphonuclear neutrophil
(PMN).

Plasma-Derived Mediators
of Inflammation

Numerous chemical mediators are integral to the initiation, am-
plification, and termination of inflammatory processes (Fig. 2-4).
Cell- and plasma-derived mediators work in concert to activate
cells by (1) binding specific receptors, (2) recruiting cells to sites of
injury, and (3) stimulating the release of additional soluble medi-
ators. These mediators themselves are relatively short-lived, or are
inhibited by intrinsic mechanisms, effectively turning off the re-
sponse and allowing the process to resolve. Cell-derived mediators
are considered below.

Plasma contains the elements of three major enzyme cascades,
each composed of a series of proteases. Sequential activation of
proteases results in release of important chemical mediators.
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These interrelated systems include (1) the coagulation cascade
and fibrinolytic system, (2) kinin generation, and (3) the com-
plement system (Fig. 2-4). The coagulation cascade is discussed in
Chapters 10 and 20; the kinin and complement systems are pre-
sented here.

Hageman Factor is a Key Source of Vasoactive
Mediators

Hageman factor (clotting factor XII) is generated within the
plasma and is activated by exposure to negatively charged surfaces
such as basement membranes, proteolytic enzymes, bacterial
lipopolysaccharides, and foreign materials. This key component
triggers activation of additional plasma protease systems that are
important in inflammation, including (1) the “intrinsic” coagula-
tion cascade, (2) fibrinolysis with the concomitant elaboration of
plasmin and plasmin-derived bioactive peptides, (3) generation of
kallikrein and subsequent production of kinins, and (4) activation
of the alternate complement pathway (see Fig. 2-5).

Kinins Amplify the Inflammatory Response

Kinins are potent inflammatory agents formed in plasma and tis-
sue by the action of serine protease kallikreins on specific plasma
glycoproteins termed kininogens. Bradykinin and related pep-
tides regulate multiple physiological processes, including blood
pressure, contraction and relaxation of smooth muscle, plasma ex-
travasation, cell migration, inflammarory cell activation, and in-
flammatory-mediated pain responses. Kinins amplify the inflam-
matory response by stimulating local tissue cells and
inflammatory cells to generate additional mediators, including
prostanoids, cytokines (especially tumor necrosis factor-a [TNE-

I|||!‘||\|||‘||H Inflammatory mediators of increased vascular permeability.
\

a| and interleukins), and nitric oxide (NO«). Kinins are rapidly
degraded to inactive products by kininases and, therefore, have
rapid and short-lived functions.

Complement is Activated Through Three Pathways
to Form the Membrane Attack
Complex (MAC)

The complement system is a group of proteins found in plasma and
on cell surfaces, whose primary function is defense against mi-
crobes. The physiological activities of the complement system in-
clude (1) defense against pyogenic bacterial infection by opsoniza-
tion, chemotaxis, activation of leukocytes and lysis of bacteria and
cells; (2) bridging innate and adaptive immunity for defense against
microbial agents by augmenting antibody responses and enhancing
immunological memory; and (3) disposal of immune products and
products of inflammatory injury by clearance of immune complexes
from tissues and removal of apoptotic cells.

The endpoint of complement activation is the formation of the
MAC and cell lysis. The cleavage products generated at each step
of the way catalyze the next step in the cascade and have additional
properties that render them important inflammatory molecules
(Fig. 2-6):

* Anaphylatoxins (C3a, C4a, C5a): These proinflammatory mol-
ecules mediate smooth-muscle contraction and increase vascu-
lar permeability.

* Opsonins (C3b, iC3b): Bacterial opsonization is the process by
which a specific molecule (e.g., IgG or C3b) binds to the surface
of the bacterium. The process enhances phagocytosis by en-
abling receptors on phagocytic cell membranes (e.g., Fc recep-
tor or C3b receptor) to recognize and bind the opsonized bac-
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AGENTS ASSOCIATED WITH INJURY

* Negatively charged surfaces
(e.g., basement membrane, collagen,
elastin, glycosaminoglycans)
 Bacterial lipopolysaccharide
e Sodium urate crystals
* Enzymes (e.g., trypsin, plasmin)
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”"uml” ‘l|‘||| h‘"\ el ”'Nmm Hageman factor activation and inflammatory mediator production. Hageman factor activation is a key
M event leading to conversion of plasminogen to plasmin, resulting in generation of fibrin split products and active

complement products. Activation of kallikrein produces kinins, and activation of the coagulation system results in clot formation.

terium. Viruses, parasites, and transformed cells also activate
complement by similar mechanisms, an effect that leads to
their inactivation or death.

¢ Proinflammatory molecules (MAC, C5a): These chemotactic
factors also activate leukocytes and tissue cells to generate oxi-
dants and cytokines and induce degranulation of mast cells
and basophils.

The complement system is activated by three convergent path-
ways termed classical, mannose-binding lectin (MBL), and al-
ternative pathways (see Fig. 2-6).

The Classical Pathway

Activators of the classical pathway include antigen-antibody (Ag-
Ab) complexes, products of bacteria and viruses, proteases, urate
crystals, apoptotic cells, and polyanions (polynucleotides). The
proteins of this pathway are C1 through C9, the nomenclature fol-
lowing the historical order of discovery. Ag-Ab complexes activate
C1, initiating a cascade that leads to formation of the MAC, which
proceeds as shown in Figure 2-6.

The Mannose-Binding Pathway

The mannose- or lectin-binding pathway has some components in
common with the classical pathway. It is initiated by the binding
of microbes bearing terminal mannose groups to mannose-bind-
ing lectin, a member of the family of calcium-dependent lectins,
termed the collectins. This multifunctional acute-phase protein
has properties similar to those of immunoglobulin M (IgM) anti-
body (binds to a wide range of oligosaccharide structures), IgG (in-
teracts with phagocytic receptors), and C1q. This last property en-
ables it to interact with either C1r-Cls or with a serine protease
called MASP (MBL-associated serine protease) to activate comple-
ment (see Fig. 2-6).

Alternative Pathway

The alternative pathway is initiated by derivative products of mi-
croorganisms, such as endotoxin (from bacterial cell surfaces), zy-
mosan (yeast cell walls), polysaccharides, viruses, tumor cells, and
foreign materials. Proteins of the alternative pathway are called
“factors,” followed by a letter. Activation of the alternative path-
way occurs at the level of C3 activation to produce small amounts
of C3b, which become covalently bound to carbohydrates and pro-
teins on microbial cell surfaces (see Fig. 2-6).

The Complement System and Disease

The importance of an intact and appropriately regulated comple-
ment system is exemplified in persons who have acquired or con-
genital deficiencies of specific complement components or regula-
tory proteins. Such patients have an increased susceptibility to
infectious agents, and in some cases, a propensity for autoimmune
diseases associated with circulating immune complexes.

Cell-Derived Mediators
of Inflammation

Circulating platelets, basophils, PMNs, endothelial cells, mono-
cyte/macrophages, tissue mast cells, and the injured tissue itself
are all potential cellular sources of vasoactive mediators. In gen-
eral, these mediators are (1) derived from metabolism of phospho-
lipids and arachidonic acid (e.g., prostaglandins, thromboxanes,
leukotrienes, lipoxins, platelet-activating factor [PAF]), (2) pre-
formed and stored in cytoplasmic granules (e.g., histamine, sero-
tonin, lysosomal hydrolases), or (3) derived from altered produc-
tion of normal regulators of vascular function (e.g., NO ).
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Arachidonic Acid and Platelet-Activating Factor are
Derived from Membrane Phospholipids

Phospholipids and fatty acid derivatives released from plasma
membranes are metabolized into mediators and homeostatic reg-
ulators by inflammatory cells and injured tissues. As part of a com-
plex regulatory network, prostanoids, leukotrienes and lipoxin (de-
rivatives of arachidonic acid), both promote and inhibit
inflammation (Table 2-1).

Arachidonic Acid
Depending on the specific inflammatory cell and the nature of the
stimulus, activated cells generate arachidonic acid by one of two
pathways, involving either stimulus-induced activation of phos-
pholipase A, (PLA;) or phospholipase C. Once generated, arachi-
donic acid is further metabolized through two pathways: (1) cy-
clooxygenation, with subsequent production of prostaglandins
and thromboxanes; and (2) lipoxygenation, to form leukotrienes
and lipoxins (Fig. 2-7).

Corticosteroids are widely used to suppress the tissue destruc-
tion associated with many inflammatory diseases. These drugs in-
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TABLE 2-1

st
[t

Metabolite B|olog|cal Act|V|ty
PGE,, PGD,

Induce vasodilation,
bronchodilation, inhibit
inflammatory cell function

Induces vasodilation,
bronchodilation, inhibits
inflammatory cell function

PGl

PGF2,, Induces vasodilation,

bronchoconstriction

TXAz Induces vasoconstriction,
bronchoconstriction, enhances
inflammatory cell functions

(especially platelets)

LTB4 Chemotactic for phagocytic
cells, stimulates phagocytic
cell adherence, enhances

microvascular permeability

LTCy, LTDy, LTE,4 Induce smooth muscle
contraction, constrict pulmonary
airways, increase microvascular

permeability

PG, prostaglandin; TXA,, thromboxane A; LT, leukotriene.

duce synthesis of an inhibitor of PLA; and block release of arachi-
donic acid in inflammatory cells. Although corticosteroids (e.g.,
prednisone) are widely used to suppress inflammatory responses,
their prolonged administration can have significant harmful ef-
fects, including increased risk of infection, damage to connective
tissue, and adrenal gland atrophy.

Platelet-Activating Factor (PAF)

Another potent inflammatory mediator derived from membrane
phospholipids is PAF, synthesized by virtually all activated inflam-
matory cells, endothelial cells, and injured tissue cells. PAF is de-
rived from membrane phospholipids by the PLA, pathway.
During inflammatory and allergic responses, PAF stimulates
platelets, neutrophils, monocyte/macrophages, endothelial cells,
and vascular smooth muscle cells. PAF induces platelet aggregation
and degranulation at sites of tissue injury and enhances the release
of serotonin, thereby causing changes in vascular permeability. The
molecule is also an extremely potent vasodilator, augmenting per-
meability of the microvasculature at sites of tissue injury.

Prostanoids, Leukotrienes, and Lipoxins
are Biologically Active Metabolites
of Arachidonic Acid

Prostanoids

Arachidonic acid is further metabolized by cyclooxygenases 1
and 2 (COX-1, COX-2) to generate prostanoids (see Fig. 2-7).
COX-1 is constitutively expressed by most cells and increases
upon cell activation. It is a key enzyme in the synthesis of
prostaglandins, which in turn (1) protect the gastrointestinal
mucosal lining, (2) regulate water/electrolyte balance, (3) stimu-
late platelet aggregation to maintain normal hemostasis, and (4)
maintain resistance to thrombosis on vascular endothelial cell
surfaces. COX-2 expression is generally low or undetectable but
takes over as the major source of prostanoids as inflammation
progresses. Both COX isoforms generate prostaglandin H
(PGH,), which is then the substrate for the production of prosta-
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and leukotrienes (LT); COX, cyclooxygenase; HETE, hydroxyeicosatetraenoic acid; HpETE, 5-hydroperoxyeicosatetraenoic acid;

NSAIDs, nonsteroidal anti-inflammatory drugs.

cyclins (PGI,), PGD,, PGE,, PGF,, and TXA; (thromboxane).
The profile of prostaglandin production (i.e., the quantity and
variety produced during inflammation) depends in part on the
cells present and their activation state (see Table 2-1). Inhibition
of COX is one mechanism by which nonsteroidal anti-inflammatory
drugs (NSAIDs), including aspirin, indomethacin, and ibuprofen, exert
their potent analgesic and anti-inflammatory effects. NSAIDS block
COX-2-induced formation of prostaglandins, thereby mitigat-
ing pain and inflammation. However, they also inhibit COX-1
and lead to adverse effects on the stomach and kidneys. This
complication led to the development of COX-2-specific in-
hibitors (see Fig. 2-7).

Leukotrienes

Slow-reacting substance of anaphylaxis has long been recognized
as a smooth muscle stimulant and mediator of hypersensitivity
reactions. It is, in fact, a mixture of leukotrienes, the second ma-
jor family of derivatives of arachidonic acid (see Fig. 2-7 and
Table 2-1). Leukotriene A4 (LTA4) serves as a precursor to several
other leukotrienes. LTB4 is a major product of neutrophils as well
as certain macrophage populations and has potent chemotactic
activity for neutrophils, monocytes, and macrophages. In other
cell types, especially mast cells, basophils and macrophages,
LTC4, LTDy4, and LTE4 are produced. These three cysteinyl-
leukotrienes (1) stimulate smooth-muscle contraction, (2) en-
hance vascular permeability, and (3) are responsible for the devel-
opment of many of the clinical symptoms associated with
allergic-type reactions, notably asthma. Leukotrienes exert their
action through high-affinity specific receptors, which may prove
to be important targets of drug therapy.

Lipoxins

Lipoxins, the third class of proinflammatory products of arachi-
donic acid, are synthesized by platelets and neutrophils within the
vascular lumen in a manner dependent on cell-cell interactions (see
Fig. 2-7). Neutrophil LTA serves as a source for platelet-dependent
synthesis of lipoxins. Monocytes, eosinophils, and airway epithelial
cells generate 15S-hydroxyeicosatetraenoic acid (15S-HETE), which
is taken up by neutrophils and converted to lipoxins.

Cytokines are Cell-Derived Inflammatory Hormones

Cytokines constitute a group of low-molecular-weight hormone-
like proteins secreted by cells. Many cytokines are produced at sites
of inflammation, including interleukins, growth factors, colony-
stimulating factors, interferons, and chemokines (Fig. 2-8).
Cytokines produced at sites of tissue injury regulate inflammatory
responses, ranging from initial changes in vascular permeability to
resolution and restoration of tissue integrity. These molecules are
inflammatory hormones that exhibit autocrine (affecting them-
selves), paracrine (affecting nearby cells), and endocrine (affecting
cells in other tissues) functions. Through production of cytokines,
macrophages are pivotal in orchestrating tissue inflammatory responses.
Lipopolysaccharide (LPS), a molecule derived from the outer cell
membrane of gram-negative bacteria, is one of the most potent ac-
tivators of macrophages, as well as of endothelial cells and leuko-
cytes (Fig. 2-9). LPS activates cells via specific receptors, either di-
rectly or after binding a serum LPS-binding protein (LBP). It is a
potent stimulus for the production of TNF-. and interleukins (IL-
1, IL-6, IL-8, IL-12, and others). Macrophage-derived cytokines
modulate endothelial cell leukocyte adhesion (TNF-a), leukocyte
recruitment (IL-8), the acute phase response (IL-6, IL-1), and im-
mune functions (IL-1, IL-6, IL-12).

Interleukins

IL-1 and TNF-q,, produced by macrophages, as well as other cells,
are central to the development and amplification of inflammatory
responses. These cytokines activate endothelial cells to express ad-
hesion molecules and release cytokines, chemokines, and reactive
oxygen species (ROS) (see below). TNF-a induces priming and ag-
gregation of neutrophils. IL-1 and TNF-c. are also among the me-
diators of fever, catabolism of muscle, shifts in protein synthesis,
and hemodynamic effects associated with inflammatory states
(see Fig. 2-9). IFN-y, another potent stimulus for macrophage ac-
tivation and cytokine production, is produced by a subset of T
lymphocytes as part of the immune response (see Chapter 4).

Chemokine Structure and Function
Chemokines direct cell migration (a process termed chemo-
taxis). The accumulation of inflammatory cells at sites of tissue
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injury requires their migration from the vascular space into ex-
travascular tissue. Chemokines are a large class of cytokines
(over 50 known members) that regulate leukocyte trafficking in
inflammation and immunity. For example, chemokines are im-
portant chemotactic factors for PMNs in acute inflammation
(see later).

Chemokines are small molecules that interact with
G-protein coupled receptors on target cells. These secreted pro-
teins are produced by a variety of cell types, either constitutively or
after induction, and differ widely in biological action. This diver-
sity is based on specific cell types targeted, specific receptor activa-
tion, and differences in intracellular signaling.

Two functional classes of chemokines have been distinguished,
namely inflammatory chemokines and homing chemokines.
Inflammatory chemokines are produced in response to bacterial
toxins and inflammatory cytokines (especially IL-1, TNF-o, and
IFN-y) by a variety of tissue cells, as well as leukocytes themselves.
Homing chemokines are constitutively expressed and upregu-
lated during disease states, they direct trafficking and homing of
lymphocytes and dendritic cells to lymphoid tissues during an im-
mune response (see Chapter 4).

Chemokines function as immobilized or soluble molecules
that generate a chemotactic gradient by binding to proteoglycans
of the extracellular matrix or to cell surfaces. As a result, high con-
centrations of chemokines persist at sites of tissue injury. Specific
receptors on the surface of the migrating leukocytes bind the ma-
trix-bound chemokines and associated adhesion molecules, which
tend to move cells along the chemotactic gradient to the site of in-
jury. This process of responding to a matrix-bound chemoattrac-
tant is termed haptotaxis. As soluble molecules, chemokines con-
trol leukocyte motility and localization within extravascular
tissues by establishing a chemotactic gradient. The multiplicity
and combination of chemokine receptors on cells allows an exten-
sive variety in biological function. Neutrophils, monocytes,
eosinophils, and basophils share some receptors but express other
receptors exclusively. Thus, specific chemokine combinations can
recruit selective cell populations.
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Reactive Oxygen Species are Signal-Transducing,
Bactericidal, and Cytotoxic Molecules

ROS are chemically reactive molecules derived from molecular oxy-
gen. Normally, they are rapidly inactivated, but when generated in-
appropriately, they can be cytotoxic (see Chapter 1). ROS create ox-
idative stress by activating signal-transduction pathways and
combining with proteins, lipids, and DNA. Leukocyte-derived
ROS, released within phagosomes, are bactericidal. ROS impor-
tant in inflammation include superoxide (O7), nitric oxide (NO'),
hydrogen peroxide (H,0,), and hydroxyl radical (+ OH) (Fig. 2-10)
(see below and Chapter 1).

Cells of Inflammation

Leukocytes are the major cellular components of the inflammatory
response and include neutrophils, T and B lymphocytes, mono-
cytes, macrophages, eosinophils, mast cells, and basophils. Specific
functions are associated with each of these cell types, but such
functions overlap and vary as inflammation progresses. In addi-
tion, local tissue cells interact with one another and with inflam-
matory cells, in a continuous response to injury and infection.

Neutrophils are the Major Cellular Participants in
Acute Inflammation

The PMN is the major cellular participant in acute inflammation.
It has granulated cytoplasm and a nucleus with two to four lobes.
PMN:s are stored in the bone marrow, circulate in the blood, and
rapidly accumulate at sites of injury or infection (Fig. 2-11A). They
are activated in response to phagocytic stimuli, cytokines, chemo-
tactic mediators or antigen-antibody complexes, which bind spe-
cific receptors on their surface membrane. In tissues, PMNs
phagocytose invading microbes and dead tissue (see below). Once
they are recruited into tissue, they do not re-enter the circulation.

Respiratory
burst
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© granules
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|‘|'!1‘I ‘"‘I"WW 0 ” Generation of reactive oxygen species in neu-
il trophils as a result of phagocytosis of bacteria. Fe?*,
ferrous iron; H-O,, hydrogen peroxide; HOCI, hypochlorous acid; NADPH,
nicotinamide adenine dinucleotide phosphate; OCI™, hypochlorite radical;
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Endothelial Cells Line Blood Vessels

Endothelial cells comprise a monolayer of cells lining blood vessels
and help to separate intra- and extravascular spaces. They produce
agents that maintain blood vessel patency and also vasodilators and
vasoconstrictors that regulate vascular tone. Injury to a vessel wall
interrupts the endothelial barrier and exposes a local procoagulant
signal (Fig. 2-11B).

Endothelial cells are gatekeepers in inflammatory cell recruit-
ment: they can promote or inhibit tissue perfusion and the influx
of inflammatory cells. Inflammatory agents, such as bradykinin
and histamine, endotoxin and cytokines, induce endothelial cells
to reveal adhesion molecules that (1) anchor and activate leuko-
cytes, (2) present major histocompatibility complex (MHC) class I
and II molecules, and (3) generate cytokines and important va-
soactive and inflammatory mediators.

Monocyte/Macrophages are Important
in Acute and Chronic Inflammation

Circulating monocytes (Fig. 2-11C) have a single lobed or kid-
ney-shaped nucleus. They are derived from the bone marrow
and can exit the circulation to migrate into tissue and become
resident macrophages. In response to inflammatory mediators,
they accumulate at sites of acute inflammation where they in-
gest and process microbes. Monocyte/macrophages produce po-
tent vasoactive mediators, including prostaglandins and
leukotrienes, PAF, and inflammatory cytokines. These cells are
especially important for maintaining chronic inflammation.

Mast Cells and Basophils are Important
in Allergic Hypersensitivity Reactions

Mast cell products play an important role in regulating vascular
permeability and bronchial smooth muscle tone, especially in aller-
gic hypersensitivity reactions (see Chapter 4). Granulated mast cells
and basophils (Fig. 2-11D) contain cell surface receptors for IgE.
Mast cells are found in the connective tissues and are especially
prevalent along lung and gastrointestinal mucosal surfaces, the
dermis, and the microvasculature. Basophils circulate in small
numbers and can migrate into tissue.

When IgE-sensitized mast cells or basophils are stimulated by
antigens, physical agonists such as cold and trauma, or cationic
proteins, inflammatory mediators in the dense cytoplasmic gran-
ules are secreted into extracellular tissues. These bodies contain
acid mucopolysaccharides (including heparin), serine proteases,
chemotactic mediators for neutrophils and eosinophils, and hista-
mine, a primary mediator of early increased vascular permeability.
Histamine binds specific H; receptors in the vascular wall, thereby
inducing endothelial cell contraction, gap formation, and edema,
an effect that can be inhibited pharmacologically by Hy-receptor
antagonists. Stimulation of mast cells and basophils also leads to
the release of products of arachidonic acid metabolism and cy-
tokines, such as TNF-a. and IL-4.

Eosinophils are Important in Defense
Against Parasites

Eosinophils circulate in the blood and are recruited to tissues in a
manner similar to that of PMNs. They are characteristic of IgE-me-
diated reactions, such as hypersensitivity, allergic, and asthmatic
responses (Fig. 2-12A). Eosinophils contain leukotrienes and PAF,
as well as acid phosphatase and peroxidase. They express IgA recep-
tors and exhibit large granules that contain eosinophil major basic
protein, both of which are involved in defense against parasites.

Platelets Play a Role in Normal Hemostasis

Platelets play a primary role in normal hemostasis and in initiat-
ing and regulating clot formation (see Chapter 20). They are

o



Rubin02_HP

1/9/08

5:53 PM Page 27

Primary granule

Secondary granule
Granules
(lysosomes)

B Capillary lumen

FIGURE

sources of inflammatory mediators, including potent vasoactive
substances and growth factors that modulate mesenchymal cell
proliferation (Fig. 2-12B). The platelet is small (2 pm in diameter),
lacks a nucleus, and contains three distinct kinds of inclusions:

e dense granules, rich in serotonin, histamine, calcium and
adenosine diphosphate (ADP)

e «a granules, containing fibrinogen, coagulation proteins,
platelet-derived growth factor, and other peptides and proteins

* lysosomes, which sequester acid hydrolases

Platelets adhere, aggregate, and degranulate when they contact
fibrillar collagen (e.g., after vascular injury that exposes extracellu-
lar matrix [ECM] proteins) or thrombin (after activation of the co-
agulation system).

Leukocyte Recruitment in Acute
Inflammation

One of the essential features of acute inflammation is the accumula-
tion of leukocytes, particularly PMNS, in affected tissues. Leukocytes
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POLYMORPHONUCLEAR LEUKOCYTES

CHARACTERISTICS AND FUNCTIONS

» Central to acute inflammation

* Phagocytosis of microorganisms and tissue debris
* Mediates tissue injury

PRIMARY INFLAMMATORY MEDIATORS
* Reactive oxygen metabolites
* Lysosomal granule contents

Primary granules Secondary granules

Myeloperoxidase Lysozyme
Lysozyme Lactoferrin
Defensins Collagenase

Complement activator
Phospholipase A,
CD11b/CD18
CD11¢/CD18

Laminin

Bactericidal/permeability
increasing protein
Elastase
Cathepsins Protease 3
Glucuronidase
Mannosidase
Phospholipase A2 Tertiary granules
Gelatinase
Plasminogen activator
Cathepsins
Glucuronidase
Mannosidase

ENDOTHELIAL CELLS

CHARACTERISTICS AND FUNCTIONS
¢ Maintains vascular integrity

* Regulates platelet aggregation

* Regulates vascular contraction and relaxation
* Mediates leukocyte recruitment in inflammation
PRIMARY INFLAMMATORY MEDIATORS

¢ von Willebrand factor

* Nitric oxide

e Endothelins

* Prostanoids

I |‘m'|‘|||‘|” Cells of inflammation: morphology and function. A. Neutrophil. B. Endothelial cell
i

adhere to vascular endothelium, where they become activated. They
then flatten and migrate from the vasculature through the endothe-
lial cell layer into surrounding tissue. In the extravascular tissue,
PMNs ingest foreign material, microbes, and dead tissue.

Leukocyte Adhesion to Endothelium Results
from Interaction of Complementary
Adhesion Molecules

Leukocyte recruitment to the postcapillary venules begins with
the interaction of leukocytes with endothelial cell selectins, which
are redistributed to endothelial cell surfaces during activation.
This interaction, called tethering, slows leukocytes in the blood
flow (Fig. 2-13). Leukocytes then move along the vascular en-
dothelial cell surface with a saltatory movement, termed rolling.
PMN's become activated by proximity to the endothelium and by
inflammatory mediators, and adhere strongly to intercellular ad-
hesion molecules on the endothelium (leukocyte arrest). As en-
dothelial cells separate, leukocytes transmigrate through the ves-
sel wall and, under the influence of chemotactic factors, they
migrate through extravascular tissue to the site of injury.
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tein-1; TNF-a, tumor necrosis factor-a..

The events involved in leukocyte recruitment are regulated as
follows: (1) Inflammatory mediators stimulate resident tissue cells,
including vascular endothelial cells; (2) Adhesion molecules are ex-
pressed on vascular endothelial cell surfaces and bind to reciprocal
molecules on the surfaces of circulating leukocytes; and (3)
Chemotactic factors attract leukocytes along a chemical gradient to
the site of injury.

Adhesion Molecules

Four molecular families of adhesion molecules are involved in
leukocyte recruitment: selectins, addressins, integrins, and mem-
bers of the immunoglobulin super family.

Selectins

The selectin family (part of the C-type, calcium-dependent lectin
group) includes P-selectin, E-selectin, and L-selectin, expressed on
the surface of platelets, endothelial cells, and leukocytes, respec-
tively. Selectins share a similar molecular structure, which includes
a chain of transmembrane glycoproteins with an extracellular car-
bohydrate-binding domain specific for sialylated oligosaccharides.
The last is the sialyl-Lewis X moiety on addressins, the binding of
which allows rapid attachment and rolling of cells.

P-selectin (CD62P, GMP-140, PADGEM) is preformed and
stored within Weibel-Palade bodies of endothelial cells and o-
granules of platelets. On stimulation with histamine, thrombin, or
specific inflammatory cytokines, P-selectin is rapidly transported
to the cell surface, where it binds to sialyl-Lewis X on leukocyte
surfaces. Preformed P-selectin can be delivered quickly to the cell

MONOCYTE/MACROPHAGE

CHARACTERISTICS AND FUNCTIONS

* Regulates inflammatory response

* Regulates coagulation/fibrinolytic pathway
* Regulates immune response (see Chapt. 4)

PRIMARY INFLAMMATORY MEDIATORS
e cytokines

-IL-1

-TNF-a

-IL-6

-Chemokines (e.g. IL-8, MCP-1)
lysosomal enzymes

-acid hydrolases

-serine proteases

-metalloproteases (e.g. collagenase)
e cationic proteins

* prostaglandins/leukotrienes
 plasminogen activator

* procoagulant activity

* oxygen metabolite formation

MAST CELL (BASOPHILS)

CHARACTERISTICS AND FUNCTIONS
* Binds IgE molecules
* Contains electron-dense granules

PRIMARY INFLAMMATORY MEDIATORS
* Histamine

e Leukotrienes (LTC, LTD, LTE)

* Platelet activating factor

 Eosinophil chemotactic factors

e Cytokines (e.g., TNF-o. IL-4)

|\I|‘|”||‘||‘|m Continued. €. Monocyte/macrophage. D. Mast cell. IL, interleukin; MCP-1, monocyte chemoattractant pro-
Il

surface, allowing rapid adhesive interaction between endothe-
lial cells and leukocytes.

E-selectin (CD62E, ELAM-1) is not normally expressed on en-
dothelial cell surfaces but is induced by inflammatory mediators,
such as cytokines or bacterial LPS. E-selectin mediates the adhe-
sion of neutrophils, monocytes, and certain lymphocytes via bind-
ing to molecules that contain Lewis X.

L-selectin (CD62L, LAM-1, Leu-8) is expressed on many types of
leukocytes. It was originally defined as the “homing receptor” for
lymphocytes. It binds lymphocytes to high endothelial venules in
lymphoid tissue, thereby regulating their trafficking through this
tissue. L-selectin binds glycan-bearing cell adhesion molecule-1
(GlyCAM-1), mucosal addressin cell adhesion molecule-1
(MadCAM-1), and CD34.

Addressins

Vascular addressins are mucin-like glycoproteins, including
GlyCAM-1, P-selectin glycoprotein-1 (PSGL-1), E-selectin ligand 1
(ESL-1), and CD34. They possess sialyl-Lewis X, which binds the
lectin domain of selectins. Addressins are expressed at leukocyte
and endothelial surfaces. They regulate the localization of subpop-
ulations of leukocytes and are involved in lymphocyte activation.

Integrins

Chemokines, lipid mediators, and proinflammatory molecules acti-
vate cells to express the integrin family of adhesion molecules (see
Chapter 3). Integrins have transmembrane o and f chains
arranged as heterodimers. They participate in cell-cell interactions
and cell-ECM binding. Very late activation (VLA) molecules include
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VLA-4 (04B1) on leukocytes and lymphocytes that bind VCAM-1 (an
immunoglobulin-domain-bearing molecule) on endothelial cells.
The P2 integrins (CD18) form molecules by association with o inte-
grin chains: a4 3, (also called CD11a/CD18 or LFA-1) and 0,132 (also
termed CR3, CD11b/CD18 or Mac-1) bind to both ICAM-1 and
ICAM-2 (also members of the Ig domain-bearing family, see
below). Leukocyte integrins exist in a low-affinity state, but are con-
verted to a high-affinity state when these cells are activated.

phate.

Immunoglobulin Superfamily

Adhesion molecules of the immunoglobulin (Ig) superfamily in-
clude ICAM-1,ICAM-2, and VCAM-1, all of which interact with in-
tegrins on leukocytes to mediate recruitment. They are expressed
at the surfaces of cytokine-stimulated endothelial cells and some
leukocytes, as well as certain epithelial cells, such as pulmonary
alveolar cells.

Recruitment of Leukocytes

Tethering, rolling, and firm adhesion are prerequisites for recruit-
ment of leukocytes from the circulation into tissues. For a rolling
cell to adhere, there must first be a selectin-dependent reduction
in rolling velocity. The early increase in rolling depends on P-se-
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EOSINOPHILS

CHARACTERISTICS AND FUNCTIONS

* Associated with:
-Allergic reactions
-Parasite-associated inflammatory reactions
-Chronic inflammation

* Modulate mast cell-mediated reactions

PRIMARY INFLAMMATORY MEDIATORS

* Reactive oxygen metabolites

* Lysosomal granule enzymes
(primary crystalloid granules)
-Major basic protein
-Eosinophil cationic protein
-Eosinophil peroxidase
-Acid phosphatase
-B-glucuronidase
-Arylsulfatase B
-Histaminase

¢ Phospholipase D

* Prostaglandins of E series

 Cytokines

PLATELETS

CHARACTERISTICS AND FUNCTIONS
* Thrombosis; promote clot formation
* Regulates permeability
* Regulate proliferative response of
mesenchymal cells
PRIMARY INFLAMMATORY MEDIATORS
* Dense granules
-Serotonin
_Ca2+
-ADP
* a-granules
-Cationic proteins
-Fibrinogen and coagulation proteins
-Platelet-derived growth factor (PDGF)
* Lysosomes
-Acid hydrolases
eThromboxane A,

|| More cells of inflammation: morphology and function. A. Eosinophil. B. Platelet. ADP, adenosine diphos-

lectin, whereas cytokine-induced E-selectin initiates early adhe-
sion. Integrin family members function cooperatively with se-
lectins to facilitate rolling and subsequent firm adhesion of leuko-
cytes. Leukocyte integrin binding to the Ig superfamily of ligands
expressed on vascular endothelium further retards leukocytes, in-
creasing the length of exposure of each leukocyte to endothelium.
At the same time, engagement of adhesion molecules activates in-
tracellular signal transduction. As a result, leukocytes and vascular
endothelial cells are further activated, with subsequent upregula-
tion of L-selectin and integrin binding. The net result is firm adhe-
sion (see Fig. 2-13).

Chemotactic Molecules Direct Neutrophils
to Sites of Injury

Leukocytes must be accurately positioned at sites of inflammatory
injury to carry out their biological functions. For specific subsets of
leukocytes to arrive in a timely fashion, they must receive specific di-
rections. Leukocytes are guided through vascular and extravascular spaces by
a complex interaction of attractants, repellants, and adbesion molecules.
Chemotaxis is the dynamic and energy-dependent process of di-
rected cell migration. Blood leukocytes are recruited by chemoattrac-
tants released by endothelial cells. They then migrate from the en-
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ENDOTHELIAL CELLS

B ———
Blood Flow

ENDOTHELIAL FIRM
‘ ACTIVATION ‘ ‘ TETHERING ‘ ‘ ROLLING ‘ ‘ ADHESION ‘ ‘ TRANSMIGRATION
EC: P-selectin EC: E-selectin EC: ICAM EC: PECAM-1

PMN: Sialyl-Lewis X PMN: Sialyl-Lewis X PMN: 31, 2 integrins PMN: elastase

Inflammatory
mediators
(Chemokines)

Inflammatory mediators

(Histamine, thrombin,
PAF, IL-1, TNF)

"H'}" ‘“\'|""\r"||‘|!‘||\| |‘||}"‘|”|m Neutrophil adhesion and extravasation. Inflammatory mediators activate endothelial cells to increase ex-
[t i\ Il pression of adhesion molecules. Sialyl Lewis X on neutrophil PSGL-1 and ESL-1 binds to P- and E-selectins
to facilitate tethering and rolling of neutrophils. Increased integrins on activated neutrophils bind to ICAM-1 on endothelial cells to
form a firm attachment. Endothelial cell attachments to one another are released, and neutrophils then pass between separated
cells to enter the tissue. EC, endothelial cell; ICAM, intercellular adhesion molecule; IL, interleukin; PAF, platelet activating factor;
PMN, polymorphonuclear neutrophil; TNF, tumor necrosis factor.

dothelium toward the target tissue, down a gradient of one chemoat-
tractant in response to a second more distal chemoattractant gradi-
ent. During migration, the cell extends a pseudopod toward increas-
ing chemokine concentrations. At the leading front of the
pseudopod, marked changes in levels of intracellular calcium are as-
sociated with the assembly and contraction of cytoskeleton proteins.
This process draws the remaining tail of the cell along the chemical
gradient. Neutrophils must integrate the various signals to arrive at
the appropriate site at the correct time to perform their assigned
tasks. The most important chemotactic factors for PMNs are:

* CSa, derived from complement

* Bacterial and mitochondrial products,
low-molecular-weight N-formylated peptides
N-formyl-methionyl-leucyl-phenylalanine)

* Products of arachidonic acid metabolism, especially LTB4

e Chemokines

particularly
(such as

Chemotactic factors for other cell types, including lymphocytes,
basophils, and eosinophils, are also produced at sites of tissue injury
and may be secreted by activated endothelial cells, tissue parenchy-
mal cells, or other inflammatory cells. They include PAF, transform-
ing growth factor-f (TGF-f), neutrophilic cationic proteins, and
lymphokines. The cocktail of chemokines presented within a tissue largely de-
termines the type of leukocyte attracted to the site. Cells arriving at their des-
tination must then be able to stop in the target tissue. Contact guid-
ance, regulated adhesion, or inhibitory signals may determine the
final arrest of specific cells in particular tissue locations.

Leukocytes Traverse the Endothelial Cell
Barrier to Gain Access to the Tissue
Leukocytes adherent to the vascular endothelium emigrate by para-

cellular diapedesis, (ie., passing between adjacent endothelial
cells). Responding to chemokine gradients, neutrophils extend

pseudopods and insinuate themselves between the cells and out of
the vascular space. Vascular endothelial cells are connected by tight
junctions and adherens junctions. CD31 (platelet endothelial cell
adhesion molecule) is expressed on endothelial cell surfaces and
binds to itself to keep cells together. These junctions separate under
the influence of inflammatory mediators, intracellular signals gen-
erated by adhesion molecule engagement, and signals from the ad-
herent neutrophils. Neutrophils mobilize elastase to their pseudo-
pod membranes, inducing endothelial cell retraction and
separation at the advancing edge of the neutrophil. Neutrophils
also induce increases in intracellular calcium in endothelial cells, to
which the endothelial cells respond by pulling apart.

Neutrophils also migrate through endothelial cells by tran-
scellular diapedesis. Instead of inducing endothelial cell retrac-
tion, PMNs may squeeze through small circular pores in the en-
dothelial cell cytoplasm. In tissues that contain fenestrated
microvessels, such as the gastrointestinal mucosa and secretory
glands, PMNs may traverse thin regions of endothelium, called
fenestrae, without damaging endothelial cells. In nonfenestrated
microvessels, PMNs may cross the endothelium using endothelial
cell caveolae or pinocytotic vesicles, which form small, membrane-
bound passageways across the cell.

Leukocyte Functions in Acute Inflammation

Leukocytes Phagocytose Microorganisms
and Tissue Debris

Many inflammatory cells (including monocytes, tissue
macrophages, dendritic cells, and neutrophils) recognize, inter-
nalize, and digest foreign material, microorganisms, or cellular
debris by a process termed phagocytosis. This is now defined as
ingestion by eukaryotic cells of large (usually > 0.5 um) insoluble
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particles and microorganisms. The effector cells are phagocytes.
The complex process involves a sequence of transmembrane and
intracellular signaling events.

1. Recognition: Phagocytosis is initiated by the recognition of
particles by specific receptors on the surface of phagocytic cells
(Fig. 2-14). Phagocytosis of most biological agents is enhanced
by, if not dependent on, their coating (opsonization) with
plasma components (opsonins), particularly immunoglobu-
lins or C3b. Phagocytic cells possess specific opsonic receptors,
including those for immunoglobulin Fey and complement
components. Many pathogens, however, have evolved mecha-
nisms to evade phagocytosis by leukocytes. Polysaccharide cap-
sules, protein A, protein M, or peptidoglycans around bacteria
can prevent complement deposition or antigen recognition
and receptor binding.

2. Signaling: Clumping of opsonins on bacterial surfaces causes
Fey receptors on phagocytes to cluster. Subsequent phosphory-
lation of immunoreceptor tyrosine-based activation motifs, lo-
cated in the cytosolic domain or y subunit of the receptor, trig-
gers intracellular signaling events. Tyrosine kinases that
associate with the Fcy receptor are required for signaling dur-
ing phagocytosis.

3. Internalization: In the case of phagocytosis initiated via the
Fcy receptor or CR3 (CD11b/CD18 receptor), actin assembly
occurs directly under the phagocytosed target. Polymerized
actin filaments push the plasma membrane forward. The
plasma membrane remodels to increase surface area and to
form pseudopods surrounding the foreign material. The re-
sulting phagocytic cup engulfs the foreign agent. The mem-
brane then “zippers” around the opsonized particle to en-
close it in a cytoplasmic vacuole called a phagosome (see
Fig, 2-14).

4. Digestion: The phagosome that contains the foreign material
fuses with cytoplasmic lysosomes to form a phagolysosome,
into which lysosomal enzymes are released. The acid pH within
the phagolysosome activates these hydrolytic enzymes, which
then degrade the phagocytosed material. Some microorgan-
isms have evolved mechanisms for evading killing by neu-
trophils by preventing lysosomal degranulation or inhibiting
neutrophil enzymes.

Neutrophil Enzymes are Required
for Antimicrobial Defense and Debridement

Although PMNSs are critical for degrading microbes and cell debris,
they also contribute to tissue injury. The release of PMN granules
at sites of injury is a double-edged sword. On the one hand, de-
bridement of damaged tissue by proteolytic breakdown is benefi-
cial. On the other hand, degradative enzymes can damage endothe-
lial and epithelial cells, as well as degrade connective tissue.

Neutrophil Granules

The armamentarium of enzymes required for degradation of mi-
crobes and tissue is generated and contained within PMN cytoplas-
mic granules. Primary, secondary, and tertiary granules in neu-
trophils are differentiated morphologically and biochemically:
each granule has a unique spectrum of enzymes (see Fig. 2-11A).

Inflammatory Cells Have Oxidative
and Nonoxidative Bactericidal Activity

The bactericidal activity of PMNs and macrophages is
mediated in part by production of ROS and in part by oxygen-
independent mechanisms.

Bacterial Killing by Oxygen Species
Phagocytosis is accompanied by metabolic reactions in inflamma-
tory cells that lead to the production of several oxygen metabolites

o
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PHAGOSOME FORMATION

Cationic’
Lysozyme, . proteins
lactoferrin, V.

Primary
granule

Secondary granule

¢ Degranulation and NADPH oxidase activation

 Bacterial killing and digestion

|||‘|v!!"|!}!!1|ﬂ|'“!!l!|‘!!}|||}!!||||||!\W||” Mechanisms of neutrophil bacterial phagocytosis
IhuehERREIbI and cell Killing. Opsonins such as C3b coat the sur-
face of microbes, allowing recognition by the neutrophil C3b receptor.
Receptor clustering triggers intracellular signalling and actin assembly
within the neutrophil. Pseudopods form around the microbe to enclose
it within a phagosome. Lysosomal granules fuse with the phagosome to
form a phagolysosome into which the lysosomal enzymes and oxygen
radicals are released to kill and degrade the microbe. Fe?*, ferrous iron;
HOCI, hypochlorous acid; MPO, myeloperoxidase; PLA,, phospholipase
Az; PMN, polymorphonuclear neutrophil.

(see Chapter 1). These products are more reactive than oxygen itself
and contribute to the killing of ingested bacteria (see Fig. 2-14).

e Superoxide Anion (O37): Phagocytosis activates a nicoti-
namide adenine dinucleotide phosphate (NADPH)
oxidase in PMN cell membranes. NADPH oxidase is a multi-
component electron transport complex that reduces molecular
oxygen to O, . Activation of this enzyme is enhanced by prior
exposure of cells to a chemotactic stimulus or LPS. NADPH ox-
idase activation increases oxygen consumption and stimulates
the hexose monophosphate shunt. Together, these cell re-
sponses are referred to as the respiratory burst.

* Hydrogen Peroxide (H,O5): O, is rapidly converted to H,O,
by superoxide dismutase at the cell surface and in phagolyso-
somes. H,O5 is stable and serves as a substrate for generating
additional reactive oxidants.

* Hypochlorous Acid (HOCI): Myeloperoxidase (MPO), a neu-
trophil product with a strong cationic charge, is secreted from
granules during exocytosis. In the presence of a halide, usually
chlorine, MPO catalyzes the conversion of H,O, to HOCI. This
powerful oxidant is a major bactericidal agent produced by
phagocytic cells. HOCI also participates in activating neu-
trophil-derived collagenase and gelatinase, both of which are
secreted as latent enzymes. At the same time, HOCI inactivates
OLj-antitrypsin.
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* Hydroxyl Radical (‘*OH): Reduction of H,O, occurs via the
Haber-Weiss reaction to form the highly reactive « OH. This re-
action occurs slowly at physiological pH, but in the presence of
ferrous iron (Fe®"), the Fenton reaction rapidly converts H,O,
to * OH. Further reduction of ¢ OH leads to formation of H,O
(see Chapter 1).

* Nitric Oxide (NO-): Phagocytic cells and vascular endothelial
cells produce NO* and its derivatives, which have diverse ef-
fects, both physiological and nonphysiological. NO ¢ and other
oxygen radical species interact with one another to balance their
cytotoxic and cytoprotective effects. NO ¢ can react with oxygen
radicals to form toxic molecules such as peroxynitrite and S-ni-
trosothiols. It can also scavenge O, thereby reducing the
amount of toxic radicals.

Monocytes, macrophages, and eosinophils also produce oxy-
gen radicals, depending on their state of activation and the stimu-
lus to which they are exposed. Production of ROS by these cells
contributes to their bactericidal and fungicidal activity as well as
their ability to kill certain parasites. The importance of oxygen-de-
pendent mechanisms in bacterial killing is exemplified in chronic
granulomatous disease of childhood. In this hereditary defi-
ciency of NADPH oxidase, failure to produce O, and H,O, dur-
ing phagocytosis makes these persons susceptible to recurrent in-
fections, especially with gram-positive cocci. Patients with a
related genetic deficiency in myeloperoxidase cannot produce
HOCI and show increased susceptibility to infections by the fun-
gal pathogen Candida (Table 2-2).

Nonoxidative Bacterial Killing

Phagocytes, particularly PMNs and monocytes/macrophages,
have substantial antimicrobial activity, which is oxygen independ-
ent. This activity mainly involves preformed bactericidal proteins
in cytoplasmic granules. These include lysosomal acid hydrolases
and specialized noncatalytic proteins unique to inflammatory
cells.

* Lysosomal hydrolases: Neutrophil primary and secondary
granules and lysosomes of mononuclear phagocytes contain
hydrolases, including sulfatases, phosphatases, and other en-
zymes capable of digesting polysaccharides and DNA.

* Bactericidal/permeability-increasing protein: This cationic
protein in PMN primary granules can kill many gram-negative
bacteria but is not toxic to gram-positive bacteria or to eukary-
otic cells.

e Defensins: Primary granules of PMNs and lysosomes of some
mononuclear phagocytes contain this family of cationic pro-
teins, which kill an extensive variety of gram-positive and
gram-negative bacteria, fungi, and some enveloped viruses.

* Lactoferrin: Lactoferrin is an iron-binding glycoprotein in the
secondary granules of neutrophils and in most body secretory
fluids. Its iron-chelating capacity allows it to compete with bac-
teria for iron. It may also facilitate oxidative killing of bacteria by
enhancing ¢ OH formation.

e Lysozyme: This bactericidal enzyme is found in many tissues
and body fluids, in primary and secondary granules of neu-
trophils, and in lysosomes of mononuclear phagocytes.
Peptidoglycans of gram-positive bacterial cell walls are ex-
quisitely sensitive to degradation by lysozyme; gram-negative
bacteria are usually resistant to it.

* Bactericidal Proteins of Eosinophils: Eosinophils contain sev-
eral granule-bound cationic proteins, the most important of
which are major basic protein and eosinophilic cationic protein.
Major basic protein accounts for about half of the total protein of
the eosinophil granule. Both proteins are ineffective against bac-
teria but are potent cytotoxic agents for many parasites.

Defects in Leukocyte Function
The importance of protection afforded by acute inflammartory
cells is emphasized by the frequency and severity of infections

o

TABLE 2-2

i“ lh.

E i

Gt

Disease Defect

LAD LAD-1 defective p.-integrin
expression or function
(CD11/CD18)

LAD-2 (defective fucosylation,
selectin binding)

Hyper-IgE-recurrent infection, Poor chemotaxis

(Job) syndrome

Chediak-Higashi syndrome Defective lysosomal granules,

poor chemotaxis

Neutrophil-specific Absent neutrophil granules

granule deficiency

Chronic granulomatous
disease

Deficient NADPH oxidase,
with absent H,O, production

Myeloperoxidase deficiency Deficient HOCI production

H,0,, hydrogen peroxide; HOCI, hypochlorous acid; Ig, immunoglobulin, LAD, leuko-
cyte adhesion deficiency; NADPH, nicotinamide adenine dinucleotide phosphate.

when PMNs are greatly decreased or defective. The most common
such deficit is iatrogenic neutropenia resulting from cancer chemotherapy.
Functional impairment of phagocytes may occur at any step in
the sequence: adherence, emigration, chemotaxis, or phagocyto-
sis. These disorders may be acquired or congenital. Acquired dis-
eases, such as leukemia, diabetes mellitus, malnutrition, viral in-
fections, and sepsis are often accompanied by defects in
inflammatory cell function. Table 2-2 shows representative exam-
ples of congenital diseases linked to defective phagocytic func-
tion.

Outcomes of Acute Inflammation

As a result of regulatory components and the short life span of
neutrophils, acute inflammatory reactions are usually self-limited
and are followed by restoration of normal tissue architecture and
physiological function (resolution). Resolution involves removal
of dead cells, clearance of acute response cells, and re-establish-
ment of the stroma. However, inflammatory responses can lead to
other outcomes:

e Scar: If a tissue is irreversibly injured, the normal architecture
is often replaced by a scar, despite elimination of the initial
pathological insult (see Chapter 3).

e Abscess: If the area of acute inflammation is walled off by in-
flammartory cells and fibrosis, PMN products destroy the tis-
sue, forming an abscess.

* Lymphadenitis: Localized acute inflammation and chronic in-
flammation may cause secondary inflammation of lymphatic
channels (lymphangitis) and lymph nodes (lymphadenitis).
The inflamed lymphatic channels in the skin appear as red
streaks, and the lymph nodes are enlarged and painful.
Microscopically, the lymph nodes show hyperplasia of lym-
phoid follicles and proliferation of mononuclear phagocytes in
the sinuses (sinus histiocytosis).

e Persistent inflammation: Failure to eliminate a pathologi-
cal insult or inability to trigger resolution results in a persist-
ent inflammatory reaction. This may be evident as a pro-
longed acute response, with continued influx of neutrophils
and tissue destruction, or more commonly as chronic in-
flammation.
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Chronic Inflammation

When acute inflammation does not resolve or becomes disordered,
chronic inflammation occurs. Inflammatory cells persist, stroma re-
sponds by becoming hyperplastic, and tissue destruction and scar-
ring lead to organ dysfunction. This process may be localized but
more commonly progresses to disabling diseases such as chronic
lung disease, rheumatoid arthritis, asthma, ulcerative colitis, granu-
lomatous diseases, autoimmune diseases, and chronic dermatitis.
Acute and chronic inflammation are ends of a dynamic continuum
with overlapping morphological features: (1) Inflammation with
continued recruitment of chronic inflammatory cells is followed by
(2) tissue injury due to prolongation of the inflammatory response,
and (3) an often-disordered attempt to restore tissue integrity. The
events leading to an amplified inflammatory response resemble
those of acute inflammation in a number of aspects:

* Specific triggers, microbial products or injury, initiate the re-
sponse.

e Chemical mediators direct recruitment, activation, and inter-
action of inflammatory cells. Activation of coagulation and
complement cascades generates small peptides that function to
prolong the inflammatory response. Cytokines, specifically IL-
6 and RANTES, regulate a switch in chemokines, such that
mononuclear cells are directed to the site. Other cytokines (e.g.,
IEN-y) then promote macrophage proliferation and activation.

* Inflammatory cells are recruited from the blood. Interactions
between lymphocytes, macrophages, dendritic cells, and fibrob-
lasts generate antigen-specific responses.

* Stromal cell activation and extracellular matrix remodeling
occur, both of which affect the cellular immune response.
Varying degrees of fibrosis may result, depending on the extent
of tissue injury and persistence of the pathological stimulus and
inflammatory response.

Chronic inflammation is not synonymous with chronic infec-
tion, but if the inflammatory response to infectious agents, includ-
ing bacteria, viruses, and notably parasites, cannot eliminate the or-
ganism, infection may persist. Chronic inflammation may also be
associated with a variety of noninfectious disease states including:

e Trauma: Extensive tissue damage releases mediators capable of
inducing an extended inflammatory response.

e Cancer: Chronic inflammatory cells, especially macrophages
and T lymphocytes, may be the morphological expression of an
immune response to malignant cells. Chemotherapy may sup-
press normal inflammatory responses, thereby increasing sus-
ceptibility to infection.

* Immune factors: Many autoimmune diseases, including
rheumatoid arthritis, chronic thyroiditis, and primary biliary
cirrhosis, are characterized by chronic inflammatory responses
in affected tissues. This may be associated with activation of an-
tibody-dependent and cell-mediated immune mechanisms (see
Chapter 4). Such autoimmune responses may account for injury
in affected organs.

Cells from Both the Circulation and Affected Tissue
Play a Role in Chronic Inflammation

Monocyte/macrophages, lymphocytes, and plasma cells (see Chapter
4), and cells discussed previously under Acute Inflammation play an
active role in chronic inflammation. The latter are recruited from the
circulation, as well as cells from the affected tissue including fibrob-
lasts and vascular endothelial cells (see Chapter 3).

Monocyte/Macrophages
Activated macrophages and their cytokines are central to initiat-
ing inflammation and prolonging responses that lead to chronic
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inflammation. (see Fig. 2-11C). Macrophages produce inflamma-
tory and immunological mediators and regulate reactions leading
to chronic inflammation. They also control lymphocyte responses
to antigens and secrete other mediators that modulate the prolif-
eration and activities of fibroblasts and endothelial cells.

