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Got (Raw) Milk? The Role of Unprocessed Cow's
Milk in Protecting against Allergy and Asthma

In recent decades, the onset of allergies and asthma during childhood has
become an increasingly common complication that, as we will see in this chapter,
stems from hypersensitivity reactions in the adaptive immune response. However,
for nearly 20 years now, researchers have been aware of one demographic of
young people that has consistently shown resistance to asthma and allergies:
kids that grow up on farms. Several hypotheses have been proposed to explain
this phenomenon, including early childhood exposure to livestock and their feed
(see photo), but while this may contribute to a protective “farm effect,” it is the
consumption of unprocessed cow’s milk that is emerging as the major underlying
explanation for the trend.

A recent report documented the correlation between the consumption of
raw, unpasteurized cow’s milk and the incidence of asthma in over 1100 children
from rural regions of five European countries. Researchers found that compared
to shop milk purchased at a supermarket, which is pasteurized (heated to 72°C
for at least 15 seconds), centrifuged, and homogenized to achieve a uniform
product, regular ingestion of unprocessed farm milk was inversely related to
the onset of asthma in children, with the asthma-protective effect increasing
over time.

To elucidate this farm milk effect, the scientists compared the fatty acid
composition of unprocessed farm milk samples to that of shop milk samples.
They found that the raw milk contained substantially higher levels of omega-3
(w-3) fatty acids than shop milk, and this was attributed to both the higher
overall fat content of raw milk and its lack of pasteurization, which breaks down
heat-labile components of the milk. This finding was important because w-3
fatty acids are precursors of anti-inflammatory immune mediators that suppress
hypersensitivity reactions, including those that trigger allergies and asthma.

Although the implications of this research in asthma prevention are
potentially significant, public health officials strongly discourage ingestion of
unpasteurized milk, mainly because of the risk of foodborne illnesses, includ-
ing salmonellosis, listeriosis, Q fever, staphylococcal food poisoning, and
gastroenteritis. Interestingly, changing this stance may be neither warranted
nor necessary since it may be possible to restore the asthma-protective effect
by supplementing industrially processed milk with w-3 fatty acids. Only time—
and more research—will tell!

\‘ Source: Brick, T., et al. 2016. »-3 fatty acids contribute to the asthma-protective effect of
W unprocessed cow’s milk. J. Allergy Clin. Immunol. 137(6): 1699-1706.e13 doi:10.1016/
j.jaci.2015.10.042.
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In the previous chapter we discussed the key features of innate
immunity and how this system protects against infection and dis-
ease from a broad range of pathogens. Here, we build on this foun-
dation with a focus on the powerful and highly specific immune
mechanisms of adaptive immunity, mechanisms that depend on
both cellular and molecular components and that complement
the innate response.

| - Principles of Adaptive
Immunity

nnate and adaptive immunity can be viewed as different sides of

the same coin that work together to protect the host from attack
by foreign substances. Whereas innate immunity is characterized
by broadly specific responses triggered by common structural fea-
tures found on and in pathogens, adaptive immunity is directed
toward specific molecular components of the pathogen (their anti-
gens). In adaptive immunity, pathogen-specificimmune receptors
are produced in large numbers only after exposure to the patho-
gen or its products. In this way, the individual antigenic properties
of different pathogens orchestrate the adaptive immune response.

We begin this part of the chapter by considering the major char-
acteristics of the adaptive immune response and then explore the
structure of the substances that trigger this response and the dif-
ferent forms of adaptive immunity that we experience in our
everyday lives.

27.1 Specificity, Memory, Selection
Processes, and Tolerance

Adaptive immunity is primarily a function of a special class of
antigen-reactive leukocytes called lymphocytes. B lymphocytes
(B cells) specialize in the production of antibodies that interact
with and protect against extracellular antigens, thus conferring
antibody-mediated (humoral) immunity to the host. T lymphocytes
(T cells) express antigen-specific receptor proteins on their sur-
faces that defend against intracellular pathogens, such as viruses
and certain bacteria, thus conferring cell-mediated (cellular)
immunity to the host. The combination of antibody-mediated
and cell-mediated defenses comprises adaptive immunity, a sys-
tem that is characterized by three major features: specificity,
memory, and tolerance. None of these features is characteristic of
the innate immune response (Chapter 26).

Immune Specificity and Memory
Overall, the immune response is highly specific, but the innate
and the adaptive systems differ in their degree of specificity. Innate
immunity is directed against features common to a broad diversity
of pathogens, such as the peptidoglycan of all gram-positive bac-
teria or the lipopolysaccharide (LPS) of all gram-negative bacteria.
By contrast, adaptive immune mechanisms are directed against
pathogen-specific macromolecules, such as a specific protein asso-
ciated with a single strain of a particular pathogen.

Each B cell or T cell produces a unique protein that interacts with
a single type of antigen. These proteins therefore have specificity
for that antigen. The antigen-binding proteins of B cells are
membrane-bound antibodies called B cell receptors (BCRs).

T cells have antigen-binding T cell receptors (TCRs) on their
surfaces. The specificity of the antigen-antibody or antigen-TCR
interaction is dependent on the capacity of the lymphocyte cell
receptor to interact with a particular antigen but not with other
antigens (Figure 27.1a).
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Figure 27.1 Specificity and memory in the adaptive immune response.

Key features of antibody-mediated and cell-mediated immunity are (a) specificity and
(b) memory. (c) The primary response induces both immune cells and antibodies. The
antigens given at day 0 and day 100 must be identical to induce a secondary response.
The secondary response may generate more than 10-fold increases in immune cells and
antibody concentrations.
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The adaptive immune response is induced only when triggered
by a unique antigen on a pathogen. For example, polysaccharide
antigen from the LPS of a particular gram-negative bacterium is
unique for a genus and often even for a species within the genus.
Therefore, an individual lymphocyte that interacts with an LPS
polysaccharide unique to the bacterium Salmonella will not inter-
act with the LPS of other bacteria, even other closely related gram-
negative enteric bacteria, such as Escherichia or Shigella.

In addition to specificity, the adaptive immune system exhibits
memory (Figure 27.1b). Lymphocytes must encounter antigen to
stimulate production of detectable and effective antigen-activated
antibodies or TCRs. The first exposure to an antigen generates a
primary immune response in which antigen contact stimu-
lates growth and multiplication of antigen-reactive B and T cells,
thereby creating large numbers of antigen-specific clones. Some
of these clones, called memory cells, persist in the body for years
and confer long-term specific immunity. Subsequent exposure to
the same antigen activates the clones and generates a faster and
stronger secondary immune response that peaks within a few
days (Figure 27.1¢). This capacity to respond more quickly and vig-
orously to subsequent exposures to the eliciting antigen provides
the host with immediate resistance to previously encountered
pathogens, a topic we develop in more detail in Section 27.3.
Immune memory is an important facet of clinical medicine and
public health, as vaccinating humans or other animals with killed
or weakened pathogens (or their products) is a major means of
conferring immunity to dangerous pathogens (see Section 27.2).

T Cell Selection and Tolerance

The adaptive immune system must be able to discriminate
between harmless host antigens (“self”) and potentially danger-
ous foreign antigens (“nonself”) and function to destroy only the
latter. T cells undergo immune selection for potential antigen-
reactive cells and selection against those cells that react strongly
with self antigens. Selection against self-reactive cells results in
the development of another key characteristic of the adaptive
immune response: tolerance. Tolerance is a key component of
the immune response and ensures that adaptive immunity is
directed against agents that pose genuine threats to the host and
not against the host’s own proteins. The failure to develop toler-
ance may result in dangerous reactions to self antigens, a condi-
tion called autoimmunity (Section 27.9).

T lymphocyte precursors leave the bone marrow via the
bloodstream and enter the thymus, a primary lymphoid organ
(Figure 27.2). During the process of T cell maturation in the thymus,
immature T cells undergo a two-step selection process to (1) select
potential antigen-reactive cells (positive selection) and (2) elimi-
nate cells that react strongly with self antigens (negative selection).
Positive selection requires the interaction of immature T cells
in the thymus with peptide antigens that are actually of self ori-
gin. Using their TCRs, some T cells bind to major histocompatibility
complexes (MHCs) (Section 27.5) that present self peptides on
the thymic epithelial tissue. The T cells that do not bind MHC-
peptide complexes will be of no use in the immune response and
are therefore permanently eliminated via apoptosis (programmed
cell death). By contrast, those T cells that bind thymic MHC pro-
teins receive survival signals and therefore remain viable. Positive
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selection retains T cells that recognize MHC-peptide and deletes
T cells that do not recognize MHC-peptide and would therefore
be unable to recognize MHC-peptide outside the thymus.

The second stage of T cell maturation is negative selection. In
this process, the positively selected T cells continue to interact
with thymic MHC-peptide. Precursor T cells that react with
thymic self antigens are potentially dangerous if they react very
strongly with these antigens (autoimmunity). Very strongly self-
reactive T cells bind tightly to thymus epithelial cells. This binding
prevents the strongly self-reactive T cells from dividing and even-
tually causes them to die. This process, called clonal deletion,
prevents the propagation of precursor T cells that could poten-
tially cause autoimmune complications. Precursor T cells having
TCRs that react less strongly with self MHC bound to peptide
survive this selection and live (Figure 27.2).

This two-stage thymic selection process ensures the generation
of self-tolerant T cells capable of reacting strongly to foreign anti-
gens only. Precursors of T cell clones that are either useless (do not
bind) or harmful (bind too tightly) are deleted in the thymus.
About 95% of all immature T cells do not survive the thymic
selection process. The remaining selected T cells are destined to
interact very strongly with nonself antigens. They are not
destroyed in the thymus because their weak binding interactions
with thymic self antigens signal them to proliferate. The selected
and growing T cells leave the thymus and migrate to the spleen,
mucosa-associated lymphoid tissue (MALT), and lymph nodes,
where they can contact foreign antigens presented by B cells and
other antigen-presenting cells (APCs).

B Cell Selection and Tolerance

Torespond to the nearly infinite variety of environmental antigens,
the immune system must have the capacity to generate an essen-
tially limitless variety of antigen-specific lymphocytes. To this end,
and as we shall see in Section 27.4, the body produces an enormous
diversity of antigen-reactive B cells, each having BCRs specific for a
single antigen on its surface. B cell selection occurs when the BCRs
of a particular B cell clone interact with their corresponding anti-
gen. The antigen-stimulated B cell can then proliferate and differ-
entiate, a process called clonal expansion (Figure 27.3). This produces
a pool of cells that expresses the same antigen-specific receptors;
B cells that have not interacted with antigen do not proliferate. The
newly generated pool of antigen-specific B cell clones is composed
of many antibody-producing plasma cells and comparatively fewer
long-lived, antigen-specific memory cells. We explore these con-
cepts further in Section 27.3.

As with T cells, the development of tolerance in B cells is neces-
sary because antibodies produced by self-reactive B cells (autoanti-
bodies) may cause autoimmunity and damage to host tissues
(Section 27.9). Therefore, B cells must undergo a similar clonal dele-
tion process. However, unlike the thymic selection process of T cells,
many self-reactive B cells are eliminated during development in the
bone marrow, the primary lymphoid organ responsible for B cell
maturation in mammals.

In addition to clonal deletion, clonal anergy (clonal unre-
sponsiveness) also plays a role in final selection of the B cell pool.
Some immature B cells are reactive to self antigens but are not
activated by them. This is because B cell activation requires a
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Figure 27.2 T cell selection and clonal deletion. T cells undergo selection for functionality and recognition of

dangerous nonself antigens in the thymus.

second signal from a subset of T cells called T-helper (Th) cells
(Section 27.8). The nature of this second signal is a positive
interaction between proteins on the surface of B cells and
Th cells that triggers the release of cytokines, especially IL-4
(interleukin-4), from the Th cell that activates the B cell. If no
second signal is generated because the available Th cells have been
rendered tolerant to the antigen in the thymus, the B cell remains
unresponsive. Using a similar mechanism, a second signal is also

required to activate T cells that are interacting with antigens pre-
sented by APCs. The requirement for a second activation signal is
the key to establishing and maintaining clonal anergy in poten-
tially dangerous self-reactive B and T lymphocytes.

With their key properties of specificity, memory, and tolerance,
lymphocytes stand ready to deploy the adaptive immuneresponse.
The selection and control processes just described ensure that this
response will be directed only against foreign antigens. We now
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Figure 27.3 B cell clonal selection and expansion. Individual B cells, specific for a single antigen, proliferate
and expand to form a clone after interaction with the specific antigen. The antigen drives selection and then
proliferation of the individual antigen-specific B cell. Clonal copies of the original antigen-reactive cell have the
same antigen-specific surface antibody. Continued exposure to antigen results in continued expansion of the clone.

examine the nature of antigens in more detail and consider the
basic classes of adaptive immunity.

MINIQUIZ

e Distinguish between immune specificity, memory,
and tolerance.

~

e Distinguish between positive and negative T cell selection. How
do positive selection and negative selection contribute to the
development of tolerance in T cells?

e Distinguish between clonal deletion and clonal anergy in B cells.

N

27.2 Immunogens and Classes of Immunity

The adaptive immune response recognizes a vast range of foreign
macromolecules. The macromolecules are degraded and pro-
cessed in host cells to produce antigens that are in turn presented
to T cells. As we have discussed, antigens are substances that
react with antibodies or TCRs. Most, but not all, antigens are
immunogens, substances that induce an immune response.
Here we examine the features of effective immunogens, define the
features of antigens that promote interactions with antibodies
and TCRs, and discuss the classes of immunity.

Immunogens and Antigen Binding

Immunogens share several intrinsic properties that enable them to
induce an adaptive immune response. First, molecular size is an
important property of immunogenicity; for a molecule to be immu-
nogenic, it must be sufficiently large. Certain low-molecular-weight
compounds called haptens do not induce immune responses them-
selves. However, antibodies can still bind them and they may induce
an immune response if attached to a larger carrier molecule. Because
antibodies can bind them, haptens—such as the disaccharide

lactose—are considered antigens, but they are not themselves
immunogens. Proteins and complex carbohydrates are effective
immunogens, whereas nucleic acids, simple polysaccharides with
repeating subunits, and lipids are typically not. Thus, sufficient
molecular complexity is another key property of immunogenicity.
Large, insoluble macromolecules are usually excellent immunogens
because phagocytes readily engulf and process them but
not soluble molecules. Thus, appropriate physical form is another
intrinsic property of immunogenicity.

Extrinsic factors, such as the immunogen dose and the route of
administration, also influence immunogenicity. The adminis-
tered dose of an immunogen can be important for an effective
immune response, and in general, doses of 10 ug to 1 g are effec-
tive in most mammals. Immunogens administered parenterally

Protein (antigen)

Epitope 1

Epitope 2 /Abz V

Figure 27.4 Antigens and epitopes for antibodies. Antigens may contain
several different epitopes, each capable of reacting with a different antibody (Ab).
The epitope 1 recognized by Ab; is a conformational epitope. Epitope 1 consists of
two nonlinear parts of the folded polypeptide; the folding brings two distant portions
of the polypeptide together to make a single epitope.
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Figure 27.5 Natural and artificial immunity.
Photos, left to right: (1) Childhood measles showing
typical systemic measles rash. Natural active immunity
requires infection with a pathogen to activate the
adaptive immune response. (2) A 1934 United States
government poster promoting breast-feeding. Natural

(outside of the gastrointestinal tract), usually by injection, are
normally more effective than those given topically or orally.
When administered by oral or topical routes, antigens may be sig-
nificantly degraded before contacting a phagocyte, and because
of this, key immunogenic properties of the original antigen may
be diminished or even lost.

Antibodies and TCRs do not interact with the immunogen as a
whole but only with a distinct portion of the molecule called an
epitope (also called an antigenic determinant) (Figure 27.4). Epi-
topes may include sugars, short peptides, and other organic mole-
cules that are components of the larger immunogen. Antibodies
interact with a sequence of four to six amino acids—the optimal
size for an epitope—and can recognize conformational epitopes
on proteins or polysaccharides expressed in their native confor-
mations. By contrast, TCRs recognize epitopes only after the
immunogens have been partially degraded, or processed, for exam-
ple, by antigen-presenting cells. Antigen processing destroys the
conformational structure of a macromolecule, breaking proteins
into peptides shorter than about 20 amino acids long.

Antibodies and TCRs can discriminate between closely related
epitopes. However, specificity is not absolute, and an individual
antibody or TCR may react to some extent with several different
but structurally similar epitopes. The antigen that induced the
antibody or TCR is called the homologous antigen, and any nonin-
ducing antigens that react with the antibody are called heterologous
antigens. An interaction between an antibody or TCR and a heter-
ologous antigen is called a cross-reaction.

The engagement of antibodies and TCRs with naturally encoun-
tered immunogens induces an adaptive immune response that
often leads to long-term immunity. But as we now discuss, immu-
nity may also be conferred either by purposely introducing an
eliciting antigen or through passive mechanisms, either in the
absence of or in response to antigen exposure.

Classes of Adaptive Immunity: Active and Passive

Adaptive immunity may develop following a natural exposure to
an infectious agent, or it may result from an intentional exposure

passive immunity occurs when immunity is transferred
from one individual to another by natural means, such as
the transfer of maternal antibodies in breast milk.

(3) Vaccination by nasal inhalation of antigen. Artificial
active immunity occurs from exposure to particular anti-
gens in a vaccine. (4) Timber rattlesnakes produce highly

The immune
system responds to
antigens present
in this vaccine.

Venom from this
rattlesnake can be
neutralized by
antibodies in
rattlesnake
antivenom.

Active Passive

toxic venom. An antivenom consisting of purified anti-
bodies to timber rattlesnake venom can be prepared
in horses and artificial passive immunity conferred on
a snakebite victim by injecting the victim with the
antivenom.

to immunogens. In addition, an immune response can be either
active—generated by actual exposure to the antigen—or passive,
such as from the transfer of antibodies or immune cells from an
immune individual to a nonimmune one. Active and passive
immunity are illustrated in Figure 27.5 and contrasted in Table 27.1.
Natural active immunity is the outcome of exposure to antigens
through infection and typically generates protective immunity
from both antibodies and T cells. By contrast, natural passive
immunity occurs when a nonimmune person acquires immune
cells or antibodies through natural transfer of cells or antibodies
from an immune person, such as from mothers to the fetus before
birth or from mothers to newborns in breast milk (Figure 27.5).
Artificial active immunity is conferred by vaccination
(immunization) and is a major weapon for the prevention and
treatment of many infectious diseases. The introduction of anti-
gen into the host triggers antibody production in a primary
immune response but, more importantly, produces a population
of immune memory cells. A second dose, often called a “booster,”
of the same antigen results in a secondary immune response in

TABLE 27.1 A comparison of active and passive immunity

CDC/PHIL/Edward J. Wozniak, D.V.M., Ph.D

Exposure to antigen; immunity
achieved by purposely
administering antigen or through
infection

Specific immune response made by
individual achieving immunity

Immunity activated by antigen;
immune memory in effect

Immunity can be maintained via
stimulation of memory cells
(i.e., booster immunization)

Immunity develops over a period of
weeks

No exposure to antigen; immunity
achieved by injecting antibodies
or antigen-reactive T cells

Specific immune response made by
the donor of antibodies or T cells

No immune system activation; no
immune memory

Immunity cannot be maintained and
decays rapidly

Immunity develops immediately
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which existing memory cells are quickly activated, producing
much higher levels of antibodies and a larger population of
immune memory cells (Figure 27.1¢). Active immunity may per-
sist throughout life as a result of immune memory.

Artificial passive immunity is conferred when an individual
receives antibodies from an immune individual through injection
of an antiserum. These antibodies gradually disappear from the
body, no immune memory is conferred, and a later exposure to
the antigen does not elicit a secondary response. Artificial passive
immunity is often used as postexposure therapy for acute infec-
tious diseases, such as tetanus or rabies (for individuals not already
protected against such diseases due to previous vaccination), and
for the treatment of bites from venomous animals (antivenom,
Figure 27.5). Antisera are obtained from immunized animals, such
as horses, or from humans with high levels of antibody from a
natural or artificial active immune response against the antigen.

MINIQUIZ

e |dentify the intrinsic and extrinsic properties of an immunogen.

e Describe an epitope recognized by an antibody, and compare it
to an epitope recognized by a TCR.

