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membranoproliferative
glomerulonephrits
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ower case Greek letters are widely used in immuno-

logy to denote peptide chains or other molecules.
Below is a list of Greek letters with examples of their
usage.

EXAMPLES OF GREEK LETTERS
IN IMMUNOLOGY

o alpha o. heavy chains (IgA)

[} beta B;-microglobulin

¥ gamma ¥ globulin, y interferon
& delta & heavy chains (IgD)

GREEK LETTERS

£ epsilon
{ zeta

n eta

0 theta

K kappa
A lambda
U mu

v upsilon
¢ phi

W psi

T tau

® omega

€ heavy chains (Ighk)

€ chain of CD3

M chain of CD3

0 antigen (a synonym for CD90)
« light chains

A light chains

ut heavy chains (IgM)

v heavy chain (IgY)

¢X 174, a bacteriophage

a notation for a pseudogene
interferon-t

interferon-m
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he living animal body contains all the com-

ponents necessary to sustain lifte. It is warm,

moist, and rich in many different nutrients. As a
result, animal tissues are extremely attractive to micro-
organisms that seek to invade the body and exploit these
resources for themselves. 'T'he magnitude of this micro-
bial attack can be readily seen when an animal dies.
Within a few hours, especially when warm, a body
decomposes rapidly as microbes invade its tissues. On the
other hand, the tissues of living, healthy animals are
highly resistant to microbial invasion. This resistance is
due to multiple interlinked defense mechanisms. Indeed,
the survival of an animal depends on its successful
defense against microbial invaders. This defense is
encompassed by the discipline of immunology and is the
subject of this book.

Because effective resistance to infection is critical, the
body dare not rely on a single defense mechanism. “To be
effective and reliable, multiple defense systems must be
available. Some may be effective against many different
invaders. Others may only destroy specific organisms.
Some act at the body surface to exclude invaders. Others
act deep within the body to destroy organisms that have
breached the outer defenses. Some defend against bacte-
rial invaders, some against viruses that live inside cells,
and even some against large invaders such as fungi or
parasitic worms and insects. The protection of the body
comes from a complex system of overlapping and inter-
linked defense mechanisms that together can destroy or
control almost all invaders. A failure in these defenses,
either because the immune system is destroyed (as occurs
in acquired immune deficiency syndrome, AIDS) or

because the invading organisms can overcome or evade
the defenses, will result in disease and possibly death. An
effective immune system is not simply a useful system to
have around. It is essential to life itself.

A BRIEF HISTORY OF VETERINARY
IMMUNOLOGY

Our awareness of the importance of the defense of the
body against microbial invasion could only develop after
the medical community accepted the concept of infec-
tious disease. When infections such as smallpox or plague
spread through early human societies, although many
people died, some individuals recovered. It was rarely
noticed that these recovered individuals remained
healthy during subsequent outhreaks—a sign that they
had developed effective immunity. Nevertheless, by the
12th century the Chinese had observed that those indi-
viduals who recovered from smallpox were resistant to
further attacks of this disease. Being practical people,
they therefore deliberately infected infants with smallpox
by rubbing the scabs from infected individuals into small
cuts in their skin. Those infants who survived the result-
ing disease were protected from smallpox in later life.
T'he risks inherent in this procedure were acceptable in
an era of high infant mortality. On gaining experience
with the technique it was found that using scabs from the
mildest smallpox cases minimized the hazards. As a
result, mortality due to smallpox inoculation (or variola-
tion) dropped to about 1% as compared to a mortality of
about 20% in clinical smallpox cases. Knowledge of
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variolation spread westward to Europe by the early 18th
century, and was soon widely employed.

Outbreaks of rinderpest (then called cattle plague) had
been a common occurrence throughout western Europe
since the ninth century and inevitably killed huge numbers
of cattle. Since none of the traditional remedies appeared
to work and the skin lesions in atfected animals vaguely
resembled those seen in smallpox, it was suggested in
1754 that inoculation might help. This process involved
soaking a piece of string in the nasal discharge from an
animal with rinderpest and then inserting the string into
an incision in the dewlap of the animal to be protected.
The resulting disease was usually milder than natural
infection, and the inoculated animal became resistant
to the disease. The process proved very popular, and
skilled inoculators traveled throughout Europe inocu-
lating cattle and branding them to show that they were
protected against rinderpest.

In 1798, Edward Jenner, an English physician,
demonstrated that material from cowpox lesions could be
substituted for smallpox in variolation. Since cowpox
does not cause severe disease in humans, its use reduced
the risks incurred by variolation to insignificant levels.
The effectiveness of this procedure, called vaccination
(vacca is Latin for “cow”) was such that it was eventually
used in the 1970s to eradicate smallpox from the world.

Once the general principles of inoculation were
accepted (even although nobody had the faintest idea
how it worked), attempts were made to use similar pro-
cedures to prevent other animal diseases. Some of these
techniques were effective. Thus, material derived from
sheep pox was used successfully to protect sheep in a
process called ovination and was widely employed in
Europe. Likewise, inoculation for bovine pleuropneumonia
consisted of inserting a small piece of dssue from an
infected lung into a cut in the tail. The tail fell off within
a few wecks, but the animal became immune! Although
the process was effective, infected material from the tail
also spread the disease and so delayed its eradication. On
the other hand, administration of cowpox material to the
nose of puppies to prevent canine distemper, though
widely employed, was a complete failure,

The general implications of Jenner’s observations on
cowpox and the importance of reducing the ability of an
immunizing organism to cause discase were not realized
until 1879. In that year, Louis Pasteur in France investi-
gated fowl cholera, a disease caused by the bacterium
now called Pasteurella multocida (Figure 1-1). Pasteur had
a culture of this organism that was accidentally allowed to
age on a laboratory bench while his assistant was on vaca-
tion. When the assistant returned and tried to infect
chickens with this aged culture, the birds remained
healthy (Figure 1-2). Being frugal, Pasteur retained these
chickens and subsequently used them for a second exper-
iment in which they were challenged again, this time
with a fresh culture of P madtocida known to be capable of
killing chickens. To Pasteur’s surprise the birds were

Figure 1-1. Louis Pasteur made the key discoveries that led to
the development of vaccines against infectious agents. This
drawing shows him as the good shepherd “Le bon Pasteur,”
reflecting his discovery of a vaccine against anthrax, 1882,
(Copyright Institut Pasteur. With permission.)

Aged
FPmultocida

—_— No disease
or death

No disease
or death

Normal

Fresh j

Pmultocida

Dead

Normal

Figure 1-2. Pasteur’s fowl cholera experiment. Birds inocu-
lated with an aged culture of P multocida did not die. However,
when subsequently inoculated with a fresh culture of virulent
P muldtocida the birds were found to be protected.



resistant to the infection and did not die. In a remarkable
intellectual jump, Pasteur immediately recognized that
this phenomenon was similar in principle to Jenner’s use
of cowpox for vaccination. In vaccination, exposure of
an animal to a strain of an organism that will not cause
disease (an avirulent strain) can provoke an immune
response. This immune response will protect the animal
against a subsequent infection by a disease-producing
(or virulent) strain of the same, or closely related, organism.
Having established the general principle of vaccination,
Pasteur first applied it to anthrax. He made anthrax
bacteria (Bacillus antbracis) avirulent by growing them at
an unusually high temperature. These attenuated organ-
isms were then used as a vaccine to protect sheep against
challenge with virulent anthrax bacteria. Pasteur sub-
sequently developed a successful rabies vaccine by drying
spinal cords taken from rabies-infected rabbits and using
the dried cords as his vaccine material. The drying
process effectively rendered the rabies virus avirulent
(and probably killed much of it).

Although Louis Pasteur used only living organisms in
his vaccines, it was not long before Daniel Salmon and
Theobald Smith, working in the United States, demon-
strated that dead organisms could also be used as vaccines.
They showed that a heat-killed culture of a bacterium
called Salmonella enterica choleraesuis (then called Bacillus
suipestifer and believed to be the cause of hog cholera)
could protect pigeons against the disease caused by that
organism. A little later, Von Behring and Kitasato in
Germany showed that filtrates taken from cultures of the
tetanus bacillus (Clostridium tetaniy could protect animals
against tetanus even although they contained no bacteria.
Thus bacterial products, in this case tetanus toxin, were
also protective.

By 1900 the existence of immunity to infectious diseases
of animals was well recognized. Over the past century
immunologists have succeeded in identitying the
molecular and cellular basis of this antimicrobial immu-
nity. With this understanding has come the ability to use
immune mechanisms to enhance resistance to infectious
diseases. The role of the immune system in many different
disease processes has been clarified. While much has
been learned, much remains to be investigated. It is the
current state of immunology as it relates to those species
of interest to veterinarians that is the subject of this book.

MICROBIAL INVASION

The world 1s full of a diverse array of microorganisms.
These include bacteria, viruses, fungi, protozoa, and
helminths (worms). As they struggle to survive, many of
these microorganisms see the animal body as a rich
source of nutrients and a place to shelter. They will thus
seek to invade animal tissues. This is normally prevented
by our immune defenses. Sometimes, however, these
organisms may overcome the immune defenses and cause
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disease. Organisms that cannot evade or overcome the
immune defenses are unable to invade the body, cannot
cause tissue damage, and cannot therefore cause disease.
An organism that can cause disease is said to, be a
pathogen. It is important to point out, however, that only
a small proportion ol the world’s microorganisms are
associated with animals and that only a very small pro-
portion of these have the ability to overcome the immune
defenses and become pathogens.

These pathogens vary greatly in their ability to cause
disease (or to evade the body'’s defenses). This ability is
termed wviralence. Thus a highly virulent organism has a
greater ability to defeat the immune system and cause
disease than an organism with low virulence. If a bac-
terium can cause disease almost every time it invades a
healthy individual, even in low numbers, then it is con-
sidered a primary pathogen. Examples of primary
pathogens include distemper virus; the human immuno-
deficiency virus (HIV), which causes AIDS; and Brucella
abortus, the cause of contagious abortion in cattle. Other
pathogens may be of such low virulence that they will
only cause disease if administered in very high doses or if
the immune defenses of the body are impaired first.
These are opportunistic pathogens. Examples of oppor-
tunistic pathogens are those that invade animals whose
immune systems have been destroyed or suppressed.
They include bacteria such as Mannbeimia bemolytica and
fungi such as Puenumocystis carinii. "These organisms rarely,
if ever, cause disease in healthy animals.

THE BODY'S DEFENSES

Physical Barriers

Because the successful exclusion of microbial invaders is
essential for survival, it is not surprising that animals use
many different defense strategies. Indeed, the body
employs multple layers of defense (Figure 1-3). As a result,

Invading
microorganisms

+ ¢ * Examples: Skin

Physical barriers Self-cleaning

‘L ¢ Normal flora

Examples: Inflammation
Defensins

¢ i Lysozyme

Examples: Antibody production

Specific immunity \ ; ?
Cell-mediated immunity

Figure 1-3. The three general ways by which the animal body
defends itself against microbial invasion.
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an organism that has succeeded in breaking through the
first defensive layer is then confronted with the need to
overcome a second, higher barrier, and so forth. The first
and most obvious of these layers are the physical barriers
to invasion. Thus intact skin provides an effective barrier
to microbial mvasion. If it is damaged, intections may
occur; however, wound healing ensures that it is repaired
very rapidly. On other body surfaces, such as in the
respiratory and gastrointestinal tracts, simple physical
defenses include the “self-cleaning” processes: coughing,
sneezing, and mucus flow in the respiratory tract; vomiting
and diarrhea in the gastrointestinal tract; and urine flow
in the urinary system. The presence of an established
normal flora on the skin and in the intestine also excludes
many potential invaders. Well-adapted organisms adapted
to living on body surfaces can easily outcompete poorly
adapted pathogenic organisms.

Innate Immunity

Physical barriers, though very helpful in excluding
invaders, cannot be entrely effective in themselves.
Given time and persistence an invading microorganism
will eventually overcome mere physical obstacles.
However, given that most animals are not perpetually
sick, it is likely that most of these infections are termi-
nated quickly before the onset of disease. This is the task
of the innate immune system. This second layer of
defenses therefore consists of preexisting or rapidly
responding chemical and cellular defense mechanisms
(Table 1-1). Innate immunity relies on the fact that invad-
ing microorganisms are chemically very different from
normal body components. Thus animals have enzymes
that can digest bacterial cell walls and carbohydrate-
binding proteins that will coat bacteria and hasten their
destruction. Animals also have cells that can recognize
the molecules associated with invading microorganisms
and kill them. One key aspect of innate immunity is the
body’s ability to focus these innate defense mechanisms
on sites of microbial invasion. This focused defensive

Innate Immunity

Acquired Immunity

Macrophages, T and B cells

dendritic cells

Cells engaged

neutrophils,
NK cells
Evolutionary Ancient Recent
history
Onset Rapid (min-hr) Slow (days-weeks)
Specificity Common Unique antigens

microbial
structures
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response is called inflammation. During inflammation,
changes in tissues brought about by microbial invasion
or tissue damage result in increased blood flow and the
local accumulation of cells that can attack and destroy the
invaders. These cells, called neutrophils and macrophages,
can destroy most invading organisms and prevent their
spread to uninfected areas of the body. The body also
uses enzymes that are triggered by the presence of
invaders to cause microbial destruction. These enzymes
form what is known as the complement system. Some
of the cells involved in inflammation may also repair
damaged tissues once the invaders have been destroyed.