The mononuclear phagocyte system includes blood mono-
cytes and different types of tissue macrophages, particularly
Kupffer cells of the liver. Under the influence of chemotactic
stimuli, IFN-y and bacterial endotoxins, resident tissue macro-
phages are activated and proliferate, while circulating mono-
cytes are recruited and differentiate into tissue macrophages (Fig.
2-15).

Within different tissues, resident macrophages differ in their
armamentarium of enzymes and can respond to local inflamma-
tory signals. The activity of these enzymes is central to the tissue
destruction in chronic inflammation. In emphysema, for example,
resident macrophages generate proteinases, particularly matrix
metalloproteinases (MMPs) with elastolytic activity, which destroy
alveolar walls and recruit blood monocytes into the lung. Other
macrophage products include oxygen metabolites, chemotactic
factors, cytokines, and growth factors.

Lymphocytes and Plasma Cells

Lymphocytes and plasma cells play a central role in the adaptive
immune response to pathogens and foreign agents in damaged tis-
sue and are discussed in detail in Chapter 4.

Fibroblasts
Fibroblasts are long-lived, ubiquitous cells whose chief function is
to produce components of the extracellular matrix (ECM) (Fig. 2-
16). They can also differentiate into other connective tissue cells, in-
cluding chondrocytes, adipocytes, osteocytes, and smooth muscle
cells. Fibroblasts are the construction workers of the tissue, rebuild-
ing the scaffold of the ECM upon which tissue is re-established.
Fibroblasts not only respond to immune signals that induce
their proliferation and activation but are also active players in the
immune response. They interact with inflammatory cells, particu-
larly lymphocytes, via surface molecules and receptors on both
cells. For example, when CD40 on fibroblasts binds its ligand on
lymphocytes, both cells are activated. Activated fibroblasts pro-
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CHARACTERISTICS AND FUNCTIONS

* Produce extracellular matrix proteins

¢ Mediate chronic inflammation and
wound healing

FIGURE 2416, Fibroblast: Morphology and function. IL, interleukin.

duce cytokines, chemokines, and prostanoids, creating a tissue mi-
croenvironment that further regulates the behavior of inflamma-
tory cells in the damaged tissue. Fibroblasts function in wound
healing in combination with regenerating vascular endothelial
cells. Both are discussed more fully in Chapter 3.

Injury and Repair in Chronic Inflammation

Chronic inflammation is mediated by both immunological and
nonimmunological mechanisms and is frequently observed in
conjunction with reparative responses, namely, granulation tissue
and fibrosis. Neutrophil products, such as proteases and ROS,
protect the host by participating in antimicrobial defense and de-
bridement of damaged tissue. However, these same products may
prolong tissue damage and promote chronic inflammation if not
appropriately regulated. Persistent tissue injury produced by in-
flammatory cells is important in the pathogenesis of several dis-
eases, for instance, pulmonary emphysema, rheumatoid arthritis,
certain immune complex diseases, gout, and adult respiratory dis-
tress syndrome.

Granulomatous Inflammation

Granuloma formation is a protective response to chronic infection (fungal
infections, tuberculosis, leprosy, schistosomiasis) or the presence of foreign
material (e.g., suture or talc). It prevents dissemination and restricts in-
flammation due to exogenous substances that are not effectively digested
during the acute response, thereby protecting the host tissues. Some au-
toimmune diseases (e.g., theumatoid arthritis, Crohn disease, and
sarcoidosis [a mysterious disease of unknown etiology]) are also
associated with granulomas.

The principal cells involved in granulomatous inflammation
are macrophages and lymphocytes. Macrophages are mobile cells
that continuously migrate through the extravascular connective
tissues. After amassing substances that they cannot digest,
macrophages lose their motility, accumulate at the site of injury,
and undergo transformation into nodular collections of pale, ep-
ithelioid cells, creating a granuloma (Fig. 2-17A,B). Multinu-
cleated giant cells are formed by the cytoplasmic fusion of

Collagen fibrils

PRIMARY INFLAMMATORY MEDIATORS

* PGE,

e CD40 expression

* Matricellular proteins
¢ Extracellular proteins

* IL-6

e |L-8

* Cyclooxygenase-2
e Hyaluronan

Granulomatou; inflammatipn. A. Section of Iupg

from a patient with sarcoidosis reveals numerous dis-
crete granulomas. B. A higher-power photomicrograph of a single gran-
uloma in a lymph node from the same patient depicts a multinucleated
giant cell amid numerous pale epithelioid cells. A thin rim of fibrosis sep-
arates the granuloma from the lymphoid cells of the node.
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macrophages. When the nuclei of such giant cells are arranged
around the periphery of the cell in a horseshoe pattern, the cell is
called a Langhans giant cell. If a foreign agent (e.g,, silica or a
Histoplasma spore) or other indigestible material is identified within
the cytoplasm of a multinucleated giant cell, it is termed a foreign
body giant cell. Granulomas are further classified histopatholog-
ically by the presence or absence of necrosis. Certain infectious
agents such as Mycobacterium tuberculosis characteristically produce
caseating granulomas, the necrotic centers of which are filled
with an amorphous mixture of debris and dead microorganisms
and cells. Other diseases, such as sarcoidosis, are characterized by
granulomas that lack necrosis.

Systemic Manifestations
of Inflammation

Under certain conditions, local injury may result in prominent
systemic effects that can themselves be debilitating. For example,
systemic effects are likely to result when a pathogen enters the
bloodstream, a condition known as sepsis. The systemic symp-
toms associated with inflammation, e.g. fever, myalgia, arthral-
gia, anorexia and somnolence, are attributable to cytokines, in-
cluding IL-1a, IL-1B, TNF-a, IL-6, and interferons. The most
prominent systemic manifestations of inflaimmation, termed the
systemic inflammatory response syndrome, are leukocytosis
and the acute phase response, fever and shock.

The Acute Phase Response is a Systemic Response
to Elevated Levels of IL-1, IL-6,
and TNF-a

The acute phase response is a regulated physiological reaction
that occurs in inflammatory conditions in response to elevated
levels of IL-1, IL-6, and TNF-o. It is characterized clinically by
fever, leukocytosis, decreased appetite, and altered sleep patterns
and notably by changes in plasma levels of certain acute phase pro-
teins. These proteins (Table 2-3) are synthesized primarily by the
liver and released in elevated amounts into the circulation, where
they may serve as markers for ongoing inflammation. For exam-
ple, increases in acute phase proteins lead to the accelerated ery-
throcyte sedimentation rate, a qualitative index used clinically to
monitor the activity of many inflammatory diseases.

Fever is a Clinical Hallmark of Inflammation

Fever is a clinical hallmark of inflammation. Release of pyrogens
(molecules that cause fever) by bacteria, viruses, or injured cells
may directly affect hypothalamic thermoregulation. More impor-
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TABLE 2-3
|| st s reteans LD
inibelibillilbssivitidatobihsidunlii
Protein Function
Mannose binding protein Opsonization/complement
activation
C-reactive protein Opsonization

a4 -Antitrypsin Serine protease inhibitor

Haptoglobin Binds hemoglobin
Ceruloplasmin Antioxidant, binds copper
Fibrinogen Coagulation

Serum amyloid A protein Apolipoprotein
ax-Macroglobulin Antiprotease

Cysteine protease inhibitor Antiprotease

tantly, they stimulate the production of endogenous pyrogens,
namely cytokines—including IL-1a, IL-1f3, TNF-0,, IL-6—and in-
terferons, which produce local and systemic effects. IL-1 stimu-
lates prostaglandin synthesis in hypothalamic thermoregulatory
centers, thereby altering the “thermostat” that controls body tem-
perature. Inhibitors of cyclooxygenase (e.g., aspirin) block the
fever response by inhibiting IL-1-stimulated synthesis of PGE,.
Chills (the sensation of cold), rigor (profound chills with shivering
and piloerection), and sweats (to allow heat dissipation) are symp-
toms associated with fever.

Shock is Characterized by Cardiac
Decompensation

Under conditions of massive tissue injury or infection that spreads
to the blood (sepsis), significant quantities of cytokines, especially
TNF-a and other chemical mediators of inflammation, may be gen-
erated in the circulation. The sustained presence of these mediators
induces cardiovascular decompensation through its effects on the
heart and on the peripheral vascular system, a process termed
shock. Systemic effects include generalized vasodilation, increased
vascular permeability, intravascular volume loss, myocardial depres-
sion with decreased cardiac output, and potentially death (see
Chapter 7). In severe cases, activation of coagulation pathways may
generate microthrombi throughout the body, with consumption of
clotting components and subsequent predisposition to bleeding, a
condition defined as disseminated intravascular coagulation (see
Chapter 20). The net result is multisystem organ dysfunction and
death.
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The Basic Processes of Healing
Migration of Cells
Extracellular Matrix
Stromal Reorganization
Cell Proliferation
Integrated Molecular Signals

Repair
Repair and Regeneration

The study of wound healing involves a complex inter-
action among many cell types, matrix proteins,
growth factors, and cytokines, which regulate and
modulate the repair process. Successful healing main-
tains tissue function and repairs tissue barriers, pre-
venting blood loss and infection. Optimally, repair is
accomplished by regeneration—restoration of the origi-
nal tissue matrix and architecture. More often, heal-
ing proceeds through collagen deposition or scarring
(fibrosis).

Successful repair relies upon a balance between ma-
trix deposition and matrix degradation. Tissue regen-
eration is favored when the matrix composition
and architecture are unaltered. Thus, wounds that
do not heal may reflect damage to the tissue architecture
by excess proteinase activity, decreased matrix accumu-
lation, or altered matrix assembly. By contrast, fibrosis
and scarring may result either from reduced proteinase
activity or increased matrix accumulation. The forma-
tion of new collagen during repair is required for in-
creased strength of the bealing site. However, excess col-
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Wound Healing
Regeneration

Adult Stem Cells

Cell Proliferation
Conditions that Modify Repair

Local Factors

Repair Patterns

Suboptimal Wound Repair

lagen formation (chronic fibrosis) is a major compo-
nent of diseases that involve chronic injury.

The Basic Processes of Healing

Three key cellular mechanisms are necessary for wound healing:

Cellular migration
Extracellular matrix organization, reorganization, and re-
modeling

e Cell proliferation

Migration of Cells Initiates Repair
Cells at the Site of Injury

The entry of cells into a wound and the activation of local cells is
initiated by mediators that are (1) released from reserves stored in
the granules of platelets and basophils at the site of injury or (2)
synthesized de novo by tissue resident cells. These mediators (1)
control vascular permeability to fluid and cells, (2) degrade dam-
aged tissue, and (3) initiate the repair cascade (see also Chapter 2).

* Platelets are activated when bound to collagen exposed by en-
dothelial damage, after which they aggregate and, with fibrin,
form a thrombus that limits blood loss. They release platelet-
derived growth factor (PDGF) and other molecules that facili-
tate repair (see Fig. 2-12B).

e Mast cell granules release heparin and other contents, many of
which promote blood vessel formation (angiogenesis). They re-
side next to small blood vessels (see Fig. 2-11D).
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* Resident macrophages in connective tissue secrete mediators
that not only contribute to the early response but also perpet-
uate it. Their numbers are increased through proliferation and
recruitment to the site of injury (see Fig. 2-11C).

Cells that Migrate to the Wound

Inflammatory stimuli (see also Chapter 2) and cells activated at the
site of injury produce mediators that initiate the migration of the
following cells to the site of injury (Fig. 3-1):

* Polymorphonuclear leukocytes are rapidly recruited from the
bone marrow and invade the wound site within the first day.
They degrade and destroy nonviable tissue by releasing their
granular contents (see Fig. 2-11A).

* Macrophages arrive shortly after neutrophils but persist for
days or longer. They phagocytose debris and orchestrate the de-
velopment of reparative tissue (granulation tissue) by the release
of cytokines and chemoattractants.

* Fibroblasts, myofibroblasts, pericytes, and smooth muscle
cells are recruited by growth factors and matrix degradation
products, arriving in a skin wound by day 3 or 4. These cells are
responsible for increased collagen synthesis (fibroplasia), syn-
thesis of connective tissue matrix, tissue remodeling, wound
contraction, and (indirectly) wound strength.

* Endothelial cells form nascent capillaries by responding to
growth factors and are visible in a skin wound beyond day 3.
The development of capillaries is necessary for the exchange of
gases, the delivery of nutrients, and the influx of inflammatory
cells (see Fig. 2-11B).

 Epithelial cells in the epidermis move across the surface of a
skin wound, penetrate the provisional matrix (see below), and
migrate upon stromal collagen.

e Stem cells from the bone marrow, the bulb of the hair follicle,
and the basal layer of the epidermis provide a renewable source
of epidermal and dermal cells, which are capable of differentia-
tion, proliferation, and migration. Under appropriate condi-
tions, these cells form new blood vessels and epithelium and re-
generate skin structures, such as hair follicles and sebaceous

glands.

Mechanisms of Cell Migration

Cell migration depends on the response of cells to chemical sig-
nals (cytokines) and insoluble substrates of the extracellular
matrix. Locomotion of the rapidly migrating leukocytes is pow-
ered by broad, wavelike, membrane extensions called lamel-
lipodia. Slower moving cells, such as fibroblasts, extend nar-
rower, finger-like, membrane protrusions labeled filopodia.
Cell polarization and membrane extensions are initiated by
growth factors or chemokines, which trigger a response by
binding to their specific receptors on the cell surface. Actin
fibrils polymerize and form a network at the membrane’s lead-
ing edge, thereby propelling lamellipodia and filopodia for-
ward, with traction provided via attachments to the extracellu-
lar matrix substrate. Actin-related proteins stimulate actin
assembly, and numerous actin-binding proteins act like molec-
ular tinker toys, rapidly constructing, stabilizing, and destabi-
lizing actin networks.

The leading edge of the cell membrane impinges upon the ex-
tracellular matrix and adheres to it through transmembrane adhe-
sion receptors, termed integrins, which recognize matrix compo-
nents such as collagen, laminin, and fibronectin. Such adhesive
interactions between cell body and matrix are critical for cell mi-
gration. Integrins also transmit intracellular signals to cells that
regulate cellular survival, proliferation, and differentiation.
Cytoskeletal connections are involved in cell-cell and cell-matrix
connections and determine the shape and differentiation of ep-
ithelial, endothelial, and other cells.
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The Organization of Extracellular Matrix
Sustains the Repair Process

Two types of extracellular matrix contribute to the organization,
physical properties, and function of both normal and injured tis-
sue, namely connective tissue (interstitial matrix or stroma) and
basement membranes.

Connective Tissue (Matrix)

Connective tissue forms an interconnected matrix between tissue
elements, such as epithelia, muscles, nerves, and blood vessels. This
stromal matrix consists of both cells and an extracellular compart-
ment, the latter including structural elements and a proteinaceous
ground substance. Connective tissue provides physical protection
by conferring resistance to compression or stretching. The stroma
also acts as a storage medium for bioactive proteins.

The cells in connective tissue are primarily of mesenchymal ori-
gin and include fibroblasts, myofibroblasts, adipocytes, chondro-
cytes, osteocytes, and endothelial cells. Bone marrow-derived cells
(e.g., mast cells, macrophages, and transient leukocytes) also pop-
ulate connective tissue (see above).

The extracellular matrix of connective tissue is defined by the
type of collagen fibers, selected from a large family of collagen mol-
ecules (Table 3-1). Another important structural component of the
stroma is elastic fibers, which impart elasticity principally to skin,
large blood vessels, and lungs. The fibers are composed of an elastin
core, surrounded by microfibrillar proteins, such as fibrillin. The so-
called ground substance of the interstitium represents a number of
molecules, including glycosaminoglycans (GAGs), proteoglycans,
and fibronectin, which provide for many important biological func-
tions of connective tissue, in addition to the support and modula-
tion of cell attachment.

Collagens

Collagen is the most abundant protein in the animal kingdom; it
is essential for the structural integrity of tissues and organs. When
collagen synthesis is reduced, delayed, or abnormal, the result is
failed wound healing, as seen in scurvy. Mutational alterations of
fibrillar collagen are responsible for diseases of bone (osteogenesis
imperfecta), cartilage (chondroplasias), skin, joints, and blood ves-
sels (Ehlers-Danlos syndrome) (see Chapters 6 and 26). Excess col-
lagen deposition leads to fibrosis, the basis of several connective
tissue diseases and the loss of function that accompanies chronic
damage to many organs, including kidneys, lungs, and the liver.
Collagens are divided into three types (see Table 3-1):

¢ Fibrillar collagens. Of the fibrillar collagens, type I collagen is
the major constituent of bone. Type I and type III collagens are
prominent in skin; type II collagen is the predominant form in
cartilege. Fibrillar collagens turn over slowly and are generally
resistant to proteinase digestion.

* Nonfibrillar collagens contain globular domains that prevent
fibril formation. They act as transmembrane proteins (type
XVII) in the hemidesmosome that attaches epidermal cells to
the basement membrane and as fibrillar anchors (type VII)
connecting the hemidesmosome and basement membrane to
the underlying stroma in the skin.

* Network-forming collagens facilitate the formation of flexi-
ble “chicken wire”—like networks of basement membrane col-
lagen (type IV).

Noncollagenous Matrix Constituents of Stroma
Noncollagenous matrix components of stroma include a complex
variety of proteins, glycoproteins, elastic fibers, and proteoglycans

(Table 3-2):

 Elastin is a secreted matrix protein that allows deformable tis-
sues, such as skin, uterus, ligament, lung, elastic cartilage, and
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l!\m"l‘"\"”m Cell migrations during repair. (7) Leukocytes attach to, and migrate between, capillary endothelial cells, pen-
II\IM Il etrate the basement membrane, and enter the matrix. (2) Capillary endothelial cells, released from the base-
ment membrane, migrate through the matrix to form new capillaries. (3) Pericytes detach from endothelial cells and their basement
membranes to migrate into the matrix. (4) Fibroblasts become bipolar and migrate through the matrix to the site of injury. (5)
Epithelial keratinocytes detach from neighboring cells and basement membranes and migrate between the scab and the wound
along the provisional matrix of the dermis. FGF, fibroblast growth factor; VEGF, vascular endothelial growth factor.
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TABLE 3-2
Stromal Connective Molecular Structure
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RGD, arginine-glycine-aspartate; LTBP, latent transforming growth factor binding proteins; GAG, glycosaminoglycan; TGF, transforming growth factor.

aorta, to stretch and bend, and yet recoil. Elastin is deposited as
fibrils, which are complexed with several glycoproteins (mi-
crofibrils), such as fibrillin, that decorate the perimeter of the
elastic fiber (see Table 3-2).

* Matrix glycoproteins contribute essential biological functions
to basement membranes and stromal connective tissue. They
help to (1) organize tissue topography, (2) support cell migra-
tion, (3) orient cells, and (4) induce cell behavior. The principal
matrix glycoprotein of stromal connective tissue is fibronectin. Specific
domains within fibronectin bind bacteria, collagen, heparin, fib-

rin, fibrinogen, and the cell matrix receptor, integrin. The last
links matrix molecules to one another or to cells.

Glycosaminoglycans (GAGs), also known as mucopolysac-
charides, are long, linear polymers of specific repeating disac-
charides (the names of which determine the name of the poly-
mer). Hyaluronin (the only GAG not linked to a protein)
binds large amounts of water, creating a viscous gel that pro-
duces turgor in the matrix and lubricates the joints and matrix.
Proteoglycans consist of varying numbers of GAGs, heparan,
chondroitin sulfate, and keratan sulfate, linked to specific core
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TABLE 3-3
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Forms covalent self-
associated network

Collagen 1V, perlecan nidogen/
entactin, SPARC

FGF, fibroblast growth factor; SPARC, secreted protein acidic and rich in cysteine; VEGF, vascular endothelial growth factor.

proteins. They participate in matrix organization, structural in-
tegrity, and cell attachment.

Basement Membranes

Basement membranes, also called basal lamina, are thin, well-de-
fined layers of specialized extracellular matrix that separate the
cells that synthesize it from connective tissue. Epithelium,
adipocytes, muscle cells, Schwann cells, and capillary endothelium
produce basement membranes (Table 3-3).

* Basement membranes are constructed from extracellular ma-
trix molecules. They self-assemble into a sandwich-like struc-
ture composed of two interacting networks.

* Within different tissues and during development, the expres-
sion of unique members of the collagen IV and laminin fami-
lies imparts diversity to the basement membrane and the many
structures and functions it supports.

e Basement membranes act as filters, cellular anchors, and a sur-
face for migrating epidermal cells after injury. Basement mem-
branes also determine cell shape and provide a repository for
growth factors and chemotactic peptides.

e Lamins are a biologically versatile family of basement mem-
brane glycoproteins that contribute to the heterogeneity of tis-
sue morphology and function, in part, by supporting cell at-
tachment. Laminin is key for both normal epidermal function
and re-epithelialization of wounds.

Stromal Reorganization is Critical to Repair

The matrix metalloproteins (MMPs) are crucial components in
wound healing. They enable cells to migrate through the stroma by
degrading matrix proteins at the site of injury, thereby allowing re-

organization of the tissue. MMPs are also involved in cell-cell com-
munication and the activation or inactivation of bioactive mole-
cules (e.g., matrix fragments and growth factors), in addition to in-
fluencing cell growth and apoptosis. MMPs can disrupt cell-cell
adhesions and release, activate, or inactivate bioactive molecules
stored in the matrix. In the later stages of the repair process, in-
flammatory cells diminish in number, and capillary formation is
completed. Remodeling of the injury site into a mechanically strong,
mature scar indicates that the equilibrium between collagen depo-
sition and degradation has been restored. In this context, MMPs
are the main digestive enzymes in remodeling, although neu-
trophil and serine proteases are also present.

Once secreted, MMP activity can be inactivated by binding to
specific proteinase inhibitors. In addition to the important plasma-
derived proteinase inhibitor, op-macroglobulin, there is a family of
endogenous tissue inhibitors of metalloproteinases.

Cell Proliferation is Evoked by Cytokines and Matrix

A prominent early feature in injured tissue is a transient increase
in cellularity, which serves to replace damaged cells. Cell prolifera-
tion also initiates and perpetuates the formation of granulation
tissue, which is a specialized vascular tissue that is formed tran-
siently during repair (discussed below). Cells of granulation tissue
accumulate from labile cell populations, including circulating
leukocytes and basal epithelial cells, and from stable cells, such as
capillary endothelia and resident mesenchymal cells (fibroblasts,
myofibroblasts, pericytes, and smooth muscle cells). Local and
marrow-derived stem cells or committed progenitor cells may also
populate wounds, differentiating into endothelial and fibroblast
populations. Cells that are terminally differentiated (e.g., cardiac
myocytes, neurons) do not contribute to repair or regeneration.
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Growth factors and small chemotactic peptides (chemokines)
provide soluble autocrine and paracrine signals for cell prolifera-
tion, differentiation, and migration. Signals from soluble factors
and extracellular matrix also work collectively to influence cell be-
havior.

Integrated Molecular Signals Mediate Proliferation
and Differentiation

The behaviors of cells in healing wounds—proliferation, migra-
tion, and altered gene expression—are largely initiated by three re-
ceptor systems that share integrated signaling pathways.

 Protein receptors for peptide growth factors, which contain cy-
toplasmic tyrosine kinase domains

* G protein-coupled receptors for chemokines and other factors

 Integrin receptors for extracellular matrix

The myriad signaling mechanisms that regulate cell growth,
survival, and proliferation are complex and involve the integration
of numerous activating and inhibiting molecules and cross-talk
between different pathways. A further explanation is beyond the
scope of the current discussion.

Repair

Outcomes of Injury Include Repair and Regeneration

Repair and regeneration develop with the waning of inflammatory
responses, as inflammation itself is the primary response to tissue
injury (see Chapter 2). Transient acute inflammation may resolve
completely, with locally injured parenchymal elements being regen-
erated without significant scarring. For example, in recovery from
moderate sunburn, small numbers of acute inflammatory cells tem-
porarily accompany transient vasodilation beneath the solar-injured
epidermis. By contrast, sustained acute inflammation, with emer-
gence of macrophage-predominant inflammation, is a precursor to
the sequence of collagen elaboration and repair associated with
scar formation and fibrosis.

Wound Healing Exhibits a Defined Sequence

Wound healing that results in scar formation remains the predom-
inant mode of repair. Given that wounds in the skin and the extrem-
ities are easily accessible, they have been extensively used as models.
Although more difficult to study, healing within hollow viscera and
body cavities generally parallels the repair sequence in skin (Table 3-
4 and Fig. 3-2).

Hemostasis

A thrombus is formed at the site of injury primarily by the conver-
sion of plasma fibrinogen to fibrin. The thrombus is also rich in fi-
bronectin. Fibrin and fibronectin are soon cross-linked by transg-
lutaminase to provide local tensile strength and maintain closure.
The thrombus also contains contracting platelets, an initial source
of growth factors. In the skin, a scab or eschar results from the
drying of the exposed surface of the thrombus and forms a barrier
to invading microorganisms. With time, the thrombus undergoes
proteolysis, after which it is penetrated by regenerating epithe-
lium. The scab then detaches.

Inflammation

Repair sites vary in the amount of local tissue destruction. For ex-
ample, the surgical excision of a minor skin lesion leaves little or no
devitalized tissue. Demarcated, localized necrosis accompanies
medium-sized myocardial infarcts. By contrast, widespread, irregu-
larly defined necrosis is a feature of a large third-degree burn.
Initially, an acute, neutrophil-dominated, inflammatory response
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TABLE 3-4
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EARLY . Thrombosis: Formation of a growth fac-
tor-rich barrier having significant tensile
strength

2. Inflammation: Necrotic debris and mi-
croorganisms must be removed by neu-
trophils; the appearance of macrophages
signals and initiates repair

3. Re-epithelialization: Newly formed epithe-
lium establishes a permanent barrier to
microorganisms and fluid

MID 4. Granulation tissue formation and func-
tion: This specialized organ of repair is
the site of extracellular matrix and colla-
gen secretion; it is vascular, edematous,
insensitive, and resistant to infection

5. Contraction: Fibroblasts and possibly
other cells also transform to actin-con-
taining myofibroblasts, link to each other
and collagen, and contract, stimulated by
TGF-B1 or B2

LATE 6. Accretion of final tensile strength results
primarily from the cross-linking of colla-
gen

7. Remodeling: The wound site devascular-
izes and conforms to stress lines in the
skin

TGF, transforming growth factor.

liquefies the necrotic tissue. Acute inflammation persists as long as
necessary, because repair cannot progress until necrotic structures
are liquefied and removed. Plasma-derived fibronectin binds to col-
lagen and cell membranes to facilitate phagocytosis. Fibronectin
and cellular debris are chemotactic for macrophages and fibrob-
lasts (see Fig. 3-2 parts 4 and 5). The appearance of macrophages as
the predominant cell at the site of injury signals the onset of the re-
pair process. Macrophages ingest proteolytic products of neu-
trophils and secrete collagenase, thereby promoting further lique-
faction. They also provide growth factors that stimulate fibroblast
proliferation, collagen secretion, and neovascularization.

Fibroblasts are also early responders to injury. These collagen-se-
creting cells are involved in inflammatory, proliferative, and remod-
eling phases of wound repair. Fibroblasts are capable of further dif-
ferentiation to contractile myofibroblasts.

Provisional Matrix

Provisional matrix is a term that describes the temporary extra-
cellular organization of plasma-derived matrix proteins and tis-
sue-derived components that accumulate at sites of injury. These
molecules are associated with the pre-existing stromal matrix and
serve to stop blood or fluid loss. They also support the migration
of monocytes, endothelial cells, epidermal cells, and fibroblasts to
the wound site. Plasma-derived provisional matrix proteins include fib-
rinogen, fibronectin, and vitronectin. These proteins become insoluble
by binding to the stromal matrix and by forming cross-links via
the action of tissue- and plasma-derived transglutaminases.

Granulation Tissue

Granulation tissue is the transient, specialized tissue of repair, which re-
places the provisional matrix. On gross examination, it is deceptively
simple, with a glistening and pebbled appearance (Fig. 3-3).
Microscopically, a mixture of fibroblasts and red blood cells first
appears, followed by the development of provisional matrix and
patent single cell-lined capillaries, which are surrounded by fi-
broblasts and inflammatory cells.
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Summary of the healing process. The initial phase of the repair reaction, which typically begins with hemor-

rhage into the tissues. (7) A fibrin clot forms and fills the gap created by the wound. Fibronectin in the ex-
travasated plasma is cross-linked to fibrin, collagen, and other extracellular matrix components by the action of transglutami-
nases. This cross-linking provides a provisional mechanical stabilization of the wound (0 to 4 hours). (2) Macrophages recruited
to the wound area process cell remnants and damaged extracellular matrix. The binding of fibronectin to cell membranes, colla-
gens, proteoglycans, DNA, and bacteria (opsonization) facilitates phagocytosis by these macrophages and contributes to the re-
moval of debris (1 to 3 days). (3) Fibronectin, cell debris, and bacterial products are chemoattractants for a variety of cells that
are recruited to the wound site (2 to 4 days). The intermediate phase of the repair reaction. (4) As a new extracellular matrix is
deposited at the wound site, the initial fibrin clot is lysed by a combination of extracellular proteolytic enzymes and phagocytosis
(2 to 4 days). (5) Concurrent with fibrin removal, there is deposition of a temporary matrix formed by proteoglycans, glycopro-
teins, and type Il collagen (2 to 5 days). (6) Final phase of the repair reaction. Eventually, the temporary matrix is removed by a
combination of extracellular and intracellular digestion, and the definitive matrix, rich in type | collagen, is deposited (5 days to
weeks).
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1!"“:1! I ["I\"u"u Granulation tissue. A. A foot ulcer is covered by granulation tissue. B. Granulation tissue has two major com-
il ponents: cells and proliferating capillaries. The cells are mostly fibroblasts, myofibroblasts, and macrophages.
The macrophages are derived from monocytes and macrophages. The fibroblasts and myofibroblasts derive from mesenchymal
stem cells, and the capillaries arise from adjacent vessels by division of the lining endothelial cells (detai), in a process termed angio-
genesis. Endothelial cells put out cell extensions, called pseudopodia that grow toward the wound site. Cytoplasmic growth enlarges
the pseudopodia, and eventually, the cells divide. Vacuoles formed in the daughter cells eventually fuse to create a new lumen. The
entire process continues until the sprout encounters another capillary, with which it will connect. At its peak, granulation tissue is the
most richly vascularized tissue in the body. C. Once repair has been achieved, most of the newly formed capillaries are obliterated
and then reabsorbed, leaving a pale avascular scar. D. A photomicrograph of granulation tissue shows thin-walled vessels embed-
ded in a loose connective tissue matrix containing mesenchymal cells and occasional inflammatory cells.

Akey step in the development of granulation tissue is the recruit-
ment of monocytes to the site of injury by chemokines and frag-
ments of damaged matrix. Later, plasma cells are conspicuous, even
predominant. Activated macrophages coordinate the development
of granulation tissue through the release of growth factors and cy-
tokines, which (1) direct angiogenesis (see angiogenesis below), (2)
activate fibroblasts to form new stroma, and (3) continue the degra-
dation and removal of the provisional matrix. However, recent stud-
ies challenge established concepts regarding the central role of the
macrophage in wound repair. Granulation tissue is fluid-laden, and
its cellular constituents supply antibacterial antibodies and growth
factors. It is highly resistant to bacterial infection, allowing the sur-
geon to create anastomoses at such nonsterile sites as the colon.

Fibroblast Proliferation and Matrix Accumulation

The temporary early matrix of granulation tissue contains proteo-
glycans, glycoproteins, and type III collagen (see Fig. 3-2). The re-
lease of cytokines from fixed cells in the damaged tissue causes hem-
orrhage and attracts inflammarory cells to the site. About 2 to 3 days

after injury, activated fibroblasts and capillary sprouts are detected.
The shape of fibroblasts in the wound changes from oval to bipolar,
as they begin to form collagen and synthesize other matrix proteins,
such as fibronectin. Extracellular cross-linking of newly synthesized
collagen progressively increases wound strength.

Growth Factors and Fibroplasia
The initial discovery of epidermal growth factor and the subsequent
identification of at least 20 other growth factors have provided ex-
planations for many of the rapidly changing events in repair and re-
generation. Interactions among growth factors, other cytokines,
and MMPs are illustrated in Figures 3-4 and 3-5. Each has a predom-
inant function in repair. Growth factors that are expressed as an
early wound response support migration, recruitment, and prolifer-
ation of cells involved in fibroplasia, re-epithelialization, and angio-
genesis. Growth factors that peak later sustain the maturation
phase and remodeling of granulation tissue.

Although the roles of growth factors in the initiation and pro-
gression of repair are reasonably well understood, the limiting and
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Cutaneous wound. A. At 2 to 4 days, growth factors controlling migration of cells are illustrated. Extensive

redundancy is present, and no growth factor is rate limiting. B. At 4 to 8 days, the blood vessels are pro-
liferating, and the epidermis is penetrating the thrombus, but not at its surface. The upper portion will become an eschar or
scab. FGF, fibroblast growth factor; IGF, insulin-like growth factor; TGF, transforming growth factor; PDGF, platelet-derived
growth factor; VEGF, vascular endothelial growth factor; MMPs, matrix metalloproteinases; t-PA, tissue plasminogen activa-
tor; u-PA, urokinase-type plasminogen activator.
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umm""n"" Sk """"|”"‘!I\|l"!|\||‘m| Myofibroblast viewed by electron microscopy.
bl Myofibroblasts have an important role in the repair re-
action. These cells, with features intermediate between those of smooth
muscle cells and fibroblasts, are characterized by the presence of dis-
crete bundles of myofilaments in the cytoplasm (arrows).

terminating events are not well defined. Diminishing anoxia as re-
pair progresses may be key to the arrest of the repair process. Repair
may also cease because of reduced turnover of extracellular matrix.
Finally, increased storage and decreased availability of growth fac-
tors may stabilize the matrix, which may then transmit signals that
reduce the effects of growth factors. Granulation tissue eventually
transitions to scar tissue, as the balance between collagen synthesis
and collagen breakdown begins within weeks of injury. Fibroblasts
remain active at the wound site, much increasing the density of the
scar over several years.

Angiogenesis

At its peak, granulation tissue has more capillaries per unit vol-
ume than any other tissue. New capillary growth is essential for
the delivery of oxygen and nutrients to the cells. New capillaries
form by angiogenesis (i.e., sprouting of endothelial cells from pre-
existing capillary venules) (see Fig. 3-3) and create the granular ap-
pearance for which granulation tissue is named. Less often, new
blood vessels form de novo from angioblasts. The latter process is
known as vasculogenesis and is primarily associated with devel-
opmental processes.

Angiogenesis in wound repair is tightly regulated. Quiescent
capillary endothelial cells are activated by the local release of cy-
tokines and growth factors. The endothelial cells and pericytes are
bordered by basement membranes, which must be locally degraded
before endothelial cells and pericytes migrate into the provisional
matrix. Endothelial passage through the matrix requires the coop-
eration of plasminogen activators, matrix MMPs, and integrin re-
ceptors. The growth of new capillaries is supported by the prolifer-
ation and fusion of endothelial cells (see Fig. 3-3), and bone
marrow-derived endothelial progenitor cells may also be recruited
to support the growing vessel.

Migration of cells into the wound site is directed by soluble lig-
ands (chemotaxis) and proceeds along adhesive matrix substrates
(haptotaxis). Once capillary endothelial cells are immobilized,
cell-cell contacts form, and an organized basement membrane de-
velops on the exterior of the nascent capillary. The association with
pericytes and signals from angiopoietin, TGF-f, and PDGF estab-
lish a mature vessel phenotype and help form nonleaky capillaries.

In vivo angiogenesis is initiated by hypoxia and a redundance
of cytokines, growth factors, and various lipids, which stimulate or
regulate vascular endothelial growth factor (VEGF). Activated
granulation tissue macrophages and endothelial cells produce

o

FGF and VEGF, and epidermal cells in the wound release VEGF in
response to keratinocyte growth factor. Because the chief target of
VEGEF is the endothelial cell, this molecule is a critical regulator of
embryonic vascular development and angiogenesis, regulating en-
dothelial survival, differentiation, and migration. The binding of
angiogenic growth factors to heparan sulfate-containing GAG
chains is a crucial feature of angiogenesis. The association with he-
paran sulfate chains affects the availability and action of growth
factors and vessel formation by (1) creating a storage reservoir of
VEGF and BFGF in capillary basement membranes and (2) using
cell surface proteoglycan receptors to regulate VEGF and BFGF re-
ceptor congregation, as well as signal delivery and intensity.

Re-Epithelialization

Skin provides the best-studied example of epithelial repair.
Epidermis constantly renews itself via mitosis of keratinocytes at the
basal layer. The squamous cells then cornify or keratinize as they ma-
ture, move toward the surface, and are shed. Maturation requires an in-
tact layer of basal cells that are in direct contact with one another and the base-
ment membrane. If cell-cell contact is disrupted, basal epithelial cells
re-establish contact with other basal cells through mitosis. Epithelial
regeneration is illustrated in Figures 3-5 and 3-6. Once re-established,
the epithelial barrier demarcates the scab from the newly covered
wound, providing a protective barrier against infection and fluid
loss. When epithelial continuity is re-established, the epidermis re-
sumes its normal cycle of maturation and shedding.

During the process of re-epithelialization in the skin, the basal
layer of epithelial cells contributes important cytokines (interleukin
[IL]-1, VEGF, TGF-a, TGF-f, PDGF) for the initiation of healing. To
begin migration, keratinocytes must undergo cellular differentiation
before forming a new covering over the wound. Normally, these cells
are attached to laminin in the underlying basement membrane by
hemidesmosome protein complexes containing agf4 integrin.
Collagen fibers are associated with the hemidesmosome, including
types XVII and VII, also termed anchoring fibril (see Table 3-1). The
anchoring fibril connects the hemidesmosome-basement mem-
brane complex to the dermal connective tissue collagen fibers.

Epithelial cells are connected to each other at their lateral edges
by tight junctions and by adherens junctions composed of cad-
herin receptors. Cadherins are calcium-dependent, integral mem-
brane proteins that form extracellular cell-cell connections and an-
chor intracellular cytoskeletal connections. In the adherens
junctions, cadherins bind stable actin bundles to a cytoplasmic com-
plex of a-, -, and y-catenins. The layer of actin that encircles the ep-
ithelial cytoplasm creates lateral tension and strength and is referred
to as the adhesion belt. The shape and the strength of connected epithelial
sheets result from tension created by cytoskeletal connections to basement
membrane and cell-to-cell connections.

Cellular migration is the predominant means by which the wound sur-
face is re-epithelialized. Migrating epidermal cells originate at the
margin of the wound and in hair follicles or sweat glands. If the
basement membrane is lost, cells come in contact with unfamiliar
stromal components, an effect that stimulates cell locomotion
and proteinase expression. Activation of epithelial motility is
driven by the assembly of actin fibers at focal adhesions organized
by integrin receptors, directing the migrating cells along the mar-
gin of viable dermis. Movement through cross-linked fibrin ap-
posed to the dermis also requires the activation of plasmin from
plasminogen to degrade fibrin. Plasmin also aids in the activation
of specific MMPs. Proteolytic cleavage of stromal collagens I and
III and laminin at focal adhesion contacts can release adhesion or
enable keratinocyte migration. Migrating keratinocytes eventually
resume their normal phenotype after reforming a confluent layer
and attaching to their newly formed basement membranes.

Wound Contraction

As they heal, open wounds contract and deform in a process medi-
ated by a specialized cell of granulation tissue, the myofibroblast.
This modified fibroblast cannot be distinguished from the collagen-
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HEALING BY PRIMARY INTENTION (WOUNDS WITH APPOSED EDGES)

HEALING BY SECONDARY INTENTION (WOUNDS WITH SEPARATED EDGES)

FIGURE |||!\!|||m” Top: Healing by primary intention. A. A wound with closely apposed edges and minimal tissue loss. B. Such
Ml a wound requires only minimal cell proliferation and neovascularization to heal. C. The result is a small scar.

Bottom: Healing by secondary intention. A. A gouged wound, in which the edges are far apart and in which there is substan-
tial tissue loss. B. This wound requires wound contraction, extensive cell proliferation, and neovascularization (granulation tissue)
to heal. C. The wound is re-epithelialized from the margins, and collagen fibers are deposited in the granulation tissue. D.
Granulation tissue is eventually resorbed and replaced by a large scar that is functionally and esthetically unsatisfactory.
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secreting fibroblast by conventional light microscopy. Unlike the fi-
broblast, the myofibroblast expresses a-smooth muscle actin,
desmin, and vimentin, and it responds to pharmacological agents
that cause smooth muscle to contract or relax. In short, it is a fibrob-
last that reacts like a smooth muscle cell. The myofib-roblast is the cell re-
sponsible for wound contraction, as well as the deforming pathological process
termed wound contracture. The appearance of the myofibroblast, usu-
ally around the third day of wound healing, is associated with the
sudden appearance of contractile forces, which then gradually di-
minish over the next several weeks. Myofibroblasts persist in hyper-
trophic scars, particularly burn scars. The myofibroblast may origi-
nate from a pericyte, fibroblast, or stem cell.

Wound Strength

Skin incisions and surgical anastomoses in hollow viscera ulti-
mately develop 75% of the strength of the unwounded site.
Despite a rapid increase in tensile strength at 7 to 14 days, by the
end of 2 weeks, the wound has acquired only about 20% of its ul-
timate strength. Most of the strength of the healed wound results
from intermolecular cross-linking of type I collagen. A 2-month-
old incision, although healed, is still visibly obvious. The incision
line and suture marks are distinct, vascular, and red. By 1 year, the
incision is white and avascular but usually still identifiable. As the
scar fades further, it is often slowly deformed into an irregular line
by stresses in the skin.

Regeneration

Regeneration is the renewal of a damaged tissue or a lost appendage that is
identical to the original one. Regeneration requires a population of
stem or committed progenitor cells with the potential to differen-
tiate and replicate.

The adult human body is made up of several hundred types of
well-differentiated cells, yet it maintains the remarkable potential
to rebuild itself by replenishing dying cells and to heal itself by re-
cruiting or activating cells that repair or regenerate injured tissue.
Tissues are adept at healing injury, but their regenerative potential
is unfortunately restricted to a limited number of adult tissues.
Unique cells within bone marrow, epidermis, intestine, and liver
maintain sufficient developmental memory to orchestrate tissue-
specific regeneration. The power to regenerate tissue is derived
from a small number of unspecialized cells, or stem cells, which
are unique in their capacity for self-renewal while also producing
clonal progeny that differentiate into more specialized cell types.

Adult Stem Cells are Key to Regeneration

Cells able to divide indefinitely, without terminally differentiating,
continue to inhabit many adult tissues and have even been identi-
fied in tissues not observed to regenerate. These adult stem cells
may exist in a specific tissue or be seeded in that tissue from circu-
lating cells of bone marrow origin. Either way, the presence of
stem cells within a broader variety of tissues underscores the im-
portance of a permissive and supportive environment for stem
cell-driven regeneration.

Stem cells may be more generally defined by certain common
properties including:

 The ability to divide without limit, avoid senescence, and main-
tain genomic integrity

 The ability to undergo division intermittently or to remain qui-
escent

 The ability to propagate by self-renewal and differentiation

* The absence of lineage markers

Bone marrow contains hematopoietic, mesenchymal, and en-
dothelial stem cells, providing a multifaceted regenerative capacity.
Bone marrow stem cells, which are set aside during embryonic devel-
opment, replenish the hematopoietic population. Endothelial stem
cells from bone marrow have been implicated in tissue angiogenesis
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and may supplement endothelial hyperplasia during regeneration
of blood vessels. Moreover, bone marrow-derived mesenchymal
stem cells may populate repairing tissue in other parts of the body.

Epithelium of the skin and hair follicles regenerates from stem
cells if the wound does not disrupt the epidermal basement mem-
brane or the hair bulbs. Intestinal epithelium turns over rapidly
and is replenished by stem cells that reside in the crypts of
Lieberkuhn. Liver regeneration is partly a misnomer, because the
regeneration of liver following partial hepatectomy is a hyperplas-
tic response by mature differentiated hepatocytes and, for the
most part, does not involve stem cells. However, there is evidence
for stem cell-driven liver regeneration when hepatocytes are dam-
aged by viral hepatitis or toxins. This regenerative potential is
thought to arise from “oval cells,” which have characteristics of
both hepatocytes (o-fetoprotein and albumin) and bile duct cells
(y-glutamyl transferase and duct cytokeratins) and may reside in
the terminal ductal cells in the canal of Hering.

Cells Gan be Classified by their Proliferative
Potential

The cells of the body divide at different rates. Some mature cells
do not divide at all and some divide only under certain permissive
conditions, whereas others complete a cycle every 16 to 24 hours.

LABILE CELLS: Labile cells are found in tissues that are in a con-
stant state of renewal. Tissues in which more than 1.5% of the cells
are in mitosis at any one time are composed of labile cells.
However, not all the cells in these tissues are continuously cycling.
Rapidly self-renewing (labile) tissues are typically tissues that form
physical barriers between the body and the external environment.
These include epithelia of the gut, skin, cornea, respiratory tract,
reproductive tract, and urinary tract. The hematopoietic cells of
the bone marrow and lymphoid organs involved in immune de-
fense also constitute labile tissues. Polymor-phonuclear leuko-
cytes are the best example of a terminally differentiated cell that is
rapidly renewed. Under appropriate conditions, tissues composed of labile
cells regenerate after injury, provided that enough stem cells remain.

STABLE CELLS: Stable cells populate tissues that normally are re-
newed very slowly but are populated with progenitor cells capable of
more rapid renewal after tissue loss. The liver and the proximal re-
nal tubules are examples of stable cell populations. Stable cells pop-
ulate tissues in which fewer than 1.5% of the cells are in mitosis.
Such tissues (e.g., endocrine glands, endothelium, and liver) do not
have conspicuous stem cells. Rather, their cells require an appropri-
ate stimulus to divide. It is the potential to replicate and not the actual
number of steady state mitoses that determines the ability of an organ to re-
generate. For example, the liver, a stable tissue with less than one mi-
tosis for every 15,000 cells, regenerates rapidly after a loss of as much
as 75% of its mass.

PERMANENT CELLS: Permanent cells are terminally differenti-
ated, have lost all capacity for regeneration, and do not enter the cell
cycle. Traditionally, neurons of the central nervous system, cardiac
myocytes, and cells of the lens were considered permanent cells, al-
though recent studies are challenging previous dogma. If lost, perma-
nent cells cannot be replaced. Although permanent cells do not divide,
most of them do renew their cellular organelles. The extreme exam-
ple of permanent cells is the lens of the eye. Every lens cell generated
during embryonic development and postnatal life is preserved in the
adult without turnover of its constituents.

Conditions that Modify Repair

Local Factors May Influence Healing

Location of the Wound
In addition to the size and shape of the wound, its location also af-
fects healing. Sites in which skin covers bone with little interven-
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ing tissue, such as skin over the anterior tibia, are locations where
skin cannot contract. Skin lesions in such areas, particularly
burns, often require skin grafts because their edges cannot be ap-
posed. Complications or other treatments, such as infection or
ionizing radiation, also slow the repair process.

Blood Supply

Lower-extremity wounds of diabetics who suffer from disease-
related vasculopathies often heal poorly or even require amputa-
tion. In such cases, advanced atherosclerosis in the legs compro-
mises blood supply and impedes repair. Varicose veins of the legs
slow the venous return and can also cause ulceration and nonheal-
ing. Bedsores (decubitus ulcers) result from prolonged, localized,
dependent pressure, which diminishes both arterial and venous
blood flow. Joint (articular) cartilage is largely avascular and has
limited diffusion capacity; often, it cannot mount a vigorous in-
flammatory response. As a result, articular cartilage repairs poorly,
a condition (osteoarthritis) that usually worsens with age.

Systemic Factors

No specific effect of age alone on repair has been found. Although
the skin of a 90-year-old person—which exhibits reduced collagen
and elastin—may heal slowly, the same person’s cataract extraction or
colon resection heals normally because the bowel and the eye are
practically unaffected by age. Iatrogenic factors such as therapeutic
corticosteroids retard wound repair by inhibiting collagen and pro-
tein synthesis as well as by exerting anti-inflammatory effects.

Fibrosis and Scarring Contrasted

Successful wound repair that leads to localized scarring is a tran-
sient, not chronic, process that leads to resolution of local injury.
By contrast, many chronic diseases involve persistent, unresolved
inflammation, with progression of the repair response culminat-
ing in diffuse fibrosis in affected tissues. For example, inhaled
smoke or silica particles induce persistent inflammation in the
lung, ultimately leading to pulmonary fibrosis. Continuing insult
or inflammation, mediated through the interplay of monocytes
and lymphocytes, results in persistent high levels of cytokines,
growth factors, and locally destructive enzymes such as collage-
nases. Whatever the cause, long-standing fibrosis of parenchymal
organs such as the lung, kidney, or liver, disrupts the normal ar-
chitecture and reduces function. Chronic fibrosis is generally ir-
reversible, calling for measures to prevent exposure to the cause,
or therapeutic measures to limit the inflammatory process.
Fibrosis should be viewed as the pathological end result of per-
sistent injury. Scarring, however, is often beneficial—the scar re-
sulting from a surgical incision in skin, although cosmetically
unattractive, holds the skin together.

Specific Sites Exhibit Different Repair Patterns
Skin

Healing in the skin involves both repair (primarily dermal scar-
ring) and regeneration (principally of the epidermis and vascula-
ture). The salient features of primary and secondary healing are
provided in Figure 3-6.

Healing by primary intention occurs when the surgeon closely
approximates the edges of a wound. The actions of myofibroblasts
are minimized, and regeneration of the epidermis is optimal, be-
cause epidermal cells need migrate only a minimal distance.

Healing by secondary intention proceeds when a large area of
hemorrhage and necrosis cannot be completely corrected surgi-
cally. In this situation, myofibroblasts contract the wound, and
subsequent scarring repairs the defect.

The success and method of healing following a burn wound de-
pends on the depth of the burn injury. If the burn is superficial or
does not extend beyond the upper dermis, stem cells from the
sweat glands and hair follicles will regenerate the epidermis. If the
deep dermis is involved, the regenerative elements are destroyed,
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and surgery and engraftment are necessary to cover or heal the
wound site and reduce scarring and contractures.

Liver

Acute chemical injury or fulminant viral hepatitis causes wide-
spread necrosis of hepatocytes. However, if liver failure is not
quickly fatal, the parenchyma regenerates and normal form and
function are restored. In addition to mitosis of hepatocytes,
small cells at the canal of Hering, termed oval cells, are thought
to be the stem cell responsible for liver regeneration under these
conditions. By contrast, chronic injury in viral hepatitis or alco-
holism is associated with the development of broad collagenous
scars within the hepatic parenchyma, termed cirrhosis of the
liver (Fig. 3-7). The hepatocytes form regenerative nodules that
lack central veins and expand to obstruct blood vessels and bile
flow. Portal hypertension and jaundice ensue despite adequate
numbers of regenerated but disconnected hepatocytes.

Kidney

Although the kidney has limited regenerative capacity, the removal
of one kidney (nephrectomy) is followed by compensatory hypertro-
phy of the remaining kidney. If renal injury is not extensive and the
extracellular matrix framework is not destroyed, the tubular epithe-
lium regenerates. In most renal diseases, however, there is some de-
struction of the framework. Regeneration is then incomplete, and
scar formation is the usual outcome. The regenerative capacity of re-
nal tissue is maximal in cortical tubules, less in medullary tubules,
and nonexistent in glomeruli. Recent data suggest tubule repair oc-
curs by proliferation of endogenous renal progenitor cells.

Lung
The epithelium lining the respiratory tract has an effective regenera-
tive capacity, provided that the underlying extracellular matrix
framework is not destroyed. Superficial injuries to tracheal and
bronchial epithelia heal by regeneration from the adjacent epithe-
lium. The outcome of alveolar injury ranges from complete regener-
ation of structure and function to incapacitating fibrosis (Fig. 3-8).
Alveolar injury that does not result in damage to the basement
membrane is followed by healing by regeneration. Alveolar type II
pneumocytes (the alveolar reserve cells) migrate to denuded areas
and undergo mitosis to form cells with features intermediate be-
tween those of type I and type II pneumocytes. As these cells cover

| Cirrhosis of the liver. The consequences of chronic
FIGURE |3 o . .

Il hepatic injury are the formation of regenerating nod-
ules separated by fibrous bands. A microscopic section shows regener-
ating nodules (red) surrounded by bands of connective tissue (blue).
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the alveolar surface, they establish contact with other epithelial
cells. Mitosis then stops, and the cells differentiate into type I
pneumocytes. If there is extensive disruption to the basement
membrane of the alveolus, scarring and fibrosis result. Stimulated
by macrophage products, mesenchymal cells from the alveolar
septa proliferate and differentiate into fibroblasts and myofibrob-
lasts. These cells migrate into the alveolar space, where they secrete
type 1 collagen and proteoglycans, leading to pulmonary fibrosis.
The most common chronic pulmonary disease is emphysema,
which involves airspace enlargement, the destruction of alveolar
walls, and ineffective replacement of elastin. This process results
in irreversible loss of tissue resiliency and function.

Heart

Cardiac myocytes are permanent, nondividing, terminally differ-
entiated cells. Recent studies, however, have provided evidence for
minimal regeneration of cardiac myocytes from previously unrec-
ognized stem or committed progenitor cells. The origin of these
cells, whether they reside in the myocardium or migrate there fol-
lowing injury from sites unknown, is not resolved. For practical
purposes, myocardial necrosis, from whatever cause, heals by the
formation of granulation tissue and eventual scarring (Fig. 3-9).
Not only does myocardial scarring result in the loss of contractile
elements, but the fibrotic tissue also decreases the effectiveness of
contraction in the surviving myocardium.

