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Immunobiology =Part I. An Introduction to Immunobiology and Innate Immunity

CHAPTER 1. Basic Concepts in Immunology

—> Introduction to Chapter 1

-> The components of the immune system

-> Principles of innate and adaptive immunity

-> The recognition and effector mechanisms of adaptive immunity

- Summary to Chapter 1

Introduction to Chapter 1

Immunology is a relatively new science. Its origin is usually attributed to Edward Jenner (Fig. 1.1), who discovered
in 1796 that cowpox, or vaccinia, induced protection against human smallpox, an often fatal disease. Jenner called his
procedure 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 experiment
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.

Figure 1.1. Edward Jenner. Portrait by John Raphael Smith. Reproduced courtesy of Yale University, Harvey
Cushing/John Hay Whitney Medical Library.
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Figure 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.

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, or pathology. We now recognize four broad categories of disease-causing
microorganisms, or pathogens: these are viruses, bacteria, pathogenic fungi, and other relatively large and complex
eukaryotic organisms collectively termed parasites.

The discoveries of Koch and other great 19th century microbiologists stimulated the extension of 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 1890, Emil von Behring and Shibasaburo Kitasato discovered that the serum of vaccinated
individuals contained substances which they called antibodies—that specifically bound to the relevant pathogen.

A specific immune response, such as the production of antibodies against a particular pathogen, is known as an
adaptive immune response, because it occurs during the lifetime of an individual as an adaptation to infection with
that pathogen. In many cases, an adaptive immune response confers lifelong protective immunity to reinfection with
the same pathogen. This distinguishes such responses from innate immunity, which, at the time that von Behring and
Kitasato discovered antibodies, was known chiefly through the work of the great Russian immunologist Elie
Metchnikoff. Metchnikoff discovered that many microorganisms could be engulfed and digested by phagocytic cells,
which he called macrophages. These cells are immediately available to combat a wide range of pathogens without
requiring prior exposure and are a key component of the innate immune system. Antibodies, by contrast, are
produced only after infection, and are specific for the infecting pathogen. The antibodies present in a given person
therefore directly reflect the infections to which he or she has been exposed.

Indeed, it quickly became clear that specific antibodies can be induced against a vast range of substances. Such
substances are known as antigens because they can stimulate the generation of antibodies. We shall see, however,
that not all adaptive immune responses entail the production of antibodies, and the term antigen is now used in a
broader sense to describe any substance that can be recognized by the adaptive immune system.

Both innate immunity and adaptive immune responses depend upon the activities of white blood cells, or leukocytes.
Innate immunity largely involves granulocytes and macrophages. Granulocytes, also called polymorphonuclear
leukocytes, are a diverse collection of white blood cells whose prominent granules give them their characteristic
staining patterns; they include the neutrophils, which are phagocytic. The macrophages of humans and other
vertebrates are presumed to be the direct evolutionary descendants of the phagocytic cells present in simpler animals,
such as those that Metchnikoff observed in sea stars. Adaptive immune responses depend upon lymphocytes, which
provide the lifelong immunity that can follow exposure to disease or vaccination. The innate and adaptive immune
systems together provide a remarkably effective defense system. It ensures that although we spend our lives
surrounded by potentially pathogenic microorganisms, we become ill only relatively rarely. Many infections are
handled successfully by the innate immune system and cause no disease; others that cannot be resolved by innate
immunity trigger adaptive immunity and are then overcome successfully, followed by lasting immunological
memory.

The main focus of this book will be on the diverse mechanisms of adaptive immunity, whereby specialized classes of
lymphocytes recognize and target pathogenic microorganisms or the cells infected with them. We shall see, however,
that all the cells involved in innate immune responses also participate in adaptive immune responses. Indeed, most of
the effector actions that the adaptive immune system uses to destroy invading microorganisms depend upon linking
antigen-specific recognition to the activation of effector mechanisms that are also used in innate host defense.

In this chapter, we first introduce the cells of the immune system, and the tissues in which they develop and through
which they circulate or migrate. In later sections, we outline the specialized functions of the different types of cells
and the mechanisms by which they eliminate infection.

The components of the immune system.

The cells of the immune system originate in the bone marrow, where many of them also mature. They then migrate to
guard the peripheral tissues, circulating in the blood and in a specialized system of vessels called the lymphatic

system.



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

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 ultimately from the same
progenitor or precursor cells—the hematopoietic stem cells in the bone marrow. As these stem cells can give rise to
all of the different types of blood cells, they are often known as pluripotent hematopoietic stem cells. Initially, they
give rise to stem cells of more limited potential, which are the immediate progenitors of red blood cells, platelets, and
the two main categories of white blood cells. The different types of blood cell and their lineage relationships are
summarized in Fig. 1.3. We shall be concerned here with all the cells derived from the common lymphoid progenitor
and the myeloid progenitor, apart from the megakaryocytes and red blood cells.

Bone marrow

©

pluripcient hematopoistic stem cell

< =
T
Bone marrow
O C P C O —> o
k ) megakanyocyle'
GO COMmman 'qg,raod g*arumwam;_qnmphggg erytheccyle
|ymphced progenitor progenitorn pragenilar plogenilon megkanyocyle enylhmobias!