* Give an example for each: natural and artificial active immunity
and natural and artificial passive immunity.

Il - Antibodies

ntibodies provide antigen-specific immunity that protects

against pathogens and dangerous soluble proteins, such as
toxins. Here we look at the production, structural diversity, and
antigen-binding function of antibodies. We also consider the
organization and recombination of genes that encode antibodies,
which underlie the nearly unlimited potential for the adaptive
immune response to react to foreign molecules.

27.3 Antibody Production and
Structural Diversity

An antibody, or immunoglobulin (Ig), is a soluble protein made by a
B lymphocyte or a plasma cell (@2 Figure 26.4) in response to
antigen exposure. Each antibody binds to a specific antigen.
Antibody-mediated immunity controls the spread of infection by
recognizing and binding antigens from pathogens and their prod-
ucts in extracellular environments, such as blood and mucus
secretions, and in so doing triggers the removal of these foreign
substances from the body.

B Cells, Antibodies and Their Activities, and Memory

B cells are lymphocytes that specialize in antibody production
and contain antibodies (B cell receptors, BCRs) on their surfaces;
each B cell has an estimated 100,000 BCRs of identical antigen
specificity. To make antibodies, a B cell must first bind antigen by
way of its BCR (Figure 27.6). The surface antibody-antigen interac-
tion induces the B cell to ingest the bound antigen, which is often
part of an entire pathogen, by endocytosis. The B cell then digests

MICROBE-HUMAN INTERACTIONS AND THE IMMUNE SYSTEM

the material and generates from it a suite of pathogen-derived
antigenic peptides that are affixed to proteins of the class II major
histocompatibility complex (MHC II) (Section 27.5) and displayed
(presented) on the surface of the B cell. The B cell now functions
as an APC to initiate an antibody-mediated immune response
through interaction with an antigen-specific class of T lympho-
cyte called a T helper (Th) cell, more specifically, a Th2 cell. We dis-
cuss MHCs and the various T cell subsets in Section 27.8.

Th cells do not interact directly with pathogens but instead
stimulate, or “help,” other cells to become activated to carry out
an immune response. In this case, the cell being “helped” is the
antigen-presenting B cell on which the Th2 cell recognized the
MHC-peptide antigen. Th2 cells produce cytokines that stimulate
antigen-reactive B cells to grow and divide, which establishes a
clone of the original antigen-reactive B cell. Each activated B cell
clone can then proliferate and differentiate into several thousand
plasma cell clones, each with the ability to produce and secrete
large amounts of antibodies of identical antigenic specificity (Fig-
ure 27.6). This primary antibody response (Figure 27.1¢) is detect-
able within about five days after antigen exposure, and serum
levels of antibodies reach their peak within several weeks.

Some of the activated B cell clones remain in circulation in the
immune system as long-lived memory B cells (Figure 27.6). Subse-
quent exposure to the same antigen, for example by reinfection
with the same pathogen, stimulates the antigen-reactive memory
B cells, producing a secondary antibody response characterized by
a faster development of higher quantities of antibodies (Figures
27.1c and 27.6). Recall that the secondary response, conferred by
immune memory, is the basis for vaccination (Section 27.2).

Antibodies released from plasma cells interact with antigen,
which is often located directly on the pathogen. Antibody bind-
ing may have multiple effects on a pathogen, but most antibody
interactions do not directly kill pathogens but instead block inter-
actions between pathogens (or their products) and host cells. For
example, antibodies present on mucous membranes may specifi-
cally interact with influenza virus antigens able to bind to host
cells, thereby blocking attachment of the influenza virus to host
cells on the mucosal surface. In addition, circulating antibodies in
blood and lymph serum can neutralize toxins by binding them and
preventing their attachment to host cell receptors (Figure 27.7). In
other cases, antibodies coat pathogens by binding to their surface
antigens, a process called opsonization, thereby marking them for
destruction by phagocytosis (@2 Section 26.9). Phagocytes have
antibody receptors called Fc receptors (FcR) that bind to any anti-
body attached to an antigen, resulting in enhanced phagocytosis
of the antibody-coated cells or viruses (@2 Figure 26.14a).

Immunoglobulin G Structure and Function

There are five classes of immunoglobulins—IgG, IgM, IgA, IgD, and
IgE—distinguished from one another by their different physical,
chemical, and immunological properties. Based on these distinc-
tions, each antibody class has a defined distribution and general
function (Table 27.2). IgG is the most common circulating anti-
body, comprising up to 80% of serum immunoglobulins. IgG
is composed of four polypeptide chains that are interconnected
by disulfide (S—S) bonds (Figure 27.8). In each IgG molecule, two
identical short chains (called light chains) are paired with two
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produce clones that differentiate into many antibody-
producing plasma cells and a smaller number of memory
cells. The latter are long-lived and can differentiate

into antibody-producing plasma cells upon secondary
exposure to the same antigen.

identical longer chains (called heavy chains), yielding a Y-shaped,
symmetrical molecule. Each light chain has about 220 amino
acids, and each heavy chain has about 440 amino acids. Each heavy
chain interacts with a light chain to form a functional antigen-
binding site. Therefore, an IgG antibody molecule is bivalent
because it has two identical sites that bind two identical antigenic
determinants.

Heavy and light chains consist of a series of distinct protein
domains, each composed of about 110 amino acids. A heavy-chain
variable domain is connected to three heavy-chain constant domains
(Figure 27.8a). The variable domain and the first constant domain
(Cyl) compose part of the Fab (fragment, antigen-binding) por-
tion of the immunoglobulin, so named because it contains the
antigen-binding site. The two constant domains located most dis-
tal to the variable domain (Cy2 and Cy3) compose the Fc (frag-
ment, crystalline) region of the antibody, named for its tendency
to crystallize in solution. As previously mentioned, it is the Fc
region of the antibody that binds FcR molecules on the surface of
phagocytes to facilitate phagocytosis. The light chains of the anti-
body consist of one variable and one constant domain each and
contribute to the two Fab regions only (Figure 27.8a).

Because the variable domains of a given antibody bind a spe-
cific antigenic determinant, their amino acid sequences differ
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TABLE 27.2 Properties of human immunoglobulins

19G/y Monomer/2 13.5/70-80%

IgM/p Pentamer/10 1.5/6-10%
Monomer/2 0

IgA/o Monomer/2 3.5/10-20%
Dimer/4 0.05/0.2-0.3%

IgD/& Monomer/2 0.03/0.2-0.3%

IgE/e Monomer/2 0.00005/0.0003%

Extracellular fluid; blood and
lymph; intestine; crosses
placenta

Major circulating antibody; four
subclasses: 1gG1, 1gG2, 19G3, 1gG4;
IgG1 and IgG3 activate complement

Blood and lymph; monomer is
B cell surface receptor (BCR)

First antibody to appear in primary
response to extracellular pathogens
or after immunization; pentamer
especially effective in agglutinating
antigens; strong complement activator

Important circulating antibody
Major secretory antibody

Blood and lymph (monomer) and
secretions, such as mucus,
saliva, and colostrum (dimer)

B cell surface receptor (BCR);
blood and lymph (trace)

Minor circulating antibody; mostly
associated with mature B cells

Facilitates parasite immunity but also
triggers allergic reactions

Blood and lymph; binds to mast
cells and eosinophils

@Al immunoglobulins may have either \ or « light-chain types, but not both.

in each different antibody. The variable domain of a light
chain (V) interacts with the variable domain of a heavy chain
(Vp) to bind antigen. By contrast, the constant domains of
each heavy chain are identical in amino acid sequence for all
Ig molecules of a given class. Similarly, in light chains of the
same type, the amino acid sequence of the constant domain is
the same.

Other Inmunoglobulin Classes and Their Functions

Immunoglobulins of the other classes differ from IgG in structure
and function. Because the amino acid sequence of heavy-chain
constant domains determines antibody class, the heavy chain
called gamma () defines the IgG class. Likewise, alpha (o) defines
IgA; mu (p) defines IgM; delta (3) defines IgD; and epsilon (¢) defines
IgE (Table 27.2). The constant-domain sequences constitute three-
fourths of the heavy chains of IgG, IgA, and IgD and four-fifths of
the heavy chains of IgM and IgE (Figure 27.9a, b).

Antigen a Y ]
) Fab
Variable A region
Constant ]
C2
Fc
region
c.3 9
@ (b)

Figure 27.8 Immunoglobulin G structure. (a) IgG consists of two heavy chains (50,000 molecular weight) and two light chains
(25,000 molecular weight), with a total molecular weight of 150,000. One heavy and one light chain interact to form an antigen-
binding unit. The variable domains of the heavy and light chains (V}; and V}) bind antigen. The constant domains (Cy1, Cy2, Cy3, C))
are identical in all IgG proteins. The chains are covalently joined with disulfide bonds. The Fab (fragment, antigen-binding) region
contains the antigen-binding site. The Fc (fragment, crystalline) stem of the antibody binds receptor molecules on phagocytes to
facilitate phagocytosis of opsonized pathogens. (b) Space-filling model of an IgG molecule. The heavy chains are red and dark blue.

The light chains are green and light blue.

The structure of IgM is shown in Figure 27.9¢. Circulating IgM
forms an aggregate of five immunoglobulin molecules attached by
at least one J (joining) peptide. IgM is the first class of antibody
produced in a typical immune response to a bacterial infection, but
IgM antibodies generally have low affinity (binding strength) for
antigen. However, overall antigen-binding strength is enhanced
because pentameric IgM molecules have ten binding sites available
for interaction with antigen (Table 27.2 and Figure 27.9¢). The ten
antigen-binding sites make IgM especially effective at agglutinat-
ing (clumping) infectious particles, thereby increasing phagocytic
efficiency. IgM is also a strong activator of complement through
the classical pathway (2o Section 26.9). Whereas up to 10% of
serum antibodies are pentameric IgM, IgM monomers do not cir-
culate in the blood but rather are one of the classes of antibodies
that function as B cell receptors.

Dimers of IgA are present in high numbers in secreted body flu-
ids, including saliva, tears, breast milk colostrum, and mucosal
secretions from the gastrointesti-
nal, respiratory, and genitouri-
nary tracts. The mucosal surfaces
in an average adult, which total
about 400 m? (skin has about
6 m?), contain MALT and pro-
duce large amounts (about 10 g)
of secretory IgA every day. By
comparison, an individual pro-
duces only about 5 g of serum IgG
per day. Whereas serum IgA typi-
cally occurs in monomeric form
(Table 27.2), secretory IgA consists
of two IgA molecules covalently
linked by a ] chain peptide and
complexed with a protein called
the secretory component that
aids in transport of IgA across

Richard J. Feldman
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membranes (Figure 27.9d). The high concentration of secretory
IgA in breast milk colostrum likely plays a key role in preventing
gastrointestinal disease in newborns.

IgE is found in very small amounts in serum; about 1 of every
3000 serum Ig molecules is IgE. Most IgE is bound to cells. For

- Antigen
I Variable
- Constant

(@) lgG, IgA, IgD

(b) IgM, IgE

Disulfide
bond

J chain

o o

Secretory
component

(d) 1gA dimer

Figure 27.9 Immunoglobulin classes. All classes of Igs have Vy and V, that bind
antigen. (a) IgG, IgA, and IgD have three constant domains. (b) The heavy chains of IgM
and IgE have a fourth constant domain. (c) IgM is found in serum as a pentameric
protein consisting of five IgM proteins covalently linked to one another via disulfide
bonds and a joining (J) chain protein. Because it is a pentamer, IgM can bind up to

ten antigens, as shown. (d) Secretory IgA is often found in body secretions as a dimer
consisting of two IgA proteins covalently linked to one another by a J chain protein.
The secretory component aids in transport of IgA across mucosal membranes.

example, through its Fc region IgE binds eosinophils, arming
these granulocytes to target parasitic pathogens such as schisto-
somes and other helminths (2o Section 33.7). IgE also binds to
tissue mast cells, where subsequent binding of antigen to antigen-
binding sites of IgE causes degranulation of the mast cells. The
ensuing release of chemical mediators, such as histamine and
serotonin, triggers immediate-type hypersensitivities (a type of
allergic response, Section 27.9). Like IgM, IgE has a fourth heavy-
chain constant domain (Figure 27.9b), and this allows for binding
of IgE to eosinophils and mast cells, the key step for activating
the protective and allergic reactions, respectively, associated with
these cell types.

IgD (Figure 27.9a), present in serum in low concentrations, has
no known unique immune protective function. However, IgD, like
IgM, is abundant on the surfaces of mature B cells, especially
memory B cells, where it functions as a B cell receptor.

Antigen Exposure, Inmune Memory, and the
Primary and Secondary Responses

We have seen that immune memory is a major characteristic of
the adaptive immune response (Figure 27.1¢). Starting with a
B cell, an antibody-mediated immune response begins with anti-
gen exposure and culminates with the production and secretion
of antigen-specific antibodies, and the route of antigen exposure
influences the class of the antibodies produced. Blood and lymph,
as well as the spleen and MALT (Chapter 26), are key sites for the
introduction of antigens. Antigen introduced into the blood-
stream by injection or natural infection travels to the spleen,
where IgM, IgG, and serum IgA antibodies are formed. Antigen
introduced subcutaneously, intradermally, topically, or intraperi-
toneally is carried through the lymphatic system to the nearest
lymph nodes, again stimulating production of IgM, IgG, and
serum IgA. Antigen introduced to mucosal surfaces is delivered to
the nearest MALT. For example, antigen delivered orally is deliv-
ered to the MALT in the intestinal tract, preferentially stimulating
production of secretory IgA in the gut.

Following initial antigen contact, each antigen-stimulated B
cell multiplies and differentiates to form antibody-secreting
plasma cells and memory B cells (Figure 27.6). Plasma cells in
this primary antibody response are relatively short-lived (less than
one week) and secrete large amounts of mostly IgM antibody
(Figure 27.10). After a latent period of several days, antibody
appears in the blood and a gradual increase in antibody titer
(antibody quantity) occurs. As antigen disappears, the primary
antibody response slowly diminishes.

Memory B cells generated by the initial exposure to antigen may
circulate in the host for years. A second exposure to the same anti-
gen stimulates memory B cells to rapidly differentiate into plasma
cells and produce antibody; memory B cells need no T cell help.
The second and each subsequent exposure to antigen causes the
antibody titer to rise rapidly to a level often 10-100 times greater
than the titer following the first exposure (Figure 27.10). This rise in
antibody titer is called the secondary antibody response. The second-
ary response is a function of immune memory and typically results
in a switch from the production of IgM to another antibody class, a
transition called class switching (Figure 27.10). This switch isinduced
by a cytokine signal produced in response to the specific type of
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Mostly IgG

Antibody class
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to 1gG, now
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After several days, nother contac P 9 antigen, the titer

Initial anti IgM antibody is In the absence of  With the same trters. again decreases
gen duced at . : antigen at day th ti
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100 initiates the

detectable but decreases with
secondary

initiates a primary low titers G
. ime.

immune response. immune response. & i V
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Time (d)

Serum antibody titer s

Mostly IgM

Figure 27.10 Primary and secondary antibody responses in serum. The antigen exposures at day 0 and
day 100 must be to identical antigen to induce a secondary response. The secondary response, also called a booster
response, may be more than 10-fold greater than the primary response. Note the class switch from IgM production

in the primary response to IgG production in the secondary response.

pathogen invasion. The signal prompts a recombination event that
switches the heavy-chain constant region, resulting in the produc-
tion of the antibody class that can most efficiently address the
threat. For example, in serum, the most common antibody class
switch is from IgM to IgG, whereas in mucosal tissues, switches to
IgA predominate. It is important to note that class switching does
not cause a change in antigen specificity; the new class of antibody
generated remains specific to the original antigen.

Serum antibody titer slowly decreases over time, but subsequent
exposure(s) to the same antigen can trigger another secondary
response. This rapid and strong memory response is the basis
for the immunization procedure known as a “booster shot” (for
example, the rabies shot given every 1-3 years to domestic ani-
mals). Periodic reimmunization maintains high levels of memory
B cells and circulating antibody specific for a particular antigen,
providing long-term artificial active immunity against individual
infectious diseases.

MINIQUIZ ~

e Summarize antibody production starting with pathogen
interaction with a B cell.

e Differentiate among antibody classes using structural
characteristics, distribution patterns, and functional roles.

e Explain the rationale for periodic revaccination in children
and adults.

27.4 Antigen Binding and the Genetics
of Antibody Diversity

We have seen that antibodies consist of four polypeptides, two
heavy (H) chains and two light (L) chains (Figure 27.8), and each
chain is further divided into constant (C) and variable (V)

domains. The V domains of one H and one L chain interact to
form the antigen-binding site. Here we examine the structural fea-
tures of the V domains that define the antigen-binding site and
then explore the genetics behind the enormous diversity of anti-
bodies that are possible.

Variable Domains and Antigen-Antibody Interaction

The V domains of an H and an L chain interact to form a receptor
that binds antigen strongly but not covalently; the measurable
strength of binding is the antibody’s binding affinity. The vertebrate
immune system can recognize, or bind, countless antigens, and
each antigen binds to an antibody at a unique antigen-binding site
(Figure 27.11). To accommodate all possible antigens that a host
might encounter, the synthesis of billions of different antibodies,
each with its own unique antigen-binding site, is necessary. The V
domains define these unique antigen-binding sites.

Amino acid sequences differ in the V domains of Igs that bind
different antigens. Amino acid variability is especially apparent
in several complementarity-determining regions (CDRs).
The three CDRs in each of the V domains provide most of the
molecular contacts with antigen (Figure 27.11). The amino acid
sequences of CDR1 and CDR2 differ in minor ways between differ-
ent Igs, while CDR3s differ in sequence dramatically from one
another. Three distinct gene segments encode CDR3 of the H
chain: the carboxy-terminal portion of the V domain, followed by
a short “diversity” (D) segment of about three amino acids, and a
longer “joining” (J) segment about 13-15 amino acids long. The
light-chain CDR3 is similar except that it lacks the D segment. The
heavy- and light-chain CDRs, six in total, confer highly specific
antigen binding on the antibody molecule (Figure 27.11).

The Ig three-dimensional structure was shown in Figure 27.8b.
Each antigen-antibody interaction requires the specific binding
of an antigenic epitope with the CDR domains of the H and



CHAPTER 27 » Adaptive Immunity: Highly Specific Host Defenses 845

CDR1

CDR2
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CDR3 - D region
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Figure 27.11 Antigen binding by immunoglobulin
light and heavy chains. (a) An Ig is shown
schematically, with bound antigen (light brown). The

V domains on the H and L chains are shown in red

(heavy chain) and pink (light chain), with the antigen-
binding CDR1, CDR2, and CDR3. Cy1, 42, and Cy3

L chains. A single antigen-binding site of an antibody molecule
measures about 2 X 3 nm, creating a space large enough to accom-
modate an epitope of 10 to 15 amino acids. Antigen binding is
ultimately a function of the Ig folding pattern of the H and L poly-
peptide chains. The Ig folds of the V region bring all six CDRs
(CDR1, 2, and 3 from both heavy and light chains) together,
resulting in the formation of a unique and specific antigen-
binding site (Figure 27.11).

Because an individual can recognize and bind an immense vari-
ety of antigens, the immune system must be capable of virtually
unlimited antibody variation. In order to accomplish this from
the relatively small genomic investment evolution has made in
immunoglobulin genes, several unusual genetic mechanisms
come into play. Table 27.3 summarizes these diversity-generating
mechanisms, and we explore each below.

Genetic Organization of the
Immunoglobulin Molecule
The gene encoding each immunoglobulin H or L chain is constructed
from several gene segments. In each B cell, Ig gene segments undergo
a series of random, somatic rearrangements characterized by genetic
recombination followed by deletion of intervening sequences. These
events produce a single, functional antibody gene derived from a
relatively small pool of Ig gene segments. As a B cell matures, V, D,
and J gene segments are enzymatically recombined to form a single
Ig heavy-chain gene (Figure 27.12a). The single V gene segment
encodes CDR1 and CDR2, whereas CDR3 is encoded by a mosaic of
the 3’ end of the V region, followed by the D and J gene segments.
In each B cell, only one protein-producing rearrangement
occurs in the heavy- and light-chain genes. Called allelic exclusion,
this mechanism causes each B cell to express Ig genes from only
one of the two inherited parental alleles, thus ensuring that all Igs

Antigen

CDR1 V.
CDR2

] CDR3
J region

(dark blue) are constant domains in the H chain, and C;
(light blue) is the constant domain in the L chain.