Nervous System

Mature neurons have been described as permanent and postmi-
totic cells, and recent studies suggesting possible regenerative ca-
pacity have not altered well-established observations about injury
in the nervous system. Following trauma, only regrowth and reor-
ganization of the surviving neuronal cell processes can re-establish
neural connections. Although the peripheral nervous system has
the capacity for axonal regeneration, the central nervous system
lacks this ability. Any damage to the brain or spinal cord is fol-
lowed by the growth of capillaries and gliosis (i.e., the
proliferation of astrocytes and microglia). Gliosis in the central
nervous system is the equivalent of scar formation elsewhere; once
established, it remains permanently.

Neurons in the peripheral nervous system can regenerate their
axons, and under ideal circumstances, interruption in the continu-
ity of a peripheral nerve results in complete functional recovery.
However, if the cut ends are not in perfect alignment or are pre-
vented from establishing continuity by inflammation or a scar, a
traumatic neuroma results (Fig. 3-10). This bulbous lesion con-

FIGURE 38! Myocarcliiall infarction. A seotionlthro.ugfl a healgd
myocardial infarct shows mature fibrosis (*) and dis-

rupted myocardial fibers (arrow).
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sists of disorganized axons and proliferating Schwann cells, as well
as fibroblasts.

Effects of Scarring

Although scarring is essential to the repair of most injuries, scarring
in parenchymal organs modifies their complex structure and never
improves their function. For example, in the heart, the scar of a my-
ocardial infarction serves to prevent rupture of the weakened wall of
the heart but reduces the amount of contractile tissue. If extensive
enough, it may be associated with congestive heart failure or the for-
mation of a ventricular aneurysm. Persistent inflammation within
the pericardium may result in organization of the inflammatory ex-
udate and conversion of the deposited fibrin into collagen. This is
likely to produce fibrous adhesions, which result in constrictive
pericarditis and heart failure (Fig. 3-11).

Alveolar fibrosis in the lung causes respiratory failure.
Infection within the peritoneum or even surgical exploration may
lead to adhesions and intestinal obstruction. Immunological in-
jury to the renal glomerulus eventuates in its replacement by a col-
lagenous scar and, if this process is extensive, renal failure.
Scarring in the skin following burns or surgical excision of lesions
may produce unsatisfactory cosmetic results or worse, deficits in
limb function because of wound contractions.

Wound Repair is Often Suboptimal

Abnormalities in any of three healing processes—repair, contrac-
tion, and regeneration—result in unsuccessful or prolonged wound
healing. The skill of the surgeon is often of critical importance.

Deficient Scar Formation

Inadequate formation of granulation tissue or an inability to form
a suitable extracellular matrix leads to deficient scar formation
and its complications, such as wound dehiscence (splitting upon
increased stress) and incisional hernias at prior surgical sites.
Systemic factors predisposing to such defects include metabolic
deficiency, hypoproteinemia, and the general inanition that often
accompanies metastatic cancer.

Ulceration

Wounds can ulcerate when there is an inadequate intrinsic blood
supply or insufficient vascularization during healing. For exam-
ple, leg wounds in persons with varicose veins or severe athero-
sclerosis often ulcerate. Nonhealing wounds also develop in areas

FleURER ol Tr.alljmatic neuroma. In this photomicrograph, the

original nerve (arrows) enters the neuroma. The nerve

is surrounded by dense collagenous tissue, which appears dark blue
with this trichrome stain.
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devoid of sensation because of persistent trauma. Such trophic
or neuropathic ulcers are commonly seen in diabetic peripheral
neuropathy.

Excessive Scar Formation

Inordinate deposition of extracellular matrix, mostly excessive col-
lagen, at the wound site results in a hypertrophic scar. A keloid is
an exuberant hypertrophic scar that tends to progress beyond the
site of initial injury and recurs after excision (Fig. 3-12).
Histologically, both of these types of scars exhibit broad and irreg-
ular collagen bundles, with more capillaries and fibroblasts than
expected for a scar of the same age. More clearly defined in keloids
than in hypertrophic scars, the rate of collagen synthesis, the ratio
of type III to type I collagen, and the number of reducible cross-
links, remain high. This situation indicates a “maturation arrest,”
or block, in the process of wound maturation. Keloids are un-
sightly, and attempts at surgical repair are always problematic—the
outcome likely being a still-larger keloid. Dark-skinned individuals
are more frequently affected by keloids than light-skinned ones, and
the tendency is sometimes hereditary. By contrast, the occurrence
of hypertrophic scars is not associated with skin color or heredity.

Excessive Contraction

A decrease in the size of a wound depends on the presence of my-
ofibroblasts, development of cell-cell contacts, and sustained cell
contraction. An exaggeration of these processes is termed contrac-

ture and results in severe deformity of the wound and surrounding
tissues. Interestingly, the regions that normally show minimal
wound contraction (e.g., the palms, the soles, and the anterior as-
pect of the thorax) are the ones prone to contractures.
Contractures are particularly conspicuous in the healing of seri-
ous burns and can be severe enough to compromise the movement
of joints. In the alimentary tract, a contracture (stricture) can re-
sult in obstruction to the passage of food in the esophagus or a
block in the flow of intestinal contents.

Excessive Regeneration and Repair

In addition to the many responses to injury described thus far, an
additional lesion merits consideration, namely pyogenic granu-
loma. This lesion is a localized, persistent, exuberant overgrowth
of granulation tissue, most commonly seen in gum tissue in preg-
nant women. It also develops in the squamocolumnar junction of
the uterine cervix and at other sites. An injury preceding the de-
velopment of pyogenic granuloma cannot usually be found. Like
injury-induced granulation tissue, it lacks nerves and can be sur-
gically trimmed without anesthesia. Conceptually, pyogenic gran-
uloma is a transitional lesion, resembling granulation tissue but
behaving almost as an autonomous benign neoplasm.

e
FIG
IHIMHI
B. Microscopically, the dermis is markedly thickened by the presence of
collagen bundles with random orientation and abundant cells.

|\|"‘H‘| m”" I ”"ﬂ!‘m"” Keloid. A. A light-skinned black woman developed a
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il keloid as a reaction to having her earlobe pierced.
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Biology of the Immune System
Cellular Components of the Immune System
The Major Histocompatibility Complex (MHC)
Immunologically Mediated Tissue Injury
IgE-mediated Hypersensitivity Reactions (Type I)
Non-IgE Antibody-Mediated Hypersensitivity Reactions

(Type 1)
Cell-mediated Immune Complex Reactions (Type lll)

Hypersensitivity Reactions (Type 1V)
Immunodeficiency Diseases

Primary Antibody Deficiency Diseases

Primary T-Cell Immunodeficiency Diseases

Combined Immunodeficiency Diseases

The immune system protects the host from invasion by
foreign and potentially harmful agents. As compo-
nents of host defense, immune responses are character-
ized by their ability to (1) distinguish self from non-
self, (2) discriminate among potential invaders
(specificity), (3) maintain the presence of immune
memory (anamnesis), and (4) recall previous expo-
sures and mount an amplified response to them.
Immune responses can be elicited by a wide range of
agents (termed antigens) including parasites, bacte-
ria, viruses, chemicals, toxins, drugs, and transplanted
tissues. Immune responses that show antigen specificity
and immune memory are termed adaptive immu-
nity. Innate immunity (discussed in part in Chapter
2) does not demonstrate immune memory and lacks
the exacting specificity of adaptive immunity (al-
though patterns and classes of harmful agents such as

Autoimmunity and Autoimmune Diseases
Autoimmune Disease and Tolerance
Systemic Lupus Erythematosus (SLE)

Sjogren Syndrome
Scleroderma (Progressive Systemic Sclerosis)
Mixed Connective Tissue Disease

Immune Reactions to Transplanted Tissues
Hyperacute Rejection
Acute Rejection
Chronic Rejection
Graft-Versus-Host Disease

Human Immunodeficiency Virus (HIV) and Acquired

Immunodeficiency Syndrome (AIDS)
Immunology of AIDS

bacterial cell wall components are recognized). The
host defense systems that constitute the acute inflam-
matory response, including cell surface-associated and
soluble mediator systems (e.g., complement and coagu-
lation systems) and phagocytes (most important being
tissue resident macrophages), are integral to innate
immunity.

The adaptive immune response is critical to host sur-
vival, and failure is associated with overwhelming infec-
tious disease. One need only consider the ravages of
AIDS. Adaptive immune responses can be appropriate
in terms of defense, but nevertheless may lead to host in-
jury (such as the immune rejection of a transplanted or-
gan). The diseases associated with either the lack of ap-
propriate adaptive immunity or injury produced by
inappropriate or excessive adaptive immunity constitute

the study of immunopathology.
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Biology of the Immune System

The Cells that Comprise the Inmune System Derive
from Hematopoietic Stem Cells

The antigen-specific or “adaptive” immune system encompasses
lymphocytes, plasma cells, antigen-presenting cells (APCs), spe-

/

ThmeS /

o

cific effector molecules (e.g., immunoglobulins), and a vast array
of regulatory mediators.

The cellular components of the immune system are derived
from pluripotent hematopoietic stem cells (Fig. 4-1). By 8 weeks of
gestation, lymphoid stem cells derived from hematopoietic stem
cells and fated to become T cells circulate to the thymus, where
they differentiate into mature T lymphocytes. Lymphoid stem
cells destined to become B cells differentiate first within fetal liver

T Lymphocyte

NK Lymphocyte

Lymphoid
stem cell > B Lymphocyte
CD34+,
CD117+
Plasma cell
Pluripotent hematopoietic
stem cell
CD34* or CD34
LIN-
Macrophage
Dendritic cell
Myeloid > >
steym cell O O Eosinophil
CD34+, CD33* CFU-GEMM CFU-Eo
HLA-DR CD34+, CD33*
/l/ > Erythrocyte
/l/ > Megakaryocyte
’l, > Basophil
_ 1, > Mast cell
CFU-MC
WA Pluripotent hematopoietic stem cells differentiate into either lymphoid or myeloid stem cells and, in the
RIGURE “ . . . o p . ;
Il case of myeloid stem cells, into lineage-specific colony-forming units (CFUs). Under the influence of an

appropriate microenvironment, CFUs give rise to definitive cell types. Lymphoid stem cells are precursors of natural killer (NK)
cells, T lymphocytes, and B lymphocytes. B lymphocytes give rise to plasma cells. CD, cluster designation; CFU-GEMM, granu-
locytic, erythroid, monocytic-dendritic, and megakaryocytic colony-forming units; HLA, human leukocyte antigen.
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(8 weeks) and later within bone marrow (12 weeks). The pri-
mary branch point in differentiation is between lymphoid progen-
itors and myeloid progenitors. The former ultimately give rise to T
lymphocytes, B lymphocytes, and natural killer (NK) cells, whereas
the latter develop into granulocytic, erythroid, monocytic-den-
dritic, and megakaryocytic cells. The definition of developing and
mature cells of the immune and hematopoietic systems depends
in large part on cell surface markers, which are designated by clus-
ter designation (CD) numbers.

Lymphocytes

There are three major types of lymphocytes—T cells, B cells, and
NK cells—which account for 25% of peripheral blood leukocytes.
Some 80% of blood lymphocytes are T cells, 10% B cells, and 10%
are NK cells. The relative proportions of lymphocytes in the pe-
ripheral blood and central and peripheral lymphoid tissues vary.
In contrast to the blood, only 30% to 40% of splenic and bone mar-
row lymphocytes are T cells.

T lymphocytes can be subdivided into subpopulations by
virtue of their specialized functions, by surface CD molecules, and
in some cases, by morphologic features. Lymphoid progenitor
cells destined to become T cells exit the bone marrow and migrate
to the thymus, where they undergo a complex multistep matura-
tion process that accomplishes three goals:

1. Recombination of dispersed gene segments that encode the
antigen-binding regions of the heterodimeric a/f or y/d T-cell
receptor (TCR)

2. Formation of functionally distinct helper (CD4") and cyto-
toxic/suppressor (CD8") T-cell populations

3. Positive, followed by negative, thymic selection to produce a T-
cell population that recognizes self-peptides plus major histo-
compatibility antigens, but not with sufficient avidity to result
in autoimmunity

During this process, the developing T lymphocytes transit
from the subcapsular zone of the thymus (containing the least ma-
ture T cells) to the medullary region, from which the mature naive
T cells are released into the peripheral circulation. During this
process, immature T cells interact with thymic epithelial cells (in
the cortex) and denderitic cells (in the medulla) and undergo the
following maturational events.

* Subcapsular zone of thymus: T cells are CD4, CD8 (double
negative). TCR gene arrangements commence.

 Cortical zone of thymus: T cells are CD4*, CD8" (double posi-
tive). Positive selection of cells interacting with self-major his-
tocompatibility (MHC) molecules and self-peptides that are
displayed by cortical epithelial cells

» Cortical zone of thymus: T cells are CD4" or CD 8 (single pos-
itive), depending on preferential binding to MHC class II or
MHC class I molecules, respectively.

* Medullary zone of thymus: T cells that react strongly with
MHC and self-peptide displayed by medullary dendritic cells
are negatively selected and undergo apoptosis to eliminate
self-reactivity.

* Mature single-positive naive T cells enter the circulation.

T lymphocytes exit the thymus and populate peripheral lym-
phoid tissues. In the thymus, antigen-specific TCRs are formed
and are expressed in conjunction with CD3, an essential accessory
molecule. Nearly 95% of circulating T lymphocytes express a/f8
TCRs. In turn, circulating o/f T cells also express either CD4 or
CD8. A smaller population (5%) of T cells expresses y/6 TCRs and
CD3, but neither CD4 nor CD8.

T lymphocytes recognize specific antigens, usually proteins or
haptens bound to proteins. CD4" and CD8" T-cell subsets possess
a variety of effector and regulatory functions. Effector functions
include secretion of proinflammatory cytokines and killing of cells
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that express foreign or altered membrane antigens. Regulatory
functions comprise augmenting and suppressing immune re-
sponses, usually by secreting specific helper or suppressor cy-
tokines.

In general, CD4* T cells promote antibody and inflammatory
responses. Such cells recognize antigen in the context of self-MHC
class II molecules on APCs. CD4* T cells can be further distin-
guished by the types of cytokines produced. Helper type 1, or Th1,
cells produce interferon (IFN)-y and interleukin (IL)-2, whereas
helper type 2, or Th2, cells secrete IL-4, IL-5, and IL-10. Th1 lym-
phocytes have been associated with cell-mediated phenomena and
Th2 cells with B-cell activation and allergic responses. By contrast,
CD8" cells, for the most part, exert suppressor and cytotoxic func-
tions. CD8" cells recognize antigen in the context of self-MHC
class I molecules present on many cells. Suppressor cells inhibit
the activation phase of immune responses; cytotoxic cells can kill
target cells that express specific antigens (see Fig. 4-2).

Foreign class I and class II molecules, which are not histocompatible
with the host (e.g., transplanted histocompatibility antigens), are them-
selves potent immunogens and can be recognized by host T cells. This is
why human tissue transplantation requires that donor and recip-
ient be HLA-matched. In addition to the binding of foreign pep-
tides presented by MHC molecules to the TCR complex, a num-
ber of other receptor-ligand interactions must occur to
maximally activate lymphocytes. See Figure 4-2, which summa-
rizes some of the key interactions that occur between CD4" T-
helper cells and APCs.

B lymphocytes pass through a series of carefully regulated de-
velopmental pathways in a manner analogous to those of T cells.
Initially, pro-B cells are produced in the fetal liver and continue to
differentiate in the bone marrow after birth. The microenviron-
ment of the bone marrow is critical to B-lymphocyte development;
Pro-B cells traverse radially from the marrow nearest to the bone
toward the central sinus of the marrow as they mature. They are
released to the periphery as immature B cells. Only B lymphocytes
that pass through the many ordered stages of DNA recombination
necessary to produce surface immunoglobulins survive and exit to
the periphery. Immature B cells upregulate the expression of sur-
face immunoglobulins (the B-cell receptor) and undergo a process
of negative selection by self-antigens they encounter, resulting in
mature B cells. Developing B cells in which surface immunoglob-
ulin binds too avidly to self-antigens are negatively selected and
eliminated. B cells express a surface antigen-binding receptor, the
membrane-bound immunoglobulin B-cell receptor, which bears
the same antigen-binding specificity as the soluble immunoglobu-
lin that will ultimately be secreted by the corresponding terminally
differentiated B cell, termed a plasma cell.

Mature B lymphocytes exist primarily in a resting state, await-
ing activation by foreign antigens. Activation requires (1) cross-
linking of membrane immunoglobulin receptors by antigens pre-
sented by accessory cells or (2) interactions with membrane
molecules of helper T cells via a mechanism called cognate T-
cell—B-cell help (see Fig. 4-2). The initial stimulus leads to B-cell
proliferation and clonal expansion, a process amplified by cy-
tokines from both accessory cells and T cells. If no additional sig-
nal is provided, proliferating B cells return to a resting state and
enter the memory cell pool. These events occur largely in lym-
phoid tissues and can be seen as germinal centers. Within germi-
nal centers, B cells also undergo further somatic gene rearrange-
ments, leading to generation of cells that produce the various
immunoglobulin isotypes and subclasses.

An isotype is the class of the defining heavy chain of an im-
munoglobulin molecule. In turn, each immunoglobulin subtype
exhibits a different array of biological activities. In the presence of
antigen, T cells produce helper cytokines that stimulate isotype
switching or induce proliferation of previously committed isotype
populations. For example, IL-4 induces switching to the IgE isotype.
The final stage of B-cell differentiation into antibody-synthesizing
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plasma cells requires exposure to additional products of T lym-
phocytes (e.g., IL-5, IL-6), especially in the case of protein anti-
gens. The predominant type of immunoglobulin produced dur-
ing an immune response changes with age. Newborns tend to
produce predominantly IgM. By contrast, older children and
adults initially produce IgM following an antigenic challenge, but
rapidly shift toward IgG synthesis.

NK cells, which are believed to form in both the thymus and
bone marrow, recognize target cells via an antigen-independent
mechanism. NK cells do not express either a functional TCR or sur-
face immunoglobulin. They bear several types of class  MHC mol-
ecule receptors, which when engaged, inhibit the NK cell’s capacity

to secrete cytolytic products. Certain tumor cells and virus-infected
cells bear reduced numbers of MHC class I molecules and thus do
not inhibit NK cells. NK cells that engage virus-infected or tumor
cells secrete complement-like cytolytic proteins (perforin),
granzymes A and B, and other lytic factors. NK cells also secrete
granulysin, a cationic protein that induces target cell apoptosis.

Mononuclear Phagocytes, Antigen-Presenting Cells,
and Dendritic Cells

Mononuclear phagocyte is a general term applied to phagocytic
cell populations in virtually all organs and connective tissues.
Among these cells are macrophages, monocytes, Kupffer cells of
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the liver, and lung alveolar macrophages. Precursor cells
(monoblasts and promonocytes) arise in the bone marrow, enter
the circulation as monocytes, and then migrate into tissues, where
they take up residence as tissue macrophages. In the lung, liver,
and spleen, numerous macrophages populate sinuses and pericap-
illary zones to form an effective filtering system, which removes ef-
fete cells and foreign particulate material from blood.

Macrophages are important accessory cells by virtue of their
expression of class II histocompatibility antigens. They ingest
and process antigens for presentation to T cells in conjunction
with class II MHC molecules. The subsequent T-cell responses
are further amplified by macrophage-derived cytokines. One of
the best-characterized cytokines is IL-1, which promotes expres-
sion of the IL-2 receptor on T cells, augmenting T-cell prolifera-
tion that is driven by IL-2. Among many effects of IL-1 on other
tissues is preparation of the body to combat infection. For exam-
ple, IL-1 induces fever and promotes catabolic metabolism (see
Chapter 2).

The functional activities of macrophages and the spectrum of
molecules that they produce are regulated by external factors, such
as T-cell—derived cytokines. Macrophages exposed to such factors
become “activated,” after which they produce a variety of reactive
oxygen metabolites, cytokines, and soluble mediators of host de-
fense (e.g., IFN-y, IL-1f, tumor necrosis factor-a, and complement
components), and are a critical part of innate, as well as adaptive
immunity.

Antigen-presenting cells (APCs) acquire the capacity to pres-
ent antigen to T-helper lymphocytes in the context of histocom-
patibility, after cytokine-driven upregulation of MHC class II
molecules (Fig. 4-2). Monocytes, macrophages, dendritic cells
and, under certain conditions, B lymphocytes, endothelial cells
and epithelial cells, can act as APCs. In some locations, APCs are
highly specialized for this function. For instance, in B-cell-rich
follicles of lymph nodes and spleen, antigen presentation by fol-
licular dendritic cells leads to generation of memory B lympho-
cytes, which are important in anamnesis (immune memory) (Fig.
4-3).

Dendritic cells are specialized APCs that are termed “den-
dritic” by virtue of their spider-like morphologic appearance.
They are found in B-lymphocyte-rich lymphoid follicles, in
thymic medulla, and in many peripheral sites, including intes-
tinal lamina propria, lung, genitourinary tract, and skin. An ex-
ample of a peripheral APC is the epidermal Langerhans cell.
Upon exposure, the Langerhans cell engulfs antigen, migrates to
a regional lymph node through an afferent lymphatic, and differ-
entiates into a more mature dendritic cell. Langerhans cell-de-
rived dendritic cells express high densities of MHC class I and II
molecules and present antigen efficiently to T lymphocytes (see

Fig. 4-3).

The MHC Coordinates Interactions Among Immune
Cells

The MHC, in humans termed the HLA complex, orchestrates
many of the cell-cell interactions fundamental to the immune re-
sponse. These antigens are major immunogens and were first rec-
ognized as targets in transplant rejection. The MHC includes class
I, II, and III antigens. (Class III antigens represent certain comple-
ment components and are not histocompatibility antigens per se;
Fig. 4-4).

Class I MHC molecules are encoded by highly polymorphic
genes in the A, B, and C regions of the MHC (see Fig. 4-4). These
loci encode similarly structured molecules that are expressed in
virtually all tissues. Because the alleles are expressed codomi-
nantly, tissues bear class I antigens inherited from each parent.
These antigens are recognized by cytotoxic T cells during graft
rejection or T-lymphocyte-mediated killing of virus-infected
cells.

o
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Class IT MHC molecules are encoded by multiple loci in the
D region. The D region loci encode structurally similar mole-
cules that are expressed primarily on antigen-presenting cells, in-
cluding monocytes, macrophages, dendritic cells, and B lympho-
cytes. Class II antigens have also been referred to as “Ia”
(immunity-associated) antigens. As with class I antigens, D re-
gion alleles are expressed codominantly, and tissues bear anti-
gens from each parent.

Immunologically Mediated
Tissue Injury

Immune responses not only protect against invasion by foreign or-
ganisms but may also themselves cause tissue damage. Thus, many
inflammatory diseases are examples of “friendly fire” in which the
immune system attacks the body’s own tissues. An immune re-
sponse that leads to tissue injury or disease is broadly called a hy-
persensitivity reaction. Immune, or hypersensitivity-mediated, dis-
eases are common and include such entities as hives (urticaria),
asthma, hay fever, hepatitis, glomerulonephritis, and arthritis.

Hypersensitivity reactions are classified according to the type
of immune mechanism (Table 4-1). Type I, II, and III hypersensi-
tivity reactions all require formation of a specific antibody against
an exogenous (foreign) or an endogenous (self) antigen. The anti-
body class is a critical determinant of the mechanism by which tis-
sue injury occurs.

In most type I, or immediate-type hypersensitivity reac-
tions, IgE antibody is formed and binds to high-affinity receptors
on mast cells and/or basophils via its Fc domain. Subsequent
binding of antigen and cross-linking of IgE trigger rapid (immedi-
ate) release of products from these cells, leading to the character-
istic symptoms of such diseases as urticaria, asthma, and anaphy-
laxis.

In type II hypersensitivity reactions, IgG or IgM antibody is
formed against an antigen, usually a protein on a cell surface. Less
commonly, the antigen is an intrinsic structural component of the
extracellular matrix (e.g., part of the basement membrane). Such
antigen-antibody binding activates complement, which in turn ly-
ses the cell (cytotoxicity) or damages the extracellular matrix. In
some type II reactions, other antibody-mediated effects are opera-
tive.

In type III hypersensitivity reactions, the antibody responsi-
ble for tissue injury is also usually IgM or IgG, but the mechanism
of tissue injury differs. The antigen circulates in the vascular com-
partment until it is bound by antibody. The resulting immune
complex is deposited in tissues. Complement activation at sites of
antigen-antibody deposition leads to leukocyte recruitment,
which is responsible for the subsequent tissue injury. In some
type III reactions, antigen is bound by antibody in situ.

Type IV reactions, also known as cell-mediated, or delayed-
type hypersensitivity reactions, do not involve antibodies.
Rather, antigen activation of T lymphocytes, usually with the help
of macrophages, causes release of products by these cells, thereby
leading to tissue injury.

Many immunologic diseases are mediated by more than one
type of hypersensitivity reaction. Thus, in hypersensitivity pneu-
monitis, lung injury results from hypersensitivity to inhaled fungal
antigens. Types I, III, and IV hypersensitivity reactions all appear
to be operative in this disease.

Type | or Inmediate Hypersensitivity Reactions are
Triggered by IgE Bound to Mast Cells
Immediate-type hypersensitivity is manifested by a localized or generalized

reaction that occurs within minutes of exposure to an antigen or “allergen”
to which the person has previously been sensitized. The clinical manifes-

o



Rubin04_HP.gxp 1/9/08 ©5:55 PM Page 58 $

58 Essentials of Rubin’s Pathology

—Bacterium  Epithelium
, @@@0 Site of entry
S A ‘@@  (e.g., skin or mucosa)

Dendritic cell-

. associated
L4 R
/ ‘ antigen

Free

antigen
Afferent Naive
lymphatic Tand B
vessel lymphocytes

Afferent

lymphatic

vessel

Circulating naive
Efferent lymphocytes
lymphatic migrate into
Lymph node | vessel lymph node
— via HEVs

Activation of naive
lymphocytes and
differentation into

effector and
memory lymphocytes

Memory
lymphocyte

Effector T Effector
lymphocyte lymphocyte
Effector B
lymphocytes @ Secreted
(plasma cells) antibodies

@@@@@@@@@@@@@@@@@ Peripheral tissue |

'y )
Effector T cells ‘.;4 ‘\\J{ Memory
and antibodies R lymphocytes
eliminate take up residence
antigen in tissues in
. preparation for
Peripheral next infection
blood vessel

||‘|||‘|”'|‘|||}'l"W"‘"‘ i |‘|!H|\I ‘!'I\"‘m" In an integrated immune response, antigen is processed and presented by a dendritic cell, which mi-
i grates via the afferent lymphatics to a regional lymph node. Within the regional lymph node, antigen is
presented to lymphocytes, which in turn are activated and may migrate (via homing mechanism) to specific peripheral sites.
HEVs, high endothelial venules.

o



Rubin04_HP.gxp 1/9/08 ©5:55 PM Page 59

Chromosome 6

Centromere

Short arm of g

/ Glyoxy/la:se

Phosphoglycomytase 3

o

CHAPTER 4: IMMUNOPATHOLOGY 59

Urine
pepsinogen

MHC

Short Arm Gene Regions

Class Il
|

Class Il

Class |
|

r A

r

A r A

1DP [{DN|-DM—Tap/- DO DQHDR

| B Al

o-chain B-chain

Transcription
Processing
Translation

Glycosylation

Cell membrane

o-chain

Class I

tations of a reaction depend on the site of antigen exposure and
extent of sensitization. For example, when a reaction involves the
skin, the characteristic local reaction is a “wheal and flare,” or ur-
ticaria (hives). When the localized manifestations of immediate
hypersensitivity involve the upper respiratory tract and conjunc-
tiva, causing sneezing and conjunctivitis, we speak of hay fever
(allergic rhinitis). In its generalized and most severe form, immedi-
ate hypersensitivity reactions are associated with bronchoconstric-
tion, airway obstruction, and circulatory collapse, as seen in ana-
phylactic shock. There is a high degree of variability in
susceptibility to type I hypersensitivity reactions, which is geneti-
cally determined.

Type I hypersensitivity reactions usually feature IgE antibodies,
which are formed by a CD4*, Th2, T-cell-dependent mechanism and
which bind avidly to Fce receptors on mast cells and basophils. The
high avidity of binding of IgE accounts for the term cytophilic anti-
body. Once exposed to a specific allergen that elicits IgE, a person is
sensitized, and subsequent exposures to that allergen induce imme-
diate hypersensitivity reactions. After IgE is elicited, repeat exposure
to antigens typically induces additional IgE antibodies, rather than
antibodies of other classes, such as IgM or IgG.

Class |

[ The highly polymorphic loci that encode major histocompatibility antigens are located on the short arm
‘ Immm of chromosome 6. Class | and class Il molecules exhibit different structures, but each participates in funda-
mentally important T-cell—cell interactions.

IgE can persist for years bound to Fce receptors on mast cells
and basophils, a feature unique to these cells. Upon subsequent re-
exposure, the soluble antigen or allergen binds the IgE coupled to
its surface Fce receptor and activates the mast cell or basophil.
This event releases the potent inflammatory mediators that are re-
sponsible for the manifestations of this type I hypersensitivity re-
action. As shown in Figure 4-5, the antigen (allergen) binds to the
IgE antibody through its Fab sites. Cross-linking of the antigen to
more than one IgE antibody molecule is required to activate the
cell. Figure 4-5 shows that the complement-derived anaphylatoxic
peptides, C3a and C5a, can directly stimulate mast cells by a dif-
ferent receptor-mediated process. These cell-activating events
trigger the release of stored granule constituents and rapid syn-
thesis as well as release of other mediators.

A number of potent mediators are preformed and released
from granules within minutes, after which they exert immediate
biological effects (see Fig. 4-5).

e Histamine induces (1) constriction of vascular and nonvascular
smooth muscle, (2) microvascular dilation, and (3) an increase
in venule permeability, mediated largely through H; receptors.
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TABLE 4-1

Type

Mechanism

3ot 8 i A orbr| ot et e srsatstivty dbedsort 1| LT LT

Examples

Type | (anaphylactic type):
Immediate hypersensitivity

Type Il (cytotoxic type):
Cytotoxic antibodies

Type lll (immune complex type):
Immune complex disease

Type IV (cell-mediated type):
Delayed-type hypersensitivity

IgE antibody-mediated mast cell activation
and degranulation

Non-Ige-mediated

Cytotoxic (IgG, IgM) antibodies formed against
cell-surface antigens; complement usually involved
Noncytotoxic antibodies against cell surface receptors

Antibodies (IgG, IgM, IgA) formed against exogenous
or endogenous antigens; complement and leukocytes
(neutrophils, macrophages) often involved

Mononuclear cells (T lymphocytes, macrophages)
with interleukin and lymphokine production

Hay fever, asthma, hives,
anaphylaxis

Physical urticarias

Autoimmune hemolytic anemias,
Goodpasture disease

Graves disease

Autoimmune diseases (SLE,
rheumatoid arthritis), many types
of glomerulonephritis

Granulomatous disease
(tuberculosis, sarcoidosis)

lg, immunoglobulin; SLE, systemic lupus erythematosus.

Activation by
complement peptides

C3a

Anaphylactic activation
l . ‘4— Antigen

Receptor-Ligand
Coupling

Anaphylatoxin 4

receptors

<«<— |IgE antibody

Arachidonic acid Metabolic
products Responses
(@)
Secretory o O
events
(@)
o ) ' e o o © Effects:
O * Smooth muscle

Release Of: o o contraction
* Vasoactive amines (histamine) o e Increased vascular

* Eosinophil chemotactic factor

* Platelet activating factor

* Enzymes

e | eukotrienes C, D, E

* Prostaglandin PGD,,
thromboxane

permeability

¢ Chemotactic attraction
of eosinophils

e Platelet activation

¢ Protease effects,
kininogenases

et In a type | hypersensitivity reaction, allergen binds to cytophilic surface IgE antibody on a mast cell or
basophil and triggers cell activation and the release of a cascade of proinflammatory mediators. These

mediators are responsible for smooth muscle contraction, edema formation, and the recruitment of eosinophils. Ca®*, calcium
ion; g, immunoglobulin; PGD,, prostaglandin D..
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The biologic effects include urticaria in the skin and bron-
chospasm, vascular congestion, and edema in the lung.

* Chemotactic factors for neutrophils and eosinophils (the later
is the hallmark cell of immediate hypersensitivity)

Activation of macrophages also results in the synthesis of many
other potent inflammatory mediators that are important in the
late phase response of immediate hypersensitivity reactions.

e Cytokines that are responsible in part for the development of a
mixed inflammatory infiltrate

e Products of arachidonic acid metabolism, including
prostaglandins and leukotrienes (C4, D4, and Ey), the “slow-re-
acting substances of anaphylaxis,” which are responsible for
the delayed bronchoconstriction phase of anaphylaxis, and
leukotriene By, a potent chemotactic factor for neutrophils,
macrophages, and eosinophils

* Platelet-activating factor (PAF), a powerful inducer of
platelet activation, neutrophil chemotaxis, and activation of
many phagocytic cells

Activated T cells, specifically the Th2 type, produce cytokines
that have important roles in allergic responses. Activated Th2 T-
cell subsets produce IL-4, IL-5, and IL-13, leading to IgE produc-
tion and increased numbers of mast cells and eosinophils. Allergy-
prone persons have reduced levels of IFN-y, which suppresses
development of Th2 clones and subsequent production of IgE.
The factors responsible for human susceptibility to immediate hy-
persensitive reactions (allergy) are complex and involve the inter-
action of environment and multiple genetic loci.

Type Il Hypersensitivity Reactions are Mediated by
Antibodies Against Fixed Cellular
or Extracellular Antigens

IgG and IgM typically mediate type II reactions. An important char-
acteristic of these antibodies is their ability to activate complement
through the immunoglobulin Fc domain. This occurs when IgM or
IgG antibody binds an antigen on the surface of the erythrocyte
membrane. At sufficient density, bound immunoglobulin leads to
complement fixation via C1q and the classic pathway (see Chapter
2). Once activated, complement can destroy target cells by several
methods.

Opsonization of red blood cell

PMN
Fc
receptor

receptor

IgG or IgM
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e Insertion of the membrane attack complex into the red cell
plasma membrane, thereby inducing lysis.

* Opsonization, the coating of target cells with immunoglobulin
or C3b and subsequent phagocytosis by cells having receptors
for these molecules (including neutrophils and macrophages)
(Fig. 4-6).

Such complement-dependent mechanisms are responsible for
transfusion reactions related to major blood group incompatibili-
ties and some autoimmune hemolytic anemias.

There is another type of antibody-mediated cytotoxicity that
does not require complement. Antibody-dependent cell-mediated
cytotoxicity (ADCC) involves cytolytic leukocytes that attack anti-
body-coated target cells after binding via Fc receptors. Phagocytic
cells and NK cells can function as effector cells in ADCC. The mech-
anisms by which target cells are destroyed in these reactions are not
entirely understood. ADCC may also be involved in the pathogen-
esis of some autoimmune diseases (e.g., autoimmune thyroiditis).

In some type II reactions, antibody binding to a specific target
cell receptor does not lead to cell death but rather to a change in
function. Autoimmune diseases such as Graves disease and myas-
thenia gravis feature autoantibodies against cell-surface hormone
receptors. In Graves disease, autoantibody directed against the
thyroid-stimulating hormone (TSH) receptor on thyrocytes mim-
ics the effect of TSH, stimulating thyroxine production and lead-
ing to hyperthyroidism (see Chapter 21). By contrast, in myasthe-
nia gravis, autoantibodies to acetylcholine receptors in
neuromuscular endplates either block acetylcholine binding or
mediate internalization or destruction of receptors, thereby in-
hibiting efficient synaptic transmission (see Chapter 27). Patients
with myasthenia gravis thus suffer from muscle weakness.
Modulatory autoantibodies against receptors for insulin, pro-
lactin, growth hormone, and other messengers are reported.

Some type II hypersensitivity reactions result from antibody di-
rected against a structural connective tissue component. A classic
example is Goodpasture syndrome, in which antibodies bind the
noncollagenous domain of type IV collagen, which is a major struc-
tural component of pulmonary and glomerular basement mem-
branes. Local complement activation recruits neutrophils to the
site, resulting in tissue injury, pulmonary hemorrhage, and
glomerulonephritis. Direct complement-mediated damage to the
basement membranes of the glomeruli and the lung alveoli through
formation of membrane attack complexes may also be involved.

Phagocytosis and intracellular
destruction of red blood cells

E;“ii;”:mn"” e NHH\I ‘"mm”" In a type Il hypersensitivity reaction, opsonization by antibody or complement leads to phagocyto-

Ml
trophil; RBC, red blood cell.

sis via either Fc or C3b receptors, respectively. Ig, immunoglobulin; PMN, polymorphonuclear neu-
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In Type lll Hypersensitivity Reactions, Immune
Complex Deposition or Formation In Situ Leads
to Complement Fixation and Inflammation

IgG, IgM, and occasionally IgA antibody against either a circulat-
ing antigen or an antigen that is deposited or “planted” in a tissue
can cause a type III response. Physicochemical characteristics of the
immune complexes, such as size, charge, and solubility, in addition
to immunoglobulin isotype, determine whether an immune com-
plex can deposit in tissue or fix complement. Immune complexes
elicit inflammatory responses by activating complement, leading to
chemotactic recruitment of neutrophils and monocytes to the site.
Activated phagocytes release tissue-damaging mediators, such as
proteases and reactive oxygen intermediates.

Immune complexes have been implicated in many human dis-
eases (Fig. 4-7). The most compelling cases are those in which the
demonstration of immune complexes in injured tissue correlates
with the development of injury, because in some diseases immune
complexes can be detected in plasma without concomitant evi-
dence of tissue injury. Diseases that seem to be most clearly attrib-
utable to immune complex deposition are collagen-vascular au-
toimmune diseases, such as systemic lupus erythematosus (SLE)

Amounts
in
serum
Circulating
immune
complexes
0 2 4 6

Time (days)—

Antigens

o

and rheumatoid arthritis, some types of vasculitis, and many vari-
eties of glomerulonephritis.

Once immune complexes are deposited in tissues, they may
trigger an inflammatory response. Local activation of complement
by immune complexes results in the formation of C5a, which is a
potent neutrophil chemoattractant. Inflammation proceeds much
as described for nonimmune-meditated acute inflammation (see
Chapter 2). Once neutrophils arrive, they are activated through
contact with, and ingestion of, immune complexes. Activated
leukocytes release many inflammatory mediators, including pro-
teases, reactive oxygen intermediates, and arachidonic acid prod-
ucts, which collectively produce tissue injury.

Type IV, or Cell-Mediated, Hypersensitivity
Reactions are Cellular Inmune Responses
that Do Not Involve Antibodies

Included among these reactions are delayed-type cellular inflamma-
tory responses and cell-mediated cytotoxic effects. Type IV reactions
often occur together with antibody-dependent reactions, which can
make it difficult to distinguish these processes. Both clinical obser-
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In type Il hypersensitivity, immune complexes are deposited and can lead to complement activation
and the recruitment of tissue-damaging inflammatory cells. The ability of immune complexes to mediate

tissue injury depends on size, solubility, net charge, and ability to fix complement. PMN, polymorphonuclear neutrophil.
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vations and experimental studies suggest that the type of tissue re-
sponse is largely determined by the nature of the inciting agent.

Classically, delayed-type hypersensitivity is a tissue reaction, primarily
involving lymphocytes and mononuclear phagocytes, which occurs in re-
sponse to a soluble protein antigen and reaches greatest intensity 24 to 48
hours after initiation. A classic example of a type IV reaction is the
contact sensitivity response to poison ivy. Although chemical lig-
ands in poison ivy are not proteins, they bind covalently to cell
proteins, after which the compound molecules are recognized by
antigen-specific lymphocytes.

Figure 4-8 summarizes the stages of a delayed-type hypersensitiv-
ity reaction. In the initial phase, foreign protein antigens or chemical
ligands interact with accessory cells that express class II human
leukocyte antigen (HLA) molecules (Fig. 4-8A). Such accessory cells
(macrophages, dendritic cells) secrete IL-12, which along with
processed and presented antigen, activates CD4* T cells. In turn, acti-
vated CD4" T cells secrete IFN-y and IL-2, which activate more
macrophages and trigger T-lymphocyte proliferation, respectively (Fig.
4-8B). The protein antigens are actively processed into short peptides
within phagolysosomes of macrophages and then presented on the
cell surface in conjunction with class I MHC molecules. Processed
and presented antigens are recognized by MHC-restricted, antigen-
specific CD4" T cells, which become activated and synthesize an
array of cytokines (Fig. 4-8C). Such activated CD4 cells are referred
to as Tyl cells. In turn, the cytokines recruit and activate lympho-
cytes, monocytes, fibroblasts, and other inflammatory cells. If the
antigenic stimulus is eliminated, the reaction spontaneously resolves
after about 48 hours. If the stimulus persists (e.g., poorly biodegrad-
able mycobacterial cell wall components), an attempt to sequester
the inciting agent may result in a granulomatous reaction.

Other mechanisms by which T cells (especially CD8") mediate
tissue damage is direct cytolysis of target cells (Fig. 4-9). These im-
mune mechanisms are important in destroying and eliminating
cells infected by viruses and possibly tumor cells that express
neoantigens. Cytotoxic T cells also play an important role in trans-
plant graft rejection. Figure 4-9 summarizes the events in T-cell-me-
diated cytotoxicity. In contrast to delayed-type hypersensitivity reac-
tions, cytotoxic CD8" T cells specifically recognize target antigens
in the context of class I MHC molecules. In the case of virus-in-
fected cells and tumor cells, foreign antigens are actively presented
together with self-MHC antigens (Fig. 4-9A,B). In graft rejection,
foreign MHC antigens are themselves potent activators of CD8" T
cells. Once activated by antigen, proliferation of cytotoxic cells is pro-
moted by helper cells and mediated by soluble growth factors, such
as IL-2 (Fig. 4-9C). An expanded population of antigen-specific
cytotoxic cells is thus generated. Actual cell killing involves several
mechanisms (Fig. 4-9D). Cytolytic T cells (CTLs) secrete perforins
that form pores in target cell membranes, through which they in-
troduce granzymes that activate intracellular caspases, leading to
apoptosis. CTLs can also kill targets via engagement of the Fas lig-
and (by the CTL) and Fas (on the target cell). The Fas ligand-Fas in-
teraction triggers apoptosis of the Fas-bearing cell (see Chapter 2).
The chronic inflammation in many autoimmune diseases—includ-
ing type 1 diabetes, chronic thyroiditis, Sjégren syndrome (SS), and
primary biliary cirrhosis—is the result of type IV hypersensitivity.

Immunodeficiency Diseases

Immunodeficiency diseases are classified according to two charac-
teristics: (1) whether the defect is congenital (primary) or acquired
(secondary) and (2) whether the specific host defense system is de-
fective. The great majority of primary immunodeficiency disorders
are genetically determined and uncommon. Disorders of the com-
plement system and primary defects of phagocytes are discussed
elsewhere (see Chapters 2 and 20). In contrast to the low prevalence
of congenital immunodeficiency disorders, acquired immune defi-
ciencies, like that caused by HIV-1 infection (AIDS), are common.
Functional defects in lymphocytes can be localized to particu-
lar maturational stages in the ontogeny of the immune system or
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to interruption of discrete immune activation events. The explo-
sive growth of knowledge regarding molecular mechanisms of im-
munodeficiency disorders has led to improved diagnosis, clinical
management, and therapeutic strategies.
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(e.g., perforin and other mediators) and cytokines that amplify the response, which is apoptosis (target cell kiling). D. Ca®*, cal-

cium ion; IL, interleukin; K*, potassium ion; Na*, sodium ion.

Primary Antibody Deficiency Diseases Feature
Impaired Production of Specific Antibodies

Bruton X-Linked Agammaglobulinemia

The congenital disorder, Bruton X-linked agammaglobulinemia,
typically presents in male infants at 5 to 8 months old, the period
during which maternal antibody levels have declined. The infant
suffers from recurrent pyogenic infections and severe hypogam-
maglobulinemia involving all immunoglobulin isotypes.
Occasional patients develop chronic enterovirus infections of the
central nervous system (CNS). Immunization with live attenuated
poliovirus can lead to paralytic poliomyelitis. Approximately one
third of Bruton patients have a poorly understood form of arthri-
tis, believed in some cases to be caused by Mycoplasma. There are no
mature B cells in peripheral blood or plasma cells in lymphoid tis-
sues. Pre-B cells, however, can be detected. The genetic defect, on

the long arm of the X chromosome (Xq21.22), inactivates the gene
that encodes a B-cell tyrosine kinase (Bruton tyrosine kinase), an
enzyme critical to B-lymphocyte maturation.

Selective IgA Deficiency

Characterized by low serum and secretory concentrations of IgA,
selective IgA deficiency is the most common primary immunod-
eficiency syndrome. Its incidence is 1:700 among Europeans, but
is less frequently seen in Japan (1:18,000). Although patients are
often asymptomatic, they occasionally present with respiratory
or GI infections of varying severity. They display a strong
predilection for allergies and collagen vascular diseases. They are
also at high risk of anaphylactic reactions to IgA in transfused
blood products. Patients with IgA deficiency have normal num-
bers of IgA-bearing B cells; their varied defects result in an inabil-
ity to synthesize and secrete IgA.
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Common Variable Immunodeficiency (CVID)

CVID is a heterogenous group of disorders characterized by pro-
nounced hypogammaglobulinemia. A variety of defects in either
B-lymphocyte maturation or T- lymphocyte-mediated B-lympho-
cyte maturation appear to be operative. Many relatives of patients
with CVID have selective IgA deficiency. Affected patients present
with recurrent severe pyogenic infections, especially pneumonia
and diarrhea, the latter often due to infestation with Giardia lam-
blia. Recurrent attacks of herpes simplex are common; herpes
zoster develops in one fifth of patients. The disease appears years
to decades after birth, with a mean age at onset of 30 years. The in-
cidence is estimated to be between 1:50,000 and 1:200,000. The in-
heritance pattern is variable, and the malady features a variety of
maturational and regulatory defects of the immune system. A high
incidence of malignant disease is seen in CVID, including a 50-fold
increase in stomach cancer. Interestingly, lymphoma is 300 times
more frequent in women with this immunodeficiency than in af-
fected men. Malabsorption secondary to lymphoid hyperplasia
and inflammatory bowel diseases is more frequent than in the
general population. CVID patients are also susceptible to other
autoimmune disorders, including hemolytic anemia, neutrope-
nia, thrombocytopenia, and pernicious anemia.

Primary T-Cell Inmunodeficiency Diseases
Typically Result in Recurrent or Protracted
Viral and Fungal Infections

DiGeorge Syndrome

In its complete form, DiGeorge syndrome is one of the most severe
T-lymphocyte immunodeficiency disorders. Infants who survive the
neonatal period are subject to recurrent or chronic viral, bacterial,
fungal, and protozoal infections. The syndrome is caused by defec-
tive embryologic development of the third and fourth pharyngeal
pouches, which give rise to the thymus and parathyroid glands and
influence conotruncal cardiac development, all of which may be ab-
normal. Most patients have a point deletion in the long arm of chro-
mosome 22. In the absence of a thymus, T-cell maturation is inter-
rupted at the pre—T-cell stage. The disease has been corrected by
transplanting thymic tissue. Most patients have partial DiGeorge
syndrome, in which a small remnant of thymus is present. With
time, these persons recover T-cell function without treatment.

Chronic Mucocutaneous Candidiasis

The yeast infection, chronic mucocutaneous candidiasis, is the re-
sult of a congenital defect in T-cell function. It is characterized by
susceptibility to candidal infections and is associated with an en-
docrinopathy (hypoparathyroidism, Addison disease, diabetes
mellitus). Although most T-cell functions are intact, there is an
impaired response to Candida antigens, the precise cause of which
is unknown, although it could occur at any of several points dur-
ing T-cell development. Recent studies suggest that persons with
this disorder react to Candida antigens differently than do healthy
individuals. In particular, they mounta type 2 (IL-4/IL-6) helper T-
cell response, which is ineffective in resisting the organism. By
contrast, the normal response features type 1 (IL-2/IFN-y) T cells,
which effectively control candidal infections.

Combined Immunodeficiency Diseases Exhibit
Reduced Immunoglobulins and Defects
in T-Lymphocyte Function

Severe combined immunodeficiencies are conspicuously heteroge-
nous and represent life-threatening disorders.

Severe Combined Immunodeficiency (SCID)

SCID is a group of disorders that ultimately affect both T and B
lymphocytes. It is characterized by severe, recurrent, viral, bacter-
ial, fungal, and protozoal infections. A virtually complete absence
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of T cells is associated with severe hypogammaglobulinemia.
Many of these infants have a severely reduced mass of lymphoid
tissue and an immature thymus that lacks lymphocytes. In some
patients, lymphocytes fail to develop beyond pre-B cells and pre-T
cells. Because patients with SCID have profound T- and B-lym-
phocyte dysfunction, they are susceptible to many pathogens, in-
cluding cytomegalovirus (CMV), varicella, Pneumocystis, Candida,
and many different bacteria.

SCID occurs in both X-linked and autosomal recessive forms
and typically appears before 6 months of age. In some patients with
the autosomal recessive form, B lymphocytes are present but do not
function, possibly because of a lack of helper cell activity. In the X-
linked form, the most common defect is due to a mutation of the
common y-chain of the IL-2 receptor, which is also used by receptors
for other cytokines, namely IL-4, IL-7, IL-9, IL-11, and IL-15.

Adenosine Deaminase (ADA) Deficiency

ADA deficiency is an autosomal recessive form of combined im-
munodeficiency with mutations in the adenosine deaminase gene.
The clinical manifestations range from mild to severe dysfunction
of T cells and B cells and include characteristic developmental ab-
normalities of cartilage.

Wiskott-Aldrich Syndrome (WAS)

This rare syndrome is characterized by (1) recurrent infections, (2)
hemorrhages secondary to thrombocytopenia, and (3) eczema. It
typically manifests in boys within the first few months of life as pe-
techiae and recurrent infections. WAS is caused by numerous dis-
tinct mutations in a gene on the X chromosome that encodes a pro-
tein called WASP (Wiskott-Aldrich syndrome protein), which is
expressed at high levels in lymphocytes and megakaryocytes. Cellular
and humoral immunity are both impaired in WAS. Boys with WAS
have selective deficiencies in cell-mediated immunity. The numbers
of CD4" and CD8* T cells are normal, but these children are largely
lacking cutaneous delayed hypersensitivity. Virus-specific cytotoxic
T-cell immunity is usually absent, although virus-specific antibody
responses appear to be normal. Although levels of most im-
munoglobulins are normal or elevated, however, IgM is only about
half of normal. Antibody responses to some antigens are normal,
but responses to others may be absent. As many polysaccharide anti-
gens, particularly some bacterial polysaccharides, elicit mainly IgM
antibody responses, patients with WAS are susceptible to infection
with encapsulated organisms, e.g. Streptococcus pnewmoniae,
Haemophilus influenzae and such opportunistic pathogens as
Pneumocystis jiroveci. They are also prone to viral infections such as
CMYV, and may die of disseminated herpes simplex or varicella infec-
tions and a variety of autoimmune disorders. Thrombo-cytopenia
may be severe (<30,000/uL), and the platelets are generally small. One
third of these patients typically die of hemorrhage. Rarely, thrombo-
cytopenia alone may be the sole manifestation of mutation in WAS.

Autoimmunity and Autoimmune Diseases

Autoimmune Disease Involves an Immune
Response Against Self-Antigens

Autoimmunity implies that the immune system can no longer differentiate be-
tween self- and non—self-antigens effectively. It was classically interpreted
as an abnormal immune response that invariably caused disease, but
it is now clear that autoimmune responses are common and are nec-
essary in order to regulate the immune system. When these regula-
tory mechanisms are in some way disrupted, uncontrolled produc-
tion of autoantibodies or abnormal cell-cell recognition leads to
tissue injury, and autoimmune disease results. To define an autoim-
mune etiology, one must demonstrate that the autoimmune reac-
tion (whether cellular or humoral) is directly related to the disease
process. Auto-immune diseases may be organ-specific or generalized.
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At present, only a few diseases (e.g., Hashimoto thyroiditis, type 1 di-
abetes, SLE ) fit this rigorous criterion.

Theories of Autoimmunity

An abnormal autoimmune response to self-antigens implies a
loss of immune tolerance, a situation in which there is no meas-
urable (or clinically consequential) immune response to specific
(usually self) antigens. The reasons for loss of tolerance in au-
toimmune diseases are not well understood. There is extensive ev-
idence that induction and maintenance of tolerance are active
and ongoing immune activities, which can be produced through
a variety of mechanisms. Thus, tolerance is an active state in
which an immune response is blocked or prevented. Induction of
tolerance to an antigen is partly related to the dose of antigen to
which cells are exposed. Several theories have been suggested to
explain the loss of tolerance in autoimmune disease.

Inaccessible Self-Antigens

The simplest hypothesis to explain the loss of tolerance in autoim-
mune disease states that an immune reaction develops to a self-anti-
gen not normally “accessible” to the immune system. Intracellular
antigens are not exposed or released until some type of tissue injury
releases them. At that time, an immune response develops.
Examples of this type of response are antibody formation against
spermatozoa, lens tissue, and myelin after injury to target organs.
Although autoantibodies may form against normally “sequestered”
antigens, there is little evidence that they are pathogenic.