Animals also possess natural antimicrobial molecules
such as the carbohydrate-digesting enzyme lysozyme and
many carbohydrate-binding proteins. Some of these
molecules circulate all the time; others are induced by the
presence of bacteria or damaged tissues. These proteins
can bind to invading organisms and accelerate their
destruction.

The innate immune system lacks any form of memory.
As a result the intensity and duration of processes such as
inflammation remain unchanged no matter how often a
specific invader 1s encountered. On the other hand, it is
always ready to respond immediately once an invading
pathogen is encountered.

Acquired Immunity

Inflammation and the other components of the innate
immune system contribute significantly to the defense of
the body. Animals that cannot mount an effective innate
response  will die from overwhelming infections.
Nevertheless, these innate mechanisms cannot offer the
ultimate solution to the defense of the body. What is
really needed is a defense system that can recognize
invaders, destroy them, and then learn from the process.
The animal body requires a “smart” system that can
recognize and remember invaders so that when it
encounters them on subsequent occasions it can respond
more rapidly and effectively. Therefore, the more often
an individual encounters an invader, the more effective
will be its defenses against that organism. This type of
adaptive response is the function of the acquired immune
system. "T'he acquired immune system takes at least
several days to become effective (Figure 1-4). Although it
develops rather slowly, this is an incredibly effective
defense system. As a result, when an animal eventually
develops acquired immunity to an invader, the chance of
successful invasion by that organism will be reduced to a
very low level. The acquired immune system is a complex
and sophisticated system that provides the ultimate
defense of the body. Its importance is readily seen when
it is destroyed. Thus in human AIDS patients, loss of
acquired immunity leads inevitably to death as a result of
uncontrolled infections. The main distinction between
the innate and acquired immune systems lies in their use
of receptors to recognize foreign invaders. The innate
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system uses preexisting receptors that can bind to mole-
cules and molecular patterns commonly found on many
different microbial pathogens. In contrast, the cells of
the acquired immune system randomly generate enor-
mous numbers of structurally unique receptors. These
receptors can bind to an enormous array of foreign
molecules. Because the binding repertoire of these recep-
tors is generated randomly, they are not predestined to
recognize any specific foreign molecule but collectively
can recognize almost any invading microorganism.

The acquired immune system can recognize foreign
invaders, destroy them, and retain the memory of the
encounter. If the animal encounters the same organism a
second time the immune system responds more rapidly
and more effectively. Such a sophisticated system must
of necessity be complex. One reason for this complexity
is the enormous diversity of potential invaders. Microbial
invaders fall into two broad categories. One category
consists of the organisms that originate outside the body.
This includes most bacteria and fungi, as well as many
protozoa and invading helminths. The second category
consists of the organisms that originate or live inside the
body’s own cells. These include viruses and intracellular
bacteria or protozoa. The acquired immune system
therefore consists of two major branches that defend
against each of these two categories of invaders. Thus
one branch of the immune system is directed against the
extracellular or exogenous invaders. Proteins called
antibodies destroy these invaders. This type of immune
response is sometimes called the “humoral immune
response” since antibodies are found in body fluids (or
“humors”). The other major branch of the immune
system is directed against the intracellular or endogenous
invaders that invade cells. Specialized cells destroy these
infected or abnormal cells. This type of response is there-
fore called the “cell-mediated immune response.”
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Figure 1-4. 'The time course of
innate and acquired immunity.
Surface barriers provide immedi-
ate protection. Innate mechanisms
provide rapid protection that
keeps microbial invaders at bay
until acquired immunity can
develop. It may take several days
or weeks for acquired immunity
to hecome effective,

Time

ANTIBODY-MEDIATED IMMUNE RESPONSES

Soon after Louis Pasteur discovered that it was possible
to produce immunity to infectious agents by vaccination,
it was recognized that the substances that provided this
immunity could be found in the blood serum (Figure 1-5).
For example, if serum is taken from a horse that has been
vaccinated against tetanus (or has recovered from
tetanus) and injected into a normal horse, the recipient
animal will become resistant to tetanus for several weeks
(Figure 1-6).

The protective molecules found in the serum of an
immunized animal are proteins called antibodies.
Antibodies against tetanus toxin are not found in the
serum of normal horses but are produced following expo-
sure to tetanus toxin as a result of infection or vaccina-
tion. ‘letanus toxin is an example of a foreign substance
that stimulates an immune response. The general term
for such a substance is antigen. If an antigen is injected
into an animal, then antibodies will be produced which
can bind to that antigen and ensure its destruction.
Antibodies are specific and only bind to the antigen that
stimulates their production. For example, the antibodies
produced in response to tetanus toxin bind only tetanus
toxin. If serum containing these antibodies is mixed
with a solution of tetanus toxin, the antibodies bind and
“neutralize” the toxin so that it is no longer toxic for
animals. In this way antibodies protect animals against
the lethal effects of the toxin.

The time course of the antibody response to tetanus
toxin can be followed by taking blood samples from a
horse at intervals after injection of the toxin (or injection
of chemically detoxified toxin called tetanus toxoid, a
much safer procedure). The blood is allowed to clot and
the clear serum removed. The amount of antibody in the
serum may be estimated by measuring the ability of the
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Figure 1-5. The difference between serum and plasma. Plasma contains blood-clotting components that are absent from serum.

serum to ncutralize a standard amount of toxin.
Following a single injection of toxin into a horse that has
never been previously exposed to it, no antibody is
detectable for several days (Figure 1-7). This lag period
lasts for about one week. When antibodies eventually
appear in serum their level climbs to reach a peak by 10
to 20 days before declining and disappearing within a few
wecks. The amount of antibody formed, and therefore
the amount of protection conferred, during this first or
primary response is relatively small.

If sometime later a second dose of toxin or toxoid is
injected into the same horse and the antibody response
followed, then the lag period lasts for no more than 2 or
3 days. The amount of antibody in serum then rises
rapidly to a high level before declining slowly. Antibodies
may be detected for many months or years after this
injection. A third dose of the antigen given to the same

Tetanus

Figure 1-6. Transfer of immunity to tetanus Hyeoid

animal results in an immune response characterized by
an even shorter lag period and a still higher and more
prolonged antibody response. As will be described later
in this book, the antibodies produced after repeated
injections are better able to bind and neutralize the toxin
than those produced early in the immune response. The
stimulation of the immune responses to infectious agents
by repeated injections of antigen forms the basis of
vaccination,

The response of an animal to a second dose of antigen
is very different from the first in that it occurs much
more quickly, antibodies reach much higher levels, and
it lasts for much longer. This secondary response is
specific in that it can be provoked only by a second dose
of an antigen. A secondary response may be provoked
many months or years after the first injection of
antigen, although its size tends to decline as time passes.

HErT—

/ Immunized
horse

by means of serum derived from an immunized
horse. This clearly demonstrates that anti- ‘
bodies in serum are sufficient to confer immu- —
nity to tetanus.

Immune horse serum

Unprotected Protected

(tetanus immune globulin) horse horse
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A secondary response can also be induced even though
the response of the animal to the first injection of antigen
was so weak as to be undetectable. These features of the
secondary response indicate that the antibody-forming
systemn possesses the ability to “remember” previous expo-
sure to an antigen. For this reason, the secondary immune
response is sometimes called an anamnestic response
(anammesko is Greek for “memory”). It should be noted,
however, that repeated injections of antigen do not lead
indefinitely to greater and greater immune responses.
The level of antibodies in serum is regulated, so that
they eventually stop rising, even after multiple doses of
antigen or exposure to many different antigens.

CELL-MEDIATED IMMUNE RESPONSES

If a piece of living tissue such as a kidney or a piece of
skin is surgically removed from one animal and grafted
onto another of the same species, it usually survives for
a few days before being rejected by the recipient. This
process of graft rejection is significant because it demon-
strates the existence of a mechanism whereby foreign
cells, differing only slightly from an animal’s own normal
cells, are rapidly recognized and destroyed. Even cells
with minor structural abnormalities may be recognized as
foreign by the immune system and destroyed though
they are otherwise apparently healthy. These abnormal
cells include aged cells, virus-infected cells, and some
cancer cells. The immune response to foreign cells as
shown by graft rejection demonstrates that the immune
system can identify and destroy abnormal cells.

If a piece of skin is transplanted from one dog to a
second, unrelated dog, it will survive for about 10 days.
The grafted skin will initially appear to be healthy, and
blood vessels will develop between the graft and its host.

By one week, however, these new blood vessels will
begin to degenerate, the blood supply to the graft will
be cut off, and the graft will eventually die and be shed
(Figure 1-8). If a second graft is taken from the original
donor and placed on the same recipient, then that second
graft will survive for no more than a day or two before
being rejected. Thus the rejection of a first graft is
relatively weak and slow and analogous to the primary
antibody response, whereas a second graft stimulates very
rapid and powerful rejection similar in many ways to the
secondary antibody response. Graft rejection, like anti-
body formation, is a specific immune response in that a
rapid secondary reaction occurs only if the second graft
is from the same donor as the first. Like antibody
formation, the graft rejection process also involves
memory, since a second graft may be rapidly rejected
many months or years after loss of the first.

However, graft rejection is not entirely identical to the
process involved in protection against tetanus toxin
because it cannot be transferred from a sensitized to a
normal animal by means of serum antibodies. The ability
to mount a secondary reaction to a graft can only be
transferred between animals by living cells. The cells that
do this are called lymphocytes and are found in the spleen,
lymph nodes, and blood. The process of graft rejection is
mediated primarily by lvmphocytes and not by serum
antibodies. It is a good example of a cell-mediated
Immune response.

MECHANISMS OF ACQUIRED IMMUNITY

In some ways the acquired immune system may be com-
pared to a totalitarian state in which foreigners are expelled,
citizens who behave themselves are tolerated, but those
who “deviate” are eliminated. While this analogy must
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Intensity of
graft rejection

Figure 1-8. 'The characteristic
time course of the rejection of a
foreign skin graft. Notice how sim-
ilar this diagram is to Figure 1-7.

i

First graft

not be carried too far, clearly such regimes possess a

number of characteristic features. These include border

defenses and a police force that keeps the population
under surveillance and promptly eliminates dissidents.

In the case of the acquired immune system, the antibody-

mediated responses would be responsible for keeping the

foreigners out whereas the cell-mediated responses
would be responsible for stopping internal dissent.

Organizations of this type also tend to develop a pass

system, so that foreigners or dissidents not possessing

certain identifying features are rapidly detected and
dealt with.

Similarly, when a foreign antigen enters the body it
first must be trapped and processed so that it can be
recognized as being foreign. If so recognized, then this
information must be conveyed either to the antibody-
forming system or to the cell-mediated immune system.
These systems must then respond by the production of
specific antibodies and/or cells that are capable of elimi-
nating the antigen. The acquired immune system must
also remember this event so that the next time an animal
is exposed to the same antigen, its response will be faster
and more efficient. The immune system also learns how
to make antibodies or cells that can bind more strongly
to the invader. In our totalitarian state analogy, the police
force would be trained to recognize selected foreigners
or dissidents and respond more promptly when they are
encountered.

We can therefore consider that the acquired immune
system includes four major components (Figure 1-9).

1. Cells that can trap and process antigen and then
present it for recognition to the cells of the immune
system.

2. Cells that have receptors for the processed antigen.
These cells can thus bind and respond to the antigen
(antigen-sensitive cells.)

Second-set
reaction
First-set reaction
7 14 T 7 14

Second graft Days

identical to the first

Foreign material

Extracellular Intracellular

Antigen-
sensitive sensitive
cells cellsI
|
. — :
Memory Antibody- Effector Memory
cells producing cells cells
cells
Antibody  Cell-mediated

production  immunity

1

Antigen elimination

Figure 1-9. A simple flow diagram showing the essential
features of the acquired immune responses.

3. Cells that, once activated by antigen, will produce
specific antibodies or will participate in the cell-
mediated immune responses against the antigen
(effector cells).

4. Cells that will retain the memory of the event and
react rapidly to that specific antigen if it is encoun-
tered at a later time.

A fifth type of cell is also required if the acquired
immune system is to function correctly. These cells



regulate the immune system so that the response is at an
appropriate level.

All of these cell populations can be recognized within
the body. Antigen is trapped, processed, and presented by
several cell types, including dendritic cells and
macrophages. Lymphocytes called B and T cells have
specific receptors for foreign antigen and are thus able to
bind the processed antigen and respond appropriately.
Lymphocytes also function as memory cells and there-
fore initiate a secondary immune response. The lympho-
cytes that mediate the cell-mediated responses are T
cells. The lymphocytes that mediate the antibody-
mediated responses are B cells. The immune response is
mainly regulated by populations of T cells. Those that
promote immune responses are called helper T cells.
Those that inhibit immune responses are called regulatory
T cells.

