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Basic Concepts in
Immunology

Immunology is the study of the body's defense against infection. We live sur­
rounded by microorganisms, many of which cause disease. Yet despite this
continual exposure we become ill onlyrarely. How does the body defend itself' ?
When infection does occur, how does the body eliminate the invader and cure
itself? And why do we develop long-lasting immunity to many infectious dis­
eases encountered once and overcome'? These are the questions addressed
by immunology, which we study to understand our body's defenses against
infection at the cellular and molecular levels.

Immunology is a relatively new science. Its origin is usually attributed to
Edward Jenner (Fig. 1.1), who observed in the late 18th century that the
relatively mild disease of cowpox, or vaccinia, seemed to confer protection
against the often fatal disease of smallpox. In 1796, Jenner demonstrated that
inoculation with cowpox could protect against smallpox. He called the pro­
cedure vaccination, and this term is still used to describe the inoculation of
healthy individuals with weakened or attenuated strains of disease-causing
agents to provide protection from disease. Although Jenner's bold experi­
ment was successful, it took almost two centuries for smallpox vaccination to
become universal, an advance that enabled the World Health Organization to
announce in 1979 that smallpox had been eradicated (Fig. 1.2), arguably the
greatest triumph of modern medicine.

When Jenner introduced vaccination he knew nothing of the infectious
agents that cause disease: it was not until late in the 19th century that Robert
Koch proved that infectious diseases are caused by microorganisms, each
one responsible for a particular disease. We now recognize four broad cat­
egories of disease-causing microorganisms, or pathogens: viruses, bacteria,
fungi, and the unicellular and multicellular eukaryotic organisms collectively
termed parasites.

The discoveries of Koch and other great 19th-century microbiologists
extended Jenner's strategy of vaccination to other diseases. In the 1880s, Louis
Pasteur devised a vaccine against cholera in chickens, and developed a rabies
vaccine that proved a spectacular success upon its first trial in a boy bitten
by a rabid dog. These practical triumphs led to a search for the mechanism
of protection and to the development of the science of immunology. In the

Fig. 1.1 Edward Jenner. Portrait by John
Raphael Smith. Reproduced courtesy of
Yale University, Harvey Gushing/John Hay
Whitney Medical Library.
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early 1890s, Emil von Behring and Shibasaburo Kitasato discovered that the
serum of animals immune to diphtheria or tetanus contained a specific 'anti­
toxic activity' that could confer short-lived protection against the effects of
diphtheria or tetanus toxins in people. This activity was due to the proteins
we now call antibodies, which bound specifically to the toxins and neutral­
ized their activity.

The responses we make against infection by potential pathogens are known
as immune responses. A specific immune response, such as the production
of antibodies against a particular pathogen or its products, is known as an
adaptive immune response because it is developed during the lifetime
of an individual as an adaptation to infection with that pathogen. In many
cases, an adaptive immune response also results in the phenomenon known
as immunological memory, which confers lifelong protective immunity
to reinfection with the same pathogen. This is just one of the features that
distinguish an adaptive immune response from the innate immune response,
or innate immunity, which is always immediately available to combat a wide
range of pathogens but does not lead to lasting immunity and is not specific
for any individual pathogen. At the time that von Behring was developing
serum therapy for diphtheria, innate immunity was known chiefly through
the work of the great Russian immunologist Elie Metchnikoff, who discovered
that many microorganisms could be engulfed and digested by phagocytic
cells, which he called 'macrophages.' These cells are always present and
ready to act, and are a front-line component of innate immune responses. In
contrast, an adaptive immune response takes time to develop and is highly
specific; antibodies against the influenza virus, for example, will not protect
against poliovirus.

It quickly became clear that antibodies could be induced against a vast range
of substances. Such substances were called antigens because they could
stimulate antibody generation. Much later, it was discovered that antibody
production is not the only function of adaptive immune responses, and the
term antigen is now used to describe any substance that can be recognized and
responded to by the adaptive immune system. The proteins, glycoproteins,
and polysaccharides of pathogens are the antigens normally responded to
by the immune system, but it can recognize and make a response to a much
wider range of chemical structures — hence its ability to produce allergic
immune responses to metals such as nickel, drugs such as penicillin, and
organic chemicals in the leaves of poison ivy. The innate and adaptive immune
responses together provide a remarkably effective defense system. Many
infections are handled successfully by innate immunity and cause no disease;
in those that cannot be resolved, the activities of the innate immune system
trigger an adaptive immune response. If the disease is overcome, the adaptive
immune response is often followed by lasting immunological memory, which
prevents disease if reinfection occurs.

This book describes the mechanisms of both innate and adaptive imm­
unity and illustrates how they are integrated into an effective overall system
of defense against invasion by pathogens. Although the white blood cells
known as lymphocytes possess the most powerful ability to recognize and
target pathogenic microorganisms, they need the participation of the innate
immune system to initiate and to mount their offensive. Indeed, the adaptive
immune response and innate immunity use many of the same destructive
mechanisms to finally destroy invading microorganisms.

In this chapter we first introduce the principles of innate and adaptive imm­
unity, the cells of the immune system, the tissues in which they develop, and
the tissues through which they circulate. We then outline the specialized
functions of the different types of cells and the mechanisms by which they
eliminate infection.

Fig. 1.2 The eradication of smallpox
by vaccination. After a period of 3 years
in which no cases of smallpox were
recorded, the World Health Organization
was able to announce in 1979 that
smallpox had been eradicated, and
vaccination stopped (upper panel). A few
laboratory stocks have been retained,
however, and some fear that these are
a source from which the virus might
reemerge. Ali Maow Maalin (lower panel)
contracted and survived the last case of
smallpox in Somalia in 1978. Photograph
courtesy of Dr. Jason Weisfeld.
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Principles of innate and adaptive immunity 3

Principles of innate and adaptive immunity.

The body is protected from infectious agents and the damage they cause, and
from other harmful substances such as insect toxins, by a variety of effector
cells and molecules that together make up the immune system. In this part of
the chapter we discuss the main principles underlying immune responses and
introduce the cells and tissues of the immune system on which an immune
response depends.

1-1 The immune system recognizes infection and induces protective
responses.

To protect the individual effectively against disease, the immune system must
fulfill four main tasks. The first is immunological recognition: the presence of
an infection must be detected. This task is carried out both by the white blood
cells of the innate immune system, which provide an immediate response,
and by the lymphocytes of the adaptive immune system. The second task is
to contain the infection and if possible eliminate it completely, which brings
into play immune effector functions such as the complement system of blood
proteins, the antibodies produced by some lymphocytes, and the destructive
capacities of lymphocytes and the other white blood cells. At the same time
the immune response must be kept under control so that it does not itself do
damage to the body. Immune regulation, or the ability of the immune system
to self-regulate, is thus an important feature of immune responses, and failure
of such regulation contributes to conditions such as allergy and autoimmune
disease. The fourth task is to protect the individual against recurring disease
due to the same pathogen. A unique feature of the adaptive immune system
is that it is capable of generating immunological memory, so that having
been exposed once to an infectious agent, a person will make an immediate
and stronger response against any subsequent exposure to it; that is, they will
have protective immunity against it. Finding ways of generating long-lasting
immunity to pathogens that do not naturally provoke it is one of the greatest
challenges facing immunologists today.

When an individual first encounters an infectious agent, the initial defenses
against infection are physical and chemical barriers, such as antimicrobial
proteins secreted at mucosal surfaces, that prevent microbes from entering
the body. If these barriers are overcome or evaded, other components of the
immune system come into play. The complement system can immediately
recognize and destroy foreign organisms, and phagocytic white blood cells,
such as macrophages and neutrophils of the innate immune system, can
ingest and kill microbes by producing toxic chemicals and powerful degra­
dative enzymes. Innate immunity is of ancient origin — some form of innate
defense against disease is found in all animals and plants. The macrophages
of humans and other vertebrates, for example, are presumed to be the direct
evolutionary descendants of the phagocytic cells present in simpler animals,
such as those that Metchnikoff observed in the invertebrate sea stars.

Innate immune responses occur rapidly on exposure to an infectious organ­
ism. In contrast, responses by the adaptive immune system take days rather
than hours to develop (summarized in Fig. 1.34). However, the adaptive
immune system is capable of eliminating infections more efficiently because
of the exquisitely specific recognition functions of lymphocytes. These cells
can recognize and respond to individual antigens by means of highly spe­
cialized antigen receptors on the lymphocyte surface. The billions of lym­
phocytes present in the body collectively possess a vast repertoire of antigen
receptors, which enables the immune system to recognize and respond to
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virtually any antigen a person is likely to be exposed to. In this way, adap­
tive immunity can more effectively focus its resources to overcome patho­
gens that have evaded or overwhelmed innate immunity. Antibodies and
activated lymphocytes produced by an adaptive immune response can also
persist after the original infection has been eliminated. They help to prevent
immediate reinfection and also provide for long-lasting immunity, allowing a
faster and more intense response to a second exposure even when it occurs
many years later.

1-2 The cells of the immune system derive from precursors in the
bone marrow.

Both innate and adaptive immune responses depend upon the activities of
white blood cells or leukocytes. These cells all originate in the bone marrow,
and many of them also develop and mature there. Once mature, they migrate
to guard the peripheral tissues: some of them reside within tissues, while
others circulate in the bloodstream and in a specialized system of vessels
called the lymphatic system, which drains extracellular fluid and free cells
from tissues, transports them through the body as lymph, and eventually
empties back into the blood system.

All the cellular elements of blood, including the red blood cells that transport
oxygen, the platelets that trigger blood clotting in damaged tissues, and the
white blood cells of the immune system, derive from the hematopoietic stem
cells of the bone marrow. Because these stem cells can give rise to all the diff­
erent types of blood cells, they are often known as pluripotent hematopoietic
stem cells. They give rise to cells of more limited developmental potential,
which are the immediate progenitors of red blood cells, platelets, and the two
main categories of white blood cells, the lymphoid and myeloid lineages. The
different types of blood cells and their lineage relationships are summarized
in Fig. 1.3.

1-3 The myeloid lineage comprises most of the cells of the innate
immune system.

The common myeloid progenitor is the precursor of the macrophages, gran­
ulocytes, mast cells, and dendritic cells of the innate immune system, and
also of megakaryocytes and red blood cells, which we will not be concerned
with here. The cells of the myeloid lineage are shown in Fig. 1.4.

Fig. 1.3 All the cellular elements of the blood, including
the cells of the immune system, arise from pluripotent
hematopoietic stem cells in the bone marrow. These
pluripotent cells divide to produce two types of stem cells.
A common lymphoid progenitor gives rise to the lymphoid
lineage (blue background) of white blood cells or leukocytes­
the natural killer (NK) cells and the T and B lymphocytes. A
common myeloid progenitor gives rise to the myeloid lineage
(pink and yellow backgrounds), which comprises the rest of
the leukocytes, the erythrocytes (red blood cells), and the
megakaryocytes that produce platelets important in blood
clotting. T and B lymphocytes are distinguished from the other
leukocytes by the possession of antigen receptors, and from
each other by their sites of differentiation — the thymus and
bone marrow, respectively. After encounter with antigen, B cells
differentiate into antibody-secreting plasma cells, while T cells
differentiate into effector T cells with a variety of functions. Unlike
T and B cells, NK cells lack antigen specificity. The remaining

leukocytes are the monocytes, the dendritic cells, and the
neutrophils, eosinophils, and basophils. The last three of these
circulate in the blood and are termed granulocytes, because
of the cytoplasmic granules whose staining gives these cells a
distinctive appearance in blood smears, or polymorphonuclear
leukocytes, because of their irregularly shaped nuclei. Immature
dendritic cells (yellow background) are phagocytic cells that
enter the tissues; they mature after they have encountered a
potential pathogen. The common lymphoid progenitor also gives
rise to a minor subpopulation of dendritic cells, but for simplicity
this developmental pathway has not been illustrated. However,
as there are more common myeloid progenitor cells than there
are common lymphoid progenitors, the majority of the dendritic
cells in the body develop from common myeloid progenitors.
Monocytes enter tissues, where they differentiate into phagocytic
macrophages. The precursor cell that gives rise to mast cells is
still unknown. Mast cells also enter tissues and complete their
maturation there.
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Principles of innate and adaptive immunity 5

Macrophages are resident in almost all tissues and are the mature form of
monocytes, which circulate in the blood and continually migrate into tis­
sues, where they differentiate. Together, monocytes and macrophages make
up one of the three types of phagocytes in the immune system: the others
are the granulocytes (the collective term for the white blood cells called neut­
rophils, eosinophils, and basophils) and the dendritic cells. Macrophages are
relatively long-lived cells and perform several dif'ferent functions throughout
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the innate immune response and the subsequent adaptive immune response.
One is to engulf and kill invading microorganisms. In this phagocytic role
they are an important first defense in innate immunity and also dispose
of pathogens and infected cells targeted by an adaptive immune response.
Both monocytes and macrophages are phagocytic, but most infections occur
in the tissues, and so it is primarily macrophages that perform this impor­
tant protective function. An additional and crucial role of macrophages is to

Cell Activated
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Activated
function

Cell

Macrophage Eosinophil

Phagocytosis
and activation
of bactedcidal
mechanisms

Antigen
presentation

Killing of
antibody-coated
parasites,O.

Dendritic cell Basophil

Antigen uptake
in pedpheral
sites

Antigen
presentation

Promotion of
allergic responses
and augmentation
of anti-parasitic
immunity

Mast cellNeutrophil

Phagocytosis
and activation
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C
Qi

Fig. 1A Myeloid cells in innate and adaptive immunity. Cells
of the myeloid lineage perform various important functions in
the immune response. In the rest of the book, these cells will
be represented in the schematic form shown on the left. A
photomicrograph of each cell type is shown in the center panels.
Macrophages and neutrophils are primarily phagocytic cells
that engulf pathogens and destroy them in intracellular vesicles,
a function they perform in both innate and adaptive immune
responses. Dendritic cells are phagocytic when they are immature
and can take up pathogens; after maturing, they function as
specialized cells that present pathogen antigens to T lymphocytes
in a form they can recognize, thus activating T lymphocytes and

initiating adaptive immune responses. Macrophages can also
present antigens to T lymphocytes and can activate them. The
other myeloid cells are primarily secretory cells that release the
contents of their prominent granules upon activation via antibody
during an adaptive immune response. Eosinophils are thought
to be involved in attacking large antibody-coated parasites such
as worms; basophils are also thought to be involved in anti­
parasite immunity. Mast cells are tissue cells that trigger a local
inflammatory response to antigen by releasing substances that
act on local blood vessels. Mast cells, eosinophils, and basophils
are also important in allergic responses. Photographs courtesy of
N. Rooney, R. Steinman, and D. Friend.
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Principles of innate and adaptive immunity 7

orchestrate immune responses: they help induce inflammation, which, as we
shall see, is a prerequisite to a successful immune response, and they secrete
signaling proteins that activate other immune-system cells and recruit them
into an immune response. In addition to their specialized role in the immune
system, macrophages act as general scavenger cells in the body, clearing dead
cells and cell debris.

The granulocytes are so called because they have densely staining granules in
their cytoplasm; they are also called polymorphonuclear ieukocytes because
of their oddly shaped nuclei. There are three types of granulocytes — neut­
rophils, eosinophils, and basophils — which are distinguished by the different
staining properties of the granules. In comparison with macrophages they are
all relatively short-lived, surviving for only a few days, and are produced in
increased numbers during immune responses, when they leave the blood to
migrate to sites of infection or inflammation. The phagocytic neutrophils are
the most numerous and most important cells in innate immune responses:
they take up a variety of microorganisms by phagocytosis and efficiently
destroy them in intracellular vesicles using degradative enzymes and other
antimicrobial substances stored in their cytoplasmic granules. Their role is
discussed in more detail in Chapter 3. Hereditary deficiencies in neutrophil
function lead to overwhelming bacterial infection, which is fatal if untreated.

Eosinophils and basophils are less abundant than neutrophils, but like neut­
rophils they have granules containing a variety of enzymes and toxic proteins,
which are released when the cells are activated. Eosinophils and basophils are
thought to be important chiefly in defense against parasites, which are too
large to be ingested by macrophages or neutrophils. They can also contribute
to allergic inflammatory reactions, in which their effects are damaging rather
than protective. We discuss the functions of these cells in Chapter 10 and their
role in allergic inflammation in Chapter 14.

Mast cells, whose blood-borne precursors are not well defined, differenti­
ate in the tissues. Although best known for their role in orchestrating aller­
gic responses, which is discussed in Chapter 14, they are believed to play a
part in protecting the internal surfaces of the body against pathogens, and are
involved in the response to parasitic worms. They have large granules in their
cytoplasm that are released when the mast cell is activated; these help induce
inflammation.

There are several kinds of dendritic cells, which form the third class of
phagocytic cell of the immune system. Most dendritic cells have long finger­
like processes, like the dendrites of nerve cells, which give them their name.
Immature dendritic cells migrate through the bloodstream from the bone
marrow to enter tissues. They take up particulate matter by phagocytosis and
also continually ingest large amounts of the extracellular fluid and its contents
by a process known as macropinocytosis. Like m acrophages and neutrophils,
they degrade the pathogens they take up, but their main role in the immune
system is not the clearance of microorganisms. Instead, the encounter with
a pathogen stimulates dendritic cells to mature into cells that can activate
a particular class of lymphocytes — the T lymphocytes — which are described
in Section 1-4. Mature dendritic cells activate T lymphocytes by displaying
antigens derived from the pathogen on their surface in a way that activates
the antigen receptor of a T lymphocyte. They also provide other signals that
are necessary to activate T lymphocytes that are encountering their specific
antigen for the first time, and for this reason dendritic cells are also called
antigen-presenting cells (APCs). As such, dendritic cells form a crucial link
between the innate immune response and the adaptive immune response
(Fig. 1.5). In certain situations, macrophages can also act as antigen-present­
ing cells, but dendritic cells are the cells that are specialized in initiating adap­
tive immune responses. We describe the types and functions of dendritic cells
in Chapters 6, 9, 11, and 12.
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Fig. 1.5 Dendritic cells form a key link
between the innate immune system
and the adaptive immune system.
Like the other cells of innate immunity,
dendritic cells recognize pathogens
via invariant cell-surface receptors for
pathogen molecules, and are activated
by these stimuli early in an infection.
Dendritic cells in the tissues are
phagocytic and are specialized to ingest
a wide range of pathogens and to display
their antigens at the dendritic cell surface
in a form that can be recognized by T
cells. As described later in the chapter,
activated dendritic cells also produce
molecules that enable T cells to be
activated by antigen.
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1-4 The lymphoid lineage comprises the lymphocytes of the adaptive
immune system and the natural killer cells of innate immunity.
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virus-infected cells
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The common lymphoid progenitor in the bone marrow gives rise to the anti­
gen-specific lymphocytes of the adaptive immune system and also to a type
of lymphocyte that responds to the presence of infection but is not specific
for antigen, and is thus considered to be part of the innate immune system.
This latter is a large cell with a distinctive granular cytoplasm and is called a
natural killer cell (NK cell) (Fig. 1.6). These cells can recognize and kill some
abnormal cells, for example some tumor cells and cells infected with herpes­
viruses, and are thought to be important in holding viral infections in check
before the adaptive immune response kicks in. Their functions in innate
immunity are described in Chapter 3.

We come finally to the key components of adaptive immunity, the antigen­
specific lymphocytes. Unless indicated otherwise, we shall use the term lym­
phocyte from now on to refer to the antigen-specific lymphocytes only. The
immune system must be able to mount an immune response against any of
the wide variety of different pathogens a person is likely to encounter dur­
ing their lifetime. Lymphocytes collectively make this possible through the
highly variable antigen receptors on their surface, by which they recognize
and bind antigens. Each lymphocyte matures bearing a unique variant of a
prototype antigen receptor, so that the population of lymphocytes expresses
a huge repertoire of receptors that are highly diverse in their antigen-binding
sites. Among the billion or so lymphocytes circulating in the body at any one
time there will always be some that can recognize a given foreign antigen.

In the absence of an infection, most lymphocytes circulating in the body
are small, featureless cells with few cytoplasmic organelles and much of the
nuclear chromatin inactive, as shown by its condensed state (Fig. 1.7). This
appearance is typical of inactive cells. It is hardly surprising that until the
1960s, textbooks described these cells, now the central focus of immunol­
ogy, as having no known function. Indeed, these small lymphocytes have no
functional activity until they encounter their specific antigen. Lymphocytes
that have not yet been activated by antigen are known as naive lymphocytes;
those that have met their antigen, become activated, and have differentiated
further into fully functional lymphocytes are known as effector lymphocytes.

There are two types of lymphocytes — B lymphocytes (B cells) and T lym­
phocytes (T cells) — each with quite different roles in the immune system and
distinct types of antigen receptors. After antigen binds to a B-cell antigen
receptor, or B-cell receptor (BCR), on the B-cell surface, the lymphocyte will
proliferate and differentiate into plasma cells. These are the effector form of
B lymphocytes and they produce antibodies, which are a secreted form of the
B-cell receptor and have an identical antigen specificity. Thus the antigen that

Fig. 1.6 Natural killer (NK) cells. These
are large granular lymphoid-like cells with
important functions in innate immunity,
especially against intracellular infections,
being able to kill other cells. Unlike
lymphocytes, they lack antigen-specific
receptors. Photograph courtesy of
B. Smith.
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activates a given B cell becomes the target of the antibodies produced by that
cell's progeny. Antibody molecules as a class are known as immunoglobulins
(Ig), and so the antigen receptor of B lymphocytes is also known as mem­
brane immunoglobulin (mIg) or surface immunoglobulin (sIg).

The T-cell antigen receptor, or T-cell receptor (TCR), is related to immuno­
globulin but is quite distinct in its structure and recognition properties. After
a T cell has been activated by its first encounter with antigen, it proliferates
and differentiates into one of several different functional types of effector
T lymphocytes. Effector T-cell functions fall into three broad classes: killing,
activation, and regulation. Cytotoxic T cells kill cells that are infected with
viruses or other intracellular pathogens. Helper T cells provide essential addi­
tional signals that influence the behavior and activity of other cells. Helper
T cells provide signals to antigen-stimulated B cells that influence their pro­
duction of antibody, and to macrophages that allow them to become more
efficient at killing engulfed pathogens. We return to the functions of cytotoxic
and helper T cells later in this chapter, and their actions are described in
detail in Chapters 9 and 11. Regulatory T cells suppress the activity of other
lymphocytes and help to control immune responses; they are discussed in
Chapters 9, 11, 12, and 15.

During the course of an immune response, some of the B cells and T cells
activated by antigen differentiate into memory cells, the lymphocytes that
are responsible for the long-lasting immunity that can follow exposure to dis­
ease or vaccination. Memory cells will readily differentiate into effector cells
on a second exposure to their specific antigen. Immunological memory is
described in Chapter 11.

1-5 Lymphocytes mature in the bone marrow or the thymus and then
congregate in lymphoid tissues throughout the body.

Fig. 1.7 Lymphocytes are mostly small
and inactive cells. The upper panel
shows a light micrograph of a small
lymphocyte in which the nucleus has been
stained purple by the hematoxylin and
eosin dye, surrounded by red blood cells
(which have no nuclei). Note the darker
purple patches of condensed chromatin
of the lymphocyte nucleus, indicating
little transcriptional activity, the relative
absence of cytoplasm, and the small size.
The lower panel shows a transmission
electron micrograph of a small
lymphocyte. Again, note the evidence
of functional inactivity: the condensed
chromatin, the scanty cytoplasm, and the
absence of rough endoplasmic reticulum.
Photographs courtesy of N. Rooney.

Lymphocytes circulate in the blood and the lymph and are also found in
large numbers in lymphoid tissues or lymphoid organs, which are organized
aggregates of lymphocytes in a framework of nonlymphoid cells. Lymphoid
organs can be divided broadly into the central or primary lymphoid
organs, where lymphocytes are generated, and the peripheral or secondary
lymphoid organs, where mature naive lymphocytes are maintained and
adaptive immune responses are initiated. The central lymphoid organs are the
bone marrow and the thymus, an organ in the upper chest. The peripheral
lymphoid organs comprise the lymph nodes, the spleen, and the mucosal
lymphoid tissues of the gut, the nasal and respiratory tract, the urogenital
tract, and other mucosa. The location of the main lymphoid tissues is shown
schematically in Fig. 1.8, and we describe the individual peripheral lymphoid
organs in more detail later in the chapter. Lymph nodes are interconnected
by a system of lymphatic vessels, which drain extracellular fluid from tissues,
through the lymph nodes, and back into the blood.

Both B and T lymphocytes originate in the bone marrow, but only the B lym­
phocytes mature there. The precursor T lymphocytes migrate to the thymus,
from which they get their name, and mature there. The 'B' in B lymphocytes
originally stood for the bursa of Fabricius, a lymphoid organ in young chicks
in which lymphocytes mature; fortunately, it can stand equally well for bone
marrow derived. Once they have completed maturation, both types of lym­
phocytes enter the bloodstream as mature naive lymphocytes. They circu­
late through the peripheral lymphoid tissues, in which an adaptive immune
response is initiated if a lymphocyte meets its corresponding antigen. Before
this, however, an innate immune response to the infection has usually
occurred, and we now look at how this alerts the rest of the immune system to
the presence of a pathogen.
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Fig. 1.8 The distribution of lymphoid
tissues in the body. Lymphocytes
arise from stem cells in bone marrow
and differentiate in the central lymphoid
organs (yellow) — 6 cells in the bone
marrow and T cells in the thymus.
They migrate from these tissues and
are carried in the bloodstream to the
peripheral lymphoid organs (blue).
These include lymph nodes, spleen,
and lymphoid tissues associated with
mucosa, such as the gut-associated
tonsils, Peyer's patches, and appendix.
The peripheral lymphoid organs are
the sites of lymphocyte activation by
antigen, and lymphocytes recirculate
between the blood and these organs until
they encounter their specific antigen.
Lymphatics drain extracellular fluid
from the peripheral tissues, through the
lymph nodes and into the thoracic duct,
which empties into the left subclavian
vein. This fluid, known as lymph, carries
antigen taken up by dendritic cells and
macrophages to the lymph nodes, as
well as recirculating lymphocytes from
the lymph nodes back into the blood.
Lymphoid tissue is also associated with
other mucosa such as the bronchial
linings (not shown).
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1-6 Most infectious agents activate the innate immune system
and induce an inflammatory response.

The skin and the mucosal epithelia lining the airways and gut are the first
defense against invading pathogens, forming a physical and chemical barrier
against infection. Microorganisms that breach these defenses are met by
cells and molecules that mount an immediate innate immune response.
Macrophages resident in the tissues, for example, can recognize bacteria by
means of receptors that bind common constituents of manybacterial surfaces.
Engagement of these receptors triggers the macrophage both to engulf the
bacterium and degrade it internally, and to secrete proteins called cytokines
and chemokines that convey important signals to other immune cells. Similar
responses occur to viruses, fungi, and parasites. ~okine is a general name
for any protein that is secreted by cells and affects the behavior of nearby
cells bearing appropriate receptors. Chemokines are secreted proteins
that act as chemoattractants (hence the name 'chemokine'), attracting cells
bearing chemokine receptors, such as neutrophils and monocytes, out
of the bloodstream and into infected tissue (Fig. 1.9). The cytokines and
chemokines released by activated macrophages initiate the process known
as inflammation. Inflammation is beneficial to combating infection by
recruiting proteins and cells from the blood into infected tissues that help to
directly destroy the pathogen. In addition, inflammation increases the flow of
lymph carrying microbes and antigen-presenting cells from the infected tissue
to nearby lymphoid tissues, where they activate lymphocytes and initiate the
adaptive immune response. Once adaptive immunity has been triggered,
inflammation also recruits the effector components of the adaptive immune
system — antibody molecules and effector T cells — to the site of infection.
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Fig. 1.9 Infection triggers an
inflammatory response. Macrophages
encountering bacteria or other types of
microorganisms in tissues are triggered
to release cytokines that increase the
permeability of blood vessels, allowing
fluid and proteins to pass into the tissues.
They also produce chemokines, which
direct the migration of neutrophils to the
site of infection. The stickiness of the
endothelial cells of the blood vessel wall
is also changed, so that cells adhere to
the wall and are able to crawl through it;
first neutrophils and then monocytes are
shown entering the tissue from a blood
vessel. The accumulation of fluid and
cells at the site of infection causes the
redness, swelling, heat, and pain known
collectively as inflammation. Neutrophils
and macrophages are the principal
inflammatory cells. Later in an immune
response, activated lymphocytes can also
contribute to inflammation.

Local inflammation and the phagocytosis of invading bacteria can also be
triggered as a result of the activation of a group of plasma proteins known col­
lectively as complement. Activation of the complement system by bacterial
surfaces leads to a cascade of proteolytic reactions that coats microbes, but
not the body's own cells, with complement fragments. Complement-coated
microbes are recognized and bound by specific complement receptors on
macrophages, taken up by phagocytosis, and destroyed.

Inflammation is described clinically by the Latin words calor, dolor, rubor,
and tumor, meaning heat, pain, redness, and swelling. Each of these fea­
tures reflects an effect of cytokines or other inflammatory mediators on the
local blood vessels. Heat, redness, and swelling result from the dilation and
increased permeability of blood vessels during inflammation, leading to
increased local blood flow and leakage of fluid and blood proteins into the
tissues. Cytokines and complement fragments have important effects on the
endothelium that lines blood vessels; the endothelial cells themselves also
produce cytokines in response to infection. The pro-inflammatory cytokines
produce changes in the adhesive properties of the endothelial cells, in turn
causing circulating leukocytes to stick to the endothelial cells and migrate
between them into the site of infection, to which they are attracted by chem­
okines. The migration of cells into the tissue and their local actions account
for the pain.

The main cell types seen in the initial phase of an inflammatory response are
macrophages and neutrophils, the latter being recruited into the inflamed,
infected tissue in large numbers. Macrophages and neutrophils are thus also
known as inflammatory cells. Like macrophages, neutrophils have surface
receptors for common bacterial constituents and for complement, and they
are the principal cells that engulf and destroy the invading microorganisms.
The influx of neutrophils is followed a short time later by the increased entry
of monocytes, which rapidly differentiate into macrophages, thus reinforcing
and sustaining the innate immune response. Later, if the inflammation con­
tinues, eosinophils also migrate into inflamed tissues and contribute to the
destruction of the invading microorganisms.

1-7 Pattern recognition receptors of the innate immune system provide an
initial discrimination between self and nonself.

The defense systems of innate immunity are effective in combating many
pathogens, but rely on a limited number of invariant receptors that recog­
nize microorganisms. The pathogen-recognition receptors of macrophages,
neutrophils, and dendritic cells recognize simple molecules and regular
patterns of molecular structure known as pathogen-associated molecular
patterns (PAMPs) that are present on many microorganisms but not on the
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body's own cells. The receptors that recognize PAMPs are known generally as
pattern recognition receptors (PRRs), and they recognize structures such as
mannose-rich oligosaccharides, peptidoglycans, and lipopolysaccharides in
the bacterial cell wall, and unmethylated CpG DNA, which are common to
many pathogens and have been conserved during evolution, making them
excellent targets for recognition because they do not change (Fig. 1.10). We
consider this system of innate recognifion in detail in Chapter 3. Much of our
knowledge of innate recognition has emerged only within the past 10 years,
and this is one of the most exciting areas in modern immunology.

The pattern recognition receptors allow the innate immune system to distin­
guish self (the body) from nonself (pathogen). Detection of nonself activates
innate cells and initiates adaptive immunity: macrophages are triggered to
engulf microbes; immature dendritic cells are triggered to activate naive T
lymphocytes. The molecules recognized by pattern recognition receptors are
quite distinct from the individual pathogen-specific antigens recognized by
lymphocytes. The fact that microbial constituents were needed to sfimulate
immune responses against purified proteins highlights the requirement that
an innate response must precede the inifiation of an adaptive response (see
Appendix I, Sections A-1 — A-4). This requirement was recognized long before
the discovery of dendritic cells and their mode of acfivation. It was known that
purified antigens such as proteins often did not evoke an immune response
in an experimental immunization — that is, they were not immunogenic. To
obtain adaptive immune responses to purified antigens, killed bacteria or
bacterial extracts had to be mixed with the antigen. This additional material
was termed an adjuvant, because it helped the response to the immuniz­
ing antigen (adj uvare is Latin for 'to help' ). We know now that adjuvants are
needed, at least in part, to activate dendritic cells to full antigen-presenting
status in the absence of an infection. Finding suitable adjuvants is still an
important part of vaccine preparation, as we discuss in Chapter 16.

1-8 Adaptive immune responses are initiated by antigen and antigen­

Fig. 1.10 Macrophages express a
number of receptors that allow them
to recognize different pathogens.
Macrophages express a variety of
receptors, each of which is able to
recognize specific components of
microbes. Some, like the mannose and
glucan receptors and the scavenger
receptor, bind cell-wall carbohydrates of
bacteria, yeast, and fungi. The Toll-like
receptors (TLRs) are an important family
of pattern recognition receptors present
on macrophages and other immune
cells, and they are able to bind different
microbial components; for example,
TLR-2 binds cell-wall components
of Gram-negative bacteria, whereas
TLR-4 binds cell-wall components
of Gram-positive bacteria. LPS,
lipopolysaccharide.

presenting cells in secondary lymphoid tissues.

Adaptive immune responses are initiated when antigens or antigen­
presenting cells, particularly dendritic cells bearing antigens picked up at
sites of infection, reach the secondarylymphoid organs. Like the neutrophils
and macrophages described earlier, dendritic cells have pattern recognition
receptors that recognize molecular patterns common to microorganisms,
such as bacterial lipopolysaccharide. Microbial components binding to these
receptors stimulate the immature dendritic cell to engulf the pathogen and
degrade it intracellularly. Immature dendritic cells also take up extracellular
material, including virus particles and bacteria, by receptor-independent
macropinocytosis, and thus internalize and degrade pathogens that their
cell-surface receptors do not detect. In addition to the display of antigens
that activates the antigen-receptors of lymphocytes, mature dendritic cells
also express cell-surface proteins called co-stimulatory molecules, which
provide signals that act together with antigen to stimulate the T lymphocyte to
proliferate and differentiate into its final fully functional form (Fig. 1.11). Free
antigens can also stimulate the antigen receptors of B cells, but most B cells
require 'help' from activated helper T cells for optimal antibody responses.
The activation of naive T lymphocytes is therefore an essential first stage in
virtually all adaptive immune responses.

1-9 Lymphocytes activated by antigen give rise to clones of antigen­

Movie 1.1

specific effector cells that mediate adaptive immunity.

Cells of the innate immune system express many different pattern recognition
receptors, each recognizing a different feature shared by many pathogens.
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Fig. 1.11 Dendritic cells initiate
adaptive immune responses. Immature
dendritic cells resident in a tissue take
up pathogens and their antigens by
macropinocytosis and by receptor­
mediated endocytosis. They are
stimulated by recognition of the presence
of pathogens to migrate through the
lymphatics to regional lymph nodes,
where they arrive as fully mature non­
phagocytic dendritic cells that express
both antigen and the co-stimulatory
molecules necessary to activate a
naive T cell that recognizes the antigen,
stimulating lymphocyte proliferation and
differentiation.

lymph node

In contrast, lymphocyte antigen receptor expression is 'clonal' — in other
words, each mature lymphocyte emerging from the central lymphoid organs
differs from the others in the specificity of its antigen receptor. When that
lymphocyte proliferates it forms a clone of identical cells bearing identical
antigen receptors. The diversity in antigen receptors is generated by a unique
genetic mechanism that operates during lymphocyte development in the
bone marrow and the thymus to generate millions of different variants of the
genes encoding the receptor molecules. This ensures that the lymphocytes
in the body collectively carry millions of different antigen receptor specifici­
ties — the lymphocyte receptor repertoire of the individual.

Lymphocytes are continually undergoing a process akin to natural selection;
only those lymphocytes that encounter an antigen to which their receptor
binds will be activated to proliferate and differentiate into effector cells.

This selective mechanism was first proposed in the 1950s by Macfarlane
Bumet to explain why a person produces antibodies against only those anti­
gens to which he or she has been exposed. Burnet postulated the preexistence
in the body of many different potential antibody-producing cells, each having
the ability to make antibody of a different specificity and displaying on its
surface a membrane-bound version of the antibody: this serves as a recep­
tor for the antigen. On binding antigen, the cell is activated to divide and to
produce many identical progeny, a process known as clonal expansion; this
clone of identical cells can now secrete clonotypic antibodies with a specifi­
city identical to that of the surface receptor that first triggered activation and
clonal expansion (Fig. 1.12). Burnet called this the clonal selection theory of
antibody production.

1-10 Clonal selection of lymphocytes is the central principle of
adaptive immunity.

Remarkably, at the time that Burnet formulated his theory, nothing was
known of the antigen receptors of lymphocytes; indeed, the function of
lymphocytes themselves was still obscure. Lymphocytes did not take center
stage until the early 1960s, when James Gowans discovered that removal of
the small lymphocytes from rats resulted in the loss of all known adaptive
immune responses. These immune responses were restored when the small
lymphocytes were replaced. This led to the realization that lymphocytes must
be the units of clonal selection, and their biology became the focus of the new
field of cellular immunology.

Clonal selection of lymphocytes with diverse receptors elegantly explained
adaptive immunity, but it raised one significant conceptual problem. If the
antigen receptors of lymphocytes are generated randomly during the lifetime
of an individual, how are lymphocytes prevented from recognizing antigens
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on the tissues of the body and attacking them? Ray Owen had shown in the
late 1940s that genetically different twin calves with a common placenta,
and thus a shared placental blood circulation, were immunologically unres­
ponsive, or tolerant, to one another's tissues: they did not make an immune
response against each other. Peter Medawar then showed in 1953 that expo­
sure to foreign tissues during embryonic development caused mice to become
immunologically tolerant to these tissues. Burnet proposed that developing
lymphocytes that are potentially self-reactive are removed before they can
mature, a process known as clonal deletion. He has since been proved right in
this too, although the mechanisms of immunological tolerance are still being
worked out, as we shall see when we discuss the development oflymphocytes
in Chapter 8, and some of the situations in which tolerance breaks down in
Chapters 14 and 15.

Clonal selection of lymphocytes is the single most important principle in
adaptive immunity. Its four basic postulates are listed in Fig. 1.13. The last
of the problems posed by the clonal selection theory — how the diversity of
lymphocyte antigen receptors is generated — was solved in the 1970s, when
advances in molecular biology made it possible to clone the genes encoding
antibody molecules.

1-11 The structure of the antibody molecule illustrates the central puzzle
Pool of mature naive lymphocytes

of adaptive immunity.

VPQ
foreign antigen

of effector cells

G G G G G

Proliferation and differentiation of activated
specific lymphocytes to form a clone

O O O O O

As discussed above, antibodies are the secreted form of the B cell's antigen
receptor. Because they are produced in very large quantities in response to
antigen, antibodies can be studied by traditional biochemical techniques;
indeed, their structure was understood long before recombinant DNA tech­
nology made it possible to study the membrane-bound antigen receptors of
B cells. The startling feature that emerged from the biochemical studies was
that antibody molecules are composed of two distinct regions. One is a con­
stant region that takes one of only four or five biochemically distinguishable
forms; the other is a variable region that can be composed of a seemingly
infinite variety of different amino acid sequences, forming subtly different
structures that allow antibodies to bind specifically to an equally vast vari­
ety of antigens. This division is illustrated in Fig. 1.14, where the antibody is
depicted as a Y-shaped molecule. The variable region determines the antigen­
binding specificity of the antibody. There are two identical variable regions in
an antibody molecule, and it thus has two identical antigen-binding sites.
The constant region determines the effector function of the antibody: that is,
how the antibody will interact with various immune cells to dispose of anti­
gen once it is bound.

Each antibody molecule has a two-fold axis of symmetry and is composed
of two identical heavy chains and two identical light chains (see Fig. 1.14).
Heavy and light chains each have variable and constant regions; the variable
regions of a heavy chain and a light chain combine to form an antigen-bind­
ing site, so that both chains contribute to the antigen-binding specificity of
the antibody molecule. The functional properties of antibodies conferred by
their constant regions are considered in Chapters 5 and 10.

The T-cell receptor for antigen shows many similarities to the B-cell antigen
receptor, and the two molecules are clearly related to each other evolution­
arily. There are, however, important differences between the two that, as we
shall see, relate to their different roles within the immune system. The T-cell
receptor, as shown in Fig. 1.14, is composed of two chains of roughly equal
size, called the T-cell receptor u and P chains, each of which spans the T-cell
membrane. Each chain has a variable region and a constant region, and the
combination of the u- and P-chain variable regions creates a single site for
binding antigen. The structures of both antibodies and T-cell receptors are

Effector cells eliminate antigen

Fig. 1.12 Clonal selection. Each
lymphoid progenitor gives rise to a large
number of lymphocytes, each bearing a
distinct antigen receptor. Lymphocytes
with receptors that bind ubiquitous self
antigens are eliminated before they
become fully mature, ensuring tolerance
to such self antigens. When a foreign
antigen interacts with the receptor on
a mature naive lymphocyte, that cell is
activated and starts to divide. It gives
rise to a clone of identical progeny, all of
whose receptors bind the same antigen.
Antigen specificity is thus maintained as
the progeny proliferate and differentiate
into effector cells. Once antigen has been
eliminated by these effector cells, the
immune response ceases, although some
lymphocytes are retained to mediate
immunological memory.
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Fig. 1.13 The four basic principles of
clonal selection.Postulates of the clonal selection hypothesis

Each lymphocyte bears a single type of receptor with a unique specificity

Interaction between a foreign molecule and a lymphocyte receptor capable of
binding that molecule with high affinity leads to lymphocyte activation

The differentiated effector cells derived from an activated lymphocyte will bear
receptors of identical specificity to those of the parental cell from which that

lymphocyte was derived

Lymphocytes bearing receptors specific for ubiquitous self molecules are deleted at an
early stage in lymphoid cell development and are therefore absent from the repertoire

of mature lymphocytes

described in detail in Chapter 4, and how the diversity of the antigen-receptor
repertoire is generated is detailed in Chapter 5.

There is, however, a crucial difference in the way in which the B-cell and T-cell
receptors bind antigens: the T-cell receptor does not bind antigen molecules
directly but instead recognizes fragments of antigens bound on the surface of
other cells. The exact nature of the antigen recognized by T cells, and how the
antigens are fragmented and carried to cell surfaces, is the subject of Chapter
6. A further difference from the antibody molecule is that there is no secreted
form of the T-cell receptor; the function of the receptor is solely to signal to the
T cell that it has bound its antigen, and the subsequent immunological effects
depend on the actions of the T cells themselves, as we describe in Chapter 9.

1-12 Each developing lymphocyte generates a unique antigen receptor by
Schematic structure of an antibody moleculerearranging its receptor gene segments.

How are antigen receptors with an almost infinite range of specificities
encoded by a finite number of genes' This question was answered in 1976,
when Susumu Tonegawa discovered that the genes for immunoglobulin vari­
able regions are inherited as sets of gene segments, each encoding a part of
the variable region of one of the immunoglobulin polypeptide chains. During
B-cell development in the bone marrow, these gene segments are irreversibly
joined by DNA recombination to form a stretch of DNA encoding a complete
variable region. How the complete antigen receptors are assembled from
incomplete gene segments is the topic of Chapter 5.

variable
region
(antigen­
binding site)

constant region
(effector function)

Fig. 1.14 Schematic structure of antigen receptors. Upper panel: an antibody
molecule, which is secreted by activated B cells as an antigen-binding effector molecule.
A membrane-bound version of this molecule acts as the B-cell antigen receptor (not
shown). An antibody is composed of two identical heavy chains (green) and two identical
light chains (yellow). Each chain has a constant part (shaded blue) and a variable part
(shaded red). Each arm of the antibody molecule is formed by a light chain and a heavy
chain such that the variable parts of the two chains come together, creating a variable
region that contains the antigen-binding site. The stem is formed from the constant parts
of the heavy chains and takes a limited number of forms. This constant region is involved
in the elimination of the bound antigen. Lower panel: a T-cell antigen receptor. This is
also composed of two chains, an u chain (yellow) and a P chain (green), each of which
has a variable and a constant part. As with the antibody molecule, the variable parts of
the two chains create a variable region, which forms the antigen-binding site. The T-cell
receptor is not produced in a secreted form.

Schematic structure of the T-cell receptor

variable region
(antigen-binding site)

constant region
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Here, we need only mention two features of these mechanisms. First, it is the
combinatorial assembly of a large number of different gene segments that
makes possible the enormous size of the antigen receptor repertoire. This
means that a finite number of gene segments can generate a vast number of
different proteins. Second, the assembly process is regulated in a manner that
ensures that each lymphocyte expresses only one receptor specificity. Third,
because gene segment rearrangement involves an irreversible change in a
cell's DNA, all the progeny of that cell will inherit genes encoding the same
receptor specificity. This general scheme was later also confirmed for the
genes encoding the antigen receptor on T cells.

The potential diversity of lymphocyte receptors generated in this way is
enormous. Just a few hundred different gene segments can combine in
different ways to generate thousands of different receptor chains. The diversity
of lymphocyte receptors is further amplified byjunctiona diversity, created by
adding or subtracting nucleotides in the process of joining the gene segments,
and by the fact that each receptor is made by pairing two different variable
chains, each encoded by distinct sets of gene segments. A thousand different
chains of each type could thus generate 10 distinct antigen receptors through
this combinatorial diversity. In this way, a small amount of genetic material
can encode a truly staggering diversity of receptors. Only a subset of these
randomly generated receptor specificities survive the selective processes
that shape the peripheral lymphocyte repertoire; nevertheless, there are
lymphocytes of at least 10' different specificities in an individual human at
any one time. These provide the raw material on which clonal selection acts.

1-13 Immunoglobulins bind a wide variety of chemical structures,
whereas the T-cell receptor is specialized to recognize foreign
antigens as peptide fragments bound to proteins of the major
histocompatibility complex.

antigen

antibody

In principle, almost any chemical structure can be recognized by the adap­
tive immune system as an antigen, but the usual antigens encountered in
an infection are the proteins, glycoproteins, and polysaccharides of patho­
gens. An individual antigen receptor or antibody recognizes a small part of
the molecular structure of an antigenic molecule, which is known as an anti­
genic determinant or epitope (Fig. 1.15). Macromolecular antigens such as
proteins and glycoproteins usually have many different epitopes that can be
recognized by different antigen receptors.

The antigen receptors of B cells and T cells recognize antigen in fundamen­
tally different ways. B cells directly recognize the native antigen that either
has been secreted by a pathogen or is expressed on its surface (see Fig. 1.15).
B cells eventually differentiate into effector plasma cells that secrete antibod­
ies that will bind to and neutralize these antigens and pathogens. In contrast,
T-cell receptors do not directly recognize native antigens. Rather, they rec­
ognize antigens that have been processed, partly degraded, and displayed as
peptides bound to proteins on the surface of antigen-presenting cells (Fig.
1.16). A main source of the antigens recognized by T cells is cells infected with
a pathogen, commonly a virus. In this case, the antigen that is recognized by
the effector T cells is derived from within the infected cell. Importantly, T-cell
receptors will only recognize antigen-derived peptides when these are bound
to particular cell-surface glycoproteins called MHC molecules, which are
encoded in a cluster of genes called the major histocompatibility complex
(MHC). The antigen recognized by T-cell receptors is thus a complex of a for­
eign peptide antigen and an MHC molecule (see Fig. 1.16). We shall see how
these compound antigens are recognized by T-ceII receptors and how they are
generated in Chapters 4 and 6, respectively.

Fig. 1.15 Antigens are the molecules
recognized by the immune response,
while epitopes are sites within
antigens to which antigen receptors
bind. Antigens can be complex
macromolecules such as proteins, as
shown in yellow. Most antigens are larger
than the sites on the antibody or antigen
receptor to which they bind, and the
actual portion of the antigen that is bound
is known as the antigenic determinant, or
epitope, for that receptor. Large antigens
such as proteins can contain more than
one epitope (indicated in red and blue),
and thus may bind different antibodies.
Antibodies generally recognize epitopes
on the surface of the antigen.
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Fig. 1.16 T-cell receptors bind a
complex of an antigen fragment and a
self molecule. Unlike most antibodies,
T-cell receptors can recognize epitopes
that are buried within antigens (first
panel). These antigens must first be
degraded by proteinases (second panel),
and the peptide epitope delivered to a self
molecule, called an MHC molecule (third
panel). It is in this form, as a complex of
peptide and MHC molecule, that antigens
are recognized by T-cell receptors (fourth
panel).

MHC
molecule

1-14 The development and survival of lymphocytes is determined
by signals received through their antigen receptors.

The continuous generation of lymphocytes throughout life creates a prob­
lem of keeping total numbers of peripheral lymphocytes relatively constant.
In addition, with so many different antigen receptors being generated during
lymphocyte development, it is inevitable that potentially dangerous receptors
that can react against an individual's own self antigens will be produced. Both
these problems seem to be solved by making the survival of a lymphocyte
dependent on signals received through its antigen receptor. Lymphocytes
that react strongly to self antigens during development are removed by clonal
deletion, as predicted by Bumet's clonal selection theory, before they mature
to a stage at which they could do damage. The complete absence of signals
from the antigen receptor during development can also lead to cell death.
Lymphocytes that receive either too much or too little signal during develop­
ment are eliminated by a form of cell suicide called apoptosis or programmed
cell death.

Apoptosis, derived from a Greek word meaning the falling of leaves from the
trees, is a general means of regulating the number of cells in the body. It is
responsible, for example, for the death and shedding of old skin and intestinal
epithelial cells, and the turnover of liver cells. Every day the bone marrow
produces millions of new neutrophils, monocytes, red blood cells, and
lymphocytes, and this production must be balanced by an equal loss. Most
white blood cells are relatively short lived and die by apoptosis. The dying
cells are phagocytosed and degraded by specialized macrophages in the liver
and spleen.

Lastly, if a lymphocyte's receptor is not used within a relatively short time of its
entering the repertoire in the periphery, the cell bearing it dies, making way
for new lymphocytes with different receptors. In this way, self-reactive recep­
tors are eliminated, and receptors are tested to ensure that they are potent­
ially functional. The mechanisms that shape and maintain the lymphocyte
receptor repertoire are examined in Chapter 8.

1-15 Lymphocytes encounter and respond to antigen in the peripheral
lymphoid organs.

Antigen and lymphocytes eventually encounter each other in the peripheral
lymphoid organs — the lymph nodes, spleen, and the mucosal lymphoid tis­
sues (see Fig. 1.8). Mature naive lymphocytes are continually recirculating
through these tissues, to which pathogen antigens are carried from sites
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of infection, primarily by dendritic cells. The peripheral lymphoid organs
are specialized to trap antigen-bearing dendritic cells and to facilitate the
initiation of adaptive immune responses. Peripheral lymphoid tissues are
composed of aggregations of lymphocytes in a framework of nonleukocyte
stromal cells, which provide the basic structural organization of the tissue and
provide survival signals to help sustain the life of the lymphocytes. Besides
lymphocytes, peripheral lymphoid organs also contain resident macrophages
and dendritic cells.

When an infection occurs in a tissue such as the skin, free antigen and anti­
gen-bearing dendritic cells travel from the site of infection through the affer­
ent lymphatic vessels into the draining lymph nodes (Fig. 1.17), peripheral
lymphoid tissues where they activate antigen-specific ly mphocyte. The acti­
vated lymphocytes then undergo a period of proliferation and differentiation,
after which most leave the lymph nodes as effector cells via the efferent lym­
phatic vessel. This eventually returns them to the bloodstream (see Fig. 1.8),
which then carries them to the tissues where they will act. This whole proc­
ess takes about 4 — 6 days from the time that the antigen is recognized, which
means that an adaptive immune response to an antigen that has not been
encountered before does not become effective until about a week after infec­
tion (see Fig. 1.34). Naive lymphocytes that do not recognize their antigen also
leave through the efferent lymphatic vessel and are returned to the blood,
from which they continue to recirculate through lymphoid tissues until they
recognize antigen or die.

The lymph nodes are highly organized lymphoid organs located at the points
of convergence of vessels of the lymphatic system, which is the extensive sys­
tem that collects extracellular fluid from the tissues and returns it to the blood
(see Fig. 1.8). This extracellular fluid is produced continuously by filtration
from the blood and is called lymph. Lymph flows away from the peripheral
tissues under the pressure exerted by its continual production, and is carried
by lymphatic vessels, or lymphatics. One-way valves in the lymphatic vessels
prevent a reverse flow, and the movements of one part of the body in relation
to another are important in driving the lymph along.

Afferent lymphatic vessels drain fluid from the tissues and carry pathogens
and antigen-bearing cells from infected tissues to the lymph nodes (Fig.
1.18). Free antigens simply diffuse through the extracellular fluid to the
lymph node, while the dendritic cells actively migrate into the lymph node,
attracted by chemokines. The same chemokines also attract lymphocytes
from the blood, and these enter lymph nodes by squeezing through the
walls of specialized blood vessels called high endothelial venules (HEV). In
the lymph nodes, B lymphocytes are localized in follicles, which make up
the outer cortex of the lymph node, with T cells more diffusely distributed
in the surrounding paracortical areas, also referred to as the deep cortex or
T-cell zones (see Fig. 1.18). Lymphocytes migrating from the blood into lymph
nodes enter the paracortical areas first and, because they are attracted by the
same chemokines, antigen-presenting dendritic cells and macrophages also
become localized there. Free antigen diffusing through the lymph node can
become trapped on these dendritic cells and macrophages. This juxtaposition
of antigen, antigen-presenting cells, and naive T cells in the T-cell zone creates
an ideal environment in which naive T cells can bind their specific antigen
and thus become activated.

As noted earlier, activation of B cells usually requires not only antigen, which
binds to the B-cell receptor, but also the cooperation of activated helper
T cells, a type of effector T cell (see Section 1-4). The location of B cells and T
cells within the lymph node is dynamically regulated by their state of activa­
tion. When they become activated, T cells and B cells both move to the border
of the follicle and T-cell zone, where T cells can first provide their helper func­
tion to B cells. Some of the B-cell follicles include germinal centers, where

Fig. 1.17 Circulating lymphocytes
encounter antigen in peripheral
lymphoid organs. Naive lymphocytes
recirculate constantly through peripheral
lymphoid tissue, here illustrated as a
popliteal lymph node — a lymph node
situated behind the knee. In the case of
an infection in the foot, this will be the
draining lymph node, where lymphocytes
may encounter their specific antigens and
become activated. Both activated and
nonactivated lymphocytes are returned to
the bloodstream via the lymphatic system.
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cortical sinus
secondary

lymphoid follicle
(with germinal center)

afferent
lymphatic vessel

primary
lymphoid follicle
(mostly B cells)
medullary cords
(macrophages
and plasma cells)
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Fig. 1.18 Organization of a lymph node.
As shown in the diagram on the left,
which shows a lymph node in longitudinal
section, a lymph node consists of an
outermost cortex and an inner medulla.
The cortex is composed of an outer
cortex of B cells organized into lymphoid
follicles, and deep, or paracortical, areas
made up mainly of T cells and dendritic
cells. When an immune response is
under way, some of the follicles contain
central areas of intense B-cell proliferation
called germinal centers and are known
as secondary lymphoid follicles. These
reactions are very dramatic, but eventually
die out as senescent germinal centers.
Lymph draining from the extracellular
spaces of the body carries antigens in
phagocytic dendritic cells and phagocytic
macrophages from the tissues to the
lymph node via the afferent lymphatics.
These migrate directly from the sinuses
into the cellular parts of the node. Lymph
leaves by the efferent lymphatics in the
medulla. The medulla consists of strings
of macrophages and antibody-secreting
plasma cells known as the medullary
cords. Naive lymphocytes enter the node
from the bloodstream through specialized
postcapillary venules (not shown) and
leave with the lymph through the efferent
lymphatic. The light micrograph shows
a transverse section through a lymph
node, with prominent follicles containing
germinal centers. Magnification x7.
Photograph courtesy of N. Rooney.

activated B cells are undergoing intense proliferation and differentiation into
plasma cells. These mechanisms are described in detail in Chapter 10.

In humans, the spleen is a fist-sized organ situated just behind the stomach
(see Fig. 1.8). It has no direct connection with the lymphatic system; instead,
it collects antigen from the blood and is involved in immune responses to
blood-borne pathogens. Lymphocytes enter and leave the spleen via blood
vessels. The spleen also collects and disposes of senescent red blood cells.
Its organization is shown schematically in Fig. 1.19. The bulk of the spleen is
composed of red pulp, which is the site of red blood cell disposal. The lym­
phocytes surround the arterioles running through the spleen, forming iso­
lated areas of white pulp. The sheath of lymphocytes around an arteriole is
called the periarteriolar lymphoid sheath (PALS) and contains mainly T cells.
Lymphoid follicles occur at intervals along it, and these contain mainly B cells.
A so-called marginal zone surrounds the follicle; it has few T cells, is rich in
macrophages, and has a resident, noncirculating population of B cells known
as marginal zone B cells, about which little is known; they are discussed in
Chapter 8. Blood-borne microbes, soluble antigens, and antigen:antibody
complexes are filtered from the blood by macrophages and immature den­
dritic cells within the marginal zone. Like the migration of immature dendritic
cells from peripheral tissues to the T-cell areas of lymph nodes, dendritic cells
in the marginal zones in the spleen migrate to the T-cell areas after taking up
antigen and becoming activated; here they are able to present the antigens
they carry to T cells.

Most pathogens enter the body through mucosal surfaces, and these are also
exposed to a vast load of other potential antigens from the air, food, and the
natural microbial flora of the body. Mucosal surfaces are protected by an exten­
sive system of lymphoid tissues known generally as the mucosal immune sys­
tem or mucosa-associated tissues (MALT). Collectively, the mucosal immune
system is estimated to contain as many lymphocytes as all the rest of the body,
and they form a specialized set of cells obeying somewhat different rules of
recirculation from those in the other peripheral lymphoid organs. The gut­
associated lymphoid tissues (GALT) include the tonsils, adenoids, appen­
dix, and specialized structures in the small intestine called Peyer's patches,
and they collect antigen from the epithelial surfaces of the gastrointestinal
tract. In Peyer's patches, which are the most important and highly organized
of these tissues, the antigen is collected by specialized epithelial cells called
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Fig. 1.19 Organization of the lymphoid tissues of the spleen.
The schematic at top left shows that the spleen consists of red
pulp (pink areas), which is a site of red blood cell destruction,
interspersed with the lymphoid white pulp. An enlargement
of a small section of a human spleen (top right) shows the
arrangement of discrete areas of white pulp (yellow and blue)
around central arterioles. Most of the white pulp is shown in
transverse section, with two portions in longitudinal section.
The bottom two schematics show enlargements of a transverse
section (lower center) and longitudinal section (lower right) of
white pulp. Surrounding the central arteriole is the periarteriolar
lymphoid sheath (PALS), made up of T cells. Lymphocytes and
antigen-loaded dendritic cells come together here. The follicles
consist mainly of B cells; in secondary follicles a germinal center
is surrounded by a B-cell corona. The follicles are surrounded by
a so-called marginal zone of lymphocytes. In each area of white

pulp, blood carrying both lymphocytes and antigen flows from a
trabecular artery into a central arteriole. From this arteriole smaller
blood vessels fan out, eventually terminating in a specialized
zone in the human spleen called the perifollicular zone (PFZ),
which surrounds each marginal zone. Cells and antigen then
pass into the white pulp through open blood-filled spaces in the
perifollicular zone. The light micrograph at bottom left shows a
transverse section of white pulp of human spleen immunostained
for mature B cells. Both follicle and PALS are surrounded by
the perifollicular zone. The follicular arteriole emerges in the
PALS (arrowhead at bottom), traverses the follicle, goes through
the marginal zone and opens into the perifollicular zone (upper
arrowheads). Co, follicular B-cell corona; GC, germinal center;
MZ, marginal zone; RP, red pulp; arrowheads, central arteriole.
Photograph courtesy of N.M. Milicevic.

microfold or M cells (Fig. 1.20). The lymphocytes form a follicle consisting
of a large central dome of B lymphocytes surrounded by smaller numbers
of T lymphocytes. Dendritic cells resident within the Peyer's patch present
the antigen to T lymphocytes. Lymphocytes enter Peyer's patches from the
blood and leave through efferent lymphatics. Effector lymphocytes generated
in Peyer's patches travel through the lymphatic system and into the blood­
stream, from where they are disseminated back into mucosal tissues to carry
out their effector actions.

Similar but more diffuse aggregates of lymphocytes are present in the respira­
tory tract and other mucosa: nasal-associated lymphoid tissue (NALT) and
bronchus-associated lymphoid tissue (BALT) are present in the respiratory
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tract. Like the Peyer's patches, these mucosal lymphoid tissues are also over­
laid by M cells, through which inhaled microbes and antigens that become
trapped in the mucous covering of the respiratory tract can pass. The mucosal
immune system is discussed in Chapter 12.

Although very different in appearance, the lymph nodes, spleen, and mucosa­
associated lymphoid tissues all share the same basic architecture. They all
operate on the same principle, trapping antigens and antigen-presenting
cells from sites of infection and enabling them to present antigen to migratory
small lymphocytes, thus inducing adaptive immune responses. The periph­
eral lymphoid tissues also provide sustaining signals to lymphocytes that do
not encounter their specific antigen immediately, so that they survive and
continue to recirculate.

Because they are involved in initiating adaptive immune responses, the
peripheral lymphoid tissues are not static structures but vary quite mark­
edly, depending on whether or not infection is present. The diffuse mucosal
lymphoid tissues may appear in response to infection and then disappear,
whereas the architecture of the organized tissues changes in a more defined
way during an infection. For example, the B-cell follicles of the lymph nodes
expand as B lymphocytes proliferate to form germinal centers (see Fig. 1.18),
and the entire lymph node enlarges, a phenomenon familiarly known as
swollen glands.

Finally, specialized populations of lymphocytes can be found distributed
throughout particular sites in the body rather than being found in organ­
ized lymphoid tissues. Such sites include the liver and the lamina propria of
the gut, as well as the base of the epithelial lining of the gut, reproductive
epithelia, and, in mice but not in humans, the epidermis. These lymphocyte
populations seem to have an important role in protecting these tissues from
infection, and are described further in Chapters 8 and 12.

1-16 Lymphocyte activation requires additional signals beyond those

Fig. 1.20 Organization of a Peyer's
patch in the gut mucosa. As the
diagram on the left shows, a Peyer's
patch contains numerous B-cell follicles
with germinal centers. T cells occupy
the areas between follicles, the T-cell
dependent areas. The layer between the
surface epithelium and the follicles is
known as the subepithelial dome, and
is rich in dendritic cells, T cells, and B
cells. Peyer's patches have no afferent
lymphatics and the antigen enters
directly from the gut across a specialized
epithelium made up of so-called microfold
(M) cells. Although this tissue looks very
different from other lymphoid organs,
the basic divisions are maintained. As
in the lymph nodes, lymphocytes enter
Peyer's patches from the blood across
the walls of high endothelial venules
(not shown), and leave via the efferent
lymphatic. The light micrograph in panel a
shows a section through a Peyer's patch
in the gut wall of the mouse. The Peyer's
patch can be seen lying beneath the
epithelial tissues. GC, germinal center;
TDA, T-cell dependent area. Panel b is
a scanning electron micrograph of the
follicle-associated epithelium boxed in
panel a, showing the M cells, which lack
the microvilli and the mucus layer present
on normal epithelial cells. Each M cell
appears as a sunken area on the epithelial
surface. Panel c is a higher-magnification
view of the boxed area in panel b,
showing the characteristic ruffled surface
of an M cell. M cells are the portal of entry
for many pathogens and other particles.
Panel a, hematoxylin and eosin stain;
magnification x100; panel b, x5000; panel
c, x23,000. Source: Mowat, A., Viney, J.:
Immunoi. Rev. 1997, 156:145-1 66.

Peripheral lymphoid tissues promote the interaction between antigen-bear­
ing APCs and lymphocytes, but antigen alone is not sufficient to initiate an
adaptive immune response. Lymphocytes require other signals to become
activated and to acquire effector functions. These signals are delivered to
lymphocytes by another cell through cell-surface molecules known generally
as co-stimulatory molecules (see Section 1-8). For naive T cells, an activated
dendritic cell usually delivers these signals, but for naive B cells, the second
signal is delivered by an activated helper T cell (Fig. 1.21). We discuss the
nature of these signals in detail in Chapter 7.
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The induction of co-stimulatory molecules is important in initiating an adap­
tive immune response because contact with antigen without accompanying
co-stimulatory molecules inactivates naive lymphocytes rather than activat­
ing them, leading either to clonal deletion or an inactive state known as
anergy. We return to this topic in Chapter 8. Thus, we need to add a final pos­
tulate to the clonal selection theory. A naive lymphocyte can only be activated
by cells that bear not only specific antigen but also co-stimulatory molecules,
whose expression is regulated by innate immunity.

Macrophages and B cells can also present foreign antigens on their surface and
can be induced to express co-stimulatory molecules and thus can activate T
cells. These three specialized antigen-presenting cells of the immune system
are illustrated in Fig. 1.22. Dendritic cells are the most important of the three
in initiating the adaptive immune response, whereas the others function as
antigen-presenting cells at later stages, when T cells have acquired particular
effector activities. These circumstances are discussed in Chapters 9 and 10.

1-17 Lymphocytes activated by antigen proliferate in the peripheral
lymphoid organs, generating effector cells and immunological
memory.

The great diversity of lymphocyte receptors means that there will usually be at
least a few that can bind to a given foreign antigen. However, this number will
be very small, certainly not enough to mount a response against a pathogen.
To generate sufficient antigen-specific effector ly mphocyte to fight an infec­
tion, a lymphocyte with an appropriate receptor specificity is activated first to
proliferate. Only when a large clone of identical cells has been produced do
these finally differentiate into effector cells. On recognizing its specific anti­
gen on an activated antigen-presenting cell, a naive lymphocyte stops migrat­
ing, the volume of the nucleus and cytoplasm increases, and new mRNAs and
new proteins are synthesized. Within a few hours, the cell looks completely
different and is known as a lymphoblast.