(=) L

v
p = | Q

Granuiocyles {or polymonphanuclegr leukocytes)

O Opr i | O

Ly
~
B cell T cell neutrophd  ecsinophil  basophil ;r;:TJD.;gr monocyle d,lzl.rllgll.lﬂé'"cu platelels anythrocyla
- = o = - =

Effector cells Tissues Lymph nodes

activated
T el

L= ralure

macrophane denddfic ce candrilic el

Figure 1.3. All the cellular elements of blood, including the lymphocytes of the adaptive immune system, arise
from hematopoietic stem cells in the bone marrow. These pluripotent cells divide to produce two more specialized
types of stem cells, a common lymphoid progenitor that gives rise to the T and B lymphocytes responsible for
adaptive immunity, and a common myeloid progenitor that gives rise to different types of leukocytes (white blood
cells), erythrocytes (red blood cells that carry oxygen), and the megakaryocytes that produce platelets that are
important in blood clotting. The existence of a common lymphoid progenitor for T and B lymphocytes is strongly
supported by current data. T and B lymphocytes are distinguished by their sites of differentiation—T cells in the
thymus and B cells in the bone marrow—and by their antigen receptors. Mature T and B lymphocytes circulate
between the blood and peripheral lymphoid tissues. After encounter with antigen, B cells differentiate into antibody-
secreting plasma cells, whereas T cells differentiate into effector T cells with a variety of functions. A third lineage of
lymphoid-like cells, the natural killer cells, derive from the same progenitor cell but lack the antigen-specificity that
is the hallmark of the adaptive immune response (not shown). The leukocytes that derive from the myeloid stem cell
are the monocytes, the dendritic cells, and the basophils, eosinophils, and neutrophils. The latter three are collectively



termed either granulocytes, because of the cytoplasmic granules whose characteristic staining gives them a distinctive
appearance in blood smears, or polymorphonuclear leukocytes, because of their irregularly shaped nuclei. They
circulate in the blood and enter the tissues only when recruited to sites of infection or inflammation where neutrophils
are recruited to phagocytose bacteria. Eosinophils and basophils are recruited to sites of allergic inflammation, and
appear to be involved in defending against parasites. Immature dendritic cells travel via the blood to enter peripheral
tissues, where they ingest antigens. When they encounter a pathogen, they mature and migrate to lymphoid tissues,
where they activate antigen-specific T lymphocytes. Monocytes enter tissues, where they differentiate into
macrophages; these are the main tissue-resident phagocytic cells of the innate immune system. Mast cells arise from
precursors in bone marrow but complete their maturation in tissues; they are important in allergic responses.

The myeloid progenitor is the precursor of the granulocytes, macrophages, dendritic cells, and mast cells of the
immune system. Macrophages are one of the three types of phagocyte in the immune system and are distributed
widely in the body tissues, where they play a critical part in innate immunity. They are the mature form of
monocytes, which circulate in the blood and differentiate continuously into macrophages upon migration into the
tissues. Dendritic cells are specialized to take up antigen and display it for recognition by lymphocytes. Immature
dendritic cells migrate from the blood to reside in the tissues and are both phagocytic and macropinocytic, ingesting
large amounts of the surrounding extracellular fluid. Upon encountering a pathogen, they rapidly mature and migrate
to lymph nodes.

Mast cells, whose blood-borne precursors are not well defined, also differentiate in the tissues. They mainly reside
near small blood vessels and, when activated, release substances that affect vascular permeability. Although best
known for their role in orchestrating allergic responses, they are believed to play a part in protecting mucosal surfaces
against pathogens.

The granulocytes are so called because they have densely staining granules in their cytoplasm; they are also
sometimes called polymorphonuclear leukocytes because of their oddly shaped nuclei. There are three types of
granulocyte, all of which are relatively short lived and are produced in increased numbers during immune responses,
when they leave the blood to migrate to sites of infection or inflammation. Neutrophils, which are the third
phagocytic cell of the immune system, are the most numerous and most important cellular component of the innate
immune response: hereditary deficiencies in neutrophil function lead to overwhelming bacterial infection, which is
fatal if untreated. Eosinophils are thought to be important chiefly in defense against parasitic infections, because their
numbers increase during a parasitic infection. The function of basophils is probably similar and complementary to
that of eosinophils and mast cells; we shall discuss the functions of these cells in Chapter 9 and their role in allergic
inflammation in Chapter 12. The cells of the myeloid lineage are shown in Fig. 1.4.
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Figure 1.4. Myeloid cells in innate and adaptive immunity. Cells of the myeloid lineage perform various important
functions in the immune response. The cells are shown schematically in the left column in the form in which they will
be represented throughout the rest of the book. A photomicrograph of each cell type is shown in the center column.
Macro-phages 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 take up pathogens; after maturing they act as antigen-presenting cells to T cells, initiating
adaptive immune responses. Macrophages can also present antigens to T cells 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, whereas the function of basophils is less clear. Mast cells are tissue cells that trigger
a local inflammatory response to antigen by releasing substances that act on local blood vessels. Photographs
courtesy of N. Rooney and B. Smith.