(b) Complementarity-determining regions (CDRs) from
both H (red) and L (pink) chains, shown from above, are
conformed to make a single antigen-binding site on the
Ig. The highly variable CDR3s from both H and L chains

Antigen

(Cth) 4

L |
(CDR1).

®)

cooperate at the center of the site. Antigen (light brown)
may contact all CDRs. The shape of the site may be a
shallow groove or a deep pocket, depending on the
antibody—antigen pair involved.

from a given clone of B cells have identical antigen specificity.
Finally, separate C gene segments encode the class-defining con-
stant domains of Igs. Therefore, four different gene segments—V,
D, J, and C—recombine to form one functional heavy-chain gene
(Figure 27.12a). Light chains, which lack D segments, are encoded
in a similar way by recombination of light-chain V, J, and C seg-
ments (Figure 27.12b). The gene segments required for all Igs exist
in all nucleated cells of the body but undergo recombination only
in developing B lymphocytes.

V, D, ], and C gene segments are separated by noncoding
sequences (introns) typical of gene arrangements in eukaryotes.
Genetic recombination occurs in each B cell during its develop-
ment. One each of the V, D, and ] segments is recombined at ran-
dom to form a functional heavy-chain gene, while randomly
recombined V and J segments form a complete light-chain gene.

TABLE 27.3 Generation of antigen-binding receptor
diversity in B cells and T cells

Somatic recombination of Yes Yes
tandem genes

Random reassortment Yes Yes

Imprecise V-D-J or V-J joining Yes Yes

Nucleotide additions at V-D-J Yes Yes
or V-J junctions

D gene segments read in all No Yes
3 frames

Somatic hypermutation Yes No
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Figure 27.12 Immunoglobulin gene rearrangement in human B cells. Ig genes are arranged in tandem on
three different chromosomes. (a) The H chain gene complex on human chromosome 14. The filled boxes represent

Ig coding genes. The broken lines indicate intervening sequences and are not shown to scale. (b) The  light-chain
complex on human chromosome 2. The X light-chain genes are in a similar complex on human chromosome 22.

(c) Assembly of one-half of an antibody molecule.

The active gene, still containing an intervening sequence between
the VDJ or VJ gene segments and the C gene segments, is tran-
scribed, and the resulting primary RNA transcript is spliced to
yield the final messenger RNA (mRNA). The mRNA is then trans-
lated to make the heavy and light chains of the Ig molecule.

Reassortment, VDJ Joining, and Hypermutation

If one considers all of the random reassortments possible in
genes encoding immunoglobulin heavy and light chains and
from these calculates the number of unique molecules that could
be encoded, the total diversity is astonishing. In humans, for
example, based on the numbers of kappa (k) light-chain gene

segments, there are about 40 V X 5 J possible rearrangements, or
200 possible k light chains. For the alternative lambda (\) light
chain, the type produced instead of k by some B cells in every
individual, there are about 30 V X 4 J = 120 possible combina-
tions. About 10,500 possible heavy chains can be formed by the
rearrangement of about 65 VX 27 D X 6 ] genes. Assuming that
each heavy chain and light chain has an equal chance to be
expressed, there are 10,500 X 200 = 2,100,000 possible immuno-
globulins with « light chains and 10,500 X 120 = 1,260,000
possible immunoglobulins with N chains. Therefore, at least
3,360,000 possible antibodies can be expressed based on random
reassortment alone!
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On top of this impressive diversity, additional diversity is gen-
erated in the CDR3 regions of both heavy and light chains by
several unique mechanisms. First, the DNA-joining mechanism
that constructs V-D or D-J gene segments in the heavy chain or
the V-J gene segments in the light chain is an imprecise process.
The final nucleotide sequence at these regions occasionally var-
ies by a few nucleotides from the original genomic sequence,
and when this occurs, it will alter the amino acid sequence in
this region. Even more diversity is generated at V-D and D-J cod-
ing joints in the heavy-chain genes and at V-] coding joints in
light-chain genes by either random (N) or template-specific (P)
nucleotide additions. Because these coding joints are contained
within the sequences that encode CDR3 on both heavy and
light chains, N and P diversity at V-domain coding joints
changes or adds amino acids in the CDR3 of both heavy and
light chains.

Immunoglobulin diversity is further expanded by the process
of somatic hypermutation, the mutation of B cell Ig genes at
much higher rates than those observed in other genes. Somatic
hypermutation of Ig genes is typically evident after a second
exposure to an immunizing antigen and occurs only in the
V regions of rearranged heavy- and light-chain genes, creating
B cells with slightly altered Ig cell surface receptors. These
mutated B cells compete for available antigen, and B cells whose
receptors have a higher affinity for antigen than the original
B cell receptor are selected. This affinity maturation process is one
of the factors responsible for a dramatically stronger secondary
immune response (Figures 27.1c and 27.10). Affinity maturation
also adds more diversity to the pool of antibody specificity in
the adaptive immune response, thus making the potential anti-
body repertoire essentially infinite.

-~ MINIQUIZ

e Draw a complete Ilg molecule and identify antigen-binding sites
on the antibody.

¢ Describe antigen binding to the CDR1, 2, and 3 regions of the
heavy-chain and light-chain variable domains.
e Describe the recombination events that produce a mature

heavy-chain gene and other somatic events that further
enhance antibody diversity.

J

lll - The Major Histocompatibility
Complex (MHC)

he major histocompatibility complex (MHC) is a series of genes

found in all vertebrates that encodes a group of proteins impor-
tant in antigen presentation. The MHC proteins in humans are
called human leukocyte antigens (HLAs) and were first iden-
tified as the major antigens responsible for immune-mediated
tissue transplant rejection. We now know that MHC proteins
function primarily as antigen-presenting molecules, binding
pathogen-derived peptides and displaying these peptides for
interaction with T cell receptors.
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27.5 MHC Proteins and Their Functions

The MHC proteins consist of two protein classes encoded by
about 4 megabase pairs (Mbp) of DNA (Figure 27.13a). MHC class I
proteins are found on the surfaces of all nucleated cells and func-
tion to present peptide antigens to T-cytotoxic (Tc) cells. If a peptide
antigen presented by MHC class I is recognized by the TCR of a
Tc cell, the antigen-containing cell is quickly destroyed (Section
27.8). MHC class II proteins are found only on the surface of
B lymphocytes, macrophages, and dendritic cells—the antigen-
presenting cells (APCs) (2o Section 26.4). Through their class II
proteins, APCs present antigens to T-helper (Th) cells, stimulating
cytokine production that leads to antibody-mediated immunity
or inflammatory responses (Section 27.8).

Class | and Class Il MHC Proteins

Class I MHC proteins consist of two polypeptides (Figure 27.13b, d,
and e). The first of these is the membrane-embedded alpha («)
chain, encoded by a gene located in the MHC gene region. The sec-
ond is beta-2 microglobulin (B,m), a smaller, noncovalently associ-
ated protein encoded by a gene not included in the MHC gene
cluster. The class I o chain folds to form a peptide-binding groove
that accommodates peptides of 8 to 11 amino acids. The peptides in
infected cells are derived from endogenous (intracellular) foreign
antigens (Figure 27.13d), for example, from viral proteins produced
inside the cell. Following translocation to the cell surface, the
MHC-virus-peptide complexes, which to the immune system look
much like the variant MHC proteins associated with a tissue trans-
plant, arerecognized as foreign by TCRs on Tc cells and are destroyed.

Class II MHC proteins consist of two membrane-integrated
polypeptides, a and B, found only on APCs. One a and one 3 poly-
peptide, expressed together, form a functional heterodimer (Figure
2713c¢, f). The a1l and B1 domains of the class II protein interact to
form a binding site for TCR-peptide similar to the class I binding
site for TCR-peptide. However, the peptide-binding groove in the
class II MHC is able to bind and display peptides that may be sig-
nificantly longer than 8-11 amino acids. Peptides presented by
class II MHC:s are typically 10 to 20 amino acids long and are pro-
teolytic fragments derived from exogenous (extracellular) patho-
gens that have been internalized and processed by APCs. The
APCs use the class II-peptide complex to interact with TCRs on Th
cells, leading to Th activation and an adaptive immune response
(Section 27.8).

Antigen Processing and Presentation to T Cells

MHC proteins are expressed on cell surfaces only when they are
complexed with a peptide, either a self peptide or a foreign peptide.
In essence, then, MHC-peptide complexes reveal to the immune system
the protein composition of the cell, and in this capacity, function to
alert the immune system when a cell contains foreign antigens.
T cells, through their TCRs, conduct surveillance of cell surfaces to
identify any cells expressing foreign antigens. When the latter are
encountered, the TCR interacts with the foreign antigen presented
on the MHC protein, and this interaction targets the cell for destruc-
tion. T cells do not react with MHC complexes containing only self
peptides because self-reactive T cells are eliminated from the host
during the development of immune tolerance (Section 27.1).
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Figure 27.13 Human leukocyte antigen (HLA) encode peptide-binding proteins. Class Ill MHC genes noncovalently to the « chain. The antigen peptide
genes and MHC proteins. (a) The HLA complex, encode proteins associated with immune-related func- (brown) is bound cooperatively by the a1 and a2
located on human chromosome 6, contains more than tions, such as complement proteins C4 and C2 and the domains. () An MHC | protein with a bound peptide, as
4 megabase pairs (Mbp). Class Il genes DPA and DPB cytokine TNF (tumor necrosis factor). (b) Schematic of seen from above. A peptide of nine amino acids is shown
encode class Il proteins DPa and DPB; DQA and DQB MHC class | protein. The a1 and a2 domains interact to as a carbon backbone structure, embedded in a space-
encode DQa and DQB; DRA and two DRB loci encode form the peptide antigen—binding site. (¢) Schematic of filling model of a mouse MHC | protein. (f) Structure of
DRa and DR proteins. The class | MHC proteins HLA-A, MHC class Il protein. The a1 and g1 domains combine MHC class Il protein dimer. The peptides (brown) are
HLA-C, and HLA-B are encoded by genes A, C, and B. to form the peptide antigen—binding site. (d) MHC class | shown in their positions in the binding sites of the
The class Il and class I loci are highly polymorphic and protein structure. Beta-2 microglobulin (8,m) binds MHC Il proteins.

Two distinct antigen-processing schemes are at work to initiate
adaptive immune responses: one for MHCI antigen presentation and
another for MHC II antigen presentation. MHC I proteins present
peptide from viruses or other intracellular pathogens; such infected

cells are called target cells (Figure 27.14a). Proteins derived from infect-
ing viruses, for example, are taken up and digested in the cytoplasm
in a structure called the proteasome. Peptides about ten amino
acids long are transported into the endoplasmic reticulum (ER)
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Figure 27.14 Antigen presentation by MHC |
and MHC Il proteins. (a) (D) Protein antigens, such as
virus components manufactured within the cell, are
degraded by the proteasome in the cytoplasm. The
peptide fragments are transported into the endoplasmic
reticulum (ER) through a pore formed by the TAP
proteins. (2) MHC | proteins in the ER are stabilized

by chaperonins until peptide fragments are bound.

(3 When peptide fragments are bound by MHC |,

the complex is transported to the cell surface.

@ The MHC |-peptide complex interacts with T cell

e 2 N

@ Endocytosis

External foreign
protein

CD8

(b) MHC Il antigen presentation pathway

receptors (TCRs) on the surface of Tc cells. &) The CD8
coreceptor on the Tc cell engages MHC |, resulting in a
stronger complex. The Tc cell is activated by the binding
events, causing it to release cytokines and cytolytic
toxins and kill the target cell. (b) (1) External foreign
proteins are imported into the cell and digested into
peptide fragments in phagolysosomes. 2) MHC Il
proteins in the ER are assembled with Ii, a blocking
protein that prevents MHC Il from binding with peptides
in the ER. @ The MHC Ii-i assembly is transported to
the lysosome, where it remains until the lysosome fuses

li protein

Phagolysosome

with the phagosome, forming a phagolysosome where [i
is degraded, (@) freeing the MHC Il protein to bind the
foreign peptide fragments. (5) The MHC Il—peptide
complex is transported to the cell surface, where it
interacts with TCRs and ® the CD4 coreceptor on Th
cells. The Th cells then release cytokines that interact
with other cells to promote an immune response. Note
that the APC in part (b) may be either a B cell, which
ingests antigen by endocytosis (shown), or a macro-
phage or dendritic cell, which engulf antigens through
phagocytosis.
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through a pore called the transporter associated with antigen
processing (TAP). Once the foreign peptides have entered the ER they
are bound by MHC I, and the MHC I-peptide complex moves to the
cell surface where it integrates into the cell membrane. When the
TCR on the surface of a Tc cell interacts with both the foreign peptide
(recognized as “nonself”) and the MHC I protein (recognized as
“self”) on the surface of the target cell, the Tc cell releases perforin and
granzymes, cytotoxic proteins that kill the virus-infected target cell.

MHC II proteins are the antigen-presenting proteins in a second
pathway (Figure 27.14b). MHC 1II proteins are expressed exclusively
on APCs, where they function to present peptide antigens from
engulfed pathogens. Similar to MHC I proteins, MHC class II proteins
are assembled in the endoplasmic reticulum. However, unlike events
with MHC I proteins (Figure 27.14a), a protein called Ii binds MHCII,
and this blocks peptide loading and labels the entire complex for
transport from the ER to lysosomes. After ingestion of a pathogen or
pathogen product by an APC, the phagosome containing the foreign
antigen fuses with a lysosome to form a phagolysosome (2o Section
26.7). Within the phagolysosome, enzymes digest both the foreign
antigens and the Ii peptide but not MHC II. The foreign peptides
then bind to the newly opened MHC II antigen-binding site and the
complex is inserted on the cell surface for presentation to T-helper
cells. The latter, through their TCRs, recognize the MHC II-peptide
complex and secrete cytokines that stimulate antibody production
by B cells or induce inflammation.

In addition to the TCR, each T cell expresses a unique cell sur-
face protein that functions as a coreceptor. Th cells express the
CD4 coreceptor, and Tc cells express the CD8 coreceptor
(Figure 27.14). When the TCR binds to the peptide-MHC complex,
the coreceptor on the T cell also binds to the MHC protein on the
antigen-presenting cell, strengthening the molecular interactions
between the cells and enhancing activation of the T cell. CD4
binds only to MHCI], strengthening Th cell interaction with APCs
that express MHC II protein. Likewise, CD8 binds only to MHC I,
enhancing the binding of Tc cells to MHC I-bearing target cells.
In clinical medicine, the CD4 and CDS8 proteins are used as
T cell markers to differentiate Th (CD4) cells from Tc (CD8) cells in

LY

HLA-A29 gene

HLA-A29 protein HLA-A2 protein

‘LA-AZ gene

(@) Polymorphism

diagnostic tests, for example, in assessing the course of disease in
an AIDS patient (@2 Section 30.15 and Figure 30.44).

MINIQUIZ

e |dentify the cells that display MHC class | and MHC class I
proteins on their surfaces.

e Compare the MHC | and MHC Il protein structures and peptide-
binding sites. How do they differ? How are they similar?

¢ Define the sequence of events for processing and presenting
antigens from both intracellular (endogenous) and extracellular
(exogenous) pathogens.

/

27.6 MHC Polymorphism, Polygeny,
and Peptide Binding

Although MHC class I and class II proteins theoretically can bind
all possible antigen peptides for presentation to T cells, MHC pro-
teins in different individuals of the same species are not identical.
Different individuals typically have subtle differences in the
amino acid sequence of homologous MHC proteins. These geneti-
cally encoded MHC variants, called polymorphisms, are the major
immunological barriers for successful tissue transplantation from
one individual to another.

Polymorphism, Polygeny, and the Immune
Barrier to Tissue Transplantation

Polymorphism is the occurrence, within a population, of multi-
ple alleles (alternate forms of a gene) at a specific locus (the location
of the gene on the chromosome). For example, the MHC class I
locus HLA-A (Figure 27.13a) has over 2000 known alleles, each of
which encodes a distinct HLA-A protein that occurs within the
human population. The genome of each person, however, contains
only two of the HLA-A alleles; one allele is of paternal origin and
one is of maternal origin. The two allelic protein products are
expressed equally (Figure 27.15a).

(b) Polygeny

Figure 27.15 Polymorphism and polygeny in MHC genes and proteins. (a) Polymorphism in HLA-A loci
results in equal expression of proteins encoded by both alleles. There are over 2000 HLA-A alleles in the human
population, but only two (one at each locus) are found in each individual. HLA-B and HLA-C exhibit similar levels
of polymorphism. (b) Polygeny in MHC results in duplicated polymorphic HLA-A, HLA-B, and HLA-C genes that
potentially encode three pairs of different MHC proteins. The colors represent alternate alleles of each gene and

their respective protein.
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Additional MHC class I protein diversity is a result of polygeny,
in which evolutionary gene duplication events have led to the
occurrence of two additional genetically, structurally, and func-
tionally related loci, HLA-B and HLA-C. These gene loci are also
polymorphic, having more than 2600 and 1500 allelic variants,
respectively. Thus, an individual typically displays six structurally
distinct proteins derived from the three polymorphic class I loci
(three products derived from maternal origin and three products
derived from paternal origin) (Figure 27.15b). Likewise, highly
polymorphic and equally expressed alleles encode MHC class II
proteins at the HLA-DR, HLA-DP, and HLA-DQ alpha- and beta-
chain loci (Figure 27.13a).

As a result of polymorphism and polygeny, most individuals
have unique MHC profiles. Only closely related family members
are likely to have all of the same MHC genes and proteins, and this
property can be used to prove (or disprove) paternity or to trace
ancestral lineages (Figure 27.16). These highly polymorphic varia-
tions in MHC proteins are major barriers to successful tissue trans-
plants because the MHC proteins on the donor tissue (graft) are
recognized as foreign by the recipient’s immune system. An
immune response directed against the graft MHC proteins thus
causes rejection and death of the graft tissue. However, matching
MHC alleles between donors and recipients minimizes tissue graft
rejection. Control of tissue rejection may also be accomplished by
administering drugs that suppress the immune system.

Peptide Antigen Binding

Most of the allelic variations in MHC proteins occur as amino acid
changes concentrated in the antigen-binding groove (Figure 27.13),
and each polymorphic variation of the MHC protein binds a differ-
ent set of peptide antigens. The peptides bound by a single MHC
protein share a common structural pattern—a peptide motif—
and each different MHC protein binds a different motif. For exam-
ple, for a certain class I protein, the bound peptides contain eight
amino acids with a phenylalanine (F) at position 5 and a leucine (L)
at position 8 (@2 Figure 4.28 for the structures of amino acids).
All other positions in the peptide can be occupied by any amino
acid (X). Thus, all peptides sharing the sequence X-X-X-X-F-X-X-L
would bind that MHC protein. Another MHC class I protein
encoded by a different MHC allele binds a peptide motif of nine
amino acids with a tyrosine (Y) at position 2 and an isoleucine (I)
at position 9 (X-Y-X-X-X-X-X-X-I).

The invariant amino acids in each motif are called anchor
residues—they bind directly and specifically within an individual
MHC-peptide binding groove. Thus, an individual MHC protein
can bind and present many different peptide antigens if the peptides
contain the same anchor residues. Because each MHC protein binds
a different motif with different anchor residues, the six possible
MHC I proteins encoded in an individual’s genome bind six differ-
ent motifs. In this way, each individual can present a large number of
different peptide antigens using the limited number of MHC I mol-
ecules available. MHC II proteins bind peptides in a similar manner.

Because of polymorphisms and polygeny within the human
species, at least a few peptide antigens from virtually any patho-
gen will display a motif that can be bound and presented by the
MHC proteins. This system of generating antigen-binding diver-
sity is therefore quite different from the genetic mechanisms used

Figure 27.16 Polymorphic HLA genes and tracing ancestral lineages. By
analyzing the distribution of specific HLA alleles within different populations, research-
ers are increasingly able to reconstruct migration and interbreeding patterns of ancient
humans and other hominids, including the Neanderthals. The intermixing of HLA genes
between disparate ancient populations increased genetic diversity and likely enhanced
survival by helping to strengthen and shape the modern immune response.

to synthesize Igs (Section 27.4) and TCRs (Section 27.7), in which
each receptor interacts specifically with only a single antigen.