Dividing lymphoblasts are able to duplicate themselves two to four times
every 24 hours for 3 — 5 days, so that a single naive lymphocyte can produce
a clone of around 1000 daughter cells of identical specificity. These then dif­
ferentiate into effector cells. In the case of B cells, the differentiated effector
cells are the plasma cells, which secrete antibody; in the case of T cells, the
effector cells are cytotoxic T cells able to destroy infected cells, or helper T
cells that activate other cells of the immune system. Effector lymphocytes do
not recirculate like naive lymphocytes. Some effector T cells detect sites of

Fig. 1.21 Two signals are required
for lymphocyte activation. In addition
to receiving a signal through their
antigen receptor (signal 1), mature naive
lyrnphocytes must also receive a second
signal (signal 2) to become activated. For
T cells (left panel), this second signal is
delivered by an antigen-presenting cell
such as the dendritic cell shown here. For
B cells (right panel), the second signal is
usually delivered by an activated T cell,
which recognizes antigenic peptides
taken up, processed, and presented by
the B cell on its surface.

of T cell by dendritic cell
ntigen-receptor binding and co-stimulation

dendritic cell T ly mphocyte T lymphocyte

of 6 cell by T cell
Antigen-receptor binding and activation

B lymphocyte

Proliferation and differentiation of T cell Proliferation and differentiation of B cell
to acquire effector function to acquire effector function
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Fig. 1.22 The antigen-presenting cells. The three types of
antigen-presenting cells are shown in the form in which they
are depicted throughout this book (top row), as they appear in
the light microscope (second row; the relevant cell is indicated
by an arrow), by transmission electron microscopy (third row)
and by scanning electron microscopy (bottom row). Mature
dendritic cells are found in lymphoid tissues and are derived from
immature tissue dendritic cells that interact with many distinct

types of pathogens. Macrophages are specialized to internalize
extracellular pathogens, especially after they have been coated
with antibody, and to present their antigens. B cells have antigen­
specific receptors that enable them to internalize large amounts of
specific antigen, process it, and present it. Photographs courtesy
of R.M. Steinman (a), N. Rooney (b, c, e, f), S. Knight (d, g), and
P.F. Heap (h, i).
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infection and migrate into them from the blood; others stay in the lymphoid
tissues to activate B cells. Some antibody-secreting plasma cells remain in the
peripheral lymphoid organs, but most plasma cells generated in the lymph
nodes and spleen migrate to the bone marrow and take up residence there,
pouring out antibodies into the blood system. Effector cells generated in the
mucosal immune system generally stay within the mucosal tissues.

As noted earlier, after a naive lymphocyte has been activated, it takes 4 — 5 days
before clonal expansion is complete and the lymphocytes have differentiated
into effector cells, and so the first adaptive immune response to a pathogen
only occurs several days after the infection begins and has been detected by
the innate immune system. Most of the lymphocytes generated by the clonal
expansion in any given immune response will eventually die. However, a sig­
nificant number of activated antigen-specific B cells and T cells persist after
antigen has been eliminated. These cells are known as memory cells and
form the basis of immunological memory. They can be reactivated much
more quickly than naive lymphocytes, which ensures a more rapid and effec­
tive response on a second encounter with a pathogen and thereby usually
provides lasting protective immunity.

The characteristics of immunological memory are readily observed by
comparing the antibody response of an individual to a first or primary
immunization with the same response elicited in the same individual by a
secondary or booster immunization with the same antigen. As shown in
Fig. 1.23, the secondary antibody response occurs after a shorter lag phase,
achieves a markedly higher level, and produces antibodies of higher affinity,
or strength of binding, for the antigen. The increased affinity for antigen
is called afimity maturation and is the result of events that select B-cell
receptors, and thus antibodies, for progressively higher affinity for antigen
during an immune response. Importantly, T-cell receptors do not undergo
affinity maturation, and the lower threshold for activation of memory T cells
compared with naive T cells results from a change in the responsiveness of
the cell, not from a change in the receptor. We describe the mechanisms
of these remarkable changes in Chapters 5 and 10. The cellular basis of
immunological memory is the clonal expansion and clonal differentiation
of cells specific for the eliciting antigen, and it is therefore entirely antigen
specific. It is immunological memory that enables successful vaccination and
prevents reinfection with pathogens that have been repelled successfully by

Fig. 1.23 The course of a typical
antibody response. The first encounter
with an antigen produces a primary
response. Antigen A introduced at time
zero encounters little specific antibody
in the serum. After a lag phase (light
blue), antibody against antigen A (dark
blue) appears; its concentration rises to a
plateau, and then gradually declines. This
is typical of a primary response. When
the serum is tested for antibody against
another antigen, B (yellow), there is little
present, demonstrating the specificity
of the antibody response. When the
animal is later challenged with a mixture
of antigens A and B, a very rapid and
intense secondary response to A occurs.
This illustrates immunological memory,
the ability of the immune system to make
a second response to the same antigen
more efficiently and effectively, providing
the host with a specific defense against
infection. This is the main reason for
giving booster injections after an initial
vaccination. Note that the response to B
resembles the initial or primary response
to A, as this is the first encounter of the
host with antigen B.
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an adaptive immune response. Immunological memory is the most important
biological consequence of adaptive immunity, and its cellular and molecular
bases are some of the most active areas of research. The properties of memory
cells are described in more detail in Chapter 11.

Summary.

The early innate systems of defense depend on invariant pattern recognition
receptors that detect common features of pathogens. Innate defenses are
crucially important, but they can be overcome by many pathogens and they
do not lead to immunological memory. Recognizing a particular pathogen
and providing enhanced protection against reinfection is unique to adaptive
immunity. An adaptive immune response involves the selection and amplifi­
cation of clones of lymphocytes bearing receptors that recognize the foreign
antigen. This clonal selection provides the theoretical framework for under­
standing all the key features of an adaptive immune response. There are two
major types of lymphocytes: B lymphocytes, which mature in the bone mar­
row and are the source of circulating antibodies, and T lymphocytes, which
mature in the thymus and recognize peptides from pathogens presented
by MHC molecules on infected cells or antigen-presenting cells. Each lym­
phocyte carries cell-surface receptors of a single antigen specificity. These
receptors are generated by the random recombination of variable receptor
gene segments and the pairing of distinct variable protein chains: heavy and
light chains in immunoglobulins, or the two chains of T-cell receptors. The
large antigen receptor repertoire of lymphocytes can recognize virtually any
antigen.

Adaptive immunity is initiated when an innate immune response fails to
eliminate a new infection, and activated antigen-presenting cells bearing
pathogen antigens are delivered to the draining lymphoid tissues. When a
recirculating lymphocyte encounters its corresponding antigen in peripheral
lymphoid tissues, it is induced to proliferate, and its clonal progeny differenti­
ate into effector T and B lymphocytes that can eliminate the infectious agent.
A subset of these proliferating lymphocytes differentiates into memory cells,
ready to respond rapidly to the same pathogen if it is encountered again. The
details of these processes of recognition, development, and differentiation
form the main material of the central three parts of this book

The effector mechanisms of adaptive immunity.

We have seen in the first part of this chapterhownaive lymphocytes are selected
by antigen to dif'ferentiate into clones of activated effector lymphocytes. We
now expand on the mechanisms by which activated effector lymphocytes
target different pathogens for destruction in a successful adaptive immune
response. The distinct lifestyles of dif'ferent pathogens (Fig. 1.24) require
different responses for both their recognition and their destruction. B-cells
recognize native antigens from the extracellular environment and they
differentiate into effector plasma cells that secrete antibody back into that
environment. T-cells are specialized to detect peptides that have been
generated inside the body's cells, whether from extracellular antigens that
have been ingested or from proteins produced in situ, and this is reflected in
the effector actions of T cells. Some effector T cells directly kill cells infected
with intracellular pathogens such as viruses, while others participate in
responses against extracellular pathogens by interacting with B cells to help
them make antibody.
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Fig. 1.24 The major types of pathogens
confronting the immune system, and
some of the diseases they cause.

The immune system protects against four classes of pathogens

Examples

Streptococcus pneumoniae
Clostridium tetani
Trypanosoma brucei
Pneumocystis jirovecii

Type of pathogen Diseases

Pneumonia
Tetanus
Sleeping sickness
Pneumocystis pneumonia

Extracellular bacteria,
parasites, fungi

Mycobacterium leprae
Leishmania donovani
Plasmodium fatciparum

Leprosy
Leishmaniasis
Malaria

Intracellular bacteria,
parasites

Variola
Influenza
Varicella

Smallpox
Flu
Chickenpox

Vruses (intracellular)

Ascaris
Schistosoma

Ascariasis
SchistosomiasisParasitic worms (extracellular)

Most of the other effector mechanisms used by an adaptive immune response
to dispose of pathogens are essentially identical to those of innate immunity
and involve cells such as macrophages and neutrophils, and proteins such
as complement. Indeed, it seems likely that the vertebrate adaptive immune
response evolved by the late addition of specific recognition by clonally dis­
tributed receptors to innate defense mechanisms already existing in inverte­
brates. We begin by outlining the effector actions of antibodies, which depend
almost entirely on recruiting cells and molecules of the innate immune system.

1-18 Antibodies protect against extracellular pathogens and their
toxic products.

Antibodies are found in the fluid component of blood, or plasma, and in
extracellular fluids. Because body fluids were once known as humors, imm­
unity mediated by antibodies is known as humoral immunity.

As we saw in Fig. 1.14, antibodies are Y-shaped molecules whose arms form
two identical antigen-binding sites. These are highly variable from one mole­
cule to another, providing the diversity required for specific antigen recogni­
tion. The stem of the Y is far less variable. There are only five major forms
of this constant region of an antibody, and these are known as the antibody
classes or isotypes. The constant region determines an antibody's functional
properties — how it will engage with the effector mechanisms that dispose of
antigen once it is recognized — and each class carries out its particular func­
tion by engaging a distinct set of effector mechanisms. We describe the anti­
body classes and their actions in Chapters 5 and 10.

The first and most direct way in which antibodies can protect against patho­
gens or their products is by binding to them and thereby blocking their access
to cells that they might infect or destroy (Fig. 1.25, left panels). This is known
as neutralization and is important for protection against viruses, which are
prevented from entering cells and replicating, and against bacterial toxins.

For bacteria, however, binding by antibodies is not sufficient to stop their rep­
lication. In this case, the function of the antibody is to enable a phagocytic cell
such as a macrophage or a neutrophil to ingest and destroy the bacterium.
Many bacteria evade the innate immune system because they have an outer
coat that is not recognized by the pattern recognition receptors of phago­
cytes. However, antigens in the coat can be recognized by antibodies, and
phagocytes have receptors that bind the stems of the antibodies coating the
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Fig. 1.25 Antibodies can participate in
host defense in three main ways. The
left panels show antibodies binding to
and neutralizing a bacterial toxin, thus
preventing it from interacting with host
cells and causing pathology. Unbound
toxin can react with receptors on the
host cell, whereas the toxin:antibody
complex cannot. Antibodies also
neutralize complete virus particles and
bacterial cells by binding and inactivating
them. The antigen:antibody complex
is eventually scavenged and degraded
by macrophages. Antibodies coating
an antigen render it recognizable as
foreign by phagocytes (macrophages
and neutrophils), which then ingest and
destroy it; this is called opsonization.
The center panels show opsonization
and phagocytosis of a bacterial cell.
The right panels show activation of
the complement system by antibodies
coating a bacterial cell. Bound antibodies
form a receptor for the first protein of the
complement system, which eventually
forms a protein complex on the surface
of the bacterium that, in some cases, can
kill the bacterium directly. More generally,
complement coating favors the taking
up and destroying of the bacterium by
phagocytes. Thus, antibodies target
pathogens and their toxic products for
disposal by phagocytes.
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bacterium, leading to phagocytosis (see Fig. 1.25, center panels). The coating
of pathogens and foreign particles in this way is known as opsonization.

The third function of antibodies is complement activation. Complement,
which we discuss in detail in Chapter 2, is first activated in innate immunity
by microbial surfaces, without the help of antibodies. But when an antibody
binds to a bacterial surface, its constant regions provide a platform to activate
the first protein of the complement system. Thus, once antibodies are
produced, complement activation against a pathogen can be substantially
increased. Complement components that are deposited on a bacterial surface
can directly destroy certain bacteria, and this is important in a few bacterial
infections (see Fig. 1.25, right panels). The main function of complement,
however, is like that of antibodies: it coats the pathogen surface and enables
phagocytes to engulf and destroy bacteria that they would not otherwise
recognize. Complement also enhances the bactericidal actions of phagocytes;
indeed, it is so called because it 'complements' the activities of antibodies.
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Antibodies of different classes are found in different compartments of the
body and differ in the effector mechanisms they recruit, but all pathogens
and free molecules bound by antibody are eventually delivered to phagocytes
for ingestion, degradation, and removal from the body (see Fig. 1.25, bottom
panels). The complement system and the phagocytes that antibodies recruit
are not themselves antigen-specific; they depend upon antibody molecules to
mark the particles as foreign. Producing antibodies is the sole effector func­
tion of B cells. T cells, by contrast, have a variety of effector actions.

1-19 T cells orchestrate cell-mediated immunity and regulate B-cell
responses to most antigens.

Antibodies are accessible to pathogens only in the blood and the extracellular
spaces. However, some bacteria and parasites, and all viruses, replicate inside
cells, where they cannot be detected by antibodies. The destruction of intra­
cellular invaders is the function of the T lymphocytes, which are responsible
for the cell-mediated immune responses of adaptive immunity. But T lym­
phocytes participate in responses to a wide variety of pathogens, including
extracellular organisms, and so must exert a wide variety of effector activities.

The most direct action of T cells is cytotoxicity. Cytotoxic T cells are effector
T cells that act against cells infected with viruses. Antigens derived from the
virus multiplying inside the infected cell are displayed on the cell's surface,
where they are recognized by the antigen receptors of cytotoxic T cells. These
T cells can then control the infection by directly killing the infected cell before
viral replication is complete and new viruses are released (Fig. 1.26).

From the end of their development in the thymus, T lymphocytes are com­
posed of two main classes, one of which carries the cell-surface protein called
CD8 on its surface and the other bears a protein called CD4. These are not just
random markers, but are important for a T cell's function, because they help
to determine the interactions between the T cell and other cells. Cytotoxic T
cells carry CD8, while the helper T cells involved in activating, rather than kill­
ing, the cells that they recognize carry CD4.

CD8 T cells are destined to become cytotoxic T cells by the time they leave the
thymus as naive lymphocytes. Naive CD4 T cells, in contrast, can differenti­
ate into several types of effector T cells after their initial activation by antigen.
At least four main types of CD4 effector T cells are distinguished, called THl,
T„2, T„17, and follicular helper T cells, or T~ cells, which are all described in
Chapter 9. These effector T-cell subsets promote distinct types of responses
aimed at different types of infections. For example, T„l cells help to control
certain bacteria that take up residence in membrane-enclosed vesicles inside
macrophages; the T„l cells activate macrophages to increase their intracell­
ular killing power and destroy these bacteria. Important infections that are
controlled, at least to some extent, by this function of T„I cells are tuberculo­
sis and leprosy, which are caused by the bacteria Mycohacterium tuberculosis
and M leprae, respectively. Mycobacteria survive intracellularly because they
prevent the vesicles they occupy from fusing with lysosomes, which contain
a variety of degradative enzymes and antimicrobial substances (Fig. 1.27).
However, the infected macrophage presents mycobacteria-derived antigens
on its surface that can be recognized by activated antigen-specific T„I cells,
which in turn secrete particular cytokines that induce the macrophage to
overcome the block on vesicle fusion (see Fig. 1.27).

T„2 cells are specialized in promoting responses at mucosal surfaces and part­
icularly in response to parasitic infections, and again this is largely a result of
the distinct set of cytokines that T„2 cells produce. The effector mechanisms
involved are shared with what are commonly known as 'allergic' responses,
and are characterized by increased production of a protective barrier of
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Fig. f.26 Mechanism of host defense
against intracellular infection by
viruses. Cells infected by viruses are
recognized by specialized T cells called
cytotoxic T cells, which kill the infected
cells directly. The killing mechanism
involves the activation of enzymes known
as caspases, which contain cysteine in
their active site and cleave after aspartic
acid. These in turn activate a cytosolic
nuclease in the infected cell, which
cleaves host and viral DNA. Panel a is a
transmission electron micrograph showing
the plasma membrane of a cultured CHO
cell (the Chinese hamster ovary cell line)
infected with influenza virus. Many virus
particles can be seen budding from the
cell surface. Some of these have been
labeled with a monoclonal antibody that is
specific for a viral protein and is coupled
to gold particles, which appear as the
solid black dots in the micrograph. Panel
b is a transmission electron micrograph
of a virus-infected cell (V) surrounded by
cytotoxic T lymphocytes. Note the close
apposition of the membranes of the virus­
infected cell and the T cellm in the upper
left corner of the micrograph, and the
clustering of the cytoplasmic organelles
in the T cell between its nucleus and
the point of contact with the infected
cell. Panel a courtesy of M. Bui and A.
Helenius; panel b courtesy of N. Rooney.

infected cell

mucus at mucosal surfaces, the recruitment of eosinophils, and the produc­
tion of a particular class of antibody, IgE. Although allergies are usually con­
sidered an adverse response to an antigen, this type of immune response has
an important protective role against many types of pathogens. Finally, T„17
cells produce distinct cytokines that help to promote responses rich in the
recruitment of neutrophils and which are effective in dealing with extracell­
ular bacteria and fungi.

The term 'helper T cell' was coined well before the various CD4 T-cell subsets
were known, to specifically describe T cells that 'help' B cells produce anti­
body. It is now used more generally in connection with functions described
above, rather than being restricted to T cells that help B cells. As we shall see in
Chapters 11 and 12, a recently discovered subset of CD4 T cells called T» cells,
which is distinct from the T„l, T„2, and T„17 cells, seems to provide much of
the help to B cells; it resides in lymphoid follicles and gives unique signals
to B lymphocytes that are required for many aspects of antibody production
(discussed in Chapters 9 and 10).

1-20 CD4 and CDST cells recognize peptides bound to two different
classes of MHC molecules.

The different types of effector T cells must be directed to act against the
appropriate target cells. Antigen recognition is obviously crucial, but correct
target recognition is also ensured by additional interactions between the CD8
and CD4 molecules on the T cells and the MHC molecules on the target cell.

As we saw in Section 1-13, T cells detect peptides derived from foreign anti­
gens after antigens are degraded within cells, their peptide fragments are cap­
tured by MHC molecules, and this complex is displayed at the cell surface (see
Fig. 1.16). There are two main types of MHC molecules, called MHC class I
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Fig. 1.27 Mechanism of host defense
against intracellular infection by
mycobacteria. Mycobacteria are
engulfed by macrophages but resist being
destroyed by preventing the intracellular
vesicles in which they reside from fusing
with lysosomes containing bactericidal
agents. Thus the bacteria are protected
from being killed. In resting macrophages,
mycobacteria persist and replicate in
these vesicles. When the phagocyte is
recognized and activated by a T,1 cell,
however, the phagocytic vesicles fuse
with lysosomes, and the bacteria can be
killed. Macrophage activation is controlled
by T,1 cells, both to avoid tissue damage
and to save energy. The light micrographs
(bottom row) show resting (left) and
activated (right) macrophages infected
with mycobacteria. The cells have been
stained with an acid-fast red dye to reveal
mycobacteria. These are prominent
as red-staining rods in the resting
macrophages but have been eliminated
from the activated macrophages.
Photographs courtesy of G. Kaplan.
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and MHC class II. They have slightly different structures but both have an
elongated cleft in the extracellular surface of the molecule, in which a single
peptide is trapped during the synthesis and assembly of the MHC molecule
inside the cell. The MHC molecule bearing its cargo of peptide is transported
to the cell surface, where it displays the peptide to T cells (Fig. 1.28).

There are some important functional differences between the two classes of
MHC molecules. First, as noted earlier, the CD8 and CD4 molecules that dis­
tinguish dif'ferent T-cell subsets are not just random markers. These two pro­
teins have the ability to recognize parts of the MHC class I and MHC class II
molecules, respectively. CD8 T cells therefore selectively recognize peptides
that are bound to MHC class I molecules, and CD4 T cells recognize peptides
presented by MHC class II. CD4 and CD8 are known as co-receptors, because
they are inextricably involved in signaling to the T cell that the receptor has
bound the correct antigen. There are also differences in the source of peptides
that are processed and eventually bound to the two types of MHC proteins. In
most cells, MHC class I molecules collect peptides derived from proteins syn­
thesized in the cytosol and are thus able to display fragments of viral proteins
on the cell surface (Fig. 1.29). Because MHC class I molecules are expressed
on most cells of the body, they serve as an important mechanisms to defend
against viral infections. MHC class I molecules bearing viral peptides are rec­
ognized by CD8-bearing cytotoxic T cells, which then kill the infected cell (Fig.
1.30). In contrast, MHC class II molecules are expressed predominantly byMHC class II

peptide
Fig. 1.& MHC molecules on the cell surface display peptide fragments of antigens.
MHC molecules are membrane proteins whose outer extracellular domains form a
cleft in which a peptide fragment is bound. These fragments are derived from proteins
degraded inside the cell, including both self and foreign protein antigens. The peptides
are bound by the newly synthesized MHC molecule before it reaches the cell surface.
There are two kinds of MHC molecules — MHC class I and MHC class II — with related
but distinct structures and functions. Although not shown here for simplicity, both MHC
class I and MHC class II molecules are trimers of two protein chains and the bound self
or nonself peptide.

cell membrane
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Fig. 1.29 MHC class I molecules
present antigen derived from proteins
in the cytosol. In cells infected with
viruses, viral proteins are synthesized
in the cytosol. Peptide fragments of
viral proteins are transported into the
endoplasmic reticulum (ER), where they
are bound by MHC class I molecules,
which then deliver the peptides to the
cell surface.

antigen-presenting cells (dendritic cells, macrophages, and B cells) and bind
peptides derived largely from proteins in intracellular vesicles. These encom­
pass proteins taken up by phagocytosis, proteins derived from pathogens
living within macrophage vesicles, or proteins internalized by B cells by endo­
cytosis. This group of cells must either activate, or be activated by, CD4 T cells
(Fig. 1.31). We shall see in Chapter 6 exactly how peptides from these different
sources are made available to the two types of MHC molecules.

Because the T-cell receptor is specific for a combination of peptide and
MHC molecule, any given T-cell receptor will recognize either an MHC
class I molecule or an MHC class II molecule. To be useful, T lymphocytes
bearing antigen receptors that recognize MHC class I must also express CD8
co-receptors, whereas T lymphocytes bearing receptors specific for MHC class
II must express CD4. The matching of a T-cell receptor with a co-receptor of
the appropriate type occurs during of process of selection during lymphocyte
development, and naive T cells emerge from the central lymphocyte organs
bearing the correct combination of receptors and co-receptors. Exactly how
this selective process works and how it maximizes the usefulness of the T-cell
repertoire are described in Chapter 8.

As we noted earlier, when the various types of effector T cells are stimulated
by antigen, they release different sets of effector molecules that affect the
target cells or recruit other effector cells in ways we discuss in Chapter 9.
These effector molecules include many cytokines, which can influence clonal
expansion oflymphocytes, innate immune responses, and effector actions of
most immune cells. Because cytokines are central to understanding immune
responses, this book has taken the approach of discussing each cytokine
individually as their activities are encountered in each aspect of innate and
adaptive immunity, rather than treating them arbitrarily together in a single
chapter. For convenience, we have summarized their actions in Appendix III.

1-21 Inherited and acquired defects in the immune system result in

Cytotoxic T cell recognizes complex of
viral peptide with MHC class I

and kills infected cell

CDBincreased susceptibility to infection.

We tend to take for granted the ability of our immune systems to free our bod­
ies of infection and prevent its recurrence. In some people, however, parts of
the immune system faiL In the most severe of these immunodeficiency dis­
eases, adaptive immunity is completely absent, and death occurs in infancy
from overwhelming infection unless heroic measures are taken. Other less
catastrophic failures lead to recurrent infections with particular types of path­
ogens, depending on the particular deficiency. Much has been learned about
the functions of the different components of the human immune system
through the study of these immunodeficiencies, many of which are caused
by inherited genetic defects. Because understanding the features of immuno­
deficiencies requires a detailed knowledge of normal immune mechanisms,
we have postponed discussion of most of these diseases until Chapter 13,
where they can be considered together.

MHC
kills class I

Fig. 1.30 Cytotoxic CDS T cells
recognize antigen presented by MHC
class I molecules and kill the cell. The
peptide:MHC class I complex on virus­
infected cells is detected by antigen­
specific cytotoxic T cells. Cytotoxic
T cells are preprogrammed to kill the cells
they recognize.
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Fig. 1.31 CD4 T cells recognize antigen
presented by MHC class II molecules.
On recognition of their specific antigen
on infected macrophages, TH1 cells
activate the macrophage, leading to the
destruction of the intracellular bacteria
(left panel). When T,H cells recognize
antigen on B cells (right panel), they
activate these cells to proliferate and
differentiate into antibody-producing
plasma cells (not shown).
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More than 30 years ago, a devastating form of immunodeficiency appeared,
the acquired immune deficiency syndrome, or AIDS, which is caused by an
infectious agent, the human immunodeficiency viruses HIV-1 and HIV-2.
This disease destroys T cells, dendritic cells, and macrophages bearing CD4,
leading to infections caused by intracellular bacteria and other pathogens
normally controlled by such cells. These infections are the major cause of
death from this increasingly prevalent immunodeficiency disease, which is
discussed fully in Chapter 13 together with the inherited immunodeficiencies.

1-22 Understanding adaptive immune responses is important for the
control of allergies, autoimmune disease, and the rejection of
transplanted organs.

The main function of our immune system is to protect the human host from
infectious agents. However, many medically important diseases are associ­
ated with a normal immune response directed against an inappropriate anti­
gen, often in the absence of infectious disease. Immune responses directed at
noninfectious antigens occur in allergy, in which the antigen is an innocu­
ous foreign substance; in autoimmune disease, in which the response is
to a self antigen; and in graft rejection, in which the antigen is borne by a
transplanted foreign cell (both discussed in Chapter 15). The major antigens
provoking graft rejection are, in fact, the MHC molecules, as each of these
is present in many different versions in the human population — that is, they
are highly polymorphic — and most unrelated people differ in the set of MHC
molecules they express, a property commonly known as their 'tissue type.'
The MHC was originally recognized in mice as a gene locus, the H2 locus,
that controlled the acceptance or rejection of transplanted tissues, whereas
the human MHC molecules were first discovered after attempts to use skin
grafts from donors to repair badly burned pilots and bomb victims during the
Second World War. The patients rejected the grafts, which were recognized by
their immune systems as being 'foreign.' What we call a successful immune
response or a failure, and whether the response is considered harmful or ben­
eficial to the host, depends not on the response itself but rather on the nature
of the antigen and the circumstances in which the response occurs (Fig. 1.32).

Allergic diseases, which include asthma, are an increasingly common cause of
disability in the developed world. Autoimmunity is also now recognized as the
cause of many important diseases. An autoimmune response directed against
pancreatic P cells is the leading cause of diabetes in the young. In allergies and
autoimmune diseases, the powerful protective mechanisms of the adaptive
immune response cause serious damage to the patient.

Immune responses to harmless antigens, to body tissues, or to organ grafts
are, like all other immune responses, highly specific. At present, the usual way
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to treat these responses is with immunosuppressive drugs, which inhibit all
immune responses, desirable and undesirable alike. If it were possible to sup­
press only those lymphocyte clones responsible for the unwanted response,
the disease could be cured or the grafted organ protected without impeding
protective immune responses. At present, antigen-specific immunoregula­
tion is outside the reach of clinical treatment. But as we shall see in Chapter
16, many new drugs, particularly monoclonal antibody therapies, have been
developed recently that offer more selective immune suppression to control
autoimmune and other unwanted immune responses. We shall discuss the
present state of understanding of allergies, autoimmune disease, graft rejec­
tion, and immunosuppressive drugs in Chapters 14-16, and we shall see in
Chapter 15 how the mechanisms of immune regulation are beginning to
emerge from a better understanding of the functional subsets of lymphocytes
and the cytokines that control them.

1-23 Vaccination is the most effective means of controlling infectious
diseases.

The deliberate stimulation of an immune response by immunization, or vac­
cination, has achieved many successes in the two centuries since Jenner's
pioneering experiment. Mass immunization programs have led to the vir­
tual eradication of several diseases that used to be associated with significant
morbidity (illness) and mortality (Fig. 1.33). Immunization is considered so
safe and so important that most states in the United States require children to
be immunized against up to seven common childhood diseases. Impressive
as these accomplishments are, there are still many diseases for which we lack
effective vaccines. And even where vaccines for diseases such as measles can
be used effectively in developed countries, technical and economic problems
can prevent their widespread use in developing countries, where mortality
from these diseases is still high.

The tools of modern immunology and molecular biology are being applied to
develop new vaccines and improve old ones, and we discuss these advances
in Chapter 16. The prospect of controlling these important diseases is tremen­
dously exciting. The guarantee of good health is a critical step toward pop­
ulation control and economic development. At a cost of pennies per person,
great hardship and suffering can be alleviated.

Many serious pathogens have resisted efforts to develop vaccines against
them, often because they can evade or subvert the protective mechanisms
of an adaptive immune response. We examine some of the evasive strategies

Antigen
Normal response

Protective immunity

Effect of response to antigen

Recurrent infection

Deficient response

Fig. 1.32 immune responses can be
beneficial or harmful, depending on
the nature of the antigen. Beneficial
responses are shown in white, harmful
responses in red shaded boxes. Where
the response is beneficial, its absence is
harmful.Infectious agent

Innocuous substance Allergy No response

Rejection AcceptanceGrafted organ

Autoimmunity Self toleranceSelf organ

Tumor CancerTumor immunity
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Fig. 1.33 Successful vaccination
campaigns. Diphtheria, polio, and
measles and their consequences have
been virtually eliminated in the United
States, as shown in these three graphs.
SSPE stands for subacute sclerosing
panencephalitis, a brain disease that is
a late consequence of measles infection
in a few patients. When measles was
prevented, SSPE disappeared 15-20
years later. However, because these
diseases have not been eradicated
worldwide, immunization must be
maintained in a very high percentage
of the population to prevent their
reappearance.
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used by successful pathogens in Chapter 13. The conquest of many of the
world's leading diseases, including malaria and diarrheal diseases (the lead­
ing killers of children) as well as the more recent threat from AIDS, depends
on a better understanding of the pathogens that cause them and their inter­
actions with the cells of the immune system.

Summary.

Lymphocytes have two distinct recognition systems specialized for the detec­
tion of extracellular and intracellular pathogens. B cells have cell-surface
immunoglobulin molecules as receptors for antigen and, upon activation,
secrete the immunoglobulin as soluble antibody that provides a defense
against pathogens in the extracellular spaces of the body. T cells have recep­
tors that recognize peptide fragments of intracellular pathogens transported
to the cell surface by the glycoproteins of the MHC. Two classes of MHC mol­
ecules transport peptides from different intracellular compartments to the
cell surface to present them to distinct types of effector T cells: cytotoxic CD8
T cells that kill infected target cells, and various types of differentiated CD4
T cells that can activate macrophages, promote allergic responses, mobilize
neutrophils, or offer help to B cell for antibody production. Thus, T cells are
crucially important for both the humoral and cell-mediated responses of
adaptive immunity. The adaptive immune response seems to have grafted
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specific antigen recognition by highly diversified receptors onto innate
defense systems, which have a central role in the effector actions of both B
and T lymphocytes. The vital role of adaptive immunity in fighting infection
is illustrated by the immunodeficiency diseases and the problems caused
by pathogens that succeed in evading or subverting an adaptive immune
response. The antigen-specific suppression of adaptive immune responses
is the goal of treatment for important human diseases involving inappropri­
ate activation of lymphocytes, whereas the specific stimulation of an adaptive
immune response is the basis of successful vaccination.

Summary to Chapter 1.

The immune system defends the host against infection. Innate immunity
serves as a first line of defense but lacks the ability to recognize certain patho­
gens and to provide the specific protective immunity that prevents reinfec­
tion. Adaptive immunity is based on clonal selection from a repertoire of
lymphocytes bearing highly diverse antigen-specific receptors that enable the
immune system to recognize any foreign antigen. In the adaptive immune
response, antigen-specific lymphocytes proliferate and differentiate into
clones of effector lymphocytes that eliminate the pathogen. Figure 1.34 sum­
marizes the phases of the immune response and their approximate timings.
Host defense requires different recognition systems and a wide variety of
effector mechanisms to seek out and destroy the wide variety of pathogens in
their various habitats within the body and at its external and internal surfaces.

Fig. 1.34 Phases of the immune
response.Phases of the immune response

Typical time after
infection to start

of response
Duration of
responseResponse

Innate
immune
response

Inflammation, complement activation,
phagocytosis and destruction of pathogen Minutes Days

Interaction between antigen-presenting
dendritic cells and antigen-speciffc T cells:
recognition of antigen, adhesion, co­
stimulation, T-cell proliferation and
differentiation

Activation of antigen-specific B cells

Hours

Hours

Days

Days

Formation of effector and memory T cells WeeksDays
Adaptive
immune
response

Interaction of T cells with B cells, formation
of germinal centers. Formation of effector B
cells (plasma cells) and memory B cells.
Production of antibody

WeeksDays

Emigration of effector lymphocytes from
peripheral lymphoid organs

A few days

Effector cells and antibodies eliminate
the pathogen A few days

Immunological
memory

Maintenance of memory B cells and T cells
and high serum or mucosal antibody levels.
Protection against reinfection

Can be
lifelongDays to weeks
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Not only can the adaptive immune response eliminate a pathogen but, in the
process, it also generates increased numbers of differentiated memory lym­
phocytes through clonal selection, and this allows a more rapid and effective
response upon reinfection. The regulation of immune responses, whether
to suppress them when unwanted or to stimulate them in the prevention of
infectious disease, is the major medical goal of research in immunology.
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Antigen Recognition by B-cell
and T-cell Receptors

Innate immune responses initially defend the body against infection, but
these only work to control pathogens that have certain molecular patterns
or that induce interferons and other nonspecific defenses. To effectively fight
the wide range of pathogens an individual will encounter, the lymphocytes
of the adaptive immune system have evolved to recognize a great variety
of different antigens from bacteria, viruses, and other disease-causing
organisms. An antigen is any molecule or part of a molecule that is specifically
recognized by the highly specialized recognition proteins of lymphocytes. On
B cells these are the immunoglobulins (ig), which are produced by these cells
in a vast range of antigen specificities, each B cell producing immunoglobulin
of a single specificity (see Sections 1-11 and 1-12). Membrane-bound
immunoglobulin on the B-cell surface serves as the cell's receptor for antigen,
and is known as the B-cell receptor (BCR). Immunoglobulin of the same
antigen specificity is secreted as antibody by terminally differentiated B
cells — the plasma cells. The secretion of antibodies, which bind pathogens
or their toxic products in the extracellular spaces of the body (see Fig. 1.26), is
the main effector function of B cells in adaptive immunity.

Antibodies were the first proteins involved in specific immune recognition to
be characterized, and they are still the best understood. The antibodymolecule
has two separate functions: one is to bind specifically to the pathogen or its
products that elicited the immune response; the other is to recruit other
cells and molecules to destroy the pathogen once antibody has bound. For
example, binding by antibodies neutralizes viruses and marks pathogens for
destruction by phagocytes and complement, as described in Section 1-18.
Recognition and effector functions are structurally separated in the antibody
molecule, one part of which specifically binds to the antigen whereas the other
engages the elimination mechanisms. The antigen-binding region varies
extensively between antibody molecules and is known as the variable region
or V region. The variability of antibody molecules allows each antibody to
bind a different specific antigen, and the total repertoire of antibodies made
by a single individual is large enough to ensure that virtually any structure can
be recognized. The region of the antibody molecule that engages the effector
functions of the immune system does not vary in the same way and is known
as the constant region or C region. It comes in five main forms, each of which
is specialized for activating different effector mechanisms. The membrane­
bound B-cell receptor does not have these effector functions, because the C
region remains inserted in the membrane of the B cell. The function of the
B-cell receptor is to recognize and bind antigen via the V regions exposed
on the surface of the cell, thus transmitting a signal that activates the B cell,
leading to clonal expansion and antibody production. To this end, the B-cell
receptor is associated with a set of intracellular signaling proteins, which will
be described in Chapter 7.
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The antigen-recognition molecules of T cells are made solely as membrane­
bound proteins, which are associated with an intracellular signaling complex
and function only to signalT cells for activation. These T-ceilreceptors (TCRs)
are related to immunoglobulins both in their protein structure — having both
V and C regions — and in the genetic mechanism that produces their great
variability, which will be discussed in Chapter 5. The T-cell receptor differs
from the B-cell receptor in an important way, however: it does not recognize
and bind antigen by itself, but instead recognizes short peptide fragments of
protein antigens, which are presented by proteins known as MHC molecules
on the surfaces of host cells.

The MHC molecules are transmembrane glycoproteins encoded in the large
cluster of genes known as the major histocompatibiiity complex (MHC).
Their most striking structural feature is a cleft in the extracellular face of
the molecule, in which peptides can be bound. MHC molecules are highly
polymorphic — each type of MHC molecule occurs in many different versions
within the population. Most people are therefore heterozygous for the MHC
molecules: that is, they express two different forms of each type of MHC mole­
cule, which increases the range of pathogen-derived peptides that can be
bound. T-cell receptors recognize features of both the peptide antigen and the
MHC molecule to which it is bound. This introduces an extra dimension to
antigen recognition by T cells, known as MHC restriction, because any given
T-cell receptor is specific for a unique combination of a particular peptide
and a particular MHC molecule. We shall discuss MHC polymorphism and
its consequences for T-cell antigen recognition and T-cell development in
Chapters 6 and 8, respectively.

In this chapter we focus on the structure and antigen-binding properties of
immunoglobulins and T-cell receptors. Although B cells and T cells recog
nize foreign molecules in distinct fashions, the receptor molecules they use
for this task are very similar in structure. We will see how this basic structure
can accommodate great variability in antigen specificity, and how it enables
immunoglobulins and T-cell receptors to perform their functions as the
antigen-recognition molecules of the adaptive immune response.

The structure of a typical antibody molecule.

Antibodies are the secreted form of the B-cell receptor. Because they are
soluble and secreted into the blood in large quantities, antibodies are easily
obtainable and easily studied. For this reason, most of what we know about
the B-cell receptor comes from the study of antibodies.

Antibody molecules are roughly Y-shaped molecules consisting of three equal­
sized portions connected by a flexible tether. Three schematic representations
of antibody structure are shown in Fig. 4.1. In this part of the chapter we will
explain how this structure is formed and how it allows antibody molecules
to perform their dual tasks — binding on the one hand to a wide variety of
antigens, and on the other to a limited number of effector molecules and cells
that destroy the antigen. Each of these tasks is performed by different parts of
the molecule. The ends of the two arms of the Y — the V regions — vary in their
detailed structure between different antibody molecules. These are involved
in antigen binding. The stem of the Y — the C region — is far less variable and is
the part that interacts with effector cells and molecules.

All antibodies are constructed in the same way from paired heavy and light
polypeptide chains, and the generic term immunoglobulin is used for all such
proteins. Five different classes of immunoglobulins — IgM, IgD, IgG, IgA, and
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T he structure of a typical antibody molecule 1 2 9

Fig. 4.1 Structure of an antibody molecule. Panel a illustrates a ribbon diagram based
on the X-ray crystallographic structure of an IgG antibody, showing the course of the
backbones of the polypeptide chains. Three globular regions form a Y shape. The two
antigen-binding sites are at the tips of the arms, which are tethered to the trunk of the Y
by a flexible hinge region. A schematic representation of the structure in panel a is given
in panel b, illustrating the four-chain composition and the separate domains comprising
each chain. Panel c shows a simplified schematic representation of an antibody molecule
that will be used throughout this book. C terminus, carboxy terminus; N terminus, amino
terminus. Structure courtesy of R.L. Stanfield and I.A. Wilson.

IgE — can be distinguished by their C regions. More subtle differences con­
fined to the V region account for the specificity of antigen binding. We will use
the IgG antibody molecule as an example to describe the general structural
features of immunoglobulins.

4-1 IQG antibodies consist of four polypeptide chains.

IgG antibodies are large molecules with a molecular weight of approximately
150 kDa and are composed of two different kinds of polypeptide chains. One,
of approximately 50 kDa, is called the heavy or H chain, and the other, of
25 kDa, is the light or L chain (Fig. 4.2). Each IgG molecule consists of two
heavy chains and two light chains. The two heavy chains are linked to each
other by disulfide bonds, and each heavy chain is linked to a light chain by
a disulfide bond. In any given immunoglobulin molecule, the two heavy
chains and the two light chains are identical, giving an antibody molecule two
identical antigen-binding sites (see Fig. 4.1). This gives it the ability to bind
simultaneously to two identical antigens on a surface and hence increase the
total strength of the interaction, which is called its avidity. The strength of
the interaction between a single antigen-binding site and its antigen is called
its affinity.

Two types of light chains, lambda (A) and kappa (x), are found in antibodies. A
given immunoglobulin has either x chains or )t. chains, never one of each. No
functional difference has been found between antibodies having )t. or x light
chains, and either type of light chain can be found in antibodies of any of the
five major classes. The ratio of the two types of light chains varies from species
to species. In mice, the average x to X ratio is 20:1, whereas in humans it is 2:1
and in cattle it is 1:20. The reason for this variation is unknown. Distortions
of this ratio can sometimes be used to detect the abnormal proliferation of
a clone of B cells. These will all express the identical light chain, and thus an
excess of A, light chains in a person might indicate the presence of a B-cell
tumor producing X chains.

The class, and thus the effector function, of an antibodyis defined by th struc­
ture of its heavy chain. There are five main heavy-chain classes or isotypes,
some of which have several subtypes, and these determine the functional
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activity of an antibody molecule. The five major classes of immunoglobulin
are immunogiobulin M (IgM), immunogiobulin D (IgD), immunoglobulin
G (IgG), immunoglobulin A (IgA), and immunoglobulin E (IgE). Their heavy
chains are denoted by the corresponding lower-case Greek letter (p, 5, y, a,
and e, respectively). IgG is by far the most abundant immunoglobulin and has
several subclasses (IgG1, 2, 3, and 4 in humans). The distinctive functional
properties of the different classes and subclasses of antibodies are conferred
by the carboxy-terminal part of the heavy chain, where it is not associated
with the light chain. We will describe the structure and functions of the dif­
ferent heavy-chain isotypes in Chapter 5. The general structural features of all
the isotypes are similar, and we will consider IgG, the most abundant isotype
in plasma, as a typical antibody molecule.

The structure of a B-cell receptor is identical to that of its corresponding anti­
body except for a small portion of the carboxy terminus of the heavy-chain C
region. In the B-cell receptor, the carboxy terminus is a hydrophobic amino
acid sequence that anchors the molecule in the membrane, and in the anti­
body it is a hydrophilic sequence that allows secretion.

4-2 Immunoglobulin heavy and light chains are composed of constant
and variable regions.

The amino acid sequences of many immunoglobulin heavy and light chains
have been determined and reveal two important features of antibody mol­
ecules. First, each chain consists of a series of similar, although not identical,
sequences, each about 110 amino acids long. Each of these repeats corre­
sponds to a discrete, compactly folded region of protein structure known as
a protein domain. The light chain is made up of two such immunoglobulin
domains, whereas the heavy chain of the IgG antibody contains four (see Fig.
4.1a). This suggests that the immunoglobulin chains have evolved by repeated
duplication of an ancestral gene corresponding to a single domain.

The second important feature is that the amino-terminal amino acid
sequences of the heavy and light chains vary greatly between different
antibodies. The variability is limited to approximately the first 110 amino
acids, corresponding to the first domain, whereas the remaining domains are
constant between immunoglobulin chains of the same isotype. The amino­
terminal variable domains (V domains) of the heavy and light chains (V„and
V„, respectively) together make up the V region of the antibody and confer
on it the ability to bind specific antigen, whereas the constant domains (C
domains) of the heavy and light chains (C„and C„respectively) make up
the C region (see Fig. 4.1b and c). The multiple heavy-chain C domains are
numbered from the amino-terminal end to the carboxy terminus, for example
C„l, C„2, and so on.

4-3 Theantibody molecule can readily be cleaved into functionally
distinct fragments.

The protein domains described above associate to form larger globular
domains. Thus, when fully folded and assembled, an antibody molecule
comprises three equal-sized globular portions joined by a flexible stretch
of polypeptide chain known as the hinge region (see Fig. 4.1b). Each arm of
this Y-shaped structure is formed by the association of a light chain with the
amino-terminal half of a heavy chain, whereas the trunk of the Y is formed
by the pairing of the carboxy-terminal halves of the two heavy chains. The
association of the heavy and light chains is such that the V„and V„domains are
paired, as are the C„l and C„domains. The C„3 domains pair with each other
but the C„2 domains do not interact; carbohydrate side chains attached to
the C„2 domains lie between the two heavy chains. The two antigen-binding
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sites are formed by the paired V„andV, domains at the ends of the two arms
of the Y (see Fig. 4.1b).

Proteolytic enzymes (proteases) that cleave polypeptide sequences have been
used to dissect the structure of antibody molecules and to determine which
parts of the molecule are responsible for its various functions. Limited diges­
tion with the protease papain cleaves antibody molecules into three frag­
ments (Fig. 4.3). Papain cuts the antibody molecule on the amino-terminal
side of the disulfide bonds that link the two heavy chains, releasing the two
arms of the antibody molecule as two identical fragments that contain the
antigen-binding activity. These are called the Fab fragments, for Fragment
antigen binding. The other fragment contains no antigen-binding activity but
was originally observed to crystallize readily, and for this reason it was named
the Fc fragment, for Fragment crystallizable. It corresponds to the paired C„2
and C„3 domains and is the part of the antibody molecule that interacts with
effector molecules and cells. The functional differences between heavy-chain
isotypes lie mainly in the Fc fragment.

Another protease, pepsin, cuts on the carboxy-terminal side of the disulfide
bonds (see Fig. 4.3). This produces a fragment, the F(ab'), fragment, in which
the two antigen-binding arms of the antibody molecule remain linked. Pepsin
cuts the remaining part of the heavy chain into several small fragments. The
F(ab'), fragment has exactly the same antigen-binding characteristics as the
original antibody but is unable to interact with any effector molecule. It thus
has potential for therapeutic applications.

Many antibody-related molecules can be constructed with the use of genetic
engineering techniques. One is a truncated Fab comprising the V domain
of a heavy chain linked by a stretch of synthetic peptide to a V domain of a
light chain. This is called single-chain Fv, named from Fragment variable. Fv
molecules could become valuable therapeutic agents because of their small
size, which allows them to penetrate tissues easily. For example, Fv molecules
specific for tumor antigens and coupled to protein toxins have potential
applications in tumor therapy, as discussed in Chapter 16.

4-4 The immunoglobulin molecule is flexible, especially at the

amino terminus

Fab

carboxy terminus

Proteolytic cleavage by papain

Fc

Fab

Proteolytic cleavage by pepsin

hinge region.

The hinge region that links the Fc and Fab portions of the IgG molecule is in
reality a flexible tether, allowing independent movement of the two Fab arms.
This flexibility is revealed by studies of antibodies bound to small antigens
known as haptens. These are molecules of various types that are typically about
the size of a tyrosine side chain. Although haptens are specifically recognized
by antibody, they can only stimulate the production of anti-hapten antibodies
when linked to a protein (see Appendix I, Section A-1). Two identical hapten
molecules joined by a short flexible region can link two or more anti-hapten
antibodies, forming dimers, trimers, tetramers, and so on, which can be seen
by electron microscopy (Fig. 4.4). The shapes formed by these complexes
show that antibody molecules are flexible at the hinge region. Some flexibility
is also found at the junction between the V and C domains, allowing bending

F(ab')2

Fig. 4.3 The Y-shaped immunoglobulin molecule can be dissected by partial
digestion with proteases. Upper panels: papain cleaves the immunoglobulin molecule
into three pieces, two Fab fragments and one Fc fragment. The Fab fragment contains
the V regions and binds antigen. The Fc fragment is crystallizable and contains C
regions. Lower panels: pepsin cleaves immunoglobulin to yield one F(ab'), fragment and
many small pieces of the Fc fragment, the largest of which is called the pFc' fragment.
F(ab'), is written with a prime because it contains a few more amino acids than Fab,
including the cysteines that form the disulfide bonds.

pFc'
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Angle between arms is 60' Angle between arms is 90'(Micrograph x 300,000)

Fig. 4A Antibody arms are joined by
a flexible hinge. An antigen consisting
of two hapten molecules (red balls
in diagrams) that can cross-link two
antigen-binding sites is used to create
antigen:antibody complexes, which can
be seen in the electron micrograph.
Linear, triangular, and square forms are
seen, with short projections or spikes.
Limited pepsin digestion removes these
spikes (not shown in the figure), which
therefore correspond to the Fc portion of
the antibody; the F(ab'), pieces remain
cross-linked by antigen. The interpretation
of some of the complexes is shown in
the diagrams. The angle between the
arms of the antibody molecules varies.
In the triangular forms, this angle is 60',
whereas it is 90' in the square forms,
showing that the connections between
the arms are flexible. Photograph
(x300,000) courtesy of N.M. Green.

and rotation of the V domain relative to the C domain. For example, in the
antibody molecule shown in Fig. 4.1a, not only are the two hinge regions
clearly bent differently, but the angle between the V and C domains in each of
the two Fab arms is also different. This range of motion has led to the junction
between the V and C domains being referred to as a 'molecular ball-and­
socket joint.' Flexibility at both the hinge and the V — C junction enables the
two arms of an antibody molecule to bind to sites some distance apart, such
as the repeating sites on bacterial cell-wall polysaccharides. Flexibility at the
hinge also enables antibodies to interact with the antibody-binding proteins
that mediate immune effector mechanisms.

4-5 The domains of an immunoglobulin molecule have similar structures.

As we saw in Section 4-2, immunoglobulin heavy and light chains are com­
posed of a series of discrete protein domains, all of which have a similar folded
structure. Within this basic structure there are distinct differences between
V and C domains. The structural similarities and differences can be seen in
the diagram of a light chain in Fig. 4.5. Each domain is constructed from two
jj sheets, which are elements of protein structure made up of strands of the
polypeptide chain (jj strands) packed together; the sheets are linked by a
disulfide bridge and together form a roughly barrel-shaped structure, known
as a Ij barrel. The distinctive folded structure of the immunoglobulin protein
domain is known as the immunoglobulin fold.

Both the essential similarity of V and C domains and the critical differences
between them are most clearly seen in the bottom panels of Fig. 4.5, in
which the cylindrical domains are opened out to reveal how the polypeptide
chain folds to create each of the P sheets and how it forms flexible loops as it
changes direction. The main difference between the V and C domains is that
the V domain is larger, with an extra loop. The flexible loops of the V domains
form the antigen-binding site of the immunoglobulin molecule.

Many of the amino acids that are common to the C andVdomains lie in the core
of the immunoglobulin fold and are essential for its stability. Other proteins
with sequences similar to those of immunoglobulins have been shown to
form domains of similar structure, which are called immunoglobulin-like
domains (Ig-like domains). These domains are present in many proteins
of the immune system, and in proteins involved in cell — cell recognition
and adhesion in the nervous system and other tissues. Together with the
immunoglobulins and the T-cell receptors, they make up the extensive
immunoglobulin superfamily.
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Fig. 4.5 The structure of
immunoglobulin constant and variable
domains. The upper panels show
schematically the folding pattern of the
constant (C) and variable (V) domains
of an immunoglobulin light chain. Each
domain is a barrel-shaped structure
in which strands of polypeptide chain
(P strands) running in opposite directions
(antiparallel) pack together to form two
P sheets (shown in yellow and green for
the C domain and red and blue for the
V domain), which are held together by
a disulfide bond. The way in which the
polypeptide chain folds to give the final
structure can be seen more clearly when
the sheets are opened out, as shown
in the lower panels. The P strands are
lettered sequentially with respect to the
order of their occurrence in the amino
acid sequence of the domains; the
order in each P sheet is characteristic
of immunoglobulin domains. The P
strands C' and C" that are found in the
V domains but not in the C domains are
indicated by a blue shaded background.
The characteristic four-strand plus
three-strand (C-region type domain) or
four-strand plus five-strand (V-region
type domain) arrangements are typical
immunoglobulin superfamily domain
building blocks, found in a whole range of
other proteins as well as antibodies and
T-cell receptors.

Arrangement of P strands

disulfide bond disulfide bond
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Summary.

The IgG antibody molecule is made up o f f our polypeptide chains,
comprising two identical light chains and two identical heavy chains, and
can be thought of as forming a flexible Y-shaped structure. Each of the four
chains has a variable (V) region at its amino terminus, which contributes to
the antigen-binding site, and a constant (C) region, which determines the
isotype. The isotype of the heavy chain determines the functional properties
of the antibody. The light chains are bound to the heavy chains by many
noncovalent interactions and by disulfide bonds, and the V regions of the
heavy and light chains pair in each arm of the Y to generate two identical
antigen-binding sites, which lie at the tips of the arms of the Y. The possession
of two antigen-binding sites allows antibody molecules to cross-link antigens
and to bind them much more stably and with higher avidity. The trunk of the
Y, called the Fc fragment, is composed of the carboxy-terminal domains of
the heavy chains. Joining the arms of the Y to the trunk are the flexible hinge
regions. The Fc fragment and hinge regions differ in antibodies of different
isotypes, thus determining their functional properties. However, the overall
organization of the domains is similar in all isotypes.
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The interaction of the antibody molecule with
specific antigen.

In this part of the chapter we look at the antigen-binding site of an immu­
noglobulin molecule in more detail. We discuss the different ways in which
antigens can bind to antibody, and address the question of how variation
in the sequences of the antibody V domains determines the specificity for
antigen.

44 Localized regions of hypervariable sequence form the
antigen-binding site.

The V regions of any given antibody molecule differ from those of every other.
Sequence variability is not, however, distributed evenly throughout the V
region but is concentrated in certain segments, as is clearly seen in a vari­
ability plot (Fig. 4.6), in which the amino acid sequences of many different
antibody V regions are compared. Three particularly variable segments can be
identified in both the V„and V„domains. They are designated hypervariable
relpons and are denoted HV1, HV2, and HV3. In the heavy chains they run
roughly from residues 30 to 36, 49 to 65, and 95 to 103, respectively, while in
the light chains they are located roughly at residues 28 to 35, 49 to 59, and 92
to 103, respectively. The most variable part of the domain is in the HV3 region.
The regions between the hypervariable regions, which comprise the rest of the
V domain, show less variability and are termed the framework relpons. There
are four such regions in each V domain, designated FR1, FR2, FR3, and FR4.

The framework regions form the P sheets that provide the structural
framework of the domain, whereas the hypervariable sequences correspond
to three loops at the outer edge of the P barrel, which are juxtaposed in the
folded domain (Fig. 4.7). Thus, not only is diversity concentrated in particular
parts of the V domain sequence, but it is also localized to a particular
region on the surface of the molecule. When the V„and V„ immunoglobulin
domains are paired in the antibody molecule, the three hypervariable loops

Fig. 4.B There are discrete regions of
hyper variability in V domains.
A variability plot derived from comparison
of the amino acid sequences of several
dozen heavy-chain and light-chain V
domains is shown. At each amino acid
position the degree of variability is the
ratio of the number of different amino
acids seen in all of the sequences
together to the frequency of the most
common amino acid. Three hypervariable
regions (HV1, HV2, and HV3) are indicated
in red. They are flanked by less variable
framework regions (FR1, FR2, FR3, and
FR4, shown in blue or yellow).
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Fig. 4.7 The hypervariable regions lie in discrete loops of the folded structure.
When the hypervariable regions are positioned on the structure of a V domain it can be
seen that they occur in loops that are brought together in the folded structure. In the
antibody molecule, the pairing of a heavy chain and a light chain brings together the
hypervariable loops from each chain to create a single hypervariable surface, which
forms the antigen-binding site at the tip of each arm. Because they are complementary
to the antigen surface, the hypervariable regions are more commonly known as the
complementarity-determining regions (CDRs). C, carboxy terminus; N, amino terminus.
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from each domain are brought together, creating a single hypervariable site
at the tip of each arm of the molecule. This is the antigen-binding site or
antibody combining site, which determines the antigen specificity of the
antibody. These six hypervariable loops are more commonly termed the
complementarity-determining regions, or CDRs, because the surface they
form is complementary to that of the antigen they bind. There are three CDRs
from each of the heavy and light chains, namely CDR1, CDR2, and CDR3.
Because CDRs from both V„and V, domains contribute to the antigen-binding
site, it is the combination of the heavy and the light chain, and not either
alone, that determines the final antigen specificity (see Fig. 4.6). Thus, one
way in which the immune system is able to generate antibodies of different
specificities is by generating different combinations of heavy-chain and light­
chain V regions. This is known as combinatorial diversity; we will encounter
a second form of combinatorial diversity when we consider in Chapter 5 how
the genes encoding the heavy-chain and light-chain V regions are created
from smaller segments of DNA.

4-7 Antibodies bind antigens via contacts with amino acids in CDRs, but
the details of binding depend upon the size and shape of the antigen.

In early investigations of antigen binding to antibodies, the only available
sources of large quantities of a single type of antibody molecule were tumors
of antibody-secreting cells. The antigen specificities of these antibodies were
unknown, so many compounds had to be screened to identify ligands that
could be used to study antigen binding. In general, the substances found to
bind to these antibodies were haptens (see Section 4-4) such as phospho­
choline or vitamin K,. Structural analysis of complexes of antibodies with
their hapten ligands provided the first direct evidence that the hypervariable
regions form the antigen-binding site, and demonstrated the structural basis
of specificity for the hapten. Subsequently, with the discovery of methods of
generating monoclonal antibodies (see Appendix I, Section A-12), it became
possible to make large amounts of pure antibody specific for a given antigen.
This has provided a more general picture of how antibodies interact with their
antigens, confirming and extending the view of antibody — antigen interac­
tions derived from the study of haptens.

The surface of the antibody molecule formed by the juxtaposition of the CDRs
of the heavy and light chains is the site to which an antigen binds. Clearly, as
the amino acid sequences of the CDRs are different in different antibodies, so
too are the shapes and properties of the surfaces created by these CDRs. As a
general principle, antibodies bind ligands whose surfaces are complementary
to that of the antigen-binding site. A small antigen, such as a hapten or a short
peptide, generally binds in a pocket or groove lying between the heavy-chain
and light-chain V domains (Fig. 4.8a and b). Some antigens, such as proteins,
can be the same size as, or larger than, the antibody itself. In these cases, the
interface between antigen and antibody is often an extended surface that
involves all the CDRs and, in some cases, part of the framework region as well
(see Fig.4.8c). This surface need not be concave but can be flat, undulating, or
even convex. In some cases, antibody molecules with elongated CDR3 loops
can protrude a 'finger' into recesses in the surface of the antigen, as shown in
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Fig. 4.8 Antigens can bind in pockets,
or grooves, or on extended surfaces
in the binding sites of antibodies. The
panels in the top row show schematic
representations of the different types
of binding sites in a Fab fragment of an
antibody: first panel, pocket; second
panel, groove; third panel, extended
surface; and fourth panel, protruding
surface. Below are examples of each
type. Panel a: the top image shows the
molecular surface of the interaction of a
small hapten with the complementarity­
determining regions (CDRs) of a Fab
fragment as viewed looking into the
antigen-binding site. The ferrocene
hapten, shown in green, is bound into the
antigen-binding pocket (yellow). In the
bottom image (and in those of panels b,
c, and d) the molecule has been rotated
by about 90' to give a side-on view of the
binding site. Panel b: in a complex of an
antibody with a peptide from the human
immunodeficiency virus (HIV), the peptide
(green) binds along a groove (yellow)
formed between the heavy-chain and
light-chain V domains. Panel c: complex
between hen egg-white lysozyme and
the Fab fragment of its corresponding
antibody (HyHel5). The surface on the
antibody that comes into contact with
the lysozyme is colored yellow. All six
CDRs of the antigen-binding site are
involved in the binding. Panel d: an
antibody molecule against the HIV gp120
antigen has an elongated CDR3 loop that
protrudes into a recess on the side of the
antigen. The structure of the complex
between this antibody and gp120 has
been solved, and it is now known that
only the heavy chain interacts with gp120.
Structures courtesy of R.L. Stanfield
and I.A. Wilson.

of antigens.

v,

Fig. 4.8d, where an antibody binding to the HIV gp120 antigen projects a long
loop against its target.

44 Antibodies bind to conformational shapes on the surfaces

The biological function of antibodies is to bind to pathogens and their
products, and to facilitate their removal from the body. An antibody generally
recognizes only a small region on the surface of a large molecule such as a
polysaccharide or protein. The structure recognized by an antibody is called
an antigenic determinant or epitope. Some of the most important pathogens
have polysaccharide coats, and antibodies that recognize epitopes formed
by the sugar subunits of these molecules are essential in providing immune
protection against such pathogens. In many cases, however, the antigens
that provoke an immune response are proteins. For example, protective
antibodies against viruses recognize viral coat proteins. In all such cases,
the structures recognized by the antibody are located on the surface of the
protein. Such sites are likely to be composed of amino acids from different
parts of the polypeptide chain that have been brought together by protein
folding. Antigenic determinants of this kind are known as conformational
or discontinuous epitopes because the structure recognized is composed of
segments of the protein that are discontinuous in the amino acid sequence
of the antigen but are brought together in the three-dimensional structure.
In contrast, an epitope composed of a single segment of polypeptide chain
is termed a continuous or linear epitope. Although most antibodies raised
against intact, fully folded proteins recognize discontinuous epitopes, some
will bind to peptide fragments of the protein. Conversely, antibodies raised
against peptides of a protein or against synthetic peptides corresponding
to part of its sequence are occasionally found to bind to the natural folded
protein. This makes it possible, in some cases, to use synthetic peptides in
vaccines that aim at raising antibodies against a pathogen protein.

4-9 Antigen-antibody interactions involve a variety of forces.

The interaction between an antibody and its antigen can be disrupted by
high salt concentrations, by extremes of pH, by detergents, and sometimes
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by competition with high concentrations of the pure epitope itself. The bind­
ing is therefore a reversible noncovalent interaction. The forces, or bonds,
involved in these noncovalent interactions are outlined in Fig. 4.9.

Electrostatic interactions occur between charged amino acid side chains, as
in salt bridges. Most antibody — antigen interactions involve at least one elec­
trostatic interaction. Interactions also occur between electric dipoles, as in
hydrogen bonds, or can involve short-range van der Waals forces. High salt
concentrations and extremes of pH disrupt antigen — antibody binding by
weakening electrostatic interactions and/or hydrogen bonds. This principle
is employed in the purification of antigens by using affinity columns of immo­
bilized antibodies, and vice versa for antibody purification (see Appendix I,
Section A-5). Hydrophobic interactions occur when two hydrophobic sur­
faces come together to exclude water. The strength of a hydrophobic inter­
action is proportional to the surface area that is hidden from water, and for
some antigens, hydrophobic interactions probably account for most of the
binding energy. In some cases, water molecules are trapped in pockets in
the interface between antigen and antibody. These trapped water molecules,
especially those between polar amino acid residues, may also contribute to
binding and hence to the specificity of the antibody.

The contribution of each of these forces to the overall interaction depends on
the particular antibody and antigen involved. A striking difference between
antibody interactions with protein antigens and most other natural protein­
protein interactions is that antibodies often have many aromatic amino acids
in their antigen-binding sites. These amino acids participate mainly in van
der Waals and hydrophobic interactions, and sometimes in hydrogen bonds.
Tyrosine, for example, can take part in both hydrogen bonding and hydropho­
bic interactions; it is therefore particularly suitable for providing diversity in
antigen recognition and is over-represented in antigen-binding sites. In gen­
eral, the hydrophobic and van der Waals forces operate over very short ranges
and serve to pull together two surfaces that are complementary in shape: hills
on one surface must fit into valleys on the other for good binding to occur. In
contrast, electrostatic interactions between charged side chains, and hydro­
gen bonds bridging oxygen and/or nitrogen atoms, accommodate specific
features or reactive groups while strengthening the interaction overall.

An example of a reaction involving a specific amino acid in the antigen can
be seen in the complex of hen egg-white lysozyme with the antibody D1.3

Noncovalent forces Origin

Hydrogen bonds

Electrostatic forces Attraction between
opposite charges

Hydrogen shared
between electronegative
atoms (N, 0)

3

0+ 0
— NH OOC­

N — H ­ — O=C
s+

Hydrophobic forces

Van der Waafs forces
Fluctuations in electron
clouds around molecules
polarize neighboring atoms
oppositely

Hydrophobic groups interact
unfavorably with water and
tend to pack together io
exclude water molecules.
The attraction also involves
van der Waals forces
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Fig. 4.9 The noncovalent forces that
hold together the antigen:antibody
complex. Partial charges found in electric
dipoles are shown as 5+ or 5-. Electrostatic
forces diminish as the inverse square
of the distance separating the charges,
whereas van der Waals forces, which are
more numerous in most antigen-antibody
contacts, fall off as the sixth power of
the separation and therefore operate
only over very short ranges. Covalent
bonds never occur between antigens
and naturally produced antibodies.

g+

HAH
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(Fig. 4.10), where strong hydrogen bonds are formed between the antibody
and a particular glutamine in the lysozyme molecule that protrudes between
the V„and V L domains. Lysozymes from partridge and turkey have another
amino acid in place of the glutamine and do not bind to this antibody. In
the high-affinity complex of hen egg-white lysozyme with another antibody,
HyHel5 (see Fig. 4.8c), two salt bridges between two basic arginines on
the surface of the lysozyme interact with two glutamic acids, one each
f rom the V„ C DR1 and CDR2 loops. Lysozymes that lack one of the two
arginine residues show a 1000-fold decrease in affinity for HyHel5. Overall
surface complementarity must have an important role in antigen — antibody
interactions, but in most antibodies that have been studied at this level of
detail only a few residues make a major contribution to the binding energy
and hence to the final specificity of the antibody. Although many antibodies
naturally bind their ligands with high affinity (in the nanomolar range),
genetic engineering by site-directed mutagenesis can tailor an antibody to
bind even more strongly to its epitope.

Summary.

X-ray crystallographic analyses of antigen:antibody complexes have shown
that the hypervariable loops (complementarity-determining regions, CDRs)
of immunoglobulin V regions determine the binding specificity of an anti­
body. Contact between an antibody molecule and a protein antigen usually
occurs over a broad area of the antibody surface that is complementary to
the surface recognized on the antigen. Electrostatic interactions, hydrogen
bonds, van der Waals forces, and hydrophobic interactions can all contrib­
ute to binding. Depending on the size of the antigen, amino acid side chains
in most or all of the CDRs make contact with antigen and determine both
the specificity and the affinity of the interaction. Other parts of the V region
normally play little part in the direct contact with the antigen, but they pro­
vide a stable structural framework for the CDRs and help to determine their
position and conformation. Antibodies raised against intact proteins usually
bind to the surface of the protein and make contact with residues that are
discontinuous in the primary structure of the molecule; they may, however,
occasionally bind peptide fragments of the protein, and antibodies raised
against peptides derived from a protein can sometimes be used to detect
the native protein molecule. Peptides binding to antibodies usually bind in
a cleft or pocket between the V regions of the heavy and light chains, where
they make specific contact with some, but not necessarily all, of the CDRs.
This is also the usual mode of binding for carbohydrate antigens and small
molecules such as haptens.