The common lymphoid progenitor gives rise to the lymphocytes, with which most of this book will be concerned.
There are two major types of lymphocyte: B lymphocytes or B cells, which when activated differentiate into plasma
cells that secrete antibodies; and T lymphocytes or T cells, of which there are two main classes. One class
differentiates on activation into cytotoxic T cells, which kill cells infected with viruses, whereas the second class of T
cells differentiates into cells that activate other cells such as B cells and macrophages.

Most lymphocytes are small, featureless cells with few cytoplasmic organelles and much of the nuclear chromatin
inactive, as shown by its condensed state (Fig. 1.5). This appearance is typical of inactive cells and it is not surprising
that, as recently as the early 1960s, textbooks could describe these cells, now the central focus of immunology, as
having no known function. Indeed, these small lymphocytes have no functional activity until they encounter antigen,
which is necessary to trigger their proliferation and the differentiation of their specialized functional characteristics.

P — 8 \

Figure 1.5. Lymphocytes are mostly small and inactive cells. The left panel shows a light micrograph of a small
lymphocyte surrounded by red blood cells. Note the condensed chromatin of the nucleus, indicating little trans-
criptional activity, the relative absence of cytoplasm, and the small size. The right panel shows a transmission
electron micrograph of a small lymphocyte. Note the condensed chromatin, the scanty cytoplasm and the absence of
rough endoplasmic reticulum and other evidence of functional activity. Photographs courtesy of N. Rooney.

Lymphocytes are remarkable in being able to mount a specific immune response against virtually any foreign antigen.
This is possible because each individual lymphocyte matures bearing a unique variant of a prototype antigen receptor,
so that the population of T and B lymphocytes collectively bear a huge repertoire of receptors that are highly diverse
in their antigen-binding sites. The B-cell antigen receptor (BCR) is a membrane-bound form of the antibody that the
B cell will secrete after activation and differentiation to plasma cells. Antibody molecules as a class are known as
immunoglobulins, usually shortened to Ig, and the antigen receptor of B lymphocytes is therefore also known as
membrane immunoglobulin (mlg). The T-cell antigen receptor (TCR) is related to immunoglobulin but is quite
distinct from it, as it is specially adapted to detect antigens derived from foreign proteins or pathogens that have
entered into host cells. We shall describe the structures of these lymphocyte antigen receptors in detail in Chapters 3,
4, and 5, and the way in which their diversity of binding sites is created as lymphocytes develop in Chapter 7.

A third lineage of lymphoid cells, called natural killer cells, lack antigenspecific receptors and are part of the innate
immune system. These cells circulate in the blood as large lymphocytes with distinctive cytotoxic granules (Fig. 1.6).
They are able to recognize and kill some abnormal cells, for example some tumor cells and virus-infected cells, and
are thought to be important in the innate immune defense against intracellular pathogens.
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Figure 1.6. Natural Killer (NK) cells. These are large granular lymphocyte-like cells with important functions in
innate immunity. Although lacking antigen-specific receptors, they can detect and attack certain virus-infected cells.
Photograph courtesy of N. Rooney and B. Smith.

1-2. Lymphocytes mature in the bone marrow or the thymus.

The lymphoid organs are organized tissues containing large numbers of lymphocytes in a framework of nonlymphoid
cells. In these organs, the interactions lymphocytes make with nonlymphoid cells are important either to lymphocyte
development, to the initiation of adaptive immune responses, or to the sustenance of lymphocytes. Lymphoid organs
can be divided broadly into central or primary lymphoid organs, where lymphocytes are generated, and peripheral or
secondary lymphoid organs, where adaptive immune responses are initiated and where lymphocytes are maintained.
The central lymphoid organs are the bone marrow and the thymus, a large organ in the upper chest; the location of the
thymus, and of the other lymphoid organs, is shown schematically in Fig. 1.7.
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Figure 1.7. The distribution of lymphoid tissues in the body. Lymphocytes arise from stem cells in bone marrow,
and differentiate in the central lymphoid organs (yellow), B cells in bone marrow and T cells in the thymus. They
migrate from these tissues and are carried in the bloodstream to the peripheral or secondary lymphoid organs (blue),
the lymph nodes, the spleen, and lymphoid tissues associated with mucosa, like 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 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 to the lymph nodes and 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).

Both B and T lymphocytes originate in the bone marrow but only B lymphocytes mature there; T lymphocytes
migrate to the thymus to undergo their maturation. Thus B lymphocytes are so-called because they are bone marrow
derived, and T lymphocytes because they are thymus derived. Once they have completed their maturation, both types
of lymphocyte enter the bloodstream, from which they migrate to the peripheral lymphoid organs.

1-3. The peripheral lymphoid organs are specialized to trap antigen, to allow the initiation of adaptive immune
responses, and to provide signals that sustain recirculating lymphocytes.

Pathogens can enter the body by many routes and set up an infection anywhere, but antigen and lymphocytes will
eventually encounter each other in the peripheral lymphoid organs—the lymph nodes, the spleen, and the mucosal
lymphoid tissues (see Fig. 1.7). Lymphocytes are continually recirculating through these tissues, to which antigen is
also carried from sites of infection, primarily within macrophages and dendritic cells. Within the lymphoid organs,
specialized cells such as mature dendritic cells display the antigen to lymphocytes.