Abnormal T-Cell Function

Autoimmune reactions have been suggested to develop as a result
of abnormalities in the T-lymphocyte system. Most immune re-
sponses require T-cell participation to activate antigen-specific B
cells. Thus, alterations in the number or functional activities of
helper or, more significantly, suppressor T cells would be expected
to influence the ability to mount an immune response.
Abnormalities in suppressor cell function have been reported in
many autoimmune diseases, including SLE, primary biliary cirrho-
sis, thyroiditis, multiple sclerosis, myasthenia gravis, rheumatoid
arthritis, and scleroderma, and have been described in persons
with no evidence of disease. Therefore, the question is whether
these alterations in suppressor cell function cause these diseases or
whether they merely represent an epiphenomenon.

Molecular Mimicry

Another mechanism by which the helper T-cell tolerance is over-
come involves antibodies against foreign antigens that cross-react
with self-antigens. Here helper T cells function “correctly” and do
not induce autoantibody formation. Rather, the efferent limb of
the immune response is abnormal. Thus, in rheumatic heart dis-
ease, antibodies against streptococcal bacterial antigens cross-re-
act with antigens from cardiac muscle—a phenomenon known as
molecular mimicry.

Polyclonal B-Cell Activation

Loss of tolerance may also involve polyclonal B-cell activation, in
which B lymphocytes are directly activated by complex substances
that contain many antigenic sites (e.g., bacterial cell walls and
viruses). Rheumatoid factor (a complex group of IgM autoantibod-
ies reactive with IgG) in rheumatoid arthritis, anti-DNA antibodies
in lupus erythematosus, and other autoantibodies have been de-
scribed after bacterial, viral, and parasitic infections. They may rep-
resent the loss of active tolerance to common self-antigens as an in-
advertent result of polyclonal B-cell activation.

Tissue Injury in Autoimmune Diseases
Autoimmune diseases have traditionally been considered to be pro-
totypic of immune complex disease, which involves complexes that

form either in the circulation or in tissues. Thus, type II (cytotoxic)
and type III (immune complex) hypersensitivity reactions are impli-
cated as the cause of tissue injury in most types of autoimmune dis-
eases. Although it is probably true that these hypersensitivity reac-
tions explain most autoimmune tissue injury, the story is more
complicated. In some types of autoimmune diseases, T cells sensi-
tized to self-antigens (such as thyroglobulin) may directly cause tis-
sue injury (type IV reaction), but it is not clear to what extent.

Type III hypersensitivity reactions (immune complex disease)
explain tissue injury in some types of autoimmune diseases. The
prototypical disease in this category is SLE. In this disorder,
DNA-anti-DNA complexes formed in the circulation (or at local
sites) are deposited in tissues, where they induce inflammation
and injury, such as occurs in vasculitis and glomerulonephritis.
Other examples are rheumatoid arthritis, scleroderma, polymyosi-
tis/dermatomyositis, and Sjégren syndrome. All of these disor-
ders are characterized by immune phenomena and are classified
under the rubric collagen vascular diseases. The clinical manifes-
tations are systemic, and many organs and tissues are typically
involved. By contrast, cytotoxic (type II-mediated) autoimmune
reactions are, for the most part, organ specific.

Systemic Lupus Erythematous is a Prototypical
Systemic Immune Complex Disease

SLE is a chronic, autoimmune, multisystem, inflammatory disease that
may involve almost any organ but characteristically affects kidneys, joints,
serous membranes, and skin. Autoantibodies are formed against a va-
riety of self-antigens, including plasma proteins (complement
components, clotting factors) and protein-phospholipid com-
plexes, cell-surface antigens (lymphocytes, neutrophils, platelets,
erythrocytes), intracellular cytoplasmic components (microfila-
ments, microtubules, lysosomes, ribosomes, RNA), and nuclear
factors (DNA, ribonucleoproteins, and histones). The most impor-
tant diagnostic disease-associated autoantibodies are those
against nuclear antigens—in particular, antibody to double-
stranded DNA and to a soluble nuclear antigen complex that is
part of the spliceosome, termed Sm (Smith) antigen. High titers of
these two antinuclear antibodies (ANAs) are nearly pathogno-
monic of SLE but are not directly cytotoxic. Antigen-antibody
complexes deposit in tissues, leading to the characteristic vasculi-
tis, synovitis, and glomerulonephritis. For this reason, SLE is a
prototype of type III hypersensitivity reactions. Occasionally, di-
rectly cytotoxic antibodies are present, particularly antibodies
against cell-surface antigens of leukocytes and erythrocytes.

The prevalence of SLE varies worldwide, and in North America
and northern Europe is 40 out of 100,000. In the United States, it
appears to be more common and severe in blacks and Hispanics.
More than 80% of cases occur in women of childbearing age, and
SLE may strike as many as 1 in 700 women in this age group.

Pathogenesis: The etiology of SLE is unknown.
The presence of numerous autoantibodies, partic-
ularly against nuclear components (ANAs), sug-
gests a breakdown in immune surveillance mecha-
nisms that leads to a loss of tolerance. Many manifestations
of SLE result from tissue injury caused by immune complex-
mediated vasculitis. The presence of immune complexes con-
taining nuclear antigen in injured tissues lends strong sup-
port to the concept that the bulk of the injury in lupus is due
to the deposition of circulating immune complexes against
self-antigens, particularly against DNA. Other clinical mani-
festations (e.g., thrombocytopenia or the secondary antiphos-
pholipid syndrome) are caused by autoantibodies against
serum components or molecules on cell membranes.
However, the diagnostically helpful ANAs are not incrimi-
nated in the pathogenesis of SLE.
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Potential Etiologic Factors
* Viruses (EBV)
* Hormones (estrogen)
* Genetic predisposition (HLA B8)
* Drugs (e.g., procainamide)
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”"u!!l'l[}!! ‘||\"‘!!!"!}!|‘Ill' | ""‘HF"‘"H The pathogenesis of systemic lupus erythemato-
bl sus is multifactorial. EBV, Epstein-Barr virus; HLA,
human leukocyte antigen.

There appear to be many factors that predispose to the devel-
opment of SLE, although there is no general agreement as to
which play a significant role (Fig. 4-10). Some of the more likely
factors are as follows:

* Endocrine factors are suggested by the clear female predom-
inance and ability of estrogens to promote disease.

* Genetic factors are supported by increased concordant disease
rates (of about 20% to 30%) in monozygotic twins (also suggest-
ing the importance of nongenetic, environmental factors).

* MHC class II (HLA DR and DQ) antigens appear critical. The in-
cidence of SLE (and other autoimmune diseases) is higher
among persons who express certain sets of HLA class Il antigens.

* Deficiencies in certain complement components, particularly
C2, C4, and Clgq, are associated with an increased incidence of
the disease. The genes that encode these early complement com-
ponents are within the HLA region, close to the D/DR locus.

4

PATHOLOGY AND CLINICAL FEATURES: Because
circulating immune complexes deposit in almost all tis-
sues, virtually every organ in the body can be involved.

Skin involvement (see Chapter 24) is common and
is manifested by an erythematous rash in sun-exposed sites, a malar
“butterfly” rash being the most characteristic. Microscopically, the
skin exhibits a perivascular lymphoid infiltrate and liquefactive de-
generation of the basal cells. Immunofluorescence studies reveal
immunoglobulin and complement deposition at the dermal-epi-
dermal junction (“lupus band”).
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Joint disease is the most common manifestation of SLE; more
than 90% of patients have polyarthralgia. An inflammatory synovitis
occurs, but unlike rheumatoid arthritis, joint destruction is unusual.

Renal disease, in particular glomerulonephritis, afflicts three
fourths of patients with SLE. Immune complexes between DNA
and IgG antibodies to double-stranded DNA deposit in glomeruli
and lead to glomerulonephritis (see Chapter 16).

Serous membranes are commonly involved in SLE. More than
one third of patients have pleuritis and pleural effusion. Pericarditis
and peritonitis occur, but less frequently.

Respiratory disorders in SLE occur frequently. The clinical
manifestations are diverse, ranging from pleural disease to upper
airway involvement and pulmonary parenchymal disease.

Cardiac involvement (see Chapter 11) is often encountered in
SLE, although congestive heart failure is rare and is usually associ-
ated with myocarditis. All layers of the heart may be involved, with
pericarditis being the most common finding. Libman-Sacks en-
docarditis, which is usually not clinically significant, is character-
ized by small nonbacterial vegetations on valve leaflets.

Disease of the CNS is a life-threatening complication of lu-
pus. Vasculitis is the common underlying lesion, leading to hem-
orrhage and infarction of the brain, which are often lethal.

Antiphospholipid antibodies are encountered in one third of
patients with SLE. This autoimmune phenomenon predisposes
patients to thromboembolic complications, including stroke, pul-
monary embolism, deep venous thrombosis, portal vein thrombo-
sis, and spontaneous abortions.

The clinical course of SLE is highly variable, typically with ex-
acerbations and remissions. Because of immunosuppressive thera-
pies, better recognition of mild forms of the disease, and improved
antihypertensive medications, the overall 10-year survival rate ap-
proaches 90%. The worst prognosis is in patients with severe renal
or CNS disease and those with systolic hypertension.

Sjogren Syndrome Targets the Salivary
and Lacrimal Glands

Sjogren syndrome (SS) is an autoimmune disorder characterized
by keratoconjunctivitis sicca (dry eyes) and xerostomia (dry
mouth) in the absence of other connective tissue disease. This def-
inition separates primary SS from secondary types that are occa-
sionally associated with other autoimmune conditions, such as
SLE, rheumatoid arthritis, scleroderma, and polymyositis. SS is
also frequently associated with involvement of other organs, in-
cluding the thyroid, lung, and kidney.

Primary SS is the second most common connective tissue dis-
order after SLE and affects up to 3% of the population. Like most
autoimmune diseases, it occurs mostly in women, 30 to 65 years
old. There are strong associations between primary SS and certain
MHC (HLA) types. Familial clustering occurs, and these families
also exhibit a high prevalence of other autoimmune diseases.

The cause of SS is unknown. The production of autoantibodies,
particularly ANAs against DNA or nonhistone proteins, typically oc-
curs in patients with SS. Autoantibodies to soluble nuclear nonhis-
tone proteins, especially antigens SS-A (Ro) and SS-B (La), are found
in half of patients with primary SS and are associated with more se-
vere glandular and extraglandular manifestations. Autoantibodies to
DNA or histones are rare, and their presence suggests secondary SS
associated with lupus. Organ-specific autoantibodies (e.g., against
salivary gland antigens) are distinctly uncommon. As in SLE, it re-
mains controversial whether the autoantibodies in SS mainly reflect
polyclonal B-cell activation or are essentially antigen-driven.

SS has become the prototype for investigation of a viral etiol-
ogy for autoimmune disease. Particular attention has been paid to
possible roles of Epstein-Barr virus (EBV) and human T-cell
leukemia virus-1 (HTLV-1). Although it is still difficult to assign a
role for EBV in the pathogenesis of SS, there is evidence that reac-
tivation of this virus may be involved in perpetuating the disease,
polyclonal B-cell activation, and the development of lymphoma.
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In Japan, the seroprevalence of HTLV-1 among patients with SS is
23%, compared with 3.4% among unselected blood donors.
Conversely, among HTLV-1 seropositive persons, more than three-
quarters demonstrated evidence of SS.
4 salivary and lacrimal glands, composed predominantly of
o CD4" T cells, and a few B cells. The lymphoid infiltrates
destroy acini and ducts, and in the late stage of the disease, the
glands atrophy and may be replaced by hyalinized tissue and fibro-
sis. Owing due to the absence of tears, the corneas become dry and
fissured and may ulcerate. The lack of saliva causes atrophy, inflam-
mation, and cracking of the oral mucosa. The pathology of the sali-
vary and lacrimal glands is described in greater detail in Chapter 25.
Involvement of extraglandular sites is also common in SS.
Pulmonary disease occurs in most patients, particularly bronchial
gland atrophy in association with lymphoid infiltration. This causes
thick tenacious secretions, focal atelectasis, recurrent infections,
and bronchiectasis. The GI tract is also affected, and many patients
have difficulty swallowing (dysphagia). Esophageal submucosal
glands are infiltrated by lymphocytes. In addition, atrophic gastritis
occurs secondary to lymphoid infiltration of the gastric mucosa.
Liver disease, especially primary biliary cirrhosis, is present in 5% to
10% of patients with SS and is associated with destruction of intra-
hepatic bile ducts and nodular lymphoid infiltrates. Interstitial
nephritis and chronic thyroiditis occasionally accompany the disor-

der. SS is associated with a 40-fold increased risk of malignant lym-
phoma, probably through B-cell clonal expansion.

PATHOLOGY AND CLINICAL FEATURES: SS is
characterized by an intense lymphocytic infiltrate in the

Scleroderma (Progressive Systemic Sclerosis)
is an Autoimmune Disease of Connective Tissue

PATHOGENESIS: Scleroderma is characterized
by vasculopathy and excessive collagen deposition
in the skin and internal organs, such as the lungs,
GI tract, heart, and kidneys. It is four times as com-
mon in women as in men, mostly in persons 25 to 50 years of
age. An increased familial incidence has been reported. There
is an association between HLA-DQB1 and the formation of
the autoantibodies characteristic of this disease.

Patients with scleroderma exhibit abnormalities of the humoral
and cellular immune systems. The number of circulating B lym-
phocytes is normal, but there is evidence of hyperactivity, as mani-
fested by hypergammaglobulinemia and cryoglobulinemia. ANAs
are common but are usually at lower titers than in SLE. Antibodies
commonly found in scleroderma include nucleolar autoantibodies
(primarily against RNA polymerase); antibodies to Scl-70, a nonhi-
stone nuclear protein topoisomerase; and anticentromere antibod-
ies, which are associated with the “CREST” variant of the disease
(see below). Rheumatoid factor is commonly present in sclero-
derma, and autoantibodies are occasionally directed against other
issues, such as smooth muscle, thyroid gland, and salivary glands.
Antibodies against collagen types I and IV have also been described.

Cellular immune derangements are also seen in patients with
progressive systemic sclerosis. Reduced circulating CD8* T-sup-
pressor cells, evidence of T-cell activation, alterations in func-
tions mediated by IL-1, IL-2, and soluble IL-2 receptor occur in
active disease. Increased levels of IL-4 and IL-6 have also been de-
scribed. Tissues exhibit active mononuclear inflammation,
which precedes the development of the vasculopathy and fibro-
sis characteristic of this disease. The incidence of other autoim-
mune disorders, such as thyroiditis and primary biliary cirrhosis,
is increased in patients with progressive systemic sclerosis.
Circulating male fetal cells have been demonstrated in blood and
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blood vessel walls of many women with scleroderma who bore
male children many years before the disease began. It has been
suggested that scleroderma in these patients is similar to graft-ver-
sus-host disease (GVHD see below). Progressive systemic sclerosis is
characterized by widespread excessive collagen deposition.
Although the cause remains unclear, there is emerging evidence for
expansion and activation of fibrogenic clones of fibroblasts.

4

PATHOLOGY: The skin in scleroderma initially shows
edema and then induration. The thickened skin exhibits
(1) a striking increase in collagen fibers in the reticular
dermis, (2) thinning of the epidermis with loss of rete
pegs, (3) atrophy of dermal appendages, (4) hyalinization, (5) oblit-
eration of arterioles, and (6) variable mononuclear infiltrates, con-
sisting primarily of T cells. The stage of induration may progress to
atrophy or revert to normal. Increases in collagen deposition can
also occur in synovia, lungs, GI tract, heart, and kidneys.

Lesions in the arteries, arterioles, and capillaries are typical, and
in some cases may be the first demonstrable pathologic finding in
the disease. Initial subintimal edema with fibrin deposition is fol-
lowed by thickening and fibrosis of the vessel and reduplication or
fraying of the internal elastic lamina. The involved vessels can be-
come severely restricted in terms of blood flow and may become oc-
cluded by thrombus. Organ systems that display fibrosis, vascular
injury, and necrosis include the kidneys, lungs, heart, and GI tract.

systemic) form and a limited variant. Progressive sys-
temic sclerosis (diffuse scleroderma) is characterized by
severe and worsening disease of the skin and early onset and pro-
gression of most or all of the associated abnormalities of visceral
organs. Symptoms usually begin with Raynaud phenomenon,
namely, intermittent episodes of ischemia of fingers, marked by
pallor, paresthesias, and pain. These symptoms are accompanied
or followed by edema of fingers and hands, tightening and thicken-
ing of skin, polyarthralgia, and complaints referable to involve-
ment of specific internal organs. The typical patient with general-
ized scleroderma exhibits “stone facies,” due to tightening of facial
skin and restricted motion of the mouth.

The so-called limited form of scleroderma is a milder disease
than generalized scleroderma. Typically, such patients exhibit skin
involvement, particularly of the face and fingers. A variant within
the spectrum of limited scleroderma is CREST syndrome. CREST
is characterized by calcinosis, Raynaud phenomenon, esophageal
dysmotility, sclerodactyly, and telangiectasia. The limited variant
usually does not entail severe systemic involvement early in disease
but later can progress, primarily in the form of diffuse interstitial
pulmonary fibrosis. Patients with limited scleroderma often
posses circulating anticentromere antibodies.

CLINICAL FEATURES: Scleroderma presents as two
distinct clinical categories, a generalized (progressive

Mixed Connective Tissue Disease Combines
Features of SLE, Scleroderma, and Dermatomyositis

The incidence of mixed connective tissue disease (MCTD) is un-
known. Between 80% and 90% of patients are female, and most are
adults (mean age, 37 years). Those symptoms that are characteristic
of SLE include rash, Raynaud phenomenon, arthritis, and arthralgia.
The characteristics of scleroderma are swollen hands, esophageal hy-
pomotility, and pulmonary interstitial disease. Some patients also
develop symptoms suggestive of rheumatoid arthritis. Patients with
MCTD have been reported to respond well to corticosteroid therapy,
although some studies have challenged this assertion.

The etiology and pathogenesis of MCTD are unknown. Patients
often have evidence of B-cell activation, with hypergammaglobuline-
mia and a positive rheumatoid factor assay. ANAs are present but,
unlike in SLE, they are usually not directed against double-stranded
DNA. The most distinctive ANA is directed against an extractable
nuclear antigen, uridine-rich ribonucleoprotein (anti-U1-RNP).
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The cause of the formation and maintenance of the high titer
of anti-RNP antibody is unclear. However, there is an association
with HLA-DR4 and HLA-DR2 genotypes, suggesting a role for T
cells in autoantibody production. There is no direct evidence that
these antibodies induce the characteristic involvement of the vari-
ous organ systems. At this time, it is unclear whether MCTD is a
distinct entity or simply an overlap of symptoms in patients with
other types of collagen vascular diseases.

Immune Reactions to Transplanted Tissues

Antigens encoded by the MHC on chromosome 6 are critical im-
munogenic molecules that can stimulate rejection of trans-
planted tissues. Thus, optimal graft survival occurs when recipi-
ent and donor are closely matched (most similar) with regard to
histocompatibility antigens. In practice, an exact HLA match is
obtained infrequently, except in the case of transplantation be-
tween monozygotic twins and in 25% of siblings. Vigilant moni-
toring of the functional status of the graft and immunosuppres-
sive therapy are thus required after transplantation. In recent
years, therapeutic advances (immunosuppressives such as cy-
closporine and tacrolimus) have greatly improved transplant
success rates, even when there is a degree of histoincompatibility.
When host-versus-graft immune reactions (rejection) occur, any
combination of immune responses may injure the graft.

Both T-cell-mediated and antibody-mediated reactions are im-
portant in the pathophysiology of transplant rejection. Donor
APCs, bearing foreign MHC molecules within the graft, are recog-
nized by host CD8" cytotoxic T lymphocytes that mediate tissue
injury. In addition, host CD4" T-helper cells augment antibody
production, induce IFN-y production, and activate macrophages.
Induction of IFN-y leads to enhanced MHC expression and ampli-
fication of tissue injury. Host APCs also process foreign donor
antigens, leading to CD4"-mediated delayed type hypersensitivity.

Transplant rejection reactions have been traditionally catego-
rized as “hyperacute, acute, and chronic” rejection, based on the clin-
ical tempo of the response and on the pathophysiologic mechanisms
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involved. However, in practice, there can be overlap of features and
ambiguity in diagnosis. The diagnosis of transplant rejection is fur-
ther complicated by the toxic effects of immunosuppressive drugs
and by the potential for either mechanical problems (e.g., vascular
thrombosis) or recurrence of the disease that necessitated transplan-
tation (e.g., some types of glomerulonephritis). The next sections il-
lustrate rejection in the context of renal transplantation. Similar re-
sponses occur in other transplanted tissues, although each
transplanted tissue type exhibits its own unique problems.

Hyperacute Rejection Occurs Within Minutes to
Hours after Transplantation

Hyperacute rejection of the kidney is manifested clinically as a
sudden cessation of urine output, along with fever and pain in the
area of the graft site. This immediate rejection is catastrophic and
necessitates prompt surgical removal of the kidney. The histologic
features of hyperacute rejection within the transplanted kidney
are vascular congestion, fibrin-platelet thrombi within capillaries,
neutrophilic vasculitis with fibrinoid necrosis, prominent intersti-
tial edema, and neutrophilic infilcrates (Fig. 4-11A). This form of
rejection is mediated by preformed host anti-HLA antibodies that
react with donor tissue. This process leads to the formation of
complement activation products, including chemotactic and
other inflammatory mediators. Fortunately, hyperacute rejection
is not common when appropriate pretransplantation antibody
screening is performed.

Acute Rejection is Seen Within the First Few Weeks
or Months after Transplantation

Acute renal rejection is characterized by the abrupt onset of azotemia
and oliguria, which may be associated with fever and graft tender-
ness. A needle biopsy is often used to differentiate between acute re-
jection and acute tubular necrosis or toxicity from immunosuppres-
sive agents. Findings vary depending on whether the rejection is
primarily cellular or humoral. In the former case, microscopic find-

|\||‘|| Th'ere' are three major fo_rmsT of renal trgngpla_nt
Il rejection. A. Hyperacute rejection occurs within min-
utes to hours after transplantation and is characterized by intravascular
fibrin—platelet thrombi. B. Acute cellular rejection occurs within weeks to
months after transplantation and is characterized by tubular damage and
mononuclear leukocyte infiltration. In this example, the small artery (in the
center of the frame) exhibits vasculitis. C. Chronic rejection is observed
months to years after transplantation and is characterized by tubular at-
rophy, patchy interstitial mononuclear cell infiltrates, and fibrosis. In this
example, glomeruli capillary walls are focally thickened.
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ings include interstitial infiltrates of lymphocytes and macrophages,
edema, lymphocytic tubulitis, and tubular necrosis (see Fig. 4-11B).
The acute humoral form, sometimes called rejection vasculitis,
shows vascular damage, manifested as arteritis, fibrinoid necrosis,
and thrombosis. Vascular involvement is an ominous sign because it
usually means that the rejection episode will be refractory to therapy.
Acute rejection most typically involves both cell-mediated and hu-
moral mechanisms of tissue damage. If detected in its early stages,
acute rejection can be reversed with immunosuppressive therapy.

Chronic Rejection Appears Months to Years after
Transplantation

In chronic rejection of the transplanted kidney, the patient typi-
cally develops progressive azotemia, oliguria, hypertension, and
weight gain over a period of months. The dominant histologic fea-
tures are arterial and arteriolar intimal thickening, causing vascu-
lar stenosis or obstruction, thickened glomerular capillary walls,
tubular atrophy, and interstitial fibrosis (see Fig. 4-11C). The inter-
stitium often exhibits scattered mononuclear infiltrates, and
tubules contain proteinaceous casts. Chronic rejection may be the
end result of repeated episodes of cellular rejection, either asymp-
tomatic or clinically apparent. This advanced state of damage does
not respond to therapy. As in the clinical diagnosis, histologic fea-
tures of acute and chronic rejection may overlap and vary in degree,
so that a clear distinction may not be possible on renal biopsy.

Graft Versus Host Disease (GVHD) Occurs When
Donor Lymphocytes React to the Recipient Tissues

The advent of transplantation of allogeneic (donor) bone marrow
into patients with hematogenous malignancies or other disorders,
has allowed treatment of conditions that were refractory to previ-
ous therapies. Immunocompetent lymphocytes in the grafted mar-
row may “reject” host tissues, leading to GVHD. GVHD can also oc-
cur when a profoundly immunodeficient patient is transfused with
blood products containing HLA-incompatible lymphocytes.

The major organs affected in GVHD are skin, GI tract, and
liver. The skin and intestine exhibit mononuclear cell infiltrates
and epithelial cell necrosis. The liver displays periportal inflamma-
tion, damaged bile ducts, and liver cell injury. Clinically, acute
GVHD manifests as rash, diarrhea, abdominal cramps, anemia,
and liver dysfunction. The chronic form of GVHD is characterized
by dermal sclerosis, sicca syndrome (dry eyes and mouth due to
chronic inflammation of lacrimal and salivary glands), and im-
munodeficiency. Treatment of GVHD requires immunosuppres-
sive therapy to modulate donor cell immunoreactivity. Patients,
especially those with chronic GVHD, may be at a higher risk for
opportunistic infections. In some cases, mild GVHD may be bene-
ficial, as it may aid in suppressing residual host neoplastic cells.

Human Immunodeficiency Virus (HIV) and
Acquired Immunodeficiency Syndrome (AIDS)

AIDS is the most common immunodeficiency state worldwide.
It is mainly caused by HIV-1, although a small minority of patients
are infected with HIV-2, primarily in western Africa. Persons in-
fected with HIV-1 exhibit a variety of immunologic defects, the
most devastating of which is a loss of cellular immunity. The dis-
ease is progressive if not treated with appropriate antiretroviral
therapy. Catastrophic opportunistic infections are virtually in-
evitable if the patient is left untreated. The relentless progression of
HIV infection is now recognized as a continuum that extends from
an initial asymptomatic state to the immune depletion that charac-
terizes patients with overt AIDS, and the continuum is often re-
ferred to as HIV/AIDS. The basic lesion is infection of CD4*
(helper) T lymphocytes by HIV, which leads to depletion of this cell

population and consequent impaired immune function and dys-
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regulation. As a result, rather than dying of HIV infection itself, pa-
tients with AIDS usually die of opportunistic infections. There is
also a high incidence of malignant tumors, principally B-cell lym-
phomas and Kaposi sarcoma. Finally, infection of the CNS with
HIV often leads to an array of syndromes, ranging from minor cog-
nitive or motor neuron disorders to dementia.

Immunology of AIDS

The destruction of CD4" T cells by HIV-1 can essentially disable
the entire immune system because this subset of lymphocytes ex-
erts critical regulatory and effector functions that involve both cel-
lular and humoral immunity. Thus, in typical AIDS patients, all el-
ements of the immune system are eventually perturbed, including
T cells, B cells, NK cells, and monocyte/macrophages.

Of the two functional types of CD4" T lymphocytes, that is
helper and amplifier (or inducer) cells, those affected first in HIV in-
fection are the amplifier subset. Eventually, total CD4" lymphocyte
counts fall to less than 500 cells/uL, and helper-to-suppressor T-cell
ratios decline from a normal value of 2.0 to as little as 0.5. The num-
bers of CD8" (cytotoxic/suppressor) cells are variable, although in
AIDS, most of these cells seem to be of the cytotoxic variety.

Defects in T-cell function are manifested by defective responses
to skin testing with a variety of antigens (delayed hypersensitivity)
and impaired proliferative responses to mitogens and antigens in
vitro. Moreover, the deficiency of CD4" cells reduces the levels of
IL-2, the cytokine produced in response to antigens that stimulate
cytotoxic T-cell killing. Thus, patients with AIDS cannot gener-
ate the antigen-specific cytotoxic T cells that are required to clear
viruses and other infectious agents.

Humoral immunity is also abnormal. Production of antibodies in
response to specific antigenic stimulation is markedly decreased, of-
ten to under 10% of normal. B cells also show poor proliferative re-
sponses in vitro to mitogens and antigens. Yet, sera of patients with
AIDS usually show high levels of polyclonal immunoglobulins, au-
toantibodies, and immune complexes. This apparent paradox is
probably explained by the concurrent infection with polyclonal B-
cell-activating viruses (e.g., EBV or CMV), which constantly stimu-
late B cells nonspecifically to produce immunoglobulins. Lack of
CD4" lymphocytes impairs the cytotoxic T-cell proliferation that
normally would eliminate B cells infected with EBV.

NK-cell activity is severely decreased in AIDS as well. Because
these cells kill both virus-infected cells and tumor cells, this defect
may contribute to the malignant tumors and viral infections that
plague these patients. Suppression of NK-cell activity is related
both to a decrease in NK-cell number and to reduction in IL-2 lev-
els, owing to a loss of CD4" cells.

HIV-1 tends to target monocyte/macrophages, and infected
macrophages may serve as reservoirs for dissemination of the
virus. Interestingly, some macrophages express CD4 on their sur-
faces. Unlike T lymphocytes, which are killed by HIV, infected
macrophages generally survive. Macrophages from patients with
AIDS display impaired phagocytosis of immune complexes and
opsonized particles, decreased chemotaxis, and impaired re-
sponses to antigenic challenges. For details on the pathology and
pathogenesis HIV-1 see Chapter 9.

B-cell lymphoproliferative diseases are common in patients
with AIDS. The lymphomas in chronically immunodeficient pa-
tients may manifest as an invasive polyclonal B-cell proliferation
or as a monoclonal B-cell lymphoma. Many patients exhibit sero-
logic evidence of infection with EBV, and the EBV genome has
been demonstrated in the lymphoma cells.

B-cell hyperplasia and generalized lymphadenopathy precede
malignant lymphoproliferative disease. HIV-associated lym-
phomas are usually of the large cell variety, as in other immunod-
eficiency conditions, although small cell lymphomas are some-
times seen. A conspicuous feature of lymphomas associated with
AIDS is their predilection for extranodal disease, particularly pri-
mary lymphomas of the brain. In addition, lymphomas of the GI
tract, liver, and bone marrow are frequent.
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A neoplasm (Greek, neo, new + plasma, thing formed)
is the autonomous growth of tissues that have escaped
normal restraints on cell proliferation and exhibit vary-
ing degrees of fidelity to their precursors. The structural
resemblance of the neoplastic cell to its cell of origin usu-
ally enables conclusions about its source and potential be-
havior. In view of their space-occupying properties, solid
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neoplasms are termed tumors (Greek, swelling).
Tumors that remain localized are considered benign,
whereas those that spread to distant sites are termed ma-
lignant, or cancer. The neoplastic process entails not
only cellular proliferation but also altered differentiation
of the tumor cell and, in some cases, an aberration of pro-
grammed cell death (apoptosis).
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The incidence of cancer increases with age, and the
greater longevity in modern times necessarily enlarges the
population at risk. If all deaths from cancers caused by to-
bacco smoke are removed from the statistics, there has
been no increase in the overall age-adjusted cancer death
rate in men in the past half-century, and there has been a
continually decreasing rate in women. However, the age-
adjusted incidence of specific cancers has fluctuated over

this time period.
In general, neoplasms are irreversible, and their growth is, for
the most part, autonomous. Several observations are important:

* Neoplasms are derived from cells that normally maintain a
proliferative capacity. Thus, mature neurons and cardiac my-
ocytes do not give rise to tumors.

* A tumor may express varying degrees of differentiation, from
relatively mature structures that mimic normal tissues to a col-
lection of cells so primitive in appearance that the cell of origin
cannot be identified.

* The exact stimulus responsible for the uncontrolled prolifera-
tion may not be identifiable; in fact, it is not known for most
human neoplasms.

e Neoplasia arises from mutations in genes that regulate cell
growth, apoptosis, or DNA repair.

Benign Versus Malignant Tumors

By definition, benign tumors do not penetrate (invade) adjacent tissue bor-
ders, nor do they spread (metastasize) to distant sites. They remain as lo-
calized overgrowths in the area in which they arise. As a rule, be-
nign tumors are more differentiated than malignant ones—that is,
they more closely resemble their tissue of origin. By contrast, malig-
nant tumors, or cancers, have the added property of invading contiguous tis-
sues and metastasizing to distant sites, where subpopulations of malignant
cells take up residence, grow anew, and again invade.

In common usage, the terms benign and malignant refer to
the overall biological behavior of a tumor rather than to its mor-
phologic characteristics. In most circumstances, malignant tu-
mors kill, whereas benign ones spare the host. However, so-called
benign tumors in critical locations can be deadly. For example, a
benign intracranial cumor of the meninges (meningioma) can kill
by exerting pressure on the brain. A benign mesenchymal tumor

of the left atrium (myxoma) may kill suddenly by blocking the
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mitral valve orifice. In certain locations, the erosion of a benign
tumor of smooth muscle can lead to serious hemorrhage—wit-
ness the peptic ulceration of a stromal tumor in the gastric wall.
On rare occasions, a functioning, benign endocrine adenoma can
be life-threatening, as in the case of sudden hypoglycemia associ-
ated with an insulinoma of the pancreas or a hypertensive crisis
produced by a pheochromocytoma of the adrenal medulla.
Conversely, certain types of malignant tumors are so indolent
that they are curable by surgical resection. In this category are
many cancers of breast and some malignant tumors of connective
tissue (e.g., fibrosarcoma).

A number of tumors are difficult to classify because they do
not fit all the criteria for either benign or malignant neoplasms.
The best-known example is basal cell carcinoma of the skin,
which is histologically malignant (i.e., it invades aggressively)
but only rarely has been reported to metastasize to distant sites.
Similarly, the local growth of a pleomorphic adenoma of a sali-
vary gland, which is classified as benign, may be so aggressive
that it defies surgical cure.

Classification of Neoplasms

The classification of tumors reflects historical concepts, technical
jargon, location, origin, descriptive modifiers, and predictors of bi-
ological behavior. Although the language of tumor classification
is neither rigidly logical nor consistent, it still serves as a reason-
able mode of communication.

Benign Tumors Carry the Suffix “oma”

The primary descriptor of any tumor, benign or malignant, is its cell or tis-
sue of origin. The classification of benign tumors is the basis for the
names of their malignant variants. The suffix “oma” for benign tumors
is preceded by reference to the cell or tissue of origin. For example, a be-
nign tumor that resembles chondrocytes is called a chondroma
(Fig. 5-1). If the tumor resembles the precursor of the chondrocyte,
it is labeled chondroblastoma.

Tumors of epithelial origin are given a variety of names based
on what is believed to be their outstanding characteristic. Thus, a
benign tumor of the squamous epithelium may be called simply
epithelioma or, when branched and exophytic, may be termed pa-
pilloma. Benign tumors arising from glandular epithelium, such
as in the colon or the endocrine glands, are named adenoma.
Accordingly, we refer to a thyroid adenoma or a pancreatic islet
cell adenoma. In some instances, the predominating feature is the
gross appearance, in which case we speak, for example, of an ade-
nomatous polyp of the colon.
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|”"‘||‘||‘||” Benign chondroma. A. Normal cartilage. B. A benign
Il chondroma closely resembles normal cartilage.
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Benign tumors that arise from germ cells and contain deriva-
tives of different germ layers are labeled teratoma. These tumors
occur principally in the gonads and occasionally in the medi-
astinum and may contain a variety of structures, such as skin, neu-
rons and glial cells, thyroid, intestinal epithelium, and cartilage.
Localized, disordered differentiation during embryonic development
results in a hamartoma, a disorganized caricature of normal tissue
components. Such tumors, which are not strictly neoplasms, contain
varying combinations of cartilage, ducts or bronchi, connective tis-
sue, blood vessels, and lymphoid tissue. Ectopic islands of normal tis-
sue, called choristoma, may also be mistaken for true neoplasms.
These small lesions are represented by pancreatic tissue in the wall of
the stomach or intestine, adrenal rests under the renal capsule, and
nodules of splenic tissue in the peritoneal cavity. Certain benign
growths, recognized clinically as tumors, are not truly neoplastic but
rather represent overgrowth of normal tissue elements. Examples are
vocal cord polyps, skin tags, and hyperplastic polyps of the colon.

Malignant Tumors are Mostly Carcinomas
or Sarcomas

In general, the malignant counterparts of benign tumors usually carry the
same name, except that the suffix “carcinoma” is applied to epithelial cancers
and “sarcoma” to those of mesenchymal origin. For instance, a malignant
tumor of the stomach is a gastric adenocarcinoma or adenocar-
cinoma of the stomach (Fig. 5-2). Squamous cell carcinoma is an
invasive tumor of the skin or other organs lined by a squamous ep-
ithelium (e.g., the esophagus). Squamous cell carcinomas also arise
in the metaplastic squamous epithelium of the bronchus or endo-
cervix. Transitional cell carcinoma is a malignant neoplasm of the
bladder or ureters. By contrast, we speak of chondrosarcoma (Fig.
5-3) or fibrosarcoma. Sometimes the name of the tumor suggests
the tissue type of origin, as in osteogenic sarcoma or bron-
chogenic carcinoma. Some tumors display neoplastic elements of
different cell types but are not germ cell tumors. For example, fi-
broadenoma of the breast, composed of epithelial and stromal ele-
ments, is benign, whereas, as the name implies, adenosquamous
carcinoma of the uterus or the lung is malignant. A rare malignant
tumor that contains intermingled carcinomatous and sarcomatous
elements is known as carcinosarcoma.

The persistence of certain historical terms adds a note of confu-
sion. Hepatoma of the liver, melanoma of the skin, seminoma of
the testis, and the lymphoproliferative tumor, lymphoma, are all
highly malignant. Tumors of the hematopoietic system are a spe-
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Chondrosarcoma of bone. The tumor is composed

of malignant chondrocytes, which have bizarre
shapes and irregular hyperchromatic nuclei, embedded in a cartilaginous
matrix. Compare with Figure 5-1.

cial case in which the relationship to the blood is indicated by the
suffix “emia.” Thus, leukemia refers to a malignant proliferation
of leukocytes.

Secondary descriptors (again, with some inconsistencies) refer to a tumor’s
morphologic and functional characteristics. For example, the term papil-
lary describes a frond-like structure (Fig. 5-4). Medullary signifies a
soft, cellular tumor with little connective tissue stroma, whereas scir-
rhous or desmoplastic implies a dense fibrous stroma (Fig. 5-5).
Colloid carcinomas secrete abundant mucus, in which float islands
of tumor cells. Comedocarcinoma is an intraductal neoplasm in
which necrotic material can be expressed from the ducts. Certain vis-
ible secretions of the tumor cells lend their characteristics to the clas-
sification—for example, production of mucin or serous fluid. A fur-
ther designation describes the gross appearance of a cystic mass. From
all these considerations, we derive such common terms as papillary
serous cystadenocarcinoma of the ovary, comedocarcinoma of the
breast, adenoid cystic carcinoma of the salivary glands, polypoid
adenocarcinoma of the stomach, and medullary carcinoma of the
thyroid. Finally, tumors in which the histogenesis is poorly under-
stood are often given an eponym—for example, Hodgkin disease,
Ewing sarcoma of bone, or Brenner tumor of the ovary.

setl =l Adenocarcinoma of the stomach. Irregular neo-
plastic glands infiltrate the gastric wall.

et =GV Papillary adenocarcinoma of the thyroid. The tu-
mor exhibits numerous fronds lined by malignant ep-

ithelial cells.
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FIGURE ‘m" Scirrhous adenocarcinoma of the breast. A
trichrome stain shows nests of cancer cells (red) em-

bedded in a dense fibrous stroma (blue).

Histologic Diagnosis of Malignancy

There are no reliable molecular indicators of malignancy, and the
“gold standard” for diagnosis of cancer remains routine mi-
croscopy. The distinction between benign and malignant tumors
is, from a practical point of view, the most important diagnostic
challenge faced by the pathologist. In most cases, the differentia-
tion poses few problems; in a few, careful study is required before
an accurate diagnosis is secure. However, there remain tumors that
defy the diagnostic skills and experience of any pathologist. In
these cases, the correct diagnosis must await the clinical outcome.
In effect, the criteria used to assess the true biological nature of any
tumor are based not on scientific principles but rather on a histor-
ical correlation of histologic and cytologic patterns with clinical
outcomes. Although general criteria for malignancy are recognized,
they must be used with caution in specific cases. For example, a re-
active proliferation of connective cells termed nodular fasciitis
has a more alarming histologic appearance than many fibrosarco-
mas, and misdiagnosis can lead to unnecessary surgery. Conversely,
many well-differentiated endocrine adenocarcinomas are histolog-
ically indistinguishable from benign adenomas.

Benign Tumors Resemble Their Parent Tissue

Benign tumors tend to be histologically and cytologically similar to their tis-
sues of origin. For example, lipomas, despite their often-lobulated
gross appearance, seem to be composed of normal adipocytes (Fig.
5-6). Fibromas are composed of mature fibroblasts and a collage-
nous stroma. Chondromas exhibit chondrocytes dispersed in a
cartilaginous matrix. Thyroid adenomas form acini and produce
thyroglobulin. Remember that the definition of a benign tumor resides
above all in its inability to invade adjacent tissue and to metastasize.

Malignant Tumors Depart from the Parent Tissue
Morphologically and Functionally

Despite the histologic divergence of malignant tumors from
their tissue of origin, an accurate identification of their source
depends not only on the location but also on a morphologic re-
semblance to a normal tissue. Some of the histologic features
that favor malignancy include the following:

* Anaplasia or cellular atypia: These terms refer to the lack of
differentiated features in a cancer cell. In general, the degree of
anaplasia correlates with the aggressiveness of the tumor.
Cytologic evidence of anaplasia includes (1) variation in the
size and shape of cells and cell nuclei (pleomorphism), (2) en-
larged and hyperchromatic nuclei with coarsely clumped chro-
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FIGURE m"u Lipoma. This subcutaneous, nodular tumor of
adipocytes is grossly and microscopically indistinguish-

able from normal fat.

matin and prominent nucleoli, (3) atypical mitoses, and (4)
bizarre cells, including tumor giant cells (Fig. 5-7). Many of
these features are preceded by a preneoplastic dysplastic epithe-
lium, which may lead to carcinoma in situ (see Chapter 1).

* Mitotic activity: Abundant mitoses are characteristic of many
malignant tumors but are not a necessary criterion. However, in
some cases (e.g., lelomyosarcomas), the diagnosis of malig-
nancy is based on the finding of even a few mitoses.

e Growth pattern: In common with many benign tumors, ma-
lignant neoplasms often exhibit a disorganized and random
growth pattern, which may be expressed as uniform sheets of
cells, arrangements around blood vessels, papillary structures,
whorls, rosettes, and so forth. Malignant tumors often out-
grow their blood supply and display ischemic necrosis.

 Invasion: Malignancy is proved by the demonstration of inva-
sion, particularly of blood vessels and lymphatics. In some cir-
cumstances (e.g., squamous carcinoma of the cervix or carci-
noma arising in an adenomatous polyp), the diagnosis of
malignant transformation is made on the basis of local invasion.

* Metastases: The presence of metastases identifies a tumor as
malignant. In metastatic disease that was not preceded by a
clinically diagnosed primary tumor, the site of origin is often
not readily apparent from the morphologic characteristics of
the tumor. In such cases, electron microscopic examination
and the demonstration of specific tumor markers may estab-
lish the correct origin.

Immunohistochemical Tumor Markers are Antigens
that Point to the Origin of Neoplasms

Tumor markers are products of malignant neoplasms that can be
detected in the cells themselves or in body fluids. The ultimate tu-
mor marker would be one that allows the unequivocal distinction
between benign and malignant cells, but unfortunately no such
marker exists. Nevertheless, some markers are often useful in iden-
tifying the cell of origin of a metastatic or poorly differentiated pri-
mary tumor. Metastatic tumors may be so undifferentiated micro-
scopically as to preclude even the distinction between an epithelial
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FIGURE mm Anaplastic features of malignant tumors. A. The cells of this anaplastic carcinoma are highly pleomor-
phic (i.e., they vary in size and shape). The nuclei are hyperchromatic and are large relative to the cytoplasm.
Multinucleated tumor giant cells are present (arrows). B. A malignant cell in metaphase exhibits an abnormal mitotic figure.

and a mesenchymal origin. Tumor markers rely on the preservation
of characteristics of the progenitor cell or the synthesis of special-
ized proteins by the neoplastic cell to make this distinction. The de-
termination of cell lineage of undifferentiated tumors is more than
an academic exercise, because therapeutic decisions may be based
on their appropriate identification. For example, the treatment of
carcinomas usually involves surgery, whereas malignant lym-
phomas are treated with radiation therapy and chemotherapy.
Among these diagnostically useful markers are such diverse prod-
ucts as immunoglobulins, fetal proteins, enzymes, hormones, and
cytoskeletal and junctional proteins.

e Carcinomas uniformly express cytokeratins, which are inter-
mediate filaments belonging to a multigene family of proteins.
Lineage-associated markers are often useful in establishing the
origin of a poorly differentiated carcinoma. For example, prosta-
tic carcinomas consistently express the glycoprotein prostate-
specific antigen and prostate-specific acid phosphatase. By
contrast, colon cancers are negative for these markers, but most
of them express carcinoembryonic antigen (CEA).

* Neuroendocrine tumors share the positivity for cyto-
keratins with other carcinomas. However, they can be identi-
fied by their content of chromogranins, a family of proteins
found in neurosecretory granules, or synaptophysins.

* Malignant melanomas may be unpigmented and appear simi-
lar to other poorly differentiated carcinomas. They can often be
distinguished by immunohistochemical studies. Melanomas
express HMB-45 and S-100 protein, but unlike most carcino-
mas, they are not positive for cytokeratins.

* Soft tissue sarcomas express the intermediate filament vi-
mentin. Because this marker is also present in numerous non-
mesenchymal tumors, its expression is meaningful only in con-
cert with other markers and morphologic criteria.

* Malignant lymphomas are generally positive for leukocyte
common antigen (CD45). Markers for lymphomas and
leukemias are grouped by so-called cluster designations
(CDs), at present numbering over 200. Markers for CD anti-
gens help to discriminate between T and B lymphocytes,
monocytes, and granulocytes, as well as the mature and im-
mature variants of these cells.

* Vascular tumors derived from endothelial cells, including he-
mangiomas and hemangiosarcomas, are identified by antibod-
ies against factor VIII-related antigen or by the binding of
certain lectins.

 Proliferating cells display Ki-67 and proliferating cell nu-
clear antigen. Although the presence of proliferating cells
alone does not establish a diagnosis of malignancy, the pres-
ence of cycling cells at sites in which cell growth is normally ab-
sent frequently suggests a cancer.

Serum tumor markers are not disease-specific, but they allow monitor-
ing of tumor recurrence after surgery. For example, high serum levels
of carcinoembryonic antigen (CEA) are associated with carcino-
mas of the gastrointestinal tract and some carcinomas of the
breast. Increased levels of serum ¢-fetoprotein suggest liver can-
cer or a yolk sac tumor. Human chorionic gonadotropin (hCG)
is used for monitoring the recurrence of malignant trophoblastic
tumors. Increased serum levels of prostate-specific antigen ac-
company prostatic cancers.

Invasion and Metastasis

The two properties that are unique to cancer cells are the ability to invade
locally and the capacity to metastasize to distant sites. These characteris-
tics are responsible for the vast majority of deaths from cancer; the
primary tumor itself is generally amenable to surgical extirpation.

Direct Extension Damages the Involved Organ and
Adjacent Tissues

Most carcinomas begin as localized growths confined to the epithelium in
which they arise. As long as these early cancers do not penetrate the base-
ment membrane on which the epithelium rests, such tumors are termed
carcinoma in situ (Fig. 5-8). In this stage, it is unfortunate that in
situ tumors are asymptomatic, because they are invariably cur-
able. When the in situ tumor acquires invasive potential and ex-
tends directly through the underlying basement membrane, it
can compromise neighboring tissues and metastasize. In situa-
tions in which cancer arises from cells that are not confined by a
basement membrane—such as connective tissue cells, lymphoid
elements, and hepatocytes—an in situ stage is not defined.

Malignant tumors characteristically grow within the tissue of
origin, where they enlarge and infiltrate normal structures. They
may also extend directly beyond the confines of that organ to in-
volve adjacent tissues. The growth of the cancer is occasionally so
extensive that replacement of the normal tissue results in func-
tional insufficiency of the organ. Such a situation is not uncom-
mon in primary liver cancer. Brain tumors, such as astrocytomas,
infiltrate the brain until they compromise vital regions. The di-
rect extension of malignant tumors within an organ may also be
life-threatening because of their location. A common example is
the intestinal obstruction produced by cancer of the colon.

The invasive growth pattern of cancers often leads to their direct
extension outside the tissue of origin, in which case the tumor may
secondarily impair the function of an adjacent organ. Squamous
carcinoma of the cervix frequently grows beyond the genital tract to
produce vesicovaginal fistulas and to obstruct the ureters. Neglected
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FIGURE|5!8] | Carcinoma in situ. A section of the uterine cervix

shows neoplastic squamous cells occupying the full

thickness of the epithelium and confined to the mucosa by the underly-
ing basement membrane.

cases of breast cancer are often complicated by extensive skin ulcer-
ation. Even small tumors can produce severe consequences when
they invade vital structures. A small lung cancer can cause exsan-
guinating hemorrhage when it erodes a blood vessel. The agonizing
pain of pancreatic carcinoma results from direct extension of the tu-
mor to the celiac nerve plexus. Tumor cells that reach serous cavities
(e.g., those of the peritoneum or pleura) spread easily by direct ex-
tension or can be carried by the fluid to new locations on the serous
membranes. The most common example is the seeding of the peri-
toneal cavity by certain types of ovarian cancer.

Metastatic Spread is the Most Common Cause
of Cancer Death

Metastasis refers to the transfer of malignant cells from one site to another
not directly connected with it. The invasive properties of malignant tu-
mors bring them into contact with blood and lymphatic vessels. In
the same way that they can invade parenchymal tissue, neoplastic cells can
also penetrate vascular and lymphatic channels, through which they are dis-
seminated to distant sites. In general, metastases resemble the primary
tumor histologically, although they are occasionally so anaplastic
that their cell of origin is obscure.

Hematogenous Metastases

Cancer cells commonly invade capillaries and venules, whereas
thicker-walled arterioles and arteries are relatively resistant. Before
they can form viable metastases, circulating tumor cells must
lodge in the vascular bed of the metastatic site (Fig. 5-9). Here, they
presumably attach to the walls of blood vessels, either to endothe-
lial cells or to naked basement membranes. For many tumors, this
sequence of events explains why the liver and the lung are so fre-
quently the sites of metastases. Because abdominal tumors seed
the portal system, they lead to hepatic metastases; other tumors
penetrate systemic veins that eventually drain into the vena cava
and hence to the lungs. Some tumor cells released into the venous
system survive passage through the microcirculation and are thus
transported to more distant organs. For instance, tumor cells may
survive passage through the pulmonary microcirculation to reach
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the brain, bones, and other organs through arterial dissemination.
Neoplastic cells arrested in the microcirculation penetrate the ves-
sel walls at the site of metastasis by use of the same mechanisms
by which the primary tumor invades.

Lymphatic Metastases

Tumors arising in tissues that have a rich lymphatic network (e.g.,
the breast) often metastasize by this route, although the particular
properties of specific neoplasms may play a role in the route of
spread. Basement membranes envelop only large lymphatic chan-
nels; they are lacking in lymphatic capillaries. Thus, invasive tumor
cells may penetrate lymphatic channels more readily than blood ves-
sels. Once in lymphatic vessels, the cells are carried to the regional
draining lymph nodes, where they initially lodge in the marginal si-
nus and then extend throughout the node. Lymph nodes bearing
metastatic deposits may be enlarged to many times their normal
size, often exceeding the diameter of the primary lesion. The cut sur-
face of the lymph node usually resembles that of the primary tumor
in color and consistency and may also exhibit the necrosis and hem-
orrhage commonly seen in primary cancers (Fig. 5-10).

The regional lymphatic pattern of metastatic spread is most
prominently exemplified by breast cancer. The initial metastases
are almost always lymphatic, and these regional lymphatic metas-
tases have considerable prognostic significance. Cancers that arise
in the lateral aspect of the breast characteristically spread to axil-
lary lymph nodes; those arising in the medial portion drain to the
internal mammary thoracic lymph nodes. Identification of the spe-
cific sentinel nodes that drain the site of a breast cancer is an im-
portant aid in attempting to assess whether a tumor has metasta-
sized via the lymphatic system.

Seeding of Body Cavities

Malignant tumors that arise in organs adjacent to body cavities (e.g.,
ovaries, gastrointestinal tract, and lung) may shed malignant cells
into these spaces. Such body cavities principally include the peri-
toneal and pleural cavities, although occasional seeding of the peri-
cardial cavity, joint space, and subarachnoid space are observed.
Similar to tissue culture, tumors in these sites grow in masses and
may provoke the formation of fluid (e.g., ascites, pleural fluid),
sometimes in very large quantities. Mucinous adenocarcinoma may
also secrete copious amounts of mucin in these locations.

Invasion and Metastasis are Multistep Events

Several steps are required for malignant cells to establish a metas-
tasis (Fig. 5-11):

Hematogenous spread of cancer. A malignant tu-
mor (bottom) has invaded adipose tissue and pene-
trated into a small vein.
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Invasion of the basement membrane underlying the tumor
Movement through extracellular matrix
Penetration of vascular or lymphatic channels
Survival and arrest within circulating blood or lymph nodes
Exit from the circulation into a new tissue site
Survival and growth as a metastasis, a process that involves an-
giogenesis

|'1!!\ WP Metastatic carcinoma in periaortic lymph nodes.
i

gl The aorta has been opened and the nodes bisected.