Fig. 4.10 The complex of lysozyme with
the antibody D1.3. The interaction of the
Fab fragment of D1.3 with hen egg-white
lysozyme is shown, with the lysozyme in
blue, the heavy chain in purple and the
light chain in green. A glutamine residue
of lysozyme, shown in red, protrudes
between the two V domains of the
antigen-binding site and makes hydrogen
bonds that are important to the antigen­
antibody binding. Courtesy of R.J. Poljak.

Antigen recognition by T cells.

In contrast to the immunoglobulins, which interact with pathogens and their
toxic products in the extracellular spaces of the body, T cells recognize for­
eign antigens only when they are displayed on the surfaces of the body's own
cells. These antigens can derive from pathogens such as viruses or intracellu­
lar bacteria, which replicate within cells, or from pathogens or their products
that have been internalized by endocytosis from the extracellular fluid.

T cells detect the presence of an intracellular pathogen because the infected
cells display on their surface peptide fragments of the pathogen's proteins.
These foreign peptides are delivered to the cell surface by specialized host­
cell glycoproteins — the MHC molecules. These are encoded in a large cluster
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of genes that were first identified by their powerful effects on the immune
response to transplanted tissues. For that reason, the gene complex was
called the major histocompatibility complex (MHC) and the peptide-binding
glycoproteins are known as MHC molecules. The recognition of antigen as a
small peptide fragment bound to an MHC molecule and displayed at the cell
surface is one of the most distinctive features of T cells, and will be the focus of
this part of the chapter. How the peptide fragments of antigen are generated
and become associated with MHC molecules will be described in Chapter 6.

We describe here the structure and properties of the T-cell receptor (TCR). As
might be expected from their function as highly variable antigen-recognition
structures, the genes for T-cell receptors are closely related to those for
immunoglobulins. There are, however, important differences between T-cell
receptors and immunoglobulins that reflect the special features of antigen
recognition by T cells.

4-10 The T-cell receptor is very similar to a Fab fragment

V,

Fab

C,

Fc

antigen-binding
site

CH

H

antigen-binding
site

V

antibody

T-catt
receptor

of immunoglobulin.

T-cell receptors were first identified by using monoclonal antibodies that
bound to a single cloned T-cell line: such antibodies either specifically inhibit
antigen recognition by the clone or specifically activate it by mimicking the
antigen (see Appendix I, Section A-19). These clonotypic antibodies were
then used to show that each T cell bears about 30,000 identical antigen recep­
tors on its surface, each receptor consisting of two different polypeptide
chains, termed the T-cell receptor a (TCRa) and P (TCRP) chains, linked by a
disulfide bond. The a:P heterodimers are very similar in structure to the Fab
fragment of an immunoglobulin molecule (Fig. 4.11), and they account for
antigen recognition by most T cells. A minority of T cells bear an alternativ,
but structurally similar, receptor made up of a different pair of polypeptide
chains designated T and 5. The y5T-cell receptors seem to have different anti­
gen-recognition properties from the a:P T-cell receptors, and the function of
T:5 T cells in immune responses is not yet entirely clear (see Section 3-24). In
the rest of this chapter and elsewhere in the book we use the term T-cell recep­
tor to mean the u:P receptor, except where specified otherwise. Both types
of T-cell receptors differ from the membrane-bound immunoglobulin that
serves as the B-cell receptor in two main ways. A T-cell receptor has only one
antigen-binding site, whereas a B-cell receptor has two, and T-cell receptors
are never secreted, whereas immunoglobulin can be secreted as antibody.

Further insights into the structure and function of the u: P T-cell receptor
came from studies of cloned cDNA encoding the receptor chains. The amino
acid sequences predicted from the cDNA showed that both chains of the
T-cell receptor have an amino-terminal variable (V) region with homology
to an immunoglobulin V domain, a constant (C) region with homology to an
immunoglobulin C domain, and a short stalk segment containing a cysteine
residue that forms the interchain disulfide bond (Fig. 4.12). Each chain spans
the lipid bilayer by a hydrophobic transmembrane domain, and ends in a
short cytoplasmic tail. These close similarities of T-cell receptor chains to

n chain P chain

Fig. 4.11 The T-cell receptor resembles
a membrane-bound Fab fragment The
Fab fragment of an antibody molecule is
a disulfide-linked heterodimer, each chain
of which contains one immunoglobulin
C domain and one V domain; the
juxtaposition of the V domains forms the
antigen-binding site (see Section 4-6). The
T-cell receptor is also a disulfide-linked
heterodimer, with each chain containing
an immunoglobulin C-like domain and
an immunoglobulin V-like domain. As in
the Fab fragment, the juxtaposition of
the V domains forms the site for antigen
recognition.

T cell

carbohydrate

variable
region (V)

constant
region (C)

stalk segment

transmembrane
region

cytoplasmic tail

Fig. 4.12 Structure of the T-cell receptor. The T-cell receptor heterodimer is composed
of two transmembrane glycoprotein chains, u and P. The extracellular portion of
each chain consists of two domains, resembling immunoglobulin V and C domains,
respectively. Both chains have carbohydrate side chains attached to each domain. A
short stalk segment, analogous to an immunoglobulin hinge region, connects the Ig-like
domains to the membrane and contains the cysteine residue that forms the interchain
disulfide bond. The transmembrane helices of both chains are unusual in containing
positively charged (basic) residues within the hydrophobic transmembrane segment. The
u chain carries two such residues; the j) chain has one.

disulfide bond
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the heavy and light immunoglobulin chains first enabled prediction of the
structural resemblance of the T-cell receptor heterodimer to a Fab fragment
of immunoglobulin.

The three-dimensional structure of the T-cell receptor has since been deter­
mined by X-ray crystallography, and the two structures are indeed similar: the
T-cell receptor chains fold in much the same way as those of a Fab fragment
(Fig. 4.13a), although the final structure appears a little shorter and wider.
There are, however, some distinct structural differences between T-cell recep­
tors and Fab fragments. The most striking is in the C, domain, where the fold
is unlike that of any other Ig-like domain. The half of the domain that is juxta­
posed with the C> domain forms a P sheet similar to that found in other Ig-like
domains, but the other half of the domain is formed of loosely packed strands
and a short segment of u helix (Fig. 4.13b). In a C, domain the intramolecular
disulfide bond, which in Ig-like domains normally joins two p strands, joins a
P strand to this segment of u helix.

There are also differences in the way in which the domains interact. The
interface between the V and C domains of both T-cell receptor chains is
more extensive than in most antibodies. The interaction between the C„
and C> domains is distinctive as it might be assisted by carbohydrate, with
a sugar group from the C„domain making a number of hydrogen bonds to
the C> domain (see Fig. 4.13b). Finally, a comparison of the variable binding
sites shows that, although the CDR loops align fairly closely with those of
antibody molecules, there is some relative displacement (see Fig. 4.13c). This
is particularly marked in the V, CDR2 loop, which is oriented at roughly right
angles to the equivalent loop in antibodyV domains, as a result of a shift in the
P strand that anchors one end of the loop from one face of the domain to the
other. A strand displacement also causes a change in the orientation of the V>
CDR2 loop in some V> domains whose structures are known. As relatively
few crystallographic structures have been solved to this level of resolution, it
remains to be seen to what degree allT-cellreceptors share these features, and
whether there are more differences to be discovered.

4-11 AT-cell receptor recognizes antigen in the form of a complex

Fig. 4.13 The crystal structure of an
a:P T-cell receptor resolved at 2.5 k
In panels a and b the u chain is shown
in pink and the P chain in blue. Disulfide
bonds are shown in green. In panel a, the
T-cell receptor is viewed from the side
as it would sit on a cell surface, with the
CDR loops that form the antigen-binding
site (labeled 1, 2, and 3) arrayed across its
relatively flat top. In panel b, the C and
C> domains are shown. The C domain
does not fold into a typical Ig-like domain;
the face of the domain away from the C>
domain is mainly composed of irregular
strands of polypeptide rather than P
sheet. The intramolecular disulfide bond
joins a (I strand to this segment of u helix.
The interaction between the C„and C>
domains is assisted by carbohydrate
(colored gray and labeled on the figure),
with a sugar group from the C„domain
making hydrogen bonds to the C>
domain. In panel c, the T-cell receptor is
shown aligned with the antigen-binding
sites from three different antibodies. This
view is looking down into the binding
site. The V domain of the T-cell receptor
is aligned with the V, domains of the
antigen-binding sites of the antibodies,
and the V> domain is aligned with the VH

domains. The CDRs of the T-cell receptor
and immunoglobulin molecules are
colored, with CDRs 1, 2, and 3 of the TCR
shown in red and the HV4 loop in orange.
For the immunoglobulin V domains, the
CDR1 loops of the heavy chain (H1) and
light chain (L1) are shown in light and
dark blue, respectively, and the CDR2
loops (H2, L2) in light and dark purple,
respectively. The heavy-chain CDR3 loops
(H3) are in yellow; the light-chain CDR3s
(L3) are in bright green. The HV4 loops of
the TCR (orange) have no hypervariable
counterparts in immunoglobulins. Model
structures courtesy of I.A. Wilson.

of a foreign peptide bound to an MHC molecule.

Antigen recognition by T-cell receptors clearly differs from recognition
by B-cell receptors and antibodies. The immunoglobulin on B cells binds
directly to the intact antigen and, as discussed in Section 4-8, antibodies
typically bind to the surface of protein antigens, contacting amino acids that
are discontinuous in the primary structure but are brought together in the
folded protein. T cells, in contrast, respond to short continuous amino acid
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sequences. These sequences are often buried within the native structure of
the protein and thus cannot be recognized directly by T-cell receptors unless
the protein is unfolded and processed into peptide fragments (Fig. 4.14). We
shall see in Chapter 6 how this occurs.

The nature of the antigen recognized by T cells became clear with the realiza­
tion that the peptides that stimulate T cells are recognized only when bound
to an MHC molecule. The ligand recognized by the T cell is thus a complex
of peptide and MHC molecule. The evidence for involvement of the MHC in
T-cell recognition of antigen was at first indirect, but it has been proved con­
clusively by stimulating T cells with purified peptide:MHC complexes. The
T-cell receptor interacts with this ligand by making contacts with both the
MHC molecule and the antigen peptide.

4-12 There are two classes of MHC molecules with distinct subunit
compositions but similar three-dimensional structures.

There are two classes of MHC molecules — MHC class I and MHC class II­
which differ in both their structure and in their expression pattern in the tis­
sues of the body. As shown in Figs 4.15 and 4.16, MHC class I and MHC class
II molecules are closely related in overall structure but differ in their subunit
compositions. In both classes, the two paired protein domains nearest to the
membrane resemble immunoglobulin domains, whereas the two domains
furthest away from the membrane fold together to create a long cleft, or
groove, which is the site at which a peptide binds. Purified peptide:MHC class
I and peptide:MHC class II complexes have been characterized structurally,
allowing us to describe in detail both the MHC molecules themselves and the
way in which they bind peptides.

MHC class I molecules (see Fig. 4.15) consist of two polypeptide chains. One
chain, the n chain, is encoded in the MHC (on chromosome 6 in humans) and
is noncovalently associated with a smaller chain, P,-microglobulin, which is
not polymorphic and is encoded on a different chromosome — chromosome
15 in humans. Only the class I u chain spans the membrane. The complete
m olecule has four domains, three formed from the MHC-encoded u chain, and
one contributed by P,-microglobulin. The n, domain and P,-microglobulin
closely resemble Ig-like domains in their folded structure. The folded u,
and u, domains form the walls of a cleft on the surface of the molecule; this
is where the peptide binds and is known as the peptide-binding cleft or
peptide-binding groove. The MHC molecules are highly polymorphic and
the major differences between the different forms are located in the peptide­
binding cleft, influencing which peptides will bind and thus the specificity of
the dual antigen presented to T cells.

An MHC class II molecule consists of a noncovalent complex of two chains,
n and P, both of which span the membrane (see Fig. 4.16). The MHC class II
n chain is a different protein from the class I u chain. The MHC class II n and
P chains are both encoded within the MHC. The crystallographic structure
of the MHC class II molecule shows that it is folded very much like the MHC
class I molecule, but the peptide-binding cleft is formed by two domains from
different chains, the u, and p, domains. The major differences lie at the ends
of the peptide-binding cleft, which are more open in MHC class II molecules
than in MHC class I molecules. Consequently, the ends of a peptide bound
to an MHC class I molecule are substantially buried within the molecule,
whereas the ends of peptides bound to MHC class II molecules are not. In both
MHC class I and class II molecules, bound peptides are sandwiched between
the two n-helical segments of the MHC molecule (Fig. 4.17). The T-cell recep­
tor interacts with this compound ligand, making contacts with both the MHC
molecule and the peptide antigen. The sites of major polymorphism in MHC
class II molecules are again located in the peptide-binding cleft.

Fig. 4.14 Differences in the recognition
of hen egg-white lysozyme by
immunoglobulins and T-cell receptors.
Antibodies can be shown by X-ray
crystallography to bind epitopes on the
surface of proteins, as shown in panel a,
where the epitopes for three antibodies
are shown in different colors on the
surface of hen egg-white lysozyme (see
also Fig. 4.10). In contrast, the epitopes
recognized by T-cell receptors need
not lie on the surface of the molecule,
because the T-cell receptor recognizes
not the antigenic protein itself but a
peptide fragment of the protein. The
peptides corresponding to two T-cell
epitopes of lysozyme are shown in panel
b. One epitope, shown in blue, lies on
the surface of the protein but a second,
shown in red, lies mostly within the core
and is inaccessible in the folded protein.
For this residue to be accessible to
the T-cell receptor, the protein must be
unfolded and processed. Panel a courtesy
of S. Sheriff.
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Fig. 4.15 The structure of an MHC
class I molecule determined by X-ray
crystallography. Panel a shows a
computer graphic representation of a
human MHC class I molecule, HLA-A2,
which has been cleaved from the cell
surface by the enzyme papain. The
surface of the molecule is shown, colored
according to the domains shown in panels
bM and described below. Panels b and c
show a ribbon diagram of that structure.
Shown schematically in panel d, the MHC
class I molecule is a heterodimer of a
membrane-spanning u chain (molecular
weight 43 kDa) bound noncovalently to
fl,-microglobulin (12 kDa), which does not
span the membrane. The u chain folds
into three domains: a,, a,, and a3. The
a, domain and fl,-microglobulin show
similarities in amino acid sequence to
immunoglobulin C domains and have
similar folded structures, whereas the u,
and u, domains fold together into a single
structure consisting of two separated
u helices lying on a sheet of eight
antiparallel fl strands. The folding of the
u, and u, domains creates a long cleft or
groove, which is the site at which peptide
antigens bind to the MHC molecules.
The transmembrane region and the
short stretch of peptide that connects
the external domains to the cell surface
are not seen in panels a and b because
they have been removed by the digestion
with papain. As can be seen in panel
c, looking down on the molecule from
above, the sides of the cleft are formed
from the inner faces of the two a helices;
the fl-pleated sheet formed by the pairing
of the a, and a, domains creates the floor
of the cleft.

t i in
ce .' P sheet

cleft
peptide-binding

cleft
peptide-binding

il,-microglobulin

fl,-microglobulin

oi helix

4-13 Peptides are stadly dound to MHC molecules, and also serve to
stadilize the MHC molecule on the cell surface.

An individual can be infected by a wide variety of pathogens, whose proteins
will not generally have peptide sequences in common. If T cells are to be
alerted to all possible infections, the MHC molecules on each cell (both class
I and class II) must be able to bind stably to many different peptides. This
behavior is quite distinct from that of other peptide-binding receptors, such
as those for peptide hormones, which usually bind only a single type of pep­
tide. The crystal structures of peptide:MHC complexes have helped to show
how a single binding site can bind peptides with high affinity while retaining
the ability to bind a wide variety of different peptides.

An important feature of the binding of peptides to MHC molecules is that
the peptide is bound as an integral part of the MHC molecule's structure, and
MHC molecules are unstable when peptides are not bound. Stable peptide
binding is important, because otherwise peptide exchanges occurring at the
cell surface would prevent peptide:MHC complexes from being reliable indi­
cators of infection or of uptake of a specific antigen. When MHC molecules
are purified from cells, their stably bound peptides co-purify with them, and
this has enabled the peptides bound by particular MHC molecules to be
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peptide-binding

peptide-binding
cleft

Fig. 4.16 MHG class II molecules
resemble MHG class I molecules
in overall structure. The MHC class
II molecule is composed of two
transmembrane glycoprotein chains,
u (34 kDa) and P (29 kDa), as shown
schematically in panel d. Each chain
has two domains, and the two chains
together form a compact four-domain
structure similar to that of the MHC
class I molecule (compare with panel d
of Fig. 4.15). Panel a shows a computer
graphic representation of the surface of
the MHC class II molecule, in this case
the human protein HLA-DR1, and panel
b shows the equivalent ribbon diagram.
N, amino terminus; C, carboxy terminus.
The u2 and P2 domains, like the u and P2­

microglobulin domains of the MHC class I
molecule, have amino acid sequence and
structural similarities to immunoglobulin C
domains; in the MHC class II molecule the
two domains forming the peptide-binding
cleft are contributed by different chains
and are therefore not joined by a covalent
bond (see panels c and d). Another
important difference, not apparent in
this diagram, is that the peptide-binding
groove of the MHC class II molecule is
open at both ends.

cleft

pe tffe-b'
c

analyzed. Peptides are released from the MHC molecules by denaturing the
complex in acid, and they are then purified and sequenced. Pure synthetic
peptides can also be incorporated into empty MHC molecules and the struc­
ture of the complex determined, revealing details of the contacts between the
MHC molecule and the peptide. From such studies a detailed picture of the
binding interactions has been built up. We first discuss the peptide-binding
properties of MHC class I molecules.

4-14 MHC class I molecules bind short peptides of 8-10 amino acids
by both ends.

Binding of a peptide to an MHC class I molecule is stabilized at both ends of
the peptide-binding cleft by contacts between atoms in the free amino and
carboxy termini of the peptide and invariant sites that are found at each end
of the cleft in all MHC class I molecules (Fig. 4.18). These are thought to be the
main stabilizing contacts for peptide:MHC class I complexes, because syn­
thetic peptide analogs lacking terminal amino and carboxyl groups fail to bind
stably to MHC class I molecules. Other residues in the peptide serve as addi­
tional anchors. Peptides that bind to MHC class I molecules are usually 8-10
amino acids long. Longer peptides are thought to bind, however, particularly
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Fig. 4.17 MHC molecules bind peptides
tightly within the cleft. When MHC
molecules are crystallized with a single
synthetic peptide antigen, the details
of peptide binding are revealed. In
MHC class I molecules (panels a and
c) the peptide is bound in an elongated
conformation with both ends tightly
bound at either end of the cleft. In MHC
class II molecules (panels b and d) the
peptide is also bound in an elongated
conformation but the ends of the peptide
are not tightly bound and the peptide
extends beyond the cleft. The upper
surface of the peptide:MHC complex is
recognized by T cells, and is composed
of residues of the MHC molecule and
the peptide. In representations c and d,
the electrostatic potential of the MHC
molecule surface is shown, with blue
areas indicating a positive potential
and red a negative potential. Structures
courtesy of R.L. Stanfield and I.A. Wilson.

if they can bind at their carboxy terminus, but they are subsequently cleaved
by exopeptidases present in the endoplasmic reticulum, which is where MHC
class I molecules bind peptides. The peptide lies in an elongated conforma­
tion along the cleft; variations in peptide length seem to be accommodated,
in most cases, by a kinking in the peptide backbone. However, two examples
of MHC class I molecules in which the peptide is able to extend out of the
cleft at the carboxy terminus suggest that some length variation can also be
accommodated in this way.

Fig. 4.18 Peptides are bound to MHC
class I molecules by their ends. MHC
class I molecules interact with the
backbone of a bound peptide (shown
in yellow) through a series of hydrogen
bonds and ionic interactions (shown
as dotted blue lines) at each end of
the peptide. The amino terminus of
the peptide is to the left, the carboxy
terminus to the right. Black circles are
carbon atoms; red are oxygen; blue are
nitrogen. The amino acid residues in the
MHC molecule that form these bonds are
common to all MHC class I molecules,
and their side chains are shown in full (in
gray) on a ribbon diagram of the MHC
class I groove. A cluster of tyrosine
residues common to all MHC class I
molecules forms hydrogen bonds to the
amino terminus of the bound peptide,
while a second cluster of residues forms
hydrogen bonds and ionic interactions
with the peptide backbone at the
carboxy terminus and with the carboxy
terminus itself.
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These interactions give MHC class I molecules a broad peptide-binding
specificity. In addition, MHC molecules are highly polymorphic. There are
hundreds of different versions, or alleles, of the MHC class I genes in the
human population, and each individual carries only a small selection. The
main differences between allelic MHC variants are found at certain sites in
the peptide-binding cleft, resulting in different amino acids in key peptide­
interaction sites. In consequence, the different MHC variants preferentially
bind different peptides. The peptides that can bind to a given MHC variant
have the same or very similar amino acid residues at two or three particular
positions along the peptide sequence. The amino acid side chains at these
positions insert into pockets in the MHC molecule that are lined by the poly­
morphic amino acids. Because this binding anchors the peptide to the MHC
molecule, the peptide residues involved are called the anchor residues.
Both the position and identity of these anchor residues can vary, depending
on the particular MHC class I variant that is binding the peptide. However,
most peptides that bind to MHC class I molecules have a hydrophobic (or
sometimes basic) anchor residue at the carboxy terminus (Fig. 4.19). Whereas
changing an anchor residue will in most cases prevent the peptide from
binding, not every synthetic peptide of suitable length that contains these
anchor residues will bind the appropriate MHC class I molecule, and so the
overall binding must also depend on the nature of the amino acids at other
positions in the peptide. In some cases, particular amino acids are preferred
in certain positions, whereas in others the presence of particular amino acids
prevents binding. These additional amino acid positions are called 'secondary
anchors.' These features of peptide binding enable an individual MHC class I
molecule to bind a wide variety of different peptides, yet allow different MHC
class I allelic variants to bind different sets of peptides.

4-15 The length of the peptides bound by MHC class II molecules is
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Fig. 4.19 Peptides bind to MHC
molecules through structurally related
anchor residues. Peptides eluted from
two different MHC class I molecules are
shown in the upper and lower panels,
respectively. The anchor residues (green)
differ for peptides that bind different
alleles of MHC class I molecules but
are similar for all peptides that bind to
the same MHC molecule. The anchor
residues that bind a particular MHC
molecule need not be identical, but are
always related (for example, phenylalanine
(F) and tyrosine (Y) are both aromatic
amino acids, whereas valine (V), leucine
(L), and isoleucine (I) are all large
hydrophobic amino acids). Peptides also
bind to MHC class I molecules through
their amino (blue) and carboxy (red)
termini.

not constrained.

Peptide binding to MHC class II molecules has also been analyzed by elution
of bound peptides and by X-ray crystallography, and differs in several ways
from peptide binding to MHC class I molecules. Natural peptides that bind
to MHC class II molecules are at least 13 amino acids long and can be much
longer. The clusters of conserved residues that bind the two ends of a peptide
in MHC class I molecules are not found in MHC class II molecules, and the
ends of the peptide are not bound. Instead, the peptide lies in an extended
conformation along the peptide-binding cleft. It is held there both by peptide
side chains that protrude into shallow and deep pockets lined by polymorphic
residues and by interactions between the peptide backbone and side chains
of conserved amino acids that line the peptide-binding cleft in all MHC class
II molecules (Fig. 4.20). Structural data show that amino acid side chains at
residues 1, 4, 6, and 9 of an MHC class II-bound peptide can be held in these
binding pockets.

The binding pockets of MHC class II molecules accommodate a greater
variety of side chains than those of MHC class I molecules, making it more
difficult to define anchor residues and to predict which peptides will be
able to bind a particular MHC class II variant (Fig. 4.21). Nevertheless, by
comparing the sequences of known binding peptides it is usually possible to
detect patterns of amino acids that permit binding to different MHC class II
variants, and to model how the amino acids of this peptide sequence motif
will interact with the amino acids of the peptide-binding cleft. Because the
peptide is bound by its backbone and allowed to emerge from both ends
of the binding groove, there is, in principle, no upper limit to the length of
peptides that could bind to MHC class II molecules. However, it seems that
longer peptides bound to MHC class II molecules are trimmed by peptidases
to a length of around 13 — 17 amino acids in most cases. Like MHC class I
molecules, MHC class II molecules that lack bound peptide are unstable.
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Fig. 4.20 Peptides bind to MHC class
II molecules by interactions along the
length of the binding groove. A peptide
(yellow; shown as the peptide backbone
only, with the amino terminus to the left
and the carboxy terminus to the right)
is bound by an MHC class II molecule
through a series of hydrogen bonds
(dotted blue lines) that are distributed
along the length of the peptide. The
hydrogen bonds toward the amino
terminus of the peptide are made with the
backbone of the MHC class II polypeptide
chain, whereas throughout the peptide's
length bonds are made with residues
that are highly conserved in MHC class
II molecules. The side chains of these
residues are shown in gray on the ribbon
diagram of the MHC class II groove.
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Fig. 4.21 Peptides that bind MHC class II molecules are
variable in length and their anchor residues lie at various
distances from the ends of the peptide. The sequences of a
set of peptides that bind to the mouse MHC class II A" allele are
shown in the upper panel. All contain the same core sequence
(shaded) but differ in length. In the lower panel, different peptides
binding to the human MHC class II allele HLA-DR3 are shown.
Anchor residues are shown as green circles. The lengths of

these peptides can vary, and so by convention the first anchor
residue is denoted as residue 1. Note that all of the peptides
share a hydrophobic residue in position 1, a negatively charged
residue (aspartic acid (D) or glutamic acid (E)) in position 4,
and a tendency to have a basic residue (lysine (K), arginine (R),
histidine (H), glutamine (Q), or asparagine (N)) in position 6 and
a hydrophobic residue (for example, tyrosine (Y), leucine (L),
phenylalanine (F)) in position 9.
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4-16 The crystal structures of several peptide:MHC:T-cell receptor
complexes show a similar orientation of the T-cell receptor over the
peptide: MHC complex.

At the time that the first X-ray crystallographic structure of a T-cell receptor
was published, a structure of the same T-cell receptor bound to a peptide:MHC
class I ligand was also produced. This structure (Fig. 4.22), which had been
predicted by site-directed mutagenesis of the MHC class I molecule, showed
the T-cell receptor aligned diagonally over the peptide and the peptide-binding
cleft, with the TCRu chain lying over the u, domain and the amino-terminal
end of the bound peptide, the TCRP chain lying over the u, domain and the
carboxy-terminal end of the peptide, and the CDR3 loops of both TCRu and
TCRP chains meeting over the central amino acids of the peptide. The T-cell
receptor is threaded through a valley between the two high points on the two
surrounding u helices that form the walls of the peptide-binding cleft.

Analysis of other peptide:MHC class I: T-cell receptor complexes and of
peptide:MHC class II:T-cell receptor complexes (Fig. 4.23) shows that all
have a very similar orientation, particularly for the V„domain, although
some variability does occur in the location and orientation of the V> domain.
In this orientation, the V„domain makes contact primarily with the amino­
terminal half of the bound peptide, whereas the V> domain contacts primarily
the carboxy-terminal half. Both chains also interact with the u helices of the
MHC class I molecule (see Fig. 4.22). The T-cell receptor contacts are not
symmetrically distributed over the MHC molecule: whereas the V, CDR1 and
CDR2 loops are in close contact with the helices of the peptide:MHC complex
around the amino terminus of the bound peptide, the P-chain CDR1 and
CDR2 loops, which interact with the complex at the carboxy terminus of the
bound peptide, have variable contributions to the binding.

Comparison of the three-dimensional structure of an unliganded T-cell recep­
tor and the same T-cell receptor complexed to its peptide:MHC ligand shows
that the binding results in some degree of conformational change, or 'induced
fit,' particularly within the V, CDR3 loop. It has also been shown that subtly
different peptides can have strikingly different effects on the recognition of an
otherwise identical peptide:MHC ligand by the same T cell. The flexibility in
the CDR3 loop demonstrated by these two structures helps to explain how the
T-cell receptor can adopt conformations that recognize related, but different,
ligands.

From an examination of the available structures it is hard to predict whether
the main binding energy is contributed by T-cell receptor contacts with
the bound peptide or by T-cell receptor contacts with the MHC molecule.

V„

COt

PB

Vp

fi,m

Fig. 4.22 The T-ceil receptor binds to the peptiderMHC complex. Panel a: the T-cell
receptor binds to the top of the peptide:MHC complex, straddling, in the case of the
MHC class I molecule shown here, both the u, and u, domain helices. The CDRs of the
T-cell receptor are indicated in color: the CDR1 and CDR2 loops of the i1 chain in light
and dark blue, respectively; and the CDR1 and CDR2 loops of the u chain in light and
dark purple, respectively. The u-chain CDR3 loop is in yellow, and the i1-chain CDR3
loop is in green. The i1-chain HV4 loop is in red. The thick yellow line P1-P8 is the bound
peptide. Panel b: the outline of the T-cell receptor's antigen-binding site (thick black line)
is superimposed on the top surface of the peptide:MHC complex (the peptide is shaded
dull yellow). The T-cell receptor lies diagonally across the peptide:MHC complex, with
the u and i1 CDR3 loops of the T-cell receptor (3u, 3P, yellow and green, respectively)
contacting the center of the peptide. The u-chain CDR1 and CDR2 loops (1u, 2u, light
and dark purple, respectively) contact the MHC helices at the amino terminus of the
bound peptide, whereas the P-chain CDR1 and CDR2 loops (1 i1, 2i1, light and dark
blue, respectively) make contact with the helices at the carboxy terminus of the bound
peptide. Courtesy of I.A. Wilson.
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Measurements of the kinetics of T-cell receptor binding to peptide:MHC lig­
ands suggest that the interactions between the T-cell receptor and the MHC
molecule might predominate at the start of the contact, guiding the receptor
into the correct position where a second, more detailed, interaction with
the peptide as well as the MHC molecule dictates the final outcome of the
interaction — binding or dissociation. As with antibody — antigen interactions,
only a few amino acids at the interface might provide the essential contacts
that determine the specificity and strength of binding. Simply changing
a leucine to isoleucine in the peptide, for example, is sufficient to alter a
T-cell response from strong killing to no response at all. Mutations of single
residues in the presenting MHC molecules can have the same effect. Thus, the
specificity of T-cell recognition involves both the peptide and its presenting
MHC molecule. This dual specificity underlies the MHC restriction of T-cell
responses, a phenomenon that was observed long before the peptide-binding
properties of MHC molecules were known. We will recount the story of how
MHC restriction was discovered when we return to the issue of how MHC
polymorphism affects antigen recognition by T cells in Chapter 6. Another
consequence of this dual specificity is a need for T-cell receptors to be able to
interact appropriately with the antigen-presenting surface of MHC molecules.
It seems that some inherent specificity for MHC molecules is encoded in the
T-cell receptor genes, and there is selection during T-cell development for a
repertoire of receptors able to interact appropriately with the particular MHC
molecules present in that individual (discussed in Chapter 8).

4-17 The CD4 and CDS cell-surface proteins of T cells are required to make
Fig. 4.23 The T-cell receptor interacts
with MHC class I and MHC class II
molecules in a similar fashion. The
structure of a T-cell receptor binding
to an MHC class II molecule has been
determined, and shows the T-cell receptor
binding to an equivalent site, and in
an equivalent orientation, to the way in
which T-cell receptors bind to MHC class
I molecules (see Fig. 4.22). Only the V,
and V> domains of the T-cell receptor are
shown, colored in blue. The peptide is
colored red, and carbohydrate residues
are indicated in gray. The T-cell receptor
sits in a shallow saddle formed between
the u-helical regions of the MHC class II
a (yellowgreen) and P chain (orange), at
roughly 90' to the long axis of the MHC
class II molecule and the bound peptide.
Courtesy of E.L Reinherz and J-H. Wang.

an effective response to antigen.

As well as engaging a peptide:MHC ligand via its antigen receptor, a T cell
makes additional interactions with the MHC molecule that stabilize the inter­
action and are required for the cell to respond effectively to antigen. T cells fall
into two major classes, which have different effector functions and are distin­
guished by the expression of the cell-surface proteins CD4 and CD8. CD8 is
carried by cytotoxic T cells, while CD4 is carried by T cells whose function is to
activate other cells (see Section 1-19). CD4 and CD8 were known as markers
for these functional sets for some time before it became clear that the distinc­
tion was based on the ability of T cells to recognize different classes of MHC
molecules: CD8 recognizes MHC class I molecules and CD4 recognizes MHC
class II. During antigen recognition, CD4 or CD8 (depending on the type of
T cell) associates on the T-cell surface with the T-cell receptor and binds to
invariant sites on the MHC portion of the composite peptide:MHC ligand,
away from the peptide-binding site. This binding is required for the T cell to
make an effective response, and so CD4 and CD8 are called co-receptors.

CD4 is a single-chain protein composed of four Ig-like domains (Fig. 4.24).
The first two domains (Dl and D2) are packed tightly together to form a rigid
rod about 60A long, which is joined by a flexible hinge to a similar rod formed
by the third and fourth domains (D3 and D4). The MHC-binding region on
CD4 is located mainly on a lateral face of the Dl domain, and CD4 binds
to a hydrophobic crevice formed at the junction of the rx, and P, domains
of the MHC class II molecule. This site is well away from the site where the
T-cell receptor binds (Fig. 4.25a), and so the CD4 molecule and the T-cell
receptor can bind simultaneously to the same peptide:MHC class II complex.
The intracellular portion of CD4 interacts strongly with a cytoplasmic
tyrosine kinase called Lck, and brings Lck close to the intracellular signaling
components associated with the T-cell receptor. This results in enhancement
of the signal that is generated when the T-cell receptor binds its ligand, as we
discuss in Chapter 7. When CD4 and the T-cell receptor bind simultaneously
to the same MHC class II:peptide complex, the T cell is about a hundredfold
more sensitive to the antigen than if CD4 were absent.
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Fig. 4.24 The structures of the CD4 and
CDS co-receptor mnOlecule. The CD4
molecule contains four Ig-like domains,
shown in schematic form in panel a
and as a ribbon diagram of the crystal
structure in panel b. The amino-terminal
domain, D„ is similar in structure to an
immunoglobulin V domain. The second
domain, D„although clearly related to
an immunoglobulin domain, is different
from both V and C domains and has
been termed a C2 domain. The first two
domains of CD4 form a rigid rod-like
structure that is linked to the two carboxy­
terminal domains by a flexible link. The
binding site for MHC class II molecules is
thought to involve mainly the D, domain.
The CDS molecule is a heterodimer of
an a and a P chain covalently linked by
a disulfide bond; an alternative form of
CDS exists as a homodimer of a chains.
The heterodimer is depicted in panel a,
whereas the ribbon diagram in panel b
is of the homodimer. CDSa and CDSP
chains have very similar structures, each
having a single domain resembling an
immunoglobulin V domain and a stretch
of polypeptide chain, believed to be in
a relatively extended conformation, that
anchors the V-like domain to the cell
membrane.The structure of CD8 is quite different. It is a disulfide-linked dimer of two

different chains, called tx and P, each containing a single Ig-like domain
linked to the membrane by a segment of extended polypeptide (see Fig. 4.24).
This segment is extensively glycosylated, which is thought to maintain it in
an extended conformation and protect it from cleavage by proteases. CD8tx
chains can form homodimers, although these are not found when the CD8P
chains are present. The CD8tx homodimer may have a specific function in rec­
ognizing a specialized subset of nonclassical MHC class I molecules that we
describe in Chapter 6.

CD8 binds weakly to an invariant site in the tx, domain of an MHC class I mole­
cule (see Fig. 4.25b). Although only the interaction of the CD8tx homodimer
with MHC class I is known in detail, it shows that the binding site on the CD8
tx:P heterodimer is formed by the interaction of the CD8tx and P chains. In
addition, CD8 interacts (most probably through its tx chain) with residues in
the base of the tx, domain of the MHC class I molecule. The strength of bind­
ing of CD8 to the MHC class I molecule is influenced by the glycosylation
state of the CD8 molecule; increased numbers of sialic acid residues added
to the CD8 carbohydrate structures decrease the strength of the interaction.
The pattern of sialylation of CD8 changes during the maturation of T cells
and also on activation, and this is likely to have a role in modulating antigen
recognition.

By binding to the membrane-proximal domains of the MHC class I and class
II molecules, the co-receptors leave the upper surface of the MHC mole­
cule exposed and free to interact with a T-cell receptor, as shown for CD8 in
Fig.4.26. Both CD4 and CD8 bind Lck — in the case of the CD8tx:P heterodimer
through the cytoplasmic tail of the tx chain — and bring it into close proximity
to the T-cell receptor. As with CD4, the presence of CD8 increases the
sensitivity of T cells to antigen presented by MHC class I molecules about
a hundredfold. Thus, CD4 and CD8 have similar functions and bind to the
same approximate location in MHC class I and MHC class II molecules,
even though the structures of the two co-receptor proteins are only distantly
related.
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Fig. 4.25 The binding sites for GD4
and GDS on MHG class II and class I
molecules lie in the Ig-like domains.
The binding sites for CD4 and CDS on
the MHC class II and class I molecules,
respectively, lie in the Ig-like domains
nearest to the membrane and distant from
the peptide-binding cleft. The binding
of CD4 to an MHC class II molecule is
shown as a structure graphic in panel
a and schematically in panel c. The u
chain of the MHC class II molecule is
shown in pink, and the f) chain in white,
while CD4 is in gold. Only the D, and
D, domains of the CD4 molecule are
shown in panel a. The binding site for
CD4 lies at the base of the P, domain
of an MHC class II molecule, in the
hydrophobic crevice between the P, and
u, domains. The binding of CDS to an
MHC class I molecule is shown in panel
b and schematically in panel d. The class
I heavy chain and P,-microglobulin are
shown in white and pink, respectively,
and the two chains of the CDS dimer
are shown in light and dark purple. The
structure is actually of the binding of
the CDSa homodimer, but the CDSu:P
heterodimer is believed to bind in a
similar way. The binding site for CDS on
the MHC class I molecule lies in a similar
position to that of CD4 in the MHC class
II molecule, but CD8 binding also involves
the base of the a, and u, domains, and
thus the binding of CDS to MHC class I is
not completely equivalent to the binding
of CD4 to MHC class II.
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4-18 The two classes of MHC molecules are expressed differentially
on cells.

MHC class I and MHC class II molecules have distinct distributions among
cells, and these reflect the different effector functions of the T cells that
recognize them (Fig. 4.27). MHC class I molecules present peptides from
pathogens, commonly viruses, to CD8 cytotoxic T cells, which are specialized

Fig. 4.26 GDS binds to a site on MHG class I molecules distant from that to
which the T-cell receptor binds. The relative positions of the T-cell receptor and CD8
molecules bound to the same MHC class I molecule can be seen in this hypothetical
reconstruction of the interaction of an MHC class I molecule (the u chain is shown in
green; f),-microglobulin (dull yellow) can be seen faintly in the background) with a T-cell
receptor and CD8. The u and f) chains of the T-cell receptor are shown in pink and
purple, respectively. The CDS structure is that of a CDSa homodimer, but is colored to
represent the likely orientation of the subunits in the heterodimer, with the CDSP subunit
in red and the CDSa subunit in blue. Courtesy of G. Gao.
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to kill any cell that they specifically recognize. Because viruses can infect any
nucleated cell, almost all such cells express MHC class I molecules, although
the level of constitutive expression varies from one cell type to the next. For
example, cells of the immune system express abundant MHC class I on their
surface, whereas liver cells (hepatocytes) express relatively low levels (see
Fig. 4.27). Nonnucleated cells, such as mammalian red blood cells, express
little or no MHC class I, and thus the interior of red blood cells is a site in
which an infection can go undetected by cytotoxic T cells. Because red blood
cells cannot support viral replication, this is of no great consequence for
viral infection, but it might be the absence of MHC class I that allows the
Plasmodium parasites that cause malaria to live in this privileged site.

In contrast, the main function of the CD4 T cells that recognize MHC class
II molecules is to activate other effector cells of the immune system. Thus,
MHC class II molecules are normally found on B lymphocytes, dendritic cells,
and macrophages — cells that participate in immune responses — but not on
other tissue cells (see Fig. 4.27). When CD4 T cells recognize peptides bound
to MHC class II molecules on B cells, they stimulate the B cells to produce
antibody. Similarly, CD4 T cells recognizing peptides bound to MHC class II
molecules on macrophages activate these cells to destroy the pathogens in
their vesicles. We shall see in Chapter 9 that MHC class II molecules are also
expressed on specialized antigen-presenting cells, the dendritic cells, in lym­
phoid tissues where naive T cells encounter antigen and are first activated.

The expression of both MHC class I and MHC class II molecules is regulated
by cytokines, in particular interferons, released in the course of immune
responses. Interferon-u (IFN-n) and IFN-P increase the expression of MHC
class I molecules on all types of cells, whereas IFN-T increases the expression
of both MHC class I and MHC class II molecules, and can induce the express­
ion of MHC class II molecules on certain cell types that do not normally
express them. Interferons also enhance the antigen-presenting function of
MHC class I molecules by inducing the expression of key components of the
intracellular machinery that enables peptides to be loaded onto the MHC
molecules.

4-19 A distinct subset of T cells bears an alternative receptor made up of y
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Fig. 4.27 The expression of MHC
molecules differs between tissues.
MHC class I molecules are expressed
on all nucleated cells, although they are
most highly expressed in hematopoietic
cells. MHC class II molecules are
normally expressed only by a subset of
hematopoietic cells and by thymic stromal
cells, although they may be expressed
by other cell types on exposure to the
inflammatory cytokine IFhl-y.
*In humans, activated T cells express
MHC class II molecules, whereas in mice
all T cells are MHC class ll-negative.
tin the brain, most cell types are MHC
class ll-negative, but microglia, which are
related to macrophages, are MHC class
ll-positive.

During the search for the gene for the TCRu chain, another T-cell receptor­
like gene was unexpectedly discovered. This gene was named TCRT, and its
discovery led to a search for further T-cell receptor genes. Another receptor
chain was identified by using antibody against the predicted sequence of the
T chain and was called the 5 chain. It was soon discovered that a minority
population of T cells bore a distinct type of T-cell receptor made up of T:5
heterodimers rather than n:P heterodimers. The development of these cells is
described in Sections 8-11 and 8-12.

The crystallographic structure of a T:5T-cell receptor reveals that, as expected,
it is similar in shape to n:p T-cell receptors (Fig. 4.28). T: 5 T-cell receptors may
be specialized to bind certain kinds of ligands, including heat-shock proteins
and nonpeptide ligands such as phosphorylated ligands or mycobacterial
lipid antigens. It seems likely that T:5 T-cell receptors are not restricted by the
'classical' MHC class I and class II molecules. They may bind the free antigen,
much as immunoglobulins do, and/or they may bind to peptides or other
antigens presented by nonclassical MHC-like molecules. These are proteins
that resemble MHC class I molecules but are relatively nonpolymorphic and
are described in Chapter 6. We still know little about how T:5 T-cell receptors
bind antigen and thus how these cells function, and what their role is in
immune responses. The structure and rearrangement of the genes for T:5
T-cell receptors are covered in Sections 5-11 and 8-12.
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Summary.

The receptor for antigen on most T cells, the u:P T-cell receptor, is composed
of two protein chains, TCRu and TCRP, and resembles in many respects
a single Fab fragment of immunoglobulin. T-cell receptors are always
membrane-bound. u:P T-cell receptors do not recognize antigen in its native
state, in contrast with the immunoglobulin receptors of B cells, but recognize
a composite ligand of a peptide antigen bound to an MHC molecule. MHC
molecules are highly polymorphic glycoproteins encoded by genes in the
major histocompatibility complex (MHC). Each MHC molecule binds a wide
variety of different peptides, but the different variants each preferentially
recognize sets of peptides with particular sequence and physical features. The
peptide antigen is generated intracellularly, and is bound stably in a peptide­
binding cleft on the surface of the MHC molecule. There are two classes of
MHC molecules, and these are bound in their nonpolymorphic domains by
CD8 and CD4 molecules that distinguish two different functional classes of u:P
T cells. CD8 binds MHC class I molecules and can bind simultaneously to the
same peptide:MHC class I complex being recognized by a T-cell receptor, thus
acting as a co-receptor and enhancing the T-cell response; CD4 binds MHC
class II molecules and acts as a co-receptor for T-cell receptors that recognize
peptide:MHC class II ligands. AT-cell receptor interacts directly both with the
antigenic peptide and with polymorphic features of the MHC molecule that
displays it, and this dual specificity underlies the MHC restriction of T-cell
responses. A second type of T-cell receptor, composed of a T and a 5 chain,
is structurally similar to the u:P T-cell receptor, but it seems to bind different
ligands, including nonpeptide ligands. It is thought not to be MHC restricted
and is found on a minority population of T cells, the T:5 T cells.

Summary to Chapter 4.

B cells and T cells use different, but structurally similar, molecules to recognize
antigen. The antigen-recognition molecules of B cells are immunoglobulins,
and are made both as a membrane-bound receptor for antigen, the B-cell
receptor, and as secreted antibodies that bind antigens and elicit humoral
effector functions. The antigen-recognition molecules of T cells, in contrast,
are made only as cell-surface receptors. Immunoglobulins and T-cell receptors
are highly variable molecules, with the variability concentrated in that part of
the molecule, the variable (V) region, that binds to antigen. Immunoglobulins
bind a wide variety of chemically different antigens, whereas the major u:p
type of T-cell receptor predominantly recognizes peptide fragments of foreign
proteins bound to the MHC molecules that are ubiquitous on cell surfaces.

Binding of antigen by immunoglobulins has chiefly been studied with anti­
bodies. The binding of antibody to its corresponding antigen is highly
specific, and this specificity is determined by the shape and physicochemical
properties of the antigen-binding site. The part of the antibody that elicits
effector functions, once the variable part has bound an antigen, is located at
the other end of the molecule from the antigen-binding sites, and is termed
the constant region. There are five main functional classes of antibodies, each
encoded by a different type of constant region. As we will see in Chapter 10,
these interact with different components of the immune system to incite an
inflammatory response and eliminate the antigen.

T-cell receptors differ in several respects from the B-cell immunoglobulins.
One is the absence of a secreted form of the receptor. This reflects the
functional differences between T cells and B cells. B cells deal with pathogens

Fig. 4.28 Structures of a:p and T:5 T-cell
receptors. The structures of the u:P and
the T,5 T-cell receptors have both been
determined by X-ray crystallography.
The u:P T-cell receptor is shown in panel
a, with the u chain colored red and the
p chain blue. Panel b shows the T:5
receptor, with the T chain colored purple
and the 5 chain pink. The receptors
have very similar structures, somewhat
resembling that of a Fab fragment of an
immunoglobulin molecule. The C, domain
is more like an immunoglobulin domain
than is the corresponding C, domain of
the u:P T-cell receptor.
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and their protein products circulating within the body; secretion of a soluble
antigen-recognition molecule by the activated B cell after antigen has been
encountered enables them to mop up antigen effectively throughout the
extracellular spaces of the body. T cells, in contrast, are specialized for cell­
cell interactions. They either kill cells that are infected with intracellular
pathogens and that bear foreign antigenic peptides on their surface, or
interact with cells of the immune system that have taken up foreign antigen
and are displaying it on the cell surface. T-cell recognition does not require a
soluble, secreted receptor.

The second distinctive feature of the T-cell receptor is that it recognizes a
composite ligand made up of the foreign peptide bound to a self MHC mole­
cule. This means that T cells can interact only with a body cell displaying the
antigen, not with the intact pathogen or protein. Each T-cell receptor is spe­
cific for a particular combination of peptide and a self MHC molecule.

MHC molecules are encoded by a family of highly polymorphic genes;
although each individual expresses several of these genes, this represents only
a small selection of all possible variants. During T-cell development, the T-cell
receptor repertoire is selected so that the T cells of each individual recognize
antigen only in conjunction with their own MHC molecules. Expression of
multiple variant MHC molecules, each with a different peptide-binding
repertoire, helps to ensure that T cells from an individual will be able to
recognize at least some peptides generated from nearly every pathogen.

Questions.

4.1 7he immunoglobulin superfamily is one of the most abundant families
of protein domain structures.(a) What are the characteristics of an
immunoglobulin domain, and how do the various subtypes of these domains

differs (b) What regions of the V-type immunoglobulin domain contribute to

its complementarity-determining regions (CDI's ), and how do the V-type
and C-type immunoglobulin domains differ in those regionsP

4.2 How do antibodies, which all have the same basic shape, recognize antigens

of a wide variety of different shapes'

43 Although the antigen receptors on 5 cells and 7 cells are structurally

related, there are important differences between them. (a) Describe the
similarities and differences in the antigen-recognition properties of 5-cell
and 7-cell antigen receptors.(b) How do these differences inRuence which
antigens are recognized by 5 cells and 7 cells'(c) Given these differences,
what would you say is the essential difference in the function of 5 cells and

7 cells'

4A There are two kinds of MHC molecules: class I and class II.(a) What role do
MHC molecules have in the activation of antigen­specific7 cells' (b) Explain
how the peptide-binding region of MHC class I and class II molecules can
be so similar, even though one is encoded by a single gene and the other

is encoded by two different genes. (c) Besides interactions with the T-cell
receptors, what additional interactions made by MHC molecules with 7 cells
help to functionally distinguish between antigens presented by MHC class I

and MHC class II moleculesP
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The Development and
Survival of Lymphocytes

The antigen receptors carried by B lymphocytes and T lymphocytes are
immensely variable in their antigen specificity, enabling an individual to
make immune responses against the wide range of pathogens encountered
during a lifetime. This diverse repertoire of B-cell receptors and T-cell
receptors is generated during the development of B cells and T cells from
their uncommitted precursors. The production of new lymphocytes, or
lymphopoiesis, takes place in specialized lymphoid tissues — the central
lymphoid tissues — which are the bone marrow for most B cells and the
thymus for most T cells. Lymphocyte precursors originate in the bone marrow,
but whereas B cells complete most of their development there, the precursors
of most T cells migrate to the thymus, where they develop into mature T cells.
B cells also originate and develop in the fetal liver and the neonatal spleen.
Some T cells that form specialized populations within the gut epithelium
may migrate as immature precursors from the bone marrow to develop in
sites called 'cryptopatches' just under the intestinal epithelial crypts. We will
mainly focus here on the development of bone marrow derived B cells and
thymus-derived T cells.

In the fetus and the juvenile, the central lymphoid tissues are the sources of
large numbers of new lymphocytes, which migrate to populate the peripheral
lymphoid tissues such as lymph nodes, spleen, and mucosal lymphoid tissue
(these tissues are also known as secondary lymphoid tissues). In mature
individuals, the development of new T cells in the thymus slows down, and
T-cell numbers are maintained through long-lived individual T cells together
with the division of mature T cells outside the central lymphoid organs. New
B cells, in contrast, are continually produced from the bone marrow, even in
adults.

The structure of the antigen receptor genes expressed by B cells and T cells,
and the mechanisms by which a complete antigen receptor is assembled,
were described in Chapters 4 and 5. This chapter builds on that foundation
to explain how B and T lymphocytes themselves develop from a common
progenitor through a series of stages, and how each of these stages tests for
the proper assembly of antigen receptors.

Once an antigen receptor has been formed, rigorous testing is required to
selectlymphocytes that carry useful antigenreceptors — that is, antigen recep­
tors that can recognize pathogens and yet will not react against an individual's
own cells. Given the incredible diversity of receptors that the rearrangement
process can generate, it is important that those lymphocytes that mature are
likely to be useful in recognizing and responding to foreign antigens, espe­
cially as an individual can express only a small fraction of the total possible
receptor repertoire in his or her lifetime. We describe how the specificity and
affinity of the receptor for self ligands are tested to determine whether the
immature lymphocyte will survive into the mature repertoire, or die. In gen­
eral, it seems that developing lymphocytes whose receptors interact weakly
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with self antigens, or that bind self antigens in a particular way, receive a sig­
nal that enables them to survive; this type of selection is known as positive
selection. Positive selection is particularly critical in the development of u:P
T cells, which recognize composite antigens consisting of peptides bound to
MHC molecules, because it ensures that an individual's T cells will be able to
respond to peptides bound to his or her MHC molecules.

In contrast, lymphocytes with strongly self-reactive receptors must be elimin­
ated to prevent autoimmune reactions; this process of negative selection is
one of the ways in which the immune system is made self-tolerant. The default
fate of developing lymphocytes, in the absence of any signal being received
from the receptor, is death, and as we will see, the vast majority of developing
lymphocytes die before emerging from the central lymphoid organs or before
completing maturation in the peripheral lymphoid organs.

In this chapter we describe the different stages of the development of B
cells and T cells in mice and humans from the uncommitted stem cell up
to the mature, functionally specialized lymphocyte with its unique antigen
receptor ready to respond to a foreign antigen. The final stages in the life
history of a mature lymphocyte, in which an encounter with its antigen
activates it to become an effector or memory lymphocyte, are discussed in
Chapters 9-11. The chapter is divided into four parts. The first two describe
B-cell and T-cell development, respectively. We then look at the positive
and negative selection of T cells in the thymus. Next, we describe the fate
of newly generated lymphocytes as they leave the central lymphoid organs
and migrate to the peripheral lymphoid tissues, where further maturation
occurs. Mature lymphocytes continually recirculate between the blood and
peripheral lymphoid tissues (see Chapter I) and, in the absence of infection,
their numbers remain relatively constant, despite the continual production
of new lymphocytes. Finally, we look at the factors that govern the survival of
naive lymphocytes in the peripheral lymphoid organs, and the maintenance
of lymphocyte homeostasis — the regulation of their numbers and turnover.

Development of B lymphocytes.

The main phases of a B lymphocyte's life history are shown in Fig. 8.1. The
stages in both B-cell and T-cell development are defined mainly by the
successive steps in the assembly and expression of functional antigen­
receptor genes. At each step of lymphocyte development, the progress of
gene rearrangement is monitored, and the major recurring theme is that
successful gene rearrangement leads to the production of a protein chain that
serves as a signal for the cell to progress to the next stage. We will see that a
developing B cell is presented with opportunities for multiple rearrangements
that increase the likelihood of expressing a functional antigen receptor, but
there are also checkpoints that reinforce the requirement that each B cell
expresses just one receptor specificity. We will start by looking at how the
earliest recognizable cells of the B-cell lineage develop from the multipotent
hematopoietic stem cells in the bone marrow, and at what point the B-cell
and T-cell lineages diverge.

8-1 Lymphocytes derive from hematopoietic stem cells in the
bone marrow.

The cells of the lymphoid lineage — B cells, T cells, and NK cells — are all derived
from common lymphoid progenitor cells, which themselves derive from the
multipotent hematopoietic stem cells (HSCs) that give rise to all blood cells
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(see Fig. 1.3). Development from the precursor stem cell into cells that are
committed to becoming B cells or T cells follows the basic principles of cell
differentiation. Properties that are essential for the function of the mature
cell are gradually acquired, along with the loss of properties that are more
characteristic of the immature cell. In the case of lymphocyte development,
cells become committed first to the lymphoid, as opposed to the myeloid,
lineage, and then to either the B-cell or the T-cell lineages (Fig. 8.2).

The specialized microenvironment of the bone marrow provides signals both
for the development of lymphocyte progenitors from hematopoietic stem
cells and for the subsequent differentiation of B cells. Such signals act on the
developing lymphocytes to switch on key genes that direct the developmen­
tal program and are produced by the network of specialized non-lymphoid
connective-tissue stromal cells that are in intimate contact with the develop­
ing lymphocytes (Fig. 8.3). The contribution of the stromal cells is twofold.
First, they form specific adhesive contacts with the developing lymphocytes
by interactions between cell-adhesion molecules and their ligands. Second,
they provide soluble and membrane-bound cytokines and chemokines that
control lymphocyte differentiation and proliferation.

The hematopoietic stem cell first differentiates into multipotent progenitor
cells (MPPs), which can produce both lymphoid and myeloid cells but are
no longer self-renewing stem cells. Multipotent progenitors express a cell­
surface receptor tyrosine kinase known as FLT3 (originally called stem-cell
kinase 1 (STK1) in humans and Flt3/Flk2 in mice) that binds the membrane­
bound FLT3 ligand on stromal cells. Signaling through FLT3 is needed for
differentiation to the next stage, the common lymphoid progenitor (CLP).
This cell gives rise to the earliest committed B-lineage cell, the pro-B cell
(see Fig. 8.3). The common lymphoid progenitor is so called because it was
originally thought to give rise to both the B-cell and T-cell lineages. But
although it can do so in culture, it is not yet clear whether it does so in vivo.

The production of lymphocyte progenitors from the multipotent progeni­
tor cell is accompanied by expression of the receptor for interleukin-7 (IL-7),

Fig. 6.1 B cells develop in the bone
marrow and migrate to peripheral
lymphoid organs, where they can
be activated by antigens. In the first
phase of development, progenitor B
cells in the bone marrow rearrange their
immunoglobulin genes. This phase is
independent of antigen but is dependent
on interactions with bone marrow
stromal cells (first panels). It ends in an
immature B cell that carries an antigen
receptor in the form of cell-surface IgM
and can now interact with antigens in
its environment. Immature B cells that
are strongly stimulated by antigen at
this stage either die or are inactivated
in a process of negative selection, thus
removing many self-reactive B cells from
the repertoire (second panels). In the
third phase of development, the surviving
immature B cells emerge into the
periphery and mature to express IgD as
well as IgM. They can now be activated
by encounter with their specific foreign
antigen in a peripheral lymphoid organ
(third panels). Activated B cells proliferate,
and differentiate into antibody-secreting
plasma cells and long-lived memory cells
(fourth panels).
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Fig. 8.2 A multipotent hematopoietic stem cell generates all the cells of the immune
system. In the bone marrow or other hematopoietic sites, the multipotent stem cell gives
rise to cells with progressively more limited potential. A simplified progression is shown
here. The multipotent progenitor (MPP), for example, has lost its stem-cell properties.
The first branch leads to cells with myeloid and erythroid potential on the one hand (CFU­
GEMMs) and on the other to the common lymphoid progenitors (CLPs), with lymphoid
potential. The former give rise to all nonlymphoid cellular blood elements, including
circulating monocytes and granulocytes and the macrophages and dendritic cells that
reside in tissues and peripheral lymphoid organs (not shown). The CLP can give rise
to NK cells, T cells, or B cells through successive stages of differentiation in either the
bone marrow or thymus. There may be considerable plasticity in these pathways, in that
in certain circumstances progenitor cells may switch their commitment. For example,
a progenitor cell may give rise to either B cells or macrophages; however, for simplicity
these alternative pathways are not shown. Some dendritic cells are also thought to be
derived from the lymphoid progenitor.
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which is induced by FLT3 signaling together with the activity of the transcrip­
tion factor PU.1. The cytokine IL-7, secreted by bone marrow stromal cells, is
essential for the growth and survival of developing B cells in mice (but poss­
ibly not in humans). Another essential factor is stem-cell factor (SCF), a mem­
brane-bound cytokine present on stromal cells that stimulates the growth of
hematopoietic stem cells and the earliest B-lineage progenitors. SCF inter­
acts with the receptor tyrosine kinase Kit on the precursor cells (see Fig. 8.3).
The chemokine CXCL12 (stromal cell-derived factor 1, SDF-1) is also essen­
tial for the early stages of B-cell development It is produced constitutively by
bone marrow stromal cells, and one of its roles may be to retain developing
B-cell precursors in the marrow microenvironment. Thymic stroma-derived
lymphopoietin (TSLP) resembles IL-7 and binds a receptor sharing the com­
mon T chain of the IL-7 receptor. Despite its name, TSLP may promote B-cell
development in the embryonic liver and, in the perinatal period at least, in
the mouse bone marrow.

A definitive B-cell fate, the pro-B cell, is specified by induction of the B-lineage­
specific transcription factor E2A, which is present as twoalternativelyspliced
forms called E12 and E47, and the early B-cell factor (EBF). It is not clear what
initiates the expression of E2A in some progenitors, but it is known that the
transcription factors PU.1 and Ikaros are required for E2A expression. E2A
then induces the expression of EBF. IL-7 signaling promotes the survival of
these committed progenitors, while E2A and EBF act together to drive the
expression of proteins that determine the pro-B cell state.

As B-lineage cells mature, they migrate within the marrow, remaining in
contact with the stromal cells. The earliest stem cells lie in a region called
the endosteum, which lines the inner cavity of the long bones. Developing
B-lineage cells make contact with reticular stromal cells in the trabecular
spaces, and as they mature they move toward the central sinus of the marrow
cavity. The final stages of development of immature B cells into mature B
cells occur in peripheral lymphoid organs such as the spleen, which we
describe in the fourth part of this chapter.

8-2 8-cell development begins by rearrangement of the

8 cell

heavy-chain locus.

The stages of B-cell development are, in the order that they occur: early pro-B
cell, late pro-B cell, large pre-B cell, small pre-B cell, and mature B cell (Fig.
8.4). Only one gene locus is rearranged at a time, in a fixed sequence. The
first rearrangement to take place involves the locus that contains D gene seg­
ments — the immunoglobulin heavy-chain (IgH) locus in the case of B cells­
and the joining of a D gene segment to a J segment. D to J„rearrangement
takes place mostly in the early pro-B-cell stage, but can be seen as early as
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Fig. 8.3 The early stages of B-cell development are dependent
on bone marrow stromal cells. Interaction of B-cell progenitors
with bone marrow stromal cells is required for development to
the immature B-cell stage. The designations pro-B cell and pre-B
cell refer to defined phases of B-cell development as described in
Fig. 8.4. Multipotent progenitor cells express the receptor tyrosine
kinase FLT3, which binds to its ligand on stromal cells. Signaling
through FLT3 is required for differentiation to the next stage, the
common lymphoid progenitor. The chemokine CXCL12 (SDF-1)
acts to retain stem cells and lymphoid progenitors to appropriate

stromal cells in the bone marrow. The receptor for interleukin-7
(IL-7) is present from this stage, and IL-7 produced by stromal
cells is required for the development of B-lineage cells. Progenitor
cells bind to the adhesion molecule VCAM-1 on stromal cells
through the integrin VLA-4 and also interact through other cell­
adhesion molecules (CAMs). The adhesive interactions promote
the binding of the receptor tyrosine kinase Kit (CD117) on the
surface of the pro-B cell to stem-cell factor (SCF) on the stromal
cell, which activates the kinase and induces the proliferation of
B-cell progenitors.
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Fig. BA The development of a B-lineage cell proceeds through
several stages marked by the rearrangement and expression
of the immunoglobulin genes. The stem cell has not yet begun
to rearrange its immunoglobulin (Ig) gene segments; they are in
the germline configuration as found in all nonlymphoid cells. The
heavy-chain (H-chain) locus rearranges first. Rearrangement of
a D gene segment to a JH gene segment starts in the common
lymphoid progenitor and occurs mostly in early pro-B cells,
generating late pro-B cells in which VH to DJH rearrangement
occurs. A successful VDJH rearrangement leads to the expression
of a complete immunoglobulin heavy chain as part of the pre-B­
cell receptor, which is found mainly in the cytoplasm and to some
degree on the surface of the cell. Once this occurs, the cell is

stimulated to become a large pre-B cell, which proliferates. Large
pre-B cells then cease dividing and become small resting pre-B
cells, at which point they cease expression of the surrogate light
chains and express the lt heavy chain alone in the cytoplasm.
Small pre-B cells reexpress the RAG proteins and start to
rearrange the light-chain (L-chain) genes. Upon successfully
assembling a light-chain gene, a cell becomes an immature B
cell that expresses a complete IgM molecule at the cell surface.
Mature B cells produce a 5 heavy chain as well as a p, heavy
chain, by a mechanism of alternative mRNA splicing (see Fig.
5.17), and are marked by the additional appearance of IgD on the
cell surface.
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the common lymphoid progenitor. As shown in Fig. 8.4, expression of a func­
tional heavy chain allows the formation of the pre-B-cell receptor, which is
the signal to the cell to proceed to the next stage of development, the rear­
rangement of a light-chain gene. The transcription factors E2A and EBF in
the early pro-B cell induce the expression of several key proteins that enable
gene rearrangement to occur, including the RAG-1 and RAG-2 components
of the V(D) J recombinase (see Chapter 5). Thus, E2A and EBF allow the initia­
tion of V(D) J recombination at the heavy-chain locus and the expression of a
heavy chain. In the absence of E2A or EBF, even the earliest identifiable stage
in B-cell development, D to J„joining, fails to occur.

Another key protein induced by E2A and EBF is the transcription factor Pax5,
one isoform of which is known as the B-cell activator protein (BSAP). Among
the targets of Pax5 are the gene for the B-cell co-receptor component CD19
and the gene for Igct, a signaling component of both the pre-B-cell receptor
and the B-cell receptor (see Section 7-7). In the absence of Pax5, pro-B cells
fail to develop further down the B-cell pathway but can be induced to give rise
to T cells and myeloid cell types, indicating that Pax5 is required for commit­
ment of the pro-B cell to the B-cell lineage. Pax5 also induces the expression
of the B-cell linker protein (BLNK), an SH2-containing scaffold protein that is
required for further development of the pro-B cell and for signaling from the
mature B-cell antigen receptor (see Section 7-16). The temporal expression of
some of the surface proteins, receptors, and transcription factors required for
B-cell development are listed in Fig. 8.5.

Although the V(D)J recombinase system operates in both B- and T-lineage
cells and uses the same core enzymes, rearrangements of T-cell receptor
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Fig. 8.5 Expression of surface proteins,
receptors, and transcription factors
in B-cell development. The stages of
B-cell development corresponding to
those shown in Fig. 8.4 are shown at the
top of the figure. The receptor FLT3 is
expressed on hematopoietic stem cells
and the common lymphoid progenitor.
The earliest B-lineage surface markers
are CD1 g and CD45R (B220 in the
mouse), which are expressed throughout
B-cell development. A pro-B cell is
also distinguished by the expression of
CD43 (a marker of unknown function),
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(a marker of unknown function) and the
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whereas Kit and the IL-7 receptor are
no longer expressed. The actions of
the listed transcription factors in B-cell
development are discussed in the
text, with the exception of the octamer
transcription factor, Oct2, which binds the
octamer ATGCAAAT found in the heavy­
chain promoter and elsewhere.
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genes do not occur in B-lineage cells, nor do complete rearrangements of
immunoglobulin genes occur in T cells. The ordered rearrangement events
that do occur are associated with lineage-specific low-level transcription of
the gene segments about to be joined.