The lymph nodes are highly organized lymphoid structures located at the points of convergence of vessels of the
lymphatic system, an extensive system of vessels that collects extracellular fluid from the tissues and returns it to the
blood. This extracellular fluid is produced continuously by filtration from the blood, and is called lymph. The vessels
are lymphatic vessels or lymphatics (see Fig. 1.7). Afferent lymphatic vessels drain fluid from the tissues and also
carry antigen-bearing cells and antigens from infected tissues to the lymph nodes, where they are trapped. In the
lymph nodes, B lymphocytes are localized in follicles, with T cells more diffusely distributed in surrounding




paracortical areas, also referred to as T-cell zones. Some of the B-cell follicles include germinal centers, where B
cells are undergoing intense proliferation after encountering their specific antigen and their cooperating T cells (Fig.
1.8). B and T lymphocytes are segregated in a similar fashion in the other peripheral lymphoid tissues, and we shall
see that this organization promotes the crucial interactions that occur between B and T cells upon encountering
antigen.
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Figure 1.8. Organization of a lymph node. As shown in the diagram on the left, 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
underway, 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 macrophages from the tissues to the lymph node via the afferent lymphatics. Lymph leaves by the efferent
lymphatic in the medulla. The medulla consists of strings of macro-phages 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 section through a lymph node, with prominent follicles containing germinal centers. Magnification x 7.
Photograph courtesy of N. Rooney.

The spleen is a fist-sized organ just behind the stomach (see Fig. 1.7) that collects antigen from the blood. It also
collects and disposes of senescent red blood cells. Its organization is shown schematically in Fig. 1.9. The bulk of the
spleen is composed of red pulp, which is the site of red blood cell disposal. The lymphocytes surround the arterioles
entering the organ, forming areas of white pulp, the inner region of which is divided into a periarteriolar lymphoid
sheath (PALS), containing mainly T cells, and a flanking B-cell corona.
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Figure 1.9. Organization of the lymphoid tissues of the spleen. The schematic at top right shows that the spleen
consists of red pulp (pink areas in the top panel), which is a site of red blood cell destruction, interspersed with
lymphoid white pulp. An enlargement of a small section of the spleen (center) shows the arrangement of discrete
areas of white pulp (yellow and blue) around central arterioles. Lymphocytes and antigen- loaded dendritic cells
come together in the periarteriolar lymphoid sheath. 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 left)
and longitudinal section (lower right) of white pulp. In each area of white pulp, blood carrying lymphocytes and
antigen flows from a trabecular artery into a central arteriole. Cells and antigen then pass into a marginal sinus and
drain into a trabecular vein. The marginal sinus is surrounded by a marginal zone of lymphocytes. Within the
marginal sinus and surrounding the central arteriole is the periarteriolar lymphoid sheath (PALS), made up of T cells.
The follicles consist mainly of B cells; in secondary follicles a germinal center is surrounded by a B-cell corona. The
light micrograph at bottom left shows a transverse section of white pulp stained with hematoxylin and eosin. The T
cells of the PALS stain darkly, while the B-cell corona is lightly stained. The unstained cells lying between the B-
and T-cell areas represent a germinal center. Although the organization of the spleen is similar to that of a lymph
node, antigen enters the spleen from the blood rather than from the lymph. Photograph courtesy of J.C. Howard.

The gut-associated lymphoid tissues (GALT), which include the tonsils, adenoids, and appendix, and specialized
structures called Peyer's patches in the small intestine, 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 multi-fenestrated or M cells. The lymphocytes form a
follicle consisting of a large central dome of B lymphocytes surrounded by smaller numbers of T lymphocytes (Fig.
1.10). Similar but more diffuse aggregates of lymphocytes protect the respiratory epithelium, where they are known
as bronchial-associated lymphoid tissue (BALT), and other mucosa, where they are known simply as mucosal-




associated lymphoid tissue (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.

qul furmen
egithelivm

'
=Yool

qut wall

Figure 1.10. Organization of typical gut-associated lymphoid tissue. As the diagram on the left shows, the bulk of
the tissue is B cells, organized in a large and highly active domed follicle. T cells occupy the areas between follicles.
The antigen enters across a specialized epithelium made up of so-called M cells. Although this tissue looks very
different from other lymphoid organs, the basic divisions are maintained. The light micrograph shows a section
through the gut wall. The dome of gut-associated lymphoid tissue can be seen lying beneath the epithelial tissues.
Magnification x 16. Photograph courtesy of N. Rooney.

Although very different in appearance, the lymph nodes, spleen, and mucosal-associated lymphoid tissues all share
the same basic architecture. Each of these tissues operates on the same principle, trapping antigen from sites of
infection and presenting it to migratory small lymphocytes, thus inducing adaptive immune responses. The peripheral
lymphoid tissues also provide sustaining signals to the lymphocytes that do not encounter their specific antigen, so
that they continue to survive and recirculate until they encounter their specific antigen. This is important in
maintaining the correct numbers of circulating T and B lymphocytes, and ensures that only those lymphocytes with
the potential to respond to foreign antigen are sustained.

1-4. Lymphocytes circulate between blood and lymph.