SR e

Most cancers originate from the malignant transformation of a
single cell (monoclonal origin of tumors). Nevertheless, the inher-
ent genetic instability of the malignant phenotype leads to the ap-
pearance of subpopulations with diverse biological characteristics
and profound variations in their metastatic potential (tumor het-
erogeneity). The demonstration of tumor heterogeneity has led to
the concept that at each step of the metastatic cascade, only the
fictest cells survive. Thus, the metastatic process can be viewed as a
competition in which a subpopulation of cells within the primary
cancer ultimately prevails as a metastasis.

Invasion

Inherent in the definition of a malignant cell is the capacity to in-
vade surrounding tissue. In epithelial tumors, invasion requires
disruption of, and penetration through, the underlying basement
membrane and passage through the extracellular matrix. Similarly,
circulating cells destined to establish metastases must reproduce
these same events to exit from the vascular or lymphatic compart-
ment and establish residence at a distant site.

Adhesion Molecules

The entire metastatic sequence, from the initial binding of the
tumor cell to the underlying extracellular matrix, to its growth in
a distant location, depends on the expression of numerous adhe-
sion molecules by the malignant cells. The display of such sur-
face molecules varies with (1) the type of tumor, (2) the individ-
ual clone (tumor heterogeneity), (3) the stage of the malignant
progression, and (4) the specific step in the metastatic process.
Among some of the most important cell adhesion molecules ac-
tive in the process of invasion are the following:

 Integrins directly mediate cell-cell and cell-matrix interactions
and indirectly act to promote cell division and migration. They
bind to and target matrix metalloproteins (MMPs) such as col-
lagenase, so as to pave the way for metastatic cells (see below).

* Immunoglobulin supergene family such as ICAM-1, correlates
positively with the aggressiveness of a number of tumor types.
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il The mechanism by which a malignant tumor initially
penetrates a confining basement membrane and then invades the sur-
rounding extracellular environment involves several steps. The tumor first
acquires the ability to bind components of the extracellular matrix. These
interactions are mediated by the expression of a number of adhesion
molecules. Proteolytic enzymes are then released from the tumor cells,
and the extracellular matrix is degraded. After moving through the extra-
cellular environment, the invading cancer penetrates blood vessels and
lymphatics by the same mechanisms.

* Cadherins are a family of calcium (Ca®*)-dependent, transmem-
brane, cell-cell adhesion molecules. E-cadherin, is expressed on
the surface of all epithelia and mediates cell-cell adhesion by
mutual zipper interactions. It appears to suppress metastasis,
as its expression is lost in most carcinomas, thereby permitting
malignant cells to leave the tumor mass.

* Catenins are proteins that interact with the intracellular do-
main of E-cadherin and create a mechanical linkage between
that molecule and the cytoskeleton, which is essential for ef-
fective epithelial cell interactions Like E-cadherin (above),
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catenin expression is reduced or lost in most carcinomas.
Interestingly, B-catenin also binds to the adenomatous polypo-
sis coli (APC) gene product. Mutations in either the APC or f3-
catenin gene are implicated in the development of colon cancer
(see later and Chapter 13).

Growth Factors and Cytokines

Growth factors and cytokines orchestrate cellular responses dur-
ing development, differentiation, and repair. Aberrant production
of growth factors by tumors contributes to neoangiogenesis and
the attraction of inflammatory cells. They also enhance prolifera-
tion, migration, and invasive properties of the tumor cells.

Proteolytic Enzymes

A breach of the basement membrane that separates an epithelium
from the underlying mesenchymal compartment is the first event
in tumor cell invasion. The basement membrane is composed of a
number of extracellular matrix components, including type IV col-
lagen, laminin, and proteoglycans (see Chapter 3). Malignant cells
and stromal cells associated with cancers elaborate a variety of pro-
teases that degrade one or more of the basement membrane com-
ponents. Such enzymes include the urokinase-type plasminogen
activator (u-PA) and MMPs, including collagenases.

u-PA converts serum plasminogen to plasmin, a serine protease
that degrades laminin and activates type IV procollagenase. u-PA ac-
tivity is balanced by plasminogen activator inhibitor (PAI); changes
in the expression of u-PA, the u-PA receptor, and PAI have been re-
ported in different cancers.

The MMPs comprise a family of zinc-dependent endopepti-
dases that are susceptible to specific tissue inhibitors. MMPs in-
clude interstitial collagenases, stromelysins, gelatinases, and mem-
brane-type molecules. These enzymes are synthesized and secreted
by normal cells under conditions associated with physiologic tis-
sue remodeling, such as wound healing and placental implanta-
tion. Under these circumstances, a balance between MMPs and tis-
sue inhibitors of MMPs is strictly regulated. By contrast, the
invasive and metastatic phenotypes of cancer cells are character-
ized by dysregulation of this balance. A direct correlation between
increased expression of MMPs and augmented invasive capacity or
metastatic potential of tumor cells has been observed in many can-
cers. Deregulated MMP activity permits entry of cancer cells into
and through the extracellular matrix.

Metastasis
Following the invasion of surrounding tissue, malignant cells may
spread to distant sites by a process that includes a number of steps:

1. Invasion of the circulation: After invading interstitial tissue,
malignant cells penetrate lymphatic or vascular channels. In
lymph nodes, communications between lymphatics and ve-
nous tributaries allow the cells access to the systemic circula-
tion. Most tumor cells do not survive their journey in the
bloodstream, and less than 0.1% remain to establish a new
colony.

2. Escape from the circulation: Circulating tumor cells may ar-
rest mechanically in capillaries and venules, where they attach
to endothelial cells. This adherence causes retraction of the en-
dothelium, thereby exposing the underlying basement mem-
brane to which tumor cells now bind. Clumps of circulating
tumor cells may also arrest in arterioles, where they grow
within vascular lumens. In both situations, tumor cells even-
tually extravasate by mechanisms similar to those responsible
for local invasion.

3. Local growth: In a hospitable site, the extravasated cancer
cells grow in response to autocrine and possibly local growth
factors produced by the host tissue. However, a new vascular
supply is necessary for the tumor to grow to a diameter greater
than 0.5 mm. Thus, many tumors secrete polypeptides (e.g.,
FGF, VEGF, TGF 8 and PDGEF), which together trigger and
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regulate the process of angiogenesis (see below). The metasta-
sis can metastasize again, either within the same organ or to
distant sites.

The establishment of a metastatic colony does not mean that it
inevitably enlarges. It is well known clinically that tumors may re-
cur locally or at metastatic sites many years after the primary can-
cer has been surgically removed. For example, patients treated for
breast cancer or malignant melanoma may be apparently cured for
20 or more years, only to have the tumor suddenly recur. The mo-
lecular basis for this phenomenon, termed tumor dormancy, is
not well understood.

Target Organs in Metastatic Disease

It was recognized more than a century ago that the distribution
of metastases in breast cancer is not random. In 1889, Paget pro-
posed that the spread of tumor cells to specific secondary sites de-
pends on compatibility between the tumor cells (the seed) and fa-
vorable microenvironment factors in the secondary site (the soil).
By contrast, others have argued that metastatic spread depends
solely on anatomical factors and the blood flow to an organ.
Today, there is evidence that both mechanisms operate, depend-
ing on the tumor. For example, cancers of the breast, prostate, and
thyroid metastasize to bone, a tropism that suggests a favored
“soil.” Conversely, despite their size and abundant blood flow, nei-
ther the spleen nor skeletal muscle is a common site of metastases.
Yet for many cancers, the vascular anatomy unquestionably influ-
ences the pattern of metastatic spread. Malignant tumors of the
gastrointestinal tract commonly metastasize to the first capillary
bed they encounter, namely the liver. Similarly, lung cancers often
spread to the brain. An additional factor that regulates homing of
malignant cells may be the expression of complementary adhesion
molecules, either by the cancer cells or those of the organ to which
they home.

The Grading and Staging of Cancers

In an attempt to predict the clinical behavior of a malignant tu-
mor and to establish criteria for therapy, many cancers are classi-
fied according to cytologic and histologic grading schemes or by
staging protocols that describe the extent of spread.

Cancer Grading Reflects Cellular Characteristics

Low-grade tumors are well differentiated; high-grade ones tend to
be anaplastic (that is, they lack those differentiated features that in-
dicate the tissue of origin). Cytologic and histologic grading, which
are necessarily subjective and at best semiquantitative, are based on
the degree of anaplasia and on the number of proliferating cells.
The degree of anaplasia is determined from the shape and regular-
ity of the cells and from the presence of distinct differentiated fea-
tures, such as functioning glandlike structures in adenocarcinomas
or epithelial pearls in squamous carcinomas. The presence of such
characteristics identify a tumor as well differentiated. By contrast,
the cells of “poorly differentiated” malignancies bear little resem-
blance to their normal counterparts. Evidence of rapid or abnormal
growth is provided by (1) large numbers of mitoses, (2) atypical mi-
toses, (3) nuclear pleomorphism, and (4) tumor giant cells. Most
grading schemes classify tumors into three or four grades of in-
creasing malignancy. The general correlation between the cytologic
grade and the biological behavior of a neoplasm is not invariable:
There are many examples of tumors of low cytologic grades that ex-
hibit substantial malignant properties.

Cancer Staging Refers to the Extent of Spread

The choice of a surgical approach or the selection of treatment
modalities is influenced more by the stage of a cancer than by its
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cytologic grade. Moreover, most statistical data related to cancer
survival are based on the stage rather than the cytologic grade of
the tumor. Clinical staging is independent of cytologic grading.
The significant criteria used for staging vary with different organs.
Commonly used criteria include:

¢ Tumor size

» Extent of local growth, whether within or without the organ
* Presence of lymph node metastases

e Presence of distant metastases

These criteria have been codified in the international TNM
cancer staging system, in which “T” refers to the size of the pri-
mary tumor, “N” to regional node metastases, and “M” to the pres-
ence and extent of distant metastases. The definitions of numeri-
cal scores for T, N, and M (e.g., T1-T4, N1-N3) vary according to
specific tumor types.

Tumor size and degree of local spread influence prognosis and
therapy. For instance, a primary breast cancer smaller than 2 cm in
diameter can be treated with local excision and radiation therapy;
larger masses often necessitate mastectomy. The Duke’s classifica-
tion of colorectal cancer penetration of the tumor into the muscu-
laris and serosa of the bowel is associated with a poorer prognosis
than that of a more superficial tumor. Clearly, the presence of
lymph node metastases mandates more aggressive treatment than
does their absence, whereas the presence of distant metastases is
generally a contraindication to surgical intervention other than
for palliation.

The Clonal Origin of Cancer

Studies of human and experimental tumors have provided strong evidence
that most cancers arise from a single transformed cell. This theory has
been most thoroughly examined in connection with proliferative
disorders of the hematopoietic system. Cell surface markers have
been used to establish a monoclonal origin for many hematopoi-
etic malignant disorders. For example, B-cell lymphomas are com-
posed of cells that exclusively display either k or A light chains on
their surface, whereas polyclonal lymphoid proliferations exhibit
both types of cells. Monoclonality has also been demonstrated in
the individual metastases of a number of solid tumors. An early
observation in regard to the monoclonal origin of cancer was de-
rived from the study of glucose-6-phosphate dehydrogenase in
women who were heterozygous for its two isozymes, A and B (Fig.
5-12). These isozymes are encoded by genes located on the X chro-
mosome. Because one X chromosome is randomly inactivated,
only one of these genes is expressed in any given cell. Thus, al-
though the genotypes of all cells are the same, their phenotypes
vary with regard to the expression of isozyme A or B. An examina-
tion of benign uterine smooth muscle tumors (leiomyomas, or “fi-
broids”) revealed that all the cells in an individual tumor expressed
either A or B but not both, indicating that each tumor was derived
from a single progenitor cell.

The Growth of Cancers

Historically, cancer was considered to result from a totally unreg-
ulated growth of cells, and a logical corollary was that neoplastic
cells divide at a faster rate than normal ones. It is now clear that tu-
mor cells do not necessarily proliferate more rapidly than their normal
counterparts. Tumor growth depends on other factors, such as the
growth fraction (proportion of cycling cells) and the rate of cell
death. In normal proliferating tissues (e.g., intestine and bone
marrow), an exquisite balance between cell renewal and cell death
is strictly maintained. By contrast, the major determinant of tumor
growth is clearly the fact that more cells are produced than die in a given
time. Such an effect can reflect either an excess of cell proliferation
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I‘!!lm!}ﬂV||‘|'l!l‘!!}"‘I!!\|\|‘||!1!|\|m| Monoclonal origin of human tumors. Some fe-
RN males are heterozygous for the two alleles of glu-
cose-6-phosphate dehydrogenase (G6PD) on the long arm of the X
chromosome. Early in embryogenesis, one of the X chromosomes is ran-
domly inactivated in every somatic cell and appears cytologically as a
Barr body attached to the nuclear membrane. As a result, the tissues are
a mosaic of cells that express either the A or the B isozyme of G6PD.
Leiomyomas of the uterus have been shown to contain one or the other
isozyme (A or B) but not both, a finding that demonstrates the mono-
clonal origin of the tumors.
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over programmed cell death or normal rates of cell renewal in the
face of reduced apoptosis.

Tumor Growth Rates May be Expressed
as Doubling Times

Tumor doubling time is the time taken for the number of cells in the mass
to double. Internal cancers are not usually detected before they at-
tain a size of about 1 cm? (1 g), which corresponds to 10° to 10°
cells. The origin of most tumors from a single cell implies that the
mass has doubled at least 30 times to reach this size. If the cancer
is neglected and enlarges to the impressive size of 1 kg, it now
contains 10" cells. Yet, the growth from 1 g to 1 kg (assuming no
cell death) can be achieved by only 10 additional population dou-
blings. Thus, when cancers are initially detected clinically, they
are already far advanced in their natural history. Because of the
variable death rate of tumor cells and differences in cell cycle ki-
netics, the actual doubling time of human tumors is highly un-
predictable. Furthermore, the doubling time is not necessarily
correlated with the growth fraction (i.e., the proportion of cells
that are within the cell cycle) or the number of proliferated tumor
cells that survive to further reproduce. It has been estimated that
in human skin tumors, as many as 97% of proliferated cells die
spontaneously. The causes of tumor cell death are not precisely
defined but probably include such factors as (1) programmed cell
death (apoptosis), (2) inadequate blood supply, with consequent
ischemia, (3) a paucity of nutrients, and (4) vulnerability to spe-
cific and nonspecific host defenses. From a practical point of
view, the prior history of a malignant tumor cannot be reasonably
estimated from its size when it is first discovered.

Tumor Angiogenesis Refers to the Sprouting
of New Capillaries

In the absence of new vessels to supply nutrients and remove waste
products, malignant tumors do not grow larger than 1 to 2 mm in di-
ameter. In this context, the density of capillaries within the primary
tumor (e.g., cancers of the breast, prostate, and colon) correlates di-
rectly with metastases and decreased host survival. Importantly, tu-
mor angiogenesis occurs in non-neoplastic host tissue and is compa-
rable to that in wound healing and other physiologic circumstances
(see Chapter 3). A number of factors can stimulate angiogenesis, of
which vascular endothelial growth factor and fibroblast growth fac-
tor-2 are thought to be the most important. The role of such angio-
genic factors is underscored by the growth suppression of many solid
tumors by both endogenous and synthetic inhibitors of angiogenesis
factors, some of which are in clinical use.

The Molecular Genetics of Cancer

It is now recognized that the unregulated growth of cancer cells re-
sults from the sequential acquisition of somatic mutations in
genes that control cell growth, differentiation, and apoptosis, or
that maintain genomic integrity. Similar mutations may also be
present in the germ line of persons with hereditary cancer predis-
positions. Mutations can be produced by environmental muta-
gens such as chemical carcinogens or radiation (see below). They
can also arise during normal cellular metabolism, particularly
from the formation of activated oxygen species (see Chapter 1).

It is likely that the most common mechanism of mutagenesis
relates to spontaneous errors in DNA replication and repair.
Assuming a mutation rate of about 2.5 x 107® per nucleotide, it
has been estimated that humans acquire about 175 mutations
per generation. Thus, it is inevitable that everyone is a somatic
mosaic at many genetic loci. If the mutation involves genes that
control growth or stabilize the genome, it may give rise to a clone
of cells that possess a growth advantage over their normal neigh-
bors. Successive mutations in similar genes result in increasingly
aberrant clones until a malignant phenotype eventually emerges.
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In a sense, the emergence of malignancy may be viewed as an evolution-
ary process wherein we see only the surviving clones.

Transformed Cells Share Common Attributes

Cancer cells are remarkably heterogeneous in appearance, growth
rate, invasiveness, and metastatic potential, presumably due to
the interplay between diverse acquired mutations and the inher-
ent gene expression of specific cell lineages. Nevertheless, trans-
formed cells share certain biological features. The disruption of a
limited number of regulatory pathways (involving about 4 to 7
mutated genes, or more) leads to deregulation of cell prolifera-
tion and suppression of apoptosis, and confers a neoplastic phe-
notype to diverse cell types This is a multistep process, which
takes place over a period of years. The process involves:

* Autonomous generation of mitogenic signals

* Insensitivity to exogenous antigrowth signals

* Resistance to apoptosis

e Limitless replicative potential (immortalization)
* Blocked differentiation

* Ability to sustain angiogenesis

* Capacity to invade surrounding tissues

* DPotential to metastasize

The normal genes that are mutated in various cancers, include
cell cycle regulators, signal transduction factors, transcriptional
factors, DNA-binding proteins, growth factor receptors, adhesion
molecules, effectors of apoptosis, and telomerase. Such “trans-
forming genes” can be grouped into three categories:

* Oncogenes are altered versions of normal genes, termed pro-
tooncogenes, which regulate normal cell growth, differentia-
tion, and survival. Gain-of-function (dominant) mutations ac-
tivate protooncogenes to become oncogenes. Such mutated
genes are positive effectors of the neoplastic phenotype.

e Tumor suppressor genes are normal genes with products that
inhibit cellular proliferation. Loss-of-function (recessive) mu-
tations inactivate the normal inhibitory activities of tumor
suppressor genes. By permitting unregulated cell growth, tu-
mor suppressor genes serve as negative effectors of the neo-
plastic phenotype.

* Mutator genes (DNA mismatch repair genes) normally main-
tain the integrity of the genome and the fidelity of DNA repli-
cation. Inactivating mutations of these genes allows the succes-
sive accumulation of further mutations.

Oncogenes are Counterparts of Normal Genes

The transfer of specific genes (oncogenes) from human tumor
cells into rodent cells by viral vectors in vitro can transform the re-
cipient cells. The transforming genes were discovered to be mutant
versions of normal genes involved in growth regulation and were
termed protooncogenes. Transforming viral oncogenes were
termed v-onc genes, and their cellular counterparts (c-) were indi-
vidual normal genes (e.g., c-myc, c-jun, c-src).

Mechanisms of Activation of Cellular Oncogenes
There are three general mechanisms by which protooncogene acti-
vation is accomplished:

* Anactivating mutation of a protooncogene leads to the consti-
tutive (dysregulated) production of an abnormal protein. The
mutations may involve (1) point mutations, (2) deletions, or (3)
chromosomal translocations.

* An increase in the expression of the protooncogene may cause
overproduction of a normal gene product.

* The activation of protooncogenes is regulated by numerous au-
toinhibitory mechanisms, which operate as a safeguard against
inappropriate activity. Thus, many mutations in protoonco-
genes lead to resistance to normal autoinhibitory and regula-
tory constraints.
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Activation by Mutation

Activating, or gain-of-function, mutations in protooncogenes are
usually somatic rather than germline alterations. Germline muta-
tions in protooncogenes, which are known to be important regu-
lators of growth during development, are ordinarily lethal in
utero. There are several exceptions to this rule. For example, c-ret
is incriminated in the pathogenesis of certain heritable endocrine
cancers, and c-met, which encodes the receptor for hepatocyte
growth factor, is associated with a hereditary form of renal cancer.

Activation by Chromosomal Translocation

Chromosomal translocations (i.e., the transfer of a portion of one
chromosome to another) have been implicated in the pathogene-
sis of several human leukemias and lymphomas (See Chapter 20).
The first and still the best-known example of an acquired chro-
mosomal translocation in a human cancer is the Philadelphia
chromosome, which is found in 95% of patients with chronic
myelogenous leukemia (Fig. 5-13A,B). The translocation activates
the c-abl protooncogene (a nonreceptor protein kinase) by the
formation of an aberrant fusion protein. The resultant BCR/ABL
oncogene has very high tyrosine kinase activity, which generates
mitogenic and antiapoptotic signals. In Burkitt lymphoma (Fig.
5-13C) the c-myc protooncogene involved in cell cycle progres-
sion is translocated next to genes that control transcription of
immunoglobulin light or heavy chains, thereby leading to the
overproduction of a normal product. The excessive amount of the
normal c-myc product, probably in association with other genetic
alterations, promotes the emergence of a dominant clone of B
cells, driven relentlessly to proliferate as a monoclonal neoplasm.
Although the above malignant conditions are initiated by chro-

C c-abl
Philadelphia
chromosome B

i ¢

@

o .
— bcr/abl

Q fusion gene 22

o

CHAPTER 5: NEOPLASIA 81

mosomal translocations, during the progression of many can-
cers, myriad chromosomal abnormalities take place (transloca-
tions, breaks, aneuploidy, etc.).

Activation by Gene Amplification

Chromosomal alterations that result in an increased number of
gene copies (i.e., gene amplification) have been found primarily in
human solid tumors. The erb B protooncogene is amplified in up
to one third of breast and ovarian cancers. The erb B2 gene (also
designated HER2/neu) encodes a receptor-type tyrosine kinase that
shows close structural similarity to the EGF receptor.
Amplification of erb B2 in breast and ovarian cancer may be asso-
ciated with poor overall survival and decreased time to relapse.
In this context, an antibody targeted against HER2/neu
(trastuzumab) is now used as adjunctive therapy for breast cancers
that overexpress this protein.

Mechanisms of Oncogene Action

Oncogenes can be classified according to the roles of their normal
counterparts (protooncogenes) in the biochemical pathways that
regulate growth and differentiation. These include the following
(Fig. 5-14):

* Growth factors

e Cell surface receptors

e Intracellular signal transduction pathways

* DNA-binding nuclear proteins (transcription factors)

* Cell cycle proteins (cyclins and cyclin-dependent protein ki-
nases)

e Inhibitors of apoptosis (bcl-2)
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~myc
oncogene

|‘!!1|||‘!!\| ||”|”|| |||m Oncogene activation by chromosomal translocation. A. Chronic myelogenous leukemia. Breaks at the ends
Il

of the long arms of chromosomes 9 and 22 allow reciprocal translocations to occur. The c-abl protooncogene

on chromosome 9 is translocated to the breakpoint region (bcr) of chromosome 22. The result is the Philadelphia chromosome
(Ph"), which contains a new fusion gene coding for a hybrid oncogenic protein (bcr-abl), presumably involved in the pathogenesis
of chronic myelogenous leukemia. B. Karyotypes of a patient with chronic myelogenous leukemia showing the results of recipro-
cal translocations between chromosomes 9 and 22. The Philadelphia chromosome is recognized by a smaller-than-normal chro-
mosome 22 (22g-). One chromosome 9 (9g+) is larger than its normal counterpart. C. Burkitt lymphoma. In this disorder, chromo-
somal breaks involve the long arms of chromosomes 8 and 14. The c-myc gene on chromosome 8 is translocated to a region on
chromosome 14 adjacent to the gene coding for the constant region of an immunoglobulin heavy chain (Cp). The expression of
c-myc is enhanced by its association with the promoter/enhancer regions of the actively transcribed immunoglobulin genes.
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Oncogenes and Growth Factors

The binding of soluble extracellular growth factors to their spe-
cific surface receptors initiates signaling cascades that eventuate in
entry of the cell into the mitotic cycle. A few protooncogenes en-
code growth factors that stimulate tumor cell growth. In some in-
stances, a growth factor acts upon the same cell that produces it
(autocrine stimulation). Other growth factors act upon the re-
ceptors of neighboring cells (paracrine stimulation).

PDGEF is the protein product of the c-sis protooncogene and is a
potent mitogen for fibroblasts, smooth muscle cells, and glial cells.
Cells derived from human sarcomas and glioblastomas (malignant
glial cell tumors) produce PDGF-like polypeptides; their normal
counterparts do not. Thus, a normal human gene (c-sis) that en-
codes a growth factor (PDGF) acquires transforming capacity when
it is constitutively expressed in a cell that responds to this signal.

Oncogenes and Growth Factor Receptors

The regulation of the functional responses to growth factors—
including cell proliferation, differentiation, and survival—depends
principally on the expression of, and relative balance between, var-
ious growth factor receptors. Binding of a ligand to the extracellu-
lar domain of its receptor stimulates an intrinsic kinase activity in
the cytoplasmic domain of the receptor that phosphorylates tyro-
sine residues on intracellular signaling molecules. Thus, because
growth factor receptors can generate potent mitogenic signals, they harbor a
latent oncogenic potential, which when activated, overrides the normal con-
trols of signaling pathways.

Under normal circumstances, transient binding of a growth
factor to its receptor leads to activation of the cytoplasmic tyro-
sine kinase domain, after which the receptor reverts to its resting
state. Certain mutations of growth factor receptors, including
truncation of the extracellular or intracellular domains, point mu-
tations, and deletions, result in unrestrained (constitutive) activa-
tion of the receptor, independent of ligand binding and promo-
tion of dysregulated growth. For example, germline point
mutations in c-ret lead to constitutive activation of the receptor
and are associated with multiple endocrine neoplasia syndromes
and familial medullary thyroid carcinoma (see Chapter 21).

Ras Oncogenes

Activation of ras genes (Ha-ras, Ki-ras, or N-ras) is the most frequent domi-
nant mutation in buman cancers. Ras is an effector molecule in the
signal transduction cascade that couples the activation of growth
factor receptors to changes in nuclear gene transcription. The ras
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protooncogene codes for a product, p21, that belongs to a family
of small cytoplasmic proteins (G proteins) that bind guanosine
triphosphate (GTP) and guanosine diphosphate (GDP) (Fig. 5-15).
The protein p21 is active when it binds GTP. Bound GTP is con-
verted to GDP by the intrinsic GTPase of p21, an activity that is
stimulated by a GTPase-activating protein (GAP). The intrinsic
GTPase activity is the “off” switch for the molecule. Point muta-
tions of ras, which either directly reduce p21 GTPase activity or
render it resistant to GAP, result in uncontrolled stimulation of
ras-related functions, because p21 is locked in the “on” position.

Oncogenes and Nuclear Regulatory Proteins

A number of nuclear proteins encoded by protooncogenes are in-
timately involved in the sequential expression of genes that regu-
late cellular proliferation and differentiation. Many of these pro-
teins can bind to DNA, where they regulate the expression of other
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I‘"‘!!I‘Illw w”'!llrl' !I\l "m“'||‘|”|‘ Mechanism of action of ras oncogene. A. Normal.
it The as protein p21 exists in two conformational
states, determined by the binding of either guanosine diphosphate (GDP)
or guanosine triphosphate (GTP). Normally, most of the p21 is in the in-
active GDP-bound state. An external stimulus, or signal, triggers the ex-
change of GTP for GDP, an event that converts p21 to the active state.
Activated p21, which is associated with the plasma membrane, binds
GTPase-activating protein (GAP) from the cytosol. The binding of GAP
has two consequences. In association with other plasma membrane con-
stituents, it initiates the effector response. At the same time, the binding
of GAP to p21 GTP stimulates by about 100-fold the intrinsic GTPase ac-
tivity of p21, thereby promoting the hydrolysis of GTP to GDP and the re-
turn of p21 to its inactive state. B. Mutated ras protein is locked into the
active GTP-bound state because of an insensitivity of its intrinsic GTPase
to GAP or because of a lack of the GTPase activity itself. As a result, the
effector response is exaggerated, and the cell is transformed.
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genes. The transitory expression of several protooncogenes is nec-
essary for the cells to pass through specific points in the cell cycle.
Protooncogenes that are expressed early in the cell cycle (such as c-
myc, c-fos and c-jun) render the cells competent to receive the final
signals for mitosis and are, therefore, termed competence genes.
In general, competence genes play a role in (1) progression from
the Gy to the S phase in the cell cycle, (2) stability of the genome,
(3) apoptosis, and (4) positive or negative effects on cellular matu-
ration. However, the cells are not yet fully programmed to divide
after the expression of these genes and will enter the S phase and
mitosis only after further stimulation by other factors, such as
EGF or IGF-I (progression factors).

Bcl-2 and Apoptosis

Normal tissue requires an exquisite balance between cell prolifera-
tion and cell death mediated by apoptosis (see Chapter 1). The
most prominent example of suppression of apoptosis in a tumor
cell is the upregulation of the antiapoptotic protein bcl-2 in B-cell
neoplasia. Bcl-2 and its family regulate the permeability of mito-
chondrial membranes. Bcl-2 itself exerts an antiapoptotic effect by
preventing the release of cytochrome c, thereby protecting the cell
from the mitochondrial apoptotic pathway. Follicular B-cell lym-
phomas (see Chapter 20) display a characteristic chromosomal
translocation, t(14;18), in which the bcl-2 gene on chromosome
18 is brought under the transcriptional control of the im-
munoglobulin light-chain gene promoter, thereby causing overex-
pression of bcl-2. As a result of the antiapoptotic properties of bcl-
2, the neoplastic clone accumulates in the affected lymph nodes.

Tumor Suppressor Genes Negatively Regulate
Cell Growth

A second general mechanism by which a genetic alteration con-
tributes to carcinogenesis is a mutation that creates a deficiency of
a normal gene product (tumor suppressors or “gate keepers”)
that exerts a negative regulatory control of cell growth and thereby
suppresses tumor formation (“loss of function mutations”).
Such genes encode negative transcriptional regulators of the cell cy-
cle, signal-transducing molecules, and cell surface receptors.

Because both alleles of tumor suppressor genes must be inacti-
vated to produce the deficit that allows the development of a tu-
mor, the normal suppressor gene is functionally dominant. In this
circumstance, the heterozygous state is sufficient to protect
against cancer. Loss of heterozygosity in a tumor suppressor
gene by deletion or somatic mutation of the remaining normal al-
lele predisposes to tumor development.

The Role of Tumor Suppressor Genes

in Carcinogenesis

Tumor suppressor genes are increasingly being incriminated in the
pathogenesis of both hereditary and spontaneous cancers in hu-
mans. Two such genes have been particularly well studied. The Rb
and p53 gene products serve to restrain cell division in many tis-
sues, and their absence or inactivation is linked to the develop-
ment of malignant tumors. In this context, oncogenic DNA
viruses encode products that interact with these suppressor pro-
teins, thereby inactivating their functions. Thus, the mechanisms un-
derlying the development of some tumors associated with germline and so-
matic mutations and infections with DNA viruses involve the same cellular
gene products.

Retinoblastoma Gene

Retinoblastoma, a rare childhood cancer, is the prototype of a hu-
man tumor in which the origin is attributed to the inactivation of
a specific tumor suppressor gene (the Rb gene) located on the long
arm of chromosome 13. About 40% of cases are associated with a
germline mutation; the remainder are sporadic. In sporadic cases
of retinoblastoma, the child begins life with two normal Rb alleles
in all somatic cells, but both are inactivated by somatic mutations
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in the retina. Because somatic mutations in the Rb gene are un-
common, the incidence of sporadic retinoblastoma is very low
(1/30,000).

In patients with hereditary retinoblastoma, all somatic cells
carry one missing or mutated allele of the Rb gene. This heterozy-
gous state is not associated with any observable changes in the
retina, presumably because 50% of the Rb gene product is suffi-
cient to prevent the development of disease. If the remaining nor-
mal Rb allele is inactivated by deletion or mutation (loss of het-
erozygosity), the absence of the Rb gene product allows the
appearance of a retinoblastoma, in which both alleles of the Rb
gene are inactive in all tumor cells. Thus, the Rb gene exerts a tu-
mor suppressor function, and the development of hereditary
retinoblastoma is associated with two genetic events (Knudson’s
“two-hit” hypothesis) (Fig. 5-16). Children who inherit a mutant
Rb gene also suffer a 200-fold increased risk of developing mes-
enchymal tumors in early adult life. More than 20 different can-
cers have been described, with osteosarcoma being by far the most
common. Chromosomal analysis has demonstrated abnormalities
of the Rb locus in 70% of cases of osteosarcoma and in many in-
stances of small cell lung cancer, carcinomas of the breast, bladder,
pancreas, and other human tumors.

The function of Rb genes is at the most critical checkpoint in
the cell cycle, and inactivating mutations in Rb genes permits un-
regulated cell proliferation by allowing cells to escape the G; re-
striction (R) checkpoint and proceed to G;-S phase transition. In
addition, certain products of human DNA viruses (e.g., human pa-
pillomavirus [HPV]) inactivate Rb by binding to it, thereby leading
to dysregulated cell growth.

The p53 Gene Family

The pS3 tumor suppressor gene is a principal mediator of growth
arrest, senescence, and apoptosis. Therefore, loss of p53 function
is, not unexpectedly, associated with cancer. In response to DNA
damage, oncogenic activation of other proteins, and other
stresses (e.g., hypoxia), pS3 levels rise. Increased p53 levels en-
hance the synthesis of cyclin-dependent kinase inhibitors and the
inactivation of cyclin-dependent kinase (CDK) complexes,
thereby leading to cell arrest at the G/S checkpoint. Hence, cells
are prevented from entering the S phase of the cell cycle. Such ar-
rested cells may repair DNA damage or undergo apoptosis. In this
manner, p53 acts as a “guardian of the genome” by restricting un-
controlled cellular proliferation under circumstances in which
cells with abnormal DNA might propagate.

The p53 gene is located on the small arm of chromosome 17,
and its protein product is present in virtually all normal tissues.
This gene is deleted or mutated in 75% of cases of colorectal can-
cer and frequently in breast cancer, small cell carcinoma of the
lung, hepatocellular carcinoma, astrocytoma, and numerous other
tumors. In fact, mutations of pS3 seem to be the most common genetic
change in buman cancer. Many human cancers exhibit deletion of
both p53 alleles, in which case the cell contains no p53 gene prod-
uct. By contrast, in some cancers, the malignant cells express one
normal p53 allele and one mutant version. In these cases, the mu-
tant pS3 protein forms complexes with the normal pS3 protein
and inactivates the function of the normal suppressor gene. When
a mutant allele inactivates the normal one, the mutant allele is
said be a dominant negative gene. Theoretically, a cell containing
one mutant p53 allele (i.e., a heterozygote) might have a growth ad-
vantage over normal cells, a situation that would increase the
number of cells at risk for a second mutation (loss of heterozygos-
ity) and the development of cancer.

Li-Fraumeni syndrome refers to an inherited predisposition to develop
cancers in many organs due to germline mutations of pS3. Persons with
this condition carry germline mutations in one p53 allele, but their
tumors display mutations at both alleles. This situation is similar
to that determining inherited retinoblastoma and is another ex-
ample of the two-hit hypothesis (see Fig. 5-16) and loss of het-
erozygosity.
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||‘"‘||m| The “two-hit” origin of retinoblastoma. A. A child with the inherited form of retinoblastoma is born with a
Il germline mutation in one allele of the retinoblastoma gene located on the long arm of chromosome 13. A sec-

ond somatic mutation in the retina leads to the inactivation of the functioning Rb allele and the subsequent development of a
retinoblastoma. B. In sporadic cases of retinoblastoma, the child is born with two normal Rb alleles. It requires two independent
somatic mutations to inactivate Rb gene function and allow the appearance of a neoplastic clone.

Other Tumor Suppressor Genes

A number of unrelated syndromes have now been shown to result
from germline mutations in various tumor suppressor genes. For
example, the APC gene is implicated in the pathogenesis of familial
adenomatous polyposis coli and most sporadic colorectal cancers
(see Chapter 13). The APC gene product binds to and inhibits the
function of B-catenin (see above), Mutations in both APC and -
catenin genes have also been described in other malignant tumors,
including malignant melanoma and ovarian cancer. Hereditary
Wilms tumor, neurofibromatosis type 1, von Hippel-Lindau syn-
drome (associated with renal cell carcinoma), hemangioblastoma of
the brain, and pheochromocytoma are all associated with germline
mutations of genes with tumor suppressor functions.

Tumor Suppressor Genes

and Oncogenic DNA Viruses

Unlike RNA tumor viruses whose oncogenes have normal cellular
counterparts, the transforming genes of DNA viruses are not ho-
mologous with any cellular genes. The gene products of oncogenic
DNA viruses lead to the inactivation of tumor suppressor proteins. This
phenomenon is analogous to the ability of mutant tumor suppres-
sor proteins to inhibit their normal counterparts. For example, the
binding of an HPV protein to p53 accelerates the degradation of
the latter protein. The transforming proteins of polyoma viruses
(including SV40), adenoviruses, HPVs, and human herpes virus
(HHV)-8 also bind and inactivate Rb. These observations indicate
that oncogenic DNA viruses use common mechanisms for altering
growth regulation and, thereby, transforming cells.

DNA Repair Genes Protect the Integrity
of the Genome

The third class of genes in which mutations contribute to the
pathogenesis of cancer are those involved in DNA mismatch re-
pair, so-called mutator genes or caretaker genes. The loss of
these gene functions renders the DNA susceptible to the progres-

sive accumulation of mutations; when these affect protoonco-
genes or tumor suppressor genes, cancer may result. A number of
syndromes demonstrating a familial predisposition to cancer have
been associated with mutations in genes involved in DNA repair.
For example, hereditary nonpolyposis colon cancer (or Lynch syn-
drome) reflects a familial predisposition to the development of
colorectal cancer (not associated with APC), which accounts for
about 5% of the disease (see Chapter 13). Patients are heterozygous
for one of five genes involved in DNA mismatch repair. Tumors
have lost the function of both alleles and demonstrate microsatel-
lite instability associated with uncorrected nucleotide mispairing.
Several other syndromes with cancer susceptibility, including
ataxia telangiectasia, xeroderma pigmentosum, and Bloom syn-
drome, all demonstrate an increased risk of cancer related to mu-
tations in genes involved in DNA repair.

Telomerase is Activated in Most Cancers

As cells in tissue culture continue to divide, the tips of the chromo-
somes, termed telomeres, progressively shorten (see Chapter 1).
Somatic cells do not normally express telomerase, an enzyme that
recognizes the end of a chromosome and adds repetitive telomeric
sequences to maintain telomere length. Most human cancers show
activation of the gene for the catalytic subunit of telomerase,
namely human telomerase reverse transcriptase. Telomerase is not
classified as an oncogene because it does not lead to growth dereg-
ulation. Many immortalized cell lines that express telomerase
show no evidence of neoplastic capacity. Thus, despite extensive
research in the field, the role of telomerase in oncogenesis remains
controversial.

Viruses and Human Cancer

Despite the existence of viral oncogenes, the number of human
cancers definitely associated with viral infections is limited.
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Nevertheless, it is estimated that viral infections are responsible
for some 15% of all human cancers. The strongest associations be-
tween the presence of viruses and the development of cancer in hu-
mans are:

e Human T-cell leukemia virus type I (HTLV-I) (RNA retrovirus)
and T-cell leukemia/lymphoma

* HPV (DNA virus) and carcinoma of the cervix

e Hepatitis B virus (HBV) (DNA virus) and hepatitis C virus
(RNA) and primary hepatocellular carcinoma

* Epstein-Barr virus (EBV) (DNA virus) and certain forms of
lymphoma and nasopharyngeal carcinoma

* HHYV 8 (DNA virus) and Kaposi sarcoma.

Worldwide, infections with hepatitis B and C viruses and
HPVs alone account for 80% of all virus-associated cancers.

Human T-Cell Leukemia Virus-1 (HTLV-I)
is a Lymphotropic Agent

The one human cancer that has been firmly linked to infection
with an RNA retrovirus is adult T-cell leukemia, which is endemic
in southern Japan as well as the Caribbean basin and occurs spo-
radically in other parts of the world. The etiological agent, HTLV-
L, is tropic for CD4" T lymphocytes and has also been incriminated
in the pathogenesis of a number of neurologic disorders. It is esti-
mated that leukemia develops in less than 5% of persons infected
with HTLV-I and exhibits a latency period on the order of 40 years
for its development. Oncogenic stimulation by HTLV-I is medi-
ated principally by the viral transcriptional activation protein tax.
Tax protein not only increases the transcription from its own viral
genome, but it also promotes the activity of other genes involved
in host cell proliferation.

DNA Viruses Encode Proteins that Bind Regulatory
Proteins

Four DNA viruses (HPV, EBV, HBV, and HHV 8) are incriminated
in the development of human cancers. The transforming genes of
oncogenic DNA viruses exhibit virtually no homology with cellu-
lar genes, whereas those of RNA retroviruses (oncogenes) are de-
rived from, and are homologous with, their cellular counterparts
(protooncogenes). As discussed above, oncogenic DNA viruses
have genes that encode protein products that bind to, and inacti-
vate, specific host proteins (the products of tumor suppressor
genes, e.g., Rb, p53) involved in the regulation of cell proliferation
and apoptosis.

Human Papilloma Viruses (HPVs)

HPVs induce lesions in humans that progress to squamous cell
carcinoma. Papillomaviruses manifest a pronounced tropism for
epithelial tissues, and their full productive life cycle occurs only in
squamous cells. At least 20 HPV types are associated with cancer of
the uterine cervix, especially HPV 16 and 18 (see Chapter 18).The
major oncoproteins encoded by HPV are E6 and E7. E6 binds to
p53 and targets it for degradation. E7 binds to Rb, thereby releas-
ing its inhibitory effect on cell cycle progression.

Epstein-Barr Virus (EBV)
EBV is a human herpesvirus that is so widely disseminated that
95% of adults in the world have antibodies against it. EBV infects
B lymphocytes, transforming them into lymphoblasts with an in-
definite lifespan. In a small proportion of primary infections with
EBV, this lymphoblastoid transformation is manifested as infec-
tious mononucleosis (see Chapter 9), a short-lived lymphoprolifera-
tive disease. However, EBV is also intimately associated with the de-
velopment of certain human cancers.

When B lymphocytes are infected with EBV, they acquire the
ability to proliferate indefinitely in vitro. A number of EBV genes
are implicated in this lymphocyte immortalization, including
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Epstein-Barr nuclear antigens (EBNAs) and latent-infection—asso-
ciated membrane proteins (LMPs). The EBNAs maintain the EBV
genome in its episomal state and activate the transcription of viral
and cellular genes. LMP1 interacts with cellular proteins that nor-
mally transduce signals from the TNF receptor, a critical pathway
in lymphocyte activation and proliferation. Both EBNAs and LMPs
can be demonstrated in most EBV-associated cancers. These include the fol-
lowing:

Burkitt Lymphoma

African Burkitt lymphoma is a B-cell tumor, in which the neoplas-
tic lymphocytes invariably contain EBV in their DNA and manifest
EBV-related antigens (see Chapter 20). The tumor has also been
recognized in non-African populations, but in those cases, only
about 20% contain the EBV genome. The localization of Burkitt
lymphoma to equatorial Africa is not understood, but it has been
suggested that prolonged stimulation of the immune system by
endemic malaria may be important. As discussed above, lym-
phoma production in African Burkitt lymphoma is associated
with a chromosomal translocation, in which the c-myc protoonco-
gene is deregulated by being brought into proximity with an im-
munoglobulin promoter region. Ultimately, this leads to uncon-
trolled proliferation of a malignant clone of B lymphocytes.

Polyclonal Lymphoproliferation in Immunodeficient States
Congenital or acquired immunodeficiency states can be compli-
cated by the development of EBV-induced, B-cell proliferative dis-
orders. These lesions may be clinically and pathologically indistin-
guishable from true malignant lymphomas, but they differ in that
most of them are polyclonal. The incidence of lymphoid neoplasia
in immunosuppressed renal transplant recipients is 30 to 50 times
that of the general population. In virtually all cases of lymphopro-
liferations associated with organ transplantation, EBNA or EBV
genomic material is present in the neoplastic tissue. Similar B-cell
lymphoproliferative disorders are seen in a number of other ac-
quired immunodeficiencies, notably, AIDS.

Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma is a variant of squamous cell carci-
noma that has a worldwide distribution and is particularly com-
mon in certain parts of Africa and Asia. EBV DNA and EBNA are
present in virtually all of these cancers. The pathogenesis of na-
sopharyngeal carcinoma may be related to infection with EBV in
early childhood, with reactivation at 40 to 50 years of age and the
appearance of tumors 1 to 2 years thereafter. Fortunately, 70% of
patients with this disease are cured by radiation therapy alone.

Hepatitis B and C Viruses

Epidemiologic studies have established a strong association be-
tween chronic infection with HBV and hepatitis C virus (chronic
hepatitis and cirrhosis) and the development of primary hepato-
cellular carcinoma (see Chapter 14). Two mechanisms have been
invoked to explain the mechanism of carcinogenesis in virus-re-
lated liver cancer. One theory holds that the continued liver cell
proliferation that accompanies chronic liver injury eventually
leads to malignant transformation.. A second theory implicates a vi-
rally encoded protein (the HBx gene product, which inactivates
pS53) in the pathogenesis of HBV-induced liver cancer. The under-
lying mechanisms in HBV-induced carcinogenesis are still contro-
versial and require further investigation.

HHV 8

Kaposi sarcoma is a vascular neoplasm that was originally de-
scribed in eastern European elderly men and later in central
African blacks (see Chapter 10). Kaposi sarcoma is today the
most common neoplasm associated with AIDS. The neoplastic
cells contain sequences of a novel herpesvirus, HHV 8.
Interestingly, HHV 8 has also been demonstrated in specimens
of Kaposi sarcoma from HIV-negative patients. Like other DNA

o



Rubin05_HP.gxp

1/9/08 6:08 PM Page 86

86 Essentials of Rubin’s Pathology

viruses, the viral genome encodes proteins that interfere with the
pS53 and Rb tumor suppressor pathways.

Chemical Carcinogenesis

The field of chemical carcinogenesis originated about two cen-
turies ago in descriptions of an occupational disease. The English
physician Sir Percival Pott gets credit for relating cancer of the
scrotum in chimney sweeps to a specific chemical exposure,
namely, soot. Today, we realize that other products of the combus-
tion of organic materials are responsible for a man-made epidemic
of cancer, namely, lung cancer in cigarette smokers.

The experimental production of cancer by chemicals dates to
1915, when Japanese investigators produced skin cancers in rab-
bits with coal tar. Since that time, the list of organic and inor-
ganic carcinogens has grown exponentially. Yet a curious para-
dox existed for many years. Many compounds known to be
potent carcinogens are relatively inert in terms of chemical reac-
tivity. The solution to this riddle became apparent in the early 1960s,
when it was shown that most, although not all, chemical carcinogens re-
quire metabolic activation before they can react with cell constituents.
On the basis of those observations and the close correlation
between mutagenicity and carcinogenicity, an in vitro assay
using Salmonella organisms for screening potential chemical
carcinogens—the Ames test—was developed a decade later.
Subsequently, a variety of genotoxicity assays have been devel-
oped and are still used to screen chemicals and new drugs for
potential carcinogenicity.

Chemical Carcinogens are Mostly Mutagens

A mutagen is an agent that can permanently alter the genetic consti-
tution of a cell. About 90% of known carcinogens are mutagenic in
avariety of in vitro systems, which detect mutations in bacteria and
in cultured animal and human cells. Moreover, most, but not all,
mutagens are carcinogenic. This close correlation between car-
cinogenicity and mutagenicity presumably occurs because both re-
flect damage to DNA. Although not infallible, in vitro mutagenic-
ity assays have proved to be valuable tools in screening for the
carcinogenic potential of chemicals.

Chemical Carcinogenesis is a Multistep Process

Chemical carcinogenesis is best understood as a multistep process that in-
volves numerous mutations. Four stages of chemical carcinogenesis
summarize this process:

1. Initiation likely represents a mutation in a single cell.

2. Promotion reflects the clonal expansion of the initiated cell, in
which the mutation has conferred a growth advantage. During
promotion, the altered cells remain dependent on the continued
presence of the promoting stimulus. This stimulus may be an ex-
ogenous chemical or physical agent or may reflect an endoge-
nous mechanism (e.g., hormonal stimulation in the breast and
prostate).

3. Progression is the stage in which growth becomes au-
tonomous (i.e., independent of the carcinogen or the pro-
moter). By this time, sufficient mutations have accumulated to
immortalize cells.

4. Cancer, the end result of the entire sequence, is established
when the cells acquire the capacity to invade and metastasize.

The morphologic changes that reflect multistep carcinogenesis
in humans are best exemplified in epithelia, such as those of the
skin, cervix, and colon. Although initiation has no visible counter-
part, promotion and progression are represented by the sequence of hyper-
plasia, dysplasia, and carcinoma in situ.
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Chemical Carcinogens Usually Undergo
Metabolic Activation

About 75 chemicals are recognized as human carcinogens.
Chemicals cause cancer either directly or, more often, after meta-
bolic activation. The direct-acting carcinogens are inherently reac-
tive enough to bind covalently to cellular macromolecules. Most
organic carcinogens, however, require conversion to an ultimate,
more reactive compound. This conversion is enzymatic and, for
the most part, is effected by the cellular systems involved in drug
metabolism and detoxification. Many cells in the body, particularly
liver cells, possess enzyme systems that can convert procarcino-
gens to their active forms. Yet each carcinogen has its own spec-
trum of target tissues, often limited to a single organ. The basis for
organ specificity in chemical carcinogenesis is not well under-
stood.

POLYCYCLIC AROMATIC HYDROCARBONS: The polycyclic
aromatic hydrocarbons are among the most extensively studied car-
cinogens. Found in cigarette smoke, they may well be involved in the
production of lung cancer. These compounds have a broad range of
target organs and, in experimental models, generally produce can-
cers at the site of application including the skin, soft tissues, and
breast.

Polycyclic hydrocarbons are metabolized by cytochrome P450-
dependent mixed-function oxidases to electrophilic epoxides,
which in turn react with proteins and nucleic acids. For example,
vinyl chloride, the simple two-carbon molecule from which the
widely used plastic polyvinyl chloride is synthesized, is metabo-
lized to an epoxide, which is responsible for its carcinogenic prop-
erties. Workers exposed to the vinyl chloride monomer in the am-
bient atmosphere later developed hepatic angiosarcomas.

ALKYLATING AGENTS: Many chemotherapeutic drugs (e.g.,
cyclophosphamide, cisplatin, busulfan) are alkylating agents that
transfer alkyl groups (methyl, ethyl, etc.) to macromolecules, in-
cluding guanines within DNA. Although such drugs destroy can-
cer cells by damaging DNA, they also injure normal cells. Thus,
alkylating chemotherapy carries a significant risk of solid and
hematological malignancies at a later time.

AFLATOXIN: Aflatoxin Bj, a natural product of the fungus
Aspergillus flavus, is among the most potent liver carcinogens recog-
nized. Like the polycyclic aromatic hydrocarbons, aflatoxin B, is
metabolized to an epoxide, which can bind covalently to DNA.
Because Aspergillus species are ubiquitous, contamination of
peanuts and grains exposed to warm moist conditions may result
in the formation of significant amounts of aflatoxin B;. It has
been suggested that in addition to hepatitis B and C, aflatoxin-
rich foods may contribute to the high incidence of cancer of the
liver in parts of Africa and Asia. Interestingly, human liver cancers
in areas of high dietary concentrations of aflatoxin carry a specific
inactivating mutation in the p53 gene (G:C—T:A transversion at
codon 249) as do aflatoxin-dosed rodents.

AROMATIC AMINES AND AZO DYES: Aromatic amines and
azo (aniline) dyes, in contrast to the polycyclic aromatic hydrocar-
bons, are not ordinarily carcinogenic at the point of application.
However, occupational exposure to aniline dyes has resulted in
bladder cancer. Both aromatic amines and azo dyes are primarily
metabolized in the liver to form the hydroxylamine derivatives,
which are then detoxified by conjugation with glucuronic acid. In
the bladder, hydrolysis of the glucuronide releases the reactive hy-
droxylamine.

NITROSAMINES: Carcinogenic nitrosamines are a subject of
considerable study because it is suspected that they may play a role
in human gastrointestinal neoplasms and possibly other cancers.
Nitrosamines are potent carcinogens in primates, although unam-
biguous evidence of cancer induction in humans is lacking.
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However, the extremely high incidence of esophageal carcinoma in
the Hunan province of China (100 times higher than in other ar-
eas) has been correlated with the high nitrosamine content of the
diet. Nitrosamines may also be implicated in other gastrointestinal
cancers because nitrites, commonly added to preserve processed
meats and other foods, may react with other dietary components to
form nitrosamines. Nitrosamines are activated by hydroxylation,
followed by the formation of a reactive alkyl carbonium ion.

METALS: A number of metals or metal compounds can induce
cancer, but the carcinogenic mechanisms are unknown. Divalent
metal cations, such as nickel (Ni**), lead (Pb**"), cadmium (Cd?"),
cobalt (Co®"), and beryllium (Be?*) are electrophilic and can, there-
fore, react with macromolecules. Most metal-induced cancers oc-
cur in an occupational setting (see Chapter 9).