MINIQUIZ

¢ Define polymorphism and polygeny as they apply to MHC genes.

¢ How does a single MHC protein present many different
peptides to T cells?

IV - T Cells and Their Receptors

daptive immunity is ultimately initiated by interactions of

T lymphocytes with peptide antigens on infected cells. The
infected cells that are first recognized by T cells may include the
same phagocytes that participate in the innate immune response
(Chapter 26). Antigen presentation activates precursor T lympho-
cytes to differentiate into T cells that carry out antigen-specific,
cell-mediated immunity. In the absence of antigen-activated
T cells, there is little antigen-specific immunity and no immune
memory.

27.7 T Cell Receptors: Proteins, Genes,
and Diversity

Antigen-presenting cells ingest bacteria, viruses, and other anti-
genic material by phagocytosis (in macrophages and dendritic
cells) or through internalization of a molecular antigen bound to
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a BCR. Ingested antigens are then digested, complexed with MHC
proteins, and moved to the cell surface for antigen presentation to
T cells. The TCRs of T cells can recognize (bind) antigens only
when the peptides are complexed with MHC proteins on host cell
surfaces (Section 27.6). For example, a phagocyte infected with a
virus will display MHC I and MHC I proteins embedded with viral
peptides (Figure 27.17). These viral peptide-MHC complexes are
the targets for T cells.

Each T cell expresses a TCR that is specific for a single peptide-
MHC complex. Antigen-specific T cells are found closely associ-
ated with APCs in the spleen, lymph nodes, and MALT. T cells
constantly sample surrounding APCs for peptide-MHC com-
plexes. Peptide-MHC complexes that interact with the TCR signal
the T cell to grow and divide, producing antigen-reactive clones
that coordinate cell-mediated killing, induce inflammation, and
activate antibody-producing B cells. Here we examine how the
TCR interacts with antigens presented on an APC or an infected
target cell.

TCR Structure and Diversity

The TCR is a membrane-spanning protein that extends from the
T cell surface into the extracellular environment. Similar to B cells
with their BCRs, each T cell has thousands of copies of its specific
TCR onits surface. A functional TCR consists of two polypeptides, an
a chain and a B chain. Similar to Igs, each TCR chain has a variable
(V) domain and a constant (C) domain (Figure 27.18), and the V and
Vg domains interact cooperatively to form an antigen-binding site
that contains CDR1, CDR2, and CDR3 segments. However, unlike
Igs, which can bind antigens of any composition, TCRs recognize
only MHC-peptide; other antigens, such as complex polysaccha-
rides, are not recognized by TCRs.

The three-dimensional structure of the TCR bound to MHC I-
peptide is shown in Figure 27.18a. Both TCR and MHC proteins
bind directly to peptide antigen. The MHC protein binds one face
of the peptide—the MHC motif—and the TCR binds the other pep-
tide face—the T cell epitope (Figure 27.18b). The CDR regions of the
TCRbind directly to the MHC-peptide complex, and each CDR has
a specific binding function. The CDR3 regions of the TCR « chain
and B chain bind the antigen epitope; the CDR1 and CDR2 regions
of the TCR « and B chains bind mainly to the MHC proteins.

The adaptive immune response can generate TCR diversity suf-
ficient to bind nearly every possible peptide antigen. T cells gener-
ate receptor diversity in ways similar to the generation of Ig
diversity in B cells, and Table 27.3 compares the receptor diversity-
generating mechanisms for each cell type. Analogous to the H and
L chains of Igs, the TCR « and B chains are encoded by distinct
constant- and variable-domain gene segments. TCR V-region
genes are arranged as a series of tandem segments (Figure 27.19).
The « chain has about 80 V and 61 ] gene segments, whereas the
B chain has 52V, 2 D, and 13 ] gene segments. As we have seen for
Igs (Section 27.4), antigen-binding diversity in TCRs is generated by
somatic recombination, imprecise V-D-J (B-chain) or V-J (a-chain)
joining, and random reassortment. Additional TCR diversity is
generated because the D region of the g chain can be transcribed in
all three reading frames (2o Section 4.9 and Figure 4.35), leading to
production of three separate transcripts from each D-region gene.

Antigen- Phagocytosis
presenting Pathogen destruction
cell Antigen processing
MHC 11 MHC I
Pathogen antigen Antigen Pathogen antigen
TCR presentation TCR

/ \ 7 & \ Tc cell
Th cell —= / °‘]
l ol °)
/ . @& Perforin
@— Cytokines \
C) § J Granzyme
ngvy 009
Cytokine Perforin and
release granzyme release
e® 1% ool oo
ooV o e Yoo

Inflammation Target cell lysis

Figure 27.17 T cell immunity. Antigen-presenting cells, such as the phagocytes in
innate immunity, ingest, degrade, and process antigens. They then present antigens to

T cells that secrete protein cytokines that activate the adaptive immune response.
T-helper 1 (Th1) cells produce cytokines that activate other cells and induce inflammation.
T-cytotoxic (Tc) cells produce perforin and granzymes, proteins that destroy nearby

target cells.

Similar to the assembly of Ig H and L chains, individual o« and
B chains are produced by each T cell at random and assembled to
form a complete a:f heterodimer. The somatic hypermutation
mechanisms responsible for increased receptor diversity in Ig
genes do not operate in T cells, and thus additional TCR diversity
from these events is not possible. However, potential TCR diver-
sity is still enormous, as an estimated 10" different TCRs can be
generated.

Structural Similarities of Antigen-Binding Proteins
Aswe have seen, antigen-binding proteins of the adaptive immune
response have common structural features. Ig, TCR, and MHC pro-
tein complexes all consist of two nonidentical polypeptides: MHC
and TCR proteins are composed of o and B polypeptide chains,
and Igs have a separate heavy and light chain (Section 27.4). There-
fore, these protein complexes are believed to have arisen from
duplication and selection of genes encoding primordial antigen
receptors. Because of their shared structural, evolutionary, and
functional features, genes encoding Ig, TCR, and MHC proteins
are part of an extended gene family called the immunoglobulin
gene superfamily. A comparison of Ig superfamily proteins is
shown in Figure 27.20, with several discrete homologous domains
highlighted.

The constant (C) domain of each protein in the superfamily
has a highly conserved amino acid sequence consisting of about
100 amino acids with an intrachain disulfide bond spanning
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Figure 27.18 The TCR:MHC I-peptide complex. (a) A three-dimensional structure showing the orientation
of TCR, peptide (brown), and MHC. This structure was derived from data deposited in the Protein Data Bank.

(b) A diagram of the TCR:MHC—peptide structure. Note that the peptide is bound by both MHC and TCR proteins
and has a distinct surface structure that interacts with each (see page 852 for discussion of this).

50-70 amino acids. C domains provide structural integrity for sites for accessory molecules. For example, C domains of most
the antigen-binding molecules, anchor the antigen-binding V IgG and all IgM proteins are bound by the C1q component of
domains to the cytoplasmic membrane, and give each protein complement, a critical first step in initiating the classical comple-
its characteristic shape. C domains can also provide recognition ment activation sequence (2o Section 26.9). Likewise, MHC I C

B-chain genes

-- S e ) ) Germ-line
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Rearranged DNA
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B
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== 0 — == Germ-line
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(active gene)

Va2 Jy2 Cq

Figure 27.19 Organization of the human TCR «- and (3-chain genes. The a-chain genes are located on
chromosome 14 and the 3-chain genes are on chromosome 6. Compare this figure with Figure 27.12.
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Figure 27.20 Immunoglobulin gene superfamily proteins. Constant domains have homologous amino acid

sequences and higher-order structures. The Ig-like C domains in each protein chain indicate evolutionary relationships
that identify the proteins as members of the Ig gene superfamily. The V domains of Igs and TCRs are also Ig domains,
but the peptide-binding domains of MHC class | and class Il proteins are not because their structures vary consider-

ably from the basic features of the Ig domain.

domains bind to the accessory CD8 protein on Tc cells, and
homologous MHCII C domains bind CD4 on Th cells. As we have
discussed, such interactions are critical steps for T cell activation
and initiation of adaptive immunity (Section 27.5).

The variable (V) domains of TCR and Ig molecules are about the
same length as the C domains, but the structures of V domains
can vary considerably from one another and from C domains. Ig
and TCR V domains interact specifically with a nearly limitless
variety of antigens. By contrast, the V domains of MHC proteins
have evolved independently of Ig and TCR V domains. MHC V
domains interact with foreign peptides that share a common
motif (Section 27.6), resulting in the MHC-peptide complex rec-
ognized by the TCR.

~ MINIQUIZ

e Distinguish among the functions of the CDR1, CDR2, and CDR3
segments of the T cell receptor.

e |dentify diversity-generating mechanisms unigue to TCRs as
compared to diversity-generating mechanisms in Igs.

e Describe and compare the structural features of Ig gene
superfamily constant and variable domains.

27.8 T Cell Diversity

Antigen-reactive T cells consist of multiple T cell subsets having dif-
ferent functional properties. T-cytotoxic (Tc) cells, also called
cytotoxic T lymphocytes (CTLs), are CD8 T cells (Section 27.5) that
recognize the peptide-MHC I complex on an infected cell. By con-
trast, T-helper (Th) cells, which can differentiate into several
more specialized Th cell subsets, are CD4 T cells that interact with
peptide-MHC II complexes on the surface of APCs and function to
activate macrophages and stimulate antibody-mediated immunity.

T-Cytotoxic Cells

When a Tc cell interacts with a foreign peptide on an infected cell,
it kills the peptide-bearing target cell through an antigen-specific
mechanism. For example, a viral peptide embedded in MHC, dis-
played on a virus-infected cell, marks the cell for interaction and
killing by a Tc cell whose TCRs recognize the viral antigen.
Contact between a Tc cell and the target cell is required to initi-
ate killing of the infected cell (Figure 27.21). The point of initial
contact is between the TCR and the peptide-MHCI complex. The
CD8 protein on the Tc cell then binds the MHC I protein,
strengthening the interaction. On contact with the target
cell, granules in the Tc cell migrate to the contact site, where
the contents of the granules are released (degranulation). The

S—.. Target cell
'lf / g

Cell death

a/ — by apoptosis

MHCI j

(]

cbs O @ Release
Anti A of granule

ntigen \ @ contents
TCR

Tc (T-cytotoxic cell)

3

S——___ Granules with perforin
and granzymes

Figure 27.21 T-cytotoxic cells. When the TCR on a Tc cell binds MHC |-peptide
complexes on any cell, the Tc cell releases granules that contain perforin and
granzymes, cytotoxins that perforate the target cell and cause apoptosis, respectively.
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TABLE 27.4 T-helper cell subsets

Characteristic Th1 Th2
Antigen-presenting cell Macrophage B cell
Major cytokines produced IL-2, IFN-y, TNF-a IL-4, IL-5

Cellular effects Activation of T cells (IL-2)

and macrophages

Systemic effects Cell-mediated immunity

Activation of B cells

Antibody-mediated immunity

Th17 Treg
Activated dendritic cell Nonactivated dendritic
cell
IL-17, IL-6 IL-10, TGF-B
Activation and recruitment of Suppression of adaptive
neutrophils immune cells

Amplification of innate immunity Control of Th immunity

granules contain perforin and granzymes (Section 27.5). Perforin
enters the membrane of the target cell and combines to form a
transmembrane pore through which granzymes then enter the
target cell. Granzymes are cytotoxins that induce apoptosis (pro-
grammed cell death), characterized by organized killing and deg-
radation of the target cell from within. Tc cells kill only those
cells displaying the foreign antigen because the granules
are released only at the contact surface between the Tc cell
and the target cell bearing peptide-MHC I. Cells lacking the
peptide recognized by the Tc cells do not make contact and are
not killed.

Different Classes of T-Helper Cells

Interactions with APCs drive CD4 Th cells to differentiate into sev-
eral subsets, each producing unique combinations of cytokines

Increased phagocytosis of all
pathogens; inflammation

I Cytokine release

CD4 y Release of
/ the cytokines

. TNF-o,, GM-CSF,

Anti 1 1
n Igen/ : IFN-y
TCR
7 Th1 cell

@

Figure 27.22 Th1 cells and macrophage activa-
tion. (a) Th1 cells (T-inflammatory cells) are activated by
antigens presented on macrophages in the context of
MHC Il protein. Activated Th1 cells produce cytokines that
activate macrophages, leading to increased phagocyte

activity and inflammation. (b) Activated macrophages are
generally larger than resting macrophages and have a
ruffled surface, often with cytoplasmic extensions that
"feel" for pathogens. In addition to carrying out more
aggressive phagocytosis, activated macrophages express

that recruit effector cells (Table 27.4). Macrophages (22 Section
26.4) play a central role as APCs in cell-mediated immunity. As
illustrated in Figure 27.22a, macrophages engulf, process, and pre-
sent antigen to Th1 cells. Th1 cells produce IL-2, a cytokine that
promotes growth and activation of other T cells, and activate mac-
rophages through the cytokines interferon gamma (IFN-vy), tumor
necrosis factor alpha (TNF-«), and granulocyte-monocyte colony-
stimulating factor (GM-CSF) (Figure 27.22a). Th1-activated mac-
rophages take up and kill foreign cells more efficiently than
nonactivated macrophages (Figure 27.22b) and also kill tumor
cells because the macrophages recognize tumor-specific antigens
expressed by cancer cells as nonself.

Activated macrophages also produce several cytokines and
chemokines that function as proinflammatory mediators and

®)

genes that encode bactericidal enzymes found in
lysosomes, such as proteases and enzymes that produce
reactive oxygen species, all of which are designed

to quickly kill ingested microorganisms inside the
phagolysosome (o Figure 26.10).
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1. Antigens from
phagocytosed pathogen
are presented on MHC I
to a Th cell. Pathogen
interaction activates the
dendritic cell to produce

IL-6 and TGF-B cytokines.

2. IL-6 and TGF-B catalyze
Th cell differentiation
to make Th17 cells.

3. Th17 cells produce
IL-17, which activates
numerous tissue cells
to produce
chemoattractants.

4. Neutrophils attracted
to the site of pathogen
contact initiate
inflammation.

@

1. A dendritic cell that
is not activated by
Pathogen pathogen can contact

bound by a Th cell through
# PRR MHC ll-peptide-TCR
interaction. The

Dendritic cell peptide is derived 4 Dendritic cell
from a self protein. -

2. The nonactivated
dendritic cell does not
produce stimulatory
cytokines. Absence of
IL-6 causes the
potentially self-reactive
Th cell to differentiate
to a Treg cell.

Self peptide

t— Treg cell

yl

% — Chemoattractants

3. The Treg cell produces
TGF-B and IL-10, cytokines

Neutrophil that suppress inflammation

and other immune cells.

(b)

Figure 27.23 Th17 and Treg cells. (a) Th17 cells interact with pathogen-stimulated dendritic cells to draw
neutrophils to the site of pathogen invasion, leading to inflammation and pathogen control. (b) Treg cells interact with
nonactivated dendritic cells and respond by making immunosuppressive cytokines that control reactions to self antigens.

chemoattractants, respectively. Table 27.5 summarizes the source Th1 cells recognize nonself MHC proteins on the transplant and
and activities of these and other important immune cytokines trigger macrophage activation and transplant destruction
and chemokines. In the case of organ or tissue transplants, Th1- (Section 27.6).

activated macrophages can actually harm the host if the host’s

TABLE 27.5 Major immune cytokines and chemokines

Cytokine (chemokine)
IL-42

IL-5

IL-2
IFN-y2
GM-CSF¢
TNF-o°

IL-18

IL-6

IL-12

IL-17

CXCL8 (chemokine)

CCL2 (MCP-1¢) (chemokine)

Major producer cells Major target cells Major effect

Th2 B cells Activation, proliferation, differentiation, IgG1 and IgE
synthesis

Th2 B cells Activation, proliferation, differentiation, IgA synthesis

Naive T cells, Th1, and Tc T cells Proliferation (often autocrine)

Th1 Macrophages Activation

Th1 Macrophages Growth and differentiation

Th1 Macrophages Activation, production of proinflammatory cytokines

Macrophages Vascular epithelium Activation, inflammation

Macrophages Vascular epithelium, lymphocytes Activation, inflammation

Macrophages, dendritic cells Lymphocytes Activation

Macrophages, endothelial cells NK cells, naive T cells Activation, enhances differentiation to Th1

Th17 Neutrophils Activation

Macrophages Neutrophils, basophils, T cells Chemotactic factor

Macrophages Macrophages, T cells Chemotactic factor, activator

2IL, interleukin; bIFN, interferon; “GM-CSF, granulocyte-monocyte colony-stimulating factor; dTNF, tumor necrosis factor; “MCP, macrophage chemoattractant protein.



CHAPTER 27 ¢« Adaptive Immunity: Highly Specific Host Defenses 857

Th2 cells play a pivotal role in B cell activation and antibody
production. As we have discussed (Section 27.3), B cells make
antibodies, and differentiated B cells are coated with antibodies
(BCRs) that are antigen receptors. When antigen binds the BCR
(Figure 27.6), the antibody-bound antigen is taken into the B
cell by endocytosis and degraded. Peptides from the degraded
antigen are then loaded into the B cell’s MHC II protein for pre-
sentation to a Th2 cell. The Th2 cell responds by producing IL-4
and IL-5, cytokines that activate the B cell (Table 27.5) and
cause it to proliferate and differentiate into plasma cells that
produce and secrete antibodies specific to the presented anti-
gen (Section 27.3).

Antigen presentation by dendritic cells (2o Section 26.4) plays
a critical role in the development of other Th cell subsets, includ-
ing Th17 and Treg cells. Th17 cells are important in the first
stages of the adaptive immune response. Undifferentiated, or
naive, Th cells differentiate into Th17 cells through the activity of
dendritic cells. When dendritic cells encounter pathogens, they
present antigen and secrete IL-6 and transforming growth factor-
B (TGF-B), cytokines that catalyze differentiation of naive Th
cells to Th17 cells (Figure 27.23a). Th17 cells then produce IL-17, a
cytokine that activates other tissue cells to produce cytokines
and chemokines that attract proinflammatory neutrophils to
the site of infection (Table 27.5). Thus, the function of Th17 cells
is to produce IL-17, starting a cascade that draws neutrophils to
infection sites. By recruiting neutrophils, Th17 cells amplify
innate immunity triggered by interaction of a pathogen with the
dendritic cell.

Treg cells are important in control of immunity. Undifferenti-
ated Th cells remain so unless they are stimulated to mature by
certain cytokines, as is the case for IL-6 stimulation to produce
Th17 cells. However, in the absence of a pathogen, Th cells can
still interact with dendritic cells through MHC II-peptide-TCR
(Figure 27.23Db). In this case, the peptide is usually a self peptide,
and an immune response to it could cause an autoimmune dis-
ease. However, because the dendritic cells did not interact with a
pathogen, they cannot produce IL-6 to promote Th17 differentia-
tion. Instead, the absence of IL-6 pushes differentiation to Treg
cells that make IL-10 and TGF-B, two cytokines that suppress
immunity and inflammation. In the presence of self antigens and
in the absence of IL-6, Treg cells shut down the immune response
and inhibit inflammation. This is important for controlling
immune responses to self antigen and preventing autoimmunity.

~ MINIQUIZ

e Describe the mechanism used by Tc cells to recognize infected
host cells.

e Describe the effector system (the cell-killing mechanism) used
by Tc cells.

e Compare and contrast the roles and activities of the different
Th cells. What cytokines do they produce, and which effector
cells do these cytokines act upon?

V - Immune Disorders
and Deficiencies

n some cases, reactions of the adaptive immune response can

damage the host. For example, hypersensitivity isan immune
response that results in host damage and, in some cases, even host
death. Hypersensitivities are grouped according to the antigens
and the mechanisms that produce disease. Likewise, exposure to
superantigens, proteins produced by certain bacteria and viruses
that initiate massive inflammatory responses, also causes severe
immune reactions that result in host damage. To conclude this
chapter we consider both of these along with immunodeficiency,
a condition in which a host’s immune response is either absent or
insufficient to effectively fight infections.