Small B and T lymphocytes that have matured in the bone marrow and thymus but have not yet encountered antigen
are referred to as naive lymphocytes. These cells circulate continually from the blood into the peripheral lymphoid
tissues, which they enter by squeezing between the cells of capillary walls. They are then returned to the blood via the
lymphatic vessels (Fig. 1.11) or, in the case of the spleen, return directly to the blood. In the event of an infection,
lymphocytes that recognize the infectious agent are arrested in the lymphoid tissue, where they proliferate and
differentiate into effector cells capable of combating the infection.
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Figure 1.11. Circulating lymphocytes encounter antigen in peripheral lymphoid organs. Naive lymphocytes
recirculate constantly through peripheral lymphoid tissue, here illustrated as a lymph node behind the knee, a
popliteal lymph node. Here, they may encounter their specific antigen, draining from an infected site in the foot.
These are called draining lymph nodes, and are the site at which lymphocytes may become activated by encountering
their specific ligand.

When an infection occurs in the periphery, for example, large amounts of antigen are taken up by dendritic cells
which then travel from the site of infection through the afferent lymphatic vessels into the draining lymph nodes (see
Fig. 1.11). In the lymph nodes, these cells display the antigen to recirculating T lymphocytes, which they also help to
activate. B cells that encounter antigen as they migrate through the lymph node are also arrested and activated, with
the help of some of the activated T cells. Once the antigen-specific lymphocytes have undergone a period of
proliferation and differentiation, they leave the lymph nodes as effector cells through the efferent lymphatic vessel

(see Fig. 1.8).

Because they are involved in initiating adaptive immune responses, the peripheral lymphoid tissues are not static
structures but vary quite dramatically depending upon 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. 1.8), and the entire lymph node enlarges, a
phenomenon familiarly known as swollen glands.

Summary.

Immune responses are mediated by leukocytes, which derive from precursors in the bone marrow. A pluripotent
hematopoietic stem cell gives rise to the lymphocytes responsible for adaptive immunity, and also to myeloid
lineages that participate in both innate and adaptive immunity. Neutrophils, eosinophils, and basophils are
collectively known as granulocytes; they circulate in the blood unless recruited to act as effector cells at sites of
infection and inflammation. Macrophages and mast cells complete their differentiation in the tissues where they act as
effector cells in the front line of host defense and initiate inflammation. Macrophages phagocytose bacteria, and
recruit other phagocytic cells, the neutrophils, from the blood. Mast cells are exocytic and are thought to orchestrate
the defense against parasites as well as triggering allergic inflammation; they recruit eosinophils and basophils, which
are also exocytic. Dendritic cells enter the tissues as immature phagocytes where they specialize in ingesting
antigens. These antigen-presenting cells subsequently migrate into lymphoid tissue. There are two major types of
lymphocyte: B lymphocytes, which mature in the bone marrow; and T lymphocytes, which mature in the thymus. The
bone marrow and thymus are thus known as the central or primary lymphoid organs. Mature lymphocytes recirculate
continually from the bloodstream through the peripheral or secondary lymphoid organs, returning to the bloodstream
through the lymphatic vessels. Most adaptive immune responses are triggered when a recirculating T cell recognizes



its specific antigen on the surface of a dendritic cell. The three major types of peripheral lymphoid tissue are the
spleen, which collects antigens from the blood; the lymph nodes, which collect antigen from sites of infection in the
tissues; and the mucosal-associated lymphoid tissues (MALT), which collect antigens from the epithelial surfaces of
the body. Adaptive immune responses are initiated in these peripheral lymphoid tissues: T cells that encounter
antigen proliferate and differentiate into antigen-specific effector cells, while B cells proliferate and differentiate into
antibody-secreting cells.

Principles of innate and adaptive immunity.

The macrophages and neutrophils of the innate immune system provide a first line of defense against many common
microorganisms and are essential for the control of common bacterial infections. However, they cannot always
eliminate infectious organisms, and there are some pathogens that they cannot recognize. The lymphocytes of the
adaptive immune system have evolved to provide a more versatile means of defense which, in addition, provides
increased protection against subsequent reinfection with the same pathogen. The cells of the innate immune system,
however, play a crucial part in the initiation and subsequent direction of adaptive immune responses, as well as
participating in the removal of pathogens that have been targeted by an adaptive immune response. Moreover,
because there is a delay of 4-7 days before the initial adaptive immune response takes effect, the innate immune
response has a critical role in controlling infections during this period.

1-5. Most infectious agents induce inflammatory responses by activating innate immunity.