Endogenous and Environmental Factors
Influence Chemical Carcinogenesis

Chemical carcinogenesis in experimental animals involves consid-
eration of genetic aspects, species and strain, age and gender of the
animal, hormonal status, diet, and the presence or absence of in-
ducers of drug-metabolizing systems and tumor promoters. A
similar role for such factors in humans has been postulated on the
basis of epidemiologic studies, but details remain unclear.

Physical Carcinogenesis

The physical agents of carcinogenesis discussed here are ultravio-
let (UV) light, asbestos, and foreign bodies. Radiation carcinogen-
esis is discussed in Chapter 9.

UV Radiation Causes Skin Cancers

The current fad for a tanned complexion has been accompanied
not only by cosmetic deterioration of facial skin but also by an in-
creased incidence of the major skin cancers. Cancers attributed to sun
exposure, namely, basal cell carcinoma, squamous carcinoma, and
melanoma occur predominantly in the white population. The skin of per-
sons of the darker races is protected by the increased concentra-
tion of melanin pigment, which absorbs UV radiation. In fair-
skinned people, the areas exposed to the sun are most prone to
develop skin cancer. Moreover, there is a direct correlation be-
tween total exposure to sunlight and the incidence of skin cancer.

Only certain portions of the UV spectrum are associated with tis-
sue damage, and a carcinogenic effect occurs at wavelengths between
290 and 320 nm. The effects of UV radiation on cells include enzyme inacti-
vation, inbibition of cell division, mutagenesis, cell death, and cancer. The
most important biochemical effect of UV radiation is the formation
of pyrimidine dimers in DNA, a type of DNA damage that is not
seen with any other carcinogen. Dimer formation leads to a cyclobu-
tane ring, which distorts the phosphodiester backbone of the double
helix in the region of each dimer. Unless efficiently eliminated by the
nucleotide excision repair pathway, genomic injury produced by UV
radiation is mutagenic and carcinogenic.

Xeroderma pigmentosum, an autosomal recessive disease, ex-
emplifies the importance of DNA repair in protecting against the
harmful effects of UV radiation. In this rare disorder, sensitivity to
sunlight is accompanied by a high incidence of skin cancers, in-
cluding basal cell carcinoma, squamous cell carcinoma, and
melanoma. Both the neoplastic and non-neoplastic disorders of the
skin in xeroderma pigmentosum are attributed to an impairment
in the excision of UV-damaged DNA.

Asbestos Causes Mesothelioma

Pulmonary asbestosis and asbestosis-associated neoplasms are dis-
cussed in Chapter 12. Asbestos, a material widely used in construc-
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tion, insulation, and manufacturing, is a family of related fibrous
silicates that occur in several different physical forms.

The characteristic tumor associated with asbestos exposure is malig-
nant mesothelioma of the pleural and peritoneal cavities. This cancer,
which is exceedingly rare in the general population, has been re-
ported to occur in 2% to 3% (in some studies even more) of heav-
ily exposed workers. The latent period (i.e., the interval between
exposure and the appearance of a tumor) is usually about 20 years
but may be twice that figure. It is reasonable to surmise that
mesotheliomas of both pleura and peritoneum reflect the close
contact of these membranes with asbestos fibers transported to
them by lymphatic channels. Although the pathogenesis of as-
bestos-associated mesotheliomas is obscure, the significant pub-
lic health risk is well recognized and has led to great care in the
use of the material.

Tumor Immunology: Immunologic
Defenses Against Cancer
in Animals and Humans

It has long been recognized that malignant tumors elicit a
chronic inflammatory response that is unrelated to necrosis or
infection of the tumor. This observation led early investigators
to postulate a host immune reaction to the neoplastic cells. The
inflammatory reaction is correlated with a better prognosis in
some tumors, such as medullary carcinoma of the breast and
seminoma, but in general, no clear correlation exists. Although
the infiltrate is composed principally of T cells and
macrophages, suggesting a cell-mediated immune response, the
antigens to which the cells respond have not been identified.
Despite the paucity of direct evidence in human cancers, it is
clear from animal experiments that immune defenses against
malignant tumors exist.

To invoke a role for an immune defense against cancer, it is
necessary to postulate that tumor cells express antigens that dif-
fer from those of normal cells and that are recognized as foreign
by the host. Such a condition has been indirectly demonstrated in
experiments with inbred mice. When cells from a chemically in-
duced or virally induced tumor are transplanted into a syngeneic
mouse, the cells form a tumor. If the transplanted tumor is removed
before it metastasizes (i.e., the mouse is cured of its tumor), reinjection of
the tumor cells back into the cured mouse will not produce a tumor (al-
though the cells vemain capable of forming a tumor in a second naive
mouse). The transplanted tumor is rejected because of immunity
acquired as a result of the initial tumor transplant. Why the orig-
inal tumor is not destroyed by the immunologic reaction remains
unexplained.

An important observation is that tumors induced by the same
chemical in different mice are antigenically distinct, whereas those
induced by the same virus express the same virally determined anti-
gens. Accordingly, mice sensitized to one chemically induced tumor
do not reject a second tumor induced by the same chemical. By con-
trast, mice that have received a virus-induced tumor reject another
similar tumor. These experiments provide compelling evidence that
immunologic mechanisms can play a role in host defenses against
tumors, at least against experimental tumors in animals.

Tumor Antigens are Potential Targets
for the Immune Response

The immune response to experimental tumors must necessarily be
directed against tumor antigens on the surface of malignant cells.
Such antigens can be tumor-specific; that is, they are uniquely ex-
pressed by the cancer cells but not by their normal cellular coun-
terparts. Alternatively, other tumor antigens represent proteins
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that are expressed by some normal cells, such as those in developing
embryos. Such antigens are tumor-associated, rather than tumor-
specific.

As noted above, tumor-specific antigens have been demon-
strated in animal models. It is much more difficult to document
the presence of tumor-specific antigens in human cancers because
of technical and ethical limitations. Nevertheless, candidate hu-
man tumor-specific antigens have begun to emerge, for example,
virally encoded antigens in tumors with a pathogenesis that is
linked to viruses (e.g., HPV). In this context, an anti-HPV vaccine
is now used to prevent the development of cancer of the uterine
cervix. The tumor-specific antigens identified to date are peptides
complexed to human leukocyte antigen (HLA) molecules on tu-
mor cell surfaces.

There has been even more progress in identifying tumor-asso-
ciated antigens, which correspond to proteins that are present in
small amounts in the adult but are abundant during development.
Such tumor-associated oncodevelopmental antigens are not spe-
cific for a given patient’s tumor per se but instead are shared by
cancers in different people and sometimes of varying histologic
type. Although there is no reason to believe that immune re-
sponses to these fetal antigens play any role in the host defense
against cancer, their presence in the blood or the tumor (e.g., CEA,
serum o-fetoprotein) is useful in clinical diagnosis and monitor-
ing efficacy of treatment.

Inroads into the identification of tumor antigens have cre-
ated new opportunities for developing immunotherapies
against human cancers, at least in theory. Passive immunother-
apies can draw upon tumor-infiltrating lymphocytes with speci-
ficity for HLA-associated tumor peptide antigens and anti-
bodies directed against various tumor surface proteins.
Alternatively, as noted above, active immunotherapeutic strate-
gies can invoke tumor antigens as vaccines to elicit systemic an-
titumor immune responses.

Mechanisms of Inmunologic Response to Tumors

Although some circumstantial evidence exists for the participation of im-
munologic defenses in the resistance to cancer in humans, conclusive proof
that immunologic tumor surveillance is an ongoing process is lacking.
Perhaps the strongest argument for immunologic tumor rejection
in humans is the observation that immunodeficiency, whether ac-
quired or congenital, is associated with an increased incidence of
cancers, almost all of which are B-cell lymphomas. The potential
contribution of any specific immunologic mechanism to tumor
cell destruction in vivo has not been clearly defined. A number of
possible mechanisms are recognized.

e T-cell-mediated cytotoxicity: The capacity of cytotoxic T cells
to mediate the specific rejection of transplanted tumors is evi-
denced by the demonstration that lymphocytes from tumor-
bearing hosts can transfer tumor immunity when injected into
healthy animals. Moreover, the transferred immunity is elimi-
nated by the administration of antibodies directed against T-
cell antigens. The mechanisms of T-cell-mediated immunolog-
ical cell killing are discussed in Chapter 4.

* Natural killer (NK) cell-mediated cytotoxicity: Another set of
lymphocytes, the NK cells, have tumoricidal activity that does
not depend on prior sensitization. Tumor cells that are resistant
to the action of NK cells may be lysed by NK cells that have been
activated by IL-2. Such activated NK cells are referred to as lym-
phokine-activated killer cells.

* Macrophage-mediated cytotoxicity: Macrophages are capa-
ble of killing tumor cells in a nonspecific manner. However,
their role in the control of malignant tumors is far from clear,
because under some circumstances, in vitro factors derived
from macrophages can actually stimulate the proliferation of
tumor cells.

e Antibody-dependent cell-mediated cytotoxicity: Tumor-as-
sociated antigens can elicit a humoral antibody response, but
these immunoglobulins by themselves do not kill tumor cells.
However, as discussed in Chapter 4, such antibodies can partic-
ipate in antibody-dependent cell-mediated cytotoxicity. The
antibody binds both to the tumor antigen and to the Fc recep-
tor of the effector cell, thereby bringing the effector cell into di-
rect contact with its target. Depending on the conditions, the
effector cells may be a lymphocyte killer cell (null cell),
macrophage, or neutrophil.

e Complement-mediated cytotoxicity: Tumor cells that have
been coated with specific antibodies may be lysed by the activa-
tion of complement.

Evasion of Immunologic Responses by Tumors

The fact that cancer is alive and well despite the presence of poten-
tial immunologic defenses implies that such mechanisms are ei-
ther ineffective or that tumor cells can evade immunologic de-
struction. A number of factors have been proposed to account for
the failure of immune responses to limit tumor growth. These ex-
planations remain theoretical and even controversial. These in-
clude:

e Absence or paucity of tumor-specific antigens on the neoplas-
tic cell

e Absence or paucity of cell surface molecules necessary for anti-
genic recognition (such as HLA) on the tumor cell

e Tumor heterogeneity leading to the selection of resistant tu-
mor clones (as described above)

* Expression of immunosuppressive molecules by tumor cells

Defining and tackling these immune evasion mechanisms will
be essential for developing effective immunotherapies for cancer.

Systemic Effects of Cancer on the Host

The symptoms of cancer are, for the most part, referable to the lo-
cal effects of either the primary tumor or its metastases. However,
in a minority of patients, cancer produces remote effects that are
not attributable to tumor invasion or to metastasis but may be re-
lated to the synthesis of bioactive compounds by the tumor. Such
effects are collectively termed paraneoplastic syndromes.
Although such effects are rarely lethal, in some cases, they domi-
nate the clinical course. Paraneoplastic syndromes are also of diag-
nostic and therapeutic significance.
Common systemic effects include:

e Fever: It is not uncommon for cancer patients to present ini-
tially with fever of unknown origin that cannot be explained
by an infectious disease. Fever attributed to cancer (1) corre-
lates with tumor growth, (2) disappears after treatment, and
(3) reappears on recurrence. This is likely related to the release
of pyrogens by the tumor or associated stromal inflammatory
cells.

* Anorexia and weight loss: A paraneoplastic syndrome of
anorexia, weight loss, and cachexia is very common in pa-
tients with cancer, often appearing before its malignant
cause becomes apparent. The mechanisms responsible for
this phenomenon are poorly understood but may be related
to the production of a variety of cytokines, including TNF-q,
interferons, and IL-6.

* Endocrine syndromes: Malignant tumors may produce a
number of peptide hormones with secretion that is not under
normal regulatory control. Most of these hormones are usu-
ally present in the brain, gastrointestinal tract, or endocrine
organs. Their inappropriate secretion can cause a variety of ef-
fects. Cushing syndrome (see Chapter 21), inappropriate an-
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tidiuresis, hyper- and hypocalcemia, gonadotropic syn-
dromes, and hypoglycemia may all result from inappropriate
hormone secretion by tumors.

Organ-Specific Effects of Cancer on the
Host

Cancer may have specific effects on different host organ systems
that may result from mechanical, metabolic, or other poorly de-
fined causes related to the growth of the tumor.

Neurologic Syndromes are Common
in Cancer Patients

Neurologic disorders usually result from metastases or from en-
docrine or electrolyte disturbances. Vascular, hemorrhagic, and in-
fectious conditions affecting the nervous system are also common.
However, there remains a small group of cancer patients who suffer
from a variety of neurologic complaints without any demonstrable
cause. Most of these cases reflect an autoimmune etiology mediated
by circulating antibodies directed against neural antigens or by reac-
tive T cells. Cerebral complications include dementia, subacute cere-
bellar degeneration, limbic encephalitis, and optic neuritis.

Spinal Cord
Subacute motor neuropathy, a disorder of the spinal cord, is
characterized by slowly developing lower motor neuron weakness
without sensory changes. It is so strongly associated with cancer
that an intensive search for an occult neoplasm, often a lymphoma,
should be made in patients who present with these symptoms.
Amyotrophic lateral sclerosis is well described among cancer
patients. Conversely, as many as 10% of patients with this neuro-
logic disease are found to have cancer.

Peripheral Nerves

Sensorimotor peripheral neuropathy, characterized by distal
weakness, wasting, and sensory loss, is common in cancer patients
and when not associated with an overt neoplasm suggests the pos-
sibility of an occult tumor. Interestingly, the removal of the pri-
mary tumor usually does not reverse the neuropathy.

Purely sensory neuropathy, resulting from degenerative
changes in the dorsal root ganglia, may also develop in persons
with cancer.

Autonomic and gastrointestinal neuropathies, manifested
as orthostatic hypotension, neurogenic bladder, and intestinal
pseudoobstruction, are associated with small cell carcinoma of the
lung.

Skeletal Muscle Syndromes Can be Strongly
Associated with Cancer

Patients with dermatomyositis or polymyositis have an incidence of cancer
five to seven times higher than that in the general population. The associa-
tion is most conspicuous in affected men older than 50 years; in
this group, more than 70% have cancer. In most cases, the muscle
disorder and cancer present within a year of each other.

Hematologic Syndromes Commonly Relate
to Marrow Infiltration

The most common hematologic complications of neoplastic dis-
eases result either from direct infiltration of the marrow or from
treatment. However, hematologic paraneoplastic syndromes,
which antedate the modern era of chemotherapy and radiation
therapy, are well described. Erythrocytosis (polycythemia), ane-
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mias, and defects of leukocytes and platelets may have a paraneo-
plastic (or possibly autoimmune) etiology. Treatment-related
hematologic defects are, of course, also common.

A Hypercoagulable State is Often Associated
with Cancer

The association between cancer and venous thrombosis was noted
more than a century ago. Since then, other abnormalities resulting
from a hypercoagulable state (e.g., disseminated intravascular coag-
ulation and nonbacterial thrombotic endocarditis) have been rec-
ognized. The cause of this hypercoagulable state is still debated.

VENOUS THROMBOSIS: This condition is most distinctly as-
sociated with carcinoma of the pancreas, in which there is a 50-
fold increased incidence of this complication. Venous thrombosis,
normally in the deep veins of the legs, is also particularly common
in association with other mucin-secreting adenocarcinomas of the
gastrointestinal tract and with lung cancer.

DISSEMINATED INTRAVASCULAR COAGULATION: This
complication is most commonly found with acute promyelocytic
leukemia and adenocarcinomas.

NONBACTERIAL THROMBOTIC ENDOCARDITIS: The
presence of noninfected verrucous deposits of fibrin and platelets
on the left-sided heart valves occurs in cancer patients, particu-
larly in those who are debilitated (see Chapter 11). Although the
effects on the heart are not of clinical importance, emboli to the
brain and rarely the coronary arteries present a great danger. This
cardiac complication is most common with solid tumors but may
occasionally be noted with leukemias and lymphomas.

Cancer also Affects a Number of Other Organ
Systems

Cancer may affect a variety of other organ systems either as a di-
rect consequence of tumor growth or as a paraneoplastic effect.
Some of the more common organ systems affected include the fol-
lowing:

GASTROINTESTINAL SYSTEM: Malabsorption of a variety of
dietary components is an occasional paraneoplastic symptom, and
half of cancer patients develop some histologic abnormalities of
the small intestine, even though the tumor may not directly in-
volve the bowel.

KIDNEY: Nephrotic syndrome, as a consequence of renal vein
thrombosis or amyloidosis, is a well-known complication of can-
cer. The nephrotic syndrome may also represent a paraneoplastic
complication in the form of minimal-change disease (lipoid
nephrosis) or glomerulonephritis produced by the deposition of
immune complexes.

SKIN: A number of pigmented lesions and keratoses are well-rec-
ognized paraneoplastic effects. Acanthosis nigricans is a cuta-
neous disorder marked by hyperkeratosis and pigmentation of the
axilla, neck, flexures, and anogenital region. It is of particular interest
because more than half of patients with acanthosis nigricans have cancer.
The development of the disease may precede, accompany, or fol-
low, the detection of the cancer. More than 90% of cases occur in
association with gastrointestinal carcinomas, with tumors of the
stomach accounting for one-half to two-thirds. Exfoliative der-
matitis occasionally complicates certain lymphomas and Hodgkin
disease without any cutaneous involvement by tumor.

Amyloidosis May be a Systemic Effect of Cancer

About 15% of cases of amyloidosis occur in association with can-
cers, particularly with multiple myeloma and renal cell carcinoma
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but also with other solid tumors and lymphomas (see Chapter 23).
The presence of amyloidosis implies a poor prognosis; in patients
with myeloma, amyloidosis is associated with a median survival of
14 months or less.

Epidemiology of Cancer

Cancer accounts for one fifth of the total mortality in the United States and
is the second leading cause of death after cardiovascular diseases and stroke.
For most cancers, death rates in the United States have largely re-
mained flat for more than halfa century, with some notable excep-
tions (Fig. 5-17). The death rate from lung cancer among men has
risen dramatically from 1930, when it was an uncommon tumor,
to the present, when it is by far the most common cause of death
from cancer in men. As discussed in Chapter 8, the entire epidemic
of lung cancer deaths is attributable to smoking. Among women,
smoking did not become fashionable until World War IIL
Considering the time lag needed between starting to smoke and
the development of lung cancer, it is not surprising that the in-
creased death rate from lung cancer in women did not become sig-
nificant until after 1965. In the United States, the death rate from
lung cancer in women now exceeds that for breast cancer, and it is
now, as in men, the most common fatal cancer. By contrast, for
reasons difficult to fathom, cancer of the stomach, which in 1930
was by far the most common cancer in men and was more com-
mon than breast cancer in women, has shown a remarkable and
sustained decline in frequency. Similarly, there has been a conspic-
uous decline in the death rate from cancer of the uterus corpus
and cervix, possibly explained by better screening, diagnostic tech-
niques, and therapeutic methods. Overall, after decades of steady
increases, the age-adjusted mortality rate due to all cancers has
now reached a plateau. The ranking of the incidence of tumors in
men and women in the United States is shown in Table 5-1.
Individual cancers have their own age-related profiles, but for
most, increased age is associated with an increased incidence. The
most striking example of the dependency on age is carcinoma of
the prostate, in which the incidence increases 30-fold in men be-
tween the ages of 50 and 85. Certain neoplastic diseases, such as
acute lymphoblastic leukemia in children and testicular cancer in
young adults, show different age-related peaks of incidence.

Geographic and Ethnic Differences Influence
Cancer Incidence

It is difficult to find a cancer that does not show signif-icant dif-
ferences in incidence in different ethnic groups or geographical
regions. It is equally difficult to find an explanation for such
differences. This in part relates to the complexity in undertak-
ing human population-based studies, the plethora of potential
genetic and environmental variables between populations, and
the uncertainty involved in translating animal experimental
data to humans. Hypotheses attempting to explain population-
based differences in frequency for some types of cancer have
achieved some level of acceptance. These include:

LIVER CANCER: There is a strong correlation between the inci-
dence of primary hepatocellular carcinoma and the prevalence of
hepatitis B and C. Endemic regions for both diseases include large
parts of sub-Saharan Africa and most of Asia, Indonesia, and the
Philippines. It must be remembered that levels of aflatoxin By are
high in the staple diets of many of the high-risk areas.

SKIN CANCER: The rates for skin cancers vary with skin color
and exposure to the sun. Thus, particularly high rates have been
reported in northern Australia, where sun exposure is intense and
much of the current population is derived from the British Isles
(and fair skinned). Although the data are scanty, darker aboriginal
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Australians appear to have lower rates of skin cancer. Increased
rates of skin cancer have also been noted among the white popu-
lation of the American Southwest. The lowest rates are found
among those with pigmented skin (e.g., Japanese, Chinese, and
Indians). The rates for African blacks, despite their heavily pig-
mented skin, are occasionally higher than those for Asians because
of the higher incidence of melanomas of the soles and palms in
blacks.

CERVICAL CARCINOMA: Striking differences in the incidence
of squamous carcinoma of the cervix exist between ethnic groups
and different socioeconomic levels. For instance, the very low rate
in Ashkenazi Jews of Israel contrasts with a 25 times greater rate
in the Hispanic population of Texas. In general, groups of low so-
cioeconomic status have a higher incidence of cervical cancer
than the more prosperous and better educated. This cancer is also
directly correlated with early sexual activity and multiparity and
is rare among women who are not sexually active, such as nuns. It
is also uncommon among women whose husbands are circum-
cised. A strong association with infection by HPVs has been
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TABLE 5-1
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Tumor Type

Men

Prostate 33
Lung and bronchus 14
Colon and rectum 11
Urinary bladder 6
Melanoma
Non-Hodgkin lymphoma
Kidney

Oral cavity

Leukemia

Pancreas

All other sites

Women

Breast 32
Lung and bronchus 12
Colon and rectum 11
Uterine corpus 6
Ovary

Non-Hodgkin lymphoma
Melanoma

Thyroid

Pancreas

Urinary bladder

All other sites 20
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demonstrated, and cervical cancer should be classed as a venereal
disease. Hence, differences in frequency correlate with sexual
practices and the use of condoms.

BURKITT LYMPHOMA: Burkitt lymphoma, a disease of chil-
dren, was first described in Uganda, where it accounts for half of all
childhood tumors. Since then, a high frequency has been observed
in other African countries, particularly in hot, humid lowlands. It
has been noted that these are areas where malaria is also endemic.
High rates have been recorded in other tropical areas, such as
Malaysia and New Guinea, but European and American cases are
encountered only sporadically. An interaction between chronic
malarial infection and EBV virus appears likely (see above).

Studies of Migrant Populations Give Clues
to Cancer Development

Although planned experiments on the etiology of human cancer
are rarely feasible, certain populations have unwittingly performed
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such experiments by migrating from one environment to another.
Initially at least, the genetic characteristics of such persons re-
mained the same, but the new environment differed in climate,

iet, infectious agents, occupations, and so on. Consequently, epi-
demiologic studies of migrant populations have provided many intriguing
clues to the factors that may influence the pathogenesis of cancer. The
United States, which has been the destination of one of the great-
est population movements of all time, is the source of most of the
important data in this field.

CANCER OF THE STOMACH: A study of Japanese residents of
Hawaii found that emigrants from Japanese regions with the high-
est risk of stomach cancer continued to exhibit an excess risk in
Hawaii. By contrast, their offspring who were born in Hawaii had
the same incidence of this cancer as American whites. Although di-
etary factors, such as pickled vegetables and salted fish, have been
postulated to account for the higher incidence in Japan and the
lower incidence in Hawaii, no firm evidence has been adduced to
support this contention. More recently, it has been shown in Japan
that the population in regions at high risk for stomach cancer also
displays a high prevalence of chronic atrophic gastritis with intes-
tinal metaplasia, lesions that are considered precursors of gastric
cancer. Interestingly, when people from these regions move to low-
risk areas, they carry the high prevalence of intestinal metaplasia
with them. Thus, the environmental factors associated with stom-
ach cancer may not be directly carcinogenic but rather may be re-
lated to atrophic gastritis and intestinal metaplasia.

COLORECTAL, BREAST, ENDOMETRIAL, OVARIAN, AND
PROSTATIC CANCERS: Emigrant studies of the incidence of col-
orectal cancer show opposite trends to those of stomach cancer.
Emigrants from low-risk areas in Europe and Japan exhibit an in-
creased risk of colorectal cancer in the United States. Moreover,
their offspring continue at a higher risk and reach the incidence lev-
els of the general American population. This rule for colorectal can-
cer also prevails for cancers of the breast, endometrium, ovary, and
prostate.

CANCER OF THE LIVER: As noted above, primary hepatocellu-
lar carcinoma is common in Asia and Africa, where it has been as-
sociated with hepatitis B and C. In American blacks and Asians,
however, the neoplasm is no more common than in American
whites, a situation that presumably reflects the relatively low
prevalence of chronic viral hepatitis in the United States.

HODGKIN DISEASE: In poorly developed countries, the child-
hood form of Hodgkin disease is the type reported most often. In
developed Western countries, by contrast, the disease is most
common among young adults. Such a pattern is characteristic of
certain viral infections, although there is no evidence for an infec-
tious etiology of Hodgkin disease. An exception to this general-
ization is noted in Japan, a developed country where young adult
disease is distinctly uncommon. Further evidence for an environ-
mental influence is the higher incidence of Hodgkin disease in
Americans of Japanese descent than that in Japan.
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Principles of Teratology
Errors of Morphogenesis
Clinically Important Malformations
Fetal Alcohol Syndrome
Anencephaly and Other Neural Tube Defects
Fetal and Neonatal Infections
Chromosomal Abnormalities
Structural Chromosomal Abnormalities
Causes of Abnormal Chromosome Numbers
Numerical Aberrations of Autosomal Chromosomes
Numerical Aberrations of Sex Chromosomes
Single Gene Abnormalities
Autosomal Dominant Disorders
Heritable Diseases of Connective Tissue
Neurofibromatosis
Familial Hypercholesterolemia
Autosomal Recessive Disorders
Cystic Fibrosis (CF)

Diseases that present during the perinatal period may
be caused (1) by factors in the fetal environment,

(2) genomic abnormalities, or (3) interaction between
genetic defects and environmental influences. An exam-
ple of the last is phenylketonuria, in which a genetic de-
ficiency of phenylalanine hydroxylase causes mental re-
tardation only if an infant is exposed to dietary

phenylalanine.
Developmental and genetic disorders are classified as follows:

Errors of morphogenesis
Chromosomal abnormalities
Single-gene defects
Polygenic inherited diseases

The fetus may also be injured by adverse transplacental influ-
ences or by intrauterine trauma or during parturition. After birth,
acquired diseases of infancy and childhood are also important
causes of morbidity and mortality.
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Lysosomal Storage Diseases

Inborn Errors of Amino Acid Metabolism
X-Linked Disorders

Diseases Associated With “Non-Mendelian”
Inheritance

Multifactorial Inheritance
Cleft Lip and Cleft Palate
Genetic Polymorphism
Diseases of Infancy and Childhood
Prematurity and Intrauterine Growth Retardation
Organ Immaturity
Neonatal Respiratory Distress Syndrome (RDS)
Erythroblastosis Fetalis
Birth-Related Injuries
Sudden Infant Death Syndrome (SIDS)
Neoplasms of Infancy and Childhood
Benign Tumors and Tumorlike Conditions
Pediatric Cancers

Principles of Teratology

Teratology is the study of developmental anomalies (Greek, tera-
ton, monster). Teratogens are chemical, physical, and biological
agents that cause developmental anomalies. The list of proven ter-
atogens is long and includes most cytotoxic drugs, alcohol, some
antiepileptic drugs, heavy metals, and thalidomide.

Malformations are morphologic defects or abnormalities of an organ,
part of an organ, or anatomical region due to perturbed morphogenesis.
Exposure to a teratogen may result in a malformation, but this is
not invariably the case. Such observations have led to the formula-
tion of general principles of teratology:

* Susceptibility to teratogens is variable. Presumably, the
principal determinants of this variability are the genotypes of
the fetus and the mother.

* Susceptibility to teratogens is specific for each embryologic
stage. Most agents are teratogenic only at particular times in
development (Fig. 6-1). For example, maternal rubella infec-
tion only causes fetal abnormalities if it occurs during the first
trimester of pregnancy.
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* The mechanism of teratogenesis is specific for each terato-
gen. Teratogenic drugs inhibit metabolic steps critical for nor-
mal morphogenesis. Many drugs and viruses affect specific tis-
sues (e.g., neurotropism, cardiotropism) and so damage some
developing organs more than others.

* Teratogenesis is dose dependent. Because of the multiple de-
terminants of teratogenesis, all established teratogens should
be avoided during pregnancy; an absolutely safe dose cannot be
predicted for every woman.

¢ Teratogens produce death, growth retardation, malforma-
tion, or functional impairment. The outcome depends on the
interaction between the teratogenic influences, the maternal or-
ganism, and the fetal-placental unit.

Errors of Morphogenesis

As a rule, exogenous toxins acting on preimplantation-stage embryos do not
produce errors of morphogenesis and do not cause malformations (see Fig.
6-1). The most common consequence of toxic exposure at the preimplanta-
tion stage is death of the embryo, which often passes unnoticed or is per-
ceived as heavy, albeit delayed, menstrual bleeding. Injury during the
first 8 to 10 days after fertilization usually causes incomplete sep-
aration of blastomeres, which leads to conjoined twins (“Siamese
twins”) joined at the head (craniopagus), thorax (thoracopagus),
or rump (ischiopagus).

Most complex developmental abnormalities affecting several
organ systems are due to injuries that occur between implantation
of the blastocyst and early organogenesis. Formation of primordial
organ systems is the stage of embryonic development most susceptible to ter-
atogenesis, and many major developmental abnormalities are probably
due to faulty gene activity or the effects of exogenous toxins (see Fig. 6-1).
Disorganized or disrupted morphogenesis may have minor or ma-
jor consequences at the level of (1) cells and tissues, (2) organs or
organ systems, and (3) anatomical regions.

After the third month of pregnancy, exposure of the human fetus to ter-
atogenic influences rarely results in major errors of morphogenesis.
However, morphologic and, especially, functional consequences
may still occur in children exposed to exogenous teratogens dur-
ing the second and third trimesters. Although organs are already
formed by the end of the third month of pregnancy, most still un-
dergo the restructuring and maturation required for extrauterine
life. Functional maturation proceeds at different rates in different
organs; the central nervous system (CNS) requires several years
after birth to attain functional maturity and so is still susceptible
to adverse exogenous influences for some time after birth.

* Agenesis is the complete absence of an organ primordium. It
may manifest as (1) total lack of an organ, as in renal agenesis;
(2) absence of part of an organ, for example, agenesis of the cor-
pus callosum of the brain; or (3) lack of tissue or cells within an
organ.

* Aplasia is the persistence of an organ anlage or rudiment, with-
out the mature organ. Thus, in aplasia of the lung, the main
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bronchus ends blindly in nondescript tissue composed of rudi-
mentary ducts and connective tissue.

* Hypoplasia means reduced size owing to incomplete develop-
ment of all or part of an organ. Examples include microph-
thalmia (small eyes), micrognathia (small jaw), and micro-
cephaly (small brain and head).

* Dysraphic anomalies are defects caused by failure of apposed
structures to fuse. In spina bifida, the spinal canal does not
close completely, and overlying bone and skin do not fuse, leav-
ing a midline defect.

* Involution failures denote persistence of embryonic or fetal
structures that should have disappeared at certain stages of de-
velopment. A persistent thyroglossal duct is the result of in-
complete involution of the tract that connects the base of the
tongue with the developing thyroid.

* Division failures are caused by incomplete cleavage of embry-
onic tissues, when that process depends on programmed cell
death. For example, fingers and toes are formed at the distal end
of the limb bud through the loss of cells located between the pri-
mordia that contain the cartilage. If these cells do not undergo
apoptosis, the fingers will be conjoined or incompletely separated
(syndactyly).

 Atresia reflects incomplete formation of a lumen. Many hol-
low organs originate as cell strands and cords with centers that
are programmed to die, producing a central cavity or lumen.
Esophageal atresia is characterized by partial occlusion of the
lumen, which was not fully established in embryogenesis.

* Dysplasia is caused by abnormal organization of cells into tis-
sues, a situation that results in abnormal histogenesis. (This is
different from the use of “dysplasia” to describe precancerous
epithelial lesions [see Chapters 1 and 5].) Tuberous sclerosis is
a striking example of dysplasia, being characterized by abnor-
mal development of the brain, which contains aggregates of
normally developed cells arranged into grossly visible “tubers.”

 Ectopia, or heterotopia, is an anomaly in which an organ is situ-
ated outside its normal anatomic site. Thus, an ectopic heart is not
in the thorax. Heterotopic parathyroid glands can be within the
thymus in the anterior mediastinum.

* Dystopia refers to inadequate migration of an organ that re-
mains where it was during development, rather than migrating to
its proper site. For example, the kidneys are first located in the
pelvis and then move cephalad out of the pelvis. Dystopic kidneys
remain in the pelvis. Dystopic testes are retained in the inguinal
canal and do not descend into the scrotum (cryptorchidism).

Clinically Important Malformations

A developmental sequence anomaly (anomalad or complex anomaly)
is a pattern of defects related to a single anomaly or pathogenetic mechan-
ics—different factors lead to the same consequences through a
common pathway. In the Potter complex (Fig. 6-2), pulmonary
hypoplasia, external signs of intrauterine fetal compression,
and morphologic changes of the amnion are all related to oligo-
hydramnios (a severely reduced amount of amniotic fluid). A fe-
tus in an amniotic sac with insufficient fluid develops the dis-
tinctive features of Potter complex regardless of the cause of
oligohydramnios.

o A developmental syndrome refers to multiple anomalies that are
pathogenetically related. The term syndrome implies a single
cause for anomalies in diverse organs that have been damaged
by the same effect during a critical developmental period.

* Adeformation is defined as an abnormality of form, shape, or position
of a part of the body that is caused by mechanical forces. Most
anatomic defects caused by adverse influences in the last two
trimesters of pregnancy fall into this category. The responsible
forces may be external (e.g., amniotic bands in the uterus) or in-
trinsic (e.g., fetal hypomobility caused by CNS injury).
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‘||‘||‘|""Hﬂ" ‘||\'|‘!!"F§!”||N” HHMNHH Potter complex. The fetus normally swallows am-
|”|\|\|| il niotic fiuid and, in turn, excretes urine, thereby main-
taining its normal volume of amniotic fluid. In the face of urinary tract
disease (e.g., renal agenesis or urinary tract obstruction) or leakage of
amniotic fluid, the volume of amniotic fluid decreases, a situation
termed oligohydramnios. Oligohydramnios results in a number of con-
genital abnormalities termed Potter complex, which includes pulmonary
hypoplasia and contractures of the limbs. The amnion has a nodular ap-
pearance. In cases of urinary tract obstruction, congenital hydronephro-
sis is also seen, although this abnormality is not considered part of Potter
complex.
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Fetal Alcohol Syndrome Demonstrates the
Teratogenic Potential of Common Chemicals

Fetal alcohol syndrome is caused by maternal consumption of al-
coholic beverages during pregnancy. It is a complex of abnormali-
ties including (1) growth retardation, (2) CNS dysfunction, and (3)
characteristic facial dysmorphology. Because not all children ad-
versely affected by maternal alcohol abuse show all these abnor-
malities, the term fetal alcohol effect is also used.

T-'s EPIDEMIOLOGY AND PATHOGENESIS: The preva-

)l lence of fetal alcohol syndrome in the United States and
. Europe is 1 to 3 per 1,000 live births. However, in popula-
tions with extremely high rates of alcoholism, the preva-
lence may reach 20 to 150 per 1,000. It is thought that abnor-
malities related to fetal alcobol effect, particularly mild mental
deficiency and emotional disorders, are far more common than
the full-blown fetal alcobol syndrome.

The minimum amount of alcohol that results in fetal injury is
not well established, but children with the entire spectrum of fetal
alcohol syndrome are usually born to mothers who are chronic al-
coholics. Heavy alcohol consumption during the first trimester of
pregnancy is particularly dangerous. The mechanism by which al-
cohol damages the developing fetus remains unknown despite a
large body of research.

PATHOLOGY AND CLINICAL FEATURES: Infants
born to alcoholic mothers often show prenatal growth
retardation, which continues after birth. These infants
may also display microcephaly, epicanthal folds, short
palpebral fissures, maxillary hypoplasia, a thin upper lip,
a small jaw (micrognathia), and a poorly developed
philtrum. Cardiac septal defects may affect up to one
third of patients, although these often close spontaneously. Minor
abnormalities of joints and limbs may occur.

Fetal alcohol syndrome is a common cause of acquired mental retarda-
tion. One fifth of children with fetal alcohol syndrome have intelli-
gence quotients (IQs) below 70, and 40% are between 70 and 85.
Even if their IQ is normal, these children tend to have short mem-
ory spans and to exhibit impulsive behavior and emotional insta-
bility (see Chapter 8).

Anencephaly and Related Neural Tube Defects are
Malformations that are Related in Part
to Nutritional Deficiency

Anencephaly is the congenital absence of the cranial vault. The cere-
bral hemispheres are completely missing or are reduced to small
masses at the base of the skull. The disorder is a dysraphic defect of
neural tube closure. The neural tube closes sequentially in a cranio-
caudad direction, so a defect in this process causes abnormalities of
the vertebral column. Spina bifida is incomplete closure of the
spinal cord or vertebral column or both. Hernial protrusion of the
meninges through a defect in the vertebral column is termed
meningocele. Myelomeningocele is the same condition as
meningocele but complicated by herniation of the spinal cord itself.

Folic acid supplementation during pregnancy lowers the inci-
dence of neural tube defects. Mandatory food supplementation
with folate since 1998 has resulted in a significant decrease in the
incidence of neural tube defects, although other factors, some ge-
netic in origin, play a significant role in formation of the defects.
Neural tube defects are discussed in detail in Chapter 28.

Malformations May be Produced by Fetal
or Neonatal Infections

TORCH Complex
The acronym, TORCH, refers to a complex of similar signs
and symptoms produced by fetal or mneonatal infection with
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Toxoplasma (T), rubella (R), cytomegalovirus (C), and herpes simplex
virus (H). In the acronym TORCH, the letter “O” represents “others”
(Fig. 6-3), including syphilis, tuberculosis, listeriosis, leptospiro-
sis, varicella-zoster virus infection, and Epstein-Barr virus infec-
tion. Human immunodeficiency virus and human parvovirus
(B19) have been suggested as additions to the list.

Infections with TORCH agents occur in 1% to 5% of all liveborn
infants in the United States and are major causes of neonatal mor-
bidity and mortality. The severe damage inflicted by these organ-
isms is mostly irreparable, and prevention (if possible) is the only
alternative. Unfortunately, titers of serum antibodies against
TORCH agents in infants or mothers are usually not diagnostic,
and the precise etiology is often unclear.

* Toxoplasmosis: Asymptomatic toxoplasmosis is common, and
25% of women in their reproductive years have antibodies to this
organism. However, intrauterine Toxoplasma infection occurs in
only 0.1% of all pregnancies.

* Rubella: Vaccination against rubella in the United States has
virtually eliminated congenital rubella. Fewer than 10 cases are
reported each year.

* Cytomegalovirus (CMV): In the United States, two thirds of
women of childbearing age have antibodies to CMV, and up to
2% of newborns are congenitally infected. Because most normal
infants have maternally derived antibodies, CMV is diagnosed
by urine culture.

* Herpesvirus: Intrauterine infection with herpes simplex virus
type 2 is uncommon. The neonatal infection is usually ac-
quired during passage through the birth canal of a mother
with active genital herpes. Clinical examination of the mother,
the appearance of typical skin lesions in the newborn, and
serologic testing and culture for herpes simplex virus type 2 es-
tablish the diagnosis. Congenital herpes infection can be pre-
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I‘"H'H'V|!}!!|‘||\'|‘!!!‘F}!|‘|l}!!|\|!}!!‘||m|m TORCH complex. Children infected in utero with
il Toxoplasma, rubella virus, cytomegalovirus, or her-
pes simplex virus show remarkably similar effects.
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vented by cesarean section of mothers who have active genital
lesions or by antenatal treatment of the mother with antiviral
drugs.

The specific organisms of the TORCH complex are discussed in
detail in Chapter 9.

.- PATHOLOGY: The clinical and pathologic findings in
the symptomatic newborn vary. Only a minority present
with multisystem disease and the entire spectrum of ab-

o normalities. Growth retardation and abnormalities of
the brain, eyes, liver, hematopoietic system, and heart are seen in
TORCH syndrome (Fig. 6-3).

Chromosomal Abnormalities

Cytogenetics is the study of chromosomes and their abnormalities.
The current system of classification is the International System for
Human Cytogenetic Nomenclature.

Structural Chromosomal Abnormalities May Arise
During Somatic Cell Division (Mitosis) or During
Gametogenesis (Meiosis)

Changes in chromosome structure that occur in somatic cells dur-
ing mitosis may (1) not affect a cell’s basic functions and thus be
silent, (2) interfere with one or more key cellular activities and lead
to cell death, or (3) change a key cell function (e.g., increased mi-
totic activity) that has effects on cell function but does not cause
cell death. Such changes may be associated with neoplastic trans-
formation (see Chapter 5).

The structural chromosomal abnormalities that arise during gametoge-
nesis are important in a different context, because they are transmitted to
all somatic cells of the offspring and may result in heritable diseases.
During normal meiosis, homologous chromosomes (e.g., two
chromosomes 1) form pairs, termed bivalents. A normal process,
known as crossing-over, results in exchange of parts of these
chromosomes and a rearrangement of the genetic constituents of
each chromosome.

An abnormal process, termed translocation, can result in ex-
changes between nonhomologous chromosomes (e.g., chromo-
somes 3 and 21). Two major types of chromosomal translocations
are recognized, namely, reciprocal and robertsonian.

Reciprocal Translocations

Reciprocal translocation refers to the exchange of acentric chromosomal
segments between different (nonbomologous) chromosomes. A recipro-
cal translocation is balanced if there is no loss of genetic mate-
rial, so that each chromosomal segment is translocated in its en-
tirety. When such translocations are present in the gametes
(sperm or ova), the progeny maintain the abnormal chromoso-
mal structure in all somatic cells. Balanced translocations are not
generally associated with loss of genes or disruption of vital gene loci, so
most carriers of balanced translocations are phenotypically normal.
Offspring of carriers of balanced translocations, however, are at risk be-
cause they will have unbalanced karyotypes and may show severe pheno-
typic abnormalities.

Robertsonian Translocations

Robertsonian translocation (centric fusion) involves the centromere of acro-
centric chromosomes. When two nonhomologous chromosomes are
broken near the centromere, they may exchange two arms to form
one large metacentric chromosome and a small chromosomal
fragment. The latter lacks a centromere and is usually lost in sub-
sequent divisions. As in reciprocal translocation, robertsonian
translocation is balanced if there is no significant loss of genetic
material. The carrier is also usually phenotypically normal, but
may be infertile. If the carrier is fertile, however, bis or her gametes may

o

produce unbalanced translocations, in which case the offspring may have
congenital malformations.

Chromosomal Deletions

A deletion is loss of a portion of a chromosome and involves either a termi-
nal or an intercalary (middle) segment. Disturbances during meiosis
in germ cells or breaks of chromatids during mitosis in somatic
cells may result in formation of chromosomal fragments that are
not incorporated into any chromosome and are thus lost in subse-
quent cell divisions (Fig. 6-4).

Gametic deletion can be associated with either normal or ab-
normal development. An example of the latter is the cri du chat
syndrome, in which the short arm of chromosome 5 is deleted.
Deletions may be related to several human cancers, including
some hereditary forms of cancer. For example, some familial
retinoblastomas are associated with deletions in the long arm of
chromosome 13 (see Chapter 5).

Chromosomal Inversions

Chromosomal inversion refers to a process in which a chromosome
breaks at two points, the affected segment inverts and then reattaches.
Pericentric inversions result from breaks on opposite sides of the
centromere, whereas paracentric inversions involve breaks on
the same arm of the chromosome (see Fig. 6-4). During meiosis,
homologous chromosomes that carry inversions do not exchange
segments of chromatids by crossing over as readily as do normal
chromosomes, because of interference with pairing. Although this
is of little consequence for the phenotype of the offspring, it may
be important in evolutionary terms, because it may lead to cluster-
ing of certain hereditary features.

Ring Chromosomes

Ring chromosomes are formed by a break involving both telomeric ends of
a chromosome, deletion of the acentric fragments, and end-to-end fusion of
the remaining centric portion of the chromosome (see Fig. 6-4). The con-
sequences depend primarily on the amount of genetic material
lost because of the break. The abnormally shaped chromosome
may impede normal meiotic division, but in most instances, this
chromosomal abnormality is of no consequence.

Isochromosomes
Isochromosomes are formed by faulty centromere division. Normally,
centromeres divide in a plane parallel to a chromosome’s long axis,
to give two identical hemichromosomes. If a centromere divides in
a plane transverse to the long axis, pairs of isochromosomes are
formed. One pair corresponds to the short arms attached to the
upper portion of the centromere and the other to the long arms at-
tached to the lower segment (see Fig. 6-4).

The most important clinical condition involving isochromo-
somes is Turner syndrome, in which 15% of those affected have an
isochromosome of the X chromosome.

The Causes of Abnormal Chromosome Numbers are
Largely Unknown

A number of terms are important in understanding developmen-
tal defects associated with abnormal chromosome numbers.

* Haploid: A single set of each chromosome (23 in humans).
Only germ cells have a haploid number (n) of chromosomes.

* Diploid: A double set (2n) of each of the chromosomes (46 in
humans). Most somatic cells are diploid.

* Euploid: Any multiple (from n to 8n) of the haploid number of
chromosomes. For example, many normal liver cells have twice
(4n) the diploid DNA of somatic cells and are, therefore, euploid
or, more specifically, tetraploid. If the multiple is greater than 2
(i.e., greater than diploid), the karyotype is polyploid.

* Aneuploid: Karyotypes that are not exact multiples of the hap-
loid number. Many cancer cells are aneuploid, a characteristic
often associated with aggressive behavior.
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the loss of genetic material and a shortened chromosome. A reciprocal
translocation involves breaks on two nonhomologous chromosomes,
with exchange of the acentric segments. An inversion requires two
breaks in a single chromosome. If the breaks are on opposite sides of
the centromere, the inversion is pericentric; it is paracentric if the
breaks are on the same arm. A robertsonian translocation occurs when
two nonhomologous acrocentric chromosomes break near their cen-
tromeres, after which the long arms fuse to form one large metacentric
chromosome. Isochromosomes arise from faulty centromere division,
which leads to duplication of the long arm (iso g) and deletion of the short
arm or the reverse (iso p). Ring chromosomes involve breaks of both
telomeric portions of a chromosome, deletion of the acentric fragments,
and fusion of the remaining centric portion.
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* Monosomy: The absence in a somatic cell of one chromosome
of a homologous pair. For example, Turner syndrome is char-
acterized by a single X chromosome.

* Trisomy: The presence of an extra copy of a normally paired
chromosome. For example, Down syndrome is caused by the
presence of three copies of chromosome 21.

Nondisjunction

Nondisjunction is a failure of paired chromosomes or chromatids to sepa-
rate and move to opposite poles of the spindle at anaphase, during mitosis or
meiosis. Numerical chromosomal abnormalities arise primarily from
nondisjunction. Nondisjunction leads to aneuploidy if only one
pair of chromosomes fails to separate. It results in polyploidy if
the entire set does not divide and all the chromosomes are segre-
gated into a single daughter cell.

Nomenclature of Chromosomal Aberrations
Structural or numerical chromosomal aberrations are seen in 5 to 7
per 1,000 liveborn infants, although most are balanced transloca-
tions and are asymptomatic. A schema for describing chromosomal
aberrations is detailed in Table 6-1.

Numerical Autosomal Aberrations in Liveborn
Infants are Virtually all Trisomies

Structural aberrations that may result in clinical disorders include
translocations, deletions, and chromosomal breakage.

Trisomy 21 (Down Syndrome)

Trisomy 21 is the most common cause of congenital mental retardation.
Furthermore, liveborn infants are only a fraction of all conceptuses
with this defect. Two-thirds abort spontaneously or die in utero.
Life expectancy is also reduced. Advances in treating infections,
congenital heart defects, and leukemia—the leading causes of death
in patients with Down syndrome—have increased life expectancy.

TABLE 6-1
i iaama AN
liudinttitsatialihndnikimiliihi
Numerical designation of autosomes 1-22
Sex chromosomes X, Y
Addition of a whole or part of a chromosome +
Loss of a whole or part of a chromosome -
Numerical mosaicism (e.g., 46/47) /
Short arm of chromosome (petite) o]
Long arm of chromosome q
Isochromosome i
Ring chromosome r
Deletion del
Insertion ins
Translocation t
Derivative chromosome der
(carrying translocation)
Terminal ter
Representative karyotypes
Male with trisomy 21 (Down syndrome) 47, XY, +21
Female carrier of fusion-type translocation 45, XX,
between chromosomes 14 and 21 -14, -21,
+ t(140921q)
Cri-du-chat syndrome (male) with deletion 46, XY, del(5p)
of a portion of the short arm
of chromosome 5
Male with ring chromosome 19 46, XY, r(19)
Turner syndrome with monosomy X 45, X
Mosaic Klinefelter syndrome 46, XY/47, XXY
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PATHOGENESIS: There are three mechanisms
by which three copies of the genes on chromosome
21 that cause Down syndrome may be present in
somatic cells:

* Nondisjunction in the first meiotic division of gametoge-
nesis accounts for most (92% to 95%) patients with tri-
somy 21. The extra chromosome 21 is of maternal origin
in about 95% of Down syndrome children. Virtually all
maternal nondisjunction seems to result from events in
the first meiotic division (meiosis I).

e Translocation of an extra long arm of chromosome 21 to
another acrocentric chromosome causes about 5% of cases
of Down syndrome.

* Mosaicism for trisomy 21 is caused by nondisjunction dur-
ing mitosis of a somatic cell early in embryogenesis and ac-
counts for 2% of children born with Down syndrome.

Down syndrome caused by translocation of an extra portion of
chromosome 21 occurs in two situations. Either parent may be a
phenotypically normal carrier of a balanced translocation, or a
translocation may arise de novo during gametogenesis. If the
translocation is inherited from a parent, a balanced translocation
has been converted to an unbalanced one.

The incidence of trisomy 21 correlates strongly with increasing maternal
age; children of older mothers bave a much greater risk of having Down syn-
drome. Up to their mid-30s, women have a constant risk of giving
birth to a trisomic child of about 1 per 1,000 liveborn infants. The
incidence then increases sharply to 1 in 30 at age 45 years. The risk
of a mother having a second child with Down syndrome is 1%, re-
gardless of maternal age, unless the syndrome is associated with
translocation of chromosome 21.

The mechanism by which increasing maternal age increases the
risk of bearing a child with trisomy 21 is poorly understood.
Molecular studies have shown that the maternal age effect is re-
lated to maternal nondisjunction events, which implies that the
defect lies in meiosis in oocytes. Down syndrome associated with
translocation or mosaicism is not related to maternal age.

PATHOLOGY AND CLINICAL FEATURES: The
diagnosis of Down syndrome is ordinarily made at the
time of birth by virtue of the infant’s flaccid state and
characteristic appearance. The diagnosis is then con-
firmed by cytogenetic analysis. As the child develops, a

—
.% typical constellation of abnormalities appears (Fig. 6-
35).

e Mental status: Children with Down syndrome are invariably
mentally retarded. Their IQs decline relentlessly and progres-
sively with age. Mean IQs are 70 below the age of 1 year, declin-
ing during the first decade of life to a mean of 30.

* Craniofacial features: Face and occiput tend to be flat, with a
low-bridged nose, reduced interpupillary distance, and oblique
palpebral fissures. Epicanthal folds of the eyes impart an Oriental
appearance, which accounts for the obsolete term mongolism. A
speckled appearance of the iris is referred to as Brushfield spots.
Ears are enlarged and malformed. A prominent tongue, which
typically lacks a central fissure, protrudes through an open
mouth.

e Heart: One third of children with Down syndrome have car-
diac malformations.

 Skeleton: These children tend to be small, owing to shorter than
normal bones of the ribs, pelvis, and extremities. The hands are
broad and short and exhibit a “simian crease,” that is, a single
transverse crease across the palm. The middle phalanx of the
fifth finger is hypoplastic, an abnormality that leads to inward
curvature of this digit.
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* Reproductive system: Men with trisomy 21 are invariably sterile,
owing to arrested spermatogenesis. A few women with Down syn-
drome have given birth to children, 40% of whom had trisomy 21.

* Hematologic disorders: Persons with Down syndrome are at a
particularly high risk of developing leukemia at all ages. The risk
of leukemia in Down syndrome children younger than the age of 15 years
is about 15-fold greater than normal.

* Neurologic disorders: One of the most intriguing neurologic features
of Down syndrome is its association with Alzheimer disease, a relation-
ship that has been appreciated for more than half a century. The
lesions characteristic of Alzheimer disease are universally
demonstrable by age 35, including (1) granulovacuolar degener-
ation, (2) neurofibrillary tangles, (3) senile plaques, and (4) loss
of neurons (see Chapter 28). Dementia appears in one-fourth to
one-half of older patients with Down syndrome, with a progres-
sive loss of many intellectual functions.

 Life expectancy: Only about 5% of Down syndrome patients
with normal hearts die before age 10, whereas about 25% with
heart disease die by that age. For those who reach age 10, the es-
timated age at death is 55, which is 20 years or more lower than
that of the general population. Only 10% reach age 70.