27.9 Allergy, Hypersensitivity,
and Autoimmunity

Antibody-mediated immediate hypersensitivity is more
commonly called allergy. Cell-mediated hypersensitivities
also cause allergy-like diseases, but because of the delayed onset
of symptoms, cell-mediated reactions are termed delayed-
type hypersensitivity (DTH). Autoimmunity is a harmful
immune reaction directed against self antigens. These hypersensi-
tivities are categorized as type I, II, III, or IV based on immune
effectors, antigens, and symptoms (Table 27.6).

Immediate Hypersensitivity

Immediate (type I) hypersensitivity is caused by the release of
substances that either increase or decrease blood pressure or
heart rate (vasoactive products) from mast cells coated with IgE

TABLE 27.6 Hypersensitivity

Type | Immediate IgE sensitization of mast cells Minutes Reaction to bee venom (sting)
Hay fever
Type lI Cytotoxic® IgG interaction with cell surface antigen Hours Drug reactions (penicillin)
Type llI Immune complex IgG interaction with soluble or circulating Hours Systemic lupus erythematosus
antigen (SLE)
Type IV Delayed type Th1 inflammatory cell activation of Days (24-48 h) Poison ivy

macrophages

Tuberculin test

@Autoimmune diseases may be caused by type I, type Ill, or type IV reactions.
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(Figure 27.24). Immediate hypersensitivity reactions occur within
minutes after exposure to an allergen, the antigen that caused
the type I hypersensitivity. Depending on the individual and
the allergen, immediate hypersensitivity reactions can be mild
allergic reactions or can cause a life-threatening reaction called
anaphylaxis.

About 20% of the population suffers from immediate hypersen-
sitivity allergies to pollens, molds, animal dander, certain foods
(strawberries, nuts, and shellfish), insect venoms, dust mites, and
other agents. Most allergens enter the body at the surface of
mucous membranes, such as the lungs or the gut. Initial exposure
to allergens stimulates Th2 cells to produce cytokines that induce B
cells to make IgE antibodies. The allergen-specific IgE antibodies
bind to IgE receptors on mast cells (Figure 27.24). Mast cells are
nonmotile granulocytes (@2 Section 26.4) associated with the con-
nective tissue adjacent to capillaries throughout the body. With
any subsequent exposure to the immunizing allergen, the mast
cell-bound IgE molecules bind the antigen. Cross-linking of IgEs
by an antigen triggers degranulation—the release of soluble allergic
mediators from the mast cells. These mediators cause allergic
symptoms within minutes of antigen exposure. After initial sensi-
tization by an allergen, the allergic individual responds to each
subsequent reexposure to the allergen.

The principal chemical mediators released from mast cells are his-
tamine and serotonin, modified amino acids that cause rapid dila-
tion of blood vessels and contraction of smooth muscle, initiating
symptoms ranging from mild local discomfort to systemic anaphy-
lactic shock. Local symptoms typically include mucus production,
rash, sneezing, itchiness, watery eyes, and hives (Figure 27.25). Symp-
toms of anaphylactic shock may include vasodilation (causing a
sharp drop in blood pressure) and asthma due to smooth muscle
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7. Subsequent
exposure
to antigen
Mast cell- ——)

constriction in the lungs. Severe anaphylaxis is treated immediately
with the hormone epinephrine to counter smooth muscle contrac-
tion, increase blood pressure, and promote breathing. Less serious
allergic symptoms may be treated with antihistamines, which are
drugs that neutralize histamine, or with anti-inflammatory steroids.
Finally, immunization with increasing doses of the allergen may
shift antibody production from IgE to IgG and IgA. The IgG and IgA
interact with the allergens, thereby blocking antigen binding to IgE
on sensitized mast cells. This process, called desensitization, inhibits
IgE production and stops allergic symptoms.

Delayed-Type Hypersensitivity

Delayed-type (type IV) hypersensitivity (DTH) is cell-mediated
hypersensitivity characterized by tissue damage due to inflamma-
tion initiated by Th1 cells (Table 27.6). DTH symptoms appear sev-
eral hours after secondary exposure to the eliciting antigen, with a
maximal response usually occurring in 24 to 48 hours. Typical
DTH antigens include chemicals that are not normally immuno-
gens but become so when they covalently bind to skin proteins,
creating new antigens and eliciting a DTH response. Hypersensi-
tivity to these newly created antigens is known as contact
dermatitis and results in, for example, skin reactions to poison ivy
(Figure 27.26), jewelry, cosmetics, latex, and other chemicals that
react with host tissues. Several hours after a second or subsequent
exposure to the antigen, the skin feels itchy at the site of contact.
Erythema (reddening) and edema (swelling) appear, often with
localized tissue destruction in the form of blistering, and reach a
maximum in several days. The delayed onset and the progress of
the inflammatory response are the hallmarks of the DTH reaction.
As discussed below, certain self antigens may also elicit DTH
responses, resulting in autoimmune disease.

6. IgE sensitizes tissue
mast cells by binding to
surface IgE receptors.

8. Antigen cross-links two
antibody molecules.

binding
fragment
on IgE

9. Release of allergic
mediators (histamines,
serotonin, and so on)

Allergies
Hay fever, asthma

Figure 27.24 Immediate hypersensitivity. Certain antigens, such as pollens, stimulate IgE production. IgE
binds to mast cells by means of a high-affinity surface receptor and arms the mast cell. Antigen cross-links surface
IgE, causing release of soluble mediators, including histamine. These mediators produce symptoms ranging from mild

allergic symptoms to life-threatening anaphylaxis.
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Figure 27.25 Hives due to immediate hypersensitivity. The raised, red areas
are typical symptoms after contact with allergens that cause immediate hypersensitivity.

Another example of delayed-type hypersensitivity is the devel-
opment of protective immunity to the bacterium that causes
tuberculosis, Mycobacterium tuberculosis (@2 Section 30.4). The
German physician turned microbiologist Robert Koch discovered
this cellular immune response during his classic studies on
tuberculosis over a century ago (@ Section 1.10). When antigens
derived from the bacterium are injected subcutaneously into a per-
son previously infected with M. tuberculosis, a skin reaction called
the tuberculin reaction develops within 24-48 hours (Figure 27.27).
Local Th1 cells stimulated by the introduced M. tuberculosis anti-
gens release cytokines that attract and activate large numbers
of macrophages, which in turn produce a characteristic local
inflammation, including induration (hardening), edema, ery-
thema, pain, and heating of the skin. The activated macrophages
then ingest and destroy the invading antigen. The DTH-based

CDC-PHIL

Figure 27.26 Delayed-type hypersensitivity. Poison ivy blisters on an arm. The
raised rash appears 24—48 hours after exposure to plants of the genus Rhus as a result
of macrophage activation by Th1 cells sensitized to Rhus antigens.

CDC-PHIL

Figure 27.27 Th1 cells and macrophage activation. This tuberculin test shows
a positive reaction. Macrophages activated by antigen-specific Th1 cells caused the
localized, delayed-type reaction to a tuberculosis antigen, tuberculin, at the site of
injection. The raised area of inflammation on the forearm is about 1.5 cm in diameter.

tuberculin skin test is used to test for a current or previous
infection with M. tuberculosis or previous immunization with the
tuberculosis vaccine (2o Section 28.5).

Anumber of other infectious diseases due to intracellular patho-
gens elicit DTH reactions. These include bacterial diseases such as
leprosy, brucellosis, and psittacosis; viral diseases such as mumps;
and fungal diseases such as coccidioidomycosis, histoplasmosis,
and blastomycosis. Visible, antigen-specific skin responses similar
to the tuberculin reaction occur after injection of antigens derived
from the pathogens, indicating pathogen exposure and Th1-
mediated immunity.

Autoimmunity

As lymphocytes develop, T and B cells that react with self antigens
are normally eliminated (Section 27.1). Autoimmune diseases result
when these cells are instead activated to produce immune reactions
against self proteins (Table 27.7). For example, Th1-mediated DTH
can cause autoimmune responses directed against self antigens, asin
the case of the Th1-mediated response to brain-derived antigens in
allergic encephalitis. In type 1 (juvenile) diabetes mellitus, Th1 cells
directed to antigens on pancreatic cells cause reactions that destroy
the insulin-producing beta cells in the pancreas.

Many autoimmune diseases, however, are caused by autoanti-
bodies, antibodies that interact with self antigens, many of
which are organ-specific. For example, in Hashimoto’s disease
(hypothyroidism), autoantibodies are made against thyroglobu-
lin, a protein product of the thyroid gland that assists in the syn-
thesis of thyroid hormones. In Hashimoto’s disease, antibodies to
thyroglobulin bind complement proteins (@ Section 26.9), lead-
ing to local inflammation and the destruction of host cells, the
hallmarks of a type II hypersensitivity disease (Table 27.7).

Systemic lupus erythematosus (SLE) is an autoimmune disease
caused by a type IIT hypersensitivity. This disease and others like it
are caused by autoantibodies directed against soluble, circulating
self antigens. In SLE, the antigens include nucleoproteins and
DNA. Autoantibodies to these bind to soluble proteins, producing
insoluble immune complexes, and disease symptoms result when
these circulating antigen-antibody complexes deposit in different
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TABLE 27.7 Some autoimmune diseases of humans

Type | diabetes (insulin-dependent Pancreas

diabetes mellitus)

Myasthenia gravis Skeletal muscle

Goodpasture’s syndrome Kidney
Rheumatoid arthritis Cartilage
Hashimoto's disease (hypothyroidism) Thyroid
Male infertility (some cases) Sperm cells

Pernicious anemia Intrinsic factor

Systemic lupus erythematosus (SLE)

Addison’s disease Adrenal glands
Allergic encephalitis Brain

Multiple sclerosis Brain

DNA, cardiolipin, nucleoprotein,
blood clotting proteins

Cell-mediated immunity and autoantibodies against
surface and cytoplasmic antigens of beta cells of
pancreatic islets (Il and V)

Autoantibodies against acetylcholine receptors on
skeletal muscle (II)

Autoantibodies against basement membrane of
kidney glomeruli (1)

Autoantibodies against self IgG antibodies, which
form complexes deposited in joint tissue, causing
inflammation and cartilage destruction (Ill)

Autoantibodies to thyroid surface antigens (Il)
Autoantibodies agglutinate host sperm cells (Il)
Autoantibodies prevent absorption of vitamin By, (lll)

Autoantibody response to various cellular constituents
results in immune complex formation (/l)

Autoantibodies to adrenal cell antigens (ll)
Cell-mediated response against brain tissue (IV)

Cell-mediated and autoantibody response against
central nervous system (Il and V)

2See Table 27.6.

body tissues, such as the kidney, lungs, and spleen. In the tissues,
the antibodies bind complement, resulting in inflammation and
local, often severe, tissue damage. Type III hypersensitivities are
also called immune complex disorders (Table 27.6).

Organ-specific autoimmune diseases are sometimes more easily
controlled clinically than diseases that affect multiple organs. For
example, the product of organ function, such as thyroxine in auto-
immune hypothyroidism or insulin in type I diabetes, can often be
supplied in pure form from another source. SLE, rheumatoid arthri-
tis, and other autoimmune diseases that affect multiple organs and
sites can often be controlled only by general immunosuppressive
therapy, such as the use of steroid drugs. Unfortunately, the immu-
nosuppression associated with these treatments significantly
increases the chance of developing opportunistic infections.
Recently, however, therapies that employ monoclonal antibodies
(@2 Section 28.5) have emerged as promising alternative treatment
strategies for autoimmune diseases. For example, adalimumab
(Humira) is a monoclonal antibody that neutralizes tumor necrosis
factor alpha (TNF-«), an inflammatory cytokine linked to several
autoimmune diseases including rheumatoid arthritis, Crohn’s dis-
ease, and psoriasis. Similarly, the monoclonal antibody belimumab
(Benlysta) targets B cell activating factor, a cytokine that stimulates
B cell maturation but is overexpressed in SLE patients, causing the
persistence of B cells that produce autoantibodies.

Heredity influences the incidence, type, and severity of autoim-
mune diseases. Many autoimmune diseases correlate strongly
with the presence of certain MHC proteins (Section 27.6). Studies
of model autoimmune diseases in mice support such a genetic
link, but the precise conditions necessary for developing autoim-
munity may also depend on other factors such as prior infections,
gender, age, and health status. Women, for example, are about ten

times more likely to develop SLE than are men. It is thus likely that
the balance between a normal immune response and autoimmu-
nity is tipped by a combination of factors in which genetic predis-
position plays a central role.

MINIQUIZ

e Discriminate between immediate hypersensitivity and delayed-
type hypersensitivity with respect to antigens and immune
effectors.

e Provide examples and mechanisms for an antibody-mediated
autoimmune disease directed against a specific organ and one
involving circulating immune complexes.

27.10 Superantigens and
Immunodeficiency

Extremes in the adaptive immune response, whether overactive or
deficient, can have devastating effects on the host. Some exotox-
ins, called superantigens, damage host cells indirectly by subvert-
ing the immune system so that T cells and their cytokine products
destroy host tissues through an exaggerated immune response.
By contrast, some diseases—either genetic or infectious—cause
immunodeficiency, resulting in increased susceptibility of the host
to infectious diseases. We consider these opposing extremes in the
adaptive immune response here.

Superantigens

Superantigens are proteins that upon exposure to the immune
system activate many more T cells than normal and are therefore
capable of eliciting an unusually strong immune response



CHAPTER 27 ¢« Adaptive Immunity: Highly Specific Host Defenses 861

(Figure 27.28). A variety of viruses and bacteria produce superanti-
gens. For example, streptococci and staphylococci, especially
certain strains of Streptococcus pyogenes and Staphylococcus aureus,
produce several different extremely potent superantigens (2o Sec-
tions 30.2 and 30.9).

Superantigen interaction with TCRs differs from conventional
antigen-TCR binding (Figure 27.18). Whereas typical foreign anti-
gens, presented by MHC proteins, bind to a TCR at a defined
antigen-binding site, superantigens bind to sites on TCR and
MHC proteins that are outside the antigen-specific binding site
(Figure 27.29). A superantigen binds to all TCRs with a shared
common structure, and many different TCRs share the same
structure outside the antigen-binding site. Whereas less than
0.01% of all available T cells interact with a conventional foreign
antigen in a typical immune response, some superantigens can
bind up to 25% of all T cells in the body! These interactions mimic
conventional antigen presentation and stimulate large numbers
of T cells to grow and divide. As in normal responses, the acti-
vated T cells produce cytokines that stimulate phagocytes and
other immune cells. However, the extensive cytokine production
by the large population of superantigen-activated T cells triggers
a widespread cell-mediated response characterized by systemic
inflammatory reactions. The resulting fever, diarrhea, vomiting,
mucus production, and even systemic shock may be fatal in
extreme cases. The clinical symptoms of superantigen shock
are indistinguishable from those of septic shock, a condition in
which a bacterial infection has spread throughout the body
(@2 Section 26.8).

One of the most common superantigen diseases is Staphylococcus
aureus food poisoning, characterized by fever, vomiting, and
diarrhea, and caused by one of several superantigen staphylococ-
cal enterotoxins (@ Section 32.8). S. aureus also produces the
superantigen responsible for toxic shock syndrome (Figure 27.28).
Streptococcus pyogenes produces erythrogenic toxin, the superanti-
gen responsible for scarlet fever (@2 Section 30.2).

CDC-PHIL

"

Figure 27.28 Toxic shock syndrome. This individual exhibits “strawberry tongue,
a symptom of toxic shock syndrome caused by a Staphylococcus aureus superantigen.

Antigen-presenting cell

—— Superantigen

Antigen

TCR

Figure 27.29 Superantigens. Superantigens bind to conserved regions of both the
MHC and TCR proteins at positions outside the normal binding site. Superantigens
interact with large numbers of T cells, causing large-scale T cell activation, cytokine
release, and systemic inflammation.

Immunodeficiency

Active adaptive immunity is critical for infectious disease resis-
tance. We know this because of problems caused by genetic
defects and diseases that affect the adaptive immune system. For
example, animals that cannot produce antibodies because of
genetic defects in their B cells acquire serious infections from
extracellular pathogens, especially bacteria. In addition, animals
with genetic defects that prevent development of T cells suffer
from recurrent infections with viruses and other intracellular
pathogens.

Severe combined immune deficiency syndrome (SCID) is a genetic
disorder that prevents proper formation of either B or T cells. Indi-
viduals with SCID essentially have no effective adaptive immu-
nity. Alack of proper T cell function directly results in a deficiency
of cell-mediated immunity and indirectly causes a loss of
antibody-mediated immunity because B cell activation against
most antigens is dependent upon the presence of functional Th
cells. Unless patients receive supportive therapy, such as a bone
marrow transplant and antibiotic treatments, SCID eventually
causes death from multiple recurrent infections. The transplanta-
tion of compatible bone marrow tissue provides the afflicted indi-
vidual with hematopoietic stem cells (@2 Sections 26.3 and 26.4)
that are free of the genetic defects that cause SCID.

Recently, gene therapy has also shown promise as a curative
treatment option for some forms of SCID. In this procedure, defec-
tive genes in hematopoietic stem cells are replaced through a
transduction process using viral vectors (2o Section 11.7). As with
bone marrow transplantation, successful gene therapy restores
function of the adaptive immune system. However, a major chal-
lenge in the use of this procedure is the risk of the patient develop-
ing cancer, especially leukemia. This is because the viral vectors
used to introduce the functional genes are typically attenuated




862 UNIT 6 « MICROBE-HUMAN INTERACTIONS AND THE IMMUNE SYSTEM
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Figure 27.30 HIV infection of a Th cell. Colorized scanning electron micrograph
of a large number of HIV virions (yellow) attacking a Th cell (red).

retroviruses or adenoviruses; such viruses readily infect host cells
to facilitate the necessary transduction, but they also contain or
may activate oncogenes, which disrupt control of cell division and
induce tumorigenesis. However, promising new forms of “gene
editing” that do not require viral vectors are now on the horizon
(@2 Section 12.12), and thus safe genetic therapies for SCID may
be developed in the not too distant future.

In some cases, immunodeficiency is not the result of a
genetic disorder but rather is caused by microbial infection. The

MasteringMicrobiology®

best-studied example of this is the loss of the adaptive immune
response due to acquired immunodeficiency syndrome (AIDS).
Human immunodeficiency virus (HIV) infects host cells that
express the CD4 cell surface protein. The virus initially infects
macrophages but later attacks and replicates primarily in Th cells
(Figure 27.30). Once infected, Th cells cease growing and dividing
before they eventually die. Therefore, in untreated cases, HIV
infection causes gradual depletion of Th cells, resulting in a lack
of effective immunity and the eventual onset of AIDS (22 Section
30.15 and Figure 30.44).

In most AIDS cases, the actual cause of patient death is not
directly attributed to HIV but rather to any of a variety of second-
ary microbial infections caused by opportunistic pathogens. Many
of these infections are caused by fungal, bacterial, and viral
pathogens that only rarely cause serious disease symptoms in
individuals that have a fully functional immune system. The
deficiency of adaptive immunity in AIDS patients allows these
opportunistic pathogens to colonize and invade body tissues,
leading to additional diseases. We discuss the pathogenicity,
symptoms, treatment, and other aspects of HIV/AIDS in more
detail in Chapter 30.

MINIQUIZ ~

e Describe the binding site for superantigens on T cells and
APCs. How does this relate to the activation of a much larger
population of T cells than normal upon exposure to
superantigens?

e Compare and contrast the immunodeficiency observed in SCID
patients to that of AIDS patients. What cell types are affected
by each condition?

¢ In the absence of treatment, what is the prognosis for
Y individuals afflicted with SCID and AIDS?

Visualize, explore, and think critically with Interactive Microbiology, MicroLab Tutors,
MicroCareers case studies, and more. MasteringMicrobiology offers practice quizzes,

helpful animations, and other study tools for lecture and lab to help you master

microbiology.

| » Principles of Adaptive Immunity

27.1 The adaptive immune response is characterized by specificity
for the antigen, the ability to respond more vigorously when
reexposed to the same antigen (memory), and the acquired
inability to interact with self antigens (folerance). Tolerance
in lymphocytes is acquired through a selection process.
Immature T cells that do not interact with MHC-peptide
(positive selection) or that react strongly with self antigens
(negative selection) are eliminated by clonal deletion in the
thymus. T cells that survive positive and negative selection
leave the thymus and can participate in the immune
response. B cell reactivity to self antigens is controlled
through clonal deletion and anergy.