In subsequent chapters we will first review the mech-
anisms involved in innate immunity. Following that, we
will review acquired immunity in detail and examine each
of its basic components in turn. We will then examine
the role of the immune system in protecting animals
against microbial invasion. We will also see what happens
when the immune system functions abnormally, either
excessively or inadequately.
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WHERE TO GO FOR ADDITIONAL
INFORMATION

Many veterinary journals carry articles of interest to
immunologists. Some of the most important are as
follows: Acta Veterinaria Scandinavica, American Journal
of Veterinary Research, Australian Veterinary Jouwrnal, The
Veterinary Fowrnal, Canadian Journal of Comparative
Medicine, Jowrnal of the American Veterinary Medical
Association, Journal of Comparative Pathology, Research in
Veterinary Science, Veterinary Immunology and Imniuno-
patbology, Veterinary Patbology, and The Veterinary Record.

For information on new developments on basic
immunology (with occasional papers on subjects of
veterinary interest), the reader should review journals
such as Nature, Science, Fournal of Immunology, Trends
in Immunology, Proceedings of the National Academy of
Sciences of the United States of America, New England
Fournal of Medicine, Infection and Bmmunity, Immunity,
Immunogenetics, and Immunology.
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nfectious agents such as bacteria or viruses can grow
very rapidly. A single bacterium with a doubling time
of 50 minutes can produce about 500 million offspring
within 24 hours. Thus if a microorganism invades the
body it must be rapidly recognized and destroyed before
it overwhelms the defenses. Time is of the essence and
delay can be fatal. The animal body must therefore rely
on preexisting innate immune mechanisms as its first line
of defense against microbial invasion. The most important
of these innate mechanisms is acute inflammation.
[nflammation is the response of tissues to invading
microorganisms or tissue damage. It is also a vital pro-
tective process because it is the means by which defensive
cells and molecules are concentrated rapidly at sites of
microbial invasion. Inflammation involves the activation
and directed migration of many different cells, especially
neutrophils and macrophages, from the bloodstream to
sites of invasion. Cells such as neutrophils are normally
restricted to the bloodstream. They must migrate into
tissues in order to destroy invaders. Likewise, many
protective molecules, such as antibodies and complement
components, are normally found only in blood. These
large molecules can only escape into the tissues at sites
of inflammation. Inflammation thus provides a mecha-
nism by which key protective processes are focused on a
localized region of tissue (Figure 2-1). The first priority
is for these processes to attack and eliminate invaders.
Later, when the danger is past, they initiate the repair of
tissue damage.
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HOW INVADERS ARE RECOGNIZED

The first step in innate immunity is for the body to sense
that it is being invaded. This involves recognizing the
presence of microorganisms, as well as molecules
released by damaged cells.

The presence of invading microbes and the resulting
tissue damage is detected by “sentinel cells.” The three
major types of sentinel cells are macrophages, dendritic
cells, and mast cells. These cells have surface receptors
that can recognize molecules that are normally expressed
by microbes and never found in higher animals. For
example, most bacteria are covered in a cell wall largely
composed of complex carbohydrates. Thus the cell walls
of gram-positive organisms are largely composed of pepti-
doglycans (chains of alternating N-acetylglucosamine
and N-acetylmuramic acid cross-linked by short peptide
side chains) (Figure 2-2). Gram-positive bacterial cell walls
also contain lipoteichoic acids. The cell walls of gram-
negative organisms consist of peptidoglycans covered by
a layer of lipopolysaccharide (LPS). Acid-fast bacteria are
covered in glycolipids. Yeasts are also covered by a carbo-
hydrate wall. Other important molecules unique to
microorganisms include their DNA and some proteins.

Microbes not only grow fast, but also are highly diverse
and can mutate and change their molecular structures
much faster than an infected animal can respond. Thus
the sentinel cell receptors are not designed to recognize
all possible microbial molecules. Rather, the cells use
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Figure 2-1. Overview ol the essential features of acute inflam-
mation. An innate mechanism for focusing cells and other
defensive mechanisms at sites of microbial invasion and tissue
damage.

receptors that recognize highly conserved molecules or
molecular patterns that are widespread in many different
microorganisms. Collectively, these are called pathogen-
associated molecular patterns (PAMPs), PAMPs include
the LPS of gram-negative bacteria, the lipoteichoic acids
of gram-positive bacteria, the mannans of yeasts and the
glycolipids of mycobacteria, as well as bacterial DNA. All
of these molecules are restricted to microorganisms and
are not found in animal tssues. They tend to be essential
for microbial survival and are commonly shared by entire
classes of pathogens. The most important of the sentinel
cell receptors are called toll-like receptors.

TollHike Receptors

Toll-like receptors (TLRs) play a central role in recog-
nizing invading microbes and in triggering inflammation.
These receptors are expressed on macrophages and mast
cells, as well as on dendritic cells, eosinophils, and epithe-
lial cells in the respiratory tract and intestine (Figure 2-3).
They owe their curious name to a closely related receptor
called “Toll,” which was first identified in the fruit fly,
Drosophila. In mammals, binding of microbial molecules
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Figure 2-2. 'T'he major structural features of the cell walls of
Gram-negative and Gram-positive bacteria.

to TLRs induces the cells to produce molecules that
trigger innate immunity, especially inflammation. A cell
such as a macrophage thus uses its TLRs to identify the
presence of an invader and respond appropriately.

There are at least 10 different TLRs, and each serves
as a receptor for one or more specific microbial molecules
(Table 2-1). For example, TLLR4 can bind lipopolysaccha-
rides from the surface of gram-negative bacteria. TLR2,
on the other hand, recognizes many different bacterial
components, including peptidoglycans, lipoproteins, and
a glycolipid called lipoarabinomannan from Mycobacterium
tuberculosis. Another TLR, termed TLRS, binds to
flagellin, the protein from bacterial flagella. TLR9, on
the other hand, is a cytoplasmic receptor for bacterial
DNA. Bacteria must therefore be disrupted if the bacte-
rial DNA is to be recognized. Both TLR3 and TLR7
bind double-stranded ribonucleic acid (RNA) from
viruses. A deficiency of TLR4 increases the susceptibility
of mice to some viral infections, implying that TLR4
may also play a role in antiviral immunity. In addition,
TLR2 can associate with 'TLLR6, and the dual receptor
complex can then recognize another ligand, bacterial
lipopeptide. Likewise, TLR1 associates with TLR2 to
recognize mycobacterial lipoprotein. It is believed that
the presently known TLRs can collectvely recognize
almost all infectious agents.

Once a TLR binds a molecule from an invading micro-
organism, a signal passes into its cell and activates the
genes for proteins called cytokines. Different TLRs trigger
the production of different combinations of cytokines, and
different microbial products trigger distinctly different
responses even within one cell type. For example, TLRs
that recognize bacterial molecules will trigger the
production of cytokines optimized to combat bacteria,
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those that recognize viral will produce antiviral cytokines,
and so forth.

T'LLRs not only trigger innate immune defenses such
as inflammation but also begin the process of “turning
on” the acquired immune system. For example, stimula-
tion of TLR4 makes macrophages and its close relative,
the dendritic cell, produce cytokine molecules that are
potent stimulators of immune cells (Chapter 6).

In addition to recognizing molecules from invading
microorganisms, TLRs also recognize molecules pro-
duced by damaged tissues. Thus broken cells generate
fragments of heparan sulfate. This molecule is normally
restricted to cell membranes and the extracellular matrix
but is shed into tssue fluids following injury. Heparan
sulfate binds to TLR4 and so activates sentinel cells.

e ===

TLR NATURAL LIGANDS
TLRI  Diacylated lipoproteins

TLR2  Peptidoglycan, bacterial lipoproteins, zymosan
Some LPS, spirochetes, mycobacteria, lipoteichoie
acid, heat-shock protein, necrotic cells

TLR3  Viral double-stranded RNA

TLR4 LPS, lipoteichoic acid, viral protein, heat-shock
protein, fibrinogen, saturated fatty acids,
B-defensins, heparan sulfate

TLR5  Flagellin and flagellated bacteria

TLR6  Necrotic cells, diacylated lipoprotein, peptidoglycan
(with TLR2)

TLR7  Small antiviral molecules

TLR8  Small antviral molecules

TLR9  Unmethylated CpG bacterial DNA

TLRIO A pseudogene

TLR, TolHike receptor; LPS, lipopolysaccharide; CpG, cytosine-guanosine.

Fibrinogen, a clotting protein, also stimulates macro-
phages through TLR4. Other molecules released from
damaged cells, such as heat-shock proteins, can trigger
macrophage activation through TLR2 and TLR4.

Other PAMP Receptors

While the TLRs are the most prominent of these
receptors, it is clear that macrophages, mast cells, and
dendritic cells have many other surface receptors that
recognize microbial molecules. These include CD14,
which binds bacterial LPS; the mannan and glucan
receptors, which bind microbial carbohydrates; scavenger
receptors such as CD36, which can bind bacterial lipo-
proteins, and CD 1, which binds microbial glycolipids.

Bacterial DNA

Bacterial deoxyribonucleic acid (DNA) is a significant
stimulator of innate immunity. It differs from eukaryotic
DNA in that it contains a large proportion of the dinu-
cleotide cytosine-guanosine (CpG). In addition, while
the cytosine in eukaryotic DNA is normally methylated,
this is not the case in bacterial DNA (Figure 2-4). Thus
unmethylated CpG dinucleotides can trigger innate
immune responses. The biological activity of these CpG
dinucleotides is influenced by the flanking nucleotides
found on each side of the CpG motif. CpG dinucleotides
can bind and activate many different cell types, including
macrophages, dendritic cells, and mast cells, through
their recepror TLRY. (Different sequences activate
different cell types.) Bacterial DNA also contains
deoxyguanosine (dG) residues. These dG residues form
unconventional base pairs and, as a result, form struc-
tures other than the usual double helix. One structure
that they form is called quadriplex DNA. This binds to
TLR9 and stimulates production of the cytokine inter-
leukin-12 (I1.-12). Bacterial DNA also triggers increased
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production of the cytokines tumor necrosis factor-o.
(I'NF-or) and interleukin-6 (IL-6) hy macrophages.

Bacterial Lipopolysaccharides

Bacterial lipopolysaccharides are very potent inducers of
innate immunity. They are released by invading gram-
negative bacteria. They do not act directly on cells by
themselves but first bind to LLPS-binding protein (L.LBP)
in serum (Figure 2-5). LBP immediately transfers L.PS
molecules to a protein called CD14 located on the sur-
face of macrophages (Box 2-1). CD14 cannot penetrate
cell membranes and so is unable to signal to cells directly.
CD14 therefore binds to TLR4 on the cell surface.
Binding of LPS to the CD14/TLR4 complex activates
macrophages and triggers cytokine production. The LPS
subsequently dissociates from CD14 and binds to
lipoproteins where its toxic activities are lost. CD14 not
only binds LPS but also binds to many other microbial
molecules including lipoarabinomannans from myco-
bacteria, manuronic acid polymers from Pseudomonas,
and peptidoglycans from Staphylococcus aureus.

The Complement System

Another innate protective system that can recognize
microbes is the complement system. This system consists
of a set of enzymes and other proteins found in the blood.
When activated by exposure to invading bacteria, the
complement system kills invading microorganisms.
The complement system is activated by the presence of
bacterial cell walls through a pathway called the alter-
native complement pathway. Once activated, comple-
ment components can either kill microbes directly or
prepare them for capture by phagocytic (eating) cells. A
second complement pathway is activated when a protein
called mannose-binding lectin binds to microbial surfaces.
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It too results in microbial killing. The complement
system is described in detail in Chapter 15.

SENTINEL CELLS

The major sentinel cells, macrophages, dendritic cells, and
mast cells, are scattered throughout the body. They are
found in highest numbers just below body surfaces at

mmriNelsdesmzs
The CD System

When advances in immunology made it possible to make
highly specific antibodies against individual cell surface
proteins (Chapter 11), it was soon shown that cells possessed
hundreds of different surface proteins. To classify these
proteins, a system was established that gave each molecule
a specific number. Thus each protein was assigned to a
numbered cluster of differentiation (CD). In many cases, a
defined CD denotes a protein of specific function. For example,
the protein CD14 binds bacterial lipopolysaccharide. More
than 240 of these CD molecules have now been identified,

and the number will assuredly grow.
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Figure 2-6. 'The location of the cells of the
mononuclear phagocyte system,

Bone marrow:
macrophages

locations where invading microorganisms are likely to be
encountered.

Macrophages

Macrophages participate in many aspects of the defense
of the body. Thus not only can they act as sentinel cells
and sense the presence of invading microorganisms,
but they can also kill invading organisms and play an
essential role in triggering acquired immunity. When
stimulated, they secrete cytokines that promote both
innate and acquired immune responses; they control
inflammation; they contribute directly to the repair of
damaged tissues by removing dead, dying, and damaged
cells and so assist the healing process. Their name is
derived from the fact that they are “large-cating” cells
(Greek macro, phage).

Immature macrophages are found in the blood where
they are called monocytes. As monocytes mature they
migrate into tissues and become macrophages. Mature
macrophages are found in connective tissue, where they
are called histiocytes; those found lining the sinusoids of
the liver are called Kupfter cells; those in the brain are
microglia. The macrophages found in the alveoli of the
lungs are called alveolar macrophages, whereas those in
the capillaries of the lung are called pulmonary intra-
vascular macrophages. Large numbers are found in the
sinusoids of the spleen, bone marrow, and lymph nodes.
Irrespective of their name or location, they are all macro-
phages and all are part of the mononuclear phagocyte
system (Figure 2-6).