The initial D to J„rearrangements in the immunoglobulin heavy-chain locus
(Fig. 8.6) typically occur on both alleles, at which point the cell becomes a late
pro-B cell. Most D to J„joins in humans are potentially useful, because most
human D gene segments can be translated in all three reading frames without
encountering a stop codon. Thus, there is no need of a special mechanism
for distinguishing successful D to J„joins, and at this early stage there is also
no need to ensure that only one allele undergoes rearrangement. Indeed,
given the likely rate of failure at later stages, starting off with two successfully
rearranged D — J„sequences is an advantage.

To produce a complete immunoglobulin heavy chain, the late pro-B cell now
proceeds with a rearrangement of a V„gene segment to a DJ„sequence. In
contrast to D to J„rearrangement, V„ to DJ„rearrangement occurs first on
only one chromosome. A successful rearrangement leads to the production of
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Fig. 8.6 A productively rearranged
immunoglobulin gene is immediately
expressed as a protein by the
developing B cell. In early pro-B cells,
heavy-chain gene rearrangement is not
yet complete and no functional IL protein
is expressed, although transcription
occurs (red arrow), as shown in the
top panel. As soon as a productive
heavy-chain gene rearrangement takes
place, )L chains are expressed by the
cell in a complex with two other chains,
iL5 and VpreB, which together make
up a surrogate light chain. The whole
immunoglobulin-like complex is known as
the pre-B-cell receptor (center panel). It is
associated with two other protein chains,
Igu and Ig(I, which signal the B cell to
halt heavy-chain gene rearrangement,
which drives the transition to the large
pre-B cell stage by inducing proliferation.
The progeny of large pre-B cells stop
dividing and become small pre-B cells, in
which light-chain gene rearrangements
commence. Successful light-chain gene
rearrangement results in the production
of a light chain that binds the )L chain
to form a complete IgM molecule,
which is expressed together with Igu
and IglI at the cell surface, as shown
in the bottom panel. Signaling via this
surface receptor complex is thought to
trigger the cessation of light-chain gene
rearrangement.VH
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intact p, heavy chains, after which V„ to DJ„rearrangement ceases and the cell
becomes a pre-B cell. Pro-B cells that do not produce a lj. chain are eliminated,
and at least 45% of pro-B cells are lost at this stage. In at least two out of three
cases the first „ to DJ„rearrangement is nonproductive, and rearrangement
then occurs on the other chromosome, again with a theoretical two in three
chance of failure. A rough estimate of the chance of generating a pre-B cell
is thus 55% (I/3 + (2/3 x I /3) = 0.55). The actual frequency is somewhat
lower, because the V gene segment repertoire contains pseudogenes that can
rearrange yet have major defects that prevent the expression of a functional
protein. An in i t ial nonproductive rearrangement need not signal the
immediate failure of development of the pro-B cell, because it is possible for
most loci to undergo successive rearrangements on the same chromosome,
and where that fails, the locus on the other chromosome will rearrange.

The diversity of the B-cell antigen-receptor repertoire is enhanced at this stage
by the enzyme terminal deoxynucleotidyl transferase (TdT). TdT is expressed
by the pro-B cell and adds nontemplated nucleotides (N-nucleotides) at the
joints between rearranged gene segments (see Section 5-8). In adult humans
it is expressed in pro-B cells during heavy-chain gene rearrangement, but its
expression declines at the pre-B-cell stage during light-chain gene rearrange­
ment. This explains why N-nucleotides are found in the V — D and D — J joints of
nearly all heavy-chain genes but only in about a quarter of human light-chain
joints. N-nucleotides are rarely found in mouse light-chain V — J joints, show­
ing that TdT is switched off slightly earlier in the development of mouse B
cells. In fetal development, when the peripheral immune system is first being
supplied with T and B lymphocytes, TdT is expressed at low levels, if at all.

8-3 The pre-B-cell receptor tests for successful production of a complete
heavy chain and signals for the transition from the pro-B cell to pre-B
cell stage.

The imprecise nature of V(D)J recombination is a double-edged sword.
Although it produces increased diversity in the antibody repertoire, it also
results in many unsuccessful rearrangements. Pro-B cells therefore need a
way of testing that a potentially functional heavy chain has been produced.
They do this by incorporating a functional heavy chain into a receptor that
can signal its successful production. This test takes place in the absence of
light chains, whose loci have not yet rearranged. Instead, pro-B cells make
two invariant 'surrogate' proteins that together have a structural resemblance
to the light chain and can pair with the lj. chain to form the pre-B-cell receptor
(pre-BCR) (see Fig. 8.6). The assembly of a pre-B-cell receptor signals to the
B cell that a productive rearrangement has been made, and the cell is then
considered a pre-B cell.

The surrogate chains are encoded by nonrearranging genes separate from the
antigen-receptor loci, and their expression is induced by E2A and EBF. One is
called X5 because of its close resemblance to the C domain of the X light chain;
the other, called VpreB, resembles a light-chain V domain but has an extra
region at the amino-terminal end. Other proteins expressed by pro-B cells
and pre-B cells are also required for the formation of a functional receptor
complex and are essential for B-cell development. The invariant proteins
Igu and Igg are components of both the pre-B-cell receptor and the B-cell
receptor complexes on the cell surface. Igu and Igg transduce signals from
these receptors by interacting with intracellular tyrosine kinases through
their cytoplasmic tails (see Section 7-7). Igu and Igg are expressed from the
pro-B-cell stage until the death of the cell or until its terminal differentiation
into an antibody-secreting plasma cell.

Formation of the pre-B-cell receptor is an important checkpoint that medi­
ates the transition between the pro-B cell and the pre-B cell. In mice that
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either lack A5 or have mutant heavy-chain genes that cannot produce the
transmembrane domain, the pre-B-cell receptor cannot be formed and B-cell
development is blocked after heavy-chain gene rearrangement. In normal
B-cell development, the pre-B-cell receptor complex is expressed transiently,
perhaps because the production of A5 mRNA stops as soon as pre-B-cell
receptors begin to be formed. Although present at only low levels on the cell
surface, the pre-B-cell receptor generates signals required for the transition
from pro-B cell to pre-B cell. No antigen or other external ligand seems to be
involved in signaling by the receptor. Instead, pre-B-cell receptors are thought
to interact with each other, forming dimers or oligomers that generate sig­
nals as described in Section 7-16. Dimerization involves 'unique' regions
in the amino termini of A5 and VpreB proteins that are not present in other
immunoglobulin-like domains and which mediate the cross-linking of adja­
cent pre-B-cell receptors on the cell surface (Fig. 8.7). The signaling generated
by receptor clustering halts further rearrangement of the heavy-chain locus
and allows the pro-B cell to become sensitive to IL-7. This induces cell prolif­
eration, initiating the transition to the large pre-B cell. Pre-B-cell receptor sig­
naling requires the scaffold protein BLNK and Bruton's tyrosine kinase (Btk),
an intracellular Tec-family tyrosine kinase (see Section 7-16). In humans and
mice, deficiency of BLNK leads to a block in B-cell development at the pro-B­
cell stage. In humans, mutations in the BTKgene cause a profound B-lineage­
specific immune deficiency, Bruton's X-linked agammaglobulinemia (XLA),
in which no mature B cells are produced. The block in B-cell development
caused by mutations in BTKis almost total, interrupting the transition from
pre-B cell to immature B cell. A similar, but less severe, defect called X-linked
immunodeficiency or xid arises from mutations in the Btk gene in mice.

8-4 Pre-B-cell receptor signaling inhibits further heavy-chain locus

X-linked
Agammaglobulinemia

rearrangement and enforces allelic exclusion.

Successful rearrangements at both heavy-chain alleles could result in a B cell
producing two receptors of different antigen specificities. To prevent this, sig­
naling by the pre-B-cell receptor enforces allelic exclusion, the state in which
only one of the two alleles of a gene is expressed in a diploid cell. Allelic exclu­
sion, which occurs at both the heavy-chain locus and the light-chain loci, was

cell membrane

VpreB

heavy chain ~ '

ITAMs

Amino-terminal tails on Vprea and kS in adjacent pre-Brett receptor molecules bind
each other and cross-link the receptors, inducing clustering and signaling

unique amino termini ol VpreB and kS

Fig. B.7 The pre-B-cell receptor
initiates signaling through spontaneous
dimerization induced by the unique
regions of VpreB and L5. Two surrogate
protein chains, VpreB (orange) and )I.5
(purple), substitute for a light chain and
bind to a heavy chain, thus allowing its
surface expression. VpreB substitutes for
the light-chain V region in this surrogate
interaction, while L5 takes the part of the
light-chain constant region. Both VpreB
and A, 5 contain 'unique' amino-terminal
regions that are not present in other
immunoglobulin-like domains, shown
here as unstructured tails extending
out from the globular domains. These
amino-terminal regions associated with
one pre-B-cell receptor can interact
with the corresponding regions on the
adjacent pre-B cell receptor, promoting
the spontaneous formation of pre-B­
cell receptor dimers on the cell surface.
Dimerization generates signaling from
the pre-B-cell receptor that is dependent
on the presence of the ITAM-containing
signaling chains Igu and igloo. The signals
cause the inhibition of RAG-1 and RAG-2
expression and the proliferation of the
large pre-B cell. Courtesy of Chris Garcia.
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discovered more than 30 years ago and provided one of the original pieces of
experimental support for the theory that one lymphocyte expresses one type
of antigen receptor (Fig. 8.8).

Signaling from the pre-B-cell receptor promotes heavy-chain allelic exclusion
in three ways. First, it reduces V(D) J recombinase activity by directly reducing
the expression of the RAG-I and RAG-2 genes. Second, it further reduces levels
of RAG-2 by indirectly causing this protein to be targeted for degradation,
which occurs when RAG-2 is phosphorylated in response to the entry of the
pro-B cell into S phase (the DNA synthesis phase) of the cell cycle. Finally,
pre-B-cell receptor signaling reduces access of the heavy-chain locus to the
recombinase machinery, although the precise details are not clear. At a later
stage of B-cell development, RAG proteins will again be expressed in order
to carry out light-chain locus rearrangement, but at that point the heavy­
chain locus does not undergo further rearrangement. In the absence of pre­
B-cell receptor signaling, allelic exclusion of the heavy-chain locus does not
occur. For example, in 6 knockout mice, in which the pre-B-cell receptor is
not formed and the signal for V„ to DJ„rearrangement to stop is not given,
rearrangements of the heavy-chain genes are found on both chromosomes in
all B-cell precursors, so that about 10% of the cells have two productive VDJ„
rearrangements.

8-5 Pre-B cells rearrange the light-chain locus and express cell-surface

tpa

immunoglobulin.

The transition from the pro-B cell to the large pre-B-cell stage is accompanied
by several rounds of cell division, expanding the population of cells with
successful in-frame joins by about 30-60-fold before they become resting
small pre-B cells. A large pre-B cell with a particular rearranged heavy-chain
gene therefore gives rise to numerous small pre-B cells. RAG proteins are
produced again in the small pre-B cells, and rearrangement of the light-chain
locus begins. Each of these cells can make a different rearranged light-chain
gene and so cells with many different antigen specificities are generated from
a single pre-B cell, which makes an important contribution to overall B-cell
receptor diversity.

Light-chain rearrangement also exhibits allelic exclusion. Rearrangements
at the light-chain locus generally take place at only one allele at a time. The
light-chain loci lack D segments and rearrangement occurs by V to J joining,
and if a particular VJ rearrangement fails to produce a functional light chain,
repeated rearrangements of unused V and J gene segments at the same allele
can occur (Fig. 8.9). Several attempts at productive rearrangement of a light­
chain gene can therefore be made on one chromosome before initiating
any rearrangements on the second chromosome. This greatly increases the
chances of eventually generating an intact light chain, especially as there
are two different light-chain loci. As a result, many cells that reach the pre­
B-cell stage succeed in generating progeny that bear intact IgM molecules
and can be classified as immature B cells. Figure 8.10 lists some of the
proteins involved in V(D) J recombination and shows how their expression is
regulated throughout B-cell development. Figure 8.11 summarizes the stages
of B-cell development up to the point of assembly of a complete surface
immunoglobulin, indicating the points at which developing B cells can be lost
as a result of failure to produce a productive join.

As well as allelic exclusion, light chains also display isotypic exclusion; that
is, the expression of only one type of light chain — x or X — by an individual B
cell. In mice and humans, the x light-chain locus tends to rearrange before
the X locus. This was first deduced from the observation that myeloma cells
secreting X light chains generally have both their x and X light-chain genes
rearranged, whereas in myelomas secreting x light chains, generally only the

Fig. 8.8 Allelic exclusion in individual
B cells. Most species have genetic
polymorphisms of the constant regions
of their immunoglobulin heavy-chain and
light-chain genes; these are known as
allotypes (see Appendix I, Section A-10).
In rabbits, for example, all of the B cells
in an individual homozygous for the a
allele of the immunoglobulin heavy-chain
locus (Igh~ ) will express immunoglobulin
of allotype a, whereas in an individual
homozygous for the b allele (Igh"') all the
B cells make immunoglobulin of allotype
b. In a heterozygous animal (Igh~b), which
carries the a allele at one of the Igh loci
and the b allele on the other, individual
B cells can be shown to express surface
immunoglobulin of either the a-allotype
or the b-allotype, but not both. This
allelic exclusion reflects the productive
rearrangement of only one of the two
Igh alleles in the B cell, because the
production of a successfully rearranged
immunoglobulin heavy chain forms a
pre-B-cell receptor, which signals the
cessation of further heavy-chain gene
rearrangement.
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V~ V«

Second VJ recombination

Repeated rearrangements are possible at the light-chain loci

V K2 V «J. J . J . J .

Nonproductive join
/'

First VJ recombination

J«-5 C„

Fig. 8.9 Nonproductive light-chain gene
rearrangements can be rescued by
further rearrangement. The organization
of the light-chain loci in mice and humans
offers many opportunities for the rescue
of pre-B cells that initially make an out-of­
frame rearrangement. Light-chain rescue
is illustrated here at the human rr. locus. If
the first rearrangement is nonproductive,
a 5' V„gene segment can recombine with
a 3' J„gene segment to remove the out­
of-frame join located between them and
to replace it with a new rearrangement. In
principle, this can happen up to five times
on each chromosome, because there
are five functional J„gene segments in
humans. If all rearrangements of x-chain
genes fail to yield a productive light-chain
join, )r;chain gene rearrangement may
succeed (not shown; see Fig. 8.11).

C,

Nonproductive join
I

/
Third VJ recombination

C~V.n J.

tc genes are rearranged. This order is occasionally reversed, however, and X
gene rearrangement does not absolutely require the previous rearrangement
of the tc genes. The ratios of K-expressing versus l-expressing mature B cells
vary from one extreme to the other in different species. In mice and rats it is
95% K to 5% l, in humans it is typically 65%:35%, and in cats it is 5%:95%, the
opposite of that in mice. These ratios correlate most strongly with the number
of functional V„and Vr„gene segments in the genome of the species. They also
reflect the kinetics and efficiency of gene segment rearrangements. The lcd,
ratio in the mature lymphocyte population is useful in clinical diagnostics,
because an aberrant K:X ratio indicates the dominance of one clone and the
presence of a lymphoproliferative disorder, which may be malignant.

8-6 Immature B cells are tested for autoreactivity before they leave the
bone marrow.

Once a rearranged light chain has paired with a p. chain, IgM can be expressed
on the cell surface (sIgM) and the pre-B cell becomes an immature B cell. At
this stage, the antigen receptor is first tested for reactivity to self antigens, or
autoreactivity. The elimination or inactivation of autoreactive B cells ensures
that the B-cell population as a whole will be tolerant of self antigens. The
tolerance produced at this stage of B-cell development is known as central
tolerance because it arises in a central lymphoid organ, the bone marrow. As
we shall see later in the chapter and in Chapter 15, self-reactive B cells that
escape this test and go on to mature may still be removed from the repertoire
after they have left the bone marrow, a process that produces peripheral
tolerance.

sIgM associates with Igu and IgP to form a functional B-cell receptor com­
plex, and the fate of an immature B cell in the bone marrow depends on
signals delivered from this receptor complex on its interaction with ligands
in the environment. Igu signaling is particularly important in dictating the
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Fig 8.10 Expression of proteins
involved in gene rearrangement and
the production of pre-B-cell and B-cell
receptors. The proteins listed here
have been included because of their
proven importance in the developmental
sequence, largely on the basis of studies
in mice. Their individual contributions
to B-cell development are discussed
in the text. Also shown is the temporal
sequence of gene rearrangement.
Signaling proteins and transcription
factors involved in early B-lineage
development are listed in Fig. 8.5.
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emigration of B cells from the bone marrow and/or their survival in the
periphery: mice that express Igu with a truncated cytoplasmic domain that
cannot signal show a fourfold reduction in the number of immature B cells in
the marrow, and a hundredfold reduction in the number of peripheral B cells.

Immature B cells that have no strong reactivity to self antigens are allowed
to mature (Fig. 8.12, first panel). They leave the marrow via sinusoids that
enter the central sinus and are carried by the venous blood supply to the
spleen. If, however, the newly expressed receptor encounters a strongly
cross-linking antigen in the bone marrow — that is, if the B cell is strongly
self-reactive — development is arrested and the cell will not mature. This was
first demonstrated by experiments in which antigen receptors on immature
B cells were experimentally stimulated in vivo using anti-p, chain antibodies
(see Appendix I, Section A-10); the outcome was elimination of the immature
B cells.

More recent experiments using mice expressing transgenes that enforce the
expression of self-reactive B-cell receptors confirmed these earlier findings,
but also showed that immediate elimination is not the only possible outcome
of binding to a self antigen. There are four possible fates for self-reactive
immature B cells, depending on the nature of the ligand they recognize (Fig.
8.12, last three panels). These fates are: cell death by apoptosis or clonal dele­
tion; the production of a new receptor by a process known as receptor editing;
the induction of a permanent state of unresponsiveness, or anergy, to antigen;
and a state of immunological ignorance.
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Early pro-B cell Pre-B cell Immature B cellLate pro-B cell
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V to DJ rearrangement
on first chromosome

Cell expresses fl'.KD to J rearrangements
on both chromosomes

Rearrange K gene
on first chromosome
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on second chromosome IgM

Rearrange K gene +on second chromosome
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Cellexpresses p,:XRearrange X gene
on first chromosome

+ pro ductive join Rearrange t gene
on second chromosome IgM

nonproductive join
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Fig. 8.11 The steps in immunoglobulin gene rearrangement
at which developing B cells can be lost. The developmental
program rearranges the heavy-chain (H-chain) locus first and then
the light-chain (L-chain) loci. Cells are allowed to progress to the
next stage when a productive rearrangement has been achieved.
Each rearrangement has about a one in three chance of being
successful, but if the first attempt is nonproductive, development

is suspended and there is a chance for one or more further
attempts, so by simple mathematics four in nine rearrangements
give rise to a heavy chain. The scope for repeated rearrangements
is greater at the light-chain loci (see Fig. 8.9), so that fewer cells
are lost between the pre-B and immature B-cell stages than in the
pro-B to pre-B transition.

Clonal deletion, or the removal of cells of a particular antigen specificity
from the repertoire, seems to predominate when the interacting self anti­
gen is multivalent. The effect of an encounter with a multivalent antigen was
tested in mice transgenic for both chains of an immunoglobulin specific for
H-2K MHC class I molecules. In such mice, nearly all the B cells that develop
bear the anti-MHC immunoglobulin as sIgM. If the transgenic mouse does
not express H-2K", normal numbers of B cells develop, all bearing transgene­
encoded anti-H-2K receptors. However, in mice expressing both H-2K" and
the immunoglobulin transgenes, B-cell development is blocked. Normal
numbers of pre-B cells and immature B cells are found, but B cells expressing
the anti-H-2K" immunoglobulin as sIgM never mature to populate the spleen
and lymph nodes; instead, most of these immature B cells die in the bone
marrow by apoptosis.

Not all lymphocytes with strongly autoreactive receptors undergo clonal dele­
tion. There is an interval before cell death during which the autoreactive B
cell can be rescued by further gene rearrangements that replace the autoreac­
tive receptor with a new receptor that is not self-reactive. This mechanism is
termed receptor editing (Fig. 8.13). When an immature B cell first produces
sIgM, RAG protein is still being made. If the receptor is not self-reactive, the
absence of sIgM cross-linking allows gene rearrangement to cease and B-cell
development continues, with RAG proteins eventually disappearing. For an
autoreactive receptor, however, an encounter with the self antigen results
in strong cross-linking of sIgM, RAG expression continues, and light-chain
gene rearrangement can continue, as described in Fig. 8.9. These second­
ary rearrangements can rescue immature self-reactive B cells by deleting the
self-reactive light-chain gene and replacing it with another sequence. If the
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Fig. 8.12 Binding to self molecules in
the bone marrow can lead to the death
or inactivation of immature B cells.
First panels: immature B cells that do
not encounter antigen mature normally;
they migrate from the bone marrow to
the peripheral lymphoid tissues, where
they may become mature recirculating
B cells bearing both IgM and IgD on
their surface. Second panels: when
developing B cells express receptors
that recognize multivalent ligands, for
example ubiquitous self cell-surface
molecules such as those of the MHC,
these receptors are deleted from the
repertoire. The B cells either undergo
receptor editing (see Fig. 8.13), so that
the self-reactive receptor specificity is
deleted, or the cells themselves undergo
programmed cell death or apoptosis
(clonal deletion). Third panels: immature
B cells that bind soluble self antigens
able to cross-link the B-cell receptor are
rendered unresponsive to the antigen
(anergic) and bear little surface IgM.
They migrate to the periphery, where
they express IgD but remain anergic; if
in competition with other B cells in the
periphery, they are rapidly lost. Fourth
panels: immature B cells whose antigen
is inaccessible to them, or which bind
monovalent or soluble self antigens with
low affinity, do not receive any signal and
mature normally. Such cells are potentially
self-reactive, however, and are said to be
clonally ignorant because their ligand is
present but is unable to activate them.
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new light chain is not autoreactive, the B cell continues normal development.
If the receptor remains autoreactive, rearrangement continues until a non­
autoreactive receptor is produced or light-chain V and I gene segments are
exhausted. Cells that remain autoreactive undergo apoptosis.

Receptor editing has been shown definitively in mice bearing transgenes
for autoantibody heavy and light chains that have been placed within the
immunoglobulin loci by homologous recombination (see Appendix I, Section
A-46, for details of this method). The transgene imitates a primary gene
rearrangement and is surrounded by unused endogenous gene segments. In
mice that express the antigen recognized by the transgene-encoded receptor,
the mature B cells that emerge into the periphery have used these surrounding
gene segments for rearrangements that replace the autoreactive light-chain
transgene with a non-autoreactive gene.

It is not clear whether receptor editing occurs at the heavy-chain locus. There
are no available D segments at a rearranged heavy-chain locus, so a new
rearrangement cannot simply occur by the normal mechanism and remove
the preexisting one. Instead, a process of V„replacement may use embedded
recombination signal sequences in a recombination event that displaces the
V gene segment from the self-reactive rearrangement and replaces it with
a new V gene segment. This has been observed in some B-cell tumors, but
whether it occurs during normal B-cell development in response to signals
from autoreactive B-cell receptors is not certain.

It was originally thought that the successful production of a heavy chain
and a light chain caused the almost instantaneous shutdown of light-chain
locus rearrangement and that this ensured both allelic and isotypic exclusion.
The unexpected ability of self-reactive B cells to continue to rearrange their
light-chain genes, even after having made a productive rearrangement, has
raised questions about this supposed mechanism of allelic exclusion. This
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Fig. B.13 Replacement of light chains by receptor editing can rescue some self­
reactive B cells by changing their antigen specificity. When a developing B cell
expresses antigen receptors that are strongly cross-linked by multivalent self antigens
such as MHC molecules on cell surfaces (top panel), its development is arrested. The
cell decreases surface expression of IgM and does not turn off the RAG genes (second
panel). Continued synthesis of RAG proteins allows the cell to continue light-chain gene
rearrangement. This usually leads to a new productive rearrangement and the expression
of a new light chain, which combines with the previous heavy chain to form a new
receptor (receptor editing; third panel). If this new receptor is not self-reactive, the cell is
'rescued' and continues normal development much like a cell that had never reacted with
self (bottom right panel). If the cell remains self-reactive it may be rescued by another
cycle of rearrangement, but if it continues to react strongly with self it will undergo
programmed cell death or apoptosis and be deleted from the repertoire (clonal deletion;
bottom left panel).

Strong ligation of IgM by self antigen

Arrest of B-cell development and continued
light-chain rearrangement: low cell-surface IgM

suggests that the fall in the level of RAG protein that follows a successful non­
autoreactive rearrangement could be the principal, but not necessarily the
sole, mechanism behind allelic exclusion at the light-chain locus. It seems
that allelic exclusion is not absolute as there are rare B cells that express two
different light chains.

We have so far discussed the fate of newly formed B cells that undergo
multivalent cross-linking of their sIgM. Immature B cells that encounter
more weakly cross-linking self antigens of low valence, such as small soluble
proteins, respond differently. In this situation, self-reactive B cells tend to be
inactivated and enter a state of permanent unresponsiveness, or anergy, but
do not immediately die (see Fig. 8.12). Anergic B cells cannot be activated by
their specific antigen even with help from antigen-specific T cells. Again, this
phenomenon was elucidated using transgenic mice. Hen egg-white lysozyme
(HEL) was expressed in soluble form from a transgene in mice that were also
transgenic for high-affinity anti-HEL immunoglobulin. The HELspecific B
cells matured but could not respond to antigen. Anergic cells retain their IgM
within the cell and transport l i t tle to the surface. In addition, they develop
a partial block in signal transduction so that, despite normal levels of HEL­
binding sIgD, the cells cannot be stimulated by cross-linking this receptor. The
signaling defect may involve the action of two ubiquitin ligases (see Section
7-5), Cbl and Cbl-b. These proteins seem to target Igu and Syk for degradation,
reducing sIgM expression and BLNK phosphorylation (see Section 7-16). In
mice lacking these proteins, B cells that would normally become anergic go
on to develop into mature B cells with normal surface expression of IgM.

The migration of anergic B cells within peripheral lymphoid organs is
impaired, and their life-span and their ability to compete with immuno­
competent B cells are compromised. In normal circumstances, in which B
cells binding a soluble self antigen are rare, self-reactive anergic B cells are
detained in the T-cell areas of peripheral lymphoid tissues and are excluded
from lymphoid follicles. Anergic B cells cannot be activated by T cells,
because all the T cells will be tolerant to soluble antigens. Instead they die
relatively quickly, presumably because they fail to get survival signals from T
cells, which ensures that the long-lived pool of peripheral B cells is purged of
potentially self-reactive cells.

The fourth potential fate of self-reactive immature B cells is that nothing hap­
pens to them; they remain in a state of immunological ignorance of their self
antigen (see Fig. 8.12). Immunologically ignorant cells have affinity for a self
antigen but for various reasons do not sense and respond to it. The antigen
may not be accessible to developing B cells in the bone marrow or spleen, or
may be in low concentration, or may bind so weakly to the B-cell receptor that
it does not generate an activating signal. Because some ignorant cells can be
(and in fact are) activated under certain conditions such as inflammation or

If the new receptor
is still self-reactive,

the B cell undergoes

A new receptor specificity is now expressed

If the new receptor
is no longer self­

reactive, the immature
B cell migrates to the
periphery and maturesapoptosis
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when the self antigen becomes available or reaches an unusually high con­
centration, they should not be considered inert, and they are fundamentally
different from cells with non-autoreactive receptors that could never be acti­
vated by self antigens.

The fact that central tolerance is not perfect and some self-reactive B cells
are allowed to mature reflects the balance that the immune system strikes
between purging all self-reactivity and maintaining the ability to respond
to pathogens. If the elimination of self-reactive cells were too efficient, the
receptor repertoire might become too limited and thus unable to recognize
a wide variety of pathogens. Some autoimmune disease is the price of this
balance: we shall see in Chapter 15 that ignorant self-reactive lymphocytes
can be activated and cause disease under certain circumstances. Normally,
however, ignorant B cells are held in check by a lack of T-cell help, the
continued inaccessibility of the self antigen, or the tolerance that can be
induced in mature B cells, which is described later in this chapter.

Summary.

So far we have followed B-cell development from the earliest progenitors
in the bone marrow to the immature B cell that is ready to emerge into the
peripheral lymphoid tissue. The heavy-chain locus is rearranged first and, if
this is successful, a p. heavy chain is produced that combines with surrogate
light chains to form the pre-B-cell receptor; this is the first checkpoint in B-cell
development. Production of the pre-B-cell receptor signals successful heavy­
chain gene rearrangement, and causes cessation of this rearrangement, thus
enforcing allelic exclusion. It also initiates pre-B-cell proliferation, generating
numerous progeny in which subsequent light-chain rearrangement can
be attempted. If the initial light-chain gene rearrangement is productive, a
complete immunoglobulin B-cell receptor is formed, gene rearrangement
again ceases, and the B cell continues its development. If the first light-chain
gene rearrangement is unsuccessful, rearrangement continues until either a
productive rearrangement is made or all available J regions are used up. If no
productive rearrangement is made, the developing B cell dies. In the next part
of the chapter, we turn to T-cell development.

The development of T lymphocytes in the thymus.

Like B cells, T lymphocytes derive from the multipotent hematopoietic stem
cells in the bone marrow. However, their progenitor cells migrate from the
bone marrow via the blood to the thymus, where they mature (Fig. 8.14);
this is the reason for the name thymus-dependent (T) lymphocytes or T
cells. T-cell development parallels that of B cells in many ways, including the
orderly and stepwise rearrangement of antigen-receptor genes, the sequen­
tial testing for successful gene rearrangement, and the eventual assembly of
a heterodimeric antigen receptor. Nevertheless, T-cell development in the
thymus has some features not seen for B cells, such as the generation of two
distinct lineages of T cells, the T:5 lineage and the u:p lineage, which express
distinct antigen-receptor genes. Developing T cells, which are known gener­
ally as thymocytes, also undergo rigorous selection that depends on inter­
actions with thymic cells and that shapes the mature repertoire of T cells to
ensure self-MHC restriction as well as self-tolerance. We begin with a gen­
eral overview of the stages of thymocyte development and its relationship
to thymic anatomy before considering gene rearrangement and the mecha­
nisms of selection.
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events in their development occur in the thymus.
8-7 T-cell progenitors originate in the bone marrow, but all the important Fig. 8.14 T cells undergo development

in the thymus and migrate to the
peripheral lymphoid organs, where
they are activated by foreign antigens.
T-cell precursors migrate from the bone
marrow to the thymus, where the T-cell
receptor genes are rearranged (first
panels); u:(t T-cell receptors that are
compatible with self-MHC molecules
transmit a survival signal on interacting
with thymic epithelium, leading to positive
selection of the cells that bear them.
Self-reactive receptors transmit a signal
that leads to cell death, and cells bearing
them are removed from the repertoire in
a process of negative selection (second
panels). T cells that survive selection
mature and leave the thymus to circulate
in the periphery; they repeatedly leave the
blood to migrate through the peripheral
lymphoid organs, where they may
encounter their specific foreign antigen
and become activated (third panels).
Activation leads to clonal expansion and
differentiation into effector T cells. These
are attracted to sites of infection, where
they can kill infected cells or activate
macrophages (fourth panels); others are
attracted into B-cell areas, where they
help to activate an antibody response (not
shown).

The thymus is situated in the upper anterior thorax, just above the heart.
It consists of numerous lobules, each clearly differentiated into an outer
cortical region — the thymic cortex — and an inner medulla (Fig. 8.15). In
young individuals, the thymus contains large numbers of developing T-cell
precursors embedded in a network of epithelia known as the thymic stroma.
This provides a unique microenvironment for T-cell development analogous
to that provided for B cells by the stromal cells of the bone marrow.

T lymphocytes develop from a lymphoid progenitor in the bone marrow that
also gives rise to B lymphocytes. Some of these progenitors leave the bone
marrow and migrate to the thymus. In the thymus, the progenitor cell receives
a signal, most probably from stromal cells, that is transduced through a
receptor called Notchl to switch on specific genes. Notch signaling is widely
used in animal development to specify tissue differentiation; in lymphocyte
development, the Notch signal instructs the precursor to commit to the T-cell
lineage rather than the B-cell lineage. Notch signaling is required throughout
T-cell development and is also thought to help regulate other T-cell lineage
choices, including the ct:p versus T:5 choice and the CD4 versus CD8 decision.

Thethymic epitheliumarisesearlyinembryonicdevelopmentfromendoderm­
derived structures known as the third pharyngeal pouches. These epithelial
tissues form a rudimentary thymus, or thymic anlage. This is colonized by
cells of hematopoietic origin that give rise to large numbers of thymocytes,
which are committed to the T-cell lineage, and to intrathymic dendritic cells.
Thymocytes are not simply passengers within the thymus: they influence the
arrangement of the thymic epithelial cells on which they depend for survival,
inducing the formation of a reticular epithelial structure that surrounds the
developing thymocytes (Fig. 8.16). The thymus is independently colonized by
numerous macrophages, also of bone marrow origin.
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Fig. 8.15 The cellular organization of the human thymus. The
thymus, which lies in the midline of the body, above the heart,
is made up of several lobules, each of which contains discrete
cortical (outer) and medullary (central) regions. As shown in the
diagram on the left, the cortex consists of immature thymocytes
(dark blue), branched cortical epithelial cells (pale blue), with
which the immature cortical thymocytes are closely associated,
and scattered macrophages (yellow), which are involved in
clearing apoptotic thymocytes. The medulla consists of mature
thymocytes (dark blue) and medullary epithelial cells (orange),

along with macrophages (yellow) and dendritic cells (yellow) of
bone marrow origin. Hassall's corpuscles are probably also sites
of cell destruction. The thymocytes in the outer cortical cell layer
are proliferating immature cells, whereas the deeper cortical
thymocytes are mainly immature T cells undergoing thymic
selection. The photograph shows the equivalent section of a
human thymus, stained with hematoxylin and eosin. The cortex is
darkly staining, whereas the medulla is lightly stained. The large
body in the medulla is a Hassall's corpuscle. Photograph courtesy
of C.J. Howe.
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The cellular architecture of the human thymus is illustrated in Fig. 8.15. Bone
marrow derived cells are differentially distributed between the thymic cortex
and medulla. The cortex contains only immature thymocytes and scattered
macrophages, whereas more mature thymocytes, along with dendritic cells
and macrophages, are found in the medulla. This reflects the different devel­
opmental events that occur in these two compartments.

The importance of the thymus in immunity was first discovered through
experiments on mice; indeed, most of our knowledge of T-cell development
in the thymus comes from the mouse. It was found that surgical removal
of the thymus (thymectomy) at birth resulted in immunodeficient mice,
focusing interest on this organ at a time when the difference between T and
B lymphocytes in mammals had not been defined. Much evidence, includ­
ing observations in immunodeficient children, has since confirmed the
importance of the thymus in T-cell development. In DiGeorge syndrome
in humans and in mice with the nude mutation, the thymus does not form

'N~~

Fig. 8.16 The epithelial cells of the thymus form a network surrounding developing
thymocytes. In this scanning electron micrograph of the thymus, the developing
thymocytes (the spherical cells) occupy the interstices of an extensive network of
epithelial cells. Photograph courtesy of W. van Ewijk.
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and the affected individual produces B lymphocytes but few T lymphocytes.
DiGeorge syndrome is a complex combination of cardiac, facial, endocrine,
and immune defects associated with deletions of chromosome 22ql l. The
nude mutation in mice is due to a defect in the gene for Foxnl, a transcrip­
tion factor required for terminal epithelial cell differentiation; the name nude
was given to this mutation because it also causes hairlessness. Rare cases of
a defect in the human FOXN1 gene (which is on chromosome 17) have been
associated with T-cell immunodeficiency, absence of a thymus, congenital
alopecia, and nail dystrophy.

The crucial role of the thymic stroma in inducing the differentiation of the
bone marrow derived T-cell progenitors can be demonstrated by the results
of tissue grafts between two mutant mice, each lacking mature T cells for a
different reason. In nude mice the thymic epithelium fails to differentiate,
whereas in scid mice B and T lymphocytes fail to develop because of a defect
in antigen-receptor gene rearrangement (see Section 5-5). Reciprocal grafts of
thymus and bone marrow between these immunodeficient strains show that
nude bone marrow precursors develop normally in a scid thymus (Fig. 8.17).

DiGeorge Syndrome

Grafted cells repopulate
normal thymus

scidYscid mouse

Lymphocyte defect
p pp p p p p p p p p p p

bone manow
stem cells

thymus •
graft in kidney

Thymus defect

nulnu mouse

thymic rudiment

Fig. 8.17 The thymus is critical for the
maturation of bone marrow derived
cells into T cells. Mice with the scid
mutation (upper left photograph) have
a defect that prevents lymphocyte
maturation, whereas mice with the nude
mutation (upper right photograph) have
a defect that affects the development
of the cortical epithelium of the thymus.
T cells do not develop in either strain
of mouse: this can be demonstrated
by staining spleen cells with antibodies
specific for mature T cells and analyzing
them in a flow cytometer (see Appendix I,
Section A-22), as represented by the blue
line in the graphs in the bottom panels.
Bone marrow cells from nude mice can
restore T cells to scid mice (red line in
graph on left), showing that, in the correct
environment, the nude bone marrow cells
are intrinsically normal and capable of
producing T cells. Thymic epithelial cells
provided by a thymus graft from scid mice
into the kidney of nude mice can induce
the maturation of T cells in nude mice
(red line in graph on right), demonstrating
that the thymus provides the essential
microenvironment for T-cell development.
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Thus, the defect in nude mice is in the thymic stromal cells. Transplanting a
scid thymus into a nude mouse leads to T-cell development. However, scid
bone marrow cannot develop T cells, even in a wild-type recipient.

In mice, the thymus continues to develop for 3 — 4 weeks after birth, whereas
in humans it is fully developed at birth. The rate of T-cell production by the
thymus is greatest before puberty. After puberty, the thymus begins to shrink
and the production of new T cells in adults is lower, although it does continue
throughout life. In both mice and humans, removal of the thymus after
puberty is not accompanied by any notable loss of T-cell function or numbers.
Thus, it seems that once the T-cell repertoire is established, immunity can be
sustained without the production of significant numbers of new T cells; the
pool of peripheral T cells is instead maintained by long-lived T cells and also
by some division of mature T cells.

8-8 T-cell precursors proliferate extensively in the thymus, but most
die there.

T-cell precursors arriving in the thymus from the bone marrow spend up to a
week differentiating there before they enter a phase of intense proliferation.
In a young adult mouse the thymus contains about 10' to 2 x 10' thymocytes.
About 5 x 10' new cells are generated each day; however, only about 10' to
2 x 10' (roughly 2 — 4%) of these leave the thymus each day as mature T cells.
Despite the disparity between the number of T cells generated in the thymus
and the number leaving, the thymus does not continue to grow in size or
cell numbers. This is because about 98% of the thymocytes that develop in
the thymus also die in the thymus by apoptosis (see Section 1-14). Changes
in the plasma membrane of cells undergoing apoptosis lead to their rapid
phagocytosis, and apoptotic bodies, which are the residual condensed
chromatin of apoptotic cells, are seen inside macrophages throughout the
thymic cortex (Fig. 8.18). This apparently profligate waste of thymocytes is a
crucial part of T-cell development because it reflects the intensive screening
that each thymocyte undergoes for the ability to recognize self-peptide:self­
MHC complexes and for self-tolerance.

8-9 Successive stages in the development of thymocytes are marked by
changes in cell-surface molecules.

Like developing B cells, developing thymocytes pass through a series of dis­
tinct stages. These are marked by changes in the status of the T-cell recep­
tor genes and in the expression of the T-cell receptor, and by changes in the
expression of cell-surface proteins such as the CD3 complex (see Section 7-7)
and the co-receptor proteins CD4 and CD8 (see Section 4-17). These surface
changes reflect the state of functional maturation of the cell, and particular
combinations of cell-surface proteins are used as markers for T cells at dif­
ferent stages of differentiation. The principal stages are summarized in Fig.
8.19. Two distinct lineages of T cells — u:p and T:5, which have different types
of T-cell receptor chains — are produced early in T-cell development. Later,
u:P T cells develop into two distinct functional subsets — CD4T cells and CD8
T cells.

When progenitor cells first enter the thymus from the bone marrow, they
lack most of the surface molecules characteristic of mature T cells, and their
receptor genes are not rearranged. These cells give rise to the major pop­
ulation of u:p T cells and the minor population of T:5 T cells. If injected into
the peripheral circulation, these lymphoid progenitors can even give rise to B
cells and NK cells. Interactions with the thymic stroma trigger an initial phase
of differentiation along the T-cell lineage pathway followed by cell prolifera­
tion and the expression of the first cell-surface molecules specific for T cells,

Fig. 8.18 Developing T cells that
undergo apoptosis are ingested by
macrophages in the thymic cortex.
Panel a shows a section through the
thymic cortex and part of the medulla
in which cells have been stained for
apoptosis with a red dye. Thymic cortex is
to the right of the photograph. Apoptotic
cells are scattered throughout the cortex
but are rare in the medulla. Panel b shows
a section of thymic cortex at higher
magnification that has been stained
red for apoptotic cells and blue for
macrophages. The apoptotic cells can be
seen within macrophages. Magnifications:
panel a, x45; panel b, x164. Photographs
courtesy of J. Sprent and C. Surh.
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Fig. 8.19 Two distinct lineages of thymocytes are produced in the thymus. CD4,
CD8, and T-cell receptor complex molecules (CD3, and the T-cell receptor u and jt
chains) are important cell-surface molecules for identifying thymocyte subpopulations.
The earliest cell population in the thymus does not express any of these proteins, and
because they do not express CD4 or CD8 they are called 'double-negative' thymocytes.
These cells include precursors that give rise to two T-cell lineages: the minority
population of T:8 T cells (which lack CD4 or CD8 even when mature), and the majority u:jt
T-cell lineage. The development of prospective u:jt T cells proceeds through stages in
which both CD4 and CD8 are expressed by the same cell; these are known as 'double­
positive' thymocytes. These cells enlarge and divide. Later, they become small resting
double-positive cells that express low levels of the T-cell receptor. Most thymocytes
die within the thymus after becoming small double-positive cells, but those cells whose
receptors can interact with self-peptide:self-MHC molecular complexes lose expression
of either CD4 or CD8 and increase the level of expression of the T-cell receptor. The
outcome of this process is the 'single-positive' thymocytes, which, after maturation, are
exported from the thymus as mature single-positive CD4 or CD8 T cells.

p'.8+CD3+
CD4%­

CD3 4%
'double-negative' thymocytes

Q Qo
CD3+p Tn' .)3+4+8+

large active
'double-positive' thymocytes

Export to
periphery

CD3+n' .)3+4'8+
small restingfor example CD2 and (in mice) Thy-1. At the end of this phase, which can last

about a week, the thymocytes bear distinctive markers of the T-cell lineage
but do not express any of the three cell-surface markers that define mature T
cells. These are the CD3: T-cell receptor complex and the co-receptors CD4 or
CD8. Because of the absence of CD4 and CD8, such cells are called double­
negative thymocytes (see Fig. 8.19).

In the fully developed thymus, immature double-negative T cells constitute
about 60% of the thymocytes that lack both CD4 and CD8. This pool (about
5% of all thymocytes) also includes two populations of more mature T cells
that belong to minority lineages. One of these, representing about 20% of
the double-negative cells, comprises cells that have rearranged and are
expressing the genes encoding the T:5T-cell receptor; we will return to these
cells in Section 8-12. The second, representing another 20% of all double­
negative thymocytes, includes cells bearing u:P T-cell receptors of very limited
diversity. These cells also express the NK1.1 receptor commonly found on NK
cells; they are therefore known as invariant NKT cells (iNKT cells). iNKT cells
are activated as part of the early response to many infections; they differ from
the major lineage of cdP T cells in recognizing CD1 molecules rather than MHC
class I or MHC class II molecules (see Section 6-19) and they are not shown
in Fig. 8.19. In this and subsequent discussions, we reserve the term 'double­
negative thymocytes' for the immature thymocytes that do not yet express a
complete T-cell receptor molecule. These cells give rise to both T:5 and u:p T
cells (see Fig. 8.19), although most of them develop along the u:P pathway.

The u:P pathway is shown in more detail in Fig. 8.20. The double-negative
stage can be further subdivided into four stages on the basis of expression of
the adhesion molecule CD44, CD25 (the tx chain of the IL-2 receptor), and Kit,
the receptor for SCF (see Section 8-1). At first, double-negative thymocytes
express Kit and CD44 but not CD25 and are called DN1 cells; in these cells,
the genes encoding both chains of the T-cell receptor are in the germline
configuration. As thymocytes mature, they begin to express CD25 on their
surface and are called DN2 cells; later, expression of CD44 and Kit is reduced,
and they are called DN3 cells.

Rearrangement of the T-cell receptor P-chain locus begins in DN2 cells with
some D> to J> rearrangements and continues in DN3 cells with V> to DJ>
rearrangement. Cells that fail to make a successful rearrangement of the
P-chain locus remain at the DN3 (CD44" CD25') stage and soon die, whereas
cells that make productive P-chain gene rearrangements and express the P
chain lose expression of CD25 once again and progress to the DN4 stage, in
which they proliferate. The functional significance of the transient expression
of CD25 is unclear: T cells develop normally in mice in which the IL-2 gene has
been deleted by gene knockout (see Appendix I, Section A-46). By contrast,
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Fig. 8.20 The correlation of stages of
4x:P T-cell development in the mouse
thymus with the program of gene
rearrangement and the expression
of cell-surface proteins. Lymphoid
precursors are triggered to proliferate
and become thymocytes committed to
the T-cell lineage through interactions
with the thymic stroma. These double­
negative (DN1) cells express CD44 and
Kit, and at a later stage (DN2) express
CD25, the a chain of the IL-2 receptor.
After this, the DN2 (CD44+CD25+) cells
begin to rearrange the ti-chain locus,
becoming CD44lowand Kitlow as this
occurs, and become DN3 cells. The DN3
cells are arrested in the CD44'wCD25'
stage until they productively rearrange the
P-chain locus; the in-frame ti chain then
pairs with a surrogate chain called pTof
to form the pre-T-cell receptor (pre-TCR)
and is expressed on the cell surface,
which triggers entry into the cell cycle.
Expression of small amounts of pTa:P
on the cell surface in association with
CD3 signals the cessation of P-chain
gene rearrangement and triggers rapid
cell proliferation, which causes the loss
of CD25. The cells are then known as
DN4 cells. Eventually, the DN4 cells
cease to proliferate and CD4 and CD8
are expressed. The small CD4+CD8+
double-positive cells begin efficient
rearrangement at the of-chain locus. The
cells then express low levels of an of:ti
T-cell receptor and the associated CD3
complex and are ready for selection.
Most cells die by failing to be positively
selected or as a consequence of negative
selection, but some are selected to
mature into CD4 or CD8 single-positive
cells and eventually to leave the thymus.
Expression of some other cell-surface
proteins is depicted with respect to
the stages of thymocyte development.
Their individual contributions to T-cell
development are discussed in the text.

CD4

CD8

Notch

CD44

CD25

pTn

CD3

O
Surface
molecule

Kit

Vto J

Rearrangement

Dto Ja

Vto DJ>

Co-receptor

Signaling

Signaling

Adhesion
molecule

IL-2 receptor

Surrogate
n chain

Signaling

Function

DN1

CD44+
CD25

DN2

CD44+
CD25+

Double-negative

DN3

CD44low
CD25i

pre-TCR

CD44
CD25

DN4

proliferation
co4 coe

Double-positive

TCR

o'os

either
CD4

Single­
positive

Kit is quite important for the development of the earliest double-negative
thymocytes, in that mice lacking Kit have a much smaller number of double­
negative T cells. In addition, IL-7 produced by the thymic stroma is essential
for early T-cell development, because there is a severe block to development
when the IL-7 receptor is defective. Finally, continuous Notch signaling is
important for progression through each stage of T-cell development.

In DN3 thymocytes, the expressed P chains pair with a surrogate pre-T-cell
receptor u chain called pTu (pre-T-cell u), which allows the assembly of a
complete pre-T-cell receptor (pre-TCR) that is analogous in structure and
function to the pre-B-cell receptor. The pre-TCR is expressed on the cell
surface in a complex with the CD3 molecules that provide the signaling
components of T-cell receptors (see Section 7-7). As with the pre-B-cell
receptor, the assembly of the CD3:pre-T-cell receptor complex causes
constitutive signaling that does not require interaction with a ligand. Recent
structural evidence shows that the pre-TCR forms dimers in a manner similar
to pre-B CR dimerization. The p Tu Ig domain makes two important contacts.
It associates with the constant-region Ig domain of the VP subunit to form the
pre- TCR itself. A distinct surface of the pre- Tu then binds to a VP domain from
another pre-TCR molecule, forming a bridge between two different pre- TCRs.
Importantly, the region of contact with the VP involves residues that are highly
conserved across many VP families. In this way, expression of the pre-TCR
induces ligand-independent dimerization, which leads to cell proliferation,
the arrest of further P-chain gene rearrangement, and the expression of both
CD8 and CD4. These double-positive thymocytes make up the vast majority
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of thymocytes. Once the large double-positive thymocytes have ceased to
proliferate and have become small double-positive cells, the tx-chain locus
begins to rearrange. As we will see later in this chapter, the structure of the tx
locus (see Section 5-9) allows multiple successive attempts at rearrangement,
so that it is successfully rearranged in most developing thymocytes. Thus,
most double-positive cells produce an ct:P T-cell receptor during their
relatively short life-span.

Small double-positive thymocytes initially express low levels of the T-cell
receptor. Most of these receptors cannot recognize self-peptide:self-MHC
molecular complexes; they will fail positive selection and the cells will die.
In contrast, those double-positive cells that recognize self-peptide:self-MHC
complexes, and can therefore be positively selected, go on to mature, and
express high levels of the T-cell receptor. At the same time they cease to express
one or other of the two co-receptor molecules, becoming either CD4 or CD8
single-positive thymocytes. Thymocytes also undergo negative selection dur­
ing and after the double-positive stage, which eliminates those cells capable
of responding to self antigens. About 2% of the double-positive thymocytes
survive this dual screening and mature as single-positive T cells that are grad­
ually exported from the thymus to form the peripheral T-cell repertoire. The
time between the entry of a T-cell progenitor into the thymus and the export of
its mature progeny is estimated to be about 3 weeks in the mouse.

8-10 Thymocytes at different developmental stages are found in distinct
parts of the thymus.

The thymus is divided into two main regions, a peripheral cortex and a central
medulla (see Fig. 8.15). Most T-cell development takes place in the cortex;
only mature single-positive thymocytes are seen in the medulla. Initially,
progenitors from the bone marrow enter at the cortico-medullary junction
and migrate to the outer cortex (Fig. 8.21). At the outer edge of the cortex,
in the subcapsular region of the thymus, large immature double-negative
thymocytes proliferate vigorously; these cells are thought to represent
committed thymocyte progenitors and their immediate progeny and will
give rise to all subsequent thymocyte populations. Deeper in the cortex,
most of the thymocytes are small double-positive cells. The cortical stroma is
composed of epithelial cells with long branching processes that express both
MHC class II and MHC class I molecules on their surface. The thymic cortex is
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Fig. 8.21 Thymocytes at different
developmental stages are found in
distinct parts of the thymus. The earliest
precursor thymocytes enter the thymus
from the bloodstream via venules near
the cortico-medullary junction. Ligands
that interact with the receptor Notch1
are expressed in the thymus and act on
the immigrant cells to commit them to the
T-cell lineage. As these cells differentiate
through the early CD4&D8- double­
negative (DN) stages described in the
text, they migrate through the cortico­
medullary junction and to the outer cortex.
DN3 cells reside near the subcapsular
region. As the progenitor matures further
to the CD4+CD8' double-positive stage,
it migrates back through the cortex.
Finally, the medulla contains only mature
single-positive T cells, which eventually
leave the thymus.
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densely packed with thymocytes, and the branching processes of the thymic
cortical epithelial cells make contact with almost all cortical thymocytes (see
Fig. 8.16). Contact between the MHC molecules on thymic cortical epithelial
cells and the receptors of developing T cells has a crucial role in positive
selection, as we will see later in this chapter.

After positive selection, developing T cells migrate from the cortex to the
medulla. The medulla contains fewer lymphocytes, and those present are
predominantly the newly matured single-positive T cells that will eventually
leave the thymus. The medulla plays a role in negative selection. The anti­
gen-presenting cells in this environment include dendritic cells that express
co-stimulatory molecules, which are generally absent from the cortex. In
addition, specialized medullary epithelial cells present peripheral antigens
for the negative selection of T cells reactive for these self antigens.

8-11 T cells with u:P or y:5 receptors arise from a common progenitor.

T cells bearing T:5 receptors differ from u:p T cells in that they are found
primarily in epithelial and mucosal sites and lack expression of the CD4 and
CD8 co-receptors; in comparison with u:P T cells, relatively little is known
about the ligands they recognize and the T:5 receptor is thought not to be MHC
restricted (see Sections 3-24 and 4-19). Recall from Section 5-11 that different
genetic loci are used to make these two types of T-cell receptors. The p, T, and
5 loci begin to undergo rearrangement almost simultaneously in developing
thymocytes, and the two cell lineages diverge from a common precursor only
after certain gene rearrangements have already occurred (Fig. 8.22). This can
be deduced from the pattern of gene rearrangements found in thymocytes
and in mature T:5 and n:p T cells. Mature T:5 T cells can contain rearranged
P-chain genes, although 80% of these are nonproductive, and mature u:P T
cells often contain rearranged, but mostly out-of-frame, T-chain genes.

The decision of a precursor to commit to the T:5 or the n:p lineage is thought to
depend on which type of receptor — a functional':5 receptor or the pre-T-cell
receptor (P:p Tu) — is expressed first at the DN stage of thymocyte development.
Formation of a pre- T-cell receptor is more likely to occur first, as formation of
a T:5 receptor requires functional rearrangements at both the T and the 5 loci,
whereas formation of a pre-T-cell receptor requires only a functional P locus
rearrangement, to produce a P chain that pairs with p Tn (see Section 8-9). If a
T:5 receptor is expressed first, the double-negative precursor commits to the
T:5 lineage, fails to express CD4 and CD8 co-receptors and migrates from the
thymus to the periphery without undergoing positive or negative selection.
If the pre- T-cell receptor is expressed first, the cell commits to the n:P lineage
and goes on to express CD4 and CD8.

This difference in fate between the two lineages is thought to result from
differences in the quality of signaling from the two types of receptors. The T:5
T-cell receptor seems to deliver a stronger signal than the pre-T-cell receptor
as a result of greater phosphorylation of the mitogen-activated kinase Erk (see
Section 7-13). It is not yet clear whether ligand interactions are involved in
signaling by the T:5 T-cell receptor at this step. Strong Erk activation in the
double-negative T-cell precursor induces expression of the transcription
factor Id3, which promotes the T:5 lineage and opposes the u:p lineage. Some
mature T:5 cells actually carry productive rearrangements at the p-chain
locus, and this can be explained if the T:5 receptor is able to activate Erk and
induce Id3 before the cell is able to assemble a functional pre- T-cell receptor.

In most thymocytes a P-chain gene rearranges successfully before productive
rearrangements of both the T and 5 genes have occurred. The production of
a pre-T-cell receptor then arrests further gene rearrangement and signals the
thymocyte to proliferate, to express its co-receptor genes, and eventually to
start rearranging the n-chain genes. Once the n-chain locus starts rearranging,
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Fig. 8.22 Signals through the T:5 T-cell
receptor and the pre-T-cell receptor
compete to determine the fate of
thymocytes. During the development of T
cells in the thymus, double-negative (DN)
thymocytes begin to rearrange the T, 5,
and it T-cell receptor loci simultaneously
(top panel). If a complete T:5 T-cell
receptor is formed before a successful
lt-chain gene rearrangement has led to
the production of the pre-T-cell receptor
(left panels), the thymocyte receives
signals through the T:5 receptor, which
shuts off further rearrangement of the
lt-chain gene. Signaling by the T:5
receptor induces strong activation of Erk
(see Section 7-1 3) that commits the cell
to the T:5 lineage. This cell then matures
into a T:5 T cell and migrates out of the
thymus into the peripheral circulation
(bottom left panel). If a functional ft
chain is formed before a complete T:5
receptor, it pairs with the pTa to generate
a pre-T-cell receptor (right panels). In this
case, the developing thymocyte receives
a signal through the pre-T-cell receptor
that shuts off rearrangements of the T
and 5 loci. Weaker Erk activation via the
pre-T-cell receptor in comparison with the
T:5 receptor leads to commitment to the
u:it lineage. The thymocyte passes from
the DN3 stage through the proliferating
DN4 stage into the double-positive stage,
at which the TCRu-chain locus rearranges
and a mature u:lt T-cell receptor is
produced (bottom right panel). u-chain
locus rearrangement deletes the 5 genes,
thus precluding the production of a T:5
receptor on the same cell.

p:s TGR

:~V , D, J ,

:~ V , J ,

. Vp Dip

the 5-chain gene segments located within the u-chain locus are deleted as an
extrachromosomal circle. This ensures that cells committed to the u:P lineage
cannot make a complete T:5 receptor.

8-12 T cells expressing particular y and 5-chain V regions arise in an
ordered sequence early in life.

During embryonic development, the generation of the various types of T
cells — even the particular V region assembled in T:5 cells — is developmentally
controlled. The first T cells to appear carry T:5 T-cell receptors (Fig 8.23). In the
mouse, T:5 T cells first appear in discrete waves or bursts in the fetus, with the
T cells in each wave populating distinct sites in the adult animaL

The first wave of T:5T cells populates the epidermis; the T cells become wedged
among the keratinocytes and adopt a dendritic-like form that has given them
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Fig. 8.23 The rearrangement of T-cell
receptor y and 5 genes in the mouse
proceeds in waves of cells expressing
different V, and V, gene segments.
At about 2 weeks of gestation, the Cy,
locus is expressed with its closest V
gene (Vy,). After a few days, Vy,-bearing
cells decline (upper panel) and are
replaced by cells expressing the next
most proximal gene, Vy,. Both these
rearranged y chains are expressed with
the same rearranged 8-chain gene, as
shown in the lower panels, and there is
little junctional diversity in either the Vy or
the V5 chain. As a consequence, most of
the y:8 T cells produced in each of these
early waves have the same specificity,
although the antigen recognized in each
case is not known. The Vy,-bearing cells
become established selectively in the
epidermis, whereas the Vy,-bearing cells
become established in the epithelium of
the reproductive tract. After birth, the ct:P
T-cell lineage becomes dominant and,
although y:5 T cells are still produced,
they are a much more heterogeneous
population, bearing receptors with a great
deal of junctional diversity. Note that Vy
gene segments are described using the
system proposed by Tonegawa.
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the name of dendritic epidermal T cells (dETCs) (Fig. 8.24). The second wave
homes to the epithelia of the reproductive tract. Remarkably, given the large
number of theoretically possible rearrangements, the receptors expressed by
these early waves of y:5 T cells are essentially invariant. All the cells in each
wave assemble the same V, and Vs regions, but each wave uses a different set of
V, D, and J gene segments. Why certain V, D, and J gene segments are selected
for rearrangement at particular times during embryonic development is still
poorly understood. There are no N-nucleotides contributing additional diver­
sity at the junctions between V, D, and J gene segments, reflecting the absence
of the enzyme TdT in these fetal T:5 T cells.

After the initial waves, T cells are produced continuously and u:P T cells pre­
dominate, making up more than 95% of thymocytes. The y:5T cells produced
at this stage are different from those produced earlier. They have much more
diverse receptors, for which several differentV gene segments have been used,
and the receptor sequences have abundant N-nucleotide additions. Most of
these y:5T cells, like u: f3 T cells, migrate to peripheral lymphoid tissues rather
than to epithelia.
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The developmental changes in V gene segment usage and N-nucleotide
addition in murine T:5 T cells parallel changes in B-cell populations during
fetal development, which are discussed later (see Section 8-28). Their func­
tional significance is unclear, however, and not all of these changes in the
pattern of receptors expressed by T:5 T cells occur in humans. The dETCs, for
example, do not seem to have exact human counterparts, although there are T:5
T cells in the epithelial linings of the human reproductive and gastrointestinal
tracts. The mouse dETCs may serve as sentinel cells that are activated upon
local tissue damage or as cells that regulate inflammatory processes.

8-13 Successful synthesis of a rearranged P chain allows the production
of a pre-T-cell receptor that triggers cell proliferation and blocks
further @chain gene rearrangement. Fig. 8.24 Dendritic epidermal T cells

reside within the epithelial layer,
forming an interdigitating network
with Langerhans cells. This face-on
view of a murine epidermal sheet shows
Langerhans cells (green) and dendritic
epidermal T cells (dETCs) (red) forming an
interdigitating network within the layers
of the epidermis. The epidermal epithelial
cells are not visible in this fluorescence
image. The branching dendritic-like form
of these T:6 T cells is the source of their
name. Although the ligands for all T:5
T-cell receptors are not known, some
T:6 T cells recognize nonclassical MHC
molecules (see Section 6-17), which
can be induced in epithelia by stresses
such as UV damage or pathogens.
Thus, dETCs may serve as sentinels of
such damage, producing cytokines that
activate the innate immune response, and
in turn, adaptive immunity. Courtesy of
Adrian Hayday.

We now return to the development of u:P T cells. The rearrangement of the
P- and u-chain loci closely parallels the rearrangement of immunoglobulin
heavy-chain and light-chain loci during B-cell development (see Sections 8-2
and 8-5). As shown in Fig. 8.25, the P-chain gene segments rearrange first, with
the D> gene segments rearranging to J> gene segments, and this is followed by
V> to DJ> rearrangement. If no functional P chain can be synthesized from this
rearrangement, the cell will not be able to produce a pre-T-cell receptor and
will die unless it makes successful rearrangements at both the T and the 5 loci
(see Fig. 8.22). However, unlike B cells with nonproductive heavy-chain gene
rearrangements, thymocyteswithnonproductive P-chainVDJ rearrangements
can be rescued by further rearrangement, which is possible because of the two
clusters of D> and J> gene segments upstream of two C> genes (see Fig. 5.9).
The likelihood of a productive VDJ join at the P locus is therefore somewhat
higher than the 55% chance of a productive immunoglobulin heavy-chain
gene arrangement.

Once a productive P-chain gene rearrangement has occurred, the P chain
is expressed together with the invariant pTu and the CD3 molecules (see
Fig. 8.25) and is transported in this complex to the cell surface. The P@Tu
complex is a functional pre-T-cell receptor analogous to the lt,:VpreBQ.5 pre­
B-cell receptor complex in B-cell development (see Section 8-3). Expression
of the pre- T-cell receptor at the DN3 stage of thymocyte development induces
signals that cause the phosphorylation and degradation of RAG-2, thus halt­
ing P-chain gene rearrangement and ensuring allelic exclusion at the P locus.
These signals also induce the DN4 stage in which rapid cell proliferation
occurs, and eventually the co-receptor proteins CD4 and CD8 are expressed.
The pre-T-cell receptor signals constitutively via the cytoplasmic protein
kinase Lck, a Src-family tyrosine kinase (see Fig.7.12), but seems not to require
a ligand on the thymic epithelium. Lck subsequently associates with the
co-receptor proteins. In mice genetically deficient in Lck, T-cell development
is arrested before the CD4CD8 double-positive stage, and no u-chain gene
rearrangements can be made.

The role of the expressed P chain in suppressing further P-locus rearrange­
ment can be demonstrated in mice containing a rearranged TCRP transgene:
these mice express the transgenic P chain on virtually 100% of their T cells,
and rearrangement of their endogenous P-chain genes is strongly suppressed.
The importance of pTu has been shown in mice deficient in pTu, in which
there is a hundredfold decrease in u: P T cells and an absence of allelic exclu­
sion at the P locus.

During the proliferation of DN4 cells triggered by expression of the pre-T-cell
receptor, the RAG-I and RAG-2 genes are repressed. Hence, no rearrangement
of the u-chain locus occurs until the proliferative phase ends, when RAG-I
and RAG-2 are transcribed again, and the functional RAG-1:RAG-2 complex
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accumulates. This ensures that each cell in which a P-chain gene has been
successfullyrearranged gives rise to many CD4CD8 thymocytes. Once the cells
stop dividing, each of them can independently rearrange its u-chain genes,
so that a single functional P chain can be associated with many different u
chains in the progeny cells. During the period of u-chain gene rearrangement,
u:P T-cell receptors are first expressed and selection by self-peptide:self-MHC
complexes on the thymus cells can begin.

Genome CellProcess

Fig. 8.25 The stages of gene
rearrangement in a:P T cells. The
sequence of gene rearrangements is
shown, together with an indication of the
stage at which the events take place and
the nature of the cell-surface receptor
molecules expressed at each stage.
The P-chain locus rearranges first, in
CD4-CD8- double-negative thymocytes
expressing CD25 and low levels of CD44.
As with immunoglobulin heavy-chain
genes, D to J gene segments rearrange
before V gene segments rearrange
to DJ (second and third panels). It is
possible to make up to four attempts to
generate a productive rearrangement
at the P-chain locus, because there are
four D gene segments with two sets
of J gene segments associated with
each TCR P chain locus (not shown).
The productively rearranged gene is
expressed initially within the cell and
then at low levels on the cell surface.
It associates with pTu, a surrogate 33
kDa a chain that is equivalent to X5
in B-cell development, and this pTa:P
heterodimer forms a complex with the
CD3 chains (fourth panel). The expression
of the pre-T-cell receptor signals the
developing thymocytes to halt P-chain
gene rearrangement and to undergo
multiple cycles of division. At the end
of this proliferative burst, the CD4 and
CD8 molecules are expressed, the cell
ceases cycling, and the a chain is now
able to undergo rearrangement. The first
u-chain gene rearrangement deletes all
8 D, J, and C gene segments on that
chromosome, although these are retained
as a circular DNA, proving that these are
nondividing cells (bottom panel). This
permanently inactivates the 8-chain gene.
Rearrangements at the a-chain locus
can proceed through several cycles,
because of the large number of V and
J gene segments, so that productive
rearrangements almost always occur.
When a functional u chain is produced
that pairs efficiently with the P chain, the
CD3'"CD4+CD8+ thymocyte is ready
to undergo selection for its ability to
recognize self peptides in association with
self-MHC molecules.