Chapter Review

IE] Why is it necessary for immature T lymphocytes to
undergo a two-step selection process through which
antigen-reactive cells are first selected followed by
the elimination of cells that react strongly with
self-antigens?

27.2 Immunogens are foreign macromolecules that induce an
immune response. Immunogens initiate an immune
response when introduced into a suitable host. Antigens
are molecules recognized (bound) by antibodies or TCRs.
Adaptive immunity develops naturally and actively
through immune responses to infections, or naturally and
passively through antibody transfer from the placenta or
breast milk. Artificial passive immunity occurs when
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antibodies or immune cells are transferred from an
immune individual to a nonimmune individual.
Immunization induces artificial active immunity and is
widely used to prevent infectious diseases.

IBY Immunity can be of many types: natural active
immunity, natural passive immunity, artificial active
immunity and artificial passive immunity. Which of these
forms of immunity confer immune memory?

Antibodies

Antibody production is initiated when an antigen
contacts an antigen-specific B cell. The B cell then
processes the antigen and presents it to an antigen-
specific Th2 cell. The Th2 cell becomes activated,
producing cytokines that signal the B cell to clonally
expand and differentiate to produce soluble, antigen-
specific antibodies. Each antibody (immunoglobulin)
protein consists of two heavy and two light chains. The
antigen-binding site is formed by the interaction of the
variable regions of one heavy and one light chain. Each
antibody class has different structural characteristics,
expression patterns, and functional roles. Activated B and
T cells can live for years as memory cells and can rapidly
expand and differentiate to produce high titers of
antibodies after reexposure to antigen.

e Describe the structural and functional differences
among the five major classes of antibodies. What
cellular and molecular interactions take place in the
production of antibodies?

The antigen-binding site of Ig is composed of the V
(variable) domains of one heavy chain and one light
chain. Each V region contains three complementarity-
determining regions, or CDRs, that are folded together
to form the antigen-binding site. Immunoglobulin
diversity is generated by several mechanisms. Somatic
recombination of gene segments allows shuffling of the
various Ig gene segments. Random reassortment of the
heavy- and light-chain genes, imprecise joining of VD]
and V] gene segments, and hypermutation mechanisms
contribute to nearly unlimited immunoglobulin diversity.

1 Which Ig chains are used to construct a complete
antigen-binding site? Which domains? Which CDRs?
Calculate the total number of germ-line-encoded V, and
V. domains that can be constructed from the available
Ig genes.

The Major Histocompatibility Complex (MIHC)

T cells, with their TCRs, bind peptide antigens presented
by MHC proteins on infected cells or APCs. Class I MHC
proteins are expressed on all nucleated cells and present
endogenous antigenic peptides to TCRs on Tc cells.

Class I MHC proteins are expressed only on APCs. They
function to present exogenously derived peptide antigens
to TCRs on Th cells. These interactions activate T cells to
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kill antigen-bearing cells or to promote inflammation or
antibody production.

Y Describe the basic structure of class | and class II
major histocompatibility complex (MHC) proteins. In
what functional ways do they differ?

Class I and class II MHC genes are highly polymorphic,
and the many allelic variations challenge successful tissue
transplantation. Different alleles of MHC class I and class
II genes encode proteins that bind and present different
peptide subsets, each characterized by a specific structural
motif.

e Polymorphism implies that each different MHC
protein binds a different peptide motif. For the MHC
class | polymorphisms, how many different MHC
proteins are expressed in an individual? How many by
the entire human population?

T Cells and Their Receptors

T cell receptors bind to peptide antigens presented by
MHC proteins. The CDR3 regions of both the a chain
and the B chain bind to the antigen epitope; the CDR1
and CDR2 regions bind to the MHC protein. VD] gene
segments encode the B-chain V domain of TCRs, and
V] gene segments encode the a-chain V domain. TCR
diversity, generated by a variety of mechanisms, is
nearly unlimited. The Ig gene superfamily encodes
proteins that are evolutionarily, structurally, and
functionally related to immunoglobulins. The antigen-
binding Igs, TCRs, and MHC proteins are members of
this family.

] What diversity-generating mechanisms function to
produce the nearly unlimited variety of antigen-specific
TCRs? What structural and functional features are
common to proteins classified within the Ig gene
superfamily?

T-cytotoxic (Tc) cells recognize antigens on virus-infected
host cells and tumor cells through antigen-specific TCRs.
Antigen-specific recognition triggers killing via perforins
and granzymes. T-helper (Th) cells differentiate into
several subsets. Through the action of cytokines, Th1
inflammatory cells activate macrophage effector cells; Th2
cells activate B cells. Th17 cells are activated by pathogen-
activated dendritic cells and secrete IL-17 to recruit
neutrophils to the site of infection. Treg cells produce
cytokines that suppress adaptive immunity.

e What mechanism do Tc cells use to identify and
destroy infected cells in the body? How do Th cells differ
from Tc cells, and how do the different subsets of Th
cells differ from each other?

Immune Disorders and Deficiencies

Hypersensitivity is the induction by foreign antigens of
antibody-mediated or cell-mediated immune responses
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that damage host tissue. In autoimmunity, the immune
response is directed against self antigens. Damage to host
tissue is caused by the inflammation produced by immune
mechanisms.

IE] How do immediate and delayed-type hypersensitivites

differ from one another in terms of immune effectors,
target tissues, antigens, and clinical outcome?

27.10 Superantigens are components of certain bacterial and

viral pathogens that bind outside the antigen-specific
binding site of TCRs and, therefore, activate large
numbers of T cells. Superantigen-activated T cells may
produce diseases characterized by systemic inflammatory

MICROBE-HUMAN INTERACTIONS AND THE IMMUNE SYSTEM

reactions. Immunodeficiency is the inability to generate
a proper immune response, resulting in recurrent,
uncontrollable infections by opportunistic pathogens.
Some of the most severe immunodeficiency syndromes
are SCID, caused by a genetic disorder, and AIDS, caused
by HIV infection.

IEY How do superantigens differ from conventional
antigens in terms of initial T cell activation and clinical
outcome? How does immunodeficiency resulting from
SCID differ from that caused by HIV infection and
AIDS?

Application Questions

1.

N

w

Antibodies of the IgA class are probably more prevalent than
those of the IgG class. Explain this and define the benefits
this may have for the host.

. Although genetic recombination events are important for

generating significant diversity in the antigen-binding site
of Igs, postrecombination somatic events may be even more
important in achieving overall Ig diversity. Do you agree or
disagree with this statement? Explain.

. Polymorphism implies that each different MHC protein

binds a different peptide motif. However, for the MHC class I
proteins, only 6 peptide motifs can be recognized in an
individual, whereas over 6000 motifs can be recognized by

the entire human population. What advantage does
recognition of multiple motifs have for the individual? What
potential advantage does recognition of the extremely large
number of motifs have for the population? Can everyone
process and present the same antigens?

. What problems would arise if a person had a hereditary

deficiency that resulted in an inability to present antigens

to Tc cells? What would the problems be if the person had a
deficiency in presenting antigen to Th1 cells? To Th2 cells?

To all T cells? What molecules might be deficient in each
situation? Could a person having any one of these deficiencies
survive in a normal environment? Explain for each.

Chapter Glossary

Antigen a molecule capable of interacting
with specific components of the immune
system and that often functions as an
immunogen to elicit an adaptive immune
response

Autoantibody an antibody that reacts to
self antigens

Autoimmunity a harmful immune reaction
directed against self antigens

B cell receptor (BCR) a cell-surface antibody
that acts as an antigen receptor on a B cell

CD4 coreceptor a protein found on Th cells
that interacts with MHC I on an antigen-
presenting cell

CD8 coreceptor a protein found exclusively
on Tc cells that interacts with MHC I on a
target cell

Clonal anergy the inability to produce an
immune response to specific antigens due
to the neutralization of effector cells

Clonal deletion for T cell selection in the
thymus, the killing of useless or self-reactive
clones

Clone a copy of an antigen-reactive
lymphocyte

Complementarity-determining
region (CDR) avarying amino acid
sequence within the variable domains of
immunoglobulins or T cell receptors where
contacts with antigen are made

Delayed-type hypersensitivity (DTH) an
inflammatory allergic response mediated by
Th1 lymphocytes

Epitope the portion of an antigen that reacts
with a specific antibody or T cell receptor

Human leukocyte antigen (HLA) an
antigen-presenting protein encoded by a
major histocompatibility complex gene
in humans

Hypersensitivity an immune response
leading to damage to host tissues

Immediate hypersensitivity an allergic
response mediated by vasoactive products
released from IgE-sensitized mast cells

Immune memory (memory) the capacity
to respond more quickly to second and
subsequent exposures to an eliciting
antigen

Immunogen a molecule capable of eliciting
an adaptive immune response

Immunoglobulin gene superfamily
a family of genes that are evolutionarily,
structurally, and functionally related to
immunoglobulins

Memory cell along-lived B or T lymphocyte
responsive to a specific antigen

MHC class I protein an antigen-presenting
molecule found on all nucleated vertebrate
cells

MHC class II protein an antigen-presenting
molecule found on macrophages, B cells,
and dendritic cells

Motif in antigen presentation, a specific
amino acid sequence found in all peptides
that bind to a given MHC protein

Negative selection in T cell selection, the
deletion of T cells that interact strongly
with self antigens in the thymus (see also
clonal deletion)

Polygeny the occurrence of two or more
genetically, structurally, and functionally
related gene loci due to an evolutionary
gene duplication event



Polymorphism in a population, the
occurrence of multiple alleles for a gene
locus at a higher frequency than can be
explained by recent random mutations

Positive selection in T cell selection, the
growth and development of T cells that
interact with self MHC-peptide in the
thymus

Primary immune response the production
of antibodies or immune T cells on first
exposure to antigen; the antibodies are
mostly of the IgM class

Secondary immune response the
enhanced production of antibodies or
immune T cells on second and subsequent
exposures to antigen; the antibodies are
mostly of the IgG class
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Somatic hypermutation the mutation of
immunoglobulin genes at rates higher than
those observed in other genes

Specificity the ability of the immune
response to interact with particular antigens

Superantigen a pathogen product capable
of eliciting an inappropriately strong
inflammatory immune response by
stimulating greater than normal numbers
of T cells

T cell receptor (TCR) an antigen-specific
receptor protein on the surface of T cells

T-cytotoxic (Tc) cell alymphocyte that
interacts with MHC I-peptide complexes
through its T cell receptor and produces
cytotoxins that kill the interacting
target cell

Adaptive Immunity:

865

Highly Specific Host Defenses

T-helper (Th) cell alymphocyte that
interacts with MHC II-peptide complexes
through its T cell receptor and produces
cytokines that act on other cells. Th
subsets include Th1 cells that activate
macrophages; Th2 cells that activate B
cells; Th17 cells that activate neutrophils;
and Treg cells that suppress adaptive
immunity

Tolerance the acquired inability to produce
an immune response to particular antigens

Vaccination (immunization) the
inoculation of a host with inactive or
weakened pathogens or pathogen products
to stimulate protective active immunity
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Bacteriophages: Tiny Allies in the Fight
against Antibiotic-Resistant Bacteria

For reasons that will unfold in this chapter, it is surprisingly common for
patients admitted into a healthcare facility to acquire an infection during their
treatment that is unrelated to their original illness or condition. In the United
States, about 1 of every 10 hospitalized individuals acquires a new infection as
a result of exposure to the clinical environment, and limiting these healthcare-
associated infections (HAIs) is a constant challenge for medical personnel.

Patient treatments that require invasive medical procedures are a common
cause of HAIs, and catheter-associated urinary tract infections (CAUTIs) are
among the most difficult to control. Gram-negative enteric bacteria cause the
vast majority of CAUTIs, with the major causative agents being Escherichia coli
and Proteus mirabilis. Many strains of these bacteria produce attachment struc-
tures, such as fimbriae and pili, which allow them to colonize the surface of the
catheter (see photo of technician preparing a catheter) and potentially establish a
urinary tract infection. It is estimated that more than 100 million urinary catheters
are fitted each year to relieve urinary retention and incontinence, creating a need
for reliable and effective measures for prevention and treatment of CAUTIs.

CAUTIs are routinely treated using antibiotics, typically sulfamethoxazole—
trimethoprim (SMZ-TMP), ampicillin, or a fluoroquinolone, such as ciprofloxacin,
but pathogen resistance to these drugs is becoming increasingly common. Infec-
tions that were once treated successfully through a straightforward antibiotic
regimen become lingering problems when the causative agents show multidrug
resistance. However, a new and potentially quite effective approach to CAUTI
prevention is in development and may have great practical application.

In a recent report, researchers isolated two novel, lytic bacteriophages that
specifically attack strains of Proteus spp., especially P mirabilis, the cause of
more than 40% of all CAUTIs in the United States. They then combined the
viruses to create a “phage cocktail” that was applied to the surface of silicone
catheters. Using culture techniques, epifluorescence, and scanning electron
microscopy, the researchers were able to show that colonization and biofilm
formation of P mirabilis was substantially reduced in phage-coated catheters.
In separate studies, similar results were obtained against pathogenic strains
of Escherichia coli using E. coli-specific phages, and therefore the use of
phage-coated urinary catheters for the control and prevention of CAUTIs shows
exciting promise.

N Source: Melo, L.D.R., et al. 2016. Development of a phage cocktail to control Proteus
N

mirabilis catheter-associated urinary tract infections. Front. Microbiol. 7: 1024 doi:10.3389/
fmicb.2016.01024. Photo courtesy of Marion General Hospital, Marion Indiana.
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Clinical microbiology is that subdiscipline of microbiology
concerned with identifying pathogenic microbes and advising
the medical provider on treatment. Clinical laboratories must
identify pathogens safely, efficiently, and reliably. The clinical
microbiologist examines patient samples using direct observa-
tion, culture, immunological assays, and molecular tools to
identify pathogens. Identification of pathogens guides disease
control by targeting antimicrobial drugs to specific pathogens.

I - The Clinical Microbiology
Setting

28.1 Safety in the Microbiology Laboratory

Clinical laboratories handle dangerous materials, and thus labora-
tory workers must adhere to strict safety protocols to prevent the
spread of infectious agents. Standard laboratory practices for han-
dling clinical samples have been established to minimize the risk
of accidental laboratory infections. One only has to be reminded
of the 2014 Ebola hemorrhagic fever outbreak in West Africa
(@2 Sections 29.7 and 30.12) to appreciate how treating infected
persons without paying rigorous attention to every safety detail
can endanger the lives of medical personnel.

Laboratory Safety

The clinical laboratory has potential biohazards for all personnel
and is especially dangerous for untrained personnel or those who
do not employ the necessary precautions. All laboratories that
handle human or primate tissue must have an occupational expo-
sure control plan for handling bloodborne pathogens. This plan is
specifically designed to protect workers from infection by hepati-
tis B virus (HBV, the cause of infectious hepatitis, 2o Section 30.11)
and human immunodeficiency virus (HIV, the cause of acquired
immunodeficiency syndrome [AIDS], @o Section 30.15). The
occupational exposure plan limits infection by all pathogens
and typically includes the use of appropriate personal protective
equipment (PPE), such as a lab coat, gloves, eye protection, and face
mask (Figure 28.1).

Proper training and enforcement of established safety procedures
can prevent most accidental infections, which usually do not result
from identifiable exposures like culture spills but instead from rou-
tine handling of patient specimens. Infectious aerosols generated
during microbiological procedures are the most common causes of
laboratory infections. Clinical laboratories follow the safety rules
outlined in Table 28.1 to minimize laboratory infections. These gen-
eral standards apply to all laboratories that handle potentially
infectious agents and are the basis for all aspects of healthcare infec-
tion control. However, as discussed next, laboratories that handle
particularly dangerous or transmissible agents adhere to additional
rules and procedures to ensure a safe work environment.

Biological Containment and Biosafety Levels

The level of containment used to prevent accidental infections
or accidental environmental contamination (escape) in clinical,
research, and teaching laboratories must be proportional to the

CDC/PHIL

Figure 28.1 Standard apparel for clinical laboratory safety. This technician is
wearing proper personal protective equipment (PPE) for a clinical laboratory, including
gloves, eye protection, lab coat, and face mask.

biohazard potential of the organisms handled in the laboratory.
Laboratories are classified according to their containment capa-
bilities from least to greatest by their biosafety level (BSL), desig-
nated as BSL-1, BSL-2, BSL-3, or BSL-4 (Figure 28.2). Personnel in
laboratories working at all biosafety levels must follow standard
laboratory practices that ensure basic cleanliness and limit
contamination (Table 28.1). The precautions, equipment, and
operational costs increase with each biosafety level.

TABLE 28.1 Microbiology laboratory safety standards

Restrict access Only laboratory workers and trained support

personnel have access.

Eating, drinking, applying cosmetics, and
manipulating contact lenses are forbidden
in the laboratory. Hand washing prevents
spread of pathogens.

Practice good personal
hygiene

Lab coats, gloves, eye protection, and
respirators are recommended or required
depending on the pathogens being handled.

Use personal protective
equipment (PPE)

Vaccinate Personnel must be vaccinated against agents

to which they may be exposed.

Assume all clinical specimens are infectious
and handle appropriately.

Handle specimens safely

Decontaminate After use or exposure, decontaminate
specimens, surfaces, and materials by

disinfecting, autoclaving, or incinerating.
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USAMRIID

Figure 28.2 Conducting research in a BSL-4 (biosafety level 4) laboratory.
BSL-4 is the highest level of biological control, affording maximum worker protection
and pathogen containment. The researcher has a whole-body sealed suit with an
outside air supply and ventilation system. Air locks control all access to the laboratory.
All material leaving the laboratory is autoclaved or chemically decontaminated.

Most colleges and universities have BSL-1 and BSL-2 facilities
for teaching and research. Standard clinical laboratories operate
at BSL-2. The specialized physical requirements for BSL-3 facilities
limit them to major clinical centers and research settings. Because
BSL-4 facilities must ensure total isolation and physical contain-
ment of pathogens, only about fifty BSL-4 laboratories are opera-
tional worldwide. Most BSL-4 laboratories are associated with
government facilities, such as the Centers for Disease Control
and Prevention (CDC; Atlanta, Georgia, USA) and the U.S. Army
Medical Research Institute of Infectious Diseases (USAMRIID;
Fort Detrick, Maryland, USA).

MINIQUIZ

¢ The use of personal protective equipment (PPE) is required for
clinical laboratory technicians. What protective apparel does PPE
include?

e |dentify and discuss the standard safety procedures adopted by
microbiology laboratories. Under what biosafety level do most
clinical laboratories operate? Where are most BSL-4 laboratories
located?

)

28.2 Healthcare-Associated Infections

The universal safety measures described in the previous section
are implemented to contain infectious agents and prevent their
transmission. But despite such precautions, the accidental trans-
fer of pathogens to individuals in healthcare facilities is rather
common (see page 866 for more on this).

Mechanisms of Transfer of Healthcare-Associated
Infections

A healthcare-associated infection (HAI), also called a
nosocomial infection (from the Latin nosocomium, meaning
“hospital”), is an infection acquired by a patient during a stay at a
healthcare facility (clinic, hospital, rehabilitation facility, etc.).
HAISs cause significant morbidity (incidence of disease in a popula-
tion) and mortality (incidence of death in a population). An esti-
mated 10% of patients admitted to healthcare facilities in the
United States acquire HAIs, and up to 2 million HAIs occur annu-
ally, leading directly or indirectly to about 75,000 deaths. Some of
the common risk factors for acquiring infectious diseases in health-
care settings are summarized in Table 28.2.

Some HAIs are acquired from patients with communicable dis-
eases, but others are caused by pathogens that are selected and
maintained within the hospital environment, spread by cross-
infection from patient to patient or from healthcare personnel.
Healthcare-associated pathogens are often present as normal
microbiota in either patients or healthcare staff. Therefore, health-
care facilities are high-risk environments for the spread of infec-
tions because these facilities concentrate individuals who have
infectious disease or are at risk for acquiring infectious disease
because of underlying health conditions. Such conditions often
lead to a compromised immune system and increased susceptibil-
ity to pathogens. The frequency of HAIs at different sites of the
body is shown in Figure 28.3.