Microorganisms such as bacteria that penetrate the epithelial surfaces of the body for the first time are met
immediately by cells and molecules that can mount an innate immune response. Phagocytic macrophages conduct the
defense against bacteria by means of surface receptors that are able to recognize and bind common constituents of
many bacterial surfaces. Bacterial molecules binding to these receptors trigger the macrophage to engulf the
bacterium and also induce the secretion of biologically active molecules. Activated macrophages secrete cytokines,
which are defined as proteins released by cells that affect the behavior of other cells that bear receptors for them.
They also release proteins known as chemokines that attract cells with chemokine receptors such as neutrophils and
monocytes from the bloodstream (Fig. 1.12). The cytokines and chemokines released by macrophages in response to
bacterial constituents initiate the process known as inflammation. Local inflammation and the phagocytosis of
invading bacteria may also be triggered as a result of the activation of complement on the bacterial cell surface.
Complement is a system of plasma proteins that activates a cascade of proteolytic reactions on microbial surfaces but
not on host cells, coating these surfaces with fragments that are recognized and bound by phagocytic receptors on
macrophages. The cascade of reactions also releases small peptides that contribute to inflammation.
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Figure 1.12. Bacterial infection triggers an inflammatory response. Macrophages encountering bacteria in the
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 that direct the migration of neutrophils to the site of infection.
The stickiness of the endothelial cells of the blood vessels is also changed, so that cells adhere to the blood vessel
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 may also contribute to inflammation.



Inflammation is traditionally defined by the four Latin words calor, dolor, rubor, and tumor, meaning heat, pain,
redness, and swelling, all of which reflect the effects of cytokines and other inflammatory mediators on the local
blood vessels. Dilation and increased permeability of the blood vessels during inflammation lead to increased local
blood flow and the leakage of fluid, and account for the heat, redness, and swelling. Cytokines and complement
fragments also have important effects on the adhesive properties of the endothelium, causing circulating leukocytes to
stick to the endothelial cells of the blood vessel wall and migrate between them to the site of infection, to which they
are attracted by chemokines. The migration of cells into the tissue and their local actions account for the pain. The
main cell types seen in an inflammatory response in its initial phases are neutrophils, which are recruited into the
inflamed, infected tissue in large numbers. Like macrophages, they have surface receptors for common bacterial
constituents and complement, and they are the principal cells that engulf and destroy the invading micro-organisms.
The influx of neutrophils is followed a short time later by monocytes that rapidly differentiate into macrophages.
Macrophages and neutrophils are thus also known as inflammatory cells. Inflammatory responses later in an
infection also involve lymphocytes, which have meanwhile been activated by antigen that has drained from the site of
infection via the afferent lymphatics.

The innate immune response makes a crucial contribution to the activation of adaptive immunity. The inflammatory
response increases the flow of lymph containing antigen and antigen-bearing cells into lymphoid tissue, while
complement fragments on microbial surfaces and induced changes in cells that have taken up microorganisms
provide signals that synergize in activating lymphocytes whose receptors bind to specific microbial antigens.
Macrophages that have phagocytosed bacteria and become activated can also activate T lymphocytes. However, the
cells that specialize in presenting antigen to T lymphocytes and initiating adaptive immunity are the dendritic cells.

1-6. Activation of specialized antigen-presenting cells is a necessary first step for induction of adaptive
immunity.

The induction of an adaptive immune response begins when a pathogen is ingested by an immature dendritic cell in
the infected tissue. These specialized phagocytic cells are resident in most tissues and are relatively long-lived,
turning over at a slow rate. They derive from the same bone marrow precursor as macrophages, and migrate from the
bone marrow to their peripheral stations, where their role is to survey the local environment for pathogens.
Eventually, all tissue-resident dendritic cells migrate through the lymph to the regional lymph nodes where they
interact with recirculating naive lymphocytes. If the dendritic cells fail to be activated, they induce tolerance to the
antigens of self that they bear.

The immature dendritic cell carries receptors on its surface that recognize common features of many pathogens, such
as bacterial cell wall proteoglycans. As with macrophages and neutrophils, binding of a bacterium to these receptors
stimulates the dendritic cell to engulf the pathogen and degrade it intracellularly. Immature dendritic cells are also
continually taking up extracellular material, including any virus particles or bacteria that may be present, by the
receptor-independent mechanism of macropinocytosis. The function of dendritic cells, however, is not primarily to
destroy pathogens but to carry pathogen antigens to peripheral lymphoid organs and there present them to T
lymphocytes. When a dendritic cell takes up a pathogen in infected tissue, it becomes activated, and travels to a
nearby lymph node. On activation, the dendritic cell matures into a highly effective antigen-presenting cell (APC)
and undergoes changes that enable it to activate pathogen-specific lymphocytes that it encounters in the lymph node
(Fig. 1.13). Activated dendritic cells secrete cytokines that influence both innate and adaptive immune responses,
making these cells essential gatekeepers that determine whether and how the immune system responds to the
presence of infectious agents. We shall consider the maturation of dendritic cells and their central role in presenting
antigens to T lymphocytes in Chapter 8.
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Figure 1.13. Dendritic cells initiate adaptive immune responses. Immature dendritic cells resident in infected
tissues take up pathogens and their antigens by macropinocytosis and receptor-mediated phagocytosis. They are
stimulated by recognition of the presence of pathogens to migrate via the lymphatics to regional lymph nodes, where
they arrive as fully mature nonphagocytic dendritic cells. Here the mature dendritic cell encounters and activates
antigen-specific naive T lymphocytes, which enter lymph nodes from the blood via a specialized vessel known from
its cuboidal endothelial cells as a high endothelial venule (HEV).

1-7. Lymphocytes activated by antigen give rise to clones of antigen-specific cells that mediate adaptive
immunity.