Germline gene
configuration

Va to DJa
rearrangement
in frame.
I3+hain protein
produced

Da to Ja
rearrangement
(y- and 8- chain
rearrangement
may also occur)

V toJ
rearrangement

surface expression
of n:I3:CD3

selective events
begin

Surface expression
of l3 chain with
surrogate n chain

l3 rearrangement
stops
cell proliferates

CD4/CD8 induction
0. transcription
starts

V V

V V

V V

V V

VDJ J C

VDJ J C

VDJ J C

V J J C

V V DJ J C

V V D J C

pTn I3

maturing CD4%
thymocyte

CD4 8
surface n:I3 CD'~

CD4 8:~ CD4'8'
surface pTn.'I3'CD3~r '"

cytoplasmic l3'
CD25' CD44i thymocyte

CD25' CD44i thymocyte
rearranging I3+hain genes

CD4 CD8

CD3 CD4 C D8

Petitioner Merck, Ex. 1170, p. 99 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00053



The development ofT lymphocytes in the thymus 303

The progression of thymocytes from the double-negative to the double­
positive, and finally to the single-positive, stage is accompanied by a distinct
pattern of expression of proteins involved in DNA rearrangement, signaling,
and T-cell-specific gene expression (Fig.8.26). TdT, the enzyme responsible for
the insertion of N-nucleotides, is expressed throughout T-cell receptor gene
rearrangement; N-nucleotides are found at the junctions of all rearranged u
and P genes. Lck and another tyrosine kinase, ZAP-70, are both expressed from
an early stage in thymocyte development. As well as its key role in signaling
from the pre-T-cell receptor, Lck is also important for T:5T-cell development.
In contrast, gene knockout studies (see Appendix I, Section A-46) show that
ZAP-70, although expressed from the double-negative stage onward, has an
essential role later: it promotes the development of single-positive thymo­
cytes from double-positive thymocytes. Fyn, a Src-family kinase similar to
Lck, is expressed at increasing levels from the double-positive stage onward.
It is not essential for the development of ccP thymocytes as long as Lck is
present, but is required for the development of iNKT cells.

Finally, several transcription factors have been identified that guide the
development of thymocytes from one stage to the next. Ikaros and GATA3 are
expressed in early T-cell progenitors; in the absence of either, T-cell develop­
ment is generally disrupted. Moreover, these factors also have roles in the nor­
mal functioning of mature T cells. In contrast, Etsl, though also expressed
in early progenitors, is not essential for T-cell development, although mice

RAG-1
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pTn
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TCF1
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CD3
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Fig. 8.26 The temporal pattern of
expression of some cellular proteins
important in early T-cell development.
Expression is depicted with regard to
the stages of thymocyte development
as determined by cell-surface marker
expression. The proteins listed are a
selection of those known to be associated
with early T-lineage development and
have been included because of their
proven importance in the developmental
sequence, largely on the basis of studies
in mice. Some of these proteins are
involved in gene rearrangement and
signaling through receptors, and their
individual contributions are discussed
in the text. Several transcription factors
have been identified that guide the
development of thymocytes from one
stage to the next by regulating gene
expression. Ikaros and GATA3 are
expressed in early T-cell progenitors; in
the absence of either, T-cell development
is generally disrupted. These proteins
also have roles in mature T cells. In the
absence of TCF1 (T-cell factor-1), double­
negative T cells that make productive
P-chain gene rearrangements do not
proliferate in response to the pre-T-cell
receptor signal, thus preventing the
efficient production of double-positive
thymocytes. LKLF (lung Kruppel-like
factor) is first expressed at the single­
positive stage; if it is absent, thymocytes
exhibit a defect in emigration to populate
peripheral lymphoid tissues, due in part to
their failure to express receptors involved
in trafficking, such as the sphingosine­
1-phosphate (S1P) receptor, S1P, (see
Chapter 9). The transcription factor Ets1
(not shown on this figure) is not essential
for T-cell development, but mice lacking
this factor do not make NK cells.
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lacking this factor do not make NK cells. TCF1 (T-cell factor-1) is first expressed
during the double-negative stage. In its absence, double-negative T cells that
make productive P-chain gene rearrangements do not proliferate, preventing
the efficient production of double-positive thymocytes. Thus, transcription
factors expressed at various developmental stages control normal thymocyte
development by controlling the expression of appropriate genes.

8-14 T-cell u-chain genes undergo successive rearrangements
until positive selection or cell death intervenes.

The T-cell receptor u-chain genes are comparable to the immunoglobulin tc
and A, light-chain genes in that they do not have D gene segments and are
rearranged only after their partner receptor chain has been expressed. As with
the light-chain genes, repeated attempts at u-chain gene rearrangement are
possible, as illustrated in Fig. 8.27. The presence of multiple V„gene segments,
and about 60 J„gene segments spread over some 80 kilobases of DNA, allows
many successive V„ to I, rearrangements to take place at both u-chain alleles.
This means that T cells with an initial nonproductive u-gene rearrangement
are much more likely to be rescued by a subsequent rearrangement than are
8 cells with a nonproductive light-chain gene rearrangement.

One key difference between 8 and T cells is that the final assembly of an
immunoglobulin leads to the cessation of gene rearrangement and initiates
the further differentiation of the 8 cell, whereas rearrangement of the V, gene
segments continues in T cells unless there is signaling by a self-peptide:self­
MHC complex that positively selects the receptor. This means that many
T cells have in-frame rearrangements on both chromosomes and so can
produce two types of u chains. This is possible because expression of the T-cell
receptor is not in itself sufficient to shut off gene rearrangement. Continued
rearrangements on both chromosomes can allow several different u chains to
be produced successively as well as simultaneously in each developing T cell
and to be tested for self-peptide:self-MHC recognition in partnership with

Fig. 8.27 Multiple successive
rearrangement events can rescue
nonproductive T-cell receptor rx-chain
gene rearrangements. The multiplicity
of V and J gene segments at the or-chain
locus allows successive rearrangement
events to 'leapfrog' over previously
rearranged VJ segments, deleting any
intervening gene segments. The u-chain
rescue pathway resembles that of the
immunoglobulin ir light-chain genes (see
Section 8-5), but the number of possible
successive rearrangements is greater.
or-chain gene rearrangement continues
until either a productive rearrangement
leads to positive selection or the cell dies.

Repea e rearrangemen s can rescue nonproduc ive V J joins

V„

Initial nonproductive rearrangement

Subsequent rearrangements bypass nonfunctional VJ gene segment

Multiple rounds of rearrangement may occur to generate a functional n chain
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the same P chain. This phase of gene rearrangement lasts for 3 or 4 days in
the mouse and ceases only when positive selection occurs as a consequence
of receptor engagement, or when the cell dies. One can predict that if the
frequency of positive selection is sufficientlylow, roughly one in three mature
T cells will express two productively rearranged u chains at the cell surface.
This has been confirmed for both human and mouse T cells. Thus, in the strict
sense, T-cell receptor u-chain genes are not subject to allelic exclusion.

T cells with dual specificity might be expected to give rise to inappropriate
immune responses if the cell is activated through one receptor yet can act
upon target cells recognized by the second receptor. However, only one of the
two receptors is likely to be able to recognize peptide presented by a self-MHC
molecule, and so the T cell will have only a single functional specificity. This
is because once a thymocyte has been positively selected by self-peptide:self­
MHC recognition, u-chain gene rearrangement ceases. Thus, the existence
of cells with two u-chain genes productively rearranged and two u chains
expressed at the cell surface does not truly challenge the idea that a single
functional specificity is expressed by each celL

Summary.

The thymus provides a specialized and architecturally organized micro­
environment for the development of mature T cells. Precursors of T cells
migrate from the bone marrow to the thymus, where they interact with envi­
ronmental cues, such as ligands for the Notch receptor, that drive commit­
ment to the T lineage. Developing thymocytes develop along one of three
T-cell lineages: y:5T cells, u:P T cells, and iNKT cells (which are T cells with u:P
receptors of very limited diversity).

T-cell progenitors make a choice between the y:5 and the u:P T-cell lineages.
Early in ontogeny, the production of y:5 T cells predominates over u:P T cells,
and these cells populate several peripheral tissues, including the skin, repro­
ductive epithelium, and intestine. Later, more than 90% of thymocytes express
u:P T-cell receptors. In developing thymocytes, the y, 5, and P genes rearrange
virtually simultaneously; signaling by a functional y:5 receptor commits the
precursor toward the y:5 lineage; these cells halt further gene rearrangement
and do not express CD4 and CD8 co-receptors. Production of a functionally
rearranged P-chain gene and signaling by the pre-T-cell receptor commits the
precursor to the u:P lineage.

T cells of the conventional u:P lineage pass through a series of stages dis­
tinguished by rearrangement of the u-chain gene and the production of an
u:P T-cell receptor, the differential expression of CD44 and CD25, CD3: T-cell
receptor complex proteins, and the co-receptors CD4 and CD8. Most steps
in T-cell development take place in the thymic cortex, whereas the medulla
contains mainly mature T cells.

Positive and ne ative selection of T cells.

Up to the stage at which an u:P receptor is produced, T-cell development
has been independent of antigen. From this point onward, developmental
decisions in the u:P T-cell lineage depend on the interaction of the receptor
with peptide:MHC ligands it encounters in the thymus, and we now consider
this phase of T-cell development.

T-cell precursors committed to the u:P lineage at the DN3 stage undergo
vigorous proliferation in the subcapsular region — the DN4 stage. These cells
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then rapidly transit through an immature CD8-single-positive stage and
then into double-positive cells that express low levels of the T-cell receptor
and both the CD4 and CD8 co-receptors and move deeper into the thymic
cortex. These double-positive cells have a life-span of only about 3 — 4 days
unless they are rescued by engagement of their T-cell receptor. The rescue of
double-positive cells from programmed cell death and their maturation into
CD4 or CD8 single-positive cells is the process known as positive selection.
Only about 10-30% of the T-cell receptors generated by gene rearrangement
will be able to recognize self-peptide:self-MHC complexes and thus function
in self-MHC-restricted responses to foreign antigens (see Chapter 4); those
that have this capability are selected for survival in the thymus. Double­
positive cells also undergo negative selection: T cells whose receptors
recognize self-peptide:self-MHC complexes too strongly undergo apoptosis,
thus eliminating potentially self-reactive cells. In this section we examine
the interactions between developing double-positive thymocytes and
different thymic components and examine the mechanisms by which these
interactions shape the mature T-cell repertoire.

8-15 The MHC /pe of the thymic stroma selects a repertoire of mature
T cells that can recognize foreign antigens presented by the
same MHC /pe.

Positive selection was first demonstrated in classic experiments using mice
whose bone marrow had been completely replaced by bone marrow from
a mouse that had a different MHC genotype but was otherwise genetically
identical. These mice are known as bone marrow chimeras (see Appendix I,
Section A-42). The recipient mouse is first irradiated to destroy all i ts
own lymphocytes and bone marrow progenitor cells; after bone marrow
transplantation, all bone marrow derived cells will be of the donor genotype.
These will include all lymphocytes, as well as the antigen-presenting cells
they interact with. The rest of the animal's tissues, including the nonlymphoid
stromal cells of the thymus, will be of the recipient MHC genotype.

In the experiments that demonstrated positive selection (Fig. 8.28), the donor
mice were F, hybrids derived from MHC' and MHC" parents and thus were
of the MHC g enotype. The irradiated recipients were one of the parental
strains, either MHC' or MHC". Eecause of MHC restriction, individual T
cells recognize either MHC' or MHC, but not both. Normally, roughly equal
numbers of the MHC " T cells from MHC F , hybrid mice will recognize
antigen presented by MHC' or MHC . However, in bone marrow chimeras
in which T cells of MHC g e notype develop in an MHC' thymus, T cells
immunized to a particular antigen turn out to recognize that antigen mainly,
if not exclusively, when it is presented by MHC' molecules, even though the
antigen-presenting cells display antigen bound to both MHC' and MHC".
These experiments demonstrated that the MHC molecules present in the
environment in which T cells develop determine the MHC restriction of the
mature T-cell receptor repertoire.

A similar kind of experiment, using grafts of thymic tissue, showed that the
radioresistant cells of the thymic stroma are responsible for positive
selection. In these experiments, the recipient animals were athymic nude or
thymectomized mice of MHC g e notype that were given thymic stromal
grafts of MHC' genotype. Thus, all their cells except the thymic stroma carried
both MHC' and MHC". The MHC~" bone marrow cells of these mice matured
into T cells that recognized antigens presented by MHC' but not by MHC".
This result showed that it is the MHC molecules expressed by the thymic
stromal cells that determine what mature T cells consider to be self MHC.
These results also argued that the MHC restriction seen in the immunized
bone marrow chimeras could originate in the thymus, presumably by the
selection of T cells as they developed.
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Fig. 8.28 Positive selection is revealed
by bone marrow chimeric mice. As
shown in the top two sets of panels, bone
marrow from an MHC~' F, hybrid mouse
is transferred to a lethally irradiated
recipient mouse of either parental MHC
type (MHC' or MHC ). When these
chimeric mice are immunized with
antigen, the antigen can be presented by
the bone marrow derived MHC~' antigen­
presenting cells (APCs) in association with
both MHC' and MHC molecules. The T
cells from an MHC~' F, mouse include
cells that respond to antigen presented
by APCs from MHC' mice and cells that
respond to APCs from MHC mice (not
shown). But when immunized T cells
from the chimeric animals are tested in
vitro with APCs bearing MHC' or MHC
only, they respond far better to antigen
presented by the MHC molecules of the
recipient MHC type, as shown in the
bottom panels. This shows that the T cells
have undergone positive selection for
MHC restriction in the recipient thymus.MHC' APCs

MHCb APCs

T-cell responseTmll response

Immune T cells respond to
antigen presented by MHC' APCs

Immune T cells respond to
antigen presented by MHCb APCs

8-16 Only thymocytes whose receptors interact with self-peptide:
self-MHC complexes can survive and mature.

Bone marrow chimeras and thymic grafting provided evidence that MHC
molecules in the thymus influence the MHC-restricted T-cell repertoire.
However, mice transgenic for rearranged T-cell receptor genes provided
the first conclusive evidence that the interaction of the T cell with self­
peptide:self-MHC complexes is necessary for the survival of immature T cells
and their maturation into naive CD4 or CD8 T cells. For these experiments,
the rearranged u- and P-chain genes were cloned from a T-cell clone (see
Appendix I, Section A-24) whose origin, antigen specificity, and MHC
restriction were known. When such genes are introduced into the mouse
genome, they are expressed early during thymocyte development and the
rearrangement of endogenous T-cell receptor genes is inhibited; endogenous
P-chain gene rearrangement is inhibited completely but that of u-chain
genes is inhibited only incompletely. The result is that most of the developing
thymocytes express the T-cell receptor encoded by the transgenes.

By introducing T-cell receptor transgenes specific for a known MHC geno­
type, the effect of MHC molecules on the maturation of thymocytes with
receptors of known specificity can be studied directly without the need for
immunization and analysis of effector function. Such studies showed that
thymocytes bearing a particular T-cell receptor could develop to the double­
positive stage in thymuses that expressed different MHC molecules from
those in which the cell bearing the T-cell receptor originally developed.
However, these transgenic thymocytes only developed beyond the double­
positive stage and became mature T cells if the thymus expressed the same
self-MHC molecule as that on which the original T-cell clone was selected
(Fig. 8.29). Such experiments also discovered the fate of T cells that fail

Petitioner Merck, Ex. 1170, p. 104 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00053



Transgenic receptor restricted to MHC'

Immature CD4'8'
doubf~sitive 7 cells

positive selection. Rearranged receptor genes from a mature T cell specific
for a peptide presented by a particular MHC molecule were introduced into a
recipient mouse lacking that MHC molecule, and the fate of thymocytes was
investigated by staining with antibodies specific for the transgenic receptor.
Antibodies against other molecules such as CD4 and CD8 were used at the
same time to mark the stages of T-cell development. It was found that cells
that fail to recognize the MHC molecules present on the thymic epithelium
never progress further than the double-positive stage and die in the thymus
within 3 or 4 days of their last division.

8-17 Positive selection acts on a repertoire of T-cell receptors with inherent

stroma
expressing

MHC'

specificity for MHC molecules.

immature CD4'8'
double-positive T cells

0
O

Single-positive CD8' T cells mature

Transgenic receptor restricted to MHC'

No single-positive T cells mature

Q Q

atro ma
expressing

MHC~

Positive selection acts on a repertoire of T-cell receptors whose specificity
is determined by randomly generated combinations of V, D, and J gene seg­
ments (see Section 5-7). Despite this, T-cell receptors exhibit a bias toward
recognition of MHC molecules even before positive selection. If the specific­
ity of the unselected repertoire were completely random, only a very small
proportion of thymocytes would be expected to recognize any MHC mole­
cule. However, an inherent specificity of T-cell receptors for MHC molecules
has been detected by examining mature T cells that represent the unselected
receptor repertoire. Such T cells can be produced in vitro from fetal thymuses
that lack expression of MHC class I and MHC class II molecules by trigger­
ing generalized 'positive selection' using antibodies that bind to the Vit chain
of T-cell receptors and to the CD4 co-receptor. When such antibody-selected
CD4 T cells are examined, roughly 5% can respond to any one MHC class II
genotype. Because these cells developed without selection by MHC mole­
cules, this reactivity must reflect an inherent MHC-specificity encoded in
the germline V gene segments. This specificity should significantly increase
the proportion of receptors that can be positively selected by any individual's
MHC molecules.

The germline-encoded reactivity seems to be due to specific amino acids in
the CDR1 and CDR2 regions of T-cell receptorVit and V„regions. The CDR1 and
CDR2 regions are encoded in the germline V gene segments and are highly
variable (see Section 5-8). But among this variability, certain amino acids are
conserved and common to many V segments. Analysis of numerous crystal
structures has revealed that when the T-cell receptor binds a peptide:MHC
complex, specific amino acids of the VIt region interact with a particular part
of the MHC protein. For example, in many human and mouse VIt regions,
the CRD2 has a tyrosine at position 48, and this interacts with a region in the
middle of the Dtl helix of MHC class I and class II proteins (see Fig. 6.22). Two
other amino acids commonly found in other V> regions (tyrosine at 46 and
glutamic acid at 54) interact with the same region of MHC. T cells expressing
V> genes with mutations at any of these positions showed reduced positive
selection, demonstrating that the interaction of such V regions with MHC
molecules contributes to T-cell development.

8-18 Positive selection coordinates the expression of CD4 or CD8 with the
specificity of the T-cell receptor and the potential effector functions
of the T cell.

Fig. 8.29 Positive selection is
demonstrated by the development of
T cells expressing rearranged T-cell
receptor transgenes. In mice transgenic
for rearranged u:i) T-cell receptor genes,
the maturation of T cells depends on
the MHC haplotype expressed in the
thymus. If the transgenic mice express
the same MHC haplotype in their thymic
stromal cells as the mouse from which the
rearranged TCRu-chain and TCRi)-chain
genes originally developed (both MHC',
top panels), then the T cells expressing
the transgenic T-cell receptor will
develop from the double-positive stage
(pale green) into mature T cells (dark
green), in this case mature CD8+ single­
positive cells. If the MHC'-restricted TCR
transgenes are genetically crossed into a
different MHC background (MHC, yellow)
(bottom panel), then developing T cells
expressing the transgenic receptor will
progress to the double-positive stage
but will fail to mature further. This failure
is due to the absence of an interaction
between the transgenic T-cell receptor
with MHC molecules on the thymic
cortex, and thus no signal for positive
selection is delivered, leading to apoptotic
death by neglect.

At the time of positive selection, the thymocyte expresses both CD4 and
CD8 co-receptor molecules. By the end of thymic selection, mature Dt:p T
cells ready for export to the periphery have stopped expressing one of these
co-receptors and belong to one of three categories: conventional CD4 or CD8
T cells, or a subset of regulatory T cells expressing CD4 and high levels of
CD25. Moreover, almost all mature T cells that express CD4 have receptors
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that recognize peptides bound to self-MHC class II molecules and are
programmed to become cytokine-secreting helper T cells. In contrast, most
of the cells that express CD8 have receptors that recognize peptides bound to
self-MHC class I molecules and are programmed to become cytotoxic effector
cells. Thus, positive selection also determines the cell-surface phenotype and
functional potential of the mature T cell, selecting the appropriate co-receptor
for efficient antigen recognition and the appropriate program for the T cell's
eventual functional differentiation in an immune response.

Experiments with mice transgenic for rearranged T-cell receptor genes show
clearly that the specificity of the T-cell receptor for self-peptide:self-MHC
molecule complexes determines which co-receptor a mature T cell will exp­
ress. If the transgenes encode a T-cell receptor specific for antigen presented
by self-MHC class I molecules, mature T cells that express the transgenic
receptor are CD8 T cells. Similarly, in mice made transgenic for a receptor
that recognizes antigen with self-MHC class II molecules, mature T cells that
express the transgenic receptor are CD4 T cells (Fig. 8.30).

The importance of MHC molecules in this selection is illustrated by the class of
human immunodeficiency diseases known as bare lymphocyte syndromes,
which are caused by mutations that lead to an absence of MHC molecules
on lymphocytes and thymic epithelial cells. People who lack MHC class II
molecules have CD8 T cells but only a few, highly abnormal, CD4 T cells; a
similar result has been obtained in mice in which MHC class II expression has
been eliminated by targeted gene disruption (see Appendix I, Section A-46).
Likewise, mice and humans that lack MHC class I molecules lack CD8 T cells.
Thus, MHC class II molecules are absolutely required for CD4 T-cell develop­
ment, whereas MHC class I molecules are similarly required for CD8 T-cell
development.

In mature T cells, the co-receptor functions of CD8 and CD4 depend on their
respective abilities to bind invariant sites on MHC class I and MHC class II
molecules (see Section 4-17). Co-receptor binding to an MHC molecule is
also required for normal positive selection, as shown for CD4 in the experi­
ment discussed in the next section. Thus, positive selection depends on
engagement of both the antigen receptor and co-receptor by an MHC mole­
cule, and determines the survival of single-positive cells that express only the
appropriate co-receptor. Commitment to either the CD4 or CD8 lineage is
coordinated with receptor specificity and it seems that the developing thymo­
cyte integrates signals from both the antigen receptor and the co-receptor.
Co-receptor-associated Lck signals are most effectively delivered when CD4
rather than CD8 is engaged as a co-receptor, and these Lck signals play a large
part in the decision to become a mature CD4 cell. When a T cell receives a
signal inducing positive selection, it first downregulates both CD4 and CD8,
but then reexpresses CD4, making a CD4'CD8' cell regardless of whether
the T-cell receptor has been engaged by MHC class I or MHC class II mole­
cules (Fig. 8.31). It appears that the strength of signaling in this CD4'CD8""
cell is what determines the lineage choice. If the cell is being selected by MHC
class II, the reexpression of CD4 provides a stronger or more sustained sig­
nal, mediated in part by Lck, and this is responsible for further differentiation
along the CD4 pathway, with the complete loss of CD8. If the cell is being

MHC Class I Deficiency

MHC Class II Deficiency

Immature CD4'8'
double-positive T oelIs

0 o

Transgenic receptor recognizing IIIIHC class I

Only CDB' T cells mature

Transgenic receptor recognizing MHC class II

Immature CD4'8'
double-positive T ceUs

Fig. 8.30 The MHC molecules that induce positive selection determine co-receptor
specificity. In mice transgenic for T-cell receptors restricted by an MHC class I molecule
(top panel), the mature T cells that develop all have the CD8 (red) phenotype. In mice
transgenic for receptors restricted by an MHC class II molecule (bottom panel), all mature
T cells have the CD4 (blue) phenotype. In both cases, normal numbers of immature,
double-positive thymocytes (half blue, half red) are found. The specificity of the T-cell
receptor determines the outcome of the developmental pathway, ensuring that the only
T cells that mature are those equipped with a co-receptor that is able to bind the same
self-MHC molecule as the T-cell receptor.

Only CD4' T cells mature
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Positively selecting TCR signals initially reduce
CD4 and CDS expression (CD4ro"CDS owcells)
followed by reexpression of CD4, regardless
of whether the initiating signal involves MHC

D4 D DN thymocytes give rise to the
CD4'CD8' (DP) thymocytes that express low
levels of TCR and await positive selection

selected by MHC class I, reexpression of CD4 will not lead to further signaling
via Lck; this weaker signal in turn determines CD8 commitment, with a sub­
sequent loss of CD4 expression and the later reexpression of CD8.

T-cell receptor signaling regulates this choice of the CD4 versus the CD8
lineage by controlling the expression of two transcription factors, ThPOK
and Runx3 (see Fig. 8.31). ThPOK was identified through a naturally occur­
ring loss-of-function mutation in mice that lacked CD4 T-cell development.
In mice lacking ThPOK, MHC class II-restricted thymocytes are redirected
toward the CD8 lineage. ThPOK is not expressed in double-positive thymo­
cytes, but strong T-cell receptor signaling at the CD4'CD8"" stage of develop­
ment induces its expression. ThPOK in turn represses expression of Runx3;
together, the expression of ThPOK and absence of Runx3 lead to CD4 com­
mitment and the ability to express cytokine genes typical of CD4 cells. If
T-cell signaling is of insufficient strength or duration, however, ThPOK is not
induced, and Runx3 is allowed to be expressed. This leads to silencing of CD4
expression, reexpression of CD8 and the ability to express genes typical of
CD8 T cells that encode proteins involved in target-cell killing.

The majority of double-positive thymocytes that undergo positive selection
develop into either CD4 or CD8 single-positive T cells. The thymus also gener­
ates a smaller population of single-positive CD4 T cells that represent a dis­
tinct lineage known as natural regulatory T cells (T, cells). Like CD4 and CD8
cells, T, cells arise at the CD4'CD8"" stage of development. Commitment to
the T, lineage is determined by expression of a Forkhead-family transcription
factor called FmP3 and seems to be caused by T-cell receptor signaling that is
stronger than that inducing conventional CD4 commitment but is not strong
enough to induce deletion (discussed in Section 8-20). T a cells express high
levels of the surface proteins CD25 and CTLA-4 (see Section 7-18). It is thought
that the T-cell receptors expressed by T g cells strongly recognize self antigens
expressed in the thymus, which triggers stable expression of FoxP3.

8-19 Thymic cortical epithelial cells mediate positive selection

class I or MHC class II ligands

of developing thymocytes.CDS

The thymus transplantation studies described in Section 8-15 suggested that
stromal cells were important for positive selection. These cells form a web
of cell processes that make close contacts with the double-positive T cells
undergoing positive selection (see Fig. 8.16), and T-cell receptors can be seen
clustering with MHC molecules at the sites of contact. Direct evidence
that thymic cortical epithelial cells mediate positive selection comes from

The division of thymocytes into the CD4
or CDS lineage occurs at this CD4'CD8'"

stage, where transient expression of
ThPOK leads to CD4 commitment, or its

absence leads to CDS commitment

Fig. 8.31 Stages in the positive selection of a:P T cells as identified by FAGS
analysis. The diagram represents FAGS analysis (see Appendix I, Fig. A.25) of various
stages in thymocyte development with reference to the co-receptor molecules CD4
and CD8. Each dot represents an individual cell, and its position on the axes represents
the quantity of CD4 and CD8 expression that was determined at the time of analysis.
Double-negative (DN) cells are located in the bottom left corner of the plot. DN cells that
have successfully rearranged a P chain receive a signal through pre-TCR and undergo
proliferation, and then induce expression of the CD8 and CD4 co-receptors to become
double-positive (DP) cells (green). Rearrangement of the a-chain locus occurs in these
DP cells, with expression of a T-cell receptor on the cell surface first at low and then at
intermediate levels. In these cells, signaling is co-receptor dependent. If the expressed
T-cell receptor interacts successfully with MHC molecules on thymic stroma to induce
positive selection, the cell initially reduces CD8 and CD4 expression (orange), followed
by a subsequent increased expression of CD4 to generate the CD4'CD8"" population
(red). If selection was provided by an MHC class II molecule, signaling in the CD4+CD8'~
T cell is of a longer duration and commitment to CD4 occurs, with maintenance of CD4
and loss of CD8 expression (blue). If the selection was provided by an MHC class I
molecule, signaling in the CD4'CD8'" T cell will be of shorter duration, and this leads to
commitment to the CD8 lineage, with reexpression of CD8 and loss of CD4 (purple).

• CD4' single positive
• CD4'CD8'"
Q CP4lowCPSlow
• CD4'CD8' double positive (DP)
Q CD4 CD8 double negative (DN)
• CD4'"CD8'
• CD8' single positive
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an ingenious manipulation of mice whose MHC class II genes have been
eliminated by targeted gene disruption (Fig. 8.32). Mutant mice that lack
MHC class II molecules do not normally produce CD4 T cells. To test the
role of the thymic epithelium in positive selection, an MHC class II gene
was placed under the control of a promoter that restricted its expression to
thymic cortical epithelial cells. This was then introduced as a transgene into
the CD4-mutant mice, and CD4 T-cell development was restored. A variant
of this experiment showed that, to promote the development of CD4 T cells,
the MHC class II molecule on the thymic cortical epithelium must be able
to interact effectively with CD4. Thus, when the MHC class II transgene
expressed in the thymus contains a mutation that prevents its binding to CD4,
very few CD4 T cells develop. Equivalent studies of CD8 interaction with MHC
class I molecules showed that co-receptor binding is also necessary for the
positive selection of CD8 cells.

The critical role of the thymic cortical epithelium in positive selection raises
the question of whether there is anything distinctive about the antigen­
presenting properties of these cells. The thymic stromal cells may simply
be in closest proximity to the developing thymocytes, as there are very few
macrophages and dendritic cells in the cortex. In addition, however, thymic
epithelium differs from other tissues in the expression of key proteases that
are involved in MHC class I and II antigen processing (see Section 6-8).
Cortical epithelial cells express cathepsin L as opposed to the more widely
expressed cathepsin S, and mice deficient in cathepsin L have severely
impaired CD4 T-cell development. Thymic epithelial cells from mice lacking
cathepsin L exhibit a relatively high density of MHC class II molecules on
their surface that retain the invariant chain-associated peptide (CLIP) (see
Fig. 6.10). Cortical epithelial cells also express a unique proteasome subunit,
P5T, whereas other cells express P5 or P5L Mice deficient in P5T have severely
impaired CD8 T-cell development. Because mice that lack either cathepsin L
or P5 still have normal levels of MHC on the surface of their thymic cortical
cells, it would seem that it is the peptide repertoire displayed by the MHC
molecules on cortical epithelial cells that is responsible for altering CD8 T-cell
development, although the mechanism is still unclear.

8-20 T cells that react strongly with ubiquitous self antigens are deleted
in the thymus.

Fig. 8.32 Thymic cortical epithelial
cells mediate positive selection. In
the thymus of normal mice (first panels),
which express MHC class II molecules
on epithelial cells in the thymic cortex
(blue) as well as on medullary epithelial
cells (orange) and bone marrow derived
cells (yellow), both CD4 (blue) and CDB
(red) T cells mature. Double-positive
thymocytes are shown as half red and half
blue. The second panels represent mutant
mice in which MHC class II expression
has been eliminated by targeted gene
disruption; in these mice, few CD4 T cells
develop, although CDB T cells develop
normally. In MHC class II-negative mice
containing an MHC class II transgene
engineered so that it is expressed only
on the epithelial cells of the thymic cortex
(third panels), normal numbers of CD4 T
cells mature. In contrast, if a mutant MHC
class II molecule with a defective CD4­
binding site is expressed (fourth panel),
positive selection of CD4 T cells does not
take place. This indicates that the cortical
epithelial cells are the critical cell type
mediating positive selection and that the
MHC class II molecule needs to be able
to interact with the CD4 protein.

When the T-cell receptor of a mature naive T cell is strongly ligated by a
peptide:MHC complex displayed on a specialized antigen-presenting cell in a
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peripheral lymphoid organ, the T cell is activated to proliferate and produce
effector T cells. In contrast, when the T-cell receptor of a developing thymo­
cyte is similarly ligated by a self-peptide:MHC complex in the thymus, it dies
by apoptosis. The response of immature T cells to stimulation by antigen is
the basis of negative selection. Elimination of immature T cells in the thymus
prevents their potentially harmful activation later, should they encounter the
same self peptides when they are mature T cells.

Negative selection has been demonstrated by the use of both artificial and
naturally occurring self peptides. Negative selection of thymocytes reactive
to an artificial self peptide was demonstrated by using TCR-transgenic mice
in which the majority of thymocytes expressed a T-cell receptor specific
for a peptide of ovalbumin bound to an MHC class II molecule. When the
ovalbumin peptide was injected into these mice, most of the CD4CD8
double-positive thymocytes in the thymic cortex died by apoptosis (Fig.
8.33). Negative selection by a natural self peptide was observed by using TCR­
transgenic mice expressing T-cell receptors specific for self peptides normally
expressed only in male mice. Thymocytes bearing these receptors disappear
from the developing T-cell population in male mice at the double-positive
stage of development, and no single-positive cells bearing the transgenic
receptors mature. By contrast, in female mice, which lack the male-specific
peptide, T cells bearing the transgenic receptors mature normally. Negative
selection to male-specific peptides has also been demonstrated in normal
mice and also occurs by deletion of T cells.

TCR transgenic mice were very useful for the classic experiments above, but
they express a functional T-cell receptor earlier during development than
normal mice and have a very high frequency of cells reactive to any particular
peptide. A more realistic system for evaluating negative selection involves
the transgenic expression of only the P chain of a T-cell receptor reactive to
a given peptide antigen. In such mice, the P chain pairs with endogenous u
chains, yet the frequency of peptide-reactive T cells is sufficient for detection
using peptide:MHC tetramers (see Appendix I, Section A-28). These and other

Transgene

Fig. 8.33 T cells specific for self
antigens are deleted in the thymus.
In mice transgenic for a T-cell receptor
that recognizes a known peptide antigen
complexed with self MHC, all the T cells
have the same specificity. In the absence
of the peptide, most thymocytes mature
and emigrate to the periphery. This can
be seen in the bottom left panel, where a
normal thymus is stained with antibody
to identify the medulla (in green), and by
the TUNEL technique (see Appendix I,
Section A-32) to identify apoptotic cells
(in red). If the mice are injected with
the peptide that is recognized by the
transgenic T-cell receptor, massive cell
death occurs in the thymus, as shown
by the increased numbers of apoptotic
cells in the right-hand bottom panel.
Photographs courtesy of A. Wack and
D. Kioussis.

A few scattered apoptotic cells

Normal thymus

thymus

Thymus +
specific peptide

Widespread apoptosis, many apoptolic cells
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more physiologic approaches showed that clonal deletion can occur at either
the double-positive or single-positive stage, presumably depending on where
the T cell encounters the antigen that causes deletion.

These experiments illustrate the principle that self-peptide:self-MHC com­
plexes encountered in the thymus purge the mature T-cell repertoire of cells
bearing self-reactive receptors. One obvious problem with this scheme is
that many tissue-specific proteins, such as pancreatic insulin, would not be
expected to be expressed in the thymus. However, it is now clear that many
such 'tissue-specific' proteins are expressed by certain stromal cells in the
thymic medulla; thus, intrathymic negative selection could apply even to
proteins that are otherwise restricted to tissues outside the thymus. The
expression of some, but not all, tissue-specific proteins in the thymic medulla
is controlled by a gene calledAIRE(autoimmune regulator). AIREis expressed
in medullary stromal cells (Fig. 8.34), interacts with many proteins involved in
transcription, and seems to lengthen transcripts from promoters that would
otherwise terminate. Mutations in AIRE give rise to the human autoimmune
disease known a s auto immune p o lyendocrinopathy-candidiasis­
ectodermal dystrophy (APECED) or autoimmune polyglandular syndrome
type I, highlighting the important role of intrathymic expression of tissue­
specific proteins in maintaining tolerance to self. Negative selection of
developing T cells involves interactions with ubiquitous self antigens and
tissue-restricted self antigens, and can take place in both the thymic cortex
and the thymic medulla.

It is unlikely that all possible self proteins are expressed in the thymus. Thus,
negative selection in the thymus may not remove all T cells reactive to self
antigens that appear exclusively in other tissues or are expressed at different
stages in development. There are, however, several mechanisms operating
in the periphery that can prevent mature T cells from responding to tissue­
specific antigens; these are discussed in Chapter 15, when we consider the
problem of autoimmune responses and their avoidance.

8-21 Negative selection is driven most efficiently by bone marrow derived

Fig. 8.34 AIRE is expressed in the
medulla of the thymus and promotes
the expression of proteins normally
expressed in peripheral tissues.
Expression of AIRE by thymic medullary
cells is limited to the medullary region
of the thymus, where it is expressed
in a subset of epithelial-like cells. The
expression of the thymic medullary
epithelial marker MTS10 is shown in red.
AIRE expression is shown in green by
immunofluorescence, and is present in
only a fraction of the medullary epithelial
cells. Photograph courtesy of R.K. Chin
and Y.-X. Fu.

AIRE expression in the thymus

Autoimmune Polyendocrinopathy­
Candidiasis-Ectodermal Dystrophy
(APECED)

antigen-presenting cells.

As discussed above, negative selection occurs throughout thymocyte devel­
opment, both in the thymic cortex and in the medulla, and so is likely to be
mediated by antigen presentation by several different cell types. There does
seem to be a hierarchy in the effectiveness of cells in mediating negative
selection. At the top are bone marrow derived dendritic cells and macro­
phages. These are antigen-presenting cells that also activate mature T cells
in peripheral lymphoid tissues, as we shall see in Chapter 9. The self antigens
presented by these cells are therefore the most important source of potential
autoimmune responses, and T cells responding to such self peptides must be
eliminated in the thymus.

Experiments using bone marrow chimeric mice have clearly shown the role
of thymic macrophages and dendritic cells in negative selection (Fig. 8.35). In
t hese experiments, MHC Ft bone marrowis grafted into one of the parental
strains (MHC' in Fig. 8.35). The MHC T c e l ls developing in the grafted
animals are thus exposed to MHC' thymic epithelium. Bone marrow derived
dendritic cells and macrophages will, however, express both MHC' and
MHC . The bone marrow chimeras will tolerate skin grafts from either MHC'
or MHC' animals, and from the acceptance of both grafts we can infer that the
developing T cells are not self-reactive for either of the two MHC antigens. The
only cells that could present self-peptide:MHC complexes to thymocytes,
and thus induce tolerance to MHC, are the bone marrow derived cells. The
dendritic cells and macrophages are therefore assumed to have a crucial role
in negative selection.
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In addition, both the thymocytes themselves and the thymic epithelial cells
can cause the deletion of self-reactive cells. Such reactions may normally be
of secondary significance compared with the dominant role of bone marrow
derived cells. In patients undergoing bone marrow transplantation from an
unrelated donor, however, where all the thymic macrophages and dendritic
cells are of donor type, negative selection mediated by thymic epithelial cells
can assume a special importance in maintaining tolerance to the recipient's
own antigens.

8-22 The specificity and/or the strength of signals for negative and positive

bone marrow

selection must differ.MHC'

Skin graft from MHC mouse onto
(MHC'"b MHC') bone marrow chimera

MHCb

(MHC'" MHC') chimeric mouse
tolerates MHC skin graft

MHC MHC chimera

skin graft

T cells undergo both positive selection for self-MHC restriction and negative
selection for self-tolerance by i n teracting with self-peptide:self-MHC
complexes expressed on stromal cells in the thymus. An unresolved issue
is how the interaction of the T-cell receptor with self-peptide:self-MHC
complexes distinguishes between these opposite outcomes. First, more
receptor specificities must be positively selected than are negatively selected.
Otherwise, all the cells that were positively selected in the thymic cortex
would be eliminated by negative selection, and no T cells would ever be
produced (Fig. 8.36, left panels). Second, the consequences of the interactions
that lead to positive and negative selection must differ: cells that recognize
self-peptide:self-MHC complexes on cortical epithelial cells are induced to
mature, whereas those whose receptors might confer strong and potentially
damaging autoreactivity are induced to die.

Currently, the choice between positive and negative selection is thought to
hinge on the strength of self-peptide:MHC binding by the T-cell receptor, an
idea known as the affinity hypothesis (Fig. 8.36, right panels). Low-affinity
interactions rescue the cell from death by neglect, leading to positive selec­
tion; high-affinity interactions induce apoptosis and thus negative selection.
Because more complexes are likely to bind weakly than to bind strongly, this
model explains the positive selection of a larger repertoire of cells than are
negatively selected. Using T-cell receptor transgenic thymocytes, it was shown
that variants of the antigenic peptide could induce positive selection in thymic
organ cultures or in vivo. Peptide variants that induced positive selection had
a lower affinity for the T-cell receptor than did antigenic peptide. How this
quantitative difference in receptor affinity translates into a qualitatively dis­
tinct cell fate is still an area of active investigation. Many of the biochemical
signals induced by low-affinity interactions are weaker or of shorter duration
than those from high-affinity interactions. However, low-affinity interactions
lead to increased activation of the protein kinase Erk, whereas high-affinity
interactions lead to only transient activation of Erk, suggesting that differen­
tial activation of this or other MAPKs might determine the outcome of thymic
selection.

Finally, other populations besides u:P T cells emerge from the thymus; they
are numerically minor but functionally important. These include the T g cells
discussed earlier (Section 8-18), the iNKT cells described in Section 8-9 and
in Section 3-24, and CD8u:u intraepithelial lymphocytes (IELs) (see Section
12-10); each has unique developmental requirements. T g cells require sig­
naling downstream of the IL-2 receptor, whereas other T cells do not. iNKT
cells require a T-cell receptor interaction with nonclassical MHC molecules
expressed on thymocytes and signal through the adaptor protein SAP, unlike
other T cells. They have a memory/activated phenotype and have been sug­
gested to develop in response to 'agonist' signaling — in other words, inter­
actions of a T-cell receptor with a self peptide that would normally activate a
T cell. Such interactions are also known to cause clonal deletion, and at this
point it is not clear which activating interactions lead to clonal deletion in the
thymus and which lead to selection of the nonconventional iNKT cells.

Fig. 8.35 Bone marrow derived cells
mediate negative selection in the
thymus. When MHCa~' F, bone marrow
is injected into an irradiated MHC' mouse,
the T cells mature on thymic epithelium
expressing only MHC' molecules.
Nevertheless, the chimeric mice are
tolerant to skin grafts expressing MHC
molecules (provided that these grafts
do not present skin-specific peptides
that differ between strains a and b). This
implies that the T cells whose receptors
recognize self antigens presented by
MHC' have been eliminated in the
thymus. Because the transplanted MHC~'
F, bone marrow cells are the only source
of MHC molecules in the thymus, bone
marrow derived cells must be able to
induce negative selection.
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Immature
thy mocyies

Positive and negative selection
have the same specificity or affinity

Q go

Positive and negative selection
have different specificity or affinity

G @ Q

Fig. 8.36 The specificity or affinity of
positive selection must differ from that
of negative selection. Immature T cells
are positively selected in such a way that
only those thymocytes whose receptors
can engage the peptide:MHC complexes
on thymic epithelium mature, giving rise
to a population of thymocytes restricted
for self MHC. Negative selection removes
those thymocytes whose receptors can
be activated by self peptides complexed
with self-MHC molecules, giving a
self-tolerant population of thymocytes.
If the specificity and affinity of positive
and negative selection were the same
(left panels), all the T cells that survive
positive selection would be deleted
during negative selection. Only if the
specificity and affinity of negative
selection are different from those of
positive selection (right panels) can
thymocytes mature into T cells.

Positive selection

Negative selection

Mature peripheral
T cells

After surviving positive and negative selection, thymocytes complete their
maturation in the thymic medulla and then emigrate to peripheral lymphoid
organs. Their final maturation results in changes to the T-cell receptor sig­
naling machinery. Whereas an immature double-positive or single-positive
thymocyte stimulated through the T-cell receptor will undergo apoptosis,
a mature single-positive thymocyte responds by proliferating. The final
maturation stage takes less than 4 days, and functionally competent
T cells then emigrate from the thymus into the bloodstream. Emigration
requires recognition of the lipid molecule sphingosine 1-phosphate (S1P)
by the G-protein-coupled receptor S1P„which is expressed by thymocytes
during their final maturation. S1P is present in high concentration in blood
and lymph, and mature thymocytes seem to be drawn toward it. Mature
thymocytes also express CD62L (L-selectin), a lymph-node homing receptor
that facilitates the localization of mature naive T cells to peripheral lymphoid
organs after their emigration from the thymus.

Summary.

The stages of thymocyte development up to the expression of the pre-T-cell
receptor — including the decision between commitment to either the u:P or
the T:5 lineage — are all independent of interactions with peptide:MHC anti­
gens. With the successful rearrangement of u-chain genes and expression
of the T-cell receptor, u:P thymocytes undergo further development that is
determined by the interactions of their T-cell receptors with self peptides

Petitioner Merck, Ex. 1170, p. 112 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00053



presented by the MHC molecules on the thymic stroma. CD4CD8 double­
positive thymocytes whose receptors interact with self-peptide:self-MHC
complexes on thymic cortical epithelial cells are positively selected, and will
eventually mature into CD4 or CD8 single-positive cells. T cells that react too
strongly with self antigens are deleted in the thymus, a process driven most
efficiently by bone marrow derived antigen-presenting cells in the medullary
region of the thymus. Certain tissue-restricted proteins can be expressed in
medullary epithelial cells as a result of the actions of the AIRE protein, and
so can mediate negative selection in the thymus. The outcome of positive
and negative selection is the generation of a mature T-cell repertoire that is
both MHC-restricted and self-tolerant. Precisely how the recognition of self­
peptide:self-MHC ligands by the T-cell receptor leads either to positive or
negative selection remains an unsolved problem.

Survival and maturation of lymphocytes in peripheral
lymphoid tissues.

Once B and T lymphocytes have completed their development in the central
lymphoid tissues, they are carried in the blood to the peripheral lymphoid
tissues. These tissues have a highly organized architecture, with distinct areas
of B cells and T cells, and organization that is determined by interactions
between lymphocytes and the other cell types that make up the lymphoid
tissues. Before considering the factors governing the survival and matura­
tion of newly formed lymphocytes in the periphery, we will briefly look at the
development and organization of peripheral lymphoid tissues and the signals
that guide lymphocytes to their correct locations. Normally, a lymphocyte
will leave peripheral lymphoid tissue and recirculate via lymph and blood
(see Section 1-15), continually reentering lymphoid tissues until antigen
is encountered or the lymphocyte dies. When it meets its antigen, the lym­
phocyte stops recirculating, proliferates, and differentiates, as described in
Chapters 9 — 11. When a lymphocyte dies, its place is taken by a newly formed
lymphocyte; this enables a turnover of the receptor repertoire and ensures
that lymphocyte numbers remain constant.

8-23 Different lymphocyte subsets are found in particular locations in
peripheral lymphoid tissues.

The various peripheral lymphoid organs are organized roughly along the
same lines, as discussed in Chapter 1, with distinct areas of B cells and T
cells, and they also contain macrophages, dendritic cells, and non-leukocyte
stromal cells. The lymphoid tissue of the spleen is the white pulp, whose overall
architecture is illustrated in Fig. 1.19. Each area of white pulp is demarcated by
a marginal sinus, a vascular network that branches from the central arteriole.
The marginal zone of the white pulp, the outer border of which is the edge
of the marginal sinus, is a highly organized region of cells whose function is
poorly understood. It has few T cells but is rich in macrophages and contains
a unique population of B cells, the marginal zone B cells, which do not
recirculate. Pathogens reaching the bloodstream are efficiently trapped in the
marginal zone by macrophages, and it could be that marginal zone B cells are
adapted to provide the first responses to such pathogens.

The white pulp contains clearly separated areas of T cells and B cells. T cells
are clustered around the central arteriole, and the globular B-cell areas or
follicles are located farther out. Some follicles may contain germinal centers,
in which B cells involved in an adaptive immune response are proliferating

Petitioner Merck, Ex. 1170, p. 113 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00053



S urvival and maturation of lymphocytes in peripheral lymphoid tissues 3 1 7

and undergoing somatic hypermutation (see Section 5-18). In follicles with
germinal centers, the resting B cells that are not part of the immune response
are pushed outward to make up the mantle zone around the proliferating
lymphocytes. The antigen-driven production of germinal centers will be
described in detail when we consider B-cell responses in Chapter 10.

Other types of cells are found within the B-cell and T-cell areas. The B-cell
zone contains a network of follicular dendritic cells (FDCs), which are
concentrated mainly in the area of the follicle most distant from the central
arteriole. FDCs have long processes, from which they get their name, and
these are in contact with B cells. FDCs are a distinct type of cell from the
dendritic cells we have encountered previously (see Section 1-3), in that they
are not leukocytes and are not derived from bone marrow precursors; in
addition, they are not phagocytic and do not express MHC class II proteins.
FDCs seem to be specialized to capture antigen in the form of immune
complexes — complexes of antigen, antibody, and complement. The immune
complexes are not internalized but remain intact on the surface of the FDC,
where the antigen can be recognized by B cells. FDCs are also important in the
development of B-cell follicles.

T-cell zones contain a network of bone marrow derived dendritic cells, some­
times known as interdigitating dendritic cells from the way in which their
processes interweave among the T cells. There are two subtypes of these
dendritic cells, distinguished by characteristic cell-surface proteins; one
expresses the n chain of CD8, whereas the other is CD8 negative but expresses
CD11b:CD18, an integrin that is also expressed by macrophages.

As in the spleen, the T cells and B cells in lymph nodes are organized into
discrete T-cell and B-cell areas (see Fig. 1.18). B-cell follicles have a similar
structure and composition to those in the spleen and are located just under
the outer capsule of the lymph node. T-cell zones surround the follicles in
the paracortical areas. Unlike the spleen, lymph nodes have connections
to both the blood system and the lymphatic system. Lymph enters into the
subcapsular space, which is also known as the marginal sinus, and brings in
antigen and antigen-bearing dendritic cells from the tissues.

The mucosa-associated lymphoid tissues (MALT) are associated with the
body's epithelial surfaces that provide physical barriers against infection.
Peyer's patches are part of the MALT and are lymph node-like structures inter­
spersed at intervals just beneath the gut epithelium. They have B-cell follicles
and T-cell zones (see Fig. 1.20), and the epithelium overlying them contains
specialized M cells that are adapted to channel antigens and pathogens from
the gut lumen to the Peyer's patch (see Section 1-15 and Chapter 12). Peyer's
patches and similar tissue present in the tonsils provide specialized sites
where B cells can become committed to synthesizing IgA. The stromal cells
of the MALT secrete the cytokine TGF-P, which has been shown to induce IgA
secretion by B cells in culture. In addition, as discussed in Section 8-12, during
fetal development waves of 7:6 T cells with specific 7- and 6-gene rearrange­
ments leave the thymus and migrate to these epithelial barriers. The mucosal
immune system is discussed in more detail in Chapter 12.

8-24 The development of peripheral lymphoid tissues is controlled by
lymphoid tissue inducer cells and proteins of the tumor necrosis
factor family.

Before discussing how lymphocytes find their way to their respective zones
in the peripheral lymphoid organs, we shall briefly look at how these organs
and the zones within them develop in the first place. Lymphatic vessels are
formed during embryonic development from endothelial cells that originate
in blood vessels. Some endothelial cells in the early venous system begin to
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express the homeobox transcription factor Proxl. These cells bud from the
vein, migrate away, and reassociate to form a parallel network of lymphatic
vessels. Mice lacking Proxl have normal arteries and veins, but fail to form
a lymphatic system, showing this factor to be critical in establishing the
identity of lymphatic endothelium. As the lymphatic vessels form, blood­
lineage cells called lymphoid tissue inducer (LTi) cells arise in the fetal liver
and are carried in the bloodstream to sites of prospective lymph nodes and
Peyer's patches. LTi cells initiate the formation of lymph nodes and Peyer's
patches by interacting with stromal cells and inducing the production of
cytokines and chemokines, which recruit other lymphoid cells to these sites.
Members of the tumor necrosis factor (TNF) /TNF receptor (TNFR) family of
cytokines turn out to be critically involved in the interactions between LTi
cells and stromal cells.

The role of this family of cytokines in the formation of peripheral lymphoid
organs has been demonstrated in a series of knockout mice in which either the
TNF family ligand or its receptor was inactivated (F ig. 8.37). These knockouts
have complicated phenotypes, which is partly due to the fact that individual
TNF-family proteins can bind to multiple receptors and, conversely, many
receptors can bind more than one protein. In addition, it seems clear that
there is some overlapping function or cooperation between TNF-family
proteins. Nonetheless, some general conclusions can be drawn.

Lymph-node development depends on the expression of TNF-family proteins
known as the lymphotoxins (LTs), and different types of lymph nodes
depend on signals from different LTs. LT-a„a soluble homotrimer of the LT-u
chain, supports the development of cervical and mesenteric lymph nodes,
and possibly lumbar and sacral lymph nodes. All these lymph nodes drain
mucosal sites. LT-u, probably exerts its effects by binding to TNFR-I. The
membrane-bound heterotrimer comprising LT-u and the distinct protein LT-P
(LT-of:p,), often known as LT-p, binds only to the LT-p receptor and supports
the development of all the other lymph nodes. Peyer's patches also do not
form in the absence of LT-P. The effects of the LT knockouts are not reversible
in adult animals and there are certain critical developmental periods during
which the absence or inhibition of these LT-family proteins will permanently
prevent the development of lymph nodes and Peyer's patches.

LTi cells express LT-P, which engages the LT-P receptors on stromal cells in
the prospective lymphoid site, activating the NFfcB pathway (see Section
7-22). This induces the stromal cells to express adhesion molecules and
chemokines such as CXCL13 (B-lymphocyte chemokine, BLC), which in turn
recruits more LTi cells, which have receptors for these molecules, eventually
generating large clusters of cells that will become lymph nodes or Peyer's
patches. The chemokines also attract cells such as lymphocytes and other
hematopoietic-lineage cells with appropriate receptors to populate the
forming lymphoid organ. The principles, and even some of the molecules,
underlying the development of peripheral lymphoid organs in the fetus are

Fig. 8.37 Normal architecture of
the peripheral lymphoid organs
requires TNF family members and
their receptors. The role of TNF family
members in the development of peripheral
lymphoid organs has been deduced
mainly from the study of knockout mice
deficient in one or more TNF-family
ligands or receptors. Some receptors bind
more than one ligand, and some ligands
bind more than one receptor, complicating
the effects of their deletion. (Note that
receptors are named for the first ligand
known to bind them.) The defects are
organized here with respect to the two
main receptors, TNFR-I and the LT-P
receptor and their ligands, TNF-u and
the lymphotoxins (LTs). In some cases,
the loss of ligands that bind the same
receptor leads to different phenotypes.
This is due to the ability of the ligand to
bind another receptor, as indicated in the
figure. The LT-u protein chain contributes
to two distinct ligands, the trimer LT-u,
and the heterodimer LT-u,:P„each of
which acts through a distinct receptor.
In general, signaling through the LT-P
receptor is required for lymph node and
FDC development and normal splenic
architecture, whereas signaling through
TNFR-I is also required for FDCs and
normal splenic architecture but not for
lymph-node development.

Effects seen in knockout (KO) mice

Receptor Ligands Spleen Peripheral
lymph node

Mesenteric
lymph node Payer's patch Follicular dendritic

cells

TNFR-I TNF-n
LT-u3

Distorted
architecture

Present in TNF-a KO
Absent in LT-a KO

owing to lack of LT-P signals
Reduced AbsentPresent

LT-P receptor TNF-a
LT­agP)

Distorted
No marginal zones

Present in LT-P KO
Absent in LT-P

receptor KO
Absent AbsentAbsent
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very similar to those that maintain the organization of lymphoid organs in
the adult, as we shall see in the next section.

Although the spleen develops in mice deficient in any of the known TNF or
TNFR family members, its architecture is abnormal in many of these mutants
(see Fig. 8.37). LT (most probably the membrane-bound LT-P) is required
for the normal segregation of T-cell and B-cell zones in the spleen. TNF-u,
binding to TNFR-I, also contributes to the organization of the white pulp:
when TNF-u signals are disrupted, B cells surround T-cell zones in a ring
rather than forming discrete follicles. In addition, the marginal zones are not
well defined when TNF-u or its receptor is absent.

Perhaps the most important role of TNF-u and TNFR-I in lymphoid organ
development is in the development of FDCs, as these cells are lacking in mice
with knockouts of either TNF-u or TNFR-I (see Fig. 8.37). The knockout mice
do have lymph nodes and Peyer's patches, because they express LTs, but these
structures lack FDCs. LT-P is also required for FDC development: mice that
cannot form LT-P or signal through it lack normal FDCs in the spleen and any
residual lymph nodes. Unlike the disruption of lymph-node development,
the disorganized lymphoid architecture in the spleen is reversible if the miss­
ing TNF-family member is restored. B cells are the likely source of the LT-P,
because normal B cells can restore FDCs and follicles when transferred to
RAG-deficient recipients (which lack lymphocytes).

8-25 The homing of lymphocytes to specific regions of peripheral
lymphoid tissues is mediated by chemokines.

Fig. 8.38 The organization of a
lymphoid organ is orchestrated by
chemokines. The cellular organization of
lymphoid organs is initiated by stromal
cells and vascular endothelial cells, which
secrete the chemokine CCL21 (first
panel). Dendritic cells with a receptor for
CCL21, CCR7, are attracted to the site
of the developing lymph node by CCL21
(second panel); it is not known whether
at the earliest stages of lymph node
development immature dendritic cells
enter from the bloodstream or via the
lymphatics, as they do later in life. Once
in the lymph node, the dendritic cells
express the chemokines CCL18 (also
called DC-CK1) and CCL19, for which
T cells express receptors. Together, the
chemokines secreted by stromal cells
and dendritic cells attract T cells to the
developing lymph node (third panel). The
same combination of chemokines also
attracts B cells into the developing lymph
node (fourth panel). The B cells are able
to either induce the differentiation of the
non-leukocyte FDCs (which are a distinct
lineage from the bone marrow derived
denddtic cells) or direct their recruitment
into the lymph node. Once present, the
FDCs secrete a chemokine, CXCL1 3,
which is a chemoattractant for B cells.
The production of CXCL1 3 drives the
organization of B cells into discrete B-cell
areas (follicles) around the FDCs and
contributes to the further recruitment of
B cells from the circulation into the lymph
node (fifth panel).

Newly formed lymphocytes enter the spleen via the blood, exiting first in
the marginal sinus, from which they migrate to the appropriate areas of the
white pulp. Lymphocytes that survive their passage through the spleen
most probably leave via venous sinuses in the red pulp. In lymph nodes,
lymphocytes enter from the blood through the walls of specialized blood
vessels, the high endothelial venules (HEVs), which are located within the
T-cell zones. Naive B cells migrate through the HEVs in the T-cell area and
come to rest in the follicle where, unless they encounter their specific antigen
and become activated, they remain for about a day. B cells and T cells leave
in the lymph via the efferent lymphatic, which returns them eventually to the
blood. The precise location of B cells, T cells, macrophages, and dendritic
cells in peripheral lymphoid tissue is controlled by chemokines, which are
produced by both stromal cells and bone marrow derived cells (Fig. 8.38).

B cells constitutively express the chemokine receptor CXCR5 and are attracted
to the follicles by the ligand for this receptor, the chemokine CXCL13. The
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most likely source of CXCL13 is the FDC, possibly along with other follicu­
lar stromal cells. This is reminiscent of the expression of CXCL13 by stromal
cells during the formation of the lymph node. B cells are, in turn, the source
of the LT that is required for the development of FDCs, which is reminiscent
of LTi cells expressing the LT required to activate stromal cells. The reciprocal
dependence of B cells and FDCs, and LTis and stromal cells, illustrates the
complex web of interactions that organizes peripheral lymphoid tissues. T
cells can also express CXCR5, although at a lower level, and this may explain
how T cells are able to enter B-cell follicles, which they do when activated, to
participate in the formation of the germinal center.

T-cell localization to the T zones involves two chemokines, CCL19 (MIP-3P)
and CCL21 (secondary lymphoid chemokine, SLC). Both of these bind the
receptor CCR7, which is expressed by T cells; mice that lack CCR7 do not form
normal T-cell zones and have impaired primary immune responses. CCL21 is
produced by stromal cells of the T-cell zone in spleen, and by the endothelial
cells of HEVs in lymph nodes and Peyer's patches. Another source of CCL19
and CCL21 is the interdigitating dendritic cells, which are also prominent in
the T zones. Indeed, dendritic cells themselves express CCR7 and will localize
to T zones even in RAG-deficient mice. Thus, in lymph-node development,
the T zone might be organized first through the attraction of dendritic cells
and T cells by CCL21 produced by stromal cells. This organization would then
be reinforced by CCL21 and CCL19 secreted by resident mature dendritic
cells, which in turn attract more T cells and immature dendritic cells.

8-26 Lymphocytes that encounter sufficient quantities of self antigens for

INovie 8.2

the first time in the periphery are eliminated or inactivated.

Large numbers of autoreactive lymphocytes have been purged from the
population of new lymphocytes in the central lymphoid organs (discussed
in Section 8-20); however, this only involves lymphocytes specific for auto­
antigens that are expressed in or can reach these organs. Not all potential self
antigens are expressed in the central lymphoid organs. Some, like the thyroid
product thyroglobulin, are highly tissue specific, or are compartmentalized
so that little if any is available in the circulation. Therefore, newly emigrated
self-reactive lymphocytes that encounter their specific autoantigen for the
first time in the periphery must be eliminated or inactivated. This tolerance
mechanism is known as peripheral tolerance. Like self-reactive lymphocytes
in the central lymphoid organs, lymphocytes that encounter self antigens de
novo in the periphery can have several fates: deletion, anergy, or survivaL

In the absence of an infection, newly mature B cells that encounter a strongly
cross-linking antigen in the periphery will undergo clonal deletion. This was
elegantly shown in studies of B cells expressing B-cell receptors specific for
H-2K" MHC class I molecules. These cells are deleted even when, in transgenic
animals, the expression of the H-2K" molecule is restricted to the liver by the
use of a liver-specific gene promoter. There is no receptor editing: B cells that
encounter strongly cross-linking antigens in the periphery undergo apoptosis
directly, unlike their counterparts in the bone marrow, which attempt further
receptor rearrangements. The different outcomes may be due to the fact that
the B cells in the periphery are more mature and can no longer rearrange their
light-chain loci.

As with immature B cells, mature B cells that encounter and bind an abund­
ant soluble antigen become anergized. This was demonstrated in mice by
placing the HEL transgene under the control of an inducible promoter that
can be regulated by changes in the diet. It is thus possible to induce the
production of lysozyme at any time and thereby study its effects on HEL­
specific B cells at different stages of maturation. These experiments have
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shown that both mature and immature B cells are inactivated when they are
chronically exposed to soluble antigen.

The situation is similar for T cells. Again, our understanding of the fates of
autoreactive T cells in the periphery comes mainly from the study of mice
transgenic for self-reactive T-cell receptors. In some cases, T cells reacting to
self antigens in the periphery are eliminated. This usually follows a brief period
of activation and cell division, and so is known as activation-induced cell
death. In other cases, the self-reactive cells may be rendered anergic. When
studied in vitro, these anergic T cells prove refractory to signals delivered
through the T-cell receptor.

The question immediately arises: if the encounter of a mature naive lympho­
cyte with a self antigen leads to cell death or anergy, why does this not also
happen to a mature lymphocyte that recognizes a pathogen-derived antigen'
The answer is that infection sets up inflammation, which induces the
expression of co-stimulatory molecules on the antigen-presenting dendritic
cells and the production of cytokines promoting lymphocyte activation. The
outcome of an encounter with antigen in these conditions is the activation,
proliferation, and differentiation of the lymphocyte to effector-cell status.
In the absence of infection or inflammation, dendritic cells still process and
present self antigens, but in the absence of co-stimulatory and other signals,
any interaction of a mature lymphocyte with its specific antigen seems to
result in a tolerance-inducing (tolerogenic) signal from the antigen receptor.

8-27 Immature B cells arriving in the spleen turn over rapidly and require
cytokines and positive signals through the B-cell receptor for
maturation and survival.

No positive selection:

B cells have a half-life of about 3 days

B cells fail to enter lymphoid follicles

When B cells emerge from bone marrow into the periphery, they are still func­
tionally immature. Immature B cells express high levels of sIgM but little sIgD,
whereas mature B cells express low levels of IgM and high levels of IgD. Most
immature B cells leaving the bone marrow will not survive to become fully
mature B cells. Figure 8.39 shows the possible fates of newly produced B cells

Tolerance induction
Open repertoire of mature B cells.

Blood and secondary lymphoid tissues

Additional tolerance induction. Self-tolerant
immature B cells and energized B cells

Bone marrow

(half-life about 3-8 weeks)

Positive selection:

Stimulation by antigen

Longer-lived mature recirculating memory B cells.

B cells successfully enter lymphoid follicles

Long-lived mature recirculating naive B cells

Fig. 8.39 Proposed population
dynamics of conventional B cells.
B cells are produced as receptor-positive
immature B cells in the bone marrow.
The most avidly self-reactive B cells
are removed at this stage. B cells then
migrate to the periphery, where they
enter the peripheral lymphoid tissues.
It is estimated that 10-20 x 10' B cells
are produced by the bone marrow and
exported each day in a mouse, and an
equal number are lost from the periphery.
There seem to be two classes of
peripheral B cells: long-lived B cells and
rapidly turning-over B cells. The short­
lived B cells are, by definition, recently
formed B cells. Most of the turnover of
short-lived B cells might result from B
cells that fail to enter lymphoid follicles.
In some cases this is a consequence
of being rendered anergic by binding to
soluble self antigen; for the remaining
immature B cells, entry into lymphoid
follicles is thought to entail some form of
positive selection. Thus, the remainder of
the short-lived B cells fail to join the long­
lived pool because they are not positively
selected. About 90% of all peripheral
B cells are relatively long-lived mature
B cells that seem to have undergone
positive selection in the periphery. These
mature naive B cells recirculate through
peripheral lymphoid tissues and have a
half-life of 6-8 weeks in mice. Memory
B cells, which have been activated
previously by antigen and T cells, are
thought to have a longer life.