Common Causative Agents of HAls

Most HAIs are caused by a relatively short list of pathogens
(Table 28.3), but many other infectious agents can cause HAIs.
Staphylococcus aureus is one of the most important and wide-
spread HAI pathogens (@2 Section 30.9). It is the most common

TABLE 28.2 Risk factors for hospital-acquired
infections (HAISs)

Patients Patients are already ill or immunocompromised

Newborn infants and
the elderly

Not fully immune competent

Infectious disease
patients

Pathogen reservoirs

Patient proximity Increases cross-infection

Healthcare personnel Can transfer pathogens between and among
patients; healthcare personnel may be

asymptomatic disease carriers

Medical procedures
(blood draws, etc.)

Breaching the skin barrier can introduce
pathogens

Exposes internal organs, may introduce
pathogens, and causes stress, which lowers
resistance to infection

Surgery

Anti-inflammatory drug ~ Lower resistance to infection

treatment

Antibiotic treatment May select for resistant and opportunistic

pathogens
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MINIQUIZ
e Why are patients in healthcare facilities especially susceptible to
pathogens?

Blood-
stream
infections
10%

Other
16.4%

Gastrointestinal
infections
17.1%

Surgical

site infections
0,
LBz Urinary tract
infections
12.9%

Respiratory
tract
infections
21.8%

Figure 28.3 Frequency of healthcare-associated infections (HAls) in different
sites of the body. Up to 2 million HAIs occur annually in the United States. Data are
from the Centers for Disease Control and Prevention.

cause of pneumonia, the third most common cause of blood
infections, and is particularly problematic in nurseries. Many
hospital strains of S. aureus are unusually virulent and are resis-
tant to common antibiotics, making treatment especially diffi-
cult (see Explore the Microbial World: MRSA—A Formidable
Clinical Challenge). The staphylococci are the most common
cause of bloodborne HAIs and are also prevalent in pus-forming
wound infections.

Staphylococcus and Enterococcus, as well as Escherichia coli,
Klebsiella pneumoniae, and various other Enterobacteriaceae, all
have the potential to cause HAIs, but they are also members of
the normal microbiota of most individuals, making it essentially
impossible to eliminate these potential pathogens from health-
care settings. In addition, these organisms can acquire multi-
drug resistance by horizontal gene flow (Chapter 11). Pathogens
that are not part of the normal microbiota, such as species of
Acinetobacter and Mycobacterium, can be eliminated from the
healthcare environment. These pathogens are carried into the
healthcare facilities by infected individuals or, in the case of
some mycobacteria, as environmental contaminants that enter
in dust and air.

Prevention of HAIs involves cooperation between the health-
care facility infection-control team and the rest of the facility staff,
including direct healthcare workers and supporting staff, such as
housekeeping. Infection control starts with management of
incoming patients at the point of entry to the healthcare facility;
incoming patients should be assessed for possible infections and
isolated as necessary to prevent spread of infections to staff and
other patients. From this point, the healthcare facility staff
employs standard procedures that limit infection, applying the
same general precautions outlined for laboratory technicians in
Table 28.1.

¢ How can the spread of HAIs be controlled?

Il - Isolating and Characterizing
Infectious Microorganisms

he growth and observation of pathogens from patient speci-

mens are important strategies for identification of the caus-
ative agent of an infectious disease. Identification leads to
antimicrobial drug susceptibility testing and development of a
specific treatment plan. We begin by looking at methods for col-
lecting, culturing, and identifying pathogens, followed by meth-
ods used to determine drug susceptibility.

28.3 Workflow in the Clinical Laboratory

Collecting specimens from infectious patients and subsequently
culturing pathogens using a variety of growth media is a necessary
and routine practice in clinical medicine. Combined with micro-
scopic observation, these methods allow for direct detection and
identification of causative agents of disease.

Collecting Specimens and Detecting
and Culturing Pathogens

Proper clinical diagnosis of infectious diseases requires that patho-
gens be identified from tissue or fluid samples using a variety of
microbiological, immunological, and molecular biological tech-
niques (Figure 28.4). Patient specimens must be collected asepti-
cally from the site of the infection, and the sample size must be
large enough to ensure an inoculum sufficient for growth. In addi-
tion, the requirements for organism survival, such as oxic versus
anoxic conditions, must be maintained at all times, and the sam-
ple should be processed quickly to avoid degradation. Sterile swabs
are often used to obtain samples from infected areas, including
wounds, nares, or throat (Figure 28.5), and the swab is then used to
inoculate a suitable growth medium.

Many pathogens can be detected by direct means using one or
more of several diagnostic tests. For example, the microscopic
observation of gram-negative diplococci, especially inside neutro-
phil inclusions, in a urethral exudate sample is diagnostic for infec-
tion with Neisseria gonorrhoeae (Figure 28.6a), the causative agent of
the sexually transmitted disease gonorrhea (@2 Section 30.13).
However, the reliability of any diagnostic test depends on both the
specificity and the sensitivity of the test. Specificity is the ability of
the test to recognize a single pathogen. High specificity reduces the
likelihood of a false-positive result. Sensitivity defines the small-
est quantity of a pathogen or a pathogen product that can be
detected. High sensitivity minimizes the likelihood of a false-
negative reaction. For the detection of N. gonorrhoeae, the specific-
ity of Gram-stained smears of urogenital exudates is high for both
men and women (=95%), so false-positive tests for gonorrhea
are rare. By contrast, the sensitivity of Gram-stained smears of
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TABLE 28.3 Common healthcare-associated pathogens

2Acinetobacter Wound/surgical site, bloodstream,
pneumonia, urinary tract 5
Acinetobacter
Burkholderia cepacia Pneumonia
B. cepacia
Clostridium difficile Gastrointestinal tract
C. sordellii Pneumonia, endocarditis, arthritis, e
peritonitis, myonecrosis C. difficile
Enterobacteriaceae, carbapenem-resistant, Urinary tract, pneumonia, wound/surgical
especially Escherichia coli and Klebsiella pneumoniae site, “bloodstream E coli
Klebsiella
aVancomycin-resistant Enterococcus Wound/surgical site, bloodstream, urinary
tract
Enterococcus
Hepatitis Chronic liver infection
Hepatitis B virus
Human immunodeficiency virus (HIV) Immunodeficiency
HIV
Influenza virus Pneumonia
Influenza virus
aMycobacterium tuberculosis Chronic lung infection
M. abscessus Skin and soft tissue infections M. tuberculosis
Norovirus Gastroenteritis
Norovirus
“aStaphylococcus aureus Bloodstream, pneumonia, endocarditis
Methicillin-resistant (MRSA) and vancomycin-intermediate S aureus

and -resistant strains

Antibiotic-resistant organisms that exhibit multiple drug resistance. Because of the promiscuous nature by which multiple drug-resistant plasmids can be transmitted, many of the pathogens listed as well as members of
the normal microbiota could be or become drug resistant in the highly selective nature of the healthcare environment where antibiotics are used routinely and extensively. In addition to the pathogens listed, other
extremely pathogenic agents (such as Ebola virus) could be localized to an isolation unit of a healthcare facility, thus making that part of the facility especially dangerous for disease transmission.

All inset photographs are colorized scanning or transmission electron micrographs obtained from CDC/PHIL. Additional micrograph credits (numbers run top to bottom): 1-5, 10, and 12, Janice Haney Carr; 6, Peta
Wardell; 7, Erskine Palmer; 8, A. Harrison and P. Feorino; 9, Frederick Murphy; 11, Charles D. Humphrey.
“Many urinary tract hospital-associated infections are caused by the gram-negative enteric bacterium Proteus mirabilis (see page 866).
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antigens using agglutination,
immunofluorescence, enzyme

? Search for antibodies or

immunoassay (EIA), and so on.

3 Immunological Blood
assays
Patient
(infectious Other Samples: blood,
disease assays feces, urine, tissue
suspected) biopsy, mucosal swab

Molecular
biology or

Antigen assays

immunology

Search for microbial or virus antigens

using fluorescent antibody, EIA, and so on.

Detect antibody against
sample e ——

suspected pathogen

Growth-dependent
microbiology

Enrichment ‘ Isolation ===y Identification

Use of selective Pure Use of growth-
or differential culture dependent,
media biochemical,

immunological,
or molecular
assays

Molecular assays

Search for pathogen genes
by gene amplification.

Figure 28.4 Laboratory identification of microbial pathogens. The flowchart shows alternative paths for

identifying pathogens or pathogen exposure in the clinical laboratory.

urogenital exudates for the detection of N. gonorrhoeae is about
80% greater for men than for women. Thus, in suspected cases of
gonorrhea in females, false-negative Gram stains are relatively
common. Females must therefore be examined by more sensitive
methods, including culture techniques (Figure 28.6b), to establish
or confirm a diagnosis of gonorrhea.

Specific pathogens can be selectively grown, isolated, and iden-
tified from patient specimens using specialized growth media
and incubation conditions to establish an enrichment culture
(@2 Sections 19.1 and 19.2). For primary enrichment, clinical sam-
ples are inoculated on general-purpose media, such as blood agar
(Figure 28.7a) and chocolate agar (so called because it contains heat-
lysed blood, making it brown in color; Figure 28.7b), which sup-
port the growth of a variety of microorganisms. To aid in the
isolation and identification of specific pathogens, medical
technologists use various selective and differential growth media.
Selective media are specialized culture media that contain
inhibitory agents for the purpose of allowing some organisms to
grow but not others. Differential media allow identification of
organisms based on the appearance of the culture after growth.
For example, eosin-methylene blue (EMB) agar is a selective

@ (b) (©

Figure 28.5 Specimens from the upper respiratory tract. (a) Throat swab.
(b) Nasopharyngeal swab passed through the nose. () Swabbing the inside of the nose.

medium because the methylene blue it contains inhibits the
growth of gram-positive bacteria. EMB agar is also a differential
medium because it distinguishes gram-negative bacteria that can
ferment lactose from those that cannot. Lactose fermenters, such
as Escherichia. coli, acidify the medium and produce dark colonies
that may have a reflective metallic green sheen; non-lactose
“fermenters, such as Pseudomonas aeruginosa, produce opaque or
translucent colonies (Figure 28.7¢).

Blood and Cerebrospinal Fluid Specimens

Pathogens in liquid tissue samples, such as blood and cerebrospi-
nal fluid (CSF), are routinely detected using automated culture

Cells and colonies
of N. gonorrhoeae
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Figure 28.6 Identification of Neisseria gonorrhoeae, the cause of gonorrhea.
(a) Cells of gram-negative N. gonorrhoeae within human polymorphonuclear leukocytes
(neutrophils) from a urethral exudate. (b) Colonies of . gonorrhoeae growing on a filter
placed on Thayer—Martin agar. Oxidase reagent, which turns colonies dark purple if they
contain cytochrome ¢, has been added to the filter. The dark color of the colonies shows
that N. gonorrhoeae is oxidase-positive.




MRSA—A FORMIDABLE CLINICAL CHALLENGE

human pathogen that colonizes an esti-

mated one-third of the population. In
such individuals, this gram-positive bacterium
usually exists as an innocuous member of the
normal microbiota of the skin and mucous
membranes, especially in the nasal epithelium.
Although most complications from staphylo-
cocci occur in the form of local skin infections,
S. aureus may in some cases invade other tis-
sues of the body, including the bloodstream,
where a host of virulence factors it produces
may transform this bacterium from a harmless
commensal to a serious pathogen capable of
causing life-threatening disease.

Virulence factors of S. aureus include
coagulase and clumping factor, two proteins

S taphylococcus aureus is an opportunistic
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that precipitate blood plasma components and
promote the formation of a protective matrix

Figure 1 Methicillin-resistant Staphylococcus aureus (MRSA). Colonies of MRSA on this chromogenic agar
medium (left) appear pink, whereas colonies of other bacteria appear blue. The colorized scanning electron micrograph on

around the bacterial cells that inhibits the activ-
ity of phagocytes at sites of infection. In addi-
tion, protein A is a surface protein on S. aureus
that obstructs opsonization by antibodies
and complement (2o Section 26.9), effectively
camouflaging the pathogen and further
impeding phagocytosis. S. aureus also pro-
duces several potent exotoxins, including
a-hemolysin (lyses blood cells), enterotoxin B
(causes food poisoning), and toxic shock
syndrome toxin-1 (causes life-threatening
toxic shock).

Many S. aureus infections are effectively
treated using B-lactam antibiotics, such as
various penicillins, but the number of strains
resistant to these drugs is increasing as global
use of antibiotics remains extremely high (see
Figure 28.28a). Infections caused by multi-
drug-resistant strains of S. aureus are often
treated with methicillin, a powerful semisyn-
thetic B-lactam drug that is among the last

the right shows cells of MRSA (yellow) embedded in a matrix of cellular debris (orange).

treatment options available in these cases.
However, an alarming percentage of S. aureus
strains have also developed resistance to
methicillin in recent years. These methicillin-
resistant S. aureus (MRSA) strains have been
especially prevalent as healthcare-associated
infections.

Clinical diagnosis of MRSA infections
depends upon either culture-based tech-
niques, which often include the use of chro-
mogenic agar media (Figure 1) or nucleic
acid-based tests (Section 28.8). Confirmation
of infection must be followed by antibiotic
susceptibility testing (Section 28.4) to deter-
mine the best treatment strategy. Typically,
treatments are case-specific and require a
non-B-lactam antibiotic such as vancomycin,
tetracycline, or sulfa drugs (Section 28.10),
often administered intravenously.’

The global incidence of MRSA infection
remains high; almost 80,000 cases are docu-
mented every year in the United States alone,
and several regions of the world have reported
increases in MRSA prevalence in recent years,
especially in India.? Interestingly, the preva-
lence of healthcare-associated MRSA infec-
tions has steadily declined in recent years while
that of community-associated MRSA infec-
tions has increased. The United States Centers
for Disease Control and Prevention estimates
that MRSA carriers comprise 2% of the popu-
lation. Considering its prevalence and exten-
sive multidrug resistance, MRSA may continue
to prove a difficult pathogen to control.

' American Academy of Microbiology. 2015. FAQ: The threat of
MRSA. AAM: Washington, D.C.

2Center for Disease Dynamics, Economics, and Policy. 2015. State
of the world's antibiotics, 2015. CDDEP: Washington, D.C.

systems. For a suspected case of meningitis, a CSF specimen is
obtained by a procedure called a lumbar puncture (spinal tap) in
which 3-5 ml of fluid is collected drop-by-drop from a needle
inserted between lumbar vertebrae. CSF is sterile and clear in a
healthy individual, and therefore fluid turbidity and high leuko-
cyte counts are indicators of infection. Similar to other liquid
specimens (blood, urine, sputum, wound exudates, etc.), CSF is
routinely examined by Gram staining and used to inoculate selec-
tive culture media.

The standard procedure for obtaining a blood sample is to asep-
tically draw 10-20 ml of blood from a vein and inject it into two

culture bottles containing general-purpose growth media and an
anticoagulant. One bottle is incubated aerobically, while the other
is incubated anaerobically (Figure 28.8); both are kept at 35°C for
several days. Automated culture systems (Figure 28.8b) detect
growth by measuring turbidity or fluorescence and by periodically
monitoring the consumption of O, or the production of CO,.
Most clinically significant bacteria are recovered within 2 days,
but growth of some pathogens, including mycobacteria and cer-
tain fungi, may take 3 to 5 days or longer. Cultures that exhibit
growth are Gram stained and then inoculated onto specialized
media for isolation and identification.
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CDC/PHIL, Dr. Todd Parker
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John Martinko and Cheryl Broadie

Figure 28.7 Enriched media. (a) Burkholderia growing on sheep blood agar (SBA);
the red color is from blood suspended in the trypticase soy agar medium. (b) Francisella
tularensis growing on chocolate agar; the brown color is due to heat-lysed blood in

the trypticase soy agar medium. (¢) Escherichia coli, a lactose fermenter (left), and
Pseudomonas aeruginosa, a non—lactose fermenter (right) growing on eosin—methylene
blue (EMB) agar. The reflective, greenish-yellow sheen of the colonies on the left
identifies £. coli as a lactose fermenter.

The most common pathogens found in blood include species of
Staphylococcus and Enterococcus, but many other bacteria may
cause blood infections. Computer databases are used to unambig-
uously identify clinical isolates by matching their metabolic reac-
tions in various differential media to the biochemical patterns of
known pathogens. The biochemical tests incorporated into dif-
ferential media evaluate the presence or absence of enzymes that
catabolize a specific substrate or substrates. Although hundreds of
different biochemical tests are known, just a few key tests may be
sufficient to identify some pathogens.

Urinary Tract and Fecal Cultures

Urinary tract infections (UTIs) are common, especially in women.
In most cases, microorganisms infect the urinary tract by ascend-
ing into the bladder from the urethra. UTIs, often introduced
through the use of urinary catheters, are among the most com-
mon healthcare-associated infections. Direct microscopic exami-
nation of urine from a UTI patient usually shows the presence of
abnormal numbers of bacteria in the urine. A Gram stain may be
done directly on urine samples to identify the morphology of uri-
nary tract pathogens, such as gram-negative rods (various enteric

Matthew Sattley

@ (b)

Figure 28.8 Growth-dependent diagnostic testing for blood infections.
(a) Cultures to assay both aerobic (left vial) and anaerobic (right vial) bacterial growth
are inoculated with an aseptically drawn patient blood sample. (b) After inoculation,
both vials in part a are incubated in an automated system that measures growth, for
example, by turbidity, production of CO,, or fluorescence. Photos taken courtesy of
Marion General Hospital, Marion, Indiana, USA.

bacteria), gram-negative cocci (species of Neisseria), and gram-
positive cocci (especially species of Enterococcus).

A significant UTI typically results in bacterial counts of 10° or
more cells per milliliter of urine. The most common causative
agents of UTIs are enteric bacteria, with E. coli accounting for
about 90% of cases. Blood agar is often used for primary enrich-
ment and isolation of urinary tract pathogens. Selective and dif-
ferential enteric media, such as EMB or MacConkey agar, permit
differentiation of gram-negative lactose fermenters from non-
lactose fermenters (Figure 28.7¢) and inhibit the growth of possible
gram-positive contaminants, such as commensal staphylococci.
Additional differential and/or selective media may be used to
identify urinary tract (or other) pathogens via traditional cultur-
ing techniques (Figure 28.9a, b) or rapid and convenient media kits
(Figure 28.9c¢).

Proper collection of fecal samples is important for the isolation
of intestinal pathogens. Fecal specimens become more acidic dur-
ing storage, so delay between sampling and processing must be
minimized, especially for the isolation of acid-sensitive patho-
gens, such as Shigella and Salmonella. The fecal sample is placed in
a sterile, sealed container for transport to the laboratory. Feces
containing blood or pus, as well as feces from patients with sus-
pected foodborne or waterborne infections, are inoculated into
suitable media for isolation of potential pathogens. For example,
many laboratories use selective and differential media to identify
E. coli O157:H7 and Campylobacter species, important intestinal
pathogens typically acquired from contaminated food or water
(@2 Sections 32.11 and 32.12). Intestinal eukaryotic pathogens,
such as Giardia intestinalis (@2 Section 33.4), are identified by
direct microscopic observation of parasite cysts in diluted feces or
through antigen-detection assays (see Figure 28.18¢) rather than
by culturing.
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Figure 28.9 Growth-dependent diagnostic tests for clinical isolates.

(a) Differential media to assess sugar fermentation. Acid production is indicated by a color
change (from red to yellow) of the pH-indicating dye in the medium. The appearance of

a bubble in the small, inverted inner tube indicates gas production from fermentation.

(b) Diagnostic test for enteric bacteria using triple-sugar iron (TSI) agar. The medium contains
glucose, lactose, and sucrose. Organisms able to ferment only glucose cause acid formation
only in the bottom of the tube, whereas lactose- or sucrose-fermenting organisms cause acid
formation throughout the slant. The breaking up of the agar in the bottom of the tube
indicates gas formation. Blackening of the agar is due to the reaction of hydrogen sulfide
(from either protein degradation or thiosulfate reduction) with ferrous iron in the medium.
From left to right: Fermentation of glucose only (typical of Shigella); growth but no fermentation
(typical of Pseudomonas); hydrogen sulfide formation (typical of Salmonella); fermentation of
sugars with gas production (typical of Escherichia coli). (c) Miniaturized media kits allow rapid
identification of clinical isolates by running many biochemical tests on specimen samples at the
same time. Four separate strips, each with a different isolate, are shown.