Structure

Macrophages change their shapes in response to their
environment. In suspension, however, they are round
cells of about 15 pum diameter. They possess abundant
cytoplasm, at the center of which is a single nucleus that

Sergsa; — &=
macrophages [

Brain: microglial cells
Connective tissue: histiocytes

Lung: alveolar macrophages,
intravascular macrophages

Liver: Kupffer cells

Lymph node:
s macrophages

Spleen:

\ macrophages
Blood:

monocytes

may be round, bean shaped, or indented (Figure 2-7).
Their central cytoplasm contains mitochondria, large
numbers of lysosomes, some rough endoplasmic reticu-
lum, and a Golgi apparatus, indicating that they can
synthesize and secrete proteins (Figures 2-8 and 2-9). In
living cells, the peripheral cytoplasm is in continuous
movement, forming and reforming veil-like ruffles. Some
macrophages show variations from this basic structure.
Peripheral blood monocytes have round nuclei, which
clongate as the cells mature. Alveolar macrophages rarely
possess rough endoplasmic reticulum, but their cytoplasm
is full of granules. The microglia of the central nervous
system have rod-shaped nuclei and very long cytoplasmic

Figure 2-7. A typical macrophage, original magnification x500.
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Figure 28. The major structural features of a macrophage.

processes that are lost when the cell is stimulated by
tissue damage.

Life History

All the cells of the mononuclear phagocyte system arise
from stem cells in the bone marrow called monoblasts
(Figure 2-10). Monoblasts develop into promonocytes,
and promonocytes develop into monocytes—all under
the influence of cytokines called colony-stimulating fac-
tors. Monocytes then enter the blood and circulate for
about 3 days before entering tissues and developing into
macrophages. "They form about 5% of the total leukocyte
population in blood. Tissue macrophages either originate
from monocytes or divide within tissues. They are

Figure 2-9.
rabbit macrophage. The nature of the large inclusion is
unknown. (Courtesy Dr. S. Linthicum.)

Transmission electron micrograph of a normal
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Figure 2-10. Origin and development of macrophages.
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of macrophage.

relatively long-lived cells, replacing themselves at a rate
of about 1% per day unless activated by inflammation
or tissue damage. (Some monocytes may develop into a
different cell type, called dendritic cells, discussed in
Chapter 6.) Macrophages may live for a long time after
ingesting chemically inert particles, such as the carbon
injected in tattoo marks, although they may fuse together
to form multinucleated giant cells in an attempt to
eliminate the foreign material.

Mast Cells

Structure

Mast cells are very large, round cells (15 to 20 um in
diameter) scattered throughout the body in connective
tissue, under mucosal surfaces, in the skin, and around
nerves (Figure 2-11). They are found in highest numbers

.
.

Figure 2-11. A section of canine skin stained to show mast
cells. The mast cells stain intensely because of the heparin in
their cytoplasmic granules.
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Figure 2-12. A diagram of the structural features of a connec-
tive tissue mast cell. The term “metachromatic” simply means
that the granules stain intensely.

under body surfaces. They are easily recognizable
because their cytoplasm is densely packed with large
granules that stain very strongly with dyes such as tolui-
dine blue. These granules often mask the large, bean-
shaped nucleus (Figure 2-12). (Mast cells are so called
because, being full of granules, they were considered to
be “well-fed cells” [German Mastzellen]). Mast cells from
connective tissue and skin and from the intestinal walls
differ both chemically and structurally (Table 2-2). For
example, connective tissue and skin mast cells are rich in
the molecules histamine and heparin, whereas intestinal
mast cells contain chondroitin sulfate and have little his-
tamine in their granules.

Life History
Mast cells originate from stem cells in the bone marrow.
The mast cell precursors emigrate to tissues where they
mature and survive for several weeks or months.
Although connective tissue mast cells remain at relatively
constant levels, intestinal mast cells can proliferate. It has
been suggested that the intestinal mast cells respond
specifically to invasion by parasitic worms.

Mast cells have a key role in innate immunity because
when appropriately stimulated they release a complex

Connective Tissue Mucosal

Mast Cells Mast Cells
Structure Few, vartable-sized Many uniform
granules granules
Size 9 to 10 um diameter 19 to 20 pm diameter
Proteoglycan ~ Chondroitin sulfate  Heparin
Histamine 1.3 pg/eell 15 pg/eell

Life span <40 d >6 mo
Location Peritoneal cavity, skin - Intestinal wall, lung

Figure 2-13. Some of the stimuli that make mast cells degran-
ulate. Antigen bound through IgE causes rapid complete
degranulation. The other stimuli shown cause a more gradual,
pieccemeal degranulation. Thus in normal inflammatory
responses the degree of mast cell degranulation is tailored to
local defensive needs.

mixture of molecules that trigger acute inflammation.
These inflammatory molecules are normally confined to
the mast cell granules. Several different mechanisms
stimulate mast cell degranulation. The best recognized of
these is through the antibody called IgE (Chapter 26).
IgE and antigen can trigger an explosive release of mast
cell granule contents, which is responsible for the severe
inflammation that occurs in allergic diseases. However,
allergies are a special case. In normal inflammation, mast
cells release their granule contents relatively slowly in a
process called piecemeal degranulation. They may also
release some mediators without any degranulation.

Mast cells undergo piecemeal degranulation in
response to many different simuli (Figure 2-13). For
example, bacteria and bacterial products will trigger
degranulation. Many small peptides, such as the defensins,
neuropeptides, and endothelins (small peptides from
endothelial cells), also trigger mast cell degranulation.
Dead and dying cells release the nucleotide adenosine that
activates and degranulates mast cells.

Stumulation of different TLRs causes mast cells to
release different mixtures of mediators. Thus bacterial
peptidoglycans acting through TLR2 stimulate hista-
mine release, whereas lipopolysaccharides acting through
TLR4 do not. Mast cells at inflammatory sites probably
adjust their release of mediators to specific needs.

PRODUCTS OF SENTINEL CELLS

Macrophages and mast cells are activated when microbial
products or products from broken cells bind to their
TLRs. They respond by secreting a mixture of cytokines
and releasing a complex mixture of small molecules that
affect the functions of blood vessels. Dendritic cells
respond somewhat differently. This is described in
Chapter 6.



Cytokines

When exposed to infectious agents or their PAMPs, the
sentinel cells secrete many different molecules. These
molecules include the major cytokines interleukin-1 (IL-1)
and tumor necrosis factor-o, (TNF-a) as well as others,
such as [1.-6, [1.-12, and 1L-18. They also secrete oxidants,
such as O, H,O,, *OH, and NO*, and lipids, such as the
leukotrienes and prostaglandins. When released in suffi-
cient quantities these molecules can also cause a fever,
sickness behavior, and promote an acute-phase response
(Chapter 4).

Tumor Necrosis Factor-o.

TNF-o is a protein produced mainly by activated
macrophages and mast cells. The precursor TNF-u
molecule is cleaved from the macrophage surface by a
protease called TNF-o convertase. Its production is
stimulated not only through T'LRs but also by molecules
secreted by nerves such as the neurotransmitter sub-
stance P. TNF-a is produced very early in inflammation,
and this is followed by IL-1 and then by I1-6.

TNF-00 15 an essential mediator of inflammation
because in combination with IL-1 it triggers critical
changes in the cells that line small blood vessels (vascular
endothelial cells). A local increase in TNF-a causes the
“cardinal signs” of inflammation, including heat,
swelling, pain, and redness. Systemic increases in TNF-o.
depress cardiac output, induce microvascular thrombosis,
and cause capillary leakage. TNF-o acts on neutrophils
(key defensive cells in inflammation; see Chapter 3) to
enhance their ability to kill microbes. [t is a potent attrac-
tant for neutrophils, drawing them to sites of tissue
damage and increasing their adherence to vascular endo-
thelium (Figure 2-14). TNF-o acts on macrophages to
stimulate their production of [L.-1 and the inflammatory
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lipid, prostaglandin E; (PGE,). It also stimulates macro-
phage phagocytosis and oxidant production. It amplifies
and prolongs inflammation by activating other cells to
release IL-1, inflammatory lipids, nitric oxide, and
oxidants. TNF-a also activates mast cells.

Interlenkin-1

When activated through CD14 and TLR4, macrophages
produce two glycoproteins called IL-loe and TL-1J.
‘Ten- to 50-fold more IL-1f is produced than [1.-1¢, and
while IL-1p is secreted, 1L-1ct remains attached to the cell.
Therefore IL-1ot can only act on target cells that come
into direct contact with the macrophage (Figure 2-15).
Transcription of I1.-1 mRNA occurs within 15 minutes
of exposure to a stimulus. [t reaches a peak 3 to 4 hours
later and levels off for several hours before declining.
Like TNF-qo, IL-1 acts on vascular endothelial cells to
make them adhesive for neutrophils.

During severe infections, some [1.-1 escapes into the
bloodstream (Figure 2-16) where, in association with
TNF-q, it is responsible for sickness behavior. Thus it
acts on the brain to cause fever, lethargy, malaise, and
lack of appetite. Tt acts on muscle cells to mobilize amino
acids causing pain and fatigue. It acts on liver cells to
induce the production of new proteins, called acute-
phase proteins, that assist in the innate defense of the
body (Chapter 4.)

As will be described in detail in Chapter 10, 1L.-1 can
activate lymphocytes (the cells that mediate the acquired
immune response) and is necessary for the successful
initiation of some forms of acquired immunity.

Interleukin-6
IL-6 is also produced by macrophages and mast cells.
Its production is stmulated by bacterial endotoxins,

ACTIVATES
INFLAMMATION Mast cells
Activates adhesion molecules Vascular endothelium
Activates procoagulants Macrophages
Induces acute-phase proteins Lymphocytes
Promotes granuloma formation Neutrophils

Fibroblast

By

/!

TUMOR NECROSIS

'd

ENHANCES

growth

Collagen synthesis
Bone resorption

FACTOR-o

)

TOXIC EFFECTS

Kills tumor cells

Septic shock

Sickness behavior
Altered lipid metabolism

Figure 2-14. Some of the properties of tumor
necrosis factor-oL.
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Inflammatory
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Cell adherence ——p»

Figure 2-15. The wide variety of stimuli that
promote the release of interleukin-1 from macro-
phages.

IL.-1, and TNF-c. [L-6 affects many different functions,
including both inflammation and acquired immunity.
It is a major mediator of the acute-phase reaction and of
septic shock (Chapter 4). It has been suggested that 1L.-6
regulates the transition from a neutrophil-dominated
process early in inflammation to a macrophage-dominated
process later on.
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Cytokines Organisms

Lectins

gl

Immune
complexes

INTERLEUKIN-1

Chemokines

Chemokines are a family of chemotactic cytokines that
serve as attractants for specific cell populations and so
dictate the natural course of an inflammatory response
(Table 2-3). They are small proteins (8 to 10 kDa) pro-
duced by diverse cell types including macrophages and

Proinflammatory
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Integrin expression

Figure 2-16.

Some of the effects of interleukin-1 on the cells of the body.



Receptor

New Name

Old Name
o FAMILY
CCL2 MCP-1 CCR2
CCL3 MIP-1o CCRI1, CCRS
CCL4 MIP-1B CCR3
CCLS RANTES CCRI1, CCR3, CCR5
CCL7 MCP-3 CCR3
CCLS MCP-2 CCR3
CCLI1 Fotaxin CCR3
CCL13 MCP-4 CCR3
CCIL20 MIP-3 CCR6
COL22 MDC CCR4
CCL26 Fotaxin 3 CCR3
CCL28 MEC CCR3
B FAMILY
CXCL1 GRO-1 CXCR2
CXCL7 MDGF CXCR2
CXCLS [L-8 CXCRI1, CXCR2
CXCL12 SDF CXCR4
CXCL13 BCA-1 CXCRS
¥ FAMILY
XCLI Lymphotactin XCRI
& FAMILY
CX3CL1 Fractalkine CX3CRI

mast cells. At least 50 chemokines have been identfied.
They are classified into four families according to the
spacing of their cysteine residues (Figure 2-17). For
example, the CC, or o, chemokines have two contiguous
cysteine residues, whereas the CXC, or B, chemokines
have two cysteine residues separated by another amino
acid. [Chemokine nomenclature is based on this classifi-
cation, each molecule or receptor receiving a numerical

CCL

CXXL

Figure 2-17. The classification of chemokines is based on the
location and spacing of their cysteine residues.
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designation. Ligands have the suffix “L.” (e.g., CXCLS),
whereas receptors have the suffix “R” (e.g., CXCR1).]

CXCLS8 (or IL-8) is a typical example of a CXC
chemokine produced by stimulation of macrophages.
CXCLS8 will attract and activate neutrophils, releasing
their granule contents, and stimulating the respiratory
burst and leukotriene release (see Chapter 3). Another
important CXC chemokine is CXCL2 (macrophage
inflammatory protein-2, MIP-2), which is secreted by
macrophages and also attracts neutrophils.