Express high-affinity IgG, IgA, or IgE
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that enter the periphery. The daily output of new B cells from the bone mar­
row is roughly 5 — 10% of the total B-lymphocyte population in the steady-state
peripheral pool. The size of this pool seems to remain constant in unimmun­
ized animals, a regulatory process known as homeostasis, and so the stream
of new B cells needs to be balanced by the removal of an equal number of
peripheral B cells. However, the majority of peripheral mature B cells are
long-lived, and only 1 — 2% of these die each day. Most of the B cells that die are
in the rapidly turning­over immature peripheral B-cell population, of which
more than 50% die every 3 days. The failure of most newly formed B cells to
survive for more than a few days in the periphery seems to be due to competi­
tion between peripheral B cells for access to the follicles in peripheral lym­
phoid tissues. If newly produced immature B cells do not enter a follicle, their
passage through the periphery is halted and they eventually die. The limited
number of lymphoid follicles cannot accommodate all of the B cells gener­
ated each day and so there is continual competition for entry.

The follicle provides signals necessary for B-cell survivaL In particular, the
TNF-family member BAFF (for B-cell activating factor belonging to the TNF
family) is made by several cell types, but is produced abundantly by the FDCs.
B cells express three different receptors for BAFF, namely BAFF-R, BCMA,
and TACI. The BAFF-R is the most important for follicular B-cell survival,
because mutants lacking BAFF-R have mainly immature B cells and few
long-lived peripheral B cells. BCMA and TACI also bind a related TNF family
cytokine APRIL, which is not required for the survival of immature B cells
but is important for IgA antibody production, as we shall see in Chapter 10.
Immature B cells proceed through two defined transitional stages in the
spleen, called Tl and T2, defined by the absence or presence of the B-cell
co-receptor component CD21 (complement receptor 2) (see Section 2-13). In
mice lacking BAFF, immature B cells progress to the Tl stage in the spleen but
fail to express CD21, and the mice lack mature B cells.

Peripheral B cells also include memory B cells, which are produced in addi­
tion to antibody-producing plasma cells from mature B cells after their
first encounter with antigen; we will return to B-cell memory in Chapter
11. Competition for follicular entry favors mature B cells that are already
established in the relatively long-lived and stable peripheral B-cell pool.
Mature B cells have undergone phenotypic changes that might make their
access to the follicles easier; for example, they express CXCR5, the receptor for
CXCL13, which is expressed by FDCs (see Fig. 8.38). They also have increased
expression of CD21, which enhances the signaling capacity of the B celL

The B-cell receptor plays a positive role in the maturation and continued
recirculation of peripheral B cells. Continuous expression of the B-cell recep­
tor is required for B-cell survival, because conditional gene deletion of the
B-cell receptor in mature B cells leads to the loss of these B cells. Mice that
lack the tyrosine kinase Syk, which is involved in signaling from the B-cell
receptor (see Section 7-16), have immature B cells but fail to develop mature
B cells. Thus, a Syk-transduced signal may be required for final B-cell matura­
tion or for the survival of mature B cells. Although each B-cell receptor has a
unique specificity, antigen-specific interactions may not induce the signals
used for final B-cell maturation; the receptor could, for example, be respons­
ible for 'tonic' signaling, in which a weak but important signal is generated by
the assembly of the receptor complex and infrequently triggers some or all of
the downstream signaling events.

8-28 8-1 cells and marginal zone 8 cells are distinct 8-cell subtypes with
unique antigen receptor specificity.

The receptor specificity is important in shaping the peripheral B-cell pools
that derive from immature B cells that reach the spleen. This is shown most
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clearly in the role of the B-cell receptor and antigen in the selection of two
subsets of B cells that do not reside in B-cell follicles: the so-called B-1 cells
and the marginal zone B cells of the spleen.

B-1 cells are a unique subset comprising about 5Fo of all B cells in mice and
humans, and are the major population in rabbits. B-1 cells have high levels
of sIgM and little sIgD, opposite to the pattern of follicular B cells. They are
called B-1 because they are the first to appear during fetal development (Fig.
8.40), before the conventional B cells whose development we have discussed
up to now — which are called B-2 cells. B-1 cells are found primarily in the
peritoneal and pleural cavity fluid. Certain autoantigens and environmental
antigens encountered in the periphery are thought to drive the expansion and
maintenance of B-1 cells. Some of these antigens, such as phosphocholine,
are encountered on the surface of bacteria that colonize the gut.

It is not clear whether B-1 cells arise as a distinct lineage from a unique pre­
cursor cell or differentiate to the B-1 phenotype from a precursor cell that
could also give rise to B-2 cells. In the mouse, fetal liver produces mainly B-1
cells, whereas adult bone marrow generates predominantly B-2 cells, and
this has been interpreted as support for the unique precursor hypothesis.
However, the weight of evidence favors the idea that commitment to the B-1
or B-2 subset is due to a selection step, rather than their being distinct lineages
like the y:5 and u:P T cells.

Marginal zone B cells, so called because they reside in the marginal sinus of
the white pulp in the spleen, are another unique subset of B cells. They seem
to be resting mature B cells, yet they have a different set of surface proteins
from those present on the major follicular B-cell population. For example,
they express lower levels of CD23 (the low-affinity receptor for IgE), and high
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Fig. 810 A comparison of the
properties of B-1 cells, conventional
B cells (B-2 cells), and marginal
zone B cells. B-1 cells can develop in
unusual sites in the fetus, such as the
omentum, in addition to the liver. B-1
cells predominate in the young animal,
although they probably can be produced
throughout life. Being produced mainly
during fetal and neonatal life, their
rearranged variable-region sequences
contain few N-nucleotides. In contrast,
marginal zone B cells accumulate after
birth and do not reach peak levels in the
mouse until 8 weeks of age. B-1 cells are
best thought of as a partly activated self­
renewing pool of lymphocytes that are
selected by ubiquitous self and foreign
antigens. Because of this selection, and
possibly because the cells are produced
early in life, the B-1 cells have a restricted
repertoire of variable regions and antigen­
binding specificities. Marginal zone B cells
also have a restricted repertoire that may
be selected by a set of antigens similar
to those that select B-1 cells. B-1 cells
seem to be the major population of B cells
in certain body cavities, most probably
because of exposure at these sites to
antigens that drive B-1 cell proliferation.
Marginal zone B cells remain in the
marginal zone of the spleen and are not
thought to recirculate. Partial activation
of B-1 cells leads to the secretion of
mainly IgM antibody; B-1 cells contribute
much of the IgM that circulates in the
blood. The limited diversity of both the
B-1 and marginal zone B-cell repertoire
and the propensity of these cells to react
with common bacterial carbohydrate
antigens suggest that they carry out a
more primitive, less adaptive, immune
response than conventional B cells (B-2
cells). In this regard they are comparable
to Y:8T cells.

Memory development
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levels of both the MHC class I-like molecule CD1 (see Section 6-19) and two
receptors for the C3 fragment of complement, CR1 (CD35) and CR2 (CD21).
Marginal zone B cells have restricted antigen specificities, biased toward self
antigens and common bacterial antigens, and may be adapted to provide a
quick response if the latter enter the bloodstream. They may not require T-cell
help to become activated. Functionally and phenotypically, marginal zone B
cells resemble B-1 cells; recent experiments suggest that they are positively
selected for survival by certain self antigens, much as B-1 cells are.

The functions of B-1 cells and marginal zone B cells are being clarified. Their
locations suggest a role for B-1 cells in defending the body cavities and a role
for marginal zone B cells in defense against bacteria that penetrate the blood­
stream. The restricted repertoire of receptors in both cell types seems to equip
them for a function in the early, nonadaptive phase of an immune response
(see Section 3-24). Indeed, the V gene segments that are used to encode the
receptors of B-1 and marginal zone B cells might have evolved by natural
selection to recognize common bacterial antigens, thus allowing them to
contribute to the very early phases of the adaptive immune response. In
practice, it is found that B-1 cells make little contribution to adaptive immune
responses to most protein antigens, but contribute strongly to some antibody
responses against carbohydrate antigens. Moreover, a large proportion of the
IgM that normally circulates in the blood of unimmunized mice derives from
B-1 cells. The existence of these so-callednatural antibodies, which are highly
cross-reactive and bind with low affinity to both microbial and self antigens,
supports the view that B-1 cells are partly activated because they are selected
for self-renewal by ubiquitous self and environmental antigens.

8-29 T-cell homeostasis in the periphery is regulated by cytokines
and self-MHC interactions.

When T cells have expressed their receptors and co-receptors, and matured
within the thymus for a further week or so, they emigrate to the periphery.
Unlike B cells emigrating from bone marrow, only relatively small numbers
of T cells are exported from the thymus, roughly 1 — 2 x 10' per day in the
mouse. As with B cells, the size and composition of the peripheral pool of
naive T cells are also regulated by homeostatic mechanisms that maintain it
at a roughly constant size and a composition of diverse but potentially func­
tional T-cell receptors. These mechanisms involve both cytokines and signals
received through the T-cell receptor in response to its interaction with self­
MHC molecules.

A requirement for the cytokine IL-7 and interactions with self-peptide:self­
MHC complexes for T-cell survival in the periphery has been shown
experimentally. If T cells are transferred from their normal environment to
recipients lacking MHC molecules, or lacking the 'correct' MHC molecules
that originally selected the T cells, they do not survive long. In contrast, if T
cells are transferred into recipients that have the correct MHC molecules, they
survive. Contact with the appropriate self-peptide:self-MHC complex as they
circulate through peripheral lymphoid organs leads mature naive T cells to
undergo infrequent cell division. This slow increase in T-cell numbers must
be balanced by a slow loss of T cells, such that the number of T cells remains
roughly constant. Most probably, this loss occurs among the daughters of the
dividing naive T cells.

Where do the mature naive CD4 and CD8 T cells encounter their positively
selecting ligandst Current evidence favors self-MHC molecules on dendritic
cells resident in the T-cell zones of peripheral lymphoid tissues. These cells
are similar to the dendritic cells that migrate to the lymph nodes from other
tissues but lack sufficient co-stimulatory potential to induce full T-cell
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S urvival and maturation of lymphocytes in peripheral lymphoid tissues 3 2 5

activation. The study of peripheral positive selection is in its infancy, however,
and a clear picture has yet to emerge. Memory T cells are also part of the
peripheral T-cell pool, and we return to their regulation in Chapter 11.

Summary.

The formation and organization of the peripheral lymphoid tissues is con­
trolled by proteins of the TNF family and their receptors (TNFRs). LTi cells
expressing LT-P interact with stromal cells expressing the receptor TNFR-I in
the developing embryo to induce chemokine production, which in turn initi­
ates formation of the lymph nodes and Peyer's patches. Similar interactions
between lymphotoxin-expressing B cells and TNFR-I-expressing follicular
dendritic cells (FDCs) establishes the normal architecture of the spleen and
lymph nodes. The homing of B and T cells to distinct areas of lymphoid tissue
involves attraction by specific chemokines. B and T lymphocytes that survive
selection in the bone marrow and thymus are exported to the peripheral lym­
phoid organs. Most of the newly formed B cells that emigrate from the bone
marrow die soon after their arrival in the periphery, thus keeping the number
of circulating B cells fairly constant. A small number mature and become
longer-lived naive B cells. T cells leave the thymus as fully mature cells and are
produced in smaller numbers than B cells. The fate of mature lymphocytes in
the periphery is still controlled by their antigen receptors. In the absence of
an encounter with their specific foreign antigen, naive lymphocytes require
some tonic signaling through their antigen receptors for long-term survivaL

T cells are generally long-lived and are thought to be slowly self-renewing in
the peripheral lymphoid tissues, being maintained by repeated contacts with
self-peptide:self-MHC complexes that can be recognized by the T-cell recep­
tor but do not cause T-cell activation, in combination with signals derived
from IL-7. The evidence for receptor-mediated survival signals is clearest for T
cells, but they also seem to be needed for B-I cells and marginal zone B cells,
in which case they may promote differentiation, expansion, and survival, and
most probably also for B-2 cells, in which case they promote survival with­
out expansion. The lymphoid follicle, through which B cells must circulate
to survive, seems to provide signals for their maturation and survivaL A few
ligands that select B-I and marginal zone B cells are known, but in general the
ligands involved in B-cell selection are unknown. The distinct minority sub­
populations of lymphocytes, such as the B-I cells, marginal zone B cells, y5
T cells, and iNKT cells, have different developmental histories and functional
properties from those of conventional B-2 cells and u:P T cells and are likely
to be regulated independently of these majority B-cell and T-cell populations.

Summary to Chapter 8.

In this chapter we have learned about the formation of the B-cell and T-cell
lineages from an uncommitted hematopoietic stem cell. The somatic gene
rearrangements that generate the highly diverse repertoire of antigen recep­
tors — immunoglobulin for B cells, and the T-cell receptor for T cells — occur
in the early stages of the development of T cells and B cells from a common
bone marrow derived lymphoid progenitor. Mammalian B-cell development
takes place in fetal liver and, after birth, in the bone marrow; T cells also
originate in the bone marrow but undergo most of their development in the
thymus. Much of the somatic recombination machinery, including the RAG
proteins that are an essential part of the V(D)I recombinase, is common to
both B and T cells. In both B and T cells, gene rearrangements begin with the
loci that contain D gene segments, and proceed successively at each locus.
The first step in B-cell development is the rearrangement of the locus for the
immunoglobulin heavy chain, and for T cells the P chain. In each case, the
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developing cell is allowed to proceed to the next stage of development only if
the rearrangement has produced an in-frame sequence that can be translated
into a protein expressed on the cell surface: either the pre-B-cell receptor or
the pre-T cell receptor. Cells that do not generate successful rearrangements
for both receptor chains die by apoptosis. The course of conventional B-cell
development is summarized in Fig. 8.45, and that of u:P T cells in Fig. 8.46.

Once a functional antigen receptor has appeared on the cell surface, the
lymphocyte is tested in two ways. Positive selection tests for the potential
usefulness of the antigen receptor, whereas negative selection removes self­
reactive cells from the lymphocyte repertoire, rendering it tolerant to the
antigens of the body. Positive selection is particularly important for T cells,
because it ensures that only cells bearing T-cell receptors that can recognize
antigen in combination with self-MHC molecules will continue to mature.
Positive selection also coordinates the choice of co-receptor expression. CD4
becomes expressed by T cells harboring MHC class II restricted receptors,
and CD8 by cells harboring MHC class I restricted receptors. This ensures
the optimal use of these receptors in responses to pathogens. For B cells,
positive selection seems to occur at the final transition from immature to
mature B cells, which occurs in peripheral lymphoid tissues. Tolerance to self
antigens is enforced by negative selection at different stages throughout the
development of both B and T cells, and positive selection likewise seems to
represent a continuous process.

B and T cells surviving development in the central lymphoid organs emigrate
to the periphery, where they home to occupy specific sites. The formation of
peripheral lymphoid organs begins during embryonic development by the
interaction of lymphoid tissue inducer cells expressing TNF family cytokines
with stromal cells. The organization of the peripheral lymphoid organs, such
as spleen and lymph nodes, also involves interactions between cells express­
ing TNF and TNFR family proteins. The homing of B and T cells to different
parts of these peripheral tissues involves their expression of distinct chem­
okine receptors and the secretion of specific chemokines by various stromal
elements. Maturation and survival of B and T lymphocytes in these peripheral
tissues involves other specific factors. Naive B cells receive survival signals in
the follicle through interaction with BAFF. Naive T cells require the cytokines
IL-7 and IL-15 for survival, along with signals received through the T-cell
receptor interacting with self-MHC molecules.
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Fig. SA5 A summary of the
development of human conventional
B-lineage cells. The state of the
immunoglobulin genes, the expression
of some essential intracellular proteins,
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stages of B-2-cell development. The
immunoglobulin genes undergo further
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Fig. SAG A summary of the
development of human tLP T cells.
The state of the T-cell receptor genes,
the expression of some essential
intracellular proteins, and the expression
of some cell-surface molecules are
shown for successive stages of ot:P T-cell
development. Note that because the
T-cell receptor genes do not undergo
further changes during antigen-driven
development, only the phases during
which they are actively undergoing
rearrangement in the thymus are
indicated. The antigen-dependent phases
of CD4 and CD8 cells are depicted
separately, and are detailed in Chapter 9.
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Questions.

8.7 8-cell development in the bone marrow shares many features with T-cell

development in the thymus. (a) What are the two major goals of lymphocyte
developmentP (b) Discuss the ordered steps of receptor rearrangement in 8

and T cells, drawing the parallels between the two cell types. (c) What is the
function of the pre-8-cell receptor and the pre-T-cell receptorP (d) Why do T
cells develop in the thymus and 8 cells develop in the bone marrowP

B.Z Lymphocyte development is notable for huge cell losses at several steps.

(a) What are the major reasons that lymphocytes die without progressing
beyond the pre-Tcell or pre-8-cell stageP (b) What is the major reason

that lymphocytes die after reaching the immature stage of expressing a

complete TCR or BOP

8.3 Discuss the process of positive selection of T cells in the thymus. (a) Where
does it take placeP (b) What are the ligandsP (c) When (at what stage)
during T-cell development does positive selection occurP (d) Describe how
the choice between expression of the co-recepto~D4 or CDB — occurs,

and identify any known regulators of this process.

8.4 Peripheral lymphoid tissues become organized through communication

between several kinds of cells and several kinds of receptor interactions.

(a) What families of molecules are critical for the proper organization of
peripheral lymphoid tissuesP (b) Which are important for organizing the
8-cell zonesP (c) Which are important for organizing the T-cell zoneP

8.5 There are three main subsets of 8 cells: follicular, marginal zone, and 5-7.

Compare and contrast their development and functions, covering at least

five different categories.
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The Humoral Immune
Response

Many of the bacteria that cause infectious disease in humans multiply in the
extracellular spaces of the body, and most intracellular pathogens spread by
moving from cell to cell through the extracellular fluids. The extracellular
spaces are protected by the humoral immune response, in which antibodies
produced by B cells cause the destruction of extracellular microorganisms
and prevent the spread of intracellular infections. Activation of naive B cells
is triggered by antigen and usually requires helper T cells, such as the T follic­
ular helper (T„„) cells introduced in Section 9-17; the activated B cells then
differentiate into antibody-secreting plasma cells (Fig. 10.1) and memory B
cells. In this chapter we use the general term helper T cell to mean any effec­
tor CD4 T cell that can activate a B cell.

Antibodies contribute to immunity in three main ways (see Fig. 10.1). The first
is known as neutralization. To enter cells, viruses and intracellular bacteria
bind to specific molecules on the target cell surface. Antibodies that bind
to the pathogen can prevent this and are said to neutralize the pathogen.
Neutralization by antibodies is also important in preventing bacterial toxins
from entering cells. Second, antibodies protect against bacteria that multi­
ply outside cells, and do this mainly by facilitating uptake of the pathogen
by phagocytes. Coating the surface of a pathogen to enhance phagocytosis
is called opsonization. Antibodies bound to the pathogen are recognized by
phagocytic cells by means of receptors called Fc receptors that bind to the
antibody constant region (C region). Third, antibodies coating a pathogen can
activate the proteins of the complement system by the classical pathway, as
described in Chapter 2. Complement proteins bound to the pathogen sur­
face opsonize the pathogen by binding complement receptors on phago­
cytes. Other complement components recruit phagocytic cells to the site
of infection, and the terminal components of complement can lyse certain
microorganisms directly by forming pores in their membranes. Which effec­
tor mechanisms are engaged in a particular response is determined by the
heavy-chain isotype of the antibodies produced, which determines their class
(see Section 5-12).

In the first part of this chapter we describe the interactions of naive B cells
with antigen and with helper T cells that lead to the activation of B cells and
antibody production. Some important microbial antigens can provoke anti­
body production without the help of T cells, and we shall also consider these
responses here. Most antibody responses undergo a process called affinity
maturation, in which antibodies of greater affinity for their target antigen
are produced by the somatic hypermutation of antibody variable-region
(V-region) genes. The molecular mechanism of somatic hypermutation was
described in Chapter 5, and here we look at its immunological consequences.
We also revisit class switching (see Section 5-19), which produces antibodies
of different functional classes and confers functional diversity on the anti­
body response. Both affinity maturation and class switching occur only in
B cells and require T-cell help. In the rest of the chapter we look in detail at
the various effector mechanisms by which antibodies contain and eliminate
infections. Like the T-cell response, the humoral immune response produces
immunological memory, and this will be discussed in Chapter 11.
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Fig. 10.1 The humoral immune
response is mediated by antibodies
secreted by plasma cells. Antigen that
binds to the B-cell antigen receptor
both sends a signal into the B cell
and is internalized and processed into
peptides that activate effector helper
T cells. Signals from the bound antigen
and from the helper T cell (in the form of
the co-stimulatory CD40 ligand (CD40L)
and cytokines) induce the B cell to
proliferate and differentiate into plasma
cells secreting specific antibody (top two
panels). Antibodies protect the host from
infection in three main ways. First, they
can inhibit the toxic effects or infectivity
of pathogens by binding to them, which is
termed neutralization (bottom left panel).
Second, by coating the pathogens they
can enable accessory cells that recognize
the Fc portions of arrays of antibodies to
ingest and kill the pathogen, a process
called opsonization (bottom center panel).
Third, antibodies can trigger the activation
of the complement system. Complement
proteins strongly enhance opsonization,
and can directly kill certain bacterial cells
(bottom right panel). Neutralization

B cell

Antibody secretion by plasma cells

Opsonization

B-cell activation by antigen
and helper T cells

CD40L
CD40 (CD154)

cytokinee

Helper
T cell

Complement activation

complement

Antibody prevents
bacterial adherence

Antibody activates complement,
which enhances opsonization

and lyses some bacteria
Antibody promotes

p hag ocytosis

B-cell activation b helper T cells.

The surface immunoglobulin that serves as the B-cell receptor (BCR) for
antigen can bind a vast variety of chemical structures. In the context of natural
infections it binds native proteins, glycoproteins, and polysaccharides, as
well as whole virus particles and bacterial cells, by recognizing epitopes
on their surfaces. It has two roles in B-cell activation. First, like the antigen
receptor on T cells, it signals to the cell's interior when antigen is bound (see
Chapter 7). Second, the B-cell antigen receptor delivers the bound antigen to
intracellular sites, where it can be degraded to give peptides that are returned
to the B-cell surface bound to MHC class II molecules (see Chapter 6). These
peptide:MHC class II complexes are recognized by antigen-specific helper T
cells that have already differentiated in response to the same pathogen, as
described in Chapter 9. The effector T cells make cytokines that cause the B
cell to proliferate and its progeny to differentiate into antibody-secreting cells
and into memory B cells. Some microbial antigens can activate B cells directly
in the absence of T-cell help, and the ability of B cells to respond directly
to these antigens provides a rapid response to many important pathogens.
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However, the fine tuning of antibody responses to increase the affinity of the
antibody for the antigen and the switching to most immunoglobulin classes
other than IgM depend on the interaction of antigen-stimulated B cells
with helper T cells and other cells in the peripheral lymphoid organs. Thus,
antibodies induced by microbial antigens alone tend to have lower affinity
and to be less functionally versatile than those induced with T-cell help.

10-1 The humoral immune response is initiated when B cells that bind
antigen are signaled by helper T cells or by certain microbial
antigens alone.

Thymus-dependent antigen

B cell

Helper
T cellIt is a general rule in adaptive immunity that naive antigen-specific lympho­

cytes are difficult to activate by antigen alone. As we saw in Chapter 9,
priming of naive T cells requires a co-stimulatory signal from professional
antigen-presenting cells; naive B cells also require accessory signals that can
come either from a helper T cell or, in some cases, directly from microbial
constituents.

Antibody responses to protein antigens require antigen-specific T-cell help.
These antigens are unable to induce antibody responses in animals or
humans who lack T cells, and they are therefore known as thymus-dependent
or TD antigens. To receive T-cell help, the B cell must be displaying antigen on
its surface in a form a T cell can recognize. This occurs when antigen bound
by surface immunoglobulin on the B cell is internalized and returned to the
cell surface as peptides bound to MHC class II molecules. Helper T cells that
recognize the peptide:MHC complex then deliver activating signals to the B
cell (Fig. 10.2, top two panels). Thus, protein antigens binding to B cells both
provide a specific signal to the B cell by cross-linking its antigen receptors
and allow the B cell to attract antigen-specific T-cell help. When an activated
helper T cell recognizes and binds to a peptide:MHC class II complex on
the B-cell surface it induces the B cell to proliferate and differentiate into
antibody-producing plasma cells (Fig. 10.3). The requirement for T-cell help
means that before a B cell can be induced to make antibody against the
molecules of an infecting pathogen, CD4 T cells specific for peptides from
this pathogen must be activated to produce helper T cells. This occurs when
naive T cells interact with dendritic cells presenting the appropriate peptides,
as described in Chapter 9.

Although peptide-specific helper T cells are required for B-cell responses to
protein antigens, some microbial constituents, such as bacterial polysac­
charides, can induce antibody production in the absence of helper T cells.
These microbial antigens are known as thymus-independent or TI antigens
because they can induce antibody responses in individuals who have no T
lymphocytes. The second signal required to activate antibody production
against TI antigens is provided either directly by recognition of a common
microbial constituent (see Fig. 10.2, bottom panel) or by extensive cross­
linking of B-cell receptors, which would occur when a B cell binds repeat­
ing epitopes on the bacterial cell. Thymus-independent antibody responses
provide some protection against extracellular bacteria, and we will return to
them later.

10-2 B-cell responses are enhanced by co-ligation of the B-cell receptor
and B-cell co-receptor by antigen and complement fragments on
microbial surfaces.

Thymus-independent antigen

CD40

CD40L
(CD154)

TLR

g i ps

cytokines

Fig. 10.2 A second signal is required
for B-cell activation by either thymus­
dependent or thymus-independent
antigens. The first signal (indicated as 1
in the figure) required for B-cell activation
is delivered through its antigen receptor
(top panel). For thymus-dependent
antigens, the second signal (indicated
as 2) is delivered by a helper T cell that
recognizes degraded fragments of the
antigen as peptides bound to MHC class
II molecules on the B-cell surface (center
panel); the interaction between CD40
ligand (CD40L, also called CD154) on the
T cell and CD40 on the B cell contributes
an essential part of this second signal.
For thymus-independent antigens, a
second signal can be delivered along
with the antigen itself, through Toll­
like receptors that recognize antigen­
associated TLR ligands, such as bacterial
lipopolysaccharide (LPS) or bacterial DNA
(bottom panel).

We have already described the B-cell co-receptor complex as being com­
posed of three cell-surface proteins: CD19, CD21, and CD81 (see Fig. 7.23).
CD21 (also known as complement receptor 2, CR2) is a receptor for the com­
plement fragments C3d and C3dg (see Section 2-13). These complement
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Antigen recognition induces
expression of effector molecules by
the T cell, which activates the B cell

Differentiation to resting memory cells
and antibody-secreting plasma cellsB-cell proliferation

CD40 CD40L

B cell

TH2
IL-4

IL-6

IL-6 memory cell plasma cell

Fig. 10.3 Helper T cells stimulate
the proliferation and then the
differentiation of antigen-binding
B cells. The specific interaction of an
antigen-binding B cell with a helper T cell
leads to the expression of the B-cell
stimulatory molecule CD40 ligand on the
helper T-cell surface and to the secretion
by the T cell of the B-cell stimulatory
cytokines IL-4, IL-5, and IL-B, which drive
the proliferation and differentiation of the
B cell into antibody-secreting plasma
cells. Alternatively, an activated B cell can
become a memory cell.

fragments are deposited on the surface of pathogens, such as a bacterial cell,
when the complement pathway is activated either by the innate pathways or
by antibody bound to the antigen itself. When the B-cell receptor binds to
antigen epitopes on surfaces that have also bound C3d or C3dg, CD21 binds
to the complement fragments and brings the B-cell receptor together with the
co-receptor. This generates signals through CD19 that activate a PI 3-kinase
signaling pathway and co-stimulate the B-cell response (see Fig. 7.23) by
enhancing proliferation, differentiation, and antibody production.

Simultaneous ligation (co-ligation) of both the antigen receptor and the
B-cell co-receptor powerfully amplifies B-cell activation and antibody pro­
duction. This effect is shown dramatically when mice are immunized with
hen egg-white lysozyme coupled to three linked molecules of C3dg. In this
case the dose of modified lysozyme needed to induce antibody in the absence
of added adjuvant is as little as I/10,000 of that needed with the unmodified
lysozyme.

10-3 Helper T cells activate B cells that recognize the same antigen.

A given B cell can only be activated by helper T cells that respond to the same
antigen; this is called linked recognition. However, the specific peptide rec­
ognized by the helper T cell may be quite distinct from the protein epitope
recognized by the B cell's antigen receptor. Indeed, most complex natural
antigens, such as viruses and bacteria, are composed of multiple proteins
and carry both protein and carbohydrate epitopes. For linked recognition to
occur, the peptide recognized by the T cell must be physically associated with
the antigen recognized by the B cell, so that the B cell can internalize the anti­
gen through its B-cell receptors and display the appropriate peptide to the T
cell. For example, by recognizing an epitope on a viral protein coat, a B cell
can bind and internalize a complete virus particle. It then can degrade either
coat proteins or internal viral proteins into peptides for display on MHC class
II molecules on the B-cell surface. Helper T cells that have been primed earlier
in the infection by dendritic cells presenting these peptides can then activate
the B cell to make antibodies that recognize the coat protein (Fig. 10.4).

The specific activation of the B cell by its cognate T cell — that is, a helper
T cell primed by the same antigen — depends on the ability of the antigen­
specific B cell to concentrate the appropriate peptide on its surface MHC
class II molecules. B cells that bind a particular antigen are up to 10,000 times
more efficient at displaying peptide fragments of that antigen on their MHC
class II molecules than are B cells that do not bind the antigen. A B cell most
efficiently receives help from a T cell that recognizes a peptide that is part of
the antigen bound by the B cell.
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Fig. 10.4 B cells and helper T cells must recognize epitopes of the same molecular
complex in order to interact. An epitope on a viral coat protein is recognized by the
surface immunoglobulin on a B cell, and the virus is internalized and degraded. Peptides
derived from viral proteins, including internal proteins, are returned to the B-cell surface
bound to MHC class II molecules (see Chapter 6). Here, these complexes are recognized
by helper T cells, which help to activate the B cells to produce antibody against the coat
protein. This process is known as linked recognition.

6 cell binds virus through viral coat protein

epltope

B cell

Linked recognition was originally discovered through studies of the prod­
uction of antibodies against haptens (see Appendix I, Section A-1). Haptens
are small chemical groups that cannot elicit antibody responses on their own
because they cannot cross-link B-cell receptors and do not recruit T-cell help.
When coupled to a carrier protein, however, they become immunogenic,
because the protein will carry multiple hapten groups that can now cross-link
B-cell receptors. In addition, T-cell dependent responses are possible because
T cells can be primed to respond to peptides derived from the protein.
Accidental coupling of a hapten to a protein is responsible for the allergic
responses shown by many people to the antibiotic penicillin, which reacts
with host proteins to form a coupled hapten that can stimulate an antibody
response, as we will learn in Chapter 14.

The requirement for l inked recognition helps to ensure self tolerance,
because it means that an autoimmune response will occur only if both a self­
reactive T cell and a self-reactive B cell are present at the same time. This is
discussed further in Chapter 15. Vaccine design can take advantage of linked
recognition, as in the vaccine used to immunize infants against Haemophilus
influenzae type b. This bacterial pathogen can infect the covering of the brain,
called the meninges, causing meningitis. In adults, protective immunity to
H. influenzae is due to a strong thymus-independent antibody response to
the capsular polysaccharide. Infants, however, make weak responses to these
polysaccharide antigens. To make a vaccine that is effective in infants, the
polysaccharide is linked chemically to tetanus toxoid, a foreign protein against
which infants are routinely and successfully vaccinated (see Chapter 16). B
cells that bind the polysaccharide component of the vaccine are activated by
helper T cells specific for peptides of the linked toxoid (Fig. 10.5).

CD40

CD40L

Virus particle is internalized and degraded

the 6 cell

Peptides from internal proteins of the virus
are presented to the T cell, which activates

Helper
T dell

cytokines

104 T cells make membrane-bound and secreted molecules that activate Activated 6 cell produces antibody against
viral coat proteinB cells.

Recognition of peptidetMHC class II complexes on B cells triggers helper T
cells to synthesize both cell-bound and secreted effector molecules that syn­
ergize in activating the B cell. As described in Section 9-13, CD40 ligand is
expressed by helper T cells and binds to CD40 expressed by B cells; this inter­
action sustains T-cell growth and differentiation. Reciprocally, the engage­
ment of CD40 on B cells increases B-cell proliferation, immunoglobulin class
switching, and somatic hypermutation. Binding of CD40 by CD40 ligand
helps to drive the resting B cell into the cell cycle and is essential for B-cell
responses to thymus-dependent antigens. It also causes the B cell to increase
its expression of co-stimulatory molecules, especially those of the B7 family.

T cells provide additional signals to B cells in the form of secreted cytokines
that regulate B-cell proliferation and antibody production. In the B-cell fol­
licle, it is the follicular helper T cell (T») (see Section 9-17) that secretes these
cytokines. The IL-4 produced by T cells is an important cytokine in B-cell acti­
vation. It is made by some T» cells and by T„2 cells when they recognize their
specific ligand on the B-cell surface, and IL-4 and CD40 ligand are thought
to synergize in driving the clonal expansion of B cells that precedes antibody
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B cell binds bacterial polysaccharide
epitope linked to tetanus toxoid protein

Fig. 10.6 Linked recognition can be exploited in the design of vaccines that
boost B-cell responses against polysaccharide antigens. The Hib vaccine against
Haemophilus influenzae type b is a conjugate of bacterial polysaccharide and the tetanus
toxoid protein. The B cell recognizes and binds the polysaccharide, internalizes and
degrades the whole conjugate and then displays toxoid-derived peptides on surface
MHC class II molecules. Helper T cells generated in response to earlier vaccination
against the toxoid recognize the complex on the B-cell surface and activate the B cell to
produce anti-polysaccharide antibody. This antibody can then protect against infection
with H. influenzae type b.

8 cell

Antigen is internalized and processed

CD40L

Peptides from protein component
are presented to the T cell

Helper
7 cell

production in vivo. IL-4 is secreted in a polar fashion by T„2 cells and is
focused at the site of contact of the T cell with its target B cell (Fig. 10.6), so that
it acts selectively on the antigen-specific target celL Once a T-cell response is
under way, however, the cytokines abundantly secreted by helper T cells can
also help to activate nearby B cells not in contact with the T cell. After several
rounds of proliferation, B cells differentiate into antibody-secreting plasma
cells. Two additional cytokines, IL-5 and IL-6, both secreted by helper T cells,
contribute to these later stages of B-cell activation.

Members of the TNF receptor/TNF family other than the CD40-CD40 ligand
pair are involved in B-cell activation. Activated T cells express CDSO ligand
(CDSOL ), which binds to CDSO present on B cells and has been shown to
promote B-cell activation. Mice lacking CD30 show reduced proliferation
of activated B cells in lymphoid follicles and weaker secondary humoral
responses than normal, both of which could be due to the inability of their
B cells to respond to signals from T cells expressing CD30 ligand. The soluble
TNF-family cytokine BAFF is secreted by dendritic cells and macrophages
and acts as a survival factor for differentiating B cells (see Section 8-27).

10-5 B cells that encounter their antigens migrate toward the boundaries
CD40

between B-cell and T-cell areas in secondary lymphoid tissues.

cytckinee

Activated B cell produces

on the surface of the bacterium

The frequency of naive lymphocytes specific for any given antigen is est­
imated to be between 1 in 10,000 and 1 in 1,000,000. Thus, the chance of an
encounter between a T lymphocyte and a B lymphocyte that recognize the
same antigen should be between 1 in 10' and 1 in 10". Also, as T cells and B
cells mostly occupy two quite distinct zones in peripheral lymphoid tissues­
the T-cell areas and the primary lymphoid follicles (also called B-cell areas or
B-cell zones), respectively (see Figs 1.18 — 1.20), it is remarkable that B cells are
able to find and interact with T cells of similar antigen specificity. Thus, linked
recognition requires precise regulation of the migration of activated B and T
cells into specific locations within the lymphoid tissues.

When circulating naive B cells migrate into lymphoid tissues, they enter the
primary lymphoid follicles, attracted by the chemokine CXCL13 (Fig. 10.7,
first panel). Within the follicle, stromal cells and a specialized cell type, the
follicular dendritic cell (FDC), secrete CXCL13, while naive B cells express
CXCR5, the receptor for this chemokine. The FDC is a nonphagocytic cell
of nonhematopoietic origin that bears numerous long processes (see
Section 8-23). Antigens derived from microorganisms are transported to
lymph nodes via the lymph, and to the spleen via the blood.

Complement activation and the deposition of C3b onto microbial and viral
antigens contribute to their efficient transport into and accumulation in
the follicles. Antigens coated with C3b or C3dg can enter the follicle directly
and be trapped there by the complement receptors CR1 and CR2, which are
present on the dense network of FDC processes. In mice, intravital two-photon
microscopy has indicated that opsonized particulate antigen entering lymph
nodes in the afferent lymph (or entering the spleen via the blood), can also

antibody against polysaccharide antigen
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Helper T cell adheres to the B cell and
begins to synthesize IL-4 and C040 ligand

Golgi apparatus LFA-I C D40L CD40 ICAM-I®

The helper T cell reorients its cytoskeleton
and secretory apparatus towards the B cell

cytoskeletal
protein talin

Specific recognition
between T cell and B cell

Stain for talin

Fig. 10.6 Helper T cells stimulate B cells
through binding of CD40 and directed
cytokine secretion. When the T-cell
receptor binds antigen presented by a
B cell, CD40 ligand is induced on the T
cell, which then binds to CD40 on the B
cell (upper panels). The integrin LFA-1
on the T cell interacts with the adhesion
molecule ICAM-1 on the B cell in the
periphery of this immunological synapse
(see Fig. 9.31). The cytoskeletal protein
talin (stained red in the right center panel)
becomes relocated to the point of cell­
cell contact, and the secretory apparatus
(the Golgi apparatus) is reoriented by the
cytoskeleton toward the point of contact
with the B cell. Cytokines are released
at the point of contact (bottom panels).
In this example, IL-4 (stained green) is
confined to the space between the B cell
and the helper T cell. MTOC, microtubule­
organizing center. Photographs courtesy
of A. Kupfer.

Q~IIII(f IIII

ILR is released and is confined to the
space between the B cell and the T cell

Stain for IL-4

TH

0
IL-4

be taken up by specialized macrophages residing in the subcapsular sinus of
lymph nodes and the marginal sinus of the spleen, parts of which are adjacent
to the follicles (Fig. 10.8). These macrophages seem to retain the antigen on
their surface rather than ingesting it and breaking it down. The antigen can
then be sampled and picked up by antigen-specific follicular B cells. B cells
of any antigen specificity could also acquire antigen from these macrophages
via their complement receptors and transport it within the follicle.

When a naive B cell in the follicle encounters its specific antigen, either on
specialized macrophages or displayed by FDCs, this induces expression of
the chemokine receptor CCR7, and expression of CXCR5 is also retained. The
B cell then moves toward the boundary with the T-cell area, where chemo­
kine ligands for CCR7, such as CCL21, are highly expressed by stromal cells
and dendritic cells (see Section 9-3). As with T cells, activation of B cells leads
to a decrease in the sphingosine receptor SIP t on the B-cell surface, which
retains the cells in the lymphoid tissues. Naive T cells express CCR7, but not
CXCR5, and so are localized to the T-cell areas. When a naive T cell encount­
ers its cognate peptide antigen presented by a dendritic cell, expression of
CXCR5 is induced as the T cell begins to proliferate. Some T cells differentiate
into effector cells and exit the lymphoid tissue, but others become T» cells
and migrate to the boundary between the T-cell area and a follicle, where they
can encounter activated B cells (see Fig. 10.7, second panel). When a T» cell
recognizes a peptide displayed by MHC class II molecules on the surface of
an activated B cell, it increases the expression of cell-surface molecules and
secreted cytokines that promote B-cell activation — this is the basis for the
phenomenon of linked recognition described earlier (see Section 10-3).
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Fig. 10.7 Antigen-binding B cells meet T cells at the border
between the T-cell area and a B-cell follicle in secondary
lymphoid tissue. B-cell activation in the spleen is shown here.
On entry into the spleen from the blood through the marginal sinus
(not shown), naive CCR7-positive T cells and CXCR5-positive
B cells home to distinct regions where the chemokines CCL21
and CXCL13, respectively, are being produced (first panel). If a
B cell encounters its antigen, either on a follicular dendritic cell
(FDC) or a macrophage, it migrates toward the border between
the follicle and the T-cell area. There it may encounter a T cell that

has migrated to this border after being activated by its antigen
on the surface of an antigen-presenting dendritic cell in the T-cell
area (second panel). Through linked recognition, the T-cell-B­
cell interaction produces an initial proliferation of B cells (third
panel). In the spleen, the activated lymphocytes then migrate
to the border of the T-cell zone and the red pulp, where they
continue to proliferate and where some of the B cells differentiate
into plasmablasts, forming a so-called primary focus. These
plasmablasts then undergo terminal differentiation into antibody­
secreting plasma cells.

The coordinated migration of activated B cells and T cells toward the same
location in the peripheral lymphoid organ helps solve the problem of getting
B cells together with their appropriate helper T cells. Activated B cells bear­
ing peptide:MHC complexes end up in precisely the location to maximize

Opsonized antigens entering lymph
nodes from afferent lymphatics bind
to the complement receptors on the
surface of macrophages present in

The low endocytic and
degradative activity of

subcapsular macrophages
preserves the antigens

trapped on their surhces,
allowing 6 cells to
encounter them
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subcapsular macrophages
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Fig. 10.8 Opsonized antigens
are captured and preserved by
subcapsular sinus macrophages.
Macrophages residing in the lymph
node subcapsular sinus (SCS) express
complement receptors 1 (CR1) and CR2,
are poorly endocytic and have reduced
levels of lysosomal enzymes compared
with macrophages in the medulla.
Opsonized antigen arriving from the
afferent lymphatics binds to CR1 and
CR2 on the surface of SCS macrophages.
Instead of being degraded by these
macrophages, it is retained on the cell
surface, where it can be presented and
transferred to the surface of follicular B
cells. B cells are then able to transport it
into the follicle, where it can be trapped
on the surfaces of follicular dendritic cells.
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their chance of encountering helper T cells that can activate them. Antigen­
stimulated B cells that fail to interact with T cells that recognize the same anti­
gen die within 24 hours. After their initial encounter, B cells that have received
T-cell help migrate from the follicle border to continue their proliferation and
differentiation. In the spleen, these cells move to the border between the
T-cell area and the red pulp. Here they establish a primary focus of clonal
expansion (see Fig. 10.7, third panel). In lymph nodes, the primary focus is
located in the medullary cords, where lymph drains out of the node. Primary
foci appear about 5 days after an infection or immunization with an antigen
not previouslyencountered, which correlates with the time needed for helper
T cells to differentiate.

10-6 Antibody-secreting plasma cells differentiate from activated B cells.

Both T cells and B cells proliferate in the primary focus for several days, and
this constitutes the first phase of the primary humoral immune response.
Some of these proliferating B cells differentiate into antibody-synthesizing
plasmablasts in the primary focus. Others may migrate into the lymphoid
follicle and differentiate further there before becoming plasma cells, as we
will describe later. Plasmablasts are cells that have begun to secrete antibody,
yet are still dividing and express many of the characteristics of activated B
cells that allow their interaction with T cells. After a few more days, the
plasmablasts in the primary focus stop dividing and either die or undergo
terminal differentiation into plasma cells. Some of the plasma cells remain in
the lymphoid organs, where they are short lived, while others migrate to the
bone marrow and continue antibody production there.

The properties of resting B cells, plasmablasts, and plasma cells are compared
in Fig. 10.9. The differentiation of a B cell into a plasma cell is accompanied by
many morphological changes that reflect its commitment to the production
of large amounts of secreted antibody, which can make up to 20% of all the
protein synthesized by a plasma cell. Plasmablasts and plasma cells have a
prominent perinuclear Golgi apparatus and an extensive rough endoplasmic
reticulum that is rich in immunoglobulin molecules being synthesized and
exported into the lumen of the endoplasmic reticulum for secretion (see Fig.
1.23). Plasmablasts still express B7 co-stimulatory molecules and MHC class
II molecules, but plasma cells do not, and so can no longer present antigen to
helper T cells. Nevertheless, T cells still provide important signals for plasma­
cell differentiation and survival, such as IL-6 and CD40 ligand. Plasmablasts
also bear relatively large numbers of B-cell receptors on the cell surface,
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Fig. 10.9 Plasma cells secrete antibody
at a high rate but can no longer
respond to antigen or helper T cells.
Resting naive B cells have membrane­
bound immunoglobulin (usually IgM and
IgD) and MHC class II molecules on their
surface. Although their V genes do not
carry somatic mutations, B cells can
take up antigen and present it to helper
T cells. The T cells in return induce the B
cells to proliferate and to undergo isotype
switching and somatic hypermutation,
but B cells do not secrete significant
amounts of antibody during this period.
Plasmablasts have an intermediate
phenotype. They secrete antibody but
retain substantial surface immunoglobulin
and MHC class II molecules and so can
continue to take up and present antigen
to T cells. Plasmablasts early in the
immune response and those activated
by T-independent antigens have usually
not undergone somatic hypermutation
and class switching, and therefore
secrete IgM. Plasma cells are terminally
differentiated plasmablasts that secrete
antibodies. They can no longer interact
with helper T cells because they have very
low levels of surface immunoglobulin and
lack MHC class II molecules. Early in the
immune response they differentiate from
unswitched plasmablasts and secrete
IgM; later in the response they derive from
plasmablasts that have undergone class
switching and somatic hypermutation.
Plasma cells have lost the ability to
change the class of their antibody or
undergo further somatic hypermutation.

Plasma cell
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whereas plasma cells have many fewer. These low levels of surface immuno­
globulin may, however, be physiologically important, because the survival of
plasma cells seems to be determined in part by their ability to continue to
bind antigen. Plasma cells have a range of life spans. Some survive for only
days to a few weeks after their final differentiation, whereas others are very
long lived and account for the persistence of antibody responses.

10-7 The second phase of a primary B-cell immune response occurs
when activated B cells migrate into follicles and proliferate to form
germinal centers.

Movie 10.1

follicle

germinal

Follicle

center

Q
0 o

Naive B cells travel to the lymph
node via the bloodstream and
leave via the efferent lymph

primary
lymphoid

follicle
secondary
lymphoid

high
endothelial

venule

germinal
center

Tcell area

germinal center

B cells that encounter antigen in the follicle
form a primary focus. Some proliferating B

cells migrate into the follicle to form a

e

oe

vessel

blood
vessels

efferent
lymphatic

medullary
cords

primary
focus

Some of the B cells that are activated and start to proliferate early in the
immune response take a more circuitous route before they become plasma
cells. Together with their associated T cells, they move into a primary lym­
phoid follicle (Fig. 10.10), where they continue to proliferate and ultimately
form a germinal center; follicles with germinal centers are called secondary
lymphoid follicles.

Germinal centers are composed mainly of proliferating B cells, but antigen­
specific T cells make up about 109o of germinal center lymphocytes and pro­
vide indispensable help to the B cells. The germinal center is essentially an
island of cell division that sets up amid a sea of resting B cells in the primary
follicle. Proliferating germinal center B cells displace the resting B cells toward
the periphery of the follicle, forming a mantle zone of resting cells around
the two distinguishable areas of activated B cells, called the light zone and
the dark zone (Fig. 10.11, top panel). The germinal center grows in size as the
immune response proceeds, and then shrinks and finally disappears when
the infection is cleared. Germinal centers are present for about 3-4 weeks
after initial antigen exposure.

The events in the primary focus lead to the prompt secretion of specific anti­
body, mostly of the IgM isotype, that immediately protects the infected indi­
viduaL In contrast, the germinal center reaction provides for a more effective
humoral response later, should the pathogen establish a chronic infection
or the host become reinfected. B cells undergo several important modifica­
tions in the germinal center that produce a more effective antibody response.
These include somatic hypermutation, which alters the V regions of immuno­
globulin genes (see Section 5-18) and enables a process called affinity matu­
ration, which selects for the survival of mutated B cells with high affinity for
the antigen. In addition, class switching allows the selected B cells to express
a variety of effector functions in the form of antibodies of different classes
(see Section 5-19). These B cells will differentiate either into memory B cells,

Plasma cells migrate to the medullary
cords or leave via the efferent lymphatics

Fig. 10.10 Activated 8 cells form germinal centers in lymphoid follicles. Activation of
B cells in a lymph node is shown here. Top panel: naive circulating B cells enter lymph
nodes from the blood via high endothelial venules and are attracted by chemokines into
the primary lymphoid follicle; if they do not encounter antigen in the follicle, they leave via
the efferent lymphatic vessel. Second panel: B cells that have bound antigen move to the
border with the T-cell area where they may encounter activated helper T cells specific for
the same antigen, which interact with the B cells and activate them to start proliferation
and differentiation into plasmablasts. Some B cells activated at the T-cell-B-cell border
migrate to form a primary focus of antibody-secreting plasmablasts in the medullary
cords, whereas others move back into the follicle, where they continue to proliferate and
form a germinal center. Germinal centers are sites of sustained B-cell proliferation and
differentiation. Follicles in which germinal centers have formed are known as secondary
follicles. Within the germinal center, B cells begin their differentiation into either antibody­
secreting plasma cells or memory B cells. Third and fourth panels: plasma cells leave the
germinal center and migrate to the medullary cords, or leave the lymph node altogether
via the efferent lymphatics and migrate to the bone marrow.

Plasma cells migrate to the bone marrow
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Fig. 10.11 The structure of a germinal center. The germinal center is a specialized
microenvironment in which B-cell proliferation, somatic hypermutation, and selection for
strength of antigen binding all occur. Closely packed centroblasts, which express CXCR4
and CXCRS, form the so-called 'dark zone' of the germinal center; the less densely
packed 'light zone' contains centrocytes, which express only CXCRS. Cells in the dark
zone produce CXCL12, which attracts the CXCR4-expressing centroblasts. Cyclic
reentry describes the process by which B cells can lose and gain expression of CXCR4
and thus move from the light zone to the dark zone and back again, a process described
in detail in Section 10-8.
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whose function is described in Chapter 11, or into plasma cells that secrete
higher-affinity and class-switched antibody during the latter part of the pri­
mary immune response.

B cells in the germinal center proliferate, dividing every 6 — 8 hours. Initially,
these rapidly proliferating B cells, called centroblasts, express the chemo­
kine receptors CXCR4 and CXCR5 but markedly reduce their expression of
surface immunoglobulin, particularly of IgD. Centroblasts proliferate in the
dark zone of the germinal center, named for its densely packed appearance
(Fig. 10.12). Stromal cells in the dark zone produce CXCL12 (SDF-1), a ligand
for CXCR4 that acts to retain centroblasts in this region. As time goes on, some
centroblasts reduce their rate of cell division and enter the growth phase,
while in the G, phase of the cell cycle they stop expressing CXCR4 and begin
to produce higher levels of surface immunoglobulin. These B cells are termed

Dar
zone 0 0 0

0 . 0
0 0

0 0
0

0 o 0 , 0

Cyclic reentry of cells into the dark zone
is dependent on reexpression of CXCR4

on centrocytes

0 0

CXCL15

CXCR5 6 cells

0

zone

centro blasts

helper
T cells

0
CXCR4
6 cells

CXCL1 2

Germinal center stained to show T cells,Light micrograph of germinal center
follicular dendritic cells, and

proliferating B cells
(high power)

Fig. 10.12 Germinal centers are sites of intense cell proliferation and cell death.
The photomicrograph (left panel) shows a high-power view of a section through a human
tonsillar germinal center. Closely packed centroblasts seen in the lower part of this
photomicrograph form the so-called dark zone of the germinal center. Above this region
is the less densely packed light zone. The right panel shows immunofluorescent staining
of a germinal center. B cells are found in the dark zone, light zone, and mantle zone.
Proliferating cells are stained green for Ki67, an antigen expressed in nuclei of dividing
cells, revealing the rapidly proliferating centroblasts in the dark zone. The dense network
of follicular dendritic cells, stained red, mainly occupies the light zone. Centrocytes in
the light zone proliferate to a lesser degree than centroblasts. Small recirculating B cells
occupy the mantle zone at the edge of the B-cell follicle. Large masses of CD4 T cells,
stained blue, can be seen in the T-cell zones, which separate the follicles. There are also
significant numbers of T cells in the light zone of the germinal center; CD4 staining in the
dark zone is associated mainly with CD4-positive phagocytes. Photographs courtesy of
I. MacLennan.

Petitioner Merck, Ex. 1170, p. 141 
Merck Sharp & Dohme LLC v. Halozyme Inc. 

PGR2025-00053



centrocytes. The loss of CXCR4 allows centrocytes to move into the light zone,
a less densely packed area containing abundant FDCs that produce the chem­
okine CXCL13 (BLC), a ligand for CXCR5 (see Fig. 10.11, bottom panels). The B
cells proliferate in the light zone, but to a lesser extent than in the dark zone.

10-8 Germinal center B cells undergo V-region somatic hypermutation, and
cells with mutations that improve affinity for antigen are selected.

The original diversification of antigen receptors produced by DNA rearrange­
ment generates clones of B cells with radically differing B-cell receptors, as
described in Sections 5-1 to 5-6. In contrast, the secondary diversification
of immunoglobulin genes by somatic hypermutation introduces individual
point mutations that change a single, or just a few, amino acids in the resulting
immunoglobulin, producing closely related clones of B cells that differ subtly
from each other in their specificity and affinity for antigen. When undergoing
somatic hypermutation, immunoglobulin V-region genes accumulate muta­
tions at a rate of about one base pair change per 10' base pairs per cell division.
These mutations are targeted by the action of the enzyme AID (activation­
induced cytidine deaminase) to the rearranged V genes (see Section 5-18 for
the molecular detail of this process). The mutation rate in the rest of the DNA
is much lower: around one base pair change per 10" base pairs per cell divi­
sion. Somatic hypermutation also affects some DNA flanking the rearranged
V gene, but the mutations generally do not extend into the C-region exons.
Each of the expressed heavy-chain and light-chain V-region genes is encoded
by about 360 base pairs, and about three out of every four base changes results
in an altered amino acid. This means that there is about a 50% chance at each
cell division that a B cell will acquire a mutation in its receptor.

The point mutations accumulate in a stepwise manner as the descendants of
each B cell proliferate in the germinal center to form B-cell clones. An altered
receptor can affect the ability of a B cell to bind antigen and thus will affect
the fate of the B cell in the germinal center (Fig. 10.13). Most mutations have
a negative impact on the ability of the B-cell receptor to bind the original
antigen, by preventing the correct folding of the immunoglobulin molecule
or by blocking the complementarity-determining regions from binding
antigen. Cells that harbor such mutations are eliminated by apoptosis, either
because they can no longer make a functional B-cell receptor or because they
cannot compete with sibling cells that bind antigen more strongly (see Fig.
10.13, left panels). Germinal centers are filled with apoptotic B cells that are
quickly engulfed by macrophages, giving rise to the characteristic tingible
body macrophages. These contain dark-staining nuclear debris in their
cytoplasm and are a long-recognized histologic feature of germinal centers.
Less frequently, mutations improve the affinity of a B-cell receptor for antigen.
Cells that harbor these mutations are efficiently selected and expanded
(see Fig. 10.13, right panels). Expansion seems to be due to the prevention
of apoptosis, and thus increased survival compared with low-affinity cells,
rather than an increased rate of proliferation.

Selection occurs in increments. It is thought that somatic hypermutation
occurs in the centroblasts in the dark zone; when a centroblast reduces its rate
of proliferation and becomes a centrocyte, it increases the number of B-cell
receptors on its surface and moves to the light zone, where there are abundant
FDCs bearing antigen. There, the centrocyte's ability to bind antigen is tested,
in competition with the other clonally related centrocytes harboring different
mutations. After each round of mutation, the centrocyte begins to express the
new antigen receptor. If the new receptor can bind antigen, the centrocyte
receives a signal through its receptor, which stimulates it to undergo additional
rounds of division and to reexpress CXCR4, in effect becoming a centroblast
again. The B cell reenters the dark zone, where the process of mutation and
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Fig. 10.13 Activated B cells undergo
rounds of mutation and selection for
higher-affinity mutants in the germinal
center, resulting in high-affinity
antibody-secreting plasma cells and
high-affinity memory B cells. B cells
are first activated at the follicle border
by a combination of antigen and helper
T cells (top panel). They migrate to
germinal centers, where the remaining
events occur. Somatic hypermutation
can result in amino acid replacements in
immunoglobulin V regions that affect the
fate of the B cell. Mutations that result
in a B-cell receptor (BCR) of lower or no
affinity for the antigen (left panels) will
prevent the B cell from being activated as
efficiently, because both B-cell receptor
cross-linking and the ability of the B cell
to present peptide antigen to T cells are
reduced. This results in such B cells dying
by apoptosis, which purges low-affinity
B cells from the germinal center. Most
mutations are either negative or neutral,
and thus the germinal center is a site
of massive B-cell death as well as of
proliferation. Some mutations, however,
will improve the ability of the B-cell
receptor to bind antigen. This increases
the B cell's chance of interacting with
T cells, and thus of proliferating and
surviving (right panels). Surviving cells
undergo repeated cycles of mutation
and selection during which some of the
progeny B cells undergo differentiation
to either memory B cells or plasma
cells (bottom right panels) and leave
the germinal center. The signals that
control these differentiation decisions
are unknown.6 cell dies by apoptosis
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selection is repeated. Being able to bind antigen will also allow the centrocyte
to take up, process, and present antigen to T» cells, which will then provide
survival signals to the centrocyte. This widely accepted model of the dynamics
of B-cell migration within the germinal center is known as the cyclic reentry
model (see Fig. 10.11, bottom right panel). The length of time that B cells can
survive in the light zone is limited: they must reenter the dark zone or exit the
germinal center within a few hours, or else they undergo apoptosis.

In this way, the affinity and specificity of positively selected B cells are con­
tinually refined during the germinal center response, the process known as
affinity maturation. This leads to the average affinity of the population of
responding B cells for its antigen increasing over time. The selection process
can be quite stringent: although 50 — 100 B cells may seed the germinal center,
most of them leave no progeny, and by the time the germinal center reaches
maximum size, it is typically composed of the descendants of only one or a
few B cells.
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Evidence of both positive and negative selection is seen in the pattern of
somatic hypermutations in V regions of B cells that have survived passage
through the germinal center (see Section 5-18). The existence of negative
selection is shown by the relative scarcity of amino acid replacements in
the framework regions, reflecting the loss of cells that had mutated any one
of the many residues that are critical for immunoglobulin V-region folding.
Negative selection is important, because it prevents rapidly dividing B cells
from expanding to numbers that would overwhelm the lymphoid tissues.
Positive selection is evident in the accumulation of numerous amino acid
replacements in the complementarity-determining regions, which determine
antibody specificity and affinity (see Fig. 5.24).

10-9 Class switching in thymus-dependent antibody responses requires
expression of CD40 ligand by helper T cells and is directed by
cytokines.

CD40 Ligand Deficiency

As well as undergoing somatic hypermutation, germinal center B cells
undergo class switching. Antibodies are remarkable not only for the diversity
of their antigen-binding sites but also for their versatility as effector mole­
cules. The antigen specificity of an antibody is determined by the variable
domains of the immunoglobulin chains — V„and V,. In contrast, the effector
action of the antibody is determined by the isotype of its heavy-chain C region
(see Section 4-1). A given heavy-chain V domain exon can become associated
with a C-region exon of any isotype through the process of class, or isotype,
switching (see Section 5-19). Class switching only starts after B cells become
activated by helper T cells, and can occur in B cells in the primary foci as well
as in a proportion of the B cells in the germinal center. The DNA rearrange­
ments that underlie class switching and confer this functional diversity on
the humoral immune response are directed by cytokines, especially those
released by effector CD4 T cells. We will see later in this chapter how anti­
bodies of each class contribute to the elimination of pathogens.

All naive B cells express cell-surface IgM and IgD. IgM is the first antibody
secreted by activated B cells (see Section 5-15), but makes up less than 10%
of the immunoglobulin found in plasma; IgG is the most abundant. Much of
the antibody in plasma has therefore been produced by plasma cells derived
from B cells that have undergone class switching. Little IgD antibody is pro­
duced at any time, so the early stages of the antibody response are dominated
by IgM antibodies. Later, IgG and IgA are the predominant antibody classes,
with IgE contributing a small but biologically important part of the response.
The overall predominance of IgG is also due in part to its longer lifetime in the
plasma (see Fig. 5.15).

Productive interactions between B cells and helper T cells are essential for
class switching to occur. This is demonstrated by people who have a genetic
deficiency of CD40 ligand, which is required for those interactions. Class
switching is greatly reduced in such individuals and they have abnormally
high levels of IgM in their plasma, a condition known as hyper IgM syndrome,
which is characterized by a lack of antibodies of classes other than IgM and
severe humoral immunodeficiency, shown by repeated infections with com­
mon bacterial pathogens. Other defects that interfere with class switching,
such as a deficiency of CD40, or of the enzyme AID, which is essential for the
class-switch recombination process, also result in forms of hyper IgM syn­
drome (discussed in Chapter 13). Much of the IgM in hyper IgM syndromes
may be induced by thymus-independent antigens on the pathogens that
chronically infect these patients. Nevertheless, people with CD40 ligand defic­
iency can make IgM antibodies in response to thymus-dependent antigens,
which indicates that in the B-cell response, CD40L — CD40 interactions are
most important in enabling a sustained response that includes class switch­
ing and affinity maturation, rather than in the initial activation of B cells.

Activation-induced
Cytidine Deaminase

Deficiency
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The molecular mechanisms that underlie class-switch recombination were
outlined in Section 5-19. In this process, the rearranged V region of the heavy­
chain gene is translocated from its original location upstream of the C„
constant region and placed in front of a different C region, with deletion
of the intervening chromosomal DNA (see Fig. 5.25). The selection of a
particular C region for recombination is not random but is regulated by the
cytokines being produced by helper T cells and other cells during the immune
response; in this way it ensures that antibodies most useful in dealing with the
particular infectious agent are produced. Much of what is known about the
regulation of class switching by cytokines has come from experiments in vitro
in which mouse B cells are exposed to various nonspecific stimuli, such as
bacterial lipopolysaccharide (LPS), along with purified cytokines (Fig. 10.14).
These experiments showed that different cytokines preferentially induce
switching to different isotypes. In the mouse, IL-4 preferentially induces
switching to IgG1 (CT,) and IgE (Ce), transforming growth factor (TGF)-p
induces switching to IgG2b (CT») and IgA (Cu), IL-5 promotes switching to
IgA, and interferon (IFN)-T preferentially induces switching to IgG2a and
IgG3 (Fig. 10.15). These cytokines can be produced by the CD4 T-cell subsets
described in Section 9-17 — for example, T„2 cells make IL-4 and TGF-P, and
T„l cells produce IFN-T. However, T» cells are likely to regulate most B-cell
switching in the germinal center, and they seem to be able to secrete cytokines
characteristic of whichever T-cell subset is dominant within the effector T-cell
response. Thus, helper T cells both regulate the production of antibody by B
cells and also influence the heavy-chain isotype that determines the effector
function of the antibody.

Cytokines induce class switching in part by inducing the production of RNA
transcripts through the switch regions that lie 5' to each heavy-chain C gene
segment (see Fig. 10.14). When activated B cells are exposed to IL-4, for exam­
ple, transcription from promoters that lie upstream of the switch regions of
CT, and Ce can be detected a day or two before switching occurs. Interestingly,
each of the cytokines that induces switching seems to induce transcription
from the switch regions of two different heavy-chain C genes, but specific
recombination occurs in only one of these genes.
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Fig. 10.14 Class switching is preceded
by transcriptional activation of heavy­
chain C-region genes. Resting naive B
cells transcribe the genes for the heavy­
chain isotypes p and 5 at a low rate,
giving rise to surface IgM and IgD (first
row). Bacterial lipopolysaccharide (LPS),
which can activate B cells independently
of antigen, induces IgM secretion (second
row). In the presence of IL-4, however,
transcripts of C< and C, are initiated
at a low rate from promoters that are
located at the 5' end of each switch
region (third row). These do not code
for a protein but drive switching to IgG1
or IgE, respectively (see Section 5-19).
Similarly, TGF-i1 gives rise to CY2b and
C transcripts and drives switching
to IgG2b or IgA (fourth row). It is not
known what determines which of the
two transcriptionally activated heavy­
chain C genes undergoes switching
in a given event. Red arrows indicate
transcription. The figure shows class
switching in the mouse.
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Fig. 10.15 Different cytokines induce
switching to different antibody
classes. The individual cytokines induce
(violet) or inhibit (red) the production of
certain antibody classes. Much of the
inhibitory effect is probably the result of
directed switching to a different class.
These data are drawn from experiments
with mouse cells.
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10-10 Ligation of CD40 and prolonged contact with T follicular helper cells
is required to sustain germinal center B cells.

Germinal center B cells are inherently prone to dying, and to survive they
must receive specific signals. It was originally discovered in vitro that resting B
cells could be kept alive by simultaneously cross-linking their B-cell receptors
and ligating their cell-surface CD40. In vivo these signals are delivered by
antigen and by T» cells, respectively. The precise source of antigen in the
germinal center has been a matter of some controversy. Antigen can be
trapped and stored for long periods in the form of immune complexes on
FDCs (Figs 10.16 and 10.17). It has been assumed that this is the antigen
that sustains germinal center B-cell proliferation; other cells, however, may
present antigen as well, and this issue remains an active area of research.

T» cells and germinal center B cells interact to deliver signals that are import­
ant for both cells. B cells express ICOS ligand (ICOSL), which co-stimulates
T» cells through ICOS (see Section 9-13). Mice that lack ICOS are deficient
in the germinal center reaction and have severely reduced switched antibody
responses — in this case as a result of defective T»-cell function rather than
any defect in the B cells. In turn, T» cells express CD40 ligand, which binds
to CD40 on B cells, increasing their expression of a protein called Bcl-X„, a
relative of Bcl-2, which promotes B-cell survival by inhibiting apoptosis (see
Section 7-23). Another important interaction involves receptors of the SLAM
(signaling lymphocyte activation molecule) family, which are members of
the immunoglobulin superfamily. SLAM-family receptors bind homotypi­
cally — that is, a SLAM receptor on one cell binds to a SLAM receptor on the
other cell. Two members of the SLAM family, CD84 and Ly108, are involved in
promoting prolonged contact between cognate T cells and B cells in the ger­
minal center. Intravital microscopy has revealed that mice lacking CD84 have
reduced numbers of conjugates between antigen-specific T cells and B cells
in germinal centers, and these mice also have a reduced humoral response to
antigen. Thus, it seems that T» cells make prolonged contact with B cells in
germinal centers through several different receptor — ligand interactions that
deliver signals in both directions. This cellular dialog is the basis for linked
recognition.