R I‘““m"m Clinical features of Down syndrome.
il

Additional Sex Chromosomes Produce less Severe
Disease than do Extra Autosomes

The reasons are not entirely clear, but additional sex chromosomes
produce less severe clinical manifestations than do extra autosomes
and are less likely to disturb critical stages of development. In the
case of additional X chromosomes, the reason that the phenotype
tends to be less severely affected is probably related to lyonization, a
normal process in which each cell has only one active X chromo-
some (see below).

The contrast between the X and Y chromosomes is striking.
Whereas the X chromosome is one of the larger chromosomes,
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with 6% of all DNA, the Y chromosome is very small. More than
1,300 genes have been identified on the X chromosome. By con-
trast, the Y chromosome has fewer than 400 genes, one of which is
the testis-determining gene (SRY, also known as TDF).

The Y Chromosome

In humans, it appears that genes on the Y chromosome are the key
determinants of gender phenotype. Thus, the phenotype of people
who are XXY (Klinefelter syndrome; see below) is male, and those
who are XO (Turner syndrome) are female. The testis-determining
gene (SRY, sex-determining region, Y) is an intron-less gene near
the end of the short arm of the Y chromosome, which encodes a
small nuclear protein with a DNA-binding domain. This protein
binds another protein (SIP-1) to form a complex that is a tran-
scriptional activator of autosomal genes that control development
of a male phenotype. Mutations in this gene lead to XY females,
whereas translocations that introduce this gene into an X chromo-
some produce XX males.

The X Chromosome

Males carry only one X chromosome but produce the same
amounts of X chromosome gene products as do females. This
seeming discrepancy is explained by the Lyon effect:

 Infemales, one X chromosome is irreversibly inactivated at ran-
dom early in embryogenesis. The inactivated X chromosome is
detectable in interphase nuclei as a heterochromatic clump of
chromatin attached to the inner nuclear membrane, termed
the Barr body.

* Inactivation of the X chromosome is virtually complete.
However, a significant minority of X-linked genes escapes inac-
tivation and continues to be expressed by both X chromosomes
(see below).

e Inactivation of the X chromosome is permanent and is trans-
mitted to progeny cells. Thus, paternally or maternally derived
X chromosomes are propagated clonally. All females are therefore
mosaic for paternally and maternally derived X chromosomes.

* A partof the short arm of the X chromosome (the pseudoau-
tosomal region) is known to escape X-inactivation. This re-
gion is homologous with a region of the short arm of the Y
chromosome. Genes in this location are present in two func-
tional copies in both males and females.

Klinefelter Syndrome (47, XXY)

In Klinefelter syndrome, or testicular dysgenesis, there are one or more X
chromosomes beyond the normal male XY complement. This is the most
important clinical condition involving trisomy of sex chromo-
somes (Fig. 6-6). This syndrome is a prominent cause of male hy-
pogonadism and infertility.

PATHOGENESIS: Most people (80%) with
Klinefelter syndrome have a single extra X chro-
mosome, that is, a 47, XXY karyotype. A minority
are mosaics (e.g., 46, XY/47, XXY) or have more
than two X chromosomes (e.g., 48, XXXY). Interestingly, regard-
less of the number of supernumerary X chromosomes, the Y chromo-
some ensures a male phenotype. The number of additional X
chromosomes correlates with a more abnormal phenotype,
despite the inactivation of the extra X chromosomes.
Presumably, the same genes that escape inactivation in
healthy females are still functional in Klinefelter syndrome.

Klinefelter syndrome occurs in 1 per 1,000 male newborns,
roughly comparable to the incidence of Down syndrome.
Interestingly, half of all 47, XXY conceptuses are lost by sponta-
neous abortion. In half of the cases, nondisjunction occurs during
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||‘| Clinical features of Klinefelter syndrome. FSH, fol-
licle-stimulating hormone; LH, leuteinizing hormone.

paternal meiosis I, leading to a sperm that contains both an X and
a Y chromosome. Fertilization of a normal oocyte by such a
sperm produces a 47, XXY karyotype.

r\ PATHOLOGY: After puberty, the intrinsically abnor-

mal testes do not respond to gonadotropin stimula-

tion and show sequentially regressive alterations.
— Seminiferous tubules display atrophy, hyalinization,
and peritubular fibrosis. Germ cells and Sertoli cells are usually
absent, and eventually the tubules become dense cords of collagen.
Leydig cells are increased in number, but their function is im-
paired, as evidenced by low testosterone levels in the face of ele-
vated luteinizing hormone levels.

CLINICAL FEATURES: The diagnosis of Klinefelter
syndrome is ordinarily made after puberty. Gross men-
tal retardation is uncommon, although average IQ is
probably somewhat reduced.

Children with Klinefelter syndrome tend to be tall and thin, with
relatively long legs (eunuchoid body habitus). Normal testicular
growth and masculinization do not occur at puberty, and the testes
and penis remain small. Feminine characteristics include a high-
pitched voice, gynecomastia, and a female pattern of pubic hair (fe-
male escutcheon). Azoospermia results in infertility. All of these
changes are due to hypogonadism and a resulting lack of andro-
gens. Serum testosterone is low to normal, but luteinizing hormone
and follicle-stimulating hormone are remarkably high, indicating
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normal pituitary function. High circulating estradiol levels increase
the estradiol-to-testosterone ratio, which determines the degree of
feminization. Although treatment with testosterone virilizes these
patients, it does not restore fertility.

Turner Syndrome (45, X)

Turner syndrome refers to the spectrum of abnormalities that results from
complete or partial X chromosome monosomy in a phenotypic female. It
occurs in about 1 liveborn female infant in 5,000. In three fourths
of cases, the single X chromosome of Turner syndrome is of ma-
ternal origin, suggesting that the meiotic error tends to be pater-
nal. The incidence of the syndrome does not correlate with mater-
nal age, and the risk of producing a second affected female infant
is not increased.

The 45, X karyotype is actually one of the most common aneu-
ploid abnormalities in human conceptuses, but almost all are
aborted spontaneously. In fact, up to 2% of abortuses show this
aberration. Only about half of women with Turner syndrome lack
an entire X chromosome (monosomy X). The rest of these
women are mosaics or have structural X chromosome aberrations,
such as isochromosome of the long arm, translocations, and dele-
tions. Mosaics with a 45, X/46, XX karyotype (15%) tend to have
milder phenotypic manifestations of Turner syndrome and may
even be fertile.

[~ ¢ PATHOLOGY AND CLINICAL FEATURES: The
4 clinical hallmark of Turner syndrome is sexual infantil-
| =4\ ism, with primary amenorrhea and sterility (Fig. 6-7).
In most cases, the disorder is not discovered until the
O absence of menarche brings the child to medical atten-
? tion. Virtually all of these women are less than 152 cm
(5 ft ) tall. Other clinical features include a short,
webbed neck (pterygium coli), low posterior hairline, wide carry-
ing angle of the arms (cubitus valgus), broad chest with widely
spaced nipples, and hyperconvex fingernails. Half of the patients
have anomalies on urograms, the most common being horseshoe
kidney and malrotation. Many have facial abnormalities, includ-
ing a small mandible, prominent ears, and epicanthal folds.
Defective hearing and vision are common, and as many as 20% are
mentally retarded. Pigmented nevi become prominent as the pa-
tient ages. For unknown reasons, women with Turner syndrome
are at an elevated risk for autoimmune thyroiditis and goiter.

Cardiovascular anomalies occur in almost half the patients
with Turner syndrome. Coarctation of the aorta is seen in 15%,
and a bicuspid aortic valve is seen in as many as one third.
Essential hypertension occurs in some patients, and dissecting
aneurysm of the aorta is occasionally a cause of death.

Ovaries of fetuses with Turner syndrome contain oocytes at
first, but they lose them rapidly, so that none remain by 2 years of
age. The ovaries are converted to fibrous streaks, whereas the
uterus, fallopian tubes, and vagina develop normally. It may be
said that the child with Turner syndrome has undergone
menopause long before normal females reach menarche.

Single Gene Abnormalities Result in Traits that
Segregate Within Families

Familial traits that are inherited in a Mendelian fashion are character-
ized as having the following patterns of inheritances:

1. Autosomal dominant traits require the presence of only one
allele of a homologous gene pair located on an autosomal chro-
mosome, provided that the person is heterozygous for the trait.

2. Autosomal recessive traits are expressed only if both alleles of
a homologous autosomal gene are defective (i.e., the individual
is homozygous for the trait).

3. Sex-linked dominant traits require the presence of only one al-
lele of a homologous gene pair located on the X chromosome.

4. Sex-linked recessive traits are expressed only if both alleles of
a homologous gene on the X chromosome are defective in the
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female (i.e., the individual is homozygous for the trait). Sex-
linked recessive traits (such as hemophilia) are expressed in a
male who carries a single X chromosome.

5. Codominance refers to a situation in which both alleles in a
heterozygous gene pair are fully expressed (e.g., the AB blood
group genes).

Diseases due to sex-linked dominant genes are rare and of little
practical importance.

Mutations

A mutation is a stable beritable change in DNA. The consequences of
mutations are highly variable. Some have no functional conse-
quences, whereas others are lethal and cannot be transmitted from
one generation to another. An exhaustive reference to mutations
causing human disease is available from Online Mendelian
Inheritance in Man™ (http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=OMIM). Certain regions of the genome mutate at a much
higher rate than average. The best-characterized hotspot is the
dinucleotide pair CG, which is prone to undergo mutation to
form TG. Several additional types of mutations are also known to
be associated with human disease:

* Large deletions: When a large segment of DNA is deleted, the
coding region of a gene may be entirely removed, in which case
the protein product is absent. On the other hand, a large dele-
tion may result in the apposition of coding regions of nearby
genes, giving rise to a fused gene that codes for a hybrid pro-
tein, one in which part or all of one protein is followed by part
or all of another.

* Expansion of unstable trinucleotide repeat sequences: The
human genome contains frequent tandem trinucleotide repeat
sequences. The number of repeats within such repetitive trinu-
cleotide sequences varies among individuals. In general, the
number of repeats below a particular threshold does not
change during mitosis or meiosis, whereas above this thresh-
old, the number of repeats can expand or contract, expansion
being far more common. A number of distinct trinucleotide ex-
pansions have been identified in human diseases, including
Huntington disease, fragile X syndrome (see below), and my-
otonic dystrophy, the most common form of autosomal mus-

cular dystrophy (see Chapter 27).
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Autosomal Dominant Disorders
are Expressed in Heterozygotes

An autosomal dominant disease occurs when only one defective
gene (i.e., mutant allele) is present, whereas its paired allele on the
homologous chromosome is normal (Fig. 6-8).

* Males and females are equally affected, because by definition,
the mutant gene resides on one of the 22 autosomal chromo-
somes.

* The trait encoded by the mutant gene can be transmitted to
successive generations (unless the disease interferes with repro-
ductive capacity).

* Unaffected family members do not transmit the trait to their
offspring. Unless the disease represents a new mutation, every-
one with the disease has an affected parent.

* The proportions of normal and diseased offspring of patients
with the disorder are on average equal, because most affected
individuals are heterozygous, whereas their normal siblings do
not harbor the defective gene.

e In many human pedigrees, the picture is far more complex.
Autosomal dominant traits often vary in penetrance (whether
an inherited mutant allele results in detectable disease) and ex-
pressivity (the degree to which a trait is expressed, i.e., the
severity of disease) even within a single pedigree.

More than 1,000 human diseases are inherited as autosomal
dominant traits, although most are rare. Examples of human auto-
somal dominant diseases are given in Table 6-2.

Heritable Diseases of Gonnective Tissue are
Heterogeneous and Often Inherited as Autosomal
Dominant Traits

This discussion is limited to two of the most common and best-
studied entities: Marfan syndrome and Ehlers-Danlos syndrome.
Even in these well-delineated disorders, clinical symptomatology
often overlaps.

Marfan Syndrome

Marfan syndrome is an autosomal dominant, inberited disorder of connec-
tive tissue characterized by a variety of abnormalities in many organs, in-
cluding the heart, aorta, skeleton, eyes, and skin. One third of cases rep-
resent sporadic mutations. The incidence in the United States is 1
per 10,000.

Autosomal Dominant
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1@ Heterozygote with disease
I‘!!‘"'l_ H'!m"u” Autosomal dominant inheritance. Only sympto-

il matic individuals transmit the trait to the next gener-
ation, and heterozygotes are symptomatic. Both males and females
are affected.
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PATHOGENESIS: The cause of Marfan
syndrome is a missense mutation in the gene for fib-
rillin-1(FBN1) on the long arm of chromosome 15.
Fibrillin is a family of connective tissue proteins
analogous to the collagens, of which there are now about a
dozen genetically distinct forms. It is widely distributed in
many tissues in the form of a fiber system termed microfib-
rils, which are organized into rods, sheets, and interlaced net-
works. Such microfibrillar fibers are scaffolds for elastin
deposition during embryonic development, after which they
constitute part of elastic tissues. Abnormal microfibrillar
fibers have been visualized in all the tissues affected in Marfan
syndrome.

4

PATHOLOGY AND CLINICAL FEATURES: People
with Marfan syndrome are usually (but not invariably)
tall, and the lower body segment (pubis-to-sole) is longer
than the upper body segment. A slender habitus, which
reflects a paucity of subcutaneous fat, is complemented
by long, thin extremities and fingers, which accounts for
the term arachnodactyly (spider fingers). Other defects
include:

* Skeletal system: The skull in Marfan syndrome is characteris-
tically long (dolichocephalic) with prominent frontal emi-
nences. Disorders of the ribs are conspicuous and produce pec-
tus excavatum (concave sternum) and pectus carinatum
(pigeon breast). The tendons, ligaments, and joint capsules are
weak, a condition that leads to hyperextensibility of the joints
(double-jointedness), dislocations, hernias, and kyphoscoliosis;
the last is often severe.

e Cardiovascular system: The most important vascular defect is in
the aorta, in which the principal lesion is a weak tunica media.
Weakness of the media leads to variable dilation of the ascend-
ing aorta and a high incidence of dissecting aneurysms. The
aneurysm, usually of the ascending aorta, may rupture into the
pericardial cavity or make its way down the aorta and rupture
into the retroperitoneal space. Cardiovascular disorders are the
most common causes of death in Marfan syndrome.

e Eyes: Ocular changes are common in Marfan syndrome and re-
flect the intrinsic lesion in connective tissue. These include dis-
location of the lens (ectopia lentis), severe myopia due to elon-
gation of the eye, and retinal detachment.

Untreated men with Marfan syndrome usually die in their 30s,
and untreated women often die in their 40s. However, with antihy-

TABLE 6-2
e
10 [ g[S . s Lo ESY0, idl (D . ~le € s
Invitieahiintieh bbb b bbb haitiodini i
Disease Frequency Chromosome
Familial hypercholesterolemia 1/500 19p
von Willebrand disease 1/8,000 12p
Hereditary spherocytosis (major forms) 1/5,000 14,8
Hereditary elliptocytosis (all forms) 1/2,500 1, 1p, 29, 14
Osteogenesis imperfecta (types I-1V) 1/10,000 179, 79
Ehlers-Danlos syndrome, type |lI 1/5,000 ?
Marfan syndrome 1/10,000 159
Neurofibromatosis type 1 1/3,500 179
Huntington chorea 1/15,000 4p
Retinoblastoma 1/14,000 13q
Wilms’ tumor 1/10,000 11p
Familial adenomatous polyposis 1/10,000 5q
Acute intermittent porphyria 1/15,000 11q
Hereditary amyloidosis 1/100,000 189
Adult polycystic kidney disease 1/1,000 16p
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pertensive therapy and replacement of the aorta with prosthetic
grafts, life expectancy approaches normal.

Ehlers-Danlos Syndromes

The Eblers-Danlos syndromes (EDS) are rare, autosomal dominant, inber-
ited disorders of connective tissue that feature remarkable hyperelasticity
and fragility of the skin, joint hypermobility, and often a bleeding diathesis.
The disorder is clinically and genetically heterogeneous, and more
than 10 varieties of EDS have been distinguished.

PATHOGENESIS: The genetic and biochemical
lesions in 7 of the 10 types of EDS have been estab-
lished. The common feature of all is a generalized defect
in collagen, including abnormalities in its molecular struc-
ture, synthesis, secretion, and degradation. Depending on the type
of EDS, these molecular lesions are associated with conspicu-
ous weakness of the supporting structures of the skin, joints,
arteries, and visceral organs.

PATHOLOGY AND CLINICAL FEATURES: All
types of EDS are characterized by soft, fragile, hyperex-
tensible skin. Patients typically can stretch their skin
many centimeters, and trivial injuries can lead to seri-
ous wounds. Sutures do not hold well, so dehiscence of
surgical incisions is common. Hypermobility of the
joints allows unusual extension and flexion. EDS VI is
the most dangerous variety, owing to a tendency to spontaneous
rupture of the large arteries, bowel, and gravid uterus. Death
from such complications is common in the third and fourth
decades of life.

EDS VI also has major complications, including severe
kyphoscoliosis, blindness from retinal hemorrhage (or rupture of
the globe), and death from aortic rupture. Severe periodontal dis-
ease, with loss of teeth by the third decade, characterizes EDS VIII.
EDS IX features the development of bladder diverticula during
childhood, with a danger of bladder rupture and skeletal deformi-
ties.

Many people who exhibit clinical abnormalities suggesting EDS
do not conform to any of the documented types of this disorder.
Further genetic and biochemical characterization of such cases is
likely to expand the classification of EDS.

Neurofibromatosis Includes Two Distinct
Autosomal Dominant Disorders that Feature Benign
Tumors of Peripheral Nerves

Neurofibromatosis Type | (von Recklinghausen
Disease)

Neurofibromatosis type I (NF1) is characterized by (1) disfiguring neu-
rofibromas, (2) areas of dark pigmentation of the skin (café-au-lait spots),
and (3) pigmented lesions of the iris (Lisch nodules). It is one of the
more common autosomal dominant disorders, affecting 1 in
3,500 persons of all races. The NFI gene has an unusually high
rate of mutation, and half of the cases are sporadic rather than fa-
milial.

PATHOGENESIS: Germline mutations in the NF1
gene, on the long arm of chromosome 17, include
deletions, missense mutations, and nonsense muta-
tions. The gene product, neurofibromin, belongs to a
family of GTPase-activating proteins (GAP), which inactivate
the ras protein (see Chapter 5). In this sense, NF1 is a classic tu-
mor suppressor. The loss of GTPase-activating protein activity
permits uncontrolled ras activation, which presumably predis-
poses to the formation of neurofibromas.

o

PATHOLOGY AND CLINICAL FEATURES: The
clinical manifestations of NF1 are highly variable and
difficult to explain entirely on the basis of a single gene
defect. The typical features of NF1 include:

4

* Neurofibromas: More than 90% of patients with NF1 develop
cutaneous and subcutaneous neurofibromas in late childhood
or adolescence. These cutaneous tumors, which may total more
than 500, appear as soft, pedunculated masses, usually about 1
cm in diameter. However, on occasion, they may reach alarming
proportions and dominate the physical appearance of a patient,
attaining 25 cm in diameter. Subcutaneous neurofibromas pres-
ent as soft nodules along the course of peripheral nerves.
Plexiform neurofibromas occur only within the context of
NF1 and are diagnostic of that condition. Although these tu-
mors usually involve the larger peripheral nerves, they some-
times may arise from cranial or intraspinal nerves. Plexiform
neurofibromas are often large, infiltrative tumors that cause se-
vere disfigurement of the face or an extremity. The microscopic
appearance of neurofibromas is discussed in Chapter 28. A major
complication of NF1, occurring in 3% to 5% of patients, is the appearance
of a neurofibrosarcoma in a neurofibroma, usually a larger one of the
plexiform type. NF1 is also associated with an increased incidence
of other neurogenic tumors, including meningioma, optic
glioma, and pheochromocytoma.

* Café-au-lait spots: Although normal individuals may exhibit
occasional light brown patches on the skin, more than 95% of
persons affected by NF1 display six or more such lesions. These
are larger than 5 mm before puberty and greater than 1.5 cm
thereafter.

* Lisch nodules: More than 90% of patients with NF1 have pig-
mented nodules of the iris, which are masses of melanocytes.
These lesions are thought to be hamartomas.

* Skeletal lesions: A number of bone lesions occur frequently in
NF1. These include malformations of the sphenoid bone and
thinning of the cortex of the long bones, with bowing and
pseudarthrosis of the tibia, bone cysts, and scoliosis.

* Mental status: Mild intellectual impairment is frequent in pa-
tients with NF1, but severe retardation is not part of the syn-
drome.

* Leukemia: The risk of malignant myeloid disorders in children
with NF1 is 200 to 500 times the normal risk. In some patients,
both alleles of the NF1 gene are inactivated in leukemic cells.

Neurofibromatosis Type II

(Central Neurofibromatosis)

Neurofibromatosis type I1I (NF2) refers to a syndrome defined by bilateral
tumors of the eighth cranial nerve (acoustic neuromas) and, commonly, by
meningiomas and gliomas. The disorder is considerably less common
than NF1, occurring in 1 in 50,000 people. Most patients suffer
from bilateral acoustic neuromas, but the condition can be diag-
nosed in the presence of a unilateral eighth nerve tumor if two of
the following are present: neurofibroma, meningioma, glioma,
schwannoma, or juvenile posterior lenticular opacity.

PATHOGENESIS: Despite the superficial similari-
ties between NF1 and NF2, they are not variants of
the same disease and, indeed, have separate genetic
origins. The NF2 gene resides in the middle of the
long arm of chromosome 22. In contrast to NF1, the
tumors in NF2 frequently show deletions or loss of heterozy-
gous DNA markers in the affected chromosome. The NF2 gene
encodes a tumor-suppressor protein termed merlin, or
schwannomin, which is a member of a superfamily of proteins
that link the cytoskeleton to the cell membrane. Merlin is de-
tectable in most differentiated tissues, including Schwann cells.
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Familial Hypercholesterolemia is One of the Most
Common Autosomal Dominant Disorders

Familial hypercholesterolemia is an autosomal dominant disorder charac-
terized by high levels of low-density lipoproteins (LDLs) in the blood and
deposition of cholesterol in arteries, tendons, and skin. It is one of the
most common autosomal dominant disorders, affecting 1 in 500
adults in the United States in its heterozygous form. Only 1 per-
son in 1 million is homozygous for the disease. Interest in this disease
stems from the striking acceleration of atherosclerosis and its complications
(see Chapter 10).

PATHOGENESIS: Familial hypercholesterolemia
results from abnormalities in the low-density-
lipoprotein receptor gene (19p13) that codes for the
cell surface receptor that removes LDL from the
blood More than 750 different mutations in the low-den-
sity-lipoprotein receptor gene are known. The LDL receptor
is (1) synthesized in the endoplasmic reticulum, (2) trans-
ferred to the Golgi complex, (3) transported to the cell sur-
face, and (4) internalized by receptor-mediated endocytosis in
coated pits after binding LDL. Genetic defects in each of these
steps have been described.

Hepatocytes are the main cell type expressing the LDL receptor.
After LDL binds the receptors, they are internalized and degraded
in lysosomes, freeing cholesterol for further metabolism. Lacking
LDL receptor function, high levels of LDL circulate, are taken up
by tissue macrophages, and accumulate to form occlusive arterial
plaques (atheromas) and papules or nodules of lipid-laden
macrophages (xanthomas) (see Chapter 10).

dromes, reflecting a clear gene-dosage effect. In heterozy-
gotes, elevated blood cholesterol (mean, 350 mg/dL; nor-

mal, <200 mg/dL) is seen at birth. Tendon xanthomas develop in half
of the patients before the age of 30, and symptoms of coronary heart
disease often occur before age 40. In homozygotes, blood cholesterol
content reaches astronomic levels (600 to 1,200 mg/dL), and virtu-
ally all patients have tendon xanthomas as well as generalized ather-

osclerosis in childhood. Untreated homozygotes typically die of my-
ocardial infarction before they reach 30 years of age.

CLINICAL FEATURES: Heterozygous and homozygous
familial hypercholesterolemia are two distinct clinical syn-

Autosomal Recessive Disorders Cause Symptoms
in People Who Have Defective Alleles on Both
Homologous Chromosomes

Most genetic metabolic diseases exhibit an autosomal recessive mode of in-
heritance (Fig. 6-9; Table 6-3). Some of the salient features of such
disorders are:

e The more infrequent the mutant gene in the general popula-
tion, the higher the chance that parents of an affected individ-
ual are related. Rare autosomal recessive disorders often derive from
consanguineous marriages.

e Both parents are usually heterozygous for the trait and are clin-
ically normal.

* Symptoms appear on average in one of four of their offspring.
Half of all offspring are heterozygous for the trait and are
asymptomatic. Thus, two thirds of unaffected offspring are het-
erozygous carriers.

¢ Asinautosomal dominant disorders, autosomal recessive traits
are transmitted equally to males and females.

* Symptomatology of autosomal recessive disorders is ordinarily
less variable than with dominant diseases.

 The variability in clinical expression of many autosomal reces-
sive diseases is often a function of the residual functionality of
the affected enzyme.

o
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Autosomal Recessive
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male. Heterozygotes are asymptomatic carriers. Symptomatic homozy-
gotes result from the mating of asymptomatic heterozygotes.

Many mutant genes responsible for autosomal recessive disorders
are rare in the general population. Paradoxically, a few lethal autoso-
mal recessive diseases are common. For example, sickle cell anemia
may confer a biological advantage by increasing the resistance of het-
erozygotes to malarial parasitization and thus compensating for the
loss of homozygotes.

Autosomal recessive diseases characteristically are caused by
deficiencies in enzymes rather than in structural proteins. A muta-
tion that inactivates an enzyme does not usually cause an abnor-
mal phenotype in heterozygotes because most cellular enzymes
operate at substrate concentrations well below saturation. An en-
zyme deficiency is easily corrected simply by increasing the
amount of substrate. By contrast, loss of both alleles in a homozy-
gote results in complete loss of enzyme activity, a situation that
cannot be corrected by such mechanisms.

Cystic Fibrosis (CF) is the Most Common Lethal
Autosomal Recessive Disease in Whites
CF is characterized by (1) chronic pulmonary disease; (2) deficient ex-

ocrine pancreatic function; and (3) other complications of inspissated mu-
cus in several organs, including the small intestine, liver, and reproductive

TABLE 6-3
ittt it ihhnadi
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Disease Frequency Chromosome
Cystic fibrosis 1/2,500 79
o-Thalassemia High 16p
B-Thalassemia High 11p
Sickle cell anemia High 11p
Myeloperoxidase deficiency 1/2,000 179
Phenylketonuria 1/10,000 12q
Gaucher disease 1/1,000 1q
Tay-Sachs disease 1/4,000 159
Hurler syndrome 1/100,000 22p
Glycogen storage disease la 1/100,000 17
(von Gierke disease)

Wilson disease 1/50,000 13q
Hereditary hemochromatosis 1/1,000 6p
o4 -Antitrypsin deficiency 1/7,000 14q
Oculocutaneous albinism 1/20,000 11q
Alkaptonuria <1/100,000 3q
Metachromatic leukodystrophy 1/100,000 22q
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tract. The disease results from a defective chloride channel, the cys-
tic fibrosis transmembrane conductance regulator (CFTR).

EPIDEMIOLOGY: CF is the most common lethal auto-
somal recessive disorder in the white population. More
than 95% of cases have been reported in whites. About 1
in 25 whites is a heterozygous carrier of the gene, and
the incidence of the disease is 1 in 2,500 newborns. The incidence
of CF varies widely by geographic location. It is highest in the
northern European Celtic populations, such as Ireland and
Scotland, and is much lower among southern Europeans.

PATHOGENESIS: The CFTR gene is on the long
arm of chromosome 7 and encodes a protein that is
a member of the ATP-binding family of membrane
transporter proteins. It is a chloride channel in most
epithelia, with two membrane-spanning domains, two do-
mains that bind ATP, and an “R” domain that contains phos-
phorylation sites.

Secretion of chloride anions by mucus-secreting epithelial cells
controls the parallel secretion of fluid and, consequently, the viscos-
ity of the mucus. In normal mucus-secreting epithelia, cAMP acti-
vates protein kinase A, which phosphorylates the regulatory domain
of CFTR and permits channel opening. The most common (70%)
mutation in the white population is a deletion of three base pairs
that deletes a phenylalanine residue (AFss). The next most com-
mon mutation accounts for only 2% of all mutations.

All pathologic consequences of CF can be attributed to the abnormally
thick mucus that obstructs the lumina of airways, pancreatic and biliary
ducts, as well as the fetal intestine, and impairs airway mucociliary function.

r

PATHOLOGY: CF affects many organs that produce
exocrine secretions.

RESPIRATORY TRACT: Pulmonary disease is responsible for most of
the morbidity and mortality associated with CF. The earliest lesion is ob-
struction of bronchioles by mucus, with secondary infection and
inflammation of bronchiolar walls. Recurrent cycles of obstruc-
tion and infection result in chronic bronchiolitis and bronchi-
tis, which increase in severity as the disease progresses. Bronchial
mucous glands undergo hypertrophy and hyperplasia, and airways
are distended by thick and tenacious secretions. Widespread
bronchiectasis becomes apparent by age 10 and often earlier. In
late stages of the disease, large bronchiectatic cysts and lung ab-
scesses are common. Secondary pulmonary hypertension may
complicate the chronic bronchitis.

PANCREAS: Most (85%) patients with CF have a form of chronic
pancreatitis, and in long-standing cases, little or no functional ex-
ocrine pancreas remains. Inspissated secretions in the pancreatic
ducts produce secondary dilation and cystic change of the distal
ducts (Fig. 6-10). Recurrent pancreatitis leads to loss of acinar
cells and extensive fibrosis. At autopsy, the pancreas is often sim-
ply cystic fibroadipose tissue containing islets of Langerhans.

LIVER: Inspissated mucous secretions in the intrahepatic biliary
system obstruct the flow of bile in the drainage areas of the af-
fected ducts and lead to focal secondary biliary cirrhosis, which
is seen in one fourth of patients at autopsy. Microscopically, the
liver shows inspissated concretions in bile ducts and ductules,
chronic portal inflammation, and septal fibrosis. On occasion, the
hepatic lesions are sufficiently widespread to lead to the clinical
manifestations of biliary cirrhosis.

GASTROINTESTINAL TRACT: Shortly after birth, a normal
newborn passes the intestinal contents that have accumulated in
utero (meconium). The most important lesion of the gut in CF is
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small-bowel obstruction in 5% to 10% of newborns, termed meco-
nium ileus, which is caused by failure to pass meconium in the
immediate postpartum period. This complication has been attrib-
uted to the failure of pancreatic secretions to digest meconium,
possibly augmented by the greater viscosity of small-bowel secre-
tions.

REPRODUCTIVE TRACT: Almost all boys with CF have atro-
phy or fibrosis of the reproductive duct system, including the vas
deferens, epididymis, and seminal vesicles. The pathogenesis of
these lesions relates to obstruction of the lumen by inspissated se-
cretions early in life and even in utero. As a result, only 2% to 3% of
males become fertile, most demonstrating an absence of spermato-
zoa in the semen.

Only a minority of women with CF are fertile, and many of
them suffer from anovulatory cycles as a result of poor nutrition
and chronic infections. Moreover, the cervical mucous plug is ab-
normally thick and tenacious.

CLINICAL FEATURES: The diagnosis of CF is most reli-
ably made by detecting increased concentrations of electrolytes
in the sweat and by genetic studies that demonstrate the disease-
causing mutations. The decreased chloride conductance
characteristic of CF results in a failure of chloride reabsorption by
the cells of the sweat gland ducts and hence to the accumulation
of sodium chloride in the sweat (Fig. 6-11). Children with CF have
been described as “tasting salty” and may even display salt crystals
on their skin after vigorous sweating.

The clinical course of CF is highly variable. At one extreme,
death may result from meconium ileus in the neonatal period,
whereas some patients have reportedly survived to age 50.
Improved medical care and recognition of milder cases of CF have
served to prolong the average life span to about 30 years of age.

The most common organisms that infect the respiratory tract
in CF are Staphylococcus and Pseudomonas species. As the disease
advances, Pseudomonas may be the only organism cultured from
the lung. In fact, the recovery of Pseudomonas species, particularly the
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mucoid variety, from the lungs of a child with chronic pulmonary disease
is virtually diagnostic of CF. Infection with Burkholderia cepacia is as-
sociated with cepacia syndrome, a severe pulmonary infection
that is highly resistant to treatment with antibiotics and is com-
monly fatal.

Postural drainage of the airways, antibiotic therapy, and pan-
creatic enzyme supplementation are the mainstays of treatment.
Molecular prenatal diagnosis of CF is now accurate in 95% of
cases. Lung transplantation may also be successful in cases of ter-
minal lung disease.

Lysosomal Storage Diseases are Characterized by
the Accumulation of Unmetabolized Normal
Substrates

Extracellular macromolecules that are incorporated by endocyto-
sis or phagocytosis and intracellular constituents that are sub-
jected to autophagy are digested in lysosomes to their basic com-
ponents. End products may be transported across the lysosomal
membrane into the cytosol, where they are reused in the synthesis
of new macromolecules.

Virtually all lysosomal storage diseases result from mutations in genes
that encode lysosomal hydrolases. A deficiency in one of the more than
40 acid hydrolases can result in an inability to catabolize the nor-
mal macromolecular substrate of that enzyme. As a result, undi-
gested substrate accumulates in and engorges lysosomes, expand-
ing the lysosomal compartment of the cell. The resulting
lysosomal distention is often at the expense of other critical cellu-
lar components, particularly in the brain and heart, and can lead
to a failure of cell function.

Lysosomal storage diseases are classified according to the ma-
terial retained within the lysosomes. Thus, when the substrates
that accumulate are sphingolipid, they are sphingolipidoses.
Storage of mucopolysaccharides (glycosaminoglycans) leads to the
mucopolysaccharidoses. More than 30 distinct lysosomal stor-
age diseases are known, but we restrict our discussion to the more
important examples.

Gaucher Disease
Gaucher disease is characterized by the accumulation of glucosylceramide,
primarily in macrophage lysosomes.

Secondary
biliary cirrhosis

Malabsorption

Meconium ileus
(newborn)

Obstructed vas
deferens (sterility)
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PATHOGENESIS: The abnormality in Gaucher
disease is a deficiency in glucocerebrosidase, a lyso-
somal acid B-glucosidase. The enzyme deficiency
can be traced to a variety of single-base mutations in the -
glucosidase gene, on the long arm of chromosome 1. Each of
the three clinical types of the disease exhibits heterogeneous
mutations in the B-glucosidase gene, although the molecular
basis for the phenotypic differences remains to be firmly es-
tablished.

The glucosylceramide that accumulates in Gaucher
cells of the spleen, liver, bone marrow, and lymph nodes de-
rives principally from the catabolism of senescent leukocytes.
The membranes of these cells are rich in cerebrosides, and
when their degradation is blocked by the deficiency of
glucocerebrosidase, the intermediate metabolite, glucosylce-
ramide, accumulates. The glucosylceramide of Gaucher cells
in the brain is believed to originate from turnover of plasma
membrane gangliosides of cells in the CNS.

r

PATHOLOGY: The hallmark of this disorder is the
presence of Gaucher cells, which are lipid-laden
macrophages characteristically present in the red pulp
of the spleen, liver sinusoids, lymph nodes, lungs, and
bone marrow, although they may be found in virtually any organ.
These cells are derived from resident macrophages in the respec-
tive organs, for example, Kupffer cells in the liver and alveolar
macrophages in the lung.

Gaucher cells are large (20 to 100 pum) with clear cytoplasm and
eccentric nuclei (Fig. 6-12). By light microscopy, the cytoplasm
has a characteristic fibrillar appearance, which has been likened to
wrinkled tissue paper and is intensely positive with the periodic
acid-Schiff stain.

Enlargement of the spleen is virtually universal in Gaucher disease. In
the adult form of the disorder, splenomegaly may be massive, with
spleen weights up to 10 kg. The liver is usually enlarged by Gaucher
cells within sinusoids, but hepatocytes are unaffected. In severe
cases, hepatic fibrosis and even cirrhosis may ensue. The extent of
bone marrow involvement is variable but leads to radiological ab-
normalities in 50% to 75% of cases.

RECURRENT PULMONARY
INFECTION

Lung abscess
Chronic bronchitis
Bronchiectasis
Honeycomb lung

Cor pulmonale
Chronic pancreatitis

Abnormal sweat
electrolytes

o



Rubin06_HP.gxp

1/11/08 2:20 PM Page 106

106 Essentials of Rubin’s Pathology

CLINICAL FEATURES: Gaucher disease is the most
common of all lysosomal storage diseases. It is sub-
classified into three distinct forms, based on the age at
onset and degree of neurologic involvement. The most
common form is type 1 and is found principally in adult
Ashkenazi Jews, among whom the incidence is 1 in 600 to 1 in
2,500. The age at onset and disease severity is highly variable—
some cases are diagnosed in infants and others in individuals 70
years old. The disease usually presents initially as painless
splenomegaly and the complications of hypersplenism (i.e., ane-
mia, leukopenia, and thrombocytopenia). Bone involvement, in
the form of pain and pathologic fractures, is the leading cause
of disability. The life expectancy of most persons with type 1
Gaucher disease is normal. This type of Gaucher disease is now
successfully treated by intravenous administration of modified
acid glucose cerebrosidase. Other rare variants of the disease
present in infants and are associated with neurological degener-
ation and early death.

Tay-Sachs Disease (GM, Gangliosidosis, Type 1)
Tay-Sachs disease is the catastrophic infantile form of a class of lysosomal stor-
age diseases known as the GM,, gangliosidoses, in which this ganglioside is de-
posited in neurons of the CNS, owing to a failure of lysosomal degradation.
Tay-Sachs disease is inherited as an autosomal recessive trait and is
predominantly a disorder of Ashkenazi Jews, in whom the carrier
rate is 1 in 30, and the natural incidence of homozygotes is 1 in
4,000 live newborns. By contrast, the incidence of Tay-Sachs disease
in non-Jewish American populations is less than 1 in 100,000 live
births. The other GM, gangliosidoses are exceedingly rare.

PATHOGENESIS: Gangliosides are glyco-
sphingolipids consisting of a ceramide and an
oligosaccharide chain that contains N-acetylneu-
raminic acid. They are present in the outer leaflet
of the plasma membrane of animal cells, particularly in brain
neurons.

Tay-Sachs disease (also known as hexosaminidase o-subunit
deficiency) results from about 50 different mutations in the gene
that codes for the o0 subunit of hexosaminidase A, with a result-
ing defect in the synthesis of this enzyme.

4 prominent in brain neurons and cells of the retina. The

o size of the brain varies with the length of survival of the
affected infant. Early cases are marked by brain atrophy, whereas
the brain may be as much as doubled in weight in those who sur-
vive beyond a year. Microscopic examination reveals neurons
markedly distended with storage material that stains positively for
lipids. By electron microscopy, the neurons are stuffed with “mem-
branous cytoplasmic bodies,” composed of concentric whorls of
lamellar structures. As the disease progresses, neurons are lost,

and many lipid-laden macrophages are conspicuous in the cortical
gray matter. Eventually, gliosis becomes prominent, and myelin

and axons in the white matter are lost.
progressive weakness, hypotonia, and decreased atten-
tiveness. Progressive motor and mental deterioration, of-
ten with generalized seizures, follow rapidly. Vision is seriously im-
paired. Involvement of retinal ganglion cells is detected by
ophthalmoscopy as a cherry-red spot in the macula. This feature
reflects the pallor of the affected cells, which enhances the promi-
nence of blood vessels underlying the central fovea. Most children
with Tay-Sachs disease die before 4 years of age.

PATHOLOGY: GM, ganglioside accumulates in lyso-
somes of all organs in Tay-Sachs disease, but it is most

CLINICAL FEATURES: Tay-Sachs disease presents be-
tween 6 and 10 months of age and is characterized by
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Mucopolysaccharidoses

The mucopolysaccharidoses (MPS) are an assortment of lysosomal storage
diseases characterized by the accumulation of glycosaminoglycans (mu-
copolysaccharides) in many organs. All types of MPS are inherited as
autosomal recessive traits, except for Hunter syndrome, which is
X-linked. These rare diseases are caused by deficiencies in any one
of the 10 lysosomal enzymes that catabolize glycosaminoglycans.
Six abnormal phenotypes are described, and each varies with the
specific enzyme deficiency.

PATHOGENESIS: Glycosaminoglycans (GAGs)
are large polymers of repeating disaccharide
units containing N-acetylhexosamine and a hex-
ose or hexuronic acid. Either disaccharide may be
sulfated. The accumulated GAGs (dermatan sulfate, he-
paran sulfate, keratan sulfate, and chondroitin sulfates) in
MPS are all derived from the cleavage of proteoglycans,
which are important extracellular matrix constituents.
GAGs are degraded stepwise by removing sugar residues or
sulfate groups. Thus, a deficiency in any one of the
glycosidases or sulfatases results in the accumulation of un-

degraded GAGs.
4 most of these syndromes share certain common features.
The undegraded GAGs tend to accumulate in connective
tissue cells, mononuclear phagocytes (including Kupffer cells), en-
dothelial cells, neurons, and hepatocytes. Affected cells are swollen
and clear, and stains for metachromasia confirm the presence of
GAGs.
The most important lesions involve the CNS, skeleton, and
heart, although hepatosplenomegaly and corneal clouding are
common.

PATHOLOGY: Although the severity and location of the
lesions in MPS vary with the specific enzyme deficiency,

* The CNS initially only accumulates GAGs, but as disease ad-
vances, there is extensive loss of neurons and increasing gliosis,
changes that are reflected in cortical atrophy.

¢ Skeletal deformities result from GAG accumulation in chon-
drocytes, a process that eventually interferes with normal endo-
chondral ossification. Abnormal foci of osteoid and woven
bone are common in the deformed skeleton.

* Cardiac lesions are often severe, with thickening and distor-
tion of valves, chordae tendineae, and endocardium. The coro-
nary arteries are frequently narrowed by intimal thickening
caused by GAG deposits in smooth muscle cells.
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* Hepatosplenomegaly is secondary to distention of Kupffer
cells and hepatocytes in the liver and accumulation of GAG-
filled macrophages in the spleen.

CLINICAL FEATURES: Hurler syndrome (MPS IH),
the most severe clinical form of MPS, remains the proto-
type of these syndromes. The symptoms of Hurler syn-
drome are apparent between the ages of 6 months and 2
years. These children typically show skeletal deformities, enlarged
livers and spleens, a characteristic facies, and joint stiffness.

Children with Hurler syndrome suffer developmental delay,
hearing loss, corneal clouding, and progressive mental deteriora-
tion. Most patients die from recurrent pulmonary infections and
cardiac complications before they reach 10 years.

Glycogenoses (Glycogen Storage Diseases)

The glycogenoses are a group of at least 10 distinct inherited disorders char-
acterized by glycogen accumulation, principally in the liver, skeletal muscle,
and heart. Each entity reflects a deficiency of one of the specific en-
zymes involved in glycogen metabolism. With one rare exception
(X-linked phosphorylase kinase deficiency), all types of glycogen
storage disease are autosomal recessive traits. The glycogenoses are
rare, varying in frequency from 1 in 100,000 to 1 in 1 million.

Glycogen is a large glucose polymer (20,000 to 30,000 glucose
units per molecule), which is stored in most cells to provide a ready
source of energy during the fasting state. Liver and muscle are par-
ticularly rich in glycogen, although its function is different in each
organ. Glycogen is synthesized and degraded sequentially by a num-
ber of enzymes, a deficiency in any of which leads to the accumula-
tion of glycogen.

Although each of the glycogen storage diseases causes glycogen
accumulation, the significant organ involvement varies with the
specific enzyme defect. Some mainly affect the liver, whereas oth-
ers principally cause cardiac or skeletal muscle dysfunction.
Importantly, the symptoms of a glycogenosis can reflect either accumulation
of glycogen itself (Pompe disease, Andersen disease) or the lack of the glucose
that is normally derived from glycogen degradation (von Gierke disease,
McArdle disease). We discuss only several representative examples of
the known glycogenoses.

vON GIERKE DISEASE (TYPE IA GLYCOGENOSIS): von Gierke
disease results from a deficiency in glucose-6-phosphatase and is character-
ized by the accumulation of glycogen in the liver. Symptoms reflect the

o
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inability of the liver to convert glycogen to glucose, a defect that
results in hepatomegaly and hypoglycemia. The disorder is usually
evident in infancy or early childhood. Growth is commonly
stunted, but with treatment, the prognosis for normal mental de-
velopment and longevity is generally good.

POMPE DISEASE (TYPE II GLYCOGENOSIS): Pompe disease is a
lysosomal storage disease that involves virtually all organs and results in
death from beart failure before the age of 2. The juvenile and adult vari-
ants are less common and have a better prognosis. Normally, a
small proportion of cytoplasmic glycogen is degraded within lyso-
somes after an autophagic sequence. Type II glycogenosis is
caused by a deficiency in the lysosomal enzyme acid o-glucosidase,
which leads to inexorable accumulation of undegraded glycogen
in lysosomes of many different cells. Interestingly, patients do not
suffer from hypoglycemia, because the major metabolic pathways
of glycogen synthesis and degradation in the cytoplasm are intact.

MCcARDLE DISEASE (TYPE V GLYCOGENOSIS): McArdle disease
is characterized by the accumulation of glycogen in skeletal muscles, owing
to a deficiency of muscle phosphorylase, the enzyme that releases glucose-1-
phosphate from glycogen. Symptoms usually appear in adolescence or
early adulthood and consist of muscle cramps and spasms during
exercise and sometimes myocytolysis and resulting myoglobin-
uria. Avoidance of exercise prevents the symptoms.

Inborn Errors of Amino Acid Metabolism Manifest
with Variably Severe Symptomatology

Heritable disorders involving the metabolism of many amino
acids have been described. Some are lethal in early childhood; oth-
ers are asymptomatic biochemical defects that have no clinical sig-
nificance. Some of these are treated in chapters dealing with spe-
cific organs. Here we restrict our discussion to the examples
provided by two defects in the metabolism of phenylalanine.

Phenylketonuria

Phenylketonuria (PKU, hyperphenylalaninemia) is an autosomal recessive
deficiency of the hepatic enzyme phenylalanine hydroxylase. The disorder
features high levels of circulating phenylalanine, which leads to progressive
mental deterioration in the first few years of life. The overall incidence of
PKU is 1 per 10,000 in white and Asian populations, but it varies
widely across different geographic areas (Fig. 6-13).
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PATHOGENESIS: Phenylalanine is an essential
amino acid derived exclusively from the diet. It is ox-
idized in the liver to tyrosine by phenylalanine hy-
droxylase (PAH), the product of the PAH gene on
the long arm of chromosome 12. Deficiency in PAH results in
both hyperphenylalaninemia and the formation of phenylke-
tones from transamination of phenylalanine. Phenylpyruvic
acid and its derivatives are excreted in the urine, but phenylala-
nine itself, rather than its metabolites, causes the neurologic
damage central to this disease. Thus, the term hyperphenylala-
ninemia is actually a more appropriate designation than PKU.

The mechanism of the neurotoxicity associated with hyper-
phenylalaninemia during infancy has not been precisely estab-
lished, but several processes have been implicated: (1) competitive
interference with amino acid transport systems in the brain; (2) in-
hibition of the synthesis of neurotransmitters; and (3) disturbance
of other metabolic processes. These effects presumably lead to in-
adequate development of neurons and defective synthesis of
myelin.

CLINICAL FEATURES: Phenylketonuria illustrates
the interaction between “nature and nurture” in the
pathogenesis of disease. The disorder is based on a ge-
netic defect, but its expression depends on the ingestion
of phenylalanine, a dietary constituent. The affected infant appears nor-
mal at birth, but mental retardation is evident within a few months. By the
age of 12 months, the untreated infant has suffered severe retarda-
tion. Infants with PKU tend to have fair skin, blond hair, and blue
eyes, because the inability to convert phenylalanine to tyrosine leads
to reduced melanin synthesis. They exude a “mousy” odor, which re-
flects the presence of phenylacetic acid.

Treatment of PKU involves restriction of dietary phenylala-
nine to 250 to 500 mg per day, which usually requires a semisyn-
thetic formula. How long phenylalanine restriction should be
maintained is controversial. Nevertheless, the success of new-
born screening programs in detecting PKU and the prompt in-
stitution of a low-phenylalanine diet allows many PKU homozy-
gotes to live a normal life.

Albinism

Albinism refers to a beterogeneous group of at least 10 inberited disorders in
which absent or reduced biosynthesis of melanin causes hrypopigmentation.
This condition is found throughout the animal kingdom (from in-
sects to humans). The most common type is oculocutaneous al-
binism (OCA), a family of closely related diseases that (with a sin-
gle rare exception) represent autosomal recessive traits. OCA is
characterized by a deficiency or complete absence of melanin pig-
ment in the skin, hair follicles, and eyes. The frequency of OCA in
whites is 1 per 18,000 in the United States and is 1 in 10,000 in
Ireland. American blacks have the same high frequency of OCA as
the Irish. Two major forms of OCA are distinguished by the pres-
ence or absence of tyrosinase, the first enzyme in the biosynthetic
pathway that converts tyrosine to melanin (Fig. 6-13).

Tyrosinase-positive OCA is the most common type of al-
binism in whites and blacks. Patients typically begin life with com-
plete albinism, but with age, a small amount of clinically de-
tectable pigment accumulates. A defect in the P gene (15q11.2-13),
which has been postulated to code for a tyrosine-transport pro-
tein, prevents melanin synthesis.

Tyrosinase-negative OCA is the second most common type of
albinism and is characterized by the complete absence of tyrosi-
nase (11q14-21) and melanin: melanocytes are present but contain
unpigmented melanosomes. Affected people have snow-white
hair, pale pink skin, blue irides, and prominent red pupils, owing
to an absence of retinal pigment. They typically have severe oph-
thalmic problems, including photophobia, strabismus, nystag-
mus, and decreased visual acuity.

o

The skin of all types of albinos is strikingly sensitive to sun-
light. Exposed skin areas require strong sunscreen lotions. These
patients are at a greatly increased risk for squamous cell carcino-
mas of sun-exposed skin.

An X-Linked Disorder Features an Abnormal Gene
on the X Chromosome

Expression of an X-linked disorder is different in males and fe-
males. Females, having two X chromosomes, may be homozygous
or heterozygous for a given trait. It follows that clinical expression
of the trait in a female is variable, depending on whether it is dom-
inant or recessive. By contrast, males have only one X chromosome
and are said to be hemizygous for the same trait. Thus in the male,
regardless of whether the trait is dominant or recessive, it is invariably ex-
pressed.

A cardinal attribute of all X-linked inberitance is lack of transmission
from father to son. A symptomatic father donates only a normal Y
chromosome to his male offspring. By contrast, he always donates
his abnormal X chromosome to his daughters, who are therefore
obligate carriers of the trait. As a consequence, the disease classi-
cally skips a generation in the male, as the female carrier transmits
it to grandsons of the original symptomatic male.

X-Linked Dominant Traits

* X-linked dominance refers to expression of a trait only in the
female, as the hemizygous state in the male precludes a dis-
tinction between dominant and recessive inheritance. Only a
few X-linked dominant disorders are described, among
which are familial hypophosphatemic rickets and ornithine
transcarbamylase deficiency. In such diseases, variations in
the phenotype of the trait in the female may be explained, at
least in part, by the Lyon effect (i.e., inactivation of one X
chromosome). This random inactivation results in mo-
saicism for the mutant allele, leading to inconstant expres-
sion of the trait.

X-Linked Recessive Traits

Most X-linked traits are recessive; that is, beterozygous females do not have
clinical disease (Fig. 6-14). The characteristics of this mode of inher-
itance are:

* Sons of women who are carriers have a 50% chance of inherit-
ing the disease; daughters are not symptomatic. However, 50%
of daughters will also be carriers.

* All daughters of affected men are asymptomatic carriers, but
the sons of these men do not have the trait and cannot transmit
it to their children.

* Symptomatic homozygous females can result from the rare
mating of an affected man and an asymptomatic, heterozygous
woman. Alternatively, lyonization may preferentially inactivate
the normal X chromosome, which in extreme cases may lead to
a heterozygous female expressing an X-linked recessive trait.

Table 6-4 presents a list of representative X-linked recessive disor-
ders.

X-Linked Muscular Dystrophies (Duchenne and
Becker Muscular Dystrophies)

The muscular dystrophies are devastating muscle diseases. Most are X-
linked, although a few are autosomal recessive. The X-linked muscular
dystrophies are among the most frequent human genetic diseases,
occurring in 1 per 3,500 boys, an incidence approaching that of
cystic fibrosis. Duchenne muscular dystrophy (DMD), the most
common variant, is a fatal progressive degeneration of muscle that
appears before the age of 4 years. Becker muscular dystrophy
(BMD) is allelic with DMD but is less common and milder.
Muscular dystrophy is discussed in Chapter 27.
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Hemophilia A (Factor VIII Deficiency)

Hemophilia A is an X-linked recessive disorder of blood clotting that results
in spontaneous bleeding, particularly into joints, muscles, and internal or-
gans. The disease is discussed in Chapter 20.

Fragile X Syndrome

Fragile X syndrome is the most common form of inherited mental retar-
dation and is caused by the expansion of a CGG repeat at the Xq27 frag-
ile site. It is second in frequency only to Down syndrome as an
identifiable cause of mental retardation. The disease afflicts 1 in
1,250 males and 1 in 2,500 females.