Wounds and Abscesses

Infections associated with injuries such as animal bites, burns, or
cuts are sampled to recover the relevant pathogen. The results must
be interpreted carefully to differentiate between infection and con-
tamination. Wound infections and abscesses often harbor a variety
of normal microbiota, and swab samples from such lesions are fre-
quently misleading. For abscesses and other purulent lesions, pus
is aspirated with a sterile syringe and needle following disinfection
of the skin surface. Internal purulent lesions are sampled by biopsy
or from tissues removed in surgery. Gram stains are prepared
directly from these specimens and examined microscopically.
Pathogens commonly associated with wound infections are
Staphylococcus aureus, enteric bacteria, Pseudomonas aeruginosa,
and anaerobes, such as species of Bacteroides and Clostridium.
Because of the varied oxygen requirements of these bacteria, sam-
ples must be obtained, transported, and cultured under anoxic as
well as oxic conditions. The major isolation media are blood agar,
selective media for enteric bacteria, and enrichment media con-
taining additional supplements and reducing agents for obligate
anaerobes. Widely used tools for the detection of methicillin-
resistant Staphylococcus aureus (MRSA) in skin infections are
chromogenic agar media. These selective and differential media
contain a chromogenic substrate that, when metabolized, causes
MRSA to produce distinctly colored colonies (see Explore the
Microbial World: MRSA—A Formidable Clinical Challenge).

Genital Specimens and Culture for Gonorrhea

Sexually transmitted infections (STIs) that cause a purulent ure-
thral discharge, especially in males, are classified as either non-
gonococcal or gonococcal urethritis. Nongonococcal urethritis
is usually caused by Chlamydia trachomatis (@2 Section 30.14),
Ureaplasma urealyticum, or Trichomonas vaginalis (@2 Section
33.4). Gonococcal urethritis is caused by Neisseria gonorrhoeae
(@2 Section 30.13).

Cells of N. gonorrhoeae are gram-negative diplococci, a morphology
not normally found in microbiota of the urogenital tract. Therefore,
a Gram stain of a urethral, vaginal, or cervical smear revealing such
cells, often surviving inside neutrophils (Figure 28.6a), is diagnostic
for gonorrhea. Chocolate agar, a nonselective enriched medium, is
often used for specimens suspected to contain N. gonorrhoeae. A selec-
tive medium used for isolation of N. gonorrhoeae is modified Thayer-
Martin (MTM) agar (Figure 28.6b). This medium incorporates the
antibiotics vancomycin, nystatin, trimethoprim, and colistin to sup-
press the growth of normal microbiota. These antibiotics have no
effect on N. gonorrhoeae or Neisseria meningitidis, a cause of bacterial
meningitis (@2 Section 30.5).

Inoculated plates are incubated in a humid atmosphere con-
taining 3-7% CO, for 24-48 hours and then tested for their
oxidase reaction (Figure 28.6b). Oxidase-positive, gram-negative
diplococci growing on MTM or chocolate agar are presumed to be
gonococci if the inoculum was derived from the urogenital tract.
Definitive identification of N. gonorrhoeae requires determination
of carbohydrate utilization patterns and immunological or nucleic
acid probe tests. Laboratory testing of urogenital samples for
N. gonorrhoeae (and the often-associated C. trachomatis) is often
done using DNA amplification via polymerase chain reaction
(PCR) or other molecular methods.
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Culture of Anaerobic Pathogens

The identification of obligately anaerobic bacteria from patient
specimens requires special isolation and culture methods
(@2 Section 5.14). In general, media for anaerobes do not differ
greatly from those used for aerobes, except that they (1) are usu-
ally richer in organic constituents, (2) contain reducing agents
(usually cysteine or thioglycolate) to remove O,, and (3) contain
aredox indicator to show that conditions are anoxic. Collection,
handling, and processing of specimens must exclude exposure to
air because oxygen is toxic to obligate anaerobes. Samples
collected by syringe aspiration or biopsy must be immediately
transferred to a sealed tube containing O,-free gas, usually with a
dilute salt solution containing a reducing agent and a redox indi-
cator to monitor O, contamination. Specimens are then used to
inoculate anoxic media in an automated culture system or in an
anoxic “glove box” filled with O,-free gases, usually a mixture of
NZ and Hz.

Several habitats in the body, including portions of the oral cav-
ity and the lower intestinal tract, are anoxic and support the
growth of anaerobic normal microbiota. Other parts of the body
may also become anoxic if injury or disease reduces the blood sup-
ply to certain tissues, a condition called ischemia. These anoxic
sites can then be colonized by obligate anaerobes. Although poten-
tially pathogenic anaerobic bacteria are part of the normal micro-
biota, their numbers are kept in check through competition with
other members of the microbial community. Under certain condi-
tions, however, normally benign anaerobes may become opportu-
nistic pathogens. A key example is Clostridium difficile (Table 28.3);
this usually harmless member of the normal microbiota of
the lower intestinal tract commonly emerges as a healthcare-
associated pathogen when extended antibiotic therapy destroys
competing microbes (2o Section 24.10).

MINIQUIZ

¢ What are the key points necessary for proper collection of
clinical specimens, and why is it important that diagnostic tests
for these specimens are both highly specific and sensitive?

e |dentify culture methods and conditions used for blood, wound,
urine, fecal, and genital specimens. Of what importance are
selective and differential growth media in pathogen detection,
and what special conditions must be maintained for the
isolation of anaerobic pathogens?

J

28.4 Choosing the Right Treatment

Pathogens isolated from clinical specimens are identified to con-
firm medical diagnoses and to guide antimicrobial therapy.
Appropriate and effective treatment for many pathogens is based
on current experience and practices. For some pathogens, how-
ever, decisions about appropriate antimicrobial therapy must be
made on a case-by-case basis. Such pathogens include those for
which antimicrobial drug resistance is common (for example,
gram-negative enteric bacteria), those that cause life-threatening
disease (for example, meningitis caused by Neisseria meningitidis),
and those that require bactericidal rather than bacteriostatic
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drugs (2o Section 5.17) to prevent disease progression and tissue
damage. Bactericidal agents are indicated, for example, for bacte-
rial endocarditis (infection of the inner tissues of the heart, such
as the heart valves), where total and rapid killing of the pathogen
is critical for patient survival.

Minimum Inhibitory Concentration

Antimicrobial susceptibility is measured by determining the
smallestamount of agent needed to completely inhibit the growth
of the tested organism in vitro (in laboratory culture), a value
called the minimum inhibitory concentration (MIC). The
traditional way to determine the MIC for a given agent against a
given organism is to prepare a series of culture tubes inoculated
with the same number of microorganisms. Each tube contains the
growth medium with an increasing concentration of the antimi-
crobial agent. After incubation, the tubes are checked for visible
growth (turbidity), and the MIC is the lowest concentration of the
agent that completely inhibits the growth of the test organism
(22 Section 5.17 and Figures 5.37 and 5.38).

In modern practice, the MIC of a given antimicrobial agent is
typically determined using microliter amounts of media and
reagents. For example, a miniaturized version of the MIC test uses
a microtiter method with twofold dilutions of several antibiotics
in medium inoculated with a standard amount of the test organ-
ism (Figure 28.10a). In clinical microbiology laboratories, tests for
routine MIC determinations are usually automated using instru-
ments that also allow for species identification of pure cultures
obtained from patient specimens (Figure 28.105, ¢).

Measuring Antimicrobial Susceptibility

The standard assay for antimicrobial activity is the disc diffusion
test (Figure 28.10d-g). A Petri plate containing an agar medium is
inoculated by evenly spreading a suspension of a pure culture of
the suspected pathogen on the agar surface. Known amounts of
different antimicrobial agents infused into filter-paper discs are
then placed on the surface of the agar. The agents then diffuse
from the discs into the agar during incubation, establishing a gra-
dient; the farther the chemicals diffuse away from each disc, the
lower is the concentration of the agent. At some distance from
each disc, the effective MIC is reached. Beyond this point the
microorganism is able to grow, but closer to the disk, growth is
absent. A zone of inhibition forms with a diameter proportional to
the concentration, solubility, diffusion coefficient, and overall
effectiveness of the antimicrobial agent in the disc.

In addition to the disc diffusion test, Figure 28.10g depicts
antibiotic susceptibility using the epsilometer test (Etest). This
assay uses a plastic strip infused with a predefined concentration
gradient of an antimicrobial agent. When applied to the surface
of an inoculated agar plate, the gradient transfers from the strip
to the agar and remains stable throughout the incubation period,
during which an elliptical zone of inhibition centered along the
axis of the strip develops. The concentration of the antimicro-
bial agent (in pg/ml) is read at the point where the ellipse edge
intersects the precalibrated test strip, providing a precise MIC
(Figure 28.10g).

Assuming culture conditions are standardized, different antimi-
crobial agents can be compared to determine which is most effective
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Figure 28.10 Antibiotic susceptibility testing.
(a) Antibiotic susceptibility of a pathogen as determined
by the broth dilution method in a microtiter plate. The
organism is Pseudomonas aeruginosa. Each row has a
different antibiotic in a series of concentrations. The
highest concentration of antibiotic is in the well at the
left; serial twofold dilutions are made in the wells to
the right. In rows 1 and 2, the third well has the lowest
concentration of antibiotic that shows no visible
growth. In row 3, the antibiotic is ineffective at the
concentrations tested because there is growth in all

wells. (b, ¢) An automated system for identifying clinical
isolates and determining their antibiotic susceptibility.
Card wells (panel ¢) are inoculated using the attached
capillary tube. Following internal incubation, computer-
scanned results are available in less than 24 hours.
Photos taken courtesy of Marion General Hospital,
Marion, Indiana (USA). (d) For the disc diffusion test,
colonies from a pure culture of the pathogen are trans-
ferred to a liquid medium and mixed. (e, f) A sterile swab
is dipped into the bacterial suspension and streaked
evenly over the entire surface of a suitable agar medium.

(g) Discs containing known amounts of different antibi-
otics are placed on the inoculated agar surface. After
incubation, zones of inhibition are measured, and antibi-
otic susceptibility is determined using a standardized
chart of zone sizes. For the epsilometer test (Etest, AB
BIODISK, Solna, Sweden), a plastic strip containing an
antibiotic gradient (in pg/ml) indicates the MIC at the
point where the elliptical zone of inhibition meets the
strip. In this example, the MIC for azithromycin (AZ) is
1.0 pg/ml.

against the isolated pathogen. The Clinical and Laboratory
Standards Institute (www.clsi.org) is responsible for developing,
establishing, and constantly updating consensus standards for
antimicrobial testing. Hospital infection-control microbiologists
produce and examine susceptibility data to generate periodic
reports called antibiograms. These reports define the susceptibility
of clinically isolated organisms to the antibiotics in current use.
Antibiograms are used to monitor control of known pathogens, to
track the emergence of new pathogens, and to identify the emer-
gence of antibiotic resistance at the local level.

MINIQUIZ

e Describe the disc diffusion test and the Etest for antimicrobial
susceptibility. For an individual organism and an antimicrobial
agent, what do the results signify?

e What is the value of antimicrobial drug susceptibility testing for
the microbiologist, the physician, and the patient?

lll - Immunological and Molecular
Tools for Disease Diagnosis

ulture methods for some pathogens, including many viruses

and some pathogenic bacteria, are not routinely available, are
unreliable, or are prohibitively difficult or expensive to perform.
In such cases, growth-independent diagnostic methods are used
in clinical, reference, and research laboratories to detect specific
pathogens or their products. These include a variety of immuno-
logical and molecular assays that can yield a relatively quick and
reliable means of identifying individual pathogens or host expo-
sure to pathogens in the absence of cultured organisms.

28.5 Immunoassays and Disease

Many immunoassays use antibodies specific for pathogens or
their products for in vitro tests designed to detect specific infec-
tious agents. Patient immune responses, discussed in Chapters 26
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CHAPTER 28

and 27, can also be monitored to obtain evidence of pathogen
exposure and infection.

Serology and Antibody Titers

The study of antigen-antibody reactions in vitro is called serology.
Serological assays detect pathogen-induced antibodies in patient
serum and are the basis for a number of diagnostic tests. The specific-
ity of the antibody-antigen reactions associated with serological tests
allows one to pinpoint an exposure to a single pathogen, assuming
the antigen used to detect antibodies is unique to the pathogen in
question. Moreover, serological tests vary considerably in their
sensitivity, that is, in the amount of antibody necessary to detect
antigen. For example, passive agglutination reactions (see Section
28.6) are fast and easy to perform but require antibody concentra-
tions of up to 6 nanograms (ng, 10~°g) per ml. By contrast, the very
sensitive but more technically demanding enzyme immunoassay
(EIA) tests require as little as 0.1 ng of antibody per ml and can
detect as little as 0.1 ng of antigen (Section 28.7).

If an individual is infected with a suspected pathogen, the
immune response—antibodies to that pathogen—should become
elevated. Strong evidence for infection can therefore be obtained
by determining the antibody titer directed against antigens pro-
duced by the suspected pathogen. The titer is a quantitative
measure of antibody level and is defined as the highest dilution
(lowest concentration) of serum at which an antigen-antibody
reaction is observed (Figure 28.11).

A positive antibody titer indicates previous infection or expo-
sure to a pathogen. For pathogens rarely found in a population,
such as the life-threatening hantaviruses (@2 Section 31.2), a sin-
gle positive test for a pathogen-specific antibody may indicate
active infection. In most cases, however, the mere presence of anti-
body does not indicate active infection. Antibody titers typically
remain detectable for long periods after a previous infection has
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Figure 28.11 Pattern of infection and immunity in untreated typhoid fever
patients. Body temperature indicates acute disease progression over time. Antibody
titer is shown as the reciprocal of the highest serial dilution causing agglutination of
Salmonella enterica (typhi) (@2 Section 32.5). The presence of bacteria in blood, feces,
and urine was determined from cultures (—, no bacteria; +, low numbers of bacteria; +,
high numbers of bacteria). Bacteria clear from the blood as the antibody titer rises,
whereas clearance from feces and urine requires more time. Body temperature drops to
normal as the antibody titer rises.
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been resolved. To link an acute illness to a particular pathogen, it is
essential to show a rise in antibody titer in serum samples taken
from a patient during the acute disease and later during the conva-
lescent phase of the disease. Frequently, the antibody titer is low
during the acute stage of the infection and rises during convales-
cence (Figure 28.11). A rise in antibody titer is strong circumstan-
tial evidence that the illness is due to the suspected pathogen.

Skin Tests

A number of pathogens induce a delayed-type hypersensitivity
(DTH) response mediated by Th1 cells (@2 Section 27.9). For these
pathogens, skin testing may be useful to determine exposure. As
an example, a commonly used skin test is the tuberculin test, which
consists of an intradermal injection of a soluble extract from cells
of Mycobacterium tuberculosis. A positive inflammatory reaction at
the site of injection within 48 hours indicates current infection or
previous exposure to (or vaccination against) M. tuberculosis. This
test identifies responses caused by pathogen-specific inflamma-
tory Th1 cells (@o Figure 27.27). Skin tests are routinely used to aid
in diagnosis of tuberculosis, Hansen’s disease (leprosy), and some
fungal diseases because the antibody responses for intracellular
and fungal infections are often weak or undetectable.

If a pathogen is extremely localized, there may be little induc-
tion of a systemic immune response and norise in antibody titer or
skin test reactivity, even if the pathogen is proliferating profusely
at the site of infection. A good example is the infection of urogeni-
tal mucosal surfaces with the bacterium Neisseria gonorrhoeae.
Gonorrhea does not elicit a systemic or protective immune
response, there is no serum antibody titer or skin test reactivity,
and reinfection of individuals is common (@2 Section 30.13).

Monoclonal Antibodies

An expanding area of research with broad application in the diag-
nosis and treatment of disease is the development and use of
monoclonal antibodies (mAbs). In contrast to polyclonal
antibodies, which occur as a mixture of immunoglobulins produced
by many individual B cells and directed at numerous antigenic
determinants on a pathogen, mAbs are derived from a B cell clone
sensitized to a single antigenic determinant. Thus, an in vitro B cell
clone culture produces monospecific mAbs that can be collected for
diagnostic or therapeutic purposes. However, antibody-producing
B cells are relatively short-lived and normally die within several
weeks in cell culture. To produce long-lived B cell clones for com-
mercial mAb production, antibody-producing B cells are fused with
myelomas, tumorigenic B cells that divide and grow indefinitely
(Figure 28.12). The “immortal” cell lines that result from this fusion
are hybrid cells, appropriately called hybridomas. The hybrid cell
lines share the biological properties of both fusion partners; they
grow indefinitely in vitro and produce antibodies.

To produce a particular mAb, a mouse is immunized with the
antigen of interest. Antigen-specific B cells then proliferate over
several weeks and begin to produce antibodies in the mouse.
B cells are then removed from the mouse and mixed with myeloma
cells (Figure 28.12), but only a small number of these fuse into
antibody-producing hybridomas. The hybridomas are isolated
from unfused cells using a selective HAT medium, so called because
it contains the metabolites hypoxanthine (H) and thymidine (T),
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Figure 28.12 Production of monoclonal antibodies (mAbs). The hybridoma
can be indefinitely cultured or passed through animals as a tumor. The hybridoma cells
are stored as frozen tumor cells that can be thawed and grown in tissue culture or in a
suitable animal host.

as well as the cell poison aminopterin (A). The myelomas are
unable to grow in this medium because they lack an enzyme that
allows them to use the H and T metabolites to circumvent the poi-
sonous effect of aminopterin. Unfused B cells can produce the
necessary enzyme, but they die after several days because they
cannot divide in culture. Only the fused hybridomas, which com-
bine the properties of both cell types, are able to both produce the
necessary enzyme and grow indefinitely.

An enzyme immunoassay (Section 28.7) can be used to identify
hybridomas that produce the desired mAb. From a typical fusion,
several distinct clones are isolated, each making a different mAb.
Once the clones of interest are identified, they can be grown
either in the mouse as an antibody-producing tumor or in con-
tinuous cell culture. Antibodies can then be harvested from either
source.

Commercial production of mAbs has replaced polyclonal anti-
bodies for many immunodiagnostic applications because mAbs
are highly specific bioreagents that can be generated with a high
degree of reproducibility. Clinical diagnostic tests that use mAbs
include immunological typing of bacterial pathogens, identifica-
tion of cells containing foreign surface antigens (for example, a
virus-infected cell), and highly specific blood and tissue typing.
Because of their remarkable specificity, mAbs are also used to
detect and treat human cancers. Malignant cells often contain
tumor-specific antigens on their surfaces, and therefore mAbs pre-
pared against these antigens specifically target the cancer cells and
can be used to deliver toxins directly to them. The use of antican-
cer mAbs has great potential as an alternative to nonspecific
chemical and radiation treatments that damage healthy cells as
well as cancer cells.

MINIQUIZ

e Explain the reasons for changes in antibody titer for a single
infectious agent, from the acute phase through the convalescent
phase of the infection.

e Describe the method, time frame, and rationale for the tuberculin
skin test. What component of the immune response does this
test detect?

e What advantages do monoclonal antibodies have compared to
polyclonal antibodies? How are mAbs produced?

/

28.6 Precipitation, Agglutination,
and Immunofluorescence

Many clinically useful immunological reactions, including pre-
cipitation reactions and agglutination reactions, yield a product
visible to the naked eye. Some other reactions are visualized
microscopically when fluorescent dyes attached to specific anti-
gens react with their specific antibody. We consider examples of
these now.

Precipitation

Precipitation results from the interaction of a soluble antibody
with a soluble antigen to form an insoluble complex. Tests can
be done in liquid test tubes (or capillary tubes) or, as shown in
Figure 28.13, in agarose gel. Antigens that have more than one anti-
body-binding epitope can cross-link the bivalent antibodies that
recognize them, causing a precipitate to develop from the aggre-
gated antibody-antigen complexes. Precipitation occurs maximally
when there are optimal proportions of the two reacting substances.
The presence of either excess antigen or excess antibody results in
the formation of soluble immune complexes (Figure 28.13).
Precipit