The defense systems of innate immunity are effective in combating many pathogens. They are constrained, however,
by relying on germline-encoded receptors to recognize microorganisms that can evolve more rapidly than the hosts
they infect. This explains why they can only recognize microorganisms bearing surface molecules that are common to
many pathogens and that have been conserved over the course of evolution. Not surprisingly, many pathogenic
bacteria have evolved a protective capsule that enables them to conceal these molecules and thereby avoid being
recognized and phagocytosed. Viruses carry no invariant molecules similar to those of bacteria and are rarely
recognized directly by macrophages. Viruses and encapsulated bacteria can, however, still be taken up by dendritic
cells through the nonreceptor-dependent process of macropinocytosis. Molecules that reveal their infectious nature
may then be unmasked, and the dendritic cell activated to present their antigens to lymphocytes. The recognition
mechanism used by the lymphocytes of the adaptive immune response has evolved to overcome the constraints faced
by the innate immune system, and enables recognition of an almost infinite diversity of antigens, so that each
different pathogen can be targeted specifically.

Instead of bearing several different receptors, each recognizing a different surface feature shared by many pathogens,
each naive lymphocyte entering the bloodstream bears antigen receptors of a single specificity. The specificity of
these receptors is determined by a unique genetic mechanism that operates during lymphocyte development in the
bone marrow and thymus to generate millions of different variants of the genes encoding the receptor molecules.
Thus, although an individual lymphocyte carries receptors of only one specificity, the specificity of each lymphocyte
is different. This ensures that the millions of lymphocytes in the body collectively carry millions of different antigen
receptor specificities the lymphocyte receptor repertoire of the individual. During a person's lifetime these
lymphocytes undergo 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 Burnet to explain why antibodies, which
can be induced in response to virtually any antigen, are produced in each individual only to those antigens to which
he or she is exposed. He 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 that served as a receptor for antigen. On binding antigen, the cell is activated to divide and
produce many identical progeny, known as a clone; these cells can now secrete clonotypic antibodies with a
specificity identical to that of the surface receptor that first triggered activation and clonal expansion (Fig. 1.14).
Burnet called this the clonal selection theory.
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Figure 1.14. Clonal selection. Each lymphocyte progenitor gives rise to many 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 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.

1-8. 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 intellectual problem. If the antigen receptors of lymphocytes are generated randomly during the lifetime of
an individual, how are lymphocytes prevented from recognizing antigens 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 were
immunologically tolerant of one another's tissues, that is, they did not make an immune response against each other.
Sir Peter Medawar then showed in 1953 that if exposed to foreign tissues during embryonic development, mice
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 tolerance are still being worked out, as we shall see when we discuss the
development of lymphocytes in Chapter 7.



Clonal selection of lymphocytes is the single most important principle in adaptive immunity. Its four basic postulates
are listed in Fig. 1.15. 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.

Postulates of the clonal selection hypothesis

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

Interaction betwesn a foreign molecule and a lymphooyte recaptor capable of
binding that maolecule with high affinity leads to lymphocyte activation

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

Lymphocytes bearing receptors specific for ubiquitous self molecules are deleted at an
sarly stage in lympheid cell development and are therefore absent from the reperoire
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Figure 1.15. The four basic principles of clonal selection.

1-9. The structure of the antibody molecule illustrates the central puzzle of adaptive immunity.

Antibodies, as discussed above, are the secreted form of the B-cell antigen receptor or BCR. Because they are
produced in very large quantities in response to antigen, they can be studied by traditional biochemical techniques;
indeed, their structure was understood long before recombinant DNA technology made it possible to study the
membrane-bound antigen receptors of lymphocytes. The startling feature that emerged from the biochemical studies
was that an antibody molecule is composed of two distinct regions. One is a constant region that can take one of only
four or five biochemically distinguishable forms; the other is a variable region that can take an apparently infinite
variety of subtly different forms that allow it to bind specifically to an equally vast variety of different antigens.

This division is illustrated in the simple schematic diagram in Fig. 1.16, where the antibody is depicted as a Y-shaped
molecule, with the constant region shown in blue and the variable region in red. The two variable regions, which are
identical in any one antibody molecule, determine the antigen-binding specificity of the antibody; the constant region
determines how the antibody disposes of the pathogen once it is bound.
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Figure 1.16. Schematic structure of an antibody molecule. The two arms of the Y-shaped antibody molecule
contain the variable regions that form the two identical antigen-binding sites. The stem can take one of only a limited
number of forms and is known as the constant region. It is the region that engages the effector mechanisms that
antibodies activate to eliminate pathogens.



Each antibody molecule has a twofold axis of symmetry and is composed of two identical heavy chains and two
identical light chains (Fig. 1.17). Heavy and light chains both have variable and constant regions; the variable regions
of a heavy and a light chain combine to form an antigen-binding site, so that both chains contribute to the antigen-
binding specificity of the antibody molecule. The structure of antibody molecules will be described in detail in
Chapter 3, and the functional properties of antibodies conferred by their constant regions will be considered in
Chapters 4 and 9. For the time being we are concerned only with the properties of immunoglobulin molecules as
antigen receptors, and how the diversity of the variable regions is generated.