CC chemokines act predominantly on macrophages
and dendritic cells. Thus CCL3 and CCL4 (MIP-1c
and -1B) are produced by macrophages and mast cells.
CCL4 attracts CD4+ T cells, whereas CCL3 attracts
B cells, eosinophils, and cytotoxic T cells. CCL2 (mono-
cyte chemotactic protein-1, MCP-1) is produced by
macrophages, ‘T cells, fibroblasts, keratinocytes, and
endothelial cells. It attracts and activates monocytes,
stimulating their respiratory burst and lysosomal enzyme
release. CCL5 (RANTES) is produced by T cells and
macrophages. It is chemotactic for monocytes,
eosinophils, and some T" cells. [t activates eosinophils and
stimulates histamine release from basophils. Regakine-1
is a CC chemokine found in bovine serum that acts
together with CXCLS and C5a to attract neutrophils and
enhance inflammation.

Two chemokines fall outside the CC and CXC families.
A C (only one cysteine residue) or y chemokine, called
XCL1 (or lymphotactin), is chemotactic for lymphocytes.
Its receptor is XCRI1. The CXXXC (two cysteines sepa-
rated by three amino acids) or & chemokine called
CX3CLI1 (or fractalkine) triggers adhesion by T cells and
monocytes. [ts receptor is CX3CRI.

Most chemokines are produced in inflamed or dam-
aged tissues and attract other cells to sites of inflamma-
tion or microbial invasion. It is probable that several
different chemokines serve to attract different cell types
to inflammatory sites. Indeed it is likely that the
chemokine mixture produced in damaged tissues regulates
the precise composition of the inflammatory cell popula-
tions. In this way the body can adjust the inflammatory
response to provide the most effective way of destroying
different microbial invaders. Many chemokines, such as
CXCLA4, CCL20, and CCLS5, are structurally similar to
defensins and, like them, have significant antibacterial
activity. Chemokines have a major role in infections and
inflammation in domestic animal species. They have
been detected in many inflammatory diseases, including
pneumonia (bovine pasteurellosis), bacterial mastitis,
arthritis, and endotoxemia.

INCREASED VASCULAR PERMEABILITY

Acute inflammation can develop within minutes after a
tissue is damaged. The damaged tissue triggers three types
of signal. First, pain causes nerves to release bioactive
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Figure 2-18. 'The cardinal signs of acute inflammation and how they are generated.

peptides. Second, broken cells release intracellular pro-
teins that trigger the release of cytokines from sentinel
cells. Third, microbes release products that trigger
sentinel cell responses, including the production of
cytokines and other inflammatory mediators.

In its classical form, acute inflaimmation has five cardinal
signs: heat, redness, swelling, pain, and loss of function .
All these signs result from changes in small blood vessels
(Figure 2-18). Immediately after injury the blood flow
through small capillaries at the injection site is decreased
to give leukocytes an opportunity to bind to the blood
vessel walls. Shortly thereafter, the small blood vessels in
the damaged area dilate and blood flow to the injured
tissue increases. While the blood vessels are dilated, they
begin to leak so that fluid moves from the blood into the
tissues, where it causes edema and swelling.

At the same time as these changes in blood flow are
occurring, cellular responses are taking place. The changes
in cells lining blood vessel walls permit neutrophils and
monocytes to adhere to the vascular endothelial cells.
If the blood vessels are damaged, then blood platelets

Mediator

Major Source

may also bind to the injured sites and release vasoactive
and clotting molecules.

Inflamed tissues swell as a result of leakage of fluid from
blood vessels. This leakage occurs in two stages. First
there is an immediate increase in leakage mediated by
vasoactive molecules released by mast cells, by damaged
tissues, and by nerves (Table 2-4). The second phase of
increased leakage occurs several hours after the onset of
inflammation, at a time when the leukocytes are begin-
ning to emigrate. The endothelial and perivascular cells
contract so that they are pulled apart and fluid escapes
through the intercellular spaces.

VASOACTIVE MOLECULES

Mast cells respond to signals from damaged tissues by
releasing a mixture of molecules that affect blood vessel
walls (vasoactive molecules). These include histamine,
inflammatory lipids, enzymes (tryptase and chymase),
cytokines, and chemokines. Histamine, the lipids, and

[Histamine
Serotonin
Kinins

Mast cells and basophils, platelets
Platelets, mast cells, basophils
Plasma kininogens and tissues

Arachidonic acid
Arachidonic acid
Arachidonic acid

Prostaglandins
Thromboxanes
Leukotriene By

Leukotrienes C, D, I Arachidonic acid

Platelet-activating factor Phagocytic cells

Fibrinogen breakdown Blood clot contraction

products

C3a and C5a Serum complement

Increased vascular permeability, pain

Increased vascular permeability

Vasodilation

Increased vascular permeability, pain
asodilation, increased vascular permeability

Increased platelet aggregation

Neutrophil chemotaxis

Increased vascular permeability

Smooth muscle contraction

Increased vascular permeability

Platelet secretion

Neutrophil secretion

Increased vascular permeability

Smooth muscle

Neutrophil chemotaxis

Inereased vascular permeability

Mast cell degranulation

Smooth muscle contraction

Neutrophil chemotaxis (C5a)




tryptases cause vasodilation and blood vessel leakage of
fluid. The tryptases activate receptors on mast cells,
sensory nerve endings, vascular endothelial cells, and
neutrophils. As a result, the blood vessel walls become
sticky for neutrophils. Once activated neutrophils release
a lipid called platelet-activating factor (PAF), The PAF
makes endothelial cells even more sticky and so enhances
neutrophil adhesion and emigration.

The most important of the vasoactive molecules
released by mast cells is histamine (Figure 2-19). The
effects of histamine are mediated through several differ-
ent receptors. H1 and H2 receptors are expressed on
nerve cells, smooth muscle cells, endothelial cells, neu-
trophils, eosinophils, monocytes, dendritic cells, and T
and B cells. Histamine binding to H1 receptors stimu-
lates endothelial cells to convert L-arginine to nitric
oxide, a very potent vasodilator. At the same time, hista-
mine causes vascular leakage, leading to fluid accumula-
tion and local edema.

Serotonin (S-hydroxytryptamine, 5-HT), a derivative
of the amino acid tryptophan, is released from the mast
cells of some rodents and the large domestic herbivores.
Serotonin normally causes a vasoconstriction that results
in a rise in blood pressure (except in cattle where it is a
vasodilator). It has little effect on vascular permeability,
except in rodents where it induces acute inflammation.

Although these two amines are very important media-
tors of inflaimmation, they are only a fraction of the
complex mixture of molecules released when mast cells
degranulate. More than half the protein in mast cell gran-
ules consists of proteases called tryptases and chymases.
These enzymes sensitize smooth muscle to histamine;
they stimulate proliferation of fibroblasts, smooth
muscle, and epithelial cells; generate kinins; up-regulate
expression of adherence proteins; and stimulate the
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release of the chemokine CXCLS8. Mast cell tryptases can
activate some receptors on sensory nerves, neutrophils,
mast cells, and endothelial cells.

Vasoactive Lipids

When tissues are damaged or stimulated, phospholipases
act on cell wall phospholipids to release arachidonic acid.
Under the influence of the enzyme 5-lipoxygenase, the
arachidonic acid is converted to biologically active lipids
called leukotrienes (Figure 2-20). Under the influence
of the enzyme cyclooxygenase, arachidonic acid is
converted to a second group of active lipids called
prostaglandins. The collective term for all these complex
lipids is eicosanoids.

Four leukotrienes play a central role in inflammation.
Leukotriene By stimulates neutrophil and eosinophil
chemotaxis and random motility, whereas leukotrienes
C4, Dy, and E4 increase vascular permeability.

There are four groups of proinflaimmatory prosta-
glandins: PGE,, PGF,, the thromboxanes (I'xA,, PGA,),
and the prostacyclins (PGI,). The enzymes that generate
the prostacyclins are found in vascular endothelial cells;
the thromboxanes are found in platelets; and the other
prostaglandins can be generated by most nucleated cells.
The biological activities of the prostaglandins vary widely,
and since many different prostaglandins are released in
inflamed tissues, their net effect may be very complex.

As neutrophils enter inflammatory sites, they use the
enzyme 5-lipoxygenase to produce lipoxins from arachi-
donic acid. These oxidized eicosanoids bind cellular
receptors and block neutrophil migration. Thus there is
a gradual switch in production from proinflaimmatory
leukotrienes to anti-inflammatory lipoxins. The rise in
PGE; in tissues also gradually inhibits 5-lipoxygenase
activity and so eventually suppresses inflammation.

H
N—CH H7—0—CH,(CH ) —CH,
Histamine H< I U e <I?
N—C—CH;—CH;—NH atelet-activating [}
: 3 = factor CH—O o C—CH,
HO | _ACH,
Serotonin CHs—CHz—NH, CH?O_T_O_CHE_CH?NQEL':;
) ! :
NH
o] OH
Prostaglandin coo COOH
Leukotriene cvs-al
(PGE,) CH, (LTD,) ys-gly
HO OH

Figure 2-19. Structure of some major vasoactive molecules active during acute inflammation.
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PAF is a phospholipid closely related to lecithin. It is
synthesized by mast cells, platelets, neutrophils and
eosinophils. PAF aggregates platelets and makes them
release their vasoactive molecules and synthesize throm-
boxanes. It acts on neutrophils in a similar fashion. Thus
it promotes neutrophil aggregation, degranulation,
chemotaxis, and release of oxidants.

Vasoactive Polypeptides
Mast cell proteases can act on the complement compo-
nents C3 and C5 to generate small, biologically active
peptides called anaphylatoxins (C3a and C5a). They both
promote histamine release from mast cells. In addition,
C5a is a very potent attractant for neutrophils and mono-
cytes. Mast cell granules also contain proteases called
kallikreins. These act on proteins called kininogens to
generate small peptides called kinins. Both the kinins and
the anaphylatoxins cause blood vessel dilation and leak-
age. The most important of the kinins is bradykinin.
Kinins not only increase vascular permeability, but also
stimulate neutrophils and trigger pain receptors.
Proteoglycans such as heparin from connective tissue
mast cells and chondroitin sulfate from intestinal mast
cells are also released on mast cell degranulation. These
proteoglycans regulate the storage and release of many
vasoactive mediators.

The Coagulation System

When fluid leaks from the bloodstream into the tissues,
the coagulation system is activated. Platelet aggregation
and activation accelerate this process. Activation of the
coagulation system leads to a series of enzyme reactions
as a result of which large quantities of thrombin, the

Antiinflammatory
Antithrombotic

main clotting enzyme, are formed. Thrombin acts on
fibrinogen in tissue fluid and plasma to produce insoluble
strands of fibrin. Fibrin is therefore deposited in
inflamed tssues and capillaries, forming an effective
barrier to the spread of infection. Activation of the coag-
ulation cascade also initiates the fibrinolytic system. This
leads to activation of plasminogen activator, which in
turn generates plasmin, a potent fibrinolytic enzyme. In
destroying fibrin, plasmin releases peptide fragments that
are chemotactic for neutrophils.
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Ithough physical barriers such as the skin can

exclude many organisms, such barriers are not

impenetrable, and microbial invaders often gain
access to body tissues. These invaders must be promptly
attacked and destroyed. Some are killed by antimicrobial
peptides or complement, but many are eaten and killed
by cells. This uptake of microbes by cells is called phago-
cytosis (Greek for “eating by cells”). Phagocytosis is
central to the whole inflammatory process.

The defensive cells of the body are found in blood,
where they are called leukocytes (white cells). The blood
cells of mammals derive from stem cells known as
myeloid stem cells located in the bone marrow (zyelos is
Greek for “bone marrow”) (Figure 3-1). All the different
types of leukocytes originate from myeloid stem cells,
including granulocytes, monocytes, and dendritic cells,
and all have key roles in the defense of the body.
‘Two types of leukocytes are specialized for killing and
eating invading microorganisms. These cells, called
neutrophils and macrophages, originate from a common
stem cell but look very different and have different, but
complementary, roles. Thus neutrophils respond and
eat invading organisms very rapidly but are incapable of
sustained phagocytic effort. The macrophages, in con-
trast, have multiple roles. They act as sentinel cells but
are also capable of repeated phagocytosis. In this chapter
we will review the properties of neutrophils and their role
in inflammation and innate immunity.
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LEUKOCYTE CLASSIFICATION

Some leukocytes have a cytoplasm filled with granules;
these are called granulocytes (Figure 3-2). Likewise,
many of these cells have characteristic lobulated, irregu-
lar nuclei, so that they are described as “polymorphonu-
clear” (as opposed to the single rounded nuclei of
“mononuclear” cells). Granulocytes are classified into
three populations based on the staining properties of
their granules. Cells whose granules take up basic dyes
such as hematoxylin are called basophils; those whose
granules take up acidic dyes such as eosin are called
eosinophils; and those that take up neither basic nor
acidic dyes are called neutrophils. All have important
roles in the defense of the body.