PATHOGENESIS: About 20% of all cases of her-
itable mental retardation are X-linked disorders,
and one fifth of these are associated with a single
genetic defect, namely, a fragile site on the X chro-
mosome (Xq27). A fragile site represents a specific locus, or
band, on a chromosome that breaks easily. The fragile site at
Xq27 is a distinct kind of mutation characterized by amplifi-
cation of a CGG repeat.

Within fragile X families, the probability of being affected is re-
lated to position in the pedigree; that is, later generations are more
likely than earlier ones to be affected (Sherman paradox or ge-
netic anticipation). Chromosomes with more than about 52 re-
peats can increase the number of repeats—so-called expansion.
Small expansions, which tend to be asymptomatic, can enlarge,
particularly during meiosis in females, leading to larger expansions

TABLE 6-4
ittt
dhitibabebialhitlastonnbtissatichin thillbifnitidio
Dlsease Frequency in Males
Fragile X syndrome 1/2,000
Hemophilia A (factor VIII deficiency) 1/10,000
Hemophilia B (factor X deficiency) 1/70,000
Duchenne-Becker muscular dystrophy 1/3,500
Glucose-6-phosphate dehydrogenase Up to 30%
deficiency
Lesch-Nyhan syndrome (HPRT deficiency) 1/10,000
Chronic granulomatous disease Not rare
X-linked agammaglobulinemia Not rare

X-linked severe combined immunodeficiency Rare

Fabry disease 1/40,000
Hunter 'syndrome 1/70,000
Adrenoleukodystrophy 1/100,000
Menke disease 1/100,000

HPRT, hypoxanthine-guanine phosphoribosyltransferase.

carriers. Asymptomatic men do not transmit the trait. Clinical expression of the disease skips a generation.

in successive generations. Such small expansions are known as pre-
mutations. Expansions with more than 200 repeats are associated
with mental retardation and represent full mutations. Expansion
of a premutation to a full mutation during gametogenesis only oc-
curs in females. As fragile X syndrome is recessive, most daughters
of carrier males transmit mental retardation to 50% of their sons.
These considerations explain the greater risk of the disorder in suc-
ceeding generations of fragile X families (Fig. 6-15).
O
.$ cal features appear, including increased head circumfer-
ence, facial coarsening, joint hyperextensibility, enlarged
testes, and heart valve abnormalities. Mental retardation is pro-
found: IQ scores vary from 20 to 60. Interestingly, a significant propor-
tion of autistic male children carry a fragile X chromosome. Among fe-
male carriers who are mentally handicapped, the severity of the

impairment varies from a learning disability with normal IQ to se-
rious retardation.

CLINICAL FEATURES: A male newborn with fragile X
syndrome appears normal, but during childhood, typi-

Some Diseases are Associated with Non-Mendelian
Patterns of Inheritance

MITOCHONDRIAL DISEASES: Most inherited defects in mito-
chondrial function result from maternally inherited mutations in
the mitochondrial genome itself. All vertebrate mitochondria are
inherited exclusively from the female via the ovum. Because any
given cell has many mitochondria with multiple copies of mtDNA
and thus hundreds or thousands of mtDNA copies, mutations in
mtDNA lead to mixed populations of mutant and normal mito-
chondrial genomes. The phenotype associated with mtDNA muta-
tions reflects the severity of the mutation, the proportion of mu-
tant genomes, and the demand of the tissue for ATP. Diseases
caused by mutations in the mitochondrial genome are rare and
principally affect the nervous system, heart, and skeletal muscle.
The functional deficits in all of these disorders can be traced to in-
adequate oxidative phosphorylation. The first human mitochondr-
ial disease characterized was Leber hereditary optic neuropathy,
which is associated with progressive loss of vision. Various mito-
chondrial myopathies, hypertrophic cardiomyopathy, and en-
cephalomyopathies are known (see Chapter 27).

GENETIC IMPRINTING: Genetic imprinting refers to the ob-
servation that the phenotype associated with some genes differs,
depending on whether the allele is inherited from the mother or
the father. Either the maternal or paternal allele is maintained in
an inactive state (is imprinted). If the nonimprinted allele is dis-
rupted through mutation, the imprinted allele cannot compen-
sate and disease results. Imprinting can result in hereditary dis-
eases that have phenotypes determined by the parental source of
the mutant allele. Deletion of the 15q11-13 locus results in
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Prader-Willi syndrome when the affected chromosome is inher-
ited from the father and in Angelman syndrome when the mu-
tated chromosome is of maternal origin. The phenotypes of these
disorders are remarkably different. Prader-Willi syndrome features
hypotonia, obesity, hypogonadism, mental retardation, and a spe-
cific facies. By contrast, patients with Angelman syndrome are hy-
peractive, display inappropriate laughter, and have a facies differ-
ent from that of Prader-Willi syndrome.

UNIPARENTAL INHERITENCE: Uniparental disomy results
when both members of a single chromosome pair are inherited
from the same parent. Uniparental disomy is rare but has been im-
plicated in unexpected patterns of inheritance of genetic traits. For
instance, a child with uniparental disomy may manifest a recessive
disease when only one parent carries the trait, as has been observed
in a few cases of cystic fibrosis and hemophilia A. About 30% of
Prader-Willi disease results from maternal uniparental disomy.
Such affected persons have two identical inactivated regions of
chromosome 15 and no active paternal contribution.

Multifactorial Inheritance

Multifactorial inheritance describes a process by which a disease re-
sults from the effects of a number of abnormal genes and environmental
factors. Most normal human traits reflect such complexities and
are not inherited as simple dominant or as recessive Mendelian
attributes. For example, multifactorial inheritance determines
height, skin color, and body habitus. Similarly, most of the com-
mon chronic disorders of adults—diabetes, atherosclerosis, and
many forms of cancer, arthritis, and hypertension—represent
multifactorial genetic diseases and are well known to “run in
families.” The inheritance of many birth defects is also multifac-
torial (e.g., cleft lip and palate, pyloric stenosis, and congenital
heart disease).

The concept of multifactorial inberitance is based on the notion that mul-
tiple genes interact with each other and with environmental factors to pro-
duce disease in an individual patient. Such inberitance leads to familial ag-
gregation that does not obey simple Mendelian rules.

The Biological Basis of Polygenic Inheritance
Resides in Genetic Polymorphism

The biological basis of polygenic inberitance rests on the evidence that
more than one fourth of all genetic loci in normal humans contain polymor-
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phic alleles (i.e., alleles that show genetic variation). Such genetic hetero-
geneity provides a background for wide variability in susceptibility
to many diseases, which is compounded by the many interactions
with environmental factors.

* Expression of symptoms is proportional to the number of
mutant genes. The probability of expressing the same number
of mutant genes is highest in identical twins.

* Environmental factors influence expression of the trait.

Thus, concordance for the disease may occur in only one third

of monozygotic twins.

The risk in first-degree relatives (parents, siblings, chil-

dren) is the same (5% to 10%). The probability of disease is

much lower in second-degree relatives.

e The probability of a trait’s expression in later offspring is in-
fluenced by its expression in earlier siblings. If one or
more children are born with a multifactorial defect, the
chance of its recurrence in later offspring is doubled. For
simple Mendelian traits, in contrast, the probability is inde-
pendent of the number of affected siblings.

e The more severe a defect, the greater the risk of transmit-
ting it to offspring. Patients with more severe polygenic de-
fects presumably have more mutant genes, and their children
thus have a greater chance of inheriting the abnormal genes
than do the offspring of less severely affected persons.

* Some abnormalities characterized by multifactorial inher-
itance show a sex predilection. Such differential susceptibil-
ity is believed to represent a difference in the threshold for ex-
pression of mutant genes in the two sexes.

Cleft Lip and Cleft Palate Exemplify Multifactorial
Inheritance

At the 35th day of gestation, the frontal prominence fuses with the
maxillary process to form the upper lip. This process is under the
control of many genes, and disturbances in gene expression
(hereditary or environmental) at this time lead to interference with
proper fusion and result in cleft lip, with or without cleft palate
(Fig. 6-16).

The incidence of cleft lip, with or without cleft palate, is 1 in
1,000, and the incidence of cleft palate alone is 1 in 2,500. If one
child is born with a cleft lip, the chances are 4% that the second
child will exhibit the same defect. If the first two children are af-
fected, the risk of cleft lip increases to 9% for the third child. The
more severe the anatomical defect, the greater is the probability
of transmitting cleft lip. Whereas 75% of cases of cleft lip occur
in boys, the sons of women with cleft lip have a four times
higher risk of acquiring the defect than do the sons of affected
fathers.

Diseases of Infancy and Childhood

Morbidity and mortality rates in the neonatal period differ consid-
erably from those in infancy and childhood. Infants and children
are not simply “small adults,” and they may be aftlicted by diseases
unique to their particular age group.

Prematurity and Intrauterine Growth
Retardation

Human pregnancy normally lasts 40 + 2 weeks, and most new-
borns weigh 3,300 + 600 g. The World Health Organization de-
fines prematurity as a gestational age of less than 37 weeks (timed
from the first day of the last menstrual period). Low-birth-weight
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MDA Cleft lip and palate in an infant.
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infants (<2,500 g) are termed (1) appropriate for gestational age
(AGA) or (2) small for gestational age (SGA).

About 1% of all infants born in the United States weigh less
than 1,500 g and are classified as very-low-birth-weight infants.
Such babies account for half of neonatal deaths, and their survival
is determined by their birth weight. If premature newborns are
cared for in neonatal intensive care units, 90% of infants over 750
g survive. Between 500 g and 750 g, 45% survive, of whom more
than half develop normally.

The factors that predispose to the premature birth of an in-
fant (AGA) are (1) maternal illness, (2) uterine incompetence, (3)
fetal disorders, and (4) placental abnormalities. In a substantial
proportion of AGA infants, the cause of premature birth is un-
known. Intrauterine growth retardation and the resulting birth
of SGA infants are associated with disorders that (1) impair ma-
ternal health and nutrition, (2) interfere with placental circula-
tion or function, or (3) disturb the growth or development of the

fetus.
O
and intrauterine growth retardation (SGA). However,
certain general principles apply. Prematurity is often as-
sociated with severe respiratory distress, metabolic disturbances
(e.g., hyperbilirubinemia, hypoglycemia, hypocalcemia), circula-
tory problems (anemia, hypothermia, hypotension), and bacterial
sepsis. By contrast, SGA infants are a much more heterogeneous
group and include many infants with congenital anomalies and
infections acquired in utero. In addition to the many problems
associated with prematurity, SGA infants often suffer from peri-
natal asphyxia, meconium aspiration, necrotizing enterocolitis,
pulmonary hemorrhage, and disorders related to birth defects or
inherited metabolic diseases.

CLINICAL FEATURES: There is a substantial overlap
between the complications of prematurity itself (AGA)

Organ Immaturity is a Cause of Neonatal Disease

Maturing organs in infants born prematurely differ from those in
term infants, although complete maturation of many organs may re-
quire days (lungs) to years (brain) after birth.

o
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LUNGS: Pulmonary immaturity is a common and immediate
threat to the viability of low-birth-weight infants. The lining cells
of the fetal alveoli do not differentiate into type I and type II pneu-
mocytes until late pregnancy. Amniotic fluid fills the fetal alveoli
and drains from the lungs at birth. Sometimes immature infants
show sluggish respiratory movements that do not fully expel the
amniotic fluid from the lungs. Sometimes termed amniotic fluid
aspiration syndrome, this actually represents retained amniotic
fluid. Air passages contain desquamated squamous cells
(squames) and lanugo hair from the fetal skin and protein-rich
amniotic fluid.

Neonatal respiratory distress syndrome resulting from insuffi-
cient pulmonary surfactant in the immature lung is discussed be-
low.

LIVER: The liver of premature infants is morphologically simi-
lar to that of the adult organ, with the exception of conspicuous
extramedullary hematopoiesis. However, the hepatocytes tend to
be functionally immature. The fetal liver is deficient in glu-
curonyl transferase, and the resulting inability of the organ to
conjugate bilirubin often leads to neonatal jaundice. This en-
zyme deficiency is aggravated by the rapid destruction of fetal
erythrocytes, a process that results in an increased supply of
bilirubin.

BRAIN: Although the brain of the immature newborn differs
from that of the adult, both morphologically and functionally,
this difference is rarely fatal. On the other hand, the incom-
plete development of the CNS is often reflected in poor vaso-
motor control, hypothermia, feeding difficulties, and recurrent
apnea.

Neonatal Respiratory Distress Syndrome (RDS) is
due to Deficiency of Surfactant

Neonatal RDS is the leading cause of morbidity and mortality
among premature infants, accounting for half of all neonatal
deaths in the United States. Its incidence varies inversely with ges-
tational age and birth weight. Thus, more than half of newborns
younger than 28 weeks gestational age have RDS, compared with
only one fifth of infants between 32 and 36 weeks.

PATHOGENESIS: The pathogenesis of RDS of the
newborn is intimately linked to a deficiency of surfactant
(Fig. 6-17). When a newborn starts breathing, type
II cells release their surfactant stores. The pres-
ence of surfactant reduces surface tension, that is, it de-
creases the affinity of alveolar surfaces for each other. When
the alveoli remain open, the baby exhales and reduces resist-
ance to reinflating the lungs with the second breath. If sur-
factant function is inadequate, the alveoli collapse when the
baby exhales and resist expansion when the child tries to
take its second breath, resulting in alveolar damage. The in-
jured alveoli leak plasma into air spaces. Plasma con-
stituents, including fibrinogen and albumin, bind surfac-
tant and impair its function, thus further exacerbating the
respiratory insufficiency. Many alveoli are perfused with
blood, but not ventilated by air, an effect that leads to hy-
poxia as well as acidosis and further compromises the abil-
ity of type II pneumocytes to produce surfactant. Moreover,
hypoxia produces pulmonary arterial vasoconstriction,
thereby increasing right-to-left shunting through the duc-
tus arteriosus and foramen ovale and within the lung itself.
The resulting pulmonary ischemia further aggravates alveo-
lar epithelial damage and injures the endothelium of the
pulmonary capillaries.
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PATHOLOGY: On gross examination, the lungs are
4 dark red and airless. The alveoli are collapsed, and alve-
=4,  olar ducts and respiratory bronchioles are dilated and
contain cellular debris, proteinaceous edema fluid, and
erythrocytes. The alveolar ducts are lined by conspicuous,
eosinophilic, fibrin-rich, amorphous structures, called hyaline
membranes, hence the original term for neonatal RDS, hyaline
membrane disease (Fig. 6-18). Walls of collapsed alveoli are
thick, capillaries are congested, and lymphatics are filled with pro-
teinaceous material.

CLINICAL FEATURES: Most newborns destined to
develop RDS appear normal at birth. The first symp-
tom, usually appearing within an hour of birth, is in-
creased respiratory effort, with forceful intercostal re-
traction and the use of accessory neck muscles. The respiratory
rate increases to more than 100 breaths per minute, and the baby
becomes cyanotic. In severe cases, the infant becomes progres-
sively obtunded and flaccid. Long periods of apnea ensue, and
the infant eventually dies of asphyxia. Despite advances in
neonatal intensive care, the overall mortality rate of RDS is
about 15%, and one third of infants born before 30 weeks of ges-
tational age die of this disorder. In milder cases, the symptoms
peak within 3 days, after which gradual improvement takes
place. The major complications of RDS relate to anoxia and aci-
dosis.

Fetal lung maturity can be ascertained by a variety of tests.
Pulmonary surfactant is released into the amniotic fluid, which
can be sampled by amniocentesis to assess the maturity of the fe-
tal lung. A lecithin-to-sphingomyelin ratio above 2:1 implies that
the fetus will survive without developing RDS. After the 35th
week, the appearance of phosphatidylglycerol in the amniotic
fluid is the best proof of the maturity of the fetal lungs.

m Pathogenesis of the respiratory distress syndrome of the neonate. Immaturity of the lungs and perinatal
asphyxia are the major pathogenetic factors.

A

FIGURE B I |‘|||||| The lung in respiratory distress syndrome of the
|I Jllli neonate. The alveoli are atelectatic, and a dilated

alveolar duct is lined by a fibrin-rich hyaline membrane (arrows).
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Erythroblastosis Fetalis is a Hemolytic Disease
caused by Maternal Antibodies against Fetal
Erythrocytes

Erythroblastosis fetalis is a hemolytic disease of the fetus or newborn
caused by the transplacental passage of maternal antibodies against fetal
erythrocyte antigens. Only antibodies against Rh D antigen, Kell;
antigen, the Rh ¢ antigen, and the ABO system cause a signifi-
cant incidence of hemolytic disease, with anti-Rh D being the
most common by far. The distribution of Rh antigens among
ethnic groups varies. In American whites, 15% are Rh-negative
(Rh D-), whereas only 8% of blacks are Rh D-. Japanese, Chinese,
and Native American Indian populations contain essentially no
Rh D- individuals.

PATHOGENESIS: Among infants with eryth-
roblastosis fetalis caused by Rh incompatibility,
90% of cases are due to antibodies against fetal D
antigen. Rh-positive fetal erythrocytes (>1 mL) en-
ter the circulation of an Rh-negative mother at the time of de-
livery, eliciting maternal antibodies to the D antigen (Fig. 6-
19). Because the quantity of fetal blood necessary to sensitize
the mother is introduced into her circulation only at the time
of delivery, erythroblastosis fetalis does not ordinarily affect
the first baby. However, when a sensitized mother again car-
ries an Rh-positive fetus, much smaller quantities of fetal D
antigen elicit an increase in antibody titer. In contrast to IgM,
IgG antibodies are small enough to cross the placenta and
thus produce hemolysis in the fetus. This cycle is exaggerated
in multiparous women, and the severity of erythroblastosis
tends to increase progressively with each succeeding preg-
nancy.

Even in those Rh-negative women who are exposed to signif-
icant amounts of fetal Rh-positive blood, many do not mount a
substantial immune response. In fact, after multiple pregnan-
cies, only 5% of Rh-negative women deliver infants with ery-
throblastosis fetalis. A second potential source of maternal sen-
sitization is blood transfusions.

PATHOLOGY AND CLINICAL FEATURES: The
severity of erythroblastosis fetalis varies from mild he-
molysis to fatal anemia, and the pathologic findings are
determined by the extent of the hemolytic disease.

1
—
U

* Death in utero occurs in the most extreme form of
the disease, in which case severe maceration is evident
on delivery. Numerous erythroblasts are demonstra-
ble in visceral organs that are not extensively au-
tolyzed.

* Hydrops fetalis is the most serious form of erythroblastosis fetalis in
liveborn infants. It is characterized by severe edema secondary to con-
gestive heart failure caused by severe anemia. Affected infants gen-
erally die, unless adequate exchange transfusions with Rh-neg-
ative cells correct the anemia and ameliorate the hemolytic
disease.

* Kernicterus, also termed bilirubin encephalopathy, is defined as a
neurologic condition associated with severe jaundice and is character-
ized by bile staining of the brain, particularly of the basal ganglia, pon-
tine nuclei, and dentate nuclei in the cerebellum. Kernicterus (from
the German, kern, nucleus) is essentially confined to newborns
with severe unconjugated hyperbilirubinemia, usually related
to erythroblastosis. The bilirubin derived from the destruction
of erythrocytes and the catabolism of the released heme is not
easily conjugated by the immature liver, which is deficient in
glucuronyl transferase.

o
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* Bilirubin is thought to injure the cells of the brain by interfer-
ing with mitochondrial function. Severe kernicterus leads ini-
tially to loss of the startle reflex and athetoid movements,
which in 75% of newborns progresses to lethargy and death.
Most surviving infants have severe choreoathetosis and mental
retardation; a minority display varying degrees of intellectual
and motor retardation.

The incidence of erythroblastosis fetalis secondary to Rh in-
compatibility has been greatly reduced (to <1% of women at risk)
by the use of human anti-D globulin (RhoGAM) within 72 hours
of delivery. The quantity of RhoGAM administered to the mother
suffices to neutralize 10 mL of antigenic fetal cells that may have
entered the maternal circulation during delivery.

Birth Injury Spans the Spectrum from Mechanical
Trauma to Anoxic Damage

Some birth injuries relate to poor obstetric manipulation, whereas
many are unavoidable sequelae of routine delivery. Birth injuries
occur in about S per 1,000 live births. Factors that predispose to
birth injury include cephalopelvic disproportion, dystocia (diffi-
cult labor), prematurity, and breech presentation.

Cranial Injury

Cranial injuries range from the minor scalp edema (caput suc-
cedaneum) caused by passage through the birth canal to poten-
tially serious skull fractures that result from head impact on the
pelvis or instrumentation. Intracranial hemorrhage is one of
the most dangerous birth injuries and may be traumatic, second-
ary to asphyxia, or a result of an underlying bleeding diathesis.
Traumatic intracranial hemorrhage occurs in the setting of (1)
significant cephalopelvic disproportion, (2) precipitous delivery,
(3) breech presentation, (4) prolonged labor, or (5) the inappro-
priate use of forceps. These traumas can result in subdural or
subarachnoid hemorrhage. The prognosis for newborns with
intracranial hemorrhage depends on its extent. Massive hemor-
rhage is often rapidly fatal. A surviving infant may recover com-
pletely or may have long-term impairment.

Peripheral Nerve Injury

Brachial palsy, with varying degrees of paralysis of the upper
extremity, is caused by excessive traction on the head and neck
or shoulders during delivery. The injury may be permanent if
the nerves are severed. Function may return within a few
months if the palsy results from edema and hemorrhage.
Phrenic nerve paralysis and associated paralysis of a hemidi-
aphragm may be associated with brachial palsy and result in
breathing difficulties. The condition generally resolves sponta-
neously within a few months.

Facial nerve palsy usually presents as a unilateral flaccid paral-
ysis of the face caused by injury to the seventh cranial nerve during
labor or delivery, especially with forceps. When severe, the entire
affected side of the face is paralyzed, and even the eyelid cannot be
closed. The prognosis again depends on whether the nerve was lac-
erated or simply injured by pressure.

Sudden Infant Death Syndrome (SIDS) Does Not
Have a Known Cause

The sudden infant death syndrome (SIDS), also known as “crib death,” is
defined as “the sudden death of an infant or young child which is unexpected
by history and in which a thorough postmortem examination fails to
demonstrate an adequate cause of death.” Although the diagnosis of
SIDS is arrived at solely by excluding other specific causes of sud-
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Pathogenesis of erythroblastosis fetalis due to maternal-fetal Rh incompatibility. Immunization of the Rh-
negative mother with Rh-positive erythrocytes in the first pregnancy leads to the formation of anti-Rh antibodies of

the immunoglobulin (Ig)G type. These antibodies cross the placenta and damage the Rh-positive fetus in subsequent pregnancies.

den death, this catastrophe is nevertheless considered a distinct
clinicopathologic entity.

Typically, the victim of SIDS is an apparently healthy young in-
fant who has been asleep without any hint of illness. Clinically, the
infant does not awaken from an otherwise normal sleep period.
Postmortem examination does not identify a cause of death, such
as pneumonia, food aspiration, sepsis, or cerebral hemorrhage.
This tragic sequence has aroused great public concern, because it

must be separated from homicide, which has been demonstrated
in a number of cases to be the true cause of mysterious death in
children.

=1 EPIDEMIOLOGY: After the neonatal period, SIDS is
1\ the leading cause of death in the first year of life, ac-
| counting for more than one third of all deaths in this
period. The incidence in the United States is 2 per 1,000
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live births. The large majority of cases (90%) occur before 6
months of age. Most deaths from SIDS present during the winter
months, but no association between particular respiratory infec-
tions and infant death has been established. Deaths typically occur
at night or during periods associated with sleep. The reported
death rates for SIDS have declined dramatically. This has been at-
tributed to “Back to Sleep” campaigns that encourage parents to
place infants on their backs for sleeping.

PATHOGENESIS: The pathogenesis of SIDS is
elusive and controversial and no clear answers are
available at this time. It is also unclear whether
SIDS is a single entity or the common end point of
several different conditions. The most popular hypothesis re-
lates SIDS to a prolonged spell of apnea, followed by cardiac
arrhythmia or shock. However, fewer than 10% of parents of
SIDS victims report episodes of apnea or an apparent life-
threatening event at any time prior to the fatal event. Thus, sleep
apnea may contribute to the sequence of events leading to SIDS, but
available data do not support a strong and predictable relationship be-

tween the two conditions.
vance to the etiology and pathogenesis of this disorder

" remains unclear. Chronic hypoxia may be evidenced by

brainstem gliosis, which occurs with some regularity. Petechiae on

PATHOLOGY: At autopsy, several morphologic alter-
ations are described in victims of SIDS, but their rele-

10-14yr 15-19yr

ml!}! I HW"H Distribution of childhood tumors according to age and primary site.
I

the surfaces of the lungs, heart, pleura, and thymus, which have
been reported in most infants dying of SIDS, are probably termi-
nal events and have been attributed to negative intrathoracic pres-
sure produced by respiratory efforts.

Neoplasms of Infancy and Childhood

Malignant tumors between the ages of 1 and 15 years are distinctly
uncommon, but cancer remains the leading cause of death from
disease in this age group. In children, 10% of all deaths are due to
malignancies, and only accidental trauma kills a larger number.
Unlike adults, in whom most cancers are of epithelial origin
(e.g., carcinomas of the lung, breast, and gastrointestinal
tract), most malignant tumors in children arise from
hematopoietic, nervous and soft tissues (Fig. 6-20). Another
feature that distinguishes childhood tumors from those of adults
is the fact that many childhood tumors are part of developmental
complexes. Examples include Wilms tumor associated with
aniridia, genitourinary malformations, and mental retardation
(WAGR complex); hemihypertrophy of the body associated with
Wilms tumor, hepatoblastoma, and adrenal carcinoma; and tuber-
ous sclerosis in association with renal tumors and rhabdomyomas
of the heart. Some neoplasms are apparent at birth and are obvi-
ously developmental tumors that have evolved in utero. In addi-
tion, abnormally developed organs, persistent organ primordia,
and displaced organ rests are all vulnerable to neoplastic transfor-
mation.
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Benign Tumors and Tumor-Like Conditions
Encompass a Wide Range of Abnormalities

HAMARTOMAS: These lesions represent focal, benign over-
growths of one or more of the mature cellular elements of a nor-
mal tissue, often with one element predominating.

HEMANGIOMAS: Of varying size and in diverse locations, he-
mangiomas are the most frequently encountered tumors in child-
hood. Whether they are true neoplasms or hamartomas is unclear,
although half are present at birth and most regress with age.
Large, rapidly growing hemangiomas occasionally can be serious
lesions, especially when they occur on the head or neck. A port
wine stain is a congenital capillary hemangioma that involves the
skin of the face and scalp and is often large enough to be disfig-
uring, imparting a dark purple color to the affected area. Unlike
many small hemangiomas, they persist for life and are not easily
treated.

LYMPHANGIOMAS: Also termed cystic hygromas, lymphan-
giomas are poorly demarcated swellings that are usually present at
birth and thereafter rapidly increase in size. Most lymphangiomas
occur on the head and neck, but the floor of the mouth, medi-
astinum, and buttocks are not uncommon sites. The classification
of these tumors is imprecise; some researchers consider them devel-
opmental malformations or hamartomas, and others call them
neoplasms. Lymphangiomas appear as unilocular or multilocular
cysts with thin, transparent walls and straw-colored fluid.
Microscopically, myriad dilated lymphatic channels are separated
by fibrous septa. Unlike hemangiomas, these lesions do not
regress spontaneously and should be resected.

SACROCOCCYGEAL TERATOMAS: Although rare, these germ
cell neoplasms are the most common solid tumors in the new-
born, with an incidence of 1 in 40,000 live births. At least 75% of
sacrococcygeal teratomas occur in girls, and a substantial number
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have been encountered in twins. The tumors are usually noticed at
birth as a mass in the region of the sacrum and buttocks. They are
commonly large, lobulated masses, often as large as the infant’s
head. One half of these tumors grow externally and may be con-
nected to the body by a small stalk. Some have both external and
intrapelvic components, whereas a few grow entirely in the pelvis.
Microscopically, sacrococcygeal teratomas are composed of nu-
merous tissues, particularly of neural origin. Most (90%) sacrococ-
cygeal teratomas detected before the age of 2 months are benign,
but up to half of those diagnosed later in life are malignant.
Associated congenital anomalies of the vertebrae, genitourinary
system, and anorectum are common. The lesion should be re-
sected promptly.

Cancers in the Pediatric Age Group
are Uncommon

The incidence of childhood malignancies is 1.3 per 10,000 per year
in children under the age of 15 years. The mortality rate clearly
varies with the intrinsic behavior of the tumor and the response to
therapy, but as an overall figure, the death rate for childhood can-
cer is only about one-third the incidence. Almost half of all malig-
nant diseases in patients under 15 years of age are acute leukemias
and lymphomas (see Chapter 20). Leukemias alone, particularly
acute lymphoblastic leukemia, account for one third of all cases of
childhood cancer. Most of the other malignant neoplasms are
neuroblastomas, brain tumors, Wilms tumors, retinoblastomas,
bone cancers, and various soft tissue sarcomas and are discussed
in detail in appropriate chapters.

The genetic influences in the development of childhood tu-
mors have been particularly well studied in the case of retinoblas-
toma, Wilms tumor, and osteosarcoma. The issues relating to the
interaction of inherited mutations and environmental influences
in the pathogenesis of malignant tumors in both children and
adults are discussed in Chapter S.
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Disorders of Perfusion
Hyperemia
Hemorrhage
Thrombosis
Thrombosis in the Arterial System
Thrombosis in the Heart
Thrombosis in the Venous System
Embolism
Pulmonary Arterial Embolism
Systemic Arterial Embolism
Infarction

Hemodynamic disorders are characterized by
disturbed perfusion that may result in organ and
cellular injury. The metabolism of organs and cells de-
pends on an intact circulation, both for the
continuous delivery of oxygen, nutrients, hormones,
electrolytes, and water and also for the removal of
metabolic waste and carbon dioxide. Delivery and
elimination at the cellular level are controlled by ex-
changes between the intravascular, interstitial,
cellular, and lymphatic spaces.

Disorders of Perfusion

Hyperemia is an Excess of Blood in an Organ

Hyperemia may be caused either by an increased supply of blood from
the arterial system (active hyperemia) or by impaired exit of blood
through venous pathways (passive hyperemia or congestion).

Active Hyperemia

Active hyperemia is an augmented supply of blood to an organ. It is usually
a physiologic response to increased functional demand, as in the beart and
skeletal muscle during exercise. Neurogenic and hormonal influences

Edema
Mechanisms of Edema Formation
Congestive Heart Failure
Pulmonary Edema
Edema in Cirrhosis
Nephrotic Syndrome
Cerebral Edema
Fluid Accumulation in Body Cavities
Shock
Systemic Inflammatory Response Syndrome (SIRS)
Multiple Organ Dysfunction Syndrome (MODS)

play a role in active hyperemia. Cutaneous hyperemia in febrile
states serves to dissipate heat. Skeletal muscle may increase its
blood flow (and thus oxygen delivery) 20-fold during exercise. The
increased blood supply occurs by arteriolar dilation and recruit-
ment of unperfused capillaries.

The most striking active hyperemia occurs in association with
inflammation (see Chapter 2). Because inflammation can also
damage endothelial cells and increase capillary permeability, in-
flammatory hyperemia is often accompanied by edema and local
extravasation of erythrocytes.

Passive Hyperemia (Congestion)

Passive hyperemia, or congestion, is engorgement of an organ with venous
blood. Acute passive congestion is clinically a consequence of acute
left or right ventricular failure. A generalized increase in venous
pressure, typically from chronic heart failure, results in slower
blood flow and a consequent increase in blood volume in many or-
gans, including the liver, spleen, and kidneys. Congestive heart
failure secondary to coronary artery disease and hypertension and
right-sided failure due to pulmonary disease are common causes
of passive congestion (see below).

Passive congestion may also be confined to a limb or an organ
as a result of more localized obstruction to venous drainage.
Examples include deep venous thrombosis of the leg veins, with re-
sulting edema of the lower extremity and thrombosis of hepatic
veins (Budd-Chiari syndrome), with secondary chronic passive
congestion of the liver.

LUNGS: Chronic left ventricular failure impedes venous blood
flow out of the lungs and leads to chronic passive pulmonary con-
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gestion. As a result, pressure in the alveolar capillaries increases as
these vessels become engorged with blood. Increased pressure in
the alveolar capillaries has four major consequences:

* Microhemorrhages release erythrocytes into alveolar spaces,
where they are phagocytosed and degraded by alveolar
macrophages. The released iron, in the form of hemosiderin,
remains in the macrophages, which are then called “heart fail-
ure cells.”

¢ Fluid is forced from the blood into the alveolar spaces, result-
ing in pulmonary edema, which interferes with gas exchange in
the lung (Fig. 7-1).

» Fibrosis increases in the interstitium of the lung. The presence
of fibrosis and iron is viewed grossly as a firm brown lung
(brown induration).

e Pulmonary hypertension occurs when the pressure is trans-
mitted to the pulmonary arterial system. This may lead to
right-sided heart failure and consequent generalized systemic
venous congestion.

LIVER: Because the hepatic veins empty into the vena cava imme-
diately inferior to the heart, it is particularly vulnerable to acute or
chronic passive congestion (see Chapter 14). The central veins of
hepatic lobules become dilated. The increased venous pressure is
transmitted to the sinusoids, which dilate, and centrilobular hepa-
tocytes undergo pressure atrophy. Grossly, the cut surface of the
chronically congested liver exhibits dark foci of centrilobular con-
gestion surrounded by paler zones of unaffected peripheral por-
tions of the lobules. The result is a reticulated appearance that re-
sembles a cross-section of a nutmeg (“nutmeg liver”) (Fig. 7-2).

SPLEEN: Increased intravascular pressure in the liver, from car-
diac failure or an intrahepatic obstruction to blood flow (e.g., cit-
rhosis), leads to higher pressure in the splenic vein and congestion
of the spleen. The organ becomes enlarged and tense, and the cut
section oozes dark blood. In long-standing congestion, diffuse
splenic fibrosis develops, and iron-containing, fibrotic, and calci-
fied foci of old hemorrhage (Gamna-Gandy bodies) appear. Such a
spleen may weigh 250 to 750 g, compared with a normal weight
of 150 g. The enlarged spleen sometimes displays excessive func-
tional activity—termed hypersplenism—which leads to hemato-
logic abnormalities (e.g., anemia, leukopenia, thrombocytopenia).

EDEMA AND ASCITES: Venous congestion impedes blood flow
through the capillaries, thereby increasing hydrostatic pressure and
promoting edema formation (see below for a discussion of the
mechanisms of edema formation). Accumulation of edema fluid in
heart failure is particularly noticeable in dependent tissues—the legs
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and feet in ambulatory patients and the back in those who are
bedridden. Ascites is an accumulation of fluid in the peritoneal
space and reflects (among other factors) lack of tissue rigor, a con-
dition in which there is no countervailing external pressure to op-
pose hydrostatic pressure within the blood vessels.

Hemorrhage is a Discharge of Blood Out
of the Vascular Compartment

Blood can be released from the circulation to the exterior of the
body or into nonvascular body spaces. The most common and ob-
vious cause is trauma. Severe atherosclerosis may so weaken the
wall of the abdominal aorta that it balloons to form an aneurysm,
which then may rupture and bleed into the retroperitoneal space
(see Chapter 10). Congenital berry aneurysms at the branch points
of the carotid system in the brain may give way and cause sub-
arachnoid hemorrhage (see Chapter 28). Certain infections (e.g.,
pulmonary tuberculosis) and invasive neoplasms may erode blood
vessels and lead to hemorrhage.

Hemorrhage also results from damage to capillaries. For in-
stance, rupture of capillaries by blunt trauma leads to a bruise.
Increased venous pressure also causes extravasation of blood from
pulmonary capillaries. Vitamin C deficiency is associated with cap-
illary fragility and bleeding, owing to a defect in the supporting
connective tissue structures. The minor trauma imposed on small
vessels and capillaries by normal movement requires an intact co-
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agulation system to prevent hemorrhage. Thus, a severe decrease
in the number of platelets (thrombocytopenia) or a deficiency of a
coagulation factor (e.g., factor VIII in hemophilia A) is associated
with spontaneous hemorrhage into joints without apparent
trauma (see Chapter 10).

A person may exsanguinate into an internal cavity, as in gastroin-
testinal hemorrhage from a peptic ulcer (arterial hemorrhage) or
esophageal varices (venous hemorrhage). In such cases, fresh blood
may fill the entire gastrointestinal tract. Bleeding into a serous cavity
can result in accumulation of a large amount of blood, even to the
point of exsanguination.

A few definitions are in order:

* Hematoma: Hemorrhage into soft tissue. Such collections of
blood can be merely painful, as in a muscle bruise, or fatal, if lo-
cated in the brain.

* Hemothorax: Hemorrhage into the pleural cavity.

* Hemopericardium: Hemorrhage into the pericardial space.

* Hemoperitoneum: Bleeding into the peritoneal cavity.

* Hemarthrosis: Bleeding into a joint space.

¢ Purpura: Diffuse superficial hemorrhages in the skin, up to 1
cm in diameter.

* Ecchymosis: A larger superficial hemorrhage in the skin.

* Petechiae: Pinpoint hemorrhages, usually in the skin or con-
junctiva. This lesion represents the rupture of a capillary or
arteriole and occurs in conjunction with coagulopathies or
vasculitis.

Thrombosis

Thrombosis refers to the formation of a thrombus, defined as an aggregate
of coagulated blood containing platelets, fibrin, and entrapped cellular ele-
ments, within a vascular lumen. A thrombus by definition adheres to
vascular endothelium and should be distinguished from a simple
blood clot, which reflects only activation of the coagulation cas-
cade and can form in vitro or even postmortem. Similarly, a
thrombus differs from a hematoma, which results from hemor-
rhage and subsequent clotting outside the vascular system.
Thrombus formation and the coagulation cascade are discussed in
more detail in Chapters 10 and 20.

Thrombosis in the Arterial System is Usually
due to Atherosclerosis

PATHOGENESIS: The vessels most commonly in-
volved in arterial thrombosis due to atherosclerosis
are the coronary, cerebral, mesenteric, renal arteries,
and arteries of the lower extremities. Less commonly,
arterial thrombosis occurs in other disorders, including inflam-
mation of arteries (arteritis), trauma, and blood diseases.

A major risk factor for thrombosis is immobilization af-
ter surgery or after leg casting. Other risk factors include obe-
sity, advanced age, previous thrombosis, and cancer. The
pathogenesis of arterial thrombosis involves principally three
factors:

e Damage to endothelium, almost always a result of ather-
osclerosis, disturbs the anticoagulant properties of the
vessel wall and serves as a nidus for platelet aggregation
and fibrin formation.

e Alterations in blood flow, whether from turbulence in
an aneurysm or at sites of arterial bifurcation, is conducive
to thrombosis. Slowing of blood flow in narrowed arteries
favors thrombosis.
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* Increased coagulability of the blood, as seen in poly-
cythemia vera or in association with some cancers, leads to
an increased risk of thrombosis.

4

PATHOLOGY: An arterial thrombus attached to a ves-
sel wall is initially soft, friable, and dark red, with fine al-
ternating bands of yellowish platelets and fibrin, the
lines of Zahn (Fig. 7-3). Once formed, arterial thrombi
have several possible outcomes.

* Lysis, owing to the potent thrombolytic activity of the blood.

* Propagation (i.e., an increase in its size), because a thrombus
serves as a focus for further thrombosis.

e Organization, the eventual invasion of connective tissue ele-
ments involved in repair (see Chapter 3), which causes a throm-
bus to become firm and grayish white.

e Canalization, by which new lumina lined by endothelial cells
form in an organized thrombus (Fig. 7-4).

* Embolization, when part or all of the thrombus becomes dis-
lodged, travels through the circulation, and lodges in a blood
vessel some distance from the site of thrombus formation (see
below for further discussion).

CLINICAL FEATURES: Arterial thrombosis due to ather-
osclerosis is the most common cause of death in Western indus-
trialized countries. Because most arterial thrombi oc-
clude the vessel, they often lead to ischemic necrosis of
tissue supplied by that artery (i.e., an infarct). Thus, thrombosis
of a coronary or cerebral artery results in myocardial infarct
(heart attack) or cerebral infarct (stroke), respectively. Other
end-arteries that are affected by atherosclerosis and often suffer
thrombosis include mesenteric arteries (intestinal infarction), re-
nal arteries (kidney infarcts), and arteries of the leg (gangrene).

Thrombosis in the Heart Develops
on the Endocardium

As in the arterial system, endocardial injury and changes in blood
flow in the heart may lead to mural thrombosis (i.e., a thrombus
adhering to the underlying wall of the heart). Myocardial infarc-
tion is often associated with mural thrombi adherent to the left
ventricle resulting from damage to the endocardium and altered
blood flow. Mural thrombi also occur in association with atrial
fibrillation, cardiomyopathies, and endocarditis—the last produc-

‘|”||‘|"‘i”!}"\|||\'|"”H”'”|i1'i|\||}'!‘||m|‘|‘ Arterial thrombus. Gross photograph of a thrombus
il ¢, o aortic aneurysm shows the laminations of
fibrin and platelets known as the lines of Zahn.
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il |||!‘||”||‘||H Canalization of thrombus. Photomicrograph of the

I
FIGU |||‘ ‘ \ .
-\IH (7| —— descending coronary artery shows se-

vere atherosclerosis and canalization.

ing small thrombi (vegetations) on cardiac valves (see Chapter 11
for additional detail). The major complication of thrombi in any
location in the heart is detachment of fragments and their lodge-
ment in blood vessels at distant sites (embolization).

Thrombosis in the Venous System is Multifactorial

The most common manifestation of thrombosis in the venous sys-
tem is thrombosis of the deep venous system of the legs (deep ve-
nous thrombosis or DVT).

PATHOGENESIS: DVT is caused by the same fac-
tors that favor arterial and cardiac thrombosis: en-
dothelial injury, stasis, and a hypercoagulable state.
Conditions that favor the development of DVT in-
clude:

e Stasis (heart failure, chronic venous insufficiency, postop-
erative immobilization, prolonged bed rest).

e Injury (trauma, surgery, childbirth).

* Hypercoagulability (oral contraceptives, late pregnancy,
cancer, inherited thrombophilic disorders) (see Chapter 20).

* Advanced age (venous varicosities, phlebosclerosis).

 Sickle cell disease (see Chapter 20).

4

PATHOLOGY: Most (>90%) venous thromboses occur
in deep veins of the legs; the rest usually involve pelvic
veins. Most venous thrombi begin in the calf veins, fre-
quently in the sinuses above the venous valves. In this
location, venous thrombi have several potential fates, generally
similar to those discussed above for arterial thrombi. A thrombus

may propagate so as to involve the larger iliofemoral veins. The
lung as a pulmonary embolus, which is a significant hazard to life.
. CLINICAL FEATURES: Small thrombi in the calf
.$ thrombi in the iliofemoral system may cause no symp-
toms or calf tenderness. Occlusive thrombosis of

cyanosis of the lower extremity.
The function of venous valves is always impaired in a vein sub-

thrombus may then dislodge (embolization) and be carried to the

veins are ordinarily asymptomatic, and even larger
femoral or iliac veins leads to severe congestion, edema, and
jected to thrombosis and organization. As a result, chronic deep

o

venous insufficiency (i.e., impaired venous drainage) is virtually in-
evitable. If a lesion is restricted to a small segment of the deep ve-
nous system, the condition may remain asymptomatic. However,
more extensive involvement leads to pigmentation, edema, and in-
duration of leg skin. Ulceration above the medial malleolus can
occur and is often difficult to treat.

Venous thrombi elsewhere may also be dangerous. Thrombosis
of mesenteric veins can cause hemorrhagic small bowel infarction,
thrombosis of cerebral veins may be fatal, and hepatic vein throm-
bosis (Budd-Chiari syndrome) may destroy the liver.

Embolism

An embolism is the sudden blockage of the venous or arterial circulations by
any material that can lodge in a blood vessel and obstruct its lumen. The most
common embolus is a thromboembolus—that is, a thrombus
formed in one location that detaches from a vessel wall at its point of
origin and travels to a distant site.

Pulmonary Arterial Embolism is Potentially Fatal

Most pulmonary emboli (90%) arise from deep veins of the
lower extremities, and fatal emboli tend to form in iliofemoral
veins (Fig. 7-5). The clinical features of pulmonary embolism are
determined by the size of the embolus and the patient’s health.
Acute pulmonary embolism is divided into the following syn-
dromes:

e Asymptomatic small pulmonary emboli

» Transient dyspnea and tachypnea without other symptoms

e Pulmonary infarction with pleuritic chest pain, hemoptysis,
and pleural effusion

* Cardiovascular collapse with sudden death.

Massive Pulmonary Embolism

One of the most dramatic calamities complicating hospitalization
is the sudden collapse and death of a patient who appeared to be
well on the way to an uneventful recovery. The cause of this catas-
trophe is often massive pulmonary embolism due to the release of
a large deep venous thrombus from a lower extremity. Classically,
a postoperative patient succumbs upon getting out of bed for the
first time. The muscular activity dislodges a thrombus that
formed as a result of the stasis from prolonged bed rest. Excluding
deaths related to surgery itself, pulmonary embolism is the most
common cause of death after major orthopedic surgery and is the
most frequent nonobstetric cause of postpartum death. It also is
an especially common factor in deaths of patients who suffer from
chronic heart and lung diseases and in those who are subjected to
prolonged immobilization for any reason. Prolonged immobiliza-
tion associated with air travel can also lead to venous thrombosis
(“economy class syndrome”) and, occasionally, sudden death from
a pulmonary embolus.

A large pulmonary embolus often lodges at the bifurcation of
the main pulmonary artery (saddle embolus), obstructing blood
flow to both lungs (Fig. 7-6). Large lethal emboli may also be
found in the first branching of the right or left pulmonary arter-
ies. Multiple smaller emboli may obstruct secondary branches and
prove fatal. With acute obstruction of more than half of the pul-
monary arterial tree, the patient often experiences immediate se-
vere hypotension (or shock) and may die within minutes.

The hemodynamic consequences of such massive pulmonary
embolism are acute right ventricular failure from sudden obstruc-
tion of outflow and pronounced reduction in left ventricular car-
diac output, secondary to the loss of right ventricular function. The
low cardiac output is responsible for the sudden appearance of se-
vere hypotension.
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Pulmonary Infarction

Small pulmonary emboli tend to locate in peripheral pulmonary ar-
teries and are not ordinarily lethal. Clinically, pulmonary infarction
is usually seen in the context of congestive heart failure or chronic
lung disease, because the normal dual circulation of the lung ordi-
narily protects against ischemic necrosis. When pulmonary infarcts
do occur, they tend to be hemorrhagic, as the bronchial artery
pumps blood into the necrotic area. The infarcts are generally py-
ramidal, with the base of the pyramid on the pleural surface.
Patients experience cough, stabbing pleuritic pain, shortness of
breath, and occasional hemoptysis. Pleural effusion is common and
often bloody. With time, the blood in the infarct is resorbed, and the
center of the infarct becomes pale. Granulation tissue forms on the
edge of the infarct, after which it is organized to form a fibrous scar.
Half of all pulmonary thromboemboli are resorbed and organized
within 8 weeks, with little narrowing of the vessels.

Systemic Arterial Embolism Often Causes Infarcts

Thromboembolism

The heart is the most common source of arterial thromboemboli (Fig. 7-7),
which usually arise from mural thrombi or diseased valves (see above).
These emboli tend to lodge at points where the vessel lumen nar-
rows abruptly (e.g., at bifurcations or in the area of an atheroscle-
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saddle embolus.

'!'||\l‘!|‘|||‘||‘|‘ Pulmonary embolism. The main pulmonary artery
|\| Il and its bifurcation have been opened to reveal a large

rotic plaque). Organs that suffer the most from arterial throm-
boembolism include:

e Brain: Arterial emboli to the brain cause ischemic necrosis
(strokes).

¢ Intestine: In the mesenteric circulation, emboli result in bowel
infarction, which manifests as an acute abdomen and requires
immediate surgery.

* Lower extremity: Embolism to an artery of the leg leads to
sudden pain, absence of pulses, and a cold limb. In some cases,
the limb must be amputated.

e Kidney: Renal artery embolism may infarct an entire kidney
but more commonly causes small peripheral infarcts.

e Heart: Coronary artery embolism and resulting myocardial in-
farcts occur but are rare.

The more common sites of infarction from arterial emboli are
summarized in Figure 7-8.

Air/Gas Embolism
Air may enter the venous circulation through neck wounds, thora-
cocentesis, or punctures of the great veins during invasive proce-
dures or hemodialysis. Small amounts of circulating air in the form
of bubbles are of little consequence, but quantities of 100 mL or
more can lead to sudden death. Air bubbles tend to coalesce and
physically obstruct blood flow in the right side of the heart, the pul-
monary circulation, and the brain. Histologically, air bubbles ap-
pear as empty spaces in capillaries and small vessels of the lung.
Persons exposed to increased atmospheric pressure, such as
scuba divers and workers in underwater occupations (e.g., tunnels,
drilling platform construction), are subject to decompression
sickness, a unique form of gas embolism. During descent, large
amounts of inert gas (nitrogen or helium) are dissolved in bodily
fluids. When the diver ascends, the gas is released from solution
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and exhaled. However, if ascent is too rapid, gas bubbles form in
the circulation and within tissues, obstructing blood flow and di-
rectly injuring cells. Air embolism is the second most common
cause of death in sport diving (drowning is the first). Acute de-
compression sickness, “the bends,” is characterized by temporary
muscular and joint pain, as a result of small vessel obstruction in
these tissues. However, severe involvement of cerebral blood ves-
sels may cause coma or even death.

Amniotic Fluid Embolism

In ammniotic fluid embolism, amniotic fluid containing fetal cells and debris
enter the maternal circulation through open uterine and cervical veins. It is
a rare maternal complication of childbirth but can be catastrophic
when it occurs. This disorder usually occurs at the end of labor
when the pulmonary emboli are composed of the solid epithelial
constituents (squames) contained in the amniotic fluid. Of greater
importance is the initiation of potentially fatal disseminated in-
travascular coagulation caused by the high thromboplastin activ-
ity of amniotic fluid.

Fat Embolism

Fat embolism refers to the release of emboli of fatty marrow into damaged
blood vessels following severe trawma to fat-containing tissue, particularly
accompanying bone fractures. In most instances, fat embolism is clin-
ically inapparent. However, when severe it leads to fat embolism
syndrome 1 to 3 days after the injury. In its most severe form,
which may be fatal, this syndrome is characterized by respiratory
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failure, mental changes, thrombocytopenia, and widespread pe-
techiae. At autopsy, innumerable fat globules are seen in the mi-
crovasculature of the lungs and brain and sometimes other or-
gans. The lungs typically exhibit the changes of acute respiratory
distress syndrome (ARDS) (see Chapter 12). The lesions in the
brain include cerebral edema, small hemorrhages, and occasion-
ally microinfarcts.

[Nl Common sites of infarction from arterial emboli.
M

Infarction

Infarction is the process by which coagulative necrosis develops in an area
distal to the occlusion of an end artery. The necrotic zone is an infarct.
Infarcts of vital organs such as the heart, brain, and intestine are
serious medical conditions and are major causes of morbidity and
mortality. If the victim survives, the infarct heals with a scar.
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PATHOLOGY: The gross and microscopic appearance

4 of an infarct depends on its location and age. Upon ar-

terial occlusion, the area supplied by the vessel rapidly

becomes swollen and deep red. Microscopically, vascular

dilation and congestion and occasionally interstitial hemorrhage

are noted. Subsequently, several types of infarcts are distinguish-
able by gross examination.

Pale infarcts are typical in the heart, kidneys, and spleen (Fig.
7-9). On gross examination, 1 or 2 days after the initial hyperemia,
the infarct becomes soft, sharply delineated, and light yellow (Fig.
7-10). The border tends to be dark red, reflecting hemorrhage into
surrounding viable tissue. Microscopically, a pale infarct exhibits
uniform coagulative necrosis.

Red infarcts may result from either arterial or venous occlu-
sion and are also characterized by coagulative necrosis. However,
they are distinguished by bleeding into the necrotic area from ad-
jacent arteries and veins. Red infarcts occur principally in organs with a
dual blood supply, such as the lung, or those with extensive collateral
circulation, such as the small intestine and brain. In the heart, a JfRmP - Acute myocardial infarct. A cross-section of the left
red infarct occurs when the infarcted area is reperfused, as may oc- mi\llnlm \III‘||‘I|‘|||‘|”|I\IM"‘H ventricle reveals a sharply circumscribed, soft, yellow
cur following spontaneous or therapeutically induced lysis of the area of necrosis in the posterior free wall (arrows).
occluding thrombus. Grossly, red infarcts are sharply circum-
scribed, firm, and dark red to purple (Fig. 7-11). Over a period of
several days, acute inflammatory cells infiltrate the necrotic area
from the viable border, followed by granulation tissue, healing,
and scar formation (see Chapter 3). In the brain, an infarct typi-
cally undergoes liquefactive necrosis and may become a fluid-filled
cyst, which is referred to as a cystic infarct (Fig. 7-12).

Infarcts of the lung (pulmonary infarct, see above), heart (myocar-
dial infarcts, see Chapter 11), brain (cerebral infarcts, see Chapter 28),
and intestine (see Chapter 13) are medical emergencies responsible for
significant morbidity and mortality in the population. Details of the
pathogenesis and clinical features of infarctions occurring in specific
organs are found in the appropriate chapter references.

Edema

Edema is excess fluid in interstitial spaces of the body and may be local or
generalized. Edema fluid may accumulate in body spaces, su