Figure 1.17. Antibodies are made up of four protein chains. There are two types of chain in an antibody molecule:
a larger chain called the heavy chain (green), and a smaller one called the light chain (yellow). Each chain has both a
variable and a constant region, and there are two identical light chains and two identical heavy chains in each
antibody molecule.

1-10. Each developing lymphocyte generates a unique antigen receptor by rearranging its receptor genes.

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 variable
regions are inherited as sets of gene segments, each encoding a part of the variable region of one of the
immunoglobulin polypeptide chains (Fig. 1.18). 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.
Because there are many different gene segments in each set, and different gene segments are joined together in
different cells, each cell generates unique genes for the variable regions of the heavy and light chains of the
immunoglobulin molecule. Once these recombination events have succeeded in producing a functional receptor,
further rearrangement is prohibited. Thus each lymphocyte expresses only one receptor specificity.
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Figure 1.18. The diversity of lymphocyte antigen receptors is generated by somatic gene rearrangements.
Different parts of the variable regions of antigen receptors are encoded by sets of gene segments. During a
lymphocyte's development, one member of each set of gene segments is joined randomly to the others by an
irreversible process of DNA recombination. The juxtaposed gene segments make up a complete gene that encodes the
variable part of one chain of the receptor, and is unique to that cell. This random rearrangement is repeated for the set
of gene segments encoding the other chain. The rearranged genes are expressed to produce the two types of
polypeptide chain. These come together to form a unique antigen receptor on the lymphocyte surface. Each
lymphocyte bears many copies of its unique receptor.

This mechanism has three important consequences. First, it enables a limited number of gene segments to generate a
vast number of different proteins. Second, because each cell assembles a different set of gene segments, each cell
expresses a unique receptor specificity. Third, because gene 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 lymphocytes. The main distinctions between B-
and T-lymphocyte receptors are that the immunoglobulin that serves as the B-cell antigen receptor has two identical
antigen-recognition sites and can also be secreted, whereas the T-cell antigen receptor has a single antigen-
recognition site and is always a cell-surface molecule. We shall see later that these receptors also recognize antigen in
very different ways.

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 by junctional 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 in distinct sets of gene segments. A thousand different chains of each type could thus generate
10° distinct antigen receptors through this combinatorial diversity. Thus 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 at any one time. These provide the raw material on which clonal
selection acts.

1-11. Lymphocyte development and survival are determined by signals received through their antigen
receptors.



Equally amazing as the generation of millions of specificities of lymphocyte antigen receptors is the shaping of this
repertoire during lymphocyte development and the homeostatic maintenance of such an extensive repertoire in the
periphery. How are the most useful receptor specificities selected, and how are the numbers of peripheral
lymphocytes, and the percentages of B cells and T cells kept relatively constant? The answer seems to be that
lymphocyte maturation and survival are regulated by signals received through their antigen receptors. Strong signals
received through the antigen receptor by an immature lymphocyte cause it to die or undergo further receptor
rearrangement, and in this way self-reactive receptor specificities are deleted from the repertoire. However, a
complete absence of signals from the antigen receptor can also lead to cell death. It seems that in order to survive,
lymphocytes must periodically receive certain signals from their environment via their antigen receptors. In this way,
the body can ensure that each receptor is functional and regulate the number and type of lymphocytes in the
population at any given time. These survival signals appear to be delivered by other cells in the lymphoid organs and
must derive, at least in part, from the body's own molecules, the self antigens, as altering the self environment alters
the life-span of lymphocytes in that environment. Developing B cells in the bone marrow interact with stromal cells,
while their final maturation and continued recirculation appears to depend on survival signals received from the B-
cell follicles of peripheral lymphoid tissue. T lymphocytes receive survival signals from self molecules on specialized
epithelial cells in the thymus during development, and from the same molecules expressed by dendritic cells in the
lymphoid tissues in the periphery. The self ligands that interact with the T-cell receptor to deliver these signals are
partially defined, being composed of known cell-surface molecules complexed with undefined peptides from other
self proteins in the cell. These same cell-surface molecules function to present foreign intracellular antigens to T
cells, as we shall explain in Section 1-16, and in Chapter 5. They select only a subset of T-cell receptors for survival,
but these are the receptors most likely to be useful in responding to foreign antigens, as we shall see in Chapter 7.

Lymphocytes that fail to receive survival signals, and those that are clonally deleted because they are self-reactive,
undergo 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, occurs in all tissues, at a relatively constant rate in each tissue, and is a
means of regulating the number of cells in the body. It is responsible, for example, for the death and shedding of skin
cells, the turnover of liver cells, and the death of the oldest intestinal epithelial cells that are constantly replaced by
new cells. Thus, it should come as no surprise that immune system cells are regulated through the same mechanism.
Each day the bone marrow produces many millions of new neutrophils, monocytes, red blood cells, and lymphocytes,
and this production must be balanced by an equal loss of these cells. Regulated loss of all these blood cells occurs by
apoptosis, and the dying cells are finally phagocytosed by specialized macrophages in the liver and spleen.
Lymphocytes are a special case, because the loss of an individual naive lymphocyte means the loss of a receptor
specificity from the repertoire, while each newly matured cell that survives will contri<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>