NEUTROPHILS

The major cell blood leukocyte is the polymorphonu-
clear neutrophil granulocyte, otherwise called the neu-
trophil (Figure 3-3). Neutrophils are formed in the bone
marrow (at a rate of about 8 million per minute in
humans), migrate to the bloodstream, and about 12 hours
later move into the tissues. They die after a few days.
Neutrophils constitute about 60% to 75% of the blood
leukocytes in most carnivores but only about 50% in the
horse and 20% to 30% in cattle, sheep, and laboratory
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Figure 3-3.  Major structural features of a neutrophil.

rodents. There are two pools of neutrophils in blood: a
circulating pool and a pool of cells sequestered in capil-
laries. During bacterial infections the numbers of circu-
lating neutrophils may increase 10-fold as they are
released from the bone marrow and the sequestered pool.

Structure

Neutrophils suspended in blood are round cells about 10
to 20 um in diameter. They have a finely granular cyto-
plasm at the center of which is an irregular sausage-like
or segmented nucleus (Figure 3-4). The chromatin in the
nucleus is compacted and assumes a segmented shape
because the cell cannot divide. Electron microscopy
shows two types of enzyme-rich granules in their cyto-
plasm (Figure 3-5). Primary granules contain enzymes
such as myeloperoxidase, lysozyme, elastase, B-glu-
curonidase, and cathepsin B. Secondary granules contain
lysozyme and collagenase and the iron-binding protein
lactoferrin. Mature neutrophils have a small Golgi appa-
ratus, some mitochondria, and a few ribosomes or rough
endoplasmic reticulum.

CHANGES IN VASCULAR ADHERENCE

As pointed out earlier, neutrophils are normally confined
to the bloodstream. Thus if they are to defend tissues
against a microbial invasion, they must first leave the

Figure 3-4. Neutrophils in peri-
pheral blood smears. A, Horse.
B, Cat. C, Dog. These cells are
about 10 pm in diameter. Giemsa
stain. (Courtesy Dr. MC Johnson.)

bloodstream. In normal tissues, neutrophils are carried
by the flow, like other blood cells. In inflamed tissues
they must be able to bind to blood vessel walls and then
leave blood vessels by penetrating these walls. This
process of emigration is mediated by changes both in the
endothelial cells that line blood vessel walls and in the
neutrophils.

Changes in Endothelial Cells

Bacterial products such as lipopolysaccharide (LPS), or
molecules produced by damaged tissues such as thrombin
or histamine, cause capillary endothelial cells to express a
glycoprotein called P-selectin (CD62P). P-selectin is
normally stored in granules but it moves to the cell
surface within minutes after the cells are stimulated.
Once on the endothelial cell surface, P-selectin binds to
carbohydrate side chains on a protein called 1.-selectin
(CD62L) expressed on passing neutrophils. "This binding
is transient because the neutrophils readily shed their
L-selectin. As a result, the neutrophils gradually slow
down, rolling along the endothelial cell surface as they
lose speed and eventually come to a complete stop

(Figure 3-6).

Changes in Neutrophils

As the neutrophils roll along the endothelial surface, the
second stage of adhesion occurs. A lipid called platelet-
activating factor (PAF), secreted by the endothelial cells,
activates the rolling neutrophils. As a result, the neu-
trophils express a protein called CD11a/CD18 or LEFA-1.
CD11a/CD18 is an adhesive protein or integrin, and it
binds strongly to a glycoprotein called intercellular adhe-
sion molecule-1 (ICAM-1; CD54) expressed on inflamed
endothelial cells (Figure 3-7). This strong binding makes
the neutrophil come to a complete stop and attaches it
firmly to the vessel wall despite the shearing force of the
blood flow. Neutrophils are also activated by tumor
necrosis factor-ot (T'NF-a) and leukotrienes secreted by
activated mast cells. Adherent neutrophils secrete small
amounts of elastase. The elastase cleaves CD43
(leukosialin), an antiadhesive protein, from the neu-
trophil surface, which allows the integrins to bind to the
endothelial cells even more strongly.



Figure 3-5. 'lransmission electron micrograph of a rabbit
neutrophil. (Courtesy Dr. S Linthicum.)
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Figure 3-6. Stages of neutrophil adhesion and emigration
from blood wvessels. Selectins on endothelial cells tether
neutrophils and stimulate them to roll. When they come to a
halt, integrins bind them firmly to vascular endothelial cells and
signal them to emigrate into tissues.
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A third stage of increased leukocyte—endothelial cell
adhesion takes several hours to develop and is mediated
by cytokines and chemokines. Thus endothelial cells
activated by interleukin-1 (IL-1) or TNF-ot express
E-selectin (CD62E), which enhances neutrophil adhe-
siveness even further, IL-1 also induces the production of
the chemokine CXCLS8 from endothelial cells, and this in
turn attracts more neutrophils. TNF-o stimulates
endothelial cells to secrete I1.-1. It also promotes vasodi-
lation, procoagulant activity, and thrombosis, and
increases both expression of cell adherence proteins and
production of chemortactic molecules.

Integrins

Many cell surface proteins make cells stick together, but
the most important of these are the integrins. There are
several families of integrins. Each consists of paired
protein chains (heterodimers) using a unique o chain
linked to a common B chain. For example, three f;-inte-
grins are found on neutrophils. The o chain, called
CD11a, b, or ¢, is linked to a common B, chain (CD18),
So these three integrins are called CDI11a/CDIS,
CDI11b/CDIS, and CDI11¢/CD18. As described above,
CD11a/CD18 expressed by activated neutrophils binds to
CD354 (ICAM-1) expressed on capillary endothelial cells.
CD11b/CD18 also binds leukocytes to endothelial cells
and is a receptor for some components of the complement
system (complement receptor 3, CR3), (Chapter 15).

Emigration

After adhering to blood vessel walls, neutrophils emigrate
into the surrounding tissues (Figure 3-8). The neu-
trophils squeeze between the endothelial cells and the
basement membrane. Since neutrophils are the most
mobile of all the blood leukocytes, they are the first cells
to arrive at the damaged tissues.

PHAGOCYTOSIS

Once they reach sites of microbial invasion and inflam-
mation, neutrophils capture and destroy foreign particles
such as invading bacteria through phagocytosis.

Figure 3-7. Simplified view of the proteins and
their ligands engaged in neutrophil-vascular
endothelial cell binding. Selectins are carbohy-
drate-binding proteins that bind other glycopro-
teins through a carbohydrate called sialyl Lewis®
(SLe*). This selectin-mediated binding is weak
and temporary. Subsequently integrins on leuko-

Leukocyte
L-selectin CD11b/CD18
M SleX
P-selectin § ICAM-1
= ==
Selectins Integrins

cytes, especially CD11a/18, bind strongly to their
ligand ICAM-1 on vascular endothelial cells.



28 Veterinary Immunology: An Introduction CIHAPTER 3

LUMEN

Figure 3-8. Inflamed venule of a rat. Cell 1 is a neutrophil
pushing its way through a capillary wall to reach the surround-
ing tssues. R, Red blood cells; £, endothelium; PC, perien-
dothelial cell; cells 2 and 3 are also neutrophils, (From Marchesi
VI, Florey HW: Q 7 Exp Physiol 43:343, 1960.)

Although a continuous process, phagocytosis can be
divided into discrete stages: activation, chemotaxis,
adherence, ingestion, and digestion (Figure 3-9).

Activation

Although neutrophils are always ready to attack and
destroy invading organisms, they can, under some circum-
stances, become “activated.” Thus, when neutrophils
receive the dual signal of integrin binding together with
stimulation by T'NF-¢, CXCL8, or C5a, they are trig-
gered to degranulate, mount a respiratory burst, and
release elastase, defensins, and oxidants. The elastase
released promotes their adhesiveness. The oxidants acti-
vate tissue metalloproteases, which in turn cleave more
I'NF-o from macrophages. The TNF-o, in turn,
attracts more neutrophils.

Chemotaxis

The directed migration of neutrophils is called chemo-
taxis. Bacterial invasion and the resulting tissue damage
generate many different attractants. These include a pep-
tide called C5a, generated by activation of complement
(Chapter 15); a peptide called fibrinopeptide B, derived
from fibrinogen; and a peptide called azurocidin related
to the defensins. Also produced are many different
chemokines (Chapter 2) and lipids such as leukotriene B,

Chemotaxis
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Figure 3-9. Ditterent stages in the process of phagocytosis.

In addition, invading bacteria release peptides with
tormylated methionine groups that are very attractive to
the neutrophils of some mammals.

As chemotactic molecules diffuse from sites of a
microbial invasion they form a concentration gradient.
When neutrophils detect these molecules, they crawl
toward the area of highest concentraion—the source of
the material. The cells generate projections (lamellipodia)
at their leading edge. Chemoattractant receptors are
distributed over the neutrophil surface, but the formation
of lamellipodia is driven by the selective concentration of
attractants at the cell’s leading edge.

Adherence and Opsonization

Once a neutrophil encounters a bacterium, it must
“catch” it. This does not happen spontaneously because
both cells and bacteria suspended in body fluids usually
have a negative charge (zeta potential) and so repel each
other. The charge on bacteria must be neutralized by
coating them with positively charged molecules.
Molecules that coat bacteria in this way and so promote
phagocytosis are called opsonins. This word is derived



from the Greek word for “sauce,” implying perhaps that
they make the bacterium “tastier” for the neutrophil.
Examples of such charged molecules include innate mol-
ecules such as mannose-binding lectin and complement
components. They also include antibody molecules
(Chapter 13).

Antibody receptor-mediated phagocytosis (or type I
phagocytosis) involves the use of specific antibody recep-
tors on neutrophils (Figure 3-10). Thus CD32 is a neu-
trophil receptor that can bind to antibody-coated
bacteria. This binding tiggers polymerization of F-actin
so that F-actin-rich processes (lamellipodia) will extend to
engulf the particle. CD32 is found on many cell types in
addition to neutrophils. As an antibody receptor it binds
the Fe region of antibody molecules (Chapter 13). CD32
is therefore called an Fe receptor (FcR). (Since there are
several different Fc receptors, it is classified as FeyRI1.)

In complement-mediated phagocytosis (type 11
phagocytosis) particles sink into the neutrophil without
lamellipodia formation, suggesting that the ingestion
process is fundamentally different from the antibody-
mediated process. CD35 (or CR1) is a receptor for the
complement component C3b. It is found not only on
neutrophils but also on other granulocytes, monocytes,
red cells, and B cells. Binding of C3b-coated particles to
CD35 on neutrophils leads to their attachment but may
not necessarily trigger ingestion.

Antibodies, the major proteins of the acquired
immune system, are by far the most effective opsonins.
They coat bacteria, link them to receptors on phagocytic
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Figure 3-10. Opsonization of a bacterium by antibodies and
complement. The combination of these ligands with their
appropriate receptors triggers ingestion and the respiratory
burst. The antibody recepror is called CD32 and the comple-
ment receptor is called CD35. Type 1 phagocytosis is mediated
by antibodies through CD32. Type 2 phagocytosis is mediated
by complement through CD35.
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cells, and provoke their ingestion. However, as pointed
out previously, they are not produced until several days
after the onset of an infection, and the body must there-
fore rely on innate opsonins for immediate protection.

Another important mechanism that promotes contact
between bacteria and neutrophils is trapping. Normally
bacteria are free to float away when they encounter
a neutrophil suspended in blood plasma. If, however, a
bacterium is lodged in tissues, or trapped between a
neutrophil and another cell surface and thus prevented
from floating away, it can be readily ingested. This
process is called surface phagocytosis.

Ingestion

As neutrophils crawl toward a chemotactic source, a
pseudopod advances first, followed by the main portion
of the cell. The cytoplasm of the neutrophil pseudopod
contains a filamentous network of proteins called actin
and myosin whose state determines the fluidity of the
cytoplasm. When a neutrophil meets a bacterium, its
pseudopod flows over and around it, and binding occurs
between opsonins on the organism and receptors on
the neutrophil (Figure 3-11). Binding of these receptors
enables a cup-like pseudopod to cover the particle.
The bacterium is eventually drawn into the cell and, as
the cytoplasm engulfs it, becomes enclosed in a vacuole
called a phagosome. The ease of this engulfment
depends, in part, on the properties of the bacterial
surface. Neutrophil cytoplasm readily flows over

Figure 3-11. Scanning electron micrograph of a bovine milk
neutrophil ingesting Streptococcus agalactie. Note how a film of
neutrophil cytoplasm appears to flow over the surface of the
bacterium. Original magnification x5000.



30 Veterinary Immunology: An Introduction CHAPTER 3

hydrophobic lipid surfaces so that hydrophobic bacteria,
such as Mycobacterium tuberculosis, are readily ingested.
In contrast, Streptococcus preurnoniae, a cause of pneumonia
in humans, has a hydrophilic carbohydrate capsule. It is
poorly phagocytosed unless made hydrophobic by a
coating of antibodies or C3b. The progressive covering
of a particle by the linkage of cell receptors with particle
ligands has been likened to a zipper. An alternative
process is called coiling phagocytosis. In this case a single
pseudopod may wrap itself several times around the
organism. This is associated with bacteria such as
Legionella pneumophila and Borrelia burgdorferi.