10-11 Surviving germinal center B cells differentiate into either plasma cells
or memory cells.

Some B cells eventually exit from the light zone and start to differentiate into
plasma cells that produce large amounts of antibody. In B cells, the trans­
cription factors Pax5 and Bc16 inhibit the expression of transcription factors
required for plasma-cell differentiation, and Pax5 and Bc16 are downregulated
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Fig. 10.16 Antigens are trapped in
immune complexes that bind to the
surface of follicular dendritic cells.
Radiolabeled antigen localizes to, and
persists in, lymphoid follicles of draining
lymph nodes (see the light micrograph
and the schematic representation
below, showing a germinal center in
a lymph node). Radiolabeled antigen
has been injected 3 days previously
and its localization in the germinal
center is shown by the intense dark
staining. The antigen is in the form
of antigen:antibody:complement
complexes bound to Fc receptors and to
complement receptors CR1 or CR2 on
the surface of the follicular dendritic cell
(FDC), as depicted schematically in the
right panel and inset. These complexes
are not internalized. Antigen can persist
in this form for long periods. Photograph
courtesy of J. Tew.

germinal center
Lymph node

when the B cell starts differentiation. The transcription factor IRF4 then
induces the expression of BLIMP-1, a transcriptional repressor that switches
off genes required for B-cell proliferation, class switching, and affinity matu­
ration. B cells in which BLIMP-1 is induced become plasma cells; they cease
proliferating, increase the synthesis and secretion of immunoglobulins, and
change their cell-surface properties. They downregulate the chemokine recep­
tor CXCR5, and upregulate CXCR4 and a,:P, integrins, so that the plasma cells
can now leave the germinal centers and home to peripheral tissues.

Some plasma cells deriving from germinal centers in lymph nodes or spleen
migrate to the bone marrow, where a subset lives for a long period, whereas
others migrate to the medullary cords in lymph nodes or splenic red pulp.

beads are shed from the cell as iccosomes (immune complex­
coated bodies), which can bind to a B cell in the germinal center
(b) and be taken up by it (c). In panels b and c, the iccosome has
been formed with immune complexes containing horseradish
peroxidase, which is electron-dense and therefore appears dark in
the transmission electron micrographs. Photographs courtesy of
A.K. Szakal.

Fig. 10.17 Immune complexes bound to FDCs form
iccosomes, which are released and can be taken up by B
cells in the germinal center. FDCs have a prominent cell body
and many dendritic processes. Immune complexes, bound to
complement receptors and Fc receptors on the FDC surface,
become clustered, forming prominent 'beads' along the dendrites
(a). An intermediate form of FDC is shown, which has both straight
filiform dendrites and others that are becoming beaded. These
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The transcription factor XBP1 (X-box binding protein 1) is expressed in
plasma cells and helps to regulate their secretory capacity; XBP1 is also
required for plasma cells to colonize bone marrow successfully. B cells that
have been activated in germinal centers in mucosal tissues, and which are
predominantly switched to IgA production, stay within the mucosal system
(discussed in Chapter 12). Plasma cells in bone marrow receive signals from
stromal cells that are essential for their survival and they can be very long
lived, whereas plasma cells in the medullary cords or red pulp are not long
lived. Plasma cells in the bone marrow are the source of long-lasting high­
affinity class-switched antibody.

Other germinal center B cells differentiate into memory B cells. Memory B
cells are long-lived descendants of cells that were once stimulated by antigen
and had proliferated in the germinal center. They divide very slowly if at all;
they express surface immunoglobulin but secrete no antibody, or do so only
at a low rate. Because the precursors of memory B cells once participated in
a germinal center reaction, memory B cells inherit the genetic changes that
occur in germinal center cells, including somatic hypermutation and the gene
rearrangements that result in a class switch. The signals that control which
differentiation path a B cell takes, and even whether at any given point the B
cell continues to divide instead of differentiating, are still being investigated.
We discuss memory B cells in Chapter 11.

10-12 Some bacterial antigens do not require T-cell help to induce
B-cell responses.

Polyclonal B-cell activation;
nonspecific antibody response

Low concentration of Tl-1 antigen

High concentration of Tl-1 antigen

Oo Oo Oo Oo Oo

Although antibody responses to most protein antigens are dependent on
helper T cells, humans and mice with T-cell deficiencies nevertheless make
antibodies against many bacterial antigens. This is because some bacterial
polysaccharides, polymeric proteins, and lipopolysaccharides are able to
stimulate naive B cells in the absence of T-cell help. The nonprotein bacterial
products cannot elicit classical T-cell responses, yet they induce antibody
responses in normal individuals. Such antigens are known as thymus­
independent antigens (TI antigens).

Thymus-independent antigens fall into two classes, which activate B cells
by two different mechanisms. TI-I antigens rely on activity that can directly
induce B-cell division without T-cell help. We now understand that TI-1
antigens contain molecules that cause the proliferation and differentiation
of most B cells regardless of their antigen specificity; this is known as poly­
clonal activation (Fig. 10.18, top panels). TI-1 antigens are therefore often
called B-cell mitogens, a mitogen being a substance that induces cells to
undergo mitosis. For example, LPS and bacterial DNA are both TI-1 antigens
because they activate TLRs expressed by B cells (see Section 3-5) and can
act as a mitogen. Naive murine B cells express most TLRs constitutively, but
naive human B cells do not express high levels of most TLRs until they receive
stimulation through the B-cell receptor. So, by the time a B cell has been
stimulated by antigen through its B-cell receptor, it is likely to express several
TLRs and be responsive to stimulation by TLR ligands that accompany the
antigens. Thus, when B cells are exposed to concentrations of TI-1 antigens0 O GO 0

Oo Oo Oo Oo Oo
Fig. 10.18 Tl-1 antigens induce polyclonal B-cell responses at high concentrations,
and antigen-specific antibody responses at low concentrations. At high
concentration, the signal delivered by the B-cell-activating moiety of Tl-1 antigens
is sufficient to induce proliferation and antibody secretion by B cells in the absence
of specific antigen binding to surface immunoglobulin. Thus, all B cells respond (top
panels). At low concentration, only B cells specific for the Tl-1 antigen bind enough of
it to focus its B-cell activating properties onto the B cell; this gives a specific antibody
response to epitopes on the Tl-1 antigen (lower panels).

Tl-1 antigen-specific antibody response
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that are 10' — 10' times lower than those used for polyclonal activation, only
those B cells whose B-cell receptors specifically bind the TI-1 antigen become
activated. At these low concentrations, amounts of TI-1 antigen sufficient for
B-cell activation can only be concentrated on the B-cell surface with the aid
of this specific binding (Fig. 10.18, bottom panels).

The small amounts of TI-1 antigens present during the early stages of an
infection are therefore likely to activate antigen-specific B cells only and
to induce antibodies specific for the TI-1 antigen. Such responses may be
important in defense against several extracellular pathogens: they arise earlier
than thymus-dependent responses because they do not require the previous
priming and clonal expansion of helper T cells. However, TI-1 antigens are
inefficient inducers of affinity maturation and memory B cells, both of which
require antigen-specific T-cell help.

Responses to TI antigens can, however, be influenced by T cells and natural
killer (NK) cells, if such cells become activated in the immune response.
In particular, these cells secrete cytokines that can affect the isotype of the
antibody secreted. iNKT cells (see Section 8-9) are particularly intriguing as
cells that might influence the TI response to nonprotein antigens. Because
the T-cell receptors on these cells recognize certain polysaccharides bound
to unconventional MHC class I or class I-like molecules such as CD1 (see
Section 6-19), they could become activated by the same TI antigens as those
that are activating the B cell, and so provide B-cell help in a manner similar to
linked recognition.

10-13 B-cell responses to bacterial polysaccharides do not require
peptide-specific T-cell help.

The second class of thymus-independent antigens consists of molecules
such as bacterial capsular polysaccharides that have highly repetitive struc­
tures. These thymus-independent antigens, called TI-2 antigens, contain no
intrinsic B-cell-stimulating activity. Whereas TI-1 antigens can activate both
immature and mature B cells, TI-2 antigens can activate only mature B cells;
immature B cells, as we saw in Section 8-6, are inactivated by encounter with
repetitive epitopes. Infants and young children up to about 5 years of age do
not make fully effective antibody responses against polysaccharide antigens,
and this might be because most of their B cells are immature.

Responses to several TI-2 antigens are made prominently by B-1 cells (also
known as CD5 B cells), which comprise an autonomously replicating subpop­
ulation of nonconventional B cells (see Sections 3-24 and 8-28), and by mar­
ginal zone B cells, another unique subset of nonrecirculating B cells that line
the border of the splenic white pulp (see Section 8-28). Marginal zone B cells
are rare at birth and accumulate with age; they might therefore be responsible
for most physiological TI-2 responses, which increase in efficiency with age.

TI-2 antigens most probably act by simultaneously cross-linking a critical
number of B-cell receptors on the surface of antigen-specific mature B cells
(Fig. 10.19, left panels). There is also evidence that dendritic cells and macro­
phages provide co-stimulatory signals for the initial activation of B cells by
TI-2 antigens, signals that are necessary for the survival of the antigen-specific
B cell and its differentiation into a plasmablast secreting IgM. One of these
co-stimulatory signals is the TNF-family cytokine BAFF, which is secreted by
the dendritic cell and interacts with the receptor TACI on the B cell (Fig. 10.19,
right panels).

Excessive cross-linking of B-cell receptors renders mature B cells unresponsive
or anergic, just as it does immature B cells. Thus, the density of TI-2 antigen
epitopes presented to the B cell is critical. If it is too low, receptor cross-linking
is insufficient to activate the cell; if too high, the B cell becomes anergic.
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Fig. 10.19 B-cell activation by Tl-2
requires, or is greatly enhanced by,
cytokines. Multiple cross-linking of the
B-cell receptor by Tl-2 antigens can
lead to IgM antibody production (left
panels), but there is evidence that in
addition, cytokines greatly augment these
responses and lead to isotype switching
as well (right panels). It is not clear where
such cytokines are produced, but one
possibility is that dendritic cells, which
may be able to bind the antigen through
innate immune system receptors on their
surface and so present it to the B cells,
secrete a soluble TNF-family cytokine
called BAFF, which can activate class
switching by the B cell.

IgM

Tl-2 antigens alone can signal
B cells to produce IgM antibody

Activated dendritic cells release a cytokine, BAFF, that
augments production of antibody against TI-2 antigens

and induces class switching

Q BAFFIgM

8-cell responses to TI-2 antigens provide a prompt and specific response to
an important class of pathogen — capsulated bacteria. Many common extra­
cellular bacterial pathogens are surrounded by a polysaccharide capsule that
enables them to resist ingestion by phagocytes. The bacteria not only escape
direct destruction by phagocytes but also avoid stimulating T-cell responses
in response to bacterial peptides presented by macrophages. IgM antibodies
rapidly produced against the capsular polysaccharide independently of pep­
tide-specific T-cell help will coat the bacteria, promoting their ingestion and
destruction by phagocytes early in the infection.

As well as producing IgM, thymus-independent responses can include
switching to certain other antibody classes, such as IgG3 in the mouse. This is
probably the result of help from dendritic cells (see Fig. 10.19, right panels),
which provide secreted cytokines such as BAFF and membrane-bound sig­
nals to proliferating plasmablasts as they respond to TI antigens.

Not all antibodies against bacterial polysaccharides are produced strictly
through this TI-2 mechanism. We mentioned earlier the importance of anti­
bodies against the capsular polysaccharide of Haemophi lus influenzae type b
in protective immunity to this bacterium. The immunodeficiency disease
Wiskott — Aldrich syndrome is caused by defects in T cells that impair their
interaction with 8 cells (described in more detail in Chapter 13). Patients
with Wiskott — Aldrich syndrome respond poorly to protein antigens, but,
unexpectedly, also fail to make IgM and IgG antibody against polysaccharide
antigens and are highly susceptible to infection with encapsulated bacteria
such as H. influenzae. The failure to make IgM seems to be due in part to greatly
reduced development of the marginal zone of the spleen, which contains
8 cells responsible for making much of the 'natural' IgM antibody against
ubiquitous carbohydrate antigens. Thus, IgM and IgG antibodies induced
by TI-2 antigens are likely to be an important part of the humoral immune
response in many bacterial infections, and in humans at least, the production
of class-switched antibodies to TI-2 antigens might normally rely on some
degree of T-cell help. The distinguishing features of thymus-dependent, TI-1,
and TI-2 antibody responses are summarized in Fig. 10.20.

Wiskott-Aldrich Syndrome
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TD antigen Tf-1 antigen
Fig. 10.20 Properties of different
classes of antigen that elicit antibody
responses.
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Summary.

B-cell activation by many antigens requires both binding of the antigen by
the B-cell surface immunoglobulin — the B-cell receptor — and interaction of
the B cell with antigen-specific helper T cells. Helper T cells recognize peptide
fragments derived from the antigen internalized by the B cell and displayed
by the B cells as peptide:MHC class II complexes. Follicular helper T cells
stimulate B cells by prolonged conjugation in germinal centers, with binding
of CD40 ligand on the T cell to CD40 on the B cell, and by the directed release
of cytokines. Activated B cells also provide signals to T cells, for example
via B7-family molecules, that promote the T cells' continued activation.
The initial interaction occurs at the border of the T-cell and B-cell areas of
secondary lymphoid tissue, to which antigen-activated helper T cells and B
cells migrate in response to chemokines. Further interactions between T cells
and B cells continue after migration into the follicle and the formation of a
germinal center.

Helper T cells induce a phase of vigorous B-cell proliferation in the germinal
center reaction and direct the differentiation of clonally expanded B cells into
either antibody-secreting plasma cells or memory B cells. The switching to
different antibody isotypes is regulated by cytokines released from helper T
cells. Somatic hypermutation and selection for high-affinity binding occur
in the germinal centers. Helper T cells control these processes by selectively
activating B cells that have retained their specificity for the antigen and by
inducing proliferation and differentiation into plasma cells and memory B
cells. Some nonprotein antigens stimulate B cells in the absence of linked
recognition by peptide-specific helper T cells. Responses to these thymus­
independent antigens are accompanied by only limited class switching and
do not induce memory B cells. However, such responses have a crucial role in
host defense against pathogens whose surface antigens cannot elicit peptide­
specific T-cell responses.
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The distributions and functions of immunoglobulin
classes.

Extracellular pathogens can find their way to most sites in the body, and anti­
bodies must be equally widely distributed to combat them. Most classes of
antibodies are distributed by diffusion from their site of synthesis, but spe­
cialized transport mechanisms are required to deliver antibodies to epithelial
surfaces lining the lumina of organs such as the lungs and intestine. The dist­
ribution of antibodies is determined by their heavy-chain isotype, which can
limit their diffusion or enable them to engage specific transporters that deliver
them across epithelia. In this part of the chapter we describe the mechanisms
by which antibodies of different classes are directed to the compartments of
the body in which their particular effector functions are appropriate, and dis­
cuss the protective functions of antibodies that result solely f'rom their bind­
ing to pathogens. In the last part of the chapter we discuss the effector cells
and molecules that are specifically engaged by different antibody classes.

10-14 Antibodies of different classes operate in distinct places and have
distinct effector functions.

Pathogens most commonly enter the body across the epithelial barriers of
the mucosa lining the respiratory, digestive, and urogenital tracts, or through
damaged skin. Less often, insects, wounds, or hypodermic needles introduce
microorganisms directly into the blood. Antibodies protect all the body's
mucosal surfaces, tissues, and blood from such infections; these antibodies
serve to neutralize the pathogen or promote its elimination before it can
establish a significant infection. Antibodies of different classes are adapted
to function in different compartments of the body. Because a given V region
can become associated with any C region through class switching (see
Section 10-9), the progeny of a single B cell can produce antibodies that share
the same specificity ye provide all of the protective functions appropriate for
each body compartment.

IgM antibodies are produced first in a humoral immune response, because
they can be expressed without class switching (see Fig. 5.17). These early
IgM antibodies tend to be of low affinity, being produced before B cells have
undergone somatic hypermutation. However, IgM molecules form pentamers
with 10 antigen-binding sites, conferring higher overall avidity when binding
to multivalent antigens such as bacterial capsular polysaccharides, and so
compensating for the low affinity of the IgM monomers. Because of the large
size of the pentamers, IgM is found mainly in the bloodstream and, to a lesser
extent, in the lymph, rather than in intercellular spaces within tissues. The
pentameric structure of IgM makes it especially effective in activating the
complement system, as we will see in the last part of this chapter. Infection of
the bloodstream has serious consequences unless it is controlled quickly, and
the rapid production of IgM and its efficient activation of the complement
system are important in controlling such infections. Some IgM is produced
in secondary and subsequent responses, and also from B cells that have not
undergone class switching during somatic hypermutation, although other
classes dominate the later phases of the antibody response. Much IgM is
also produced by the nonconventional B-1 cells that reside in the peritoneal
cavity and the pleural spaces and by the marginal zone B cells of the spleen.
These cells secrete antibodies against commonly encountered carbohydrate
antigens, including those of bacteria, and do not require T-cell help; they
therefore provide a preformed repertoire of IgM antibodies in blood and body
cavities that can recognize invading pathogens (see Sections 3-24 and 8-28).
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Antibodies of the other classes — IgG, IgA, and IgE — are smaller, and diffuse
easily out of the blood into the tissues. IgA can form dimers, as we saw in
Chapter 4, but IgG and IgE are always monomeric. The affinity of the individual
antigen-binding sites for their antigen is therefore critical for the effectiveness
of these antibodies, and most of the B cells expressing these classes have been
selected in the germinal centers for their increased affinity for antigen after
somatic hypermutation. IgG4 is the least abundant of the IgG subclasses,
but has the unusual ability to form hybrid antibodies. One IgG4 heavy chain
and attached light chain can split from the original heavy-chain dimer and
reassociate with a different IgG4 heavy chain — light chain pair, forming a
bivalent IgG4 antibody with two distinct antigen specificities.

IgG is the principal class of antibody in blood and extracellular fluid, whereas
IgA is the principal class in secretions, the most important being those from the
epithelia lining the intestinal and respiratory tracts. IgG efficiently opsonizes
pathogens for engulfment by phagocytes and activates the complement sys­
tem, but IgA is a less potent opsonin and a weak activator of complement.
IgG operates mainly in the tissues, where accessory cells and molecules are
available, whereas dimeric IgA operates mainly on epithelial surfaces, where
complement and phagocytes are not normally present; therefore IgA func­
tions chiefly as a neutralizing antibody. IgA is also produced by plasma cells
that differentiate from class-switched B cells in lymph nodes and spleen, and
acts as a neutralizing antibody in extracellular spaces and in the blood. This
IgA is monomeric and is predominantly of the subclass IgA1; the ratio of IgAI
to IgA2 in the blood is 10:1. The IgA antibodies produced by plasma cells in
the gut are dimeric and predominantly of subclass IgA2; the ratio of IgA2 to
IgA1 in the gut is 3:2.

Finally, IgE antibody is present only at very low levels in blood or extracellular
fluid, but is bound avidly by receptors on mast cells that are found just beneath
the skin and mucosa and along blood vessels in connective tissue. Antigen
binding to this cell-associated IgE triggers mast cells to release powerful
chemical mediators that induce reactions, such as coughing, sneezing, and
vomiting, that in turn can expel infectious agents, as discussed later in this
chapter. The distribution and main functions of antibodies of the different
classes are summarized in Fig. 10.21.

10-15 Transport proteins that bind to the Fc regions of antibodies carry
particular isotypes across epithelial barriers.

In the mucosal immune system, IgA-secreting plasma cells are found
predominantly in the lamina propria, which lies immediately below the
basement membrane of many surface epithelia. From there the IgA antibodies
can be transported across the epithelium to its external surface, for example
to the lumen of the gut or of the bronchi (Fig. 10.22). IgA antibody synthesized
in the lamina propria is secreted as a dimeric IgA molecule associated with
a single J chain (see Fig. 5.19). This polymeric form of IgA binds specifically
to a receptor called the polymeric immunoglobulin receptor (pIgR), which
is present on the basolateral surfaces of the overlying epithelial cells. When
the pIgR has bound a molecule of dimeric IgA, the complex is intemalized
and carried through the cytoplasm of the epithelial cell in a transport vesicle
to its luminal surface. This process is called transcytosis. IgM also binds to
the pIgR and can be secreted into the gut by the same mechanism. Upon
reaching the luminal surface of the enterocyte, the antibody is released
into the mucous layer covering the gut lining by proteolytic cleavage of the
extracellular domain of the pIgR. The cleaved extracellular domain of the pIgR
is known as secretory component (frequently abbreviated to SC) and remains
associated with the antibody. Secretory component is bound to the part of the
Fc region of IgA that contains the binding site for the Fctx receptor I, which
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Fig. 10.21 Each human immunoglobulin
class has specialized functions and a
unique distribution. The major effector
functions of each class (+++) are shaded
in dark red, whereas lesser functions (++)
are shown in dark pink, and very minor
functions (+) in pale pink. The distributions
are marked similarly, with actual average
levels in serum being shown in the bottom
row. IgA has two subclasses, IgA1 and
IgA2. The IgA column refers to both.*IgG2
can act as an opsonin in the presence of
an Fc receptor of the appropriate allotype,
found in about 50% of white people.
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is why secretory IgA does not bind to this receptor. Secretory component
serves several physiological roles. It binds to mucins in mucus, acting as 'glue'
to bind secreted IgA to the mucous layer on the luminal surface of the gut
epithelium, where the antibody binds and neutralizes gut pathogens and
their toxins (see Fig. 10.22). Secretory component also protects the antibodies
against cleavage by gut enzymes.

The principal sites of IgA synthesis and secretion are the gut, the respiratory
epithelium, the lactating breast, and various other exocrine glands such as
the salivary and tear glands. It is believed that the primary functional role of
IgA antibodies is to protect epithelial surfaces from infectious agents, just
as IgG antibodies protect the extracellular spaces inside tissues. By binding
bacteria, virus particles, and toxins, IgA antibodies prevent the attachment of
bacteria and viruses to epithelial cells and the uptake of toxins, and provide

Dimeric IgA is transported
into the gut lumen through
epithelial cells at the base

Dimeric IgA binds to the
layer of mucus overlying

the gut epithelium

IgA in the gut neutralizes
pathogens and their toxins

Q DQQ Q

of the crypts

Q o

o Q

bacterial toxin

Fig. 10.22 The major class of
antibody present in the lumen of the
gut is secretory dimeric IgA. This is
synthesized by plasma cells in the
lamina propria and transported into the
lumen of the gut through epithelial cells
at the base of the crypts. Dimeric IgA
binds to the layer of mucus overlying the
gut epithelium and acts as an antigen­
specific barrier to pathogens and toxins
in the gut lumen.
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the first line of defense against a wide variety of pathogens. IgA is also thought
to have an additional role in the gut, that of regulating the gut microbiota (see
Chapter 12).

Newborn infants are especially vulnerable to infection, having had no
previous exposure to the microbes in the environment they enter at birth. IgA
antibodies are secreted in breast milk and are thereby transferred to the gut of
the newborn infant, where they provide protection from newly encountered
bacteria until the infant can synthesize its own protective antibody. IgA is not
the only protective antibody that a mother passes on to her baby. Maternal
IgG is transported across the placenta directly into the bloodstream of the
fetus during intrauterine life; human babies at birth have as high levels of
plasma IgG as their mothers, and with the same range of antigen specificities.
The selective transport of IgG from mother to fetus is due to an IgG transport
protein in the placenta, FcRn (neonatal Fc receptor), which is closely related
in structure to MHC class I molecules. Despite this similarity, FcRn binds
IgG quite differently from the binding of peptide to MHC class I molecules,
because its peptide-binding groove is occluded. It binds to the Fc portion of
IgG molecules (Fig. 10.23). Two molecules of FcRn bind one molecule of IgG,
bearing it across the placenta. In some rodents, FcRn also delivers IgG to the
circulation of the neonate from the gut lumen. Maternal IgG is also ingested
by the newborn animal in its mother's milk and colostrum, the protein-rich
fluid secreted by the early postnatal mammary gland. In this case, FcRn
transports the IgG from the lumen of the neonatal gut into the blood and
tissues. Interestingly, FcRn is also found in adults in the gut and liver and
on endothelial cells. Its function in adults is to maintain the levels of IgG in
plasma, which it does by binding antibody, endocytosing it, and recycling it to
the blood, thus preventing its excretion from the body.

By means of these specialized transport systems, mammals are supplied from
birth with antibodies against pathogens common in their environments. As
they mature and make their own antibodies of all isotypes, these are distrib­
uted selectively to different sites in the body (Fig. 10.24). Thus, throughout
life, class switching and the distribution of antibody classes throughout the
body provide effective protection against infection in extracellular spaces.

Fig. 10.23 The neonatal Fc receptor
(FcRn) binds to the Fc portion of IgG.
The structure of a molecule of FcRn
(blue and green) is shown bound to one
chain of the Fc portion of IgG (red), at
the interface of the C< and C< domains,
with the C< region at the top. The P,­
microglobulin component of the FcRn is
green. The dark-blue structure attached
to the Fc portion of IgG is a carbohydrate
chain, reflecting glycosylation. FcRn
transports IgG molecules across the
placenta in humans and also across the
gut in rats and mice. It also has a role in
maintaining the levels of IgG in adults.
Although only one molecule of FcRn is
shown binding to the Fc portion, it is
thought that it takes two molecules of
FcRn to capture one molecule of IgG.
Courtesy of R Bjorkman.

Igo IgM " IgE

Fig. 10.24 Immunoglobulin classes
are selectively distributed in the
body. IgG and IgM predominate in
blood (shown here for simplicity by IgM
and IgG in the heart), whereas IgG and
monomeric IgA are the major antibodies
in extracellular fluid within the body.
Dimeric IgA predominates in secretions
across epithelia, including breast milk.
The fetus receives IgG from the mother
by transplacental transport. IgE is found
mainly associated with mast cells just
beneath epithelial surfaces (especially of
the respiratory tract, gastrointestinal tract,
and skin). The brain is normally devoid of
immunoglobulin.IgA
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10-1 6 High-affinity IgG and IgA antibodies can neutralize bacterial toxins.

Manybacteria cause disease by secreting proteins called toxins, which damage
or disrupt the function of the host's cells (Fig. 10.25). To have an effect, a toxin
must interact specifically with a molecule that serves as a receptor on the
surface of the target cell. In many toxins the receptor-binding domain is on
one polypeptide chain but the toxic function is carried by a second chain.
Antibodies that bind to the receptor-binding site on the toxin molecule can
prevent the toxin from binding to the cell and thus protect the cell from attack
(Fig. 10.26). Antibodies that act in this way to neutralize toxins are referred to
as neutralizing antibodies.

Most toxins are active at nanomolar concentrations: a single molecule of
diphtheria toxin can kill a cell. To neutralize toxins, therefore, antibodies
must be able to diffuse into the tissues and bind the toxin rapidly and with
high affinity. The ability of IgG antibodies to diffuse easily throughout the
extracellular fluid, and their high affinity for antigen once affinity maturation
has taken place, make them the principal antibodies that neutralize toxins in
tissues. High-aff inity I antibodies similarly neutralize toxins at the mucosal
surfaces of the body.

Diphtheria and tetanus toxins are two bacterial toxins in which the toxic and
receptor-binding functions are on separate protein chains. It is therefore pos­
sible to immunize individuals, usually as infants, with modified toxin mole­
cules in which the toxic chain has been denatured. These modified toxins,

Fig. 10.25 Many common diseases are
caused by bacterial toxfns. These toxins
are all exotoxins — proteins secreted
by the bacteria. High-affinity IgG and
IgA antibodies protect against these
toxins. Bacteria also have nonsecreted
endotoxins, such as lipopolysaccharide,
which are released when the bacterium
dies. The endotoxins are also important in
the pathogenesis of disease, but there the
host response is morecomplexbecause
the innate immunesystem has receptors
for some endotoxins (see Chapter 3).
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Toxin binds
to cellular receptors

Endocytosis of toxin:receptor Dissociation of toxin to release
active chain, which poisons cell

Antibody protects cell by
blocking binding of toxincomplexes

• •

Fig. 10.26 Neutralization of toxins by
IgG antibodies protects cells from
their damaging action. The damaging
effects of many bacteria are due to the
toxins they produce (see Fig. 10.25).
These toxins are usually composed of
several distinct moieties. One part of
the toxin molecule binds a cell-surface
receptor, which enables the molecule to
be intemalized. Another part of the toxin
molecule then enters the cytoplasm and
poisons the cell. Antibodies that inhibit
toxin binding can prevent, or neutralize,
these effects.

called toxoids, lack toxic activity but retain the receptor-binding site. Thus,
immunization with the toxoid induces neutralizing antibodies that protect
against the native toxin.

Some insect or animal venoms are so toxic that a single exposure can cause
severe tissue damage or death, and for these the adaptive immune response
is too slow to be protective. Exposure to these venoms is a rare event, and
protective vaccines have not been developed for use in humans. Instead,
neutralizing antibodies are generated by immunizing other species, such
as horses, with insect and snake venoms to produce anti-venom antibodies
(antivenins). The antivenins are injected into exposed individuals to protect
them against the toxic effects of the venom. Transfer of antibodies in this way
is known as passive immunization (see Appendix I, Section A-36).

10-17 High-affinity IgG and IgA antibodies can inhibit the infectivity
of viruses.

Animal viruses infect cells by binding to a particular cell-surface receptor,
often a cell-type-specific protein that determines which cells they can infect.
The hemagglutinin of influenza virus, for example, binds to terminal sialic
acid residues on the carbohydrates of glycoproteins present on epithelial cells
of the respiratory tract. It is known as hemagglutinin because it recognizes
and binds to similar sialic acid residues on chicken red blood cells and
agglutinates these red blood cells. Antibodies against the hemagglutinin can
prevent infection by the influenza virus. Such antibodies are called virus­
neutralizing antibodies and, as with the neutralization of toxins, high-affinity
IgA and IgG antibodies are particularly important.

Many antibodies that neutralize viruses do so by directly blocking the bind­
ing of virus to surface receptors (Fig. 10.27). However, viruses are sometimes
successfully neutralized when only a single molecule of antibody is bound to
a virus particle that has many receptor-binding sites on its surface. In these
cases, the antibody must cause some change in the virus that disrupts its
structure. This might prevent it from interacting with its receptor, or it might
interfere with the fusion of the virus with the plasma membrane after the
virus has engaged its receptor.

10-18 Antibodies can block the adherence of bacteria to host cells.

Many bacteria have cell-surface molecules called adhesins that enable them
to bind to the surfaces of host cells. This adherence is crucial to the ability of
these bacteria to cause disease, whether they subsequently enter the cell, as
do Salmonella species, or remain attached to the cell surface as extracellular
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Virus binds to receptors Receptor-mediated
endocytosis of virus

Acidification of endosome after
endocytosis triggers fusion of virus

with cell and entry of viral DNA

Antibody blocks binding
to virus receptor and can
also block fusion eventon cell surface

Fig. 10.27 Viral infection of cells can be blocked by
neutralizing antibodies. For a virus to multiply within a cell, it
must introduce its genes into the cell. The first step in entry is
usually the binding of the virus to a receptor on the cell surface.
For enveloped viruses, as shown in the figure, entry into the
cytoplasm requires fusion of the viral envelope and the cell
membrane. For some viruses this fusion event takes place on the

cell surface (not shown); for others it can occur only within the
more acidic environment of endosomes, as shown here. Non­
enveloped viruses must also bind to receptors on cell surfaces,
but they enter the cytoplasm by disrupting endosomes. Antibodies
bound to viral surface proteins neutralize the virus, inhibiting either
its initial binding to the cell or its subsequent entry.

Colonization of cell surface by bacteria which
bind to surface via bacterial adhesins

pathogens (Fig. 10.28). Neisseria gonorrhoeae, the causative agent of the sexu­
ally transmitted disease gonorrhea, has a cell-surface protein known as pilin,
which enables the bacterium to adhere to the epithelial cells of the urinary
and reproductive tracts and is essential to its infectivity. Antibodies against
pilin can inhibit this adhesive reaction and prevent infection.

IgA antibodies secreted onto the mucosal surfaces of the intestinal, respirat­
ory, and reproductive tracts are particularly important in inhibiting the
colonization of these surfaces by pathogens and in preventing infection of the
epithelial cells. Adhesion of bacteria to cells within tissues can also contribute
to pathogenesis, and IgG antibodies against adhesins protect tissues from
damage in much the same way as IgA antibodies protect mucosal surfaces.

10-19 Antibody:antigen complexes activate the classical pathway of
Some bacteria become internalized
and propagate in internal vesicles

complement by binding to C1 q.

Antibodies against adhesins block

Another way in which antibodies can protect against infection is by activation
of complement. We described the complement system in Chapter 2 because
it is first activated in the absence of antibody as part of an innate immune
response. Complement activation proceeds via a cascade of proteolytic
cleavage reactions, in which inactive complement proteins in the plasma
are cleaved to form proteases that then cleave and activate the next enzyme
in the series. Three pathways of complement activation converge to coat
pathogen surfaces or antigen:antibody complexes with covalently attached
complement fragment C3b, which acts as an opsonin to promote uptake and
removal by phagocytes. In addition, the terminal complement components
can form a membrane-attack complex that damages some bacteria.

colonization and uptake

Fig. 10.28 Antibodies can prevent the attachment of bacteria to cell surfaces.
Many bacterial infections require an interaction between the bacterium and a
cell-surface receptor. This is particularly true for infections of mucosal surfaces. The
attachment process involves very specific molecular interactions between bacterial
adhesins and their receptors on host cells; antibodies against bacterial adhesins can
block such infections.
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Antibodies initiate complement activation by a pathway known as the class­
ical pathway because it was the first pathway of complement activation to
be discovered. The full details of this pathway, and of the other two known
pathways of complement activation, are given in Chapter 2. There we focused
on how the classical pathway can be activated in innate immunity in the
absence of specific antibody, but here we describe how antibody formed in
the adaptive immune response initiates the classical pathway.

The first component of the classical pathway of complement activation is Cl,
which is a complex of three proteins called Clq, Clr, and Cls (see Fig. 2.17).
Recall that Clr and Cls are serine proteases, and two molecules each of Clr
and Cls are bound to each molecule of Clq. Complement activation is initi­
ated when antibodies attached to the surface of a pathogen bind Cl via Clq
(Fig. 10.29). Clq can be bound by either IgM or IgG antibodies but, because
of the structural requirements of binding to Clq, neither of these antibody
classes can activate complement in solution; the complement reactions are
initiated only when the antibodies are already bound to multiple sites on a
cell surface, normally that of a pathogen.

Each globular head of a Clq molecule can bind to one Fc region, and binding
of two or more heads activates the Cl complex. In plasma, the pentameric
IgM molecule has a planar conformation that does not bind Clq (Fig. 10.30,
left panel); however, binding to the surface of a pathogen deforms the IgM
pentamer so that it looks like a staple (Fig. 10.30, right panel), and this distor­
tion exposes binding sites for the Clq heads. Although Clq binds with low
affinity to some subclasses of IgG in solution, the binding energy required
for Clq activation is achieved only when a single molecule of Clq can bind
two or more IgG molecules that are held within 30 — 40 nm of each other as
a result of binding antigen. This requires that multiple molecules of IgG be
bound to a single pathogen or to an antigen in solution. For this reason, IgM
is much more efficient than IgG in activating complement. The binding of

Pentameric IgM molecules bind to antigens on
the bacterial surface and adopt the 'staple' form

C1q binds to one bound IgM molecule

& a

'planar' form
of IgM

'staple' form
of IgM

&

& & &

0
&

IgG molecules bind to antigens on
the bacterial surface

0 a 0
0 •

Fig. 10.29 The classical pathway of
complement activation is initiated by
the binding of C1q to antibody on a
pathogen surface. When a molecule of
IgM binds several identical epitopes on
a pathogen surface, it is bent into the
'staple' conformation, which allows the
globular heads of C1q to bind to its Fc
pieces (left panels). Multiple molecules of
IgG bound on the surface of a pathogen
allow the binding of a single molecule
of C1q to two or more Fc pieces (right
panels). In both cases, the binding of
C1q activates the associated C1r, which
becomes an active enzyme that cleaves
the pro-enzyme C1s, generating a serine
protease that initiates the classical
complement cascade (see Chapter 2).

C1q binds to at least two IgG molecules

iI

&0

&
& &

ih

Binding of C1q to Ig activates C1r, which cleaves and activates the serine protease C1s
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Fig. 10.30 The two conformations of
IgM. The left panel shows the planar
conformation of soluble IgM; the right
panel shows the 'staple' conformation
of Ig M bound to a bacterial flagellum.
Photographs (x760,000) courtesy of
K.H. Roux.

IgM 'planar' conformation Igllll 'staple' conformation

Clq to a single bound IgM molecule, or to two or more bound IgG molecules
(see Fig. 10.29), leads to activation of the protease activity of Clr, triggering
the complement cascade (see Section 2-7 for a full description of the subse­
quent reactions). This translates antibody binding into the activation of the
complement cascade.

10-20 Complement receptors are important in the removal of immune
complexes from the circulation.

Many small soluble antigens form antibody:antigen complexes (immune
complexes) that contain too few molecules of IgG to be efficiently bound by
the Fcy receptors that we discuss in the next part of the chapter. These anti­
gens include toxins bound by neutralizing antibodies, and debris from dead
host cells and microorganisms. Such immune complexes are found after
most infections and are removed from the circulation through the action of
complement. The soluble immune complexes trigger their own removal by
activating complement, again through the binding of Clq, leading to the
covalent binding of the activated complement fragments C4b and C3b to the
complex, which is then cleared from the circulation by the binding of C4b
and C3b to complement receptor 1 (CR1) on the surface of erythrocytes (see
Section 2-13 for a description of the different types of complement recep­
tors). The erythrocytes transport the bound complexes of antigen, antibody,
and complement to the liver and spleen. Here, macrophages bearing CR1
and Fc receptors remove the complexes from the erythrocyte surface without
destroying the cell, and then degrade them (Fig. 10.31). Even larger aggregates
of particulate antigen, such as bacteria, viruses, and cell debris, can be coated
with complement, picked up by erythrocytes, and transported to the spleen
for destruction.

Complement-coated immune complexes that are not removed from the circ­
ulation tend to deposit in the basement membranes of small blood vessels,
most notably those of the renal glomerulus, where the blood is filtered to form
urine. Immune complexes that pass through the basement membrane of the
glomerulus bind to CR1 present on the renal podocytes, cells that lie beneath
the basement membrane. The functional significance of these receptors in
the kidney is unknown; however, they have an important role in the pathology
of some autoimmune diseases.

In the autoimmune disease systemic lupus erythematosus, which we describe
in Chapter 15, excessive levels of circulating immune complexes lead to their
deposition in large amounts on the podocytes, damaging the glomerulus;
kidney failure is the principal danger in this disease. Antigen:antibody com­
plexes can also be a cause of pathology in patients with deficiencies in the
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Fig. 10.31 Erythrocyte CR1 helps to clear immune complexes from the circulation.
CR1 on the erythrocyte surface has an important role in the clearance of immune
complexes from the circulation. Immune complexes bind to CR1 on erythrocytes,
which transport them to the liver and spleen, where they are removed by macrophages
expressing receptors for both Fc and bound complement components.

Small antigen:antibody complexes form in
the circulation

early components of complement (Cl, C2, and C4). The classical complement
pathway is not activated properly, and immune complexes are not cleared
effectively because they do not become tagged with complement. These
patients also suffer tissue damage as a result of immune-complex deposition,
especially in the kidneys.

Summary.

The T-cell dependent antibody response begins with IgM secretion but
quickly progresses to the production of additional antibody classes. Each
class is specialized both in its localization in the body and in the functions it
can perform. IgM antibodies are found mainly in blood; they are pentameric
in structure. IgM is specialized to activate complement efficiently upon
binding antigen and to compensate for the low affinity of a typical IgM
antigen-binding site. IgG antibodies are usually of higher affinity and are
found in blood and in extracellular fluid, where they can neutralize toxins,
viruses, and bacteria, opsonize them for phagocytosis, and activate the
complement system. IgA antibodies are synthesized as monomers, which
enter blood and extracellular fluids, or as dimeric molecules by plasma cells
in the lamina propria of various mucosal tissues. IgA dimers are selectively
transported across the epithelial layer into sites such as the lumen of the
gut, where they neutralize toxins and viruses and block the entry of bacteria
across the intestinal epithelium. Most IgE antibody is bound to the surface of
mast cells that reside mainly just below body surfaces; antigen binding to this
IgE triggers local defense reactions. Antibodies can defend the body against
extracellular pathogens and their toxic products in several ways. The simplest
is by direct interactions with pathogens or their products, for example by
binding to the active sites of toxins and neutralizing them or by blocking their
ability to bind to host cells through specific receptors. When antibodies of the
appropriate isotype bind to antigens, they can activate the classical pathway
of complement, which leads to the elimination of the pathogen by the various
mechanisms described in Chapter 2. Soluble immune complexes of antigen
and antibody also fix complement and are cleared from the circulation via
complement receptors on red blood cells.

Activation of complement leads to the
deposition of many molecules of C3b

on the immune complex

C3b

Complement receptor CR1 on erythrocytes
binds the immune complexes via bound C3b

In the spleen and liver, phagocytic cells
remove the immune complexes from

C3
convertase

CR1

the erythrocyte surface

The destruction of antibody-coated pathogens
via Fc receptors.

FcR

The neutralization of toxins, viruses, or bacteria by high-affinity antibodies
can protect against infection but does not, on its own, solve the problem of
how to remove the pathogens and their products from the body. Moreover,
many pathogens cannot be neutralized by antibody and must be destroyed
by other means. Many pathogen-specific antibodies do not bind to neutral­
izing targets on pathogen surfaces and thus need to be linked to other effec­
tor mechanisms to play their part in host defense. We have already seen how
the binding of antibody to antigen can activate complement. Another impor­
tant defense mechanism is the activation of a variety of accessory effector
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cells bearing receptors called Fc receptors because they are specific for the
Fc portion of antibodies. These receptors facilitate the phagocytosis of anti­
body-bound extracellular pathogens by macrophages, dendritic cells, and
neutrophils. Other, nonphagocytic, cells of the immune system — NK cells,
eosinophils, basophils, and mast cells (see Fig. 1.4) — are triggered to secrete
stored mediators when their Fc receptors are engaged by antibody-coated
pathogens. These mechanisms maximize the effectiveness of all antibodies
regardless of where they bind.

10-21 The Fc receptors of accessory cells are signaling receptors specificFig. 10.32 Distinct receptors for the Fc
region of the different immunoglobulin
classes are expressed on different
accessory cells. The subunit structure
and binding properties of these receptors
and the cell types expressing them are
shown. The exact chain composition
of any receptor can vary from one cell
type to another. For example, FcTRIII in
neutrophils is expressed as a molecule
with a glycosylphosphatidylinositol
membrane anchor, without T chains,
whereas in NK cells it is a transmembrane
molecule associated with y chains. The
FcTRII-B1 differs from the FcTRII-B2 by
the presence of an additional exon in the
intracellular region. This exon prevents
the FcTRII-B1 from being internalized
after cross-linking. The binding affinities
are taken from data on human receptors.
*Only some allotypes of FcyRII-A bind
Ig82. tin eosinophils, the molecular
weight of the CDBgrx chain is 70-1 00 kDa.
All are immunoglobulin superfamily
members except FceRII, which is a lectin
and can form trimers.

for immunoglobulins of different classes.

The Fc receptors are a family of cell-surface molecules that bind the Fc por­
tion of immunoglobulins. Each member of the family recognizes immuno­
globulin of one or a few closely related heavy-chain isotypes through a
recognition domain on the ot chain of the Fc receptor. Most Fc receptors are
themselves members of the immunoglobulin gene superfamily. Different
cell types bear different sets of Fc receptors, and the isotype of the antibody
thus determines which types of cells will be engaged in a given response. The
different Fc receptors, the cells that express them, and their specificities for
different antibody classes are shown in Fig. 10.32.

Most Fc receptors function as part of a multisubunit complex Only the
u chain is required for antibody recognition; the other chains are required
for transport of the receptor to the cell surface and for signal transduction
when an Fc region is bound. Some Fcy receptors, the Fcu receptor I, and
the high-affinity receptor for IgE (FceRI) all use a T chain for signaling. This
chain, which is closely related to the ( chain of the T-cell receptor complex
(see Section 7-7), associates noncovalently with the Fc-binding u chain. The
human FcTRII-A is a single-chain receptor in which the cytoplasmic domain
of the u chain replaces the function of the T chain. FcTRII-Bl and FcyRII-B2
are also single-chain receptors but function as inhibitory receptors because

FcyRI
(CD64)

FcyRII-A
(CD32)

FcyRII-82
(CD32)

FcyRII-81
(CD32)

FcyRIII
(CD16) FcaRI
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FcnRI
(CD89) Fcrv/p,RReceptor
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they contain an ITIM that engages the inositol 5'-phosphatase SHIP (see
Section 7-18). The most prominent function of Fc receptors is the activation
of accessory cells to attack pathogens, but they also contribute in other ways
to immune responses. For example, FcTRII-B receptors negatively regulate
the activities of B cells, mast cells, macrophages, and neutrophils by adjusting
the threshold at which immune complexes will activate these cells. Fc recep­
tors expressed by dendritic cells enable them to ingest antigen:antibody com­
plexes efficiently and so be able to process these antigens and present their
peptides to T cells.

10-22 Fc receptors on phagocytes are activated by antibodies bound to
the surface of pathogens and enable the phagocytes to ingest
and destroy pathogens.

The most important Fc-bearing cells in humoral immune responses are
the phagocytic cells of the monocytic and myelocytic lineages, particularly
macrophages and neutrophils. Many bacteria are directly recognized,
ingested, and destroyed by phagocytes, and these bacteria are not pathogenic
in normal individuals. Bacterial pathogens with polysaccharide capsules
resist direct engulfment by phagocytes, however, and such bacteria only
become susceptible to phagocytosis when they are coated with antibodies
and complement that engage the FcT or Fcu receptors and the complement
receptor CR1 on phagocytic cells, triggering bacterial uptake (Fig. 10.33).
The stimulation of phagocytosis by complement-coated antigens binding
to complement receptors is particularly important early in the immune
response, before isotype-switched antibodies have been made. Capsular
polysaccharides belong to the TI-2 class of thymus-independent antigens
(see Section 10-13) and can therefore stimulate the early production of IgM
antibodies, which are very effective at activating the complement system.
IgM binding to encapsulated bacteria thus triggers the opsonization of
these bacteria by complement and their prompt ingestion and destruction
by phagocytes bearing complement receptors. Recently, Fcu/pR was
discovered as a receptor that binds both Ig/tt. and IgM. Fcu/pR is expressed
primarily on macrophages and B cells in the lamina propria of the intestine
and in germinal centers. It is thought to have a role in the endocytosis of IgM
antibody complexed with bacteria such as Staphylococcus aureus.

Phagocyte activation can initiate an inflammatory response that causes
tissue damage, and so Fc receptors on phagocytes must be able to distinguish
antibody molecules bound to a pathogen from the much larger number of
free antibody molecules that are not bound to anything. This distinction is
made possible by the aggregation of antibodies that occurs when they bind

Fig. 10.33 Fc and complement
receptors on phagocytes trigger the
uptake and degradation of antibody­
coated bacteria. Many bacteria resist
phagocytosis by macrophages and
neutrophils. Antibodies bound to these
bacteria, however, enable them to be
ingested and degraded through the
interaction of the multiple Fc domains
arrayed on the bacterial surface with
Fc receptors on the phagocyte surface.
Antibody coating also induces activation
of the complement system and the
binding of complement components to
the bacterial surface. These can interact
with complement receptors (for example
CR1) on the phagocyte. Fc receptors
and complement receptors synergize in
inducing phagocytosis. Bacteria coated
with IgG antibody and complement are
therefore more readily ingested than
those coated with IgG alone. Binding of
Fc and complement receptors signals
the phagocyte to increase the rate
of phagocytosis, to fuse lysosomes
with phagosomes, and to increase its
bactericidal activity.

Bacterium is coated with
complement and IgG

When C3b binds to CR1 and
antibody binds to Fc receptor,

bacteria are phagocytosed

Macrophage membranes fuse,
creating a membraneenclosed

vesicle, the phagosome

Lysosomes fuse with these
vesicles, delivering enzymes
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bacterium
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Fc receptors

Activation of macrophage, leading

Fc receptors

to phagocytosis and destruction of bacterium

Aggregation of immunoglobulin on bacterial
surface allows cross-linking of Fc receptors

No activation of macrophage,
no destruction of bacterium

Free immunoglobulin does not cross-link to multimeric antigens or to multivalent particulate antigens such as viruses
and bacteria. Individual Fc receptors on a cell surface bind monomers of
free antibody with low affinity, but when presented with an antibody-coated
particle, the simultaneous binding by multiple Fc receptors results in binding
ofhigh avidity, and this is the principal mechanism by which bound antibodies
are distinguished from free immunoglobulin (Fig. 10.34). The result is that
Fc receptors enable cells to detect pathogens via the antibody molecules
bound to them. Fc receptors therefore give phagocytic cells that lack intrinsic
specificity the ability to identify and remove pathogens and their products
from the extracellular spaces.

Phagocytosis is greatly enhanced by interactions between the molecules
coating an opsonized microorganism and receptors on the phagocyte sur­
face. When an antibody-coated pathogen binds to Fcy receptors, for example,
the cell surface extends around the surface of the particle through successive
binding of the FcT receptors to the antibody Fc regions bound to the patho­
gen. This is an active process that is triggered by the stimulation of the FcT
receptors. Phagocytosis leads to enclosure of the particle in an acidified cyto­
plasmic vesicle — the phagosome. This then fuses with one or more lysosomes
to generate a phagolysosome; lysosomal enzymes are released into the vesi­
cle interior, where they destroy the bacterium (see Fig. 10.33). The process of
intracellular killing by phagocytes is described in more detail in Chapter 2.

Some particles are too large for a phagocyte to ingest; parasitic worms are
one example. In this case the phagocyte attaches to the surface of the anti­
body-coated parasite via its FcT, Fca, or Fce receptors, and the contents of the
secretory granules or lysosomes of the phagocyte are released by exocytosis.
The contents are discharged directly onto the surface of the parasite and
damage it. Thus, stimulation of FcT and Fca receptors can trigger either the
internalization of external particles by phagocytosis or the externalization
of internal vesicles by exocytosis. The principal leukocytes involved in the
destruction of bacteria are macrophages and neutrophils, but large parasites
such as helminths are more usually attacked by eosinophils (Fig. 10.35),
nonphagocytic cells that can bind antibody-coated parasites via several
different Fc receptors, including the low-affinity Fce receptor for IgE, CD23
(Fig. 10.32). Cross-linking of these receptors by antibody-coated surfaces
activates the eosinophil to release its granule contents, which include proteins
toxic to parasites (see Fig. 14.13). Cross-linking by antigen of IgE bound to the
high-affinity FceRI on mast cells and basophils also results in exocytosis of
their granule contents, as we describe later in this chapter.

10-23 Fc receptors activate NK cells to destroy antibody-coated targets.

Virus-infected cells are usually destroyed by T cells that recognize virus­
derived peptides bound to cell-surface MHC molecules. Cells infected by
some viruses also signal the presence of intracellular infection by expressing
on their surfaces proteins, such as viral envelope proteins, that can be recog­
nized by antibodies originally produced against the virus particle. Host cells
with antibodies bound to them can be killed by a specialized non-T, non-B
cell of the lymphoid lineage called a natural killer cell (NK cell), which we met
in Chapter 3. NK cells are large cells with prominent intracellular granules
and make up a small fraction of peripheral blood lymphocytes. Although
belonging to the lymphoid linage, NK cells express a limited repertoire of
invariant receptors recognizing a range of ligands that are induced on abnor­
mal cells, such as those infected with viruses; they are considered as part of
innate immunity (see Section 3-21). On recognition of a ligand, the NK cell
kills the cell directly, without the need for antibody, as described in Chapter 3.
Although first discovered for their ability to kill some tumor cells, NK cells play
an important role in innate immunity in the early stages of virus infection.

Fig. 10.34 Bound antibody
is distinguishable from free
immunoglobulin by its state of
aggregation. Free immunoglobulin
molecules bind most Fc receptors with
very low affinity and cannot cross­
link Fc receptors. Antigen-bound
immunoglobulin, however, binds to Fc
receptors with high avidity because
several antibody molecules that are
bound to the same surface bind to
multiple Fc receptors on the surface
of the accessory cell. This Fc receptor
cross-linking sends a signal to activate
the cell bearing it. With Fc receptors that
have iTiMs, the result is inhibition.
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As well as this innate function, NK cells can recognize and destroy antibody­
coated target cells in a process called antibody-dependent cell-mediated
cytotoxicity (ADCC). This is triggered when antibody bound to the surface of
a cell interacts with Fc receptors on the NK cell (Fig. 10.36). NK cells express
the receptor FcyRIII (CD16), which recognizes the IgG1 and IgG3 subclasses.
The killing mechanism is analogous to that of cytotoxic T cells, involving
the release of cytoplasmic granules containing perforin and granzymes (see
Section 9-27). ADCC has been shown to have a role in the defense against
infection by viruses, and represents another mechanism by which antibodies
can direct an antigen-specific attack by an effector cell that itself lacks specifi­
city for antigen.

10-24 Mast cells and basophils bind IgE antibody via the high-affinity
Fce receptor.

Fig. 10.35 Eosinophils attacking a
schistosome larva in the presence
of serum from an infected patient.
Large parasites, such as worms, cannot
be ingested by phagocyies; however,
when the worm is coated with antibody,
eosinophils can attack it through binding
via their Fc receptors for IgG and IgA.
Similar attacks can be mounted by
other Fc receptor-bearing cells on large
targets. These cells release the toxic
contents of their granules directly onto the
target, a process known as exocylosis.
Photograph courtesy of A. Butterworth.

When pathogens cross epithelial barriers and establish a local focus of
infection, the host must mobilize its defenses and direct them to the site
of pathogen growth. One way in which this is achieved is to activate the
cells known as mast cells. Mast cells are large cells containing distinctive
cytoplasmic granules that contain a mixture of chemical mediators, including
histamine, that act rapidly to make local blood vessels more permeable.
Mast cells have a distinctive appearance after staining with the dye toluidine
blue that makes them readily identifiable in tissues (see Fig. 1.4). They are
found in particularly high concentrations in vascularized connective tissues
just beneath epithelial surfaces, including the submucosal tissues of the
gastrointestinal and respiratory tracts and the dermis of the skin.

Mast cells have Fc receptors specific for IgE (FceRI) and IgG (FcTRIII) and
can be activated to release their granules, and to secrete lipid inflammatory
mediators and cytokines, via antibody bound to these receptors. Most Fc
receptors bind stably to the Fc regions of antibodies only when the antibodies
have themselves bound antigen, and cross-linking of multiple Fc receptors is
needed for strong binding. In contrast, FceRI binds IgE antibody monomers
with a very high affinity — approximately 10ta M-'. Thus, even at the low levels

of circulating IgE present in normal individuals, a substantial portion of the
total IgE is bound to the FceRI on mast cells in tissues and on circulating
basophils.

Although mast cells are usually stably associated with bound IgE, this on its
own does not activate them, nor will the binding of monomeric antigen to
the IgE. Mast-cell activation occurs only when the bound IgE is cross-linked
by multivalent antigens. This signal activates the mast cell to release the

Fig. 10.36 Antibody-coated target cells
can be killed by NK cells in antibo+­
dependent cell-mediated cytotoxicity
(ADCC). NK cells (see Chapter 3) are
large granular non-T, non-B lymphoid cells
that have FcyRIII (CD16) on their surface.
When these cells encounter cells coated
with IgG antibody, they rapidly kill the
target cell. ADCC is only one way in which
NK cells can contribute to host defense.

Antibody binds antigens on the
surface of target cells

Fc receptors on NK cells
recognize bound antibody

Cross-linking of Fc receptors signals
the NK cell to kill the target cell Target cell dies by apoptosis

FcpRIII
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contents of its granules, which occurs in seconds (Fig. 10.37), to synthesize
and release lipid mediators such as prostaglandin D, and leukotriene C4, and
to secrete cytokines such as TNF-u, thereby initiating a local inflammatory
response. Degranulation releases stored histamine, which increases local
blood flow and vascular permeability, which quickly leads to an accumulation
of fluid and blood proteins, including antibodies, in the surrounding tissue.
Shortly afterward there is an influx of blood-borne cells such as neutrophils
and, later, macrophages, eosinophils, and effector lymphocytes. This influx
can last from a few minutes to a few hours and produces an inflammatory
response at the site of infection. Thus, mast cells are part of the front-line host
defenses against pathogens that enter the body across epithelial barriers.
They are also of additional medical importance because of their involvement
in IgE-mediated allergic responses, which are discussed in Chapter 14. In
allergic responses, mast cells are activated in the way described above by
exposure to normally innocuous antigens (allergens) such as pollen, to which
the individual has previously mounted a sensitizing immune response that
produces allergen-specific IgE.

10-25 IgE-mediated activation of accessory cells has an important role in
resistance to parasite infection.

Mast cells are thought to serve at least three important functions in host
defense. First, their location near body surfaces allows them to recruit both
pathogen-specific elements, such as antigen-specific lymphocytes, and
nonspecific effector elements, such as neutrophils, macrophages, basophils,
and eosinophils, to sites where infectious agents are most likely to enter the

Activated mast cellResting mast cell

Fig. 10.37 IgE antibody cross­
linking on mast-cell surfaces leads
to a rapid release of inflammatory
mediators. Mast cells are large cells
found in connective tissue that can be
distinguished by secretory granules
containing many inflammatory mediators.
They bind stably to monomeric IgE
antibodies through the very high-affinity
receptor FcsRI. Antigen cross-linking
of the bound IgE antibody molecules
triggers rapid degranulation, releasing
inflammatory mediators into the
surrounding tissue. These mediators
trigger local inflammation, which recruits
cells and proteins required for host
defense to sites of infection. These cells
are also triggered during allergic reactions
when allergens bind to IgE on mast cells.
Photographs courtesy of A.M. Dvorak.
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internal milieu. Second, the inflammation they cause increases the flow of
lymph from sites of antigen deposition to the regional lymph nodes, where
naive lymphocytes are first activated. Third, the ability of mast-cell products
to trigger muscular contraction can contribute to the physical expulsion of
pathogens from the lungs or the gut. Mast cells respond rapidly to the binding
of antigen to surface-bound IgE antibodies, and their activation leads to the
initiation of an inflammatory response and the recruitment and activation
of basophils and eosinophils, which contribute further to the inflammatory
response (see Chapter 14). There is increasing evidence that such IgE­
mediated responses are crucial to defense against parasite infestation.

A role for mast cells in the clearance of parasites is suggested by the accumu­
lation of mast cells in the intestine, known as mastocytosis, that accompanies
helminth infection, and by observations in W/ W mutant mice, which have
a profound mast-cell deficiency caused by mutation of the gene c-kit. These
mutant mice show impaired clearance of the intestinal nematodes T'richinella
spiralis and Strongyloides species. Clearance of Strongyloides is even more
impaired in W/W mice that lack IL-3 and so also fail to produce basophils.
Thus, both mast cells and basophils seem to contribute to defense against
these helminth parasites.

Other evidence points to the importance of IgE antibodies and eosinophils in
defense against parasites. Infection with certain types of multicellular para­
sites, particularly helminths, is strongly associated with the production of
IgE antibodies and the presence of abnormally large numbers of eosinophils
(eosinophilia) in blood and t issues. Furthermore, experiments in mice
show that depletion of eosinophils by polyclonal anti-eosinophil antisera
increases the severity of infection with the parasitic helminth Schistosoma
mansoni. Eosinophils seem to be directly responsible for helminth destruc­
tion; examination of infected tissues shows degranulated eosinophils adher­
ing to helminths, and experiments in vitro have shown that eosinophils can
kill S. mansoni in the presence of anti-schistosome IgG or IgA antibodies (see
Fig. 10.35).

The role of IgE, mast cells, basophils, and eosinophils can also be seen in
resistance to the feeding of blood-sucking ixodid ticks. Skin at the site of a
tick bite has degranulated mast cells and an accumulation of degranulated
basophils and eosinophils, an indicator of recent activation. Subsequent
resistance to feeding by these ticks develops after the first exposure, sugg­
esting a specific immunological mechanism. Mice deficient in mast cells
show no such acquired resistance to ticks, and in guinea pigs the depletion
of either basophils or eosinophils by specific polyclonal antibodies also
reduces resistance to tick feeding. Finally, experiments in mice showed that
resistance to ticks is mediated by specific IgE antibody. Thus, many clinical
studies and experiments support a role for this system of IgE bound to the
high-affinity FceRI in host resistance to pathogens that enter across epithelia
or exoparasites such as ticks that breach it.

Summary.

Antibody-coated pathogens are recognized by effector cells through Fc
receptors that bind to an array of constant regions (Fc portions) provided
by the pathogen-bound antibodies. Binding activates the cell and triggers
destruction of the pathogen, through either phagocytosis or granule
release, or through both. Fc receptors comprise a family of proteins, each of
which recognizes immunoglobulins of particular isotypes. Fc receptors on
macrophages and neutrophils recognize the constant regions of IgG or IgA
antibodies bound to a pathogen and trigger the engulfment and destruction
of bacteria coated with IgG or IgA. Binding to the Fc receptor also induces
the production of microbicidal agents in the intracellular vesicles of the
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phagocyte. Eosinophils are important in the elimination of parasites too
large to be engulfed: they bear Fc receptors specific for the constant region
of IgG, as well as receptors for IgE; aggregation of these receptors triggers the
release of toxic substances onto the surface of the parasite. NK cells, tissue
mast cells, and blood basophils also release their granule contents when
their Fc receptors are engaged. The high-affinity receptor for IgE is expressed
constitutively by mast cells and basophils. It differs from other Fc receptors
in that it can bind free monomeric antibody, thus enabling an immediate
response to pathogens at their site of first entry into the tissues. When IgE
bound to the surface of a mast cell is aggregated by binding to antigen, it
triggers the release of histamine and many other mediators that increase the
blood flow to sites of infection; it therebyrecruits antibodies and effector cells
to these sites. Mast cells are found principally below epithelial surfaces of the
skin and beneath the basement membrane of the digestive and respiratory
tracts. Their activation by innocuous substances is responsible for many of
the symptoms of acute allergic reactions, as will be described in Chapter 14.

Summary to Chapter 10.

The humoral immune response to infection involves the production of anti­
body by plasma cells derived from B lymphocytes, the binding of this
antibody to the pathogen, and the elimination of the pathogen by phagocytic
cells and molecules of the humoral immune system. The production of
antibody usually requires the action of helper T cells specific for a peptide
fragment of the antigen recognized by the B cell, a phenomenon called linked
recognition. An activated B cell first moves to the T-zone — B-zone boundary
in secondary lymphoid tissues, where it may encounter its cognate T cell
and begin to proliferate. Some B cells become plasmablasts, and others will
move to the germinal center, where somatic hypermutation and class switch
recombination take place. B cells generated there that bind antigen most
avidly are selected for survival and further differentiation, leading to affinity
maturation of the antibody response. Cytokines made by helper T cells direct
class switching, leading to the production of antibody of various classes that
can be distributed to various body compartments.

IgM antibodies are produced earlyin an infection by conventional, or B-2, cells,
and is also made in the absence of infection by subsets of nonconventional
B cells in particular locations (natural antibodies). IgM has a major role in
protecting against infection in the bloodstream, whereas isotypes secreted
later in an adaptive immune response, such as IgG, diffuse into the tissues.
Antigens with highly repeating antigenic determinants and that contain
mitogens — called TI antigens — can elicit IgM and some IgG independently
of T-cell help, and this provides an early protective immune response.
Multimeric IgA is produced in the lamina propria and is transported across
epithelial surfaces, whereas IgE is made in small amounts and binds avidly to
receptors on the surface of mast cells.

Antibodies that bind with high affinity to critical sites on toxins, viruses, and
bacteria can neutralize them. However, pathogens and their products are
destroyed and removed from the body largely through uptake into phagocytes
and degradation inside these cells. Antibodies that coat pathogens bind to Fc
receptors on phagocytes, which are thereby triggered to engulf and destroy
the pathogen. Binding of antibody C regions to Fc receptors on other cells
leads to the exocytosis of stored mediators; this is particularly important
in parasite infections, in which Fce-expressing mast cells are triggered by
the binding of antigen to IgE antibody to release inflammatory mediators
directly onto parasite surfaces. Antibodies can also initiate the destruction of
pathogens by activating the complement system. Complement components
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can opsonize pathogens for uptake by phagocytes, recruit phagocytes to sites
of infection, and directly destroy pathogens by creating pores in their cell
membrane. Receptors for complement components and Fc receptors often
synergize in activating the uptake and destruction of pathogens and immune
complexes. Thus, the humoral immune response is targeted to the infecting
pathogen through the production of specific antibody; however, the effector
actions of that antibody are determined by its heavy-chain isotype, which
determines its class, and are the same for all pathogens bound by antibody of
a particular class.

Questioris.

70.7 Describe the requirements for the activation of naive 5 cells by a thymus­
dependent antigen. Sy what mechanisms do T cells provide help to 5 cells in

the humoral responseP

70.2 What is meant by the term linked recognition P What are the advantages

of this process for immune toleranceP What are the advantages for

speci RcityP

70.3 Compare and contrast the properties and functions of antibodies of the

lgM and IgG classes.

10A In the initiation of a thymus-dependent antibody response, 5 cells and T

cells change their locations. What determined the location of T and 5 cells

at different stages of their activationP

70.5 In the germinal center reaction, 5 cells(centroblasts and centrocytes)
cycle between the light and dark zones. What factors regulate this

movement and localizationP

70.6 Describe the process responsible for the phenomenon of affinity maturation

of the antibody response. Where does affinity maturation mainly take

place P

10.7 Assuming a rate of one mutation in 10 base pairs within the Y regions
per cell division and that about three out of four changes will result in
an altered amino acid, explain how the estimate was arrived at of a 50%

chance of mutation in the 5 cell's antigen receptor per division during the
germinal center reaction.