[ngestion may or may not be dependent on opsoniza-
tion. Thus neutrophils may possess cell surface receptors
such as mannose receptors or integrins that can bind
directly to bacteria. Alternatively, neutrophils may
require opsonins such as antibodies or complement that
must first coat a particle. The coated particles can then
bind to antibody or complement receptors.

Destruction

Destruction of the ingested bacterium occurs through

two distinct processes. One involves the generation of

potent oxidants—the respiratory burst. The other
involves release of lytic enzymes and antimicrobial
peptides from intracellular granules.

The Respiratory Burst

Within seconds of binding to a bacterium, neutrophils
increase their oxygen consumption nearly 100-fold.
This increase is a result of activation of a cell surface
enzyime complex called NADPH oxidase (NOX). The

components of the NOX complex remain separated in
resting cells. When the neutrophil is triggered by adher-
ence of an opsonized bacterium to an Fe receptor, these
components are assembled together (Figure 3-12). Once
assembled, the activated NOX converts NADPH (the
reduced form of NADP, nicotinamide adenine dinu-
cleotide phosphate) to NADP* with the release of elec-
trons. One molecule of oxygen accepts a single donated
electron, resulting in the generation of one molecule of a
superoxide anion (the dot in *O, denotes the presence of
an unpaired electron).

NOX
NADPH + 20,———= NADP" + H' + 2°0,"

The NADP* accelerates the hexose monophosphate
shunt, a metabolic pathway that converts sucrose to a
pentose and CO,, and releases energy for use by the
cell. The two molecules of *O, interact spontaneously
(dismutate) to generate one molecule of H>O; under the
influence of the enzyme superoxide dismutase.

2°0, + 2H*—>H,0, + 0,

Because this reaction occurs so rapidly, superoxide
anion does not accumulate but H,0, does. "The hydro-
gen peroxide is converted to bactericidal compounds
through the action of myeloperoxidase, the most sig-
nificant respiratory burst enzyme in neutrophils.
Myeloperoxidase is found in large amounts in the pri-
mary granules. It catalyzes the reaction between hydro-
gen peroxide and intracellular halide ions (CI, Br—, 17, or
SCN") to produce hypohalides:

Bacterium

Figure 3-12. 'T'he major features of the respira-
tory burst pathway in neutrophils. The process is
triggered by antibody binding to its recepror
CD32. It results in the generation of bactericidal
products such as hydrogen peroxide (H,O,) and
hypochloride ions (OCI).
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myeloperoxidase

H,0, + CI > H,0 + OCl

Cl" is probably used at most inflammatory sites except
in milk and saliva where SCN™ is also employed. OCI is
the major product of neutrophil oxidative metabolism.
Because of its intense reactivity, OCIl™ does not accumu-
late in biological systems but instantly disappears in
multiple reactions. As long as H,0, is supplied, and
neutrophils can generate H,O, for up to 3 hours after
triggering, myeloperoxidase will use plasma CI to gene-
rate OCI~, OCI kills bacteria by oxidizing their proteins
and enhances the bactericidal activities of the lysosomal
enzymes. (Remember that HOCI is the active ingredient
of houschold bleach and is commonly used to prevent
bacterial growth in swimming pools.) There are minor
quantitative differences in neutrophil activity between
the domestic species, especially in the intensity of the
respiratory burst. For example, sheep neutrophils appear

produce less superoxide than human or bovine
neutrophils. Neutrophils also have defense mechanisms

to detoxify oxidants. Thus they contain large amounts of

glutathione, which reduces them. Redox-active metals
such as iron can be bound to lactoferrin to minimize OH
formation, and antioxidants such as ascorbate or vitamin
E interrupt these reactions.

ANTIMICROBIAL MOLECULES

Lytic Enzymes

While many bacteria are killed by oxidation, the phago-
somes undergo maturation. They progressively acidify
their contents, raising their pH to an optimal level
for granule proteases as well as providing ideal ionic
conditions for their activity.
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Once a bacterium is attached to the neutrophil
membrane, the primary granules (or lysosomes) migrate
through the cytoplasm, fuse with the maturing phago-
some, and release their enzymes. (The complete vacuole
is then called a phagolysosome.) The rise in ionic
strength within phagosomes releases lysosomal enzymes
such as elastase and cathepsin G from their sulfated
proteoglycan matrix (Figure 3-13). Other lysosomal
enzymes include lysozyme, proteases, acid hydrolases,
and myeloperoxidase. The enzymes that accumulate in
phagosomes can digest bacterial walls and kill most
microorganisms, but, as might be expected, variations in
susceptibility are observed. Gram-positive bacteria
susceptible to lysozyme are rapidly destroyed. Gram-
negative bacteria such as Escherichia coli survive somewhat
longer, since their outer wall is relatively resistant to
digestion. Lactoferrin, by binding iron, may also prevent
bacterial growth. Some organisms such as Brucella abortus
and Listeria monocytogenes can interfere with phagosomal
maturation in such a way that they do not come into
contact with the lysosomal enzymes and can therefore
grow inside phagocytic cells. The second major granule
type (secondary granules) contains collagenase,
lysozyme, and lactoferrin.

Neutrophil enzymes released into tissues promote
tissue breakdown. They cleave membrane-bound TNF-o
from macrophages. The T'NT-o attracts and activates yet
more neutrophils.

Peptides

Antimicrobial peptides are widely distributed throughout
the plant and animal kingdoms, and more than 800 have
been identified to date. Although structurally diverse,
these peptides have a net cationic charge due to the
presence of multiple arginine and lysine residues and
the ability to form nmphipathic structures; that is, they
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Figure 3-13. Contents of the cytoplasmic granules and their functions in neutrophils.
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have both hydrophobic and hydrophilic regions. The
hydrophobic regions can insert themselves into the
lipid-rich membranes of bacteria whereas the other
regions can form channel-like pores or simply cover the
membrane. This results in membrane disruption and
microbial death.

The cationic antimicrobial peptides have a broad
spectrum of antimicrobial activity and can kill most
species of bacteria as well as some fungi, protozoa,
enveloped viruses, and tumor cells. The fact that they kill
microorganisms rather than host cells is thought to be
due to their interactions with microbial phospholipids,
I.PSs, or teichoic acids.

Antimicrobial peptides are concentrated in sites where
microbes are most likely to be encountered. These
include intracellular locations such as within neutrophils
and macrophages (Chapter 4); and within lymphocytes
(Chapter 9) such as natural killer cells and cytotoxic
T cells. Epithelial cells of the skin and respiratory,
alimentary, and genitourinary tracts also synthesize
antimicrobial peptides.

The defensins are typical antimicrobial peptides that
have been characterized in many different vertebrates,
insects, and plants. More than 50 mammalian defensins
have been identified. In cattle at least 13 different
p-defensins are produced by neutrophils alone.
Defensins contain 28 to 42 amino acids including six to
eight conserved cysteine residues. These cysteines form
three or four pairs of intramolecular disulfide bonds. The
vertebrate defensins are classified as o, B, or 8 defensins
based on their origin and on the number and position of
these disulfide bonds. The o defensins are found in large
amounts in neutrophils and in the Paneth cells of the
small intestine; B defensins are found in many different
tissues including the epithelial cells that line the airways,
skin, salivary gland, and urinary system. The 6 defensins
have only been described in primate phagocytes.
Defensins can be produced at a constant rate (constitu-
tively) or in response to microbial infection. They are
major constituents of the granules in neutrophils where
they account for about 15% of the total protein. Some
defensins are chemoattractants for monocytes, immature
dendritic cells, and T cells. All defensins identified so far
can kill or inactivate some bacteria, fungi, or enveloped
viruses.

Although present in normal tissues, defensins can
increase in response to infections. For example, calves
infected with Cryptosporidium parvum show a fivefold
increase in cryptdin production. Likewise cows infected
with Mycobacterium paratuberculosis have increased levels
of cryptdins. Mannbeimia bemolytica infection in bovine
lungs induces an increase in defensin expression in airway
epithelium. Other classes of antibacterial peptides found
in neutrophil granules are variously called serprocidins,
cathelicidins, and protegrins. Granulysins are toxic
peptides produced by cytotoxic T cells and NK cells
(Chapters 17 and 31).

Two other important antibacterial proteins include
bactericidal permeability—increasing protein (BPI) and
calprotectin. BPI is a major constituent of the primary
granules of human and rabbit neutrophils. It kills gram-
negative bacteria by binding to LPSs and damaging their
inner membrane. Calprotectin is found in neutrophils,
monocytes, macrophages, and epidermal cells. It forms
about 60% of neutrophil cytoplasmic protein and is
released in large amounts into blood and tissue fluid in
inflammatory lesions.

Lysozyme

The enzyme lysozyme destroys bacterial peptidoglycans.
Lysozyme is found in all body fluids except cerebrospinal
fluid, sweat, and urine. It is absent from bovine neutrophils
and tears. It is found in high concentrations in tears of
other mammals and in egg white. Although many of the
bacteria killed by lysozyme are nonpathogenic, it might
reasonably be pointed out that this susceptibility could
account for their lack of pathogenicity. Lysozyme is
found in high concentrations in neutrophil granules and
so accumulates in areas of acute inflammation, including
sites of bacterial invasion. Lysozyme is also a potent
innate opsonin, binding to bacterial surfaces and so
facilitating phagocytosis in the absence of specific anti-
bodies and under conditions where its enzyme activity is
ineffective.

Lectins

Lectins are proteins that bind carbohydrates. Given that
carbohydrates are major components of bacterial cell
walls, lectins often bind to bacteria. Mammalian lectins
are classified by the structure of their carbohydrate
recognition site.

The C-type lectins include the collectins found in
plasma and the selectins found on the surface of endothe-
lial cells and leukocytes. They require calcium to bind to
carbohydrates. The collectins range in size from 600 to
1000 kDa. Each end of a collectin molecule has a distinct
function; the C-terminal domain binds to bacterial
carbohydrates whereas the N-terminal domain interacts
with cells and complement components, thereby exerting
the biological effect. It is their ability to recognize foreign
carbohydrates that makes collectins a part of the innate
host defense systems.

The most important lectin in the innate immune system
is mannose-binding lectin (MBL), a collectin found in
serum. MBL has multiple carbohydrate-binding sites
that bind many oligosaccharides, including N-acetylglu-
cosamine, mannose, glucose, galactose, and N-acetyl-
galactosamine. The binding is relatively weak, but multiple
binding sites give a high functional activity. Most of the
ligands of MBL are present at high levels on microbial
surfaces. As a result, MBL binds very strongly to bacteria
such as Salmonella enterica, Listeria monocytogenes,




Haemophilus influenzae, and Neisseria meningitidis. It binds
to Streptococcus and Escherichia coli with moderate affinity,
but it does not bind to encapsulated N. meningitidis,
H. influenzae, or Streptococcus agalactiae. MBI, binds
strongly to yeasts such as Candida albicans and Cryptococcus
neoformans. It can bind viruses such as human immuno-
deficiency virus and influenza A as well as the protozoa
Leishmania. MBL plays an important role in activating
the complement system (Chapter 15).

Collectins such as MBL can bind to leukocytes,
platelets, endothelial cells, and fibroblasts. Bacteria
coated by MBL are readily ingested by phagocytic cells
through interaction with surface receptors. Thus the
collectins act as innate opsonins. Collectins are especially
important in young animals whose acquired immune
system is not fully capable of mounting an efficient
response. For example, a congenital deficiency of MBL
makes children highly susceptible to infections.

Five different collectins [conglutinin, MBL, pulmonary
surfactant proteins (SP-A, SP-D), and collectin-43
(CL-43)] have been identified in mammals. However,
conglutinin and CIL-43 have only been identified in
bovids. Bovine conglutinin is produced in the liver. It
binds to receptors on macrophages, dendritic cells, and
glial cells. The level of conglutinin in plasma decreases in
infections such as mastitis.

The pentraxins are also lectins. They include two
important molecules: C-reactive protein (CRP) and
serum amyloid P (SAP). These are called acute-phase
proteins because their blood levels climb greatly during
infections or following trauma. Pentraxins have multiple
biological functions, including activation of the comple-
ment system and stimulation of leukocytes. Fach pentraxin
molecule consists of five protein subunits arranged in a
ring. Pentraxins bind to carbohydrates such as LPSs
in a calcium-dependent manner. Both CRP and SAP can
activate the classical complement pathway by interacting
with Clq (Chapter 15). They also interact with neu-
trophils, monocytes/macrophages, and natural killer cells
and augment their activities. For example, CRP not only
binds to phosphatidylcholine, a molecule found in all cell
membranes, but its major receptor on leukocytes is
FeyRIT (CD32). It can bind to invading organisms and
promote their phagocytosis. SAP binds to galactose
polymers and glycosaminoglycans.

Iron-Binding Proteins

One of the most important innate factors that determines
the success or failure of bacterial invasion is the level of
iron in body fluids. Many bacteria, such as Staphylococcits
aurens, E. coli, Pastewrella multocida, and Mycobacterium
tuberculosis, require considerable amounts of iron for
growth. If iron concentrations are low the bacteria
cannot grow. Thus, one effective defensive strategy is to
remove iron from sites of bacterial invasion. Within
the body, iron is associated with several iron-binding
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proteins including transferrin, lactoferrin, haptoglobin,
and ferritin. When bacteria invade the body, intestinal
iron absorption ceases. Liver cells are stimulated to
secrete transferrin and haptoglobin, and there is increased
incorporation of iron into the liver. This effectively
reduces the availability of iron. A similar situation occurs
in the mammary gland when, in response to bacterial
invasion, milk neutrophils release their stores of lacto-
ferrin. The lactoferrin binds any free iron and makes it
unavailable to the bacteria. In spite of the reduced avail-
ability of iron, some bacteria, such as M. tuberculosis and
E. coli, can successtully invade the body. This is because
they in turn produce potent iron-binding proteins that
withdraw iron from serum proteins and make it available
to the bacteria. When serum iron levels are elevated, as
occurs following red cell destruction, animals may
become more susceptible to bacterial infections.

SURFACE RECEPTORS

Cells must interact with many molecules in their envi-
ronment. To this end they have many different cell
surface receptors. As mentioned in Chapter 2, cell
surface glycoproteins are classified by the cluster of
differentiation (CD) system. Neutrophils carry many
different CD molecules on their surface (Figure 3-14).
The most relevant of these proteins are the receptors for
opsonins and those that mediate neutrophil attachment
to blood vessel walls. Other neutrophil surface molecules
include receptors for inflammatory mediators such as
leukotrienes, complement components such as C5a,
chemokines, and cytokines.
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Figure 3-14. Some of the major surface receptors on neu-
trophils and their functions.
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Neutrophils have a limited reserve of energy that cannot
be replenished. They are therefore active immediately
after being released from the bone marrow, but are
rapidly exhausted and can undertake only a limited num-
ber of phagocytic events. Neutrophils survive for only a
few days. Thus they may be considered a first line of
defense, moving rapidly toward invading organisms
and destroying them promptly but being incapable of
sustained effort. The second line of defense is the
mononuclear phagocyte system.
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[though neutrophils act as a first line of defense,

mobilizing rapidly and eating and killing invading

microorganisms with enthusiasm, they cannor,
by themselves, ensure that all invaders are killed. The
body therefore employs a “backup” system. This backup
system consists of a second population of cells called
macrophages. Macrophages differ from neutrophils in
their speed of response, which is slower; in their antimi-
crobial abilities, which are greater; and in their ability to
trigger acquired immune responses. Unlike neutrophils,
which are specialized for a single task—the killing of
invading organisms—monocytes and macrophages have
amuch greater diversity of roles. These include not only
triggering inflammation by acting as sentinel cells, but
also cleaning up the mess atterward.

MACROPHAGE FUNCTIONS

Sensors of Invasion

As described in Chapter 2, macrophages possess toll-like
receptors and so can detect invading bacteria and viruses.
They respond by producing cytokines, the most impor-
tant of which are interleukin-1 and tumor necrosis
factor-alpha (TNF-a).

Phagocytosis

Similar processes to those that affect neutrophils mediate
monocyte adhesion to vascular endothelial cells. Thus
cell rolling is mediated by selectin binding, and the cells

are eventually brought to a halt by monocyte integrins
binding to their ligands on blood vessel walls. The mono-
cytes bind strongly to the endothelial cells, using B2 inte-
grins binding to ICAM-1, and emigrate through the
vessel walls. Within the tissues these cells are now called
macrophages. Several hours after neutrophils have arrived
at an inflammatory site, the macrophages begin to arrive.
Macrophages are attracted not only to bacterial
products and the products of complement activation such
as C5a, but also to molecules released from damaged cells
and tissues. Dying neutrophils release elastase and colla-
genase and so generate chemotactic factors. Defensins
and other peptides released by neutrophils attract mono-
cytes and macrophages. Activated neutrophils and
endothelial cells produce the selective attractant
chemokine called monoeyte chemoattractant protein-1
(CCL2) under the influence of IL-6. Neutrophils are
thus the martyrs of the immune system: they reach and
attack foreign material first, and in dying they attract
macrophages to the site of invasion. Phagocytosis by
macrophages is similar to the process in neutrophils.
Macrophages destroy bacteria by both oxidative and
nonoxidative mechanisms. In contrast to neutrophils,
however, macrophages can undertake sustained, repeated
phagocytic activity. An important additional function of
macrophages is the removal of dead and dying cells,

Generation of Nitric Oxide

In some mammals, especially rodents, cattle, sheep, and
horses (but not in humans, pigs, goats, or rabbits), micro-
bial products trigger macrophages to synthesize inducible
nitric oxide synthase (NOS2). "This enzyme uses NADPH
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li]"ld l'JX.\-'gEn to act on I.—arginine to p]‘Udl]CC largc amaounts
of nitric oxide (NO) and citrulline (Figure 4-1). Although
nitric oxide itself is not highly toxic, it can react with
superoxide anion to produce highly reactive and toxic
oxidants such as peroxynitrite and nitrogen dioxide radical.

NO + 0,~ — OONO~ — HOONO —> OH + NO,"

Nitric Peroxynitrite Nitrogen
oxide anion dioxide
radical

The sustained production of NO permits macrophages
to kill bacteria, fungi, protozoa, some helminths, and
tumor cells very efficiently. Nitric oxide binds to metal-
containing enzymes such as ribonucleotide reductase and
impedes DNA synthesis. It also blocks mitochondrial
hcmc-cnntaining respiratory enzymes.

It must be noted that not all macrophages can gener-
ate nitric oxide as deseribed above (these are classified as
M1 cells). Other populations of macrophages, called M2
cells, convert arginine to ornithine using the enzyme
arginase, and NO is not generated. It is believed that
these two macrophage populations play distinctly differ-
ent roles in defending the body. If M1 cells are activated,
they defend against microbial invaders and produce
proinflammatory cytokines. M2 cells have opposite
effects: they reduce inflammation and produce cytokines
that tend to suppress immune responses. These M2 cells

Arginine
Nitric oxide
Arginase synthase 2
Arginiosuccinate Ornithine
\ Citrulline

2NO, *—= N,O,=———NO. + NO |

Figure 41. The two pathways of arginine metabolism in
macrophages. The production of nitric oxide through the use of
nitric oxide synthase is a major antimicrobial pathway and the key
feature of M1 macrophages. The use of arginase to produce
ornithine, however, reduces the antimicrobial activities of

M2 cells.

may play a key role in wound healing by promoting
blood vessel formation, tissue remodeling, and tissue
repair. It is likely that M1 cells are produced early in the
inflammatory process when inflammation is required.
M2 cells, on the other hand, appear late in the process
when healing is required.

Activation

Although monocytes and resting macrophages are fairly
effective phagocytes, their activities can be greatly
enhanced by innate mechanisms. Triggers include the
ligands for toll-like receptors such as lipopolysaccharides,
CpG DNA, microbial carbohydrates, and heat shock
proteins as well as inflammatory products. Different levels
of activation are recognized, depending on the triggering
agent, and some bacteria, such as M. tuberculosis, are
better able to activate macrophages than others. Thus
when monocytes first move into inflamed tissues, they
produce increased amounts of lysosomal enzymes,
increase phagocytic activity, increase the expression of
antibody and complement receptors, and secrete more
proteases (Figure 4-2). The cytokines produced by these
inflammatory macrophages, especially TNF-a and inter-
leukin-12, activate a population of lymphocytes called
natural killer (NK) cells, The NK cells in turn secrete the
cytokine interferon-y, which then activates macrophages
still further. Interferon-y upregulates many different
genes, especially the gene for inducible nitric oxide
synthase (NOS2). Thus the NOS2 gene can be upregu-
lated 400-fold by a combination of IFN-y and mycobac-
teria. As a result of increased NO production, activated
macrophages become very potent killers of bacteria.

Receptors

Macrophages have many different receptor proteins on
their surface (Figure 4-3). We have already described the
toll-like receptors that recognize microbial components.
Macrophages also possess receptors for antibodies. For
example, CD64 (FeyRlI) is a high-affinity antibody recep-
tor expressed on monocytes and macrophages and to a
lesser extent on neutrophils. Like other antibody recep-
tors, CD64 binds to the Fe region of antibody molecules
and so is called an Fc receptor (FcR). Its expression is
enhanced by interferon-y-induced activation. Human
macrophages also carry two low-affinity antibody recep-
tors, CD32 (FceyRII) and CD16 (FcyRIID). Cattle
macrophages have a unique Fe receptor called Fey2R,
which can bind particles coated with a specific type of
antibody called IgG2.

Macrophages also have receptors for complement
components. They include CD35 (CR1), the major
receptor for C3b, and the integrin CD11b/CD18, which
is also a receptor for fragments of C3b. These receptors
permit organisms coated with C3b to bind to
macrophages (Box 4-1).
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Figure 4-3. Some of the major surface receptors expressed on
macrophages and their functions.
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different pathways. Thus macrophages
can be activated by pathways involving
toll-like receptors. They can be acti-
vated by acquired pathways involving
IFN-v, or they may undergo “alterna-
tive activation” and so become sup-
pressive,

The integrins described in the previous chapter are
responsible for binding macrophages to other cells, to
connective tissue molecules such as collagen and
fibronectin, and to some complement components.
A novel integrin called 0B, has been identified on dog
macrophages. Its ligand and function are unknown.
Macrophages also have mannose-binding receptors

Genes That Control Innate Immunity

Innate resistance to mycobacteria, Brucella, Leishmania, and
Salmonella enterica typhimurium is controlled by a gene called
Nramp, which has been identified in humans, dogs, mice,
sheep, bison, red deer, cattle, and chickens. Nramp codes for
an ion transporter protein in macrophages called natural
resistance-associated transporter protein (Nrampl). After
phagocytosis, Nrampl is acquired by the phagosomal
membrane. It then acts to pump divalent metals out of
the phagosome and so inhibits the growth of intracellular
parasites by depriving them of metal ions. Cattle with the
resistant allele effectively activate their macrophages and so
control the in vitro growth of Brucella abortus. The difference
between the resistant and susceptible alleles appears to
be associated with a single nucleotide substitution in the
Nramp gene.
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(CDD206). These are proteins that can bind to mannose or
fucose in the capsule or lipopolysaccharide of invading
bacteria and so permit macrophages to bind and ingest
nonopsonized bacteria.

Another important macrophage receptor is CD40.
This glycoprotein is used to communicate between
macrophages and lymphocytes. [ts ligand is called CID40
ligand (CD154, or CD40L) and is present on T cells.
Macrophages can also receive activation signals via
CD40. When activated in this way, they increase their
cytokine synthesis and the production of nitric oxide.
They also live longer.

THE FATE OF FOREIGN MATERIAL

Macrophages are found scattered throughout the body
and hence can capture invaders entering by many differ-
ent routes. For example, if bacteria are injected
intravenously, they are rapidly removed from the blood.
Their precise fate depends on the species of animal
involved. In dogs, laboratory rodents, and humans, bac-
teria and other particles are predominantly (80%-90%)
trapped and removed in the liver. The mechanisms of
this liver clearance have recently been analyzed. It was
believed for many years that circulating bacteria were
removed from the bloodstream through phagocytosis by
the macrophages (Kuptfer cells) that line the sinusoids of
the liver. However, the process is much more complex
than this. Circulating bacteria are indeed trapped by
Kupffer cells, but they bind to the outside of the cells!
Bacterial products then interact with their TLRs and
stimulate the Kupffer cells to secrete TNF-o and 1L-1.
These cytokines attract circulating neutrophils that
bind to the Kupffer cells through cell-surface integrins.
The bound neutrophils then ingest and kill the bacteria.
After phagocytosis the neutrophils begin to degenerate
and undergo apoptosis. The intact apoptotic neutrophils

Localization (%)

Species Lung Liver/Spleen
Rabbit 0.6 83
Dog 6.5 80
Ciuinea pig 1.5 82
Rat 0.5 97
Mouse 1.0 94
Cat 86 14
Calf 93 6
Sheep 94 6

Selected data from Winkler GC: Am J Anat 181:223, 1988; and from
Chitko-McKown CG, Blecha F: Ann Rech Vet 23:201-214, 1992,

6.5%
86%

80%

Figure 44. 'The different routes by which bacteria are cleared
from the bloodstream in the dog and cat. Dogs mainly use
Kupffer cells in the liver. Cats mainly employ pulmonary
intravascular macrophages.

are then ingested and destroved by the Kupffer cells so
that toxic metabolic products and proteases cannot
escape. These processes within the liver thus resemble
those in acute inflammation where neutrophils are pri-
marily responsible for destruction of invaders while the
macrophages are responsible for preventing damage
caused by the escape of neutrophil breakdown products.
In contrast, in calves, sheep, goats, deer, llamas, pigs,
horses, and cats, particles are mainly removed by the
macrophages that line small blood vessels in the lungs
(pulmonary intravascular macrophages) (Table 4-1 and
Figure 4-4). These pulmonary intravascular macrophages
are attached to the endothelium of lung capillaries
(Figure 4-5).

[n species where hepatic clearance is important, large
viruses or bacteria may be cleared completely by a single

Figure 4-5. An intravascular macrophage (M) from the lung
of a 7-day-old pig. The cell has numerous pseudopods, elec-
tron-dense siderosomes, phagosomes and lipid droplets. It 