10.8 Which of the antibody classes mainly activates mast cellsP How does it
do so and what are the resultsP Which type of pathogen is this class of

antibody mainly directed againstP What unwanted reaction is this antibody

also responsible forP

10.9 How do antibodies interact with the complement system to rid the body of
pathogensP

70.70 Which classes of maternal antibodies would you expect to And in a breast­
fed newborn infant and how have they got thereP
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Dynamics of Adaptive
Immunity

Throughout this book we have examined the separate ways in which the
innate and the adaptive immune responses protect the individual from invad­
ing microorganisms. In this chapter, we consider how the cells and molecules
of the immune system work as an integrated defense system to eliminate or
control an infectious agent and how the adaptive immune system provides
long-lasting protective immunity. This is the first of several chapters that
consider how the immune system functions as a whole in health and dis­
ease. The next chapter describes the role and specializations of the mucosal
immune system, which forms the front-line defense against most pathogens.
Subsequent chapters examine how immune defenses can fail (Chapter 13)
or unwanted immune responses occur (Chapters 14 and 15), and how the
immune response can be manipulated to benefit the individual (Chapter 16).

In Chapters 2 and 3, we saw how innate immunity is brought into play in the
earliest phases of an infection and is probably sufficient to prevent coloniza­
tion of the body by most of the microorganisms encountered in the environ­
ment. However, pathogenic microorganisms, by definition, have developed
strategies that allow them to elude or overcome innate immune defenses and
to establish a focus of infection from which they can spread. In these circum­
stances, the innate immune response sets the scene for the induction of an
adaptive immune response. In the primary immune response, which occurs
against a pathogen encountered for the first time, several days are required
for the clonal expansion and differentiation of naive lymphocytes into effec­
tor T cells and antibody-secreting B cells, as described in Chapters 9 and 10.
In most cases, these cells and antibodies will effectively target the pathogen
for elimination (Fig. 11.1).

1.
Establishment
of infection

z
Induction

of adaptive
response

3.
Adaptive

immune response

4.
Immuno­
logical

memory

Threshold
level of

antigen to
activate
adaptive
immune
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Entry of
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Duration of infection

Fig. 11.1 The course of a typical
acute infection that is cleared by an
adaptive immune reaction. 1. The level
of infectious agent increases as the
pathogen replicates. 2. When numbers
of the pathogen exceed the threshold
dose of antigen required for an adaptive
response, the response is initiated; the
pathogen continues to grow, retarded
only by responses of the innate immune
system. At this stage, immunological
memory also starts to be induced. 3. After
4-7 days, effector cells and molecules
of the adaptive response start to clear
the infection. 4. When the infection has
been cleared and the dose of antigen
has fallen below the response threshold,
the response ceases, but antibody,
residual effector cells, and immunological
memory provide lasting protection against
reinfection in most cases.

Pathogen
cleared
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During this period, specific immunological memory is also established. This
ensures a rapid reinduction of antigen-specific antibody and effector T cells
on subsequent encounters with the same pathogen, thus providing long­
lasting and often lifelong protection against it. Immunological memory is
discussed in the last part of the chapter. Memory responses differ in several
ways from primary responses. We discuss the reasons for this, and what is
known about how immunological memory is maintained.

The course of the immune response to infection.

The immune response is a dynamic process, and both its nature and intensity
change over time. It starts with the relatively nonspecific responses of innate
immunity and becomes both more focused on the pathogen and more pow­
erful as the adaptive immune response is initiated and rapidly develops. In
this part of the chapter, we discuss how the dif'ferent phases of an immune
response are orchestrated in space and time, how the response develops in
both strength and precision, how changes in specialized cell-surface mole­
cules and chemokines guide effector lymphocytes to the appropriate site of
action, and how these cells are regulated during the different stages.

An innate immune response is an essential prerequisite to a primary adaptive
immune response, because the co-stimulatory molecules induced on cells of
the innate immune system during their interaction with microorganisms are
essential for the activation of the antigen-specific lymphocytes (see Chapter
9). Cells of the innate immune system hand on other important signals in the
form of secreted cytokines that influence the characteristics of the adaptive
response and tailor it to the type of pathogen encountered. For this to hap­
pen, cells from dif'ferent locations must engage to coordinate the specific
activation of naive T cells and B cells, and the migration of cells to precise
locations within lymphoid tissues is thus critical for the coordination of an
adaptive response.

The course of an infection can be divided into several distinct phases.

An infection can be broken down into various stages (see Fig. 2.5), but in
Chapters 2 and 3 we considered in detail only the responses of innate immu­
nity. In this chapter, we return to the various stages of an infection but will
now integrate the adaptive immune response into the picture.

In the first stage of infection with a pathogen, a new host is exposed to infec­
tious particles either shed by an infected individual or present in the environ­
ment. The numbers, route, mode of transmission, and stability of an infectious
agent outside the host determine its infectivity. Some pathogens, such as the
anthrax bacterium, are spread by spores that are highly resistant to heat and
drying, whereas others, such as the human immunodeficiency virus (HIV),
are spread only by the exchange of bodily fluids or tissues because they are
unable to survive as infectious agents outside the body.

The first contact with a new host occurs through an epithelial surface, such
as the skin or the mucosal surfaces of the respiratory, gastrointestinal, or
urogenital tracts. As most pathogens gain entry to the body through mucosal
surfaces, the immune responses that occur in this specialized compartment
of the immune system are of great importance and are considered in detail in
Chapter 12. After making contact, an infectious agent must establish a focus
of infection. It must either adhere to the epithelial surface and colonize it,
or penetrate it to replicate in the tissues (Fig, 11.2, first two panels). Wounds
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Fig. 11.2 Infections and the responses
to them can be divided into a series
of stages. These are illustrated here
for a pathogenic microorganism (red)
entering across a wound in an epithelium.
The microorganism first adheres to
epithelial cells and then invades beyond
the epithelium into underlying tissues
(first panel). A local innate immune
response helps to contain the infection,
and delivers antigen and antigen-loaded
dendritic cells to lymphatics (second
panel) and thence to local lymph nodes
(third panel). This leads to an adaptive
immune response in the lymph node
that involves the activation and further
differentiation of B cells and T cells with
the eventual production of antibody and
effector T cells, which clear the infection
(fourth panel).

and insect and tick bites that breach the epidermal barrier help some micro­
organisms to get through the skin. Many microorganisms are repelled or kept
in check at this stage by innate defenses, which include the induced innate
immune response triggered by stimulation of the various germline-encoded
receptors (such as TUIs and NK-cell receptors) that discriminate between
foreign microbial and self host-cell surfaces or between infected and normal
cells (see Chapters 2 and 3). These responses are not as effective as adaptive
immune responses, which can afford to be more powerful because they are
antigen specific and thus target the pathogen precisely. However, they can
prevent an infection from being established or, failing that, can contain it
and prevent the spread of a pathogen into the bloodstream while an adaptive
immune response develops.

Only when a microorganism has successfully established a focus of infection
in the host does disease occur. With the possible exception of lung infections
such as tuberculosis, and diarrhea-inducing gut infections such as cholera, in
which the primary infection can cause life-threatening disease, little damage
will be caused unless the agent spreads from the original focus or secretes
toxins that can spread to other parts of the body. Extracellular pathogens
spread by direct extension of the infection through the lymphatics or the
bloodstream. Usually, spreading into the bloodstream occurs only after the
lymphatic system has been overwhelmed. Obligate intracellular pathogens
spread from cell to cell; they do so either by direct transmission from one
cell to the next or by release into the extracellular fluid and reinfection of
both adjacent and distant cells. In contrast, some of the bacteria that cause
gastroenteritis exert their effects without spreading into the tissues. They
establish a site of infection on the luminal surface of the epithelium lining the
gut and cause no direct pathology themselves, but secrete toxins that cause
damage either in situ or after crossing the epithelial barrier and entering the
circulation.

Most infectious agents show a significant degree of host specificity, causing
disease in only one or a few related species. What determines host spec­
ificity for every agent is not known, but the requirement for attachment to
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a particular cell-surface molecule is one critical factor. As other interactions
with host cells are also commonly needed to support replication, most patho­
gens have a limited host range. The molecular mechanisms of host specificity
comprise an area of research known as molecular pathogenesis, which is
outside the scope of this book.

Adaptive immunity is triggered when an infection eludes or overwhelms
the innate defense mechanisms and generates a threshold level of antigen
(see Fig. 11.1). Adaptive immune responses are then initiated in the local
lymphoid tissue, in response to antigens presented by dendritic cells acti­
vated during the course of the innate immune response (Fig. 11.2, second
and third panels). Antigen-specific effector T cells and antibody-secreting
B cells are generated by clonal expansion and differentiation over several
days, as described in greater detail in Chapters 9 and 10. During this time, the
induced responses of innate immunity, such as the acute-phase responses
and interferon production (see Sections 3-7 and 3-18), continue to function.
Eventually, antigen-specific T cells and then antibodies are released into the
blood and from there can enter the site of infection (Fig. 11.2, fourth panel).
Resolution of the infection involves the clearance of extracellular infectious
particles by opsonizing antibodies and phagocytes (see Chapter 10) and the
clearance of intracellular residues of infection through the actions of effector
T cells (see Chapter 9).

After many types of infection, little or no residual pathology follows an effec­
tive primary adaptive response. In some cases, however, the infection or the
response to it causes significant tissue damage. In yet other cases, such as
infection with cytomegalovirus or Mycobacterium tuberculosis, the pathogen
is contained but not eliminated, and can persist in a latent form. If the adap­
tive immune response is later weakened, as it is in acquired immune defi­
ciency syndrome (AIDS), these pathogens may resurface to cause virulent
systemic infections. We will focus on the strategies used by certain pathogens
to evade or subvert adaptive immunity, and thereby establish a persistent, or
chronic, infection, in the first part of Chapter 13. In addition to clearing the
infectious agent, an effective adaptive immune response prevents reinfection.
For some infectious agents, this protection is essentially absolute, whereas for
others infection is only reduced or attenuated on reexposure to the pathogen.

It is not known how many infections are dealt with solely by the nonadap­
tive mechanisms of innate immunity, because such infections are eliminated
early and produce little in the way of symptoms or pathology. Naturally occur­
ring deficiencies in nonadaptive defenses are rare, so it has seldom been pos­
sible to study their consequences. Innate immunity does, however, seem to be
essential for effective host defense, as shown by the progression of infection
in mice that lack components of innate immunity but have an intact adap­
tive immune system (Fig. 11.3). In humans, for example, mutations in the
Toll-like receptor TLR-3 have been associated with increased susceptibility to
encephalitis due to the herpes simplex virus, which more usually causes self­
limiting cold sores on the skin. Adaptive immunity is also essential, as shown
by the immunodeficiency syndromes associated with defects in various com­
ponents of the adaptive immune response (discussed in Chapter 13).

11-2 The nonspecific responses of innate immunity are necessary for an

Fig. 11.3 The time course of infection in
normal and immunodeficient mice and
humans. The red curve shows the rapid
growth of microorganisms in the absence
of innate immunity, when macrophages
(MAC) and polymorphonuclear leukocytes
(PMN) are lacking. The green curve
shows the course of infection in mice
and humans that have innate immunity
but have no T or B lymphocytes and so
lack adaptive immunity. The yellow curve
shows the normal course of an infection in
immunocompetent mice or humans.

adaptive immune response to be initiated.

The establishment of a focus of infection in tissues and the response of the
innate immune system produce changes in the immediate environment.
Many of these changes have been described in earlier chapters, but we review
them briefly here to provide a cohesive framework for the induction of adap­
tive immunity.
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In a bacterial infection, the first thing that usually happens is that the infected
tissue becomes inflamed. This is initially the result of the activation of the resi­
dent macrophages by bacterial components such as lipopolysaccharide (LPS)
acting through Toll-like receptors (TLRs) on the macrophage. The cytokines
and chemokines secreted by the activated macrophages, especially the
cytokine tumor necrosis factor-e (TNF-e), induce numerous changes in the
endothelial cells of nearby blood capillaries, a process known as endothelial
cell activation. Inflammation also results from the activation of complement,
resulting in the production of the anaphylatoxins C3a and C5a, which are able
to activate vascular endothelium. In a primary infection, complement is acti­
vated mainly via the alternative and lectin pathways (see Fig. 2.12).

Activation of the vascular endothelium causes the release of the contents
of Weibel — Palade bodies (the cell adhesion molecule P-selectin and von
Willebrand factor) within the endothelial cells to the cell surface (see Section
3-15). Activation also induces the expression of E-selectin, which then also
appears on the endothelial cell surface. These two selectins cause neutrophils,
monocytes, and other leukocytes to adhere to and roll on the endothelial sur­
face. Cytokine activation of the endothelium also induces the production of
the adhesion molecule ICAM-1. By binding to adhesion molecules, such as
LFA-1, on neutrophils and monocytes, ICAM-1 strengthens the interaction of
these cells with the endothelium and aids their entry in large numbers into
the infected tissue to form an inflammatory focus (see Fig. 3.26). As mono­
cytes mature into tissue macrophages and become activated in their turn,
additional inflammatory cells are attracted into the infected tissue, and the
inflammatory response is maintained and reinforced. The inflammatory
response can be thought of as putting up a flag on the endothelial cells to
signal the presence of infection, but as yet the response is nonspecific for the
pathogen.

A second crucial effect of infection is the activation of specialized antigen­
presenting cells, the dendritic cells residing in most tissues, as described in
Sections 9-4 to 9-6. Dendritic cells take up antigen in the infected tissues
and, like macrophages, they are activated through innate immune receptors
that respond to common constituents of pathogens, such as TLRs (Section
3-7) and NOD proteins (Section 3-8). Activated dendritic cells increase
their synthesis of MHC class II molecules and, most importantly, begin
to express the co-stimulatory molecules B7.1 and B7.2 on their surface. As
described in Chapter 9, these antigen-presenting cells migrate away from
the infected tissue through the lymphatics, along with their antigen cargo, to
enter peripheral lymphoid tissues, where they initiate the adaptive immune
response. They arrive in large numbers at the draining lymph nodes, or other
nearby lymphoid tissue, attracted by the chemokines CCL19 and CCL21
produced by the lymph-node stroma (see Section 9-3).

When dendritic cells arrive in the lymphoid tissues, they seem to have reached
their final destination. They activate antigen-specific naive T lymphocytes in
these tissues, after which they die. Naive lymphocytes are continually passing
through the lymph nodes, which they enter from the blood across the walls of
high endothelial venules (see Fig. 9.4). Those naive T cells that recognize anti­
gen on the surface of dendritic cells are activated, and divide and mature into
effector cells that reenter the circulation. Where there is a local infection, the
changes induced by inflammatio in the walls of nearby venules induce these
effector T cells to leave the blood vessel and migrate into the site of infection.

Thus, the local release of cytokines and chemokines at the site of infection
has far-reaching consequences. In addition to recruiting neutrophils and
macrophages, which are not specific for antigen, the changes induced in the
blood vessel walls also enable newly activated effector T lymphocytes to enter
infected tissue, as discussed in more detail later in this chapter.
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11-3 Cytokines made during infection can direct differentiation of CD4
T cells toward the T„17 subset.
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In Chapter 9 we described transcriptional mechanisms that control how
specific cytokines direct the differentiation of naive CD4 T cells into distinct
classes of CD4 effector T cells — T„17, T„l, or T„2, or regulatory subsets
(see Fig. 9.29). The cytokines that are produced during the progression of
an infection depend on how the microorganism influences the behavior of
innate immune cells and antigen-presenting cells. The conditions produced
by these interactions have a major impact on how T cells differentiate during
their initial contact with antigen-presenting cells, thus determining the types
of T cells that are generated (see Chapter 9). In turn, these T-cell subsets
influence the nature of the effector responses that are recruited, such as the
extent of macrophage activation, neutrophil and eosinophil recruitment to
the site of infection, and which classes of antibody will predominate.

The subset of effector T cells generated in response to infection by extra­
cellular bacteria and fungi is often T„17. At the beginning of an infection,
dendritic cells are not yet fully activated; in this state they produce TGF-P, but
little IL-6 or other cytokines that direct T-cell differentiation. Upon encount­
ering such pathogens, dendritic cells become activated and are induced to
synthesize IL-6 along with IL-23. As there is no source of IL-4 or IL-12 at this
time, naive CD4 T cells will differentiate into T„17 cells rather than T„l or T„2
cells (Fig. 11.4). For example, activation of dendritic cells through Dectin-l,
a receptor that recognizes carbohydrates common to yeast and other fungi,
induces dendritic cells to produce abundant IL-23 but little IL-12. The effect
is that dendritic cells activated by these organisms will tend to promote T„17
differentiation.

When the T„17 cells leave the lymph node and migrate to the sites of infec­
tion, they encounter pathogen antigens and are stimulated to synthesize and
release cytokines, which include various members of the IL-17 family such as
IL-17A and IL-17E (also known as IL-25). The receptor for IL-17 is expressed
ubiquitously on cells such as fibroblasts, epithelial cells, and keratinocytes.
IL-17 induces these cells to secrete various cytokines, including IL-6, the
chemokines CXCL8 and CXCL2, and the hematopoietic factors granulocyte
colony-stimulating factor (G-CSF) and granulocyte — macrophage colony­
stimulating factor (GM-CSF). These chemokines can act directly to recruit
neutrophils, whereas G-CSF and GM-CSF act to augment neutrophil and
macrophage production in the bone marrow or increase the differentiation of
local monocytes into macrophages.

Thus, one important action of IL-17 at sites of infection is to induce local cells
to secrete cytokines and chemokines that attract neutrophils. T„17 cells also
produce IL-22, a cytokine related to IL-10. IL-22 acts cooperatively with IL-17
to induce the expression of antimicrobial peptides, such as P-defensins, by the
keratinocytes of the epidermis. In this way, the presence of pathogen-specific
T„17 cells serves as an efficient amplifier of an acute inflammatory response by
the innate immune system at sites of early infection. CD4 T cells that acquire
the T„17 phenotype are not the only cells that can produce IL-17 in response
to infections. CD8 T cells have also been shown to produce abundant IL-17.

The cytokine environment is also influential in preventing the immune sys­
tem from making inappropriate responses to self antigens or those of com­
mensal microorganisms, the microorganisms that normally inhabit the body.
Even in the absence of infection, dendritic cells take up self and environ­
mental antigens and eventually carry them to peripheral lymphoid tissues,
where they may meet antigen-specific naive T cells. In such circumstances,
the pro-inflammatory signals are not present; dendritic cells are not acti­
vated and so produce the cytokine TGF-P but not the other cytokines that can
affect CD4 T-cell differentiation. In this setting, dendritic cells seem to actively

Fig. 11A Cytokines produced by
dendritic cells regulate the balance
of regulatory T-cell development
and T„17 differentiation. The balance
between TGF-P and IL-6 production
acts to induce either the transcription
factor FoxP3, which is characteristic
of regulatory T cells, or RORTt (an
'orphan' member of the nuclear receptor
family), which is characteristic of T,17
cells. In the absence of infection, IL-6
production by dendritic cells is low, and
TGF-(1 production dominates. In these
conditions, T cells that do encounter
their cognate antigen will be induced to
express FoxP3 and predominantly acquire
a regulatory phenotype, whereas those
that do not encounter antigen remain
naive. Infection by certain bacteria and
fungi induce dendritic cells to produce
abundant IL-6 and IL-23, but less IL-12
(see Fig. 11.5); under these conditions,
naive T cells will express RORTt and
become T,1 7 cells. The cytokines
produced by this T-cell subset, IL-17 and
IL-17F, induce cells such as epithelium
to secrete chemokines that attract
inflammatory cells such as neutrophils.
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generate tolerance to the antigens that the naive T cells encounter (Fig. 11.4,
left panels). TGF-P on its own inhibits the proliferation and differentiation
of T„17, T„l, and T„2 cells. When a naive CD4 T cell encounters its cognate
peptide:MHC ligand in the presence of TGF-P alone, it acquires the pheno­
type of a regulatory T cell, in that it can inhibit the activation of other T cells.
Regulatory T cells induced in this way outside the thymus are called adap­
tive regulatory T cells and some express the transcription factor FoxP3 (see
Section 9-18). The regulatory T cells, in theory, should not be specific for path­
ogen antigens — which they have not yet encountered — but should instead be
specific for either self antigens or peptides from commensal organisms. Other
FoxP3-expressing regulatory CD4 T cells, the natural regulatory T cells, seem
to acquire their regulatory phenotype in the thymus (see Section 8-18).

The reciprocal pathways for the development of T„17 cells and regulatory
T cells seem to be based on an evolutionarily ancient system of activation
and inactivation, because proteins similar to TGF-P and IL-17 are present in
invertebrates that possess primitive intestinal immune systems. This might
suggest that the dichotomy between T„17 cells and regulatory T cells is largely
concerned with maintaining the lymphocyte balance in tissues exposed to
large numbers of potential pathogens, such as the mucosae of the gut and
the lungs, where a rapid response to infection is critical. For example, IL-17­
producing T cells have an important role in mice in resistance to infections
of the lung by Gram-negative bacteria such as K/ehsiella pneumoniae. Mice
lacking the receptor for IL-17 are significantly more susceptible than normal
mice to lung infection by this pathogen, and they show decreased production
of G-CSF and CXCL2 and poorer recruitment of neutrophils to infected lungs.
T„17 cells also promote resistance to the gut nematode Nippostrongylus hra­
siliensis. This effect seems to be due to the induction or recruitment by IL-17E
of a population of non-T non-B leukocytes, perhaps similar to basophils, that
secrete the T„2 cytokines IL-4, IL-5, and IL-13. These cytokines, particularly
IL-13, promote resistance to N. hrasiliensis by, for example, inducing its expul­
sion from the gut by augmenting the production of mucus (see Chapter 12).

114 T„1 and T„2 cells are induced by cytokines generated in response
to different pathogens.

T„l responses tend to be induced by viruses and by bacterial and protozoan
pathogens that can survive inside macrophage intracellular vesicles. In the
case of viruses, the T„l response is generally involved in helping to activate the
CD8 cytotoxic T cells that will recognize virus-infected cells and destroy them
(see Chapter 9). T„l cells also induce the production of some subclasses of
IgG antibodies, which neutralize virus particles in the blood and extracellular
fluid. In the case of mycobacteria, and of protozoa such as Leishmania and
Toxoplasma, which all take up residence inside macrophages, the role of T„l
cells is to activate macrophages to a degree that will destroy the invaders.

Experiments in vitro have shown that naive CD4 T cells initially stimulated
in the presence of IL-12 and IFN-y tend to develop into T„l cells (Fig. 11.5,
left panels). In part this is because these cytokines induce or activate the
transcription factors leading to T„l development, and in part it is because
IFN-yinhibits the proliferation of T„2 cells, as described in Chapter 9. NK cells
and CD8 cells are also both activated in response to infections with viruses
and some other intracellular pathogens, as discussed in Chapters 3 and 9,
and both produce abundant IFN-y. Dendritic cells and macrophages produce
IL-12. Thus, CD4 T-cell responses in these infections tend eventually to be
dominated by T„l cells.

Toll-like receptor (TLR) signaling is of major importance in driving dendritic
cells to produce IL-12. This has been shown in mice lacking the adaptor
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Fig. 11.5 The differentiation of naive
CD4 T cells into subclasses of effector
T cells is influenced by cytokines
elicited by the pathogen. Left panels:
many pathogens, especially viruses and
intracellular bacteria, activate dendritic
cells to produce IL-12 and NK cells to
produce IFN-T. These cytokines cause
proliferating CD4 T cells to differentiate
into TH1 cells. NK cells can be induced by
certain stimuli and adjuvants to migrate
into lymph nodes, where they could
promote TH1 responses. Right panels:
IL-4, which can be produced by various
cells, is made in response to parasitic
worms and some other pathogens,
and acts on proliferating CD4 T cells
to cause them to become TH2 cells. An
iNKT cell is shown as a source of IL-4
here, but these cells are not the only
source of IL-4 that can promote T,2
responses (see the text). The mechanisms
by which these cytokines induce the
selective differentiation of CD4 T cells are
discussed in Section 9-18 and Fig. 9.29.
Selective induction of transcription factors
induced by cytokine binding to cytokine
receptors leads to the activation of these
two different fates.
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protein MyD88, a component of an intracellular signaling pathway activated
by the stimulation of some TLRs (see Section 3-7). Mice deficient in MyD88
do not survive a challenge with Toxoplasma gondii, which normally elicits
a strong T„l response. Dendritic and other cells from mice lacking MyD88
failed to produce IL-12 in response to parasite antigens, and the animals
failed to mount a T„l response (Fig. 11.6). In contrast to dendritic cells stim­
ulated through Dectin-l, dendritic cells stimulated through TLR-9 produce
abundant IL-12 and support T„ l d i fferentiation. It is important to note that
many immune responses to pathogens produce a mixed response, with both
T„17 and T„l cells being generated. The basis for such mixed responses, and
for potential plasticity between these subsets, is an area of active research.

The killer lymphocytes of innate immunity, the NK cells, may contribute
to T„l development (see Fig. 11.5). NK cells are not normally found within
lymph nodes, but injection of mice with certain adjuvants, or with mature
dendritic cells, can induce their recruitment to lymph nodes via expression of
the chemokine receptor CXCR3 by the NK cell. As NK cells produce abundant
IFN-T, but little IL-4, they may act in lymph nodes during infections to direct
the development of T„l cells.

For T„2 responses, the mechanisms linking innate immunity to regulation of
the adaptive T„2 response are somewhat less clear (see Section 9-18). Naive
CD4 T cells activated in the presence of IL-4, especially when IL-6 is also
present, tend to differentiate into T„2 cells (see Fig. 11.5, right panels). Some
pathogens, such as helminths and other extracellular parasites, consistently
induce development of T„2 responses in vivo, and do so in a manner that
requires IL-4 signaling by T cells. But it is still uncertain how these pathogens
are initially sensed by the immune system and how this triggers commitment
of the naive T cell to the T„2 subset. But once some T cells have differentiated
into effector T„2 cells, their production of IL-4 can strongly reinforce the
development of more T„2 cells. Many cells have been proposed to act as
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Wild-type or MyD88-null mice are infected
intraperltoneally with Toxoplasma gondii

Plasma IL-12 and interferon-y levels Mice lacking MyD88 fail to control
infection and die5 days after infection
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Fig. 11.6 Infection may trigger T„1
polarization through Toll-like receptor
signaling pathways. The adaptor protein
MyD88 is a key component of Toll-like
receptor signaling. Wild-type mice and
mice deficient in MyD88 were infected
intraperltoneally with the protozoan
parasite Toxoplasma gondii (left panel).
Five days after infection, mice lacking
MyD88 showed a severe reduction in
the amount of IL-12 in plasma compared
with wild-type mice (center panel),
and dendritic cells from the spleens
of these animals failed to produce
IL-12 on stimulation with antigens from
T. gondii. The mice lacking MyD88 also
failed to produce a large IFN-T response
(center panel) and a TH1 response to
the infection, and died about 2 weeks
after infection (right panel, green line).
In contrast, wild-type mice produced a
strong IL-12, IFN-T, and TH1 response,
controlled the infection, and survived
(right panel, blue line). Sensing of
T. gondii in mice may involve TLR-11
(see Section 3-5).

an initial and rapid source of IL-4, including invariant NKT cells (iNKT cells),
mast cells, and basophils.

iNKT cells are a class of innate-like lymphocytes (see Section 3-24) that
express the cell-surface marker NK1.1 normally associated with NK cells.
Like other NKT cells (see Section 8-9), development of iNKT cells in the
thymus does not involve selection by MHC class I or class II molecules, but
instead depends on interactions with the MHC class IB molecules known
as CD1 proteins (see Section 6-19), which bind self lipids. iNKT cells have a
nearly invariant repertoire of Dt:p T-cell receptor composed of gene segments
V 14 — J,28 in mice, or the equivalent gene segments, V,24 — J,18, in humans.
Expression of CD1 proteins can be induced at sites of infection, which may
allow the presentation of microbial lipids to T cells. At least some iNKT cells
recognize specific glycolipid antigens presented by CDld. On activation,
iNKT cells secrete very large amounts of IL-4 and IFN-T, and may provide an
initial source of cytokines that polarize a T-cell response, particularly in the
direction of T„2 cells. iNKT cells are not the only T cells that recognize antigens
presented by CD1 molecules. CDlb presents the bacterial lipid mycolic acid
to Dt:p T cells, and other CD1 molecules are recognized by 7:5T cells. However,
a particular role for iNKT cells in T„2 responses has emerged from studies of
mice in which the genes encoding J 18 or CDld have been inactivated, and
so iNKT cells fail to develop. These mice also fail to develop antigen-induced
airway hypersensitivity that mimics a condition similar to asthma in humans
and which is strongly associated with a T„2 response.

Mast cells and basophils are also potent IL-4 producers and can migrate to
peripheral lymphoid organs, making them possible candidates for an early
source of IL-4 in response to infection. However, transgenic mice engineered
to lack basophils still developed T„2 responses and IgE production when
infected by the helminth Nippostrongylus brasiliensis, but basophils were
required for protection against secondary infection. This suggests that their
role is mainly as an effector, not an initiator, of T„2-type responses. Some evi­
dence suggests that certain TLR ligands can cause dendritic cells to produce
cytokines favoring T„2 development rather than T„l. For example, dendritic
cells make more IL-10 and less IL-12 when stimulated by some ligands for
TLR-2, including bacterial lipoproteins, peptidoglycans, and zymosan, a car­
bohydrate derivative of yeast cell walls, compared with other TLR ligands, but
these can also stimulate production of IL-23, which favors T„17 development.

11-5 CD4T-cell subsets can cross-regulate each other's differentiation.

The various subsets of CD4 T cells — regulatory T cells (T,), T„17, T„l, and
T„2 — each have very different functions. T g cells maintain tolerance and
limit immunopathology. T„17 cells amplify acute inflammation at sites of
infection. T„l cells are crucial for cell-mediated immunity due to phagocytes.
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Fig. 11.7 The subsets of CD4 T cells
each produce cytokines that can
negatively regulate the development
or effector activity of other subsets. In
the absence of infection, in homeostatic
conditions, the TGF-P produced by T,

T cells, thus preventing the development
of a TH17, TH1, or TH2 response (upper
panels). During an infection, development
of TH17 cells occurs in response to IL-6
produced by dendritic cells. However,
if signals are present to induce TH1
or TH2 cells, the cytokines IFN-T or
IL-4 produced by them can override
the effect of IL-6 and inhibits TH17
development (lower center panel). T,2
cells can produce IL-10, which inhibits
the production of IL-12 by macrophages,
reducing TH1 cells, and TGF-P, which
inhibits TH1 growth (left panels). TH1 cells
produce IFN-T, which blocks the growth
of T,2 cells (right panels).

T„2 cells promote allergic responses and protection against parasites by aug­
menting barrier immunity at epithelial surfaces. Cytokines mediate many
of these distinct functions, but some can also influence the development of
these T-cell subsets themselves. Thus, there is a complex pattern of cross­
regulation during the development of CD4 T-cell subsets.

For example, T„17 cells are induced by IL-6 and TGF-p, but IFN-T (produced
by T„l cells) or IL-4 (produced by T„2 cells) can inhibit T„17 development,
promoting T„l or T„2 development, respectively (Fig. 11.7). Furthermore,
there is some degree of plasticity between these subsets, at least in vitro.
Treatment with IFN-T and IL-12 can convert established T„17 cells into IFN­
T-producing T„l cells, and the combination of IFN-u, IFN-T, and IL-12 can
even induce IFN-T production from T„2 cells. There is also cross-regulation
between T„l and T„2 cells. IL-4 and IL-10, which are products of T„2 cells,
can inhibit the production of IL-12 by dendritic cells, and thereby inhibit
T„l development. Conversely, IFN-T, a product of T„l cells, can inhibit the
proliferation of T„2 cells (see Fig. 11.7). IL-10 is not made exclusively by T„2
cells: it can also be made by T„l cells under conditions of strong stimulation
of the T-cell receptor. In this way, antigen concentration can potentially
modulate T„l and T„2 differentiation by changing the overall balance of
different cytokines such as IL-10.

It is sometimes possible to shift the balance between T„l and T„2 cells by
administering appropriate cytokines or antibodies, although studying their
effects on human CD4 T-cells poses obvious difficulties. IL-2 and IFN-T have
been used to stimulate cell-mediated immunity in human diseases such as
lepromatous leprosy and can cause both a local resolution of the lesion and
a systemic change in T-cell responses. However, the links between cytokine
action and disease have been explored mainly in mouse models. Such studies
indicate that the appropriate choice of the CD4 T cell can sometimes be
crucial for clearance of infection, and show that subtle differences in CD4
T-cell responses can have a significant impact on the outcome of infection.

One clear example of this is the murine model of infection by the protozoan
parasite I.eishmania major, which requires a T„l response and activation of
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macrophages for clearance. C57BL/6 mice produce T„l cells that protect the
animal by activating infected macrophages to kill L. major. In BALB/c mice
infected with L. major, however, CD4 T cells fail to differentiate into T„l cells;
instead, they become T„2 cells, which are unable to activate macrophages to
inhibit leishmanial growth. This difference seems to result from a population
of memory T cells that are specific for gut-derived antigens but cross-react
with an antigen, LACK (Leishmania analog of the receptors of activated
C kinase), expressed by the Leishmania parasite. These memory cells are
present in both strains of mice, but for unknown reasons they produce IL-4
in BALB/c mice but not in C57BL/6 mice. In BALB/c mice, the small amount
of IL-4 secreted by these memory cells that are activated during Leishmania
infection drives new Leishmania-specific CD4 T cells to become T„2 cells,
which leads eventually to a failure to eliminate the pathogen, and to death.
The preferential development of T„2 rather than T„l cells in BALB/c mice can
be reversed if IL-4 is blocked in the first days of infection by injecting anti-IL-4
antibody, but this treatment is ineffective after a week or so of infection,
demonstrating the crucial importance of the early exposure to cytokines for
decisions by naive T cells (Fig. 11.8).

CD8 T cells are also able to regulate the immune response by producing
cytokines. Effector CD8 T cells can, in addition to their familiar cytotoxic
function, also respond to antigen by secreting cytokines typical of either T„l
or T„2 cells. Such CD8 T cells, called Tcl or Tc2 by analogy with the T„sub­
sets, seem to be responsible for the development of leprosy in its lepromatous
rather than its tuberculoid form. As we saw in Chapter 9, lepromatous leprosy
is due to the predominance of a T„2 cell response, which does not clear the
bacteria. Patients with the less destructive tuberculoid leprosy make Tcl cells
whose cytokines induce T„l cells, which can activate macrophages to rid the
body of its burden of leprosy bacilli. Patients with lepromatous leprosy have
CD8 T cells that suppress the T„l response by making IL-10 and TGF-P. The
expression of these cytokines could explain the suppression of CD4 T cells by
CD8 T cells that has been observed in various situations.

Another factor that may possibly influence the differentiation of CD4 T cells
into various subsets is the amount, or sequence, of the antigenic peptide that
initiates the response. In some cases, large amounts of antigenic peptide, or
peptides that interact strongly with the T-cell receptor, favor T„l responses,
whereas a low density of peptide or peptides that bind weakly tend to elicit
T„2 responses. These effects do not seem to be due to differences in signaling
through the T-cell receptor but may involve changes in the overall balance of
different cytokines produced by the cells involved in activating naive T cells. It
is not clear whether this effect is universal, but it could be important in certain
circumstances. For instance, allergic reactions are caused by the production
of IgE antibody, which requires high levels of IL-4 but does not occur in the
presence of IFN-T, a powerful inhibitor of IL-4-driven class switching to IgE.
Antigens that elicit IgE-mediated allergy are generally delivered in minute
doses and elicit T„2 cells that make IL-4 and no IFN-T. Also, it is possible that
many allergens do not activate cytokine production from innate immune
responses, which might override the effects of antigen dose. Finally, allergens
are delivered to humans in minute doses across a thin mucosa, such as that of
the lung, and something about this route of sensitization seems to favor T„2
responses.

11-6 Effector T cells are guided to sites of infection by chemokines
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BALB/c mice are infected with Le/shman/a
major, either with or without treatment

with an antibody that blocks IL-4

Untreated BALB/c mice develop a Ttt2
response and fail to cure the infection, and die.
Mice treated with anti-IL4 antibody develop
a TH1 response and eliminate the parasite
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Fig. 11.8 The development of CD4
T-cell subsets can be manipulated by
altering the cytokines acting during the
early stages of infection. Elimination of
infection with the intracellular protozoan
parasite Leishmania maj or requires a TH1
response, because IFN-T is needed to
activate the macrophages that provide
protection. BALB/c mice are normally
susceptible to L. major because they
generate a TH2 response to the pathogen.
This is because they produce IL-4 early
during infection and this induces naive
T cells into the T,2 lineage (see the
text). Treatment of BALB/c mice with
neutralizing anti-IL-4 antibodies at the
beginning of infection inhibits this IL-4
and prevents the diversion of naive
T cells toward the T,2 lineage; these mice
develop a protective TH1 response.

and newly expressed adhesion molecules.

The full activation of naive T cells takes 4 — 5 days and is accompanied by
marked changes in their homing behavior. Effector cytotoxic CD8 T cells must
travel from the peripheral lymphoid tissue in which they have been activated
to attack and destroy infected cells. Effector CD4 T„l cells must also leave
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the lymphoid tissues to activate macrophages at the site of infection. Exit of
effector T cells from lymphoid tissues is regulated by changes in their respon­
siveness to the chemotactic lipid sphingosine 1-phosphate, as described in
Section 9-3. Most effector T cells cease production of L-selectin, which medi­
ates homing to the lymph nodes, whereas the expression of other adhesion
molecules is increased (Fig. 11.9). One important change is a marked increase
in synthesis of the integrin u4.P„also known as VLA-4. This binds to the adhe­
sion molecule VCAM-1, a member of the immunoglobulin superfamily that is
induced on activated endothelial cell surfaces and initiates the extravasation
of the effector T cells. Thus, if the innate immune response has already acti­
vated the endothelium at the site of infection, as described in Section 11-2,
effector T cells will be rapidly recruited.

In the early stage of an immune response, onlya fewof the effector T cells that
enter the infected tissue will be expected to be specific for pathogen, because
any effector T cell specific for any antigen will also be able to enter. Specificity
of the reaction is maintained, however, because only those effector T cells that
recognize pathogen antigens will carry out their function, destroying infected
cells or specifically activating pathogen-loaded macrophages. By the peak
of an adaptive immune response, after several days of clonal expansion and
differentiation, most of the recruited T cells will be specific for the infecting
pathogen.

Not all infections trigger innate immune responses that activate local
endothelial cells, and it is not so clear how effector T cells are guided to the
sites of infection in these cases. However, activated T cells seem to enter all
tissues in very small numbers, perhaps via adhesive interactions such as the
binding of P-selectin on the endothelial cells to its ligand P-selectin glycopro­
tein ligand-1 (PSGL-l), which is expressed by activated T cells, and so effec­
tor T cells could encounter their antigens even in the absence of a previous
inflammatory response.

By the means just described, one or a few specific effector T cells encount­
ering antigen in a tissue can initiate or augment a potent local inflammatory
response that recruits many more effector lymphocytes and nonspecific
inflammatory cells to that site. Effector T cells that recognize pathogen
antigens in the tissues produce cytokines such as TNF-u, which activates
endothelial cells to express E-selectin, VCAM-1, and ICAM-1, and chemokines
such as CCL5, which acts on effector T cells to activate their adhesion
molecules. VCAM-1 and ICAM-1 on endothelial cells bind VLA-4 and LFA-1,
respectively, on effector T cells, recruiting more of these cells into tissues that
contain the antigen. At the same time, monocytes and polymorphonuclear
leukocytes are recruited by adhesion to E-selectin. TNF-u and IFN-T released
by activated T cells also act synergistically to change the shape of endothelial
cells, allowing increased blood flow, increased vascular permeability, and
increased emigration of leukocytes, fluid, and protein into the infected tissue.
Thus, at the later stages of an infection, the protective effects of macrophages
secreting TNF-u and other pro-inflammatory cytokines at the infected site
(see Section 3-17) are reinforced by the actions of effector T cells.

By contrast, effector T cells that enter tissues but do not recognize their
antigen are rapidly lost. They either enter the lymph from the tissues and
eventually return to the bloodstream, or undergo apoptosis. Most of the T cells
in the afferent lymph that drains tissues are memory or effector T cells, which
characteristically express the CD45RO isoform of the cell-surface molecule
CD45 and lack L-selectin (see Fig. 11.9). Effector T cells and memory T cells
have similar phenotypes, as we discuss later, and both seem to be committed
to migration through potential sites of infection. In addition to allowing
effector T cells to clear all sites of infection, this pattern of migration allows
them to contribute, along with memory cells, to protecting the host against
reinfection with the same pathogen.

Fig. 11.9 Effector T cells change their
surface molecules, allowing them to
home to sites of infection. Naive T cells
home to lymph nodes through the binding
of L-selectin to sulfated carbohydrates
displayed by various proteins, such
as CD34 and GlyCAM-1, on the high
endothelial venule (HEV, upper panel).
After encounter with antigen, many of
the differentiated effector T cells lose
expression of L-selectin, leave the
lymph node about 4-5 days later, and
now express the integrin VLA-4 and
increased levels of LFA-1. These bind
to VCAM-1 and ICAM-1, respectively,
on peripheral vascular endothelium at
sites of inflammation (lower panel). On
differentiating into effector cells, T cells
also alter their splicing of the mRNA
encoding the cell-surface protein CD45.
The CD45RO isoform expressed by
effector T cells lacks one or more exons
that encode extracellular domains present
in the CD45RA isoform expressed by
naive T cells, and somehow makes
effector T cells more sensitive to
stimulation by specific antigen.
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Expression of particular adhesion molecules can direct different subsets of
effector T cells to specific sites. As we shall see in Chapter 12, the peripheral
immune system is compartmentalized, such that different populations of
lymphocytes migrate through different lymphoid compartments and — after
activation — through the different tissues they serve. This is achieved by the
selective expression of adhesion molecules that bind selectively to tissue­
specific addressins. In this context, the adhesion molecules are often known as
homing receptors. For example, some activated T cells specifically populate
the skin. They are induced during activation to express the adhesion molecule
cutaneous lymphocyte antigen (CLA) (Fig. 11.10). This is a specifically
glycosylated isoform of PSGL-1 that binds to E-selectin on cutaneous vascular
endothelium. CLA-expressing T lymphocytes also produce the chemokine
receptor CCR4. This binds the chemokine CCL17 (TARC), which is present
at high levels on the endothelium of cutaneous blood vessels. Interaction
of CLA with E-selectin causes the T cell to roll against the wall of the vessel,
and the signal delivered by endothelial CCL17 is thought to cause the arrest
of lymphocytes and to bring about their adhesion to the wall, probably by
inducing tight binding of integrin, as described for the action of CCL21 on
naive T cells (see Section 9-3). The condition known as leukocyte adhesion
deficiency is found in people who lack integrin P subunits, and such people
suffer from recurrent infections with pyogenic bacteria and problems with
wound healing. In addition to CCR4, skin-homing T cells carry the chemo­
kine receptor CCR10 (GPR-2), which binds the chemokine CCL27 (CTACK)
expressed by keratinocytes, the epithelial cells of the skin. Different comb­
inations of chemokines and receptors are used by T cells that home to the
mucosal immune system of the gut, and these are discussed in Chapter 12.

11-7 Differentiated effector T cells are not a static population but continue

Leukocyte Adhesion
Deficiency

to respond to signals as they carry out their effector functions.

The commitment of CD4 T cells to become distinct lineages of effector cells
begins in peripheral lymphoid tissues, such as lymph nodes, as described in
Sections 11-3 and 11-4. However, the effector activities of these cells once they
enter sites of infection are not defined simply by the signals received in the
lymphoid tissues. Instead, evidence suggests that there is continuous regula­
tion of the expansion and the effector activities of differentiated CD4 cells, in
particular of T„17 and T„l cells.

As noted in Chapter 9, commitment of naive T cells to become T„17 cells is
triggered by exposure to TGF-P and IL-6; commitment to T„l cells is initially
triggered by IFN-T. These initial conditions are not, however, sufficient to
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Fig. 11.10 Skin-homing T cells use
specific combinations of integrins
and chemokines to migrate
specifically to the skin. Left panel:
a skin-homing lymphocyte binds to
the endothelium lining a cutaneous
blood vessel by interactions between
cutaneous lymphocyte antigen (CLA)
and constitutively expressed E-selectin
on the endothelial cells. The adhesion
is strengthened by an interaction
between lymphocyte chemokine receptor
CCR4 and the endothelial chemokine
CCL17. Right panel: once through the
endothelium, effector T lymphocytes
are attracted to keratinocytes of the
epidermis by the chemokine CCL27,
which binds to the receptor CCR10 on
lymphocytes.

Blood
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generate complete or effective T„17 or T„l responses. In addition, each T-cell
subset also requires stimulation by another cytokine: IL-23 in the case of T„17
cells, and IL-12 in the case of T„l cells. IL-23 and IL-12 are closely related in
structure; each is a heterodimer and they share a subunit. IL-23 is composed of
one p40 and one p19 subunit, whereas IL-12 has the p40 subunit and a unique
p35 subunit. Committed T„17 cells express a receptor for IL-23, whereas T„l
cells express a receptor for IL-12. The receptors for IL-12 and IL-23 are also
related, having a common subunit (Fig. 11.11).

IL-23 and IL-12 amplify the activities of T„17 and T„l cells, respectively. Like
many other cytokines, they both act through the JAK — STAT intracellular
signaling pathway (see Fig. 7.29). IL-23 signaling activates the intracellular
transcriptional activators STAT1, STAT3, and STAT5, but act ivates STAT4
very weakly. In contrast, IL-12 activates STAT1 and STAT3 and also strongly
activates STAT4. IL-23 does not initiate the commitment of naive CD4 T cells
to T„17 cells, but it does stimulate their expansion. Many in vivo responses
that depend on IL-17 are diminished in the absence of IL-23. For example,
mice lacking the IL-23-specific subunit p19 show decreased production of
IL-17 and IL-17F in the lung after infection by K/ebsiella pneumoniae.

Mice lacking the p40 subunit, which is shared by IL-12 and IL-23, are deficient
in both IL-23 and IL-12. This was the source of some confusion before the
separate role of IL-23 in T„17 activity was understood. It had been assumed
that inflammation in the brains of mice with experimental autoimmune
encephalomyelitis (EAE) was due to T„l cells and IFN-y, because EAE could
not be induced in p40-deficient mice. But later it was found that EAE could
be induced in p35-deficient mice, which lack IL-12 but maintain IL-23, and
that EAE cannot be induced in p19-deficient mice. It turns out that the brain
inflammation in EAE is largely a result of the activity of T„17 cells.

IL-12 regulates the effector activity of committed T„l cells at sites of infection,
but other cytokines such as IL-18 may also be involved. Studies of two
different pathogens have shown that the initial differentiation of T„I cells is
not sufficient for protection, and that continuous signals are required. Mice
deficient in p40 can resist initial infection by T. gondii as long as IL-12 is
administered continuously. If IL-12 is administered during the first 2 weeks
of infection, p40-deficient mice survive the initial infection and establish a
latent chronic infection characterized by cysts containing the pathogen. When
IL-12 administration is stopped, however, these mice gradually reactivate the
latent cysts and the animals eventually die of toxoplasmic encephalitis. IFN-y
production by pathogen-specific T cells decreases in the absence of IL-12 but
could be restored by IL-12 administration. Similarly, the adoptive transfer of
differentiated T„l cells from mice cured of L major protects RAG-deficient
mice infected by L major, but cannot protect p40-deficient mice (Fig. 11.12).
Together, these experiments suggest that T„l cells continue to respond to
signals during an infection, and that continuous IL-12 is needed to sustain
the effectiveness of differentiated T„I cells against at least some pathogens.

11-8 Primary CDST-cell responses to pathogens can occur in the absence

Fig. 11.11 The cytokines IL-12 and IL-23
share subunits, and their receptors
have a common component. The
dimeric cytokines IL-12 and IL-23 share
the p40 subunit, and the receptors
for IL-12 and IL-23 have the IL-12RP1
subunit in common. IL-12 signaling
activates the transcriptional activators
STAT1, STAT3, and STAT4, but its action
in increasing IFN-T production is due
to STAT4. IL-23 activates several other
STATs, but activates STAT4 only weakly.
Both cytokines augment the activity and
proliferation of the CD4 subsets that
express receptors for them; TH1 cells
express IL-12R, and TH17 cells express
IL-23R. Mice deficient in p40 lack
expression of both of these cytokines,
and manifest immune defects as a result
of deficiencies in both T,1 and T,17
activities.

of CD4T-cell help.

Many CD8 T-cell responses require help from CD4 T cells (see Section 9-16).
This is typically the case where the antigen recognized by the CD8 T cells is
derived from an agent that does not cause inflammation on initial infection.
In such circumstances, CD4 T-cell help is required to activate dendritic cells
to become able to stimulate a complete CD8 T-cell response, an activity that
has been described as licensing of the antigen-presenting cell (see Section
9-6). Licensing involves the induction of co-stimulatory molecules such as B7,
CD40, and 4-1BBL on the dendritic cell, which can then deliver signals that
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Fig. 11.12 Continuous IL-12 is required for resistance to pathogens requiring T„1
responses. Mice that have eliminated an infection with Leishmania major and have
generated T,1 cells specific to the pathogen were used as a source of T cells that were
adoptively transferred into either RAG2-deficient mice, which lack T cells and B cells
and cannot control L. major infection but can produce IL-12, or into mice lacking p40,
which cannot produce IL-12. On subsequent infection of the RAG2-deficient mice,
lesions did not enlarge because the transferred TH1 cells conferred immunity. But despite
the fact that the transferred cells were already differentiated T,1 cells, they did not
confer resistance to IL-12 p40-deficient mice in which a continuous source of IL-12 was
not present.

with L. major

Tnt cells

T„1 cells from mice cured of infection with
L. major are transferred into RAG2- or p40­

deficient mice, which are then injected

Leishmania
major
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THt cellsfully activate naive CD8 T cells (see Fig. 9.27). Licensing enforces a require­
ment for dual recognition of an antigen by the immune system by both CD4
and CD8 T cells, which provides a useful safeguard against autoimmunity.
Dual recognition is also seen in the cooperation between T cells and B cells for
antibody generation (see Chapter 10). However, not all CD8 T-cell responses
require such help.

Some infectious agents, such as the intracellular Gram-positive bacterium
listeria monocytogenes and the Gram-negative bacterium Burkholderia
pseudomallei, provide the inflammatory environment required to license
dendritic cells and thus can induce primary CD8T-cell responses without help
from CD4 T cells. These pathogens carry a number of immunostimulatory
signals, such as ligands for TLRs, and so can directly activate antigen­
presenting cells to express the co-stimulatory molecules B7 and CD40. Thus,
fully activated dendritic cells presenting Listeria or Burkholderia antigens can
activate naive antigen-specific CD8 T cells without the help of CD4 T cells,
and can induce them to undergo clonal expansion (Fig. 11.13). The activated
dendritic cell also secretes cytokines such as IL-12 and IL-18, which act on
naive CD8 T cells in a so-called 'bystander' effect to induce them to produce
IFN-T, which in turn induces other protective effects (see Fig. 11.13).

Primary CD8 T-cell responses to L monocytogenes were examined in mice
that were genetically deficient in MHC class II molecules and thus lacked CD4
T cells (see Section 8-18). The numbers of CD8 T cells specific for a particular
antigen expressed by the pathogen were measured by using MHC tetramers
(see Appendix I, Section A-28). On day 7 after infection, wild-type mice and
mice lacking CD4 T cells show equivalent expansion, and equivalent cytotoxic
capacity, of pathogen-specific CD8 T cells. Mice lacking CD4 T cells cleared
the initial infection by L monocytogenes as effectively as wild-type mice.
These experiments clearly show that protective responses can be generated
by pathogen-specific CD8 T cells without CD4 T-cell help. However, as we will
see later, the nature of the CD8 memory response is different and is dimin­
ished in the absence of CD4 T-cell help.

Naive CD8 T cells can also undergo 'bystander' activation by IL-12 and IL-18
to produce IFN-T very early during infection (see Fig. 11.13). Mice infected
with L monocytogenes or B. pseudomallei rapidly produce a strong IFN-T
response, which is essential for their survival. The source of this IFN-T seems
to be both the NK cells of innate immunity and naive CD8 T cells, which
begin to secrete it within the first few hours after infection. This is believed
to be too soon for any significant expansion of pathogen-specific CD8 T cells,
which would initially be too rare to contribute in an antigen-specific manner.
The production of IFN-T by both NK and CD8 T cells at this early time can
be blocked experimentally by antibodies against IL-12 and IL-18, suggesting
that these cytokines are responsible. The source of the IL-12 and IL-18 was
not identified in this experiment, but they are produced by macrophages and
dendritic cells in response to activation via TLRs. These experiments indicate
that naive CD8 T cells can contribute nonspecifically in a kind of innate
defense, not requiring CD4 T cells, in response to early signals of infection.
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Fig. 11.13 Naive CDS T cells can be
activated dirac+ by potent antigen­
presenting cells through their T-cell
receptor or through the action of
cytokines. Left panels: naive CD8
T cells that encounter peptide:MHC
class I complexes on the surface of
dendritic cells expressing high levels
of co-stimulatory molecules as a
result of the inflammatory environment
produced by some pathogens (upper
left panel) are activated to proliferate in
response, eventually differentiating into
cytotoxic CD8 T cells (lower left panel).
Right panels: activated dendritic cells
also produce the cytokines IL-12 and
IL-18, whose combined effect on CD8
T cells rapidly induces the production of
IFN-T (upper right panel). This activates
macrophages for the destruction of
intracellular bacteria and can promote
antiviral responses in other cells (lower
right panel).
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11-9 Antibody responses develop in lymphoid tissues under the direction
of TFH Cells.

As described in Chapter 10, B cells specific for a protein antigen cannot be
activated to proliferate, form germinal centers, or differentiate into plasma
cells until they encounter a helper T cell that is specific for one of the peptides
derived from that antigen. Recall that naive antigen-binding B cells first enter
the follicle, but when they encounter antigen, CCR7 is expressed and they
move toward the boundary of the B-cell and T-cell zones (see Section 10-5).
Similarly, in the T-cell zones, some naive T cells that are activated by antigen­
bearing dendritic cells become follicular T helper (T,„) cells that express
CXCR5; these move toward the boundary of the B-cell and T-cell zones, where
they can interact with recently activated B cells (see Fig. 10.5). Through linked
recognition (see Section 10-3), this initial T cell — B cell interaction gives rise to
the primary focus after about 5 days, and later can generate a germinal center
reaction in the follicle that facilitates B cells to undergo isotype switching
and affinity maturation (see Sections 5-18 and 10-10). Some B cells activated
in the primary focus migrate to the medullary cords of the lymph node, or
to those parts of the red pulp that are next to the T-cell zones of the spleen,
where they become plasma cells and secrete specific antibody for a few days
(see Fig. 10.7). The final products of the germinal center response are high­
affinity memory B cells and long-lived plasma cells, which are important for
the maintenance of serum antibody levels and long-lasting immunity.

Antigen is retained for very long periods in lymphoid follicles in the form of
antigen:antibody complexes on the surface of the local follicular dendritic
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cells. The antigen:antibody complexes, which become coated with fragments
of C3, are held on the cell by receptors for the complement fragments (CR1,
CR2, and CR3) as well as by a nonphagocytic Fc receptor (see Fig. 10.16). The
function of this long-lived antigen is unclear, because there is evidence that it
is not absolutely required for the stimulation of B cells in the germinal center
(see Section 10-10), but it may regulate the long-term antibody response.

11-10 Antibody responses are sustained in medullary cords
and bone marrow.

The B cells activated in primary foci migrate either to adjacent follicles or to
local extrafollicular sites of proliferation. B cells grow exponentially in these
sites for 2 — 3 days and undergo six or seven cell divisions before the progeny
come out of the cell cycle and form antibody-producing plasma cells in situ
(Fig. 11.14, upper panel). Most of these plasma cells have a life-span of 2 — 4
days, after which they undergo apoptosis. About 10% of plasma cells in these
extrafollicular sites live longer; their origin and ultimate fate are unknown.
Surviving B cells that have undergone class switching and affinity matura­
tion in the germinal center will either become memory cells or can leave the
germinal center as plasmablasts (pre-plasma cells) to become relatively long­
lived antibody-producing cells in other locations (see Sections 10-7 to 10-9).

Plasmablasts originating in the follicles of Peyer's patches and mesenteric
lymph nodes migrate via lymph to the blood and then enter the lamina pro­
pria of the gut and other epithelial surfaces. Those originating in peripheral
lymph node or splenic follicles migrate to the bone marrow (Fig. 11.14, lower
panel). In these distant sites of antibody production, the plasmablasts dif­
ferentiate into plasma cells that have a life-span of months to years. These
cells are thought to provide the antibody that can be present in the blood for
years after the initial immune response. Whether this supply of plasma cells
is replenished by the continual but occasional differentiation of memory cells
is not yet known. Studies of responses to nonreplicating antigens show that
germinal centers are present for only 3-4 weeks after initial exposure to anti­
gen. However, small numbers of B cells continue to proliferate in the follicles
for months and may be the precursors of antigen-specific plasma cells in the
mucosa and bone marrow throughout the subsequent months and years.

11-11 The effector mechanisms used to clear an infection depend on the
infectious agent.

Fig. 11.14 Plasma cells are dispersed
in medullary cords and bone marrow.
In these sites they secrete antibody at
high rates directly into the blood for
distribution to the rest of the body. In
the upper micrograph, plasma cells in
lymph node medullary cords are stained
green (with fluorescein anti-IgA) if they are
secreting IgA, and red (with rhodamine
anti-IgG) if they are secreting IgG. The
plasma cells in these local extrafollicular
sites are short lived (2M days). The
lymphatic sinuses are outlined by green
granular staining selective for IgA. In the
lower micrograph, longer-lived plasma
cells (3 weeks to 3 months or more) in the
bone marrow are revealed with antibodies
specific for light chains (fluorescein anti-A,
and rhodamine anti-x stain). Plasma cells
secreting immunoglobulins containing X
light chains show on this micrograph as
yellow. Those secreting immunoglobulins
containing x light chains stain red.
Photographs courtesy of P. Brandtzaeg.Most infections engage both the cell-mediated and the humoral aspects

of immunity, and in many cases both are helpful in clearing or containing
the pathogen and setting up protective immunity, as shown in Fig. 11.15,
although the relative importance of the different effector mechanisms, and
the effective classes of antibody involved, vary with different pathogens. As
we learned in Chapter 9, cytotoxic T cells are important in destroying virus­
infected cells, and in some viral diseases they are the predominant class of
lymphocytes present in the blood during a primary infection. Nevertheless,
the role of antibodies in clearing viruses from the body and preventing them
from getting a hold should not be forgotten. Ebola virus causes a hemorrhagic
fever and is one of the most lethal viruses known, but some patients do
survive and some people even become infected but remain asymptomatic.
In both cases, a strong antiviral IgG response early in infection seems to be
essential for survival. The antibody response seems to clear the virus from
the bloodstream and gives the patient time to activate cytotoxic T cells. In
contrast, this antibody response did not occur in infections that proved fatal;
the virus continued to replicate, and even though there was some activation
of T cells, the disease progressed.
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Fig. 11.15 Different effector
mechanisms are used to clear primary
infections with different classes of
pathogens and to protect against
reinfection. The defense mechanisms
used to clear a primary infection are
identified by red shaded boxes. Yellow
shading indicates a role in protective
immunity. Paler shades indicate less
well established mechanisms. It is clear
that classes of pathogens elicit similar
protective immune responses, reflecting
similarities in their lifestyles. The CD4
responses indicated on this diagram refer
only to those involved in macrophage
activation. In addition, in virtually all
diseases, helper CD4 T-cell responses
will be involved in stimulating antibody
production, class switching, and the
production of memory cells.

Cytotoxic T cells are also required for the destruction of cells infected with
some intracellular bacterial pathogens, such as Rickettsia, the causative agent
of typhus. In contrast, mycobacteria, which live inside macrophage vesicles,
are mainly kept in check by CD4 T„l cells, which activate infected macro­
phage to kill the bacteria. Antibodies are the principal immune reactants
that clear primary infections with common extracellular bacteria such as
Staphylococcus aureus and Streptococcus pneurnoniae. The IgM and IgG anti­
bodies produced against components of the bacterial surface coat opsonize
the bacteria and make them more susceptible to phagocytosis.

Figure 11.15 also indicates the mechanisms involved in immunity to reinfec­
tion, or protective immunity, against the pathogens listed. Inducing protec­
tive immunity is the goal of vaccine development, which we discuss more
detail in Chapter 16. To achieve protective immunity requires a vaccine to
induce an adaptive immune response that has both the antigen specificity
and the appropriate functional elements to combat the particular pathogen
concerned. Pathogens carry multiple epitopes for both B cells and T cells,
and thus generate diverse antibody and T-cell responses, but not all of these
will be equally effective in clearing the disease. Protective immunity consists
of two components — immune reactants, such as antibody or effector T cells
generated in the initial infection or by vaccination, and long-lived immuno­
logical memory (Fig. 11.16).

The type of antibody or effector T cell that offers protection depends on the
infectious strategy and lifestyle of the pathogen. Thus, when opsonizing
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Fig. 11.16 Protective immunity consists
of preformed immune reactants and
immunological memory. The first time
a particular pathogen is encountered,
pathogen-specific antibody and effector
T cells are produced. After the infection
has been cleared, their levels gradually
decline. An early reinfection with the
same pathogen is rapidly cleared by
these preformed immune reactants.
There are few symptoms, but levels of
immune reactants are found to increase
temporarily (light blue peak). Reinfection
years afterward leads to an immediate
and rapid increase in pathogen-specific
antibody and effector T cells as a result
of immunological memory, and disease
symptoms are mild or inapparent.

antibodies such as IgG1 are present (see Section 10-14), opsonization and
phagocytosis of extracellular pathogens will be more efficient. If specific IgE
is present, pathogens will trigger activation of mast cells, rapidly initiating an
inflammatory response through the release of histamine and leukotrienes. In
many cases the most efficient protective immunity is mediated by neutraliz­
ing antibody that can prevent pathogens from establishing an infection, and
most of the established vaccines against acute childhood viral infections work
primarily by inducing protective antibodies. Effective immunity against polio
virus, for example, requires preexisting antibody (see Fig. 11.15), because the
virus rapidly infects motor neurons and destroys them unless it is immediately
neutralized by antibody and prevented from spreading within the body. In
polio, specific IgA on mucosal epithelial surfaces also neutralizes the virus
before it enters the tissues. Thus, protective immunity can involve effector
mechanisms (IgA in this case) that do not operate in the elimination of the
primary infection.

When a primary adaptive immune response is successful in halting an infect­
ion, it will often clear the primary infection from the body by the effector
mechanisms discussed in Chapters 9 and 10. However, as we discuss in Chapter
13, many pathogens evade complete clearance and persist for the life of the
host. The virus herpes zoster, which causes chickenpox on primary infection,
then lies latent in the body for years without causing disease, but can later in
life, or if the body is stressed, become reactivated and cause shingles.

11-12 Resolution of an infection is accompanied by the death of most of the
effector cells and the generation of memory cells.

When an infection is effectively repelled by the adaptive immune system,
two things occur. The actions of effector cells remove the specific stimulus
that originally recruited them. In the absence of this stimulus, the cells then
undergo 'death by neglect,' removing themselves by apoptosis. The dying cells
are rapidly cleared by phagocytes and other cells, which recognize the mem­
brane lipid phosphatidylserine. This lipid is normally found only on the inner
surface of the plasma membrane, but in apoptotic cells it rapidly redistributes
to the outer surface, where it can be recognized by specific receptors on many
cells. Thus, not only does the ending of infection lead to the removal of the
pathogen, it also leads to the loss of most of the pathogen-specific effector cells.

However, some of the effector cells are retained, and these provide the raw
material for memory T-cell and B-cell responses. These are crucially impor­
tant to the operation of the adaptive immune system. Memory T cells, in par­
ticular, are retained virtually forever. The mechanisms underlying the decision
to induce apoptosis in most effector cells and to retain only a few are only
now being discovered and are still not well understood. It seems likely that
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the answers will lie in the cytokines produced by the environment and by the
T cells themselves, and in the affinity of the T-cell receptors for their antigens.

Summary.

The adaptive immune response is required for effective protection of the host
against pathogenic microorganisms. The response of the innate immune
system to pathogens helps to initiate the adaptive immune response.
Pathogens cause the activation of dendritic cells to full antigen-presenting
cell status, and interactions with other cells of the innate immune system
lead to the production of cytokines that direct the quality of the CD4 T-cell
response. Pathogen antigens are transported to local lymphoid organs by the
migrating dendritic cells and are presented to antigen-specific naive T cells
that continuously recirculate through the lymphoid organs. T-cell priming
and the differentiation of effector T cells occur here, and the effector T cells
either leave the lymphoid organ to provide cell-mediated immunity in sites
of infection in the tissues or remain in the lymphoid organ to participate in
humoral immunity by activating antigen-binding B cells. Distinct types of
CD4 T cells develop in response to infection by different types of pathogens.
T„17 responses provide for the generation of acute inflammation at sites
of infection by robust recruitment of neutrophils. T„l responses activate
the phagocytic pathways to protect against intracellular pathogens. T„2
responses are directed against infections by parasites such as helminths by
promoting barrier and mucosal immunity, IgE production, and recruitment
of eosinophils to sites of infection. CD8 T cells have an important role in
protective immunity, especially in protecting the host against infection by
viruses and intracellular infections by Listeria and other microbial pathogens
that have special means for entering the host cell's cytoplasm. Primary CD8
T-cell responses to pathogens usually require CD4 T-cell help, but can occur in
response to some pathogens without such help. CD4-independent responses
can lead either to the generation and expansion of antigen-specific cytotoxic
T cells or to the nonspecific activation of naive CD8 T cells to secrete IFN-y,
which in turn contributes to host protection. Ideally, the adaptive immune
response eliminates the infectious agent and provides the host with a state of
protective immunity against reinfection with the same pathogen.

Immunological memory.

Having considered how an appropriate primary immune response is
mounted, we now turn to how long-lasting protective immunity is generated.
The establishment of immunological memory is perhaps the most important
consequence of an adaptive immune response, because it enables the immune
system to respond more rapidly and effectively to pathogens that have been
encountered previously, and prevents them from causing disease. Memory
responses, which are called secondary immune responses, tertiary immune
responses, and so on, depending on the number of exposures to antigen,
also differ qualitatively from primary responses. This is particularly clear in
the antibody response, in which the characteristics of antibodies produced
in secondary and subsequent responses are distinct from those produced
in the primary response to the same antigen. Memory T-cell responses can
also be distinguished qualitatively from the responses of naive or effector T
cells. The principal focus of this part of the chapter is the altered character of
memory responses, although we also discuss emerging explanations of how
immunological memory persists after exposure to antigen.
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