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LYMPHOCYTES AND LYMPHOID TISSUE

The complexity of the cellular interactions that
occur during acquired immune responses requires
specialized microenvironments in which the relevant
cells can collaborate efficiently. Because only a few
lymphocytes are specific for a given antigen, T cells
and B cells need to migrate throughout the body to
increase the probability that they will encounter that
particular antigen. In their travels, lymphocytes spend
only about 30 minutes in the blood during each cy-
cle around the body.5¢

Immune responses to blood-borne antigens are
usually initiated in the spleen, and responses to mi-
croorganisms in tissues are generated in local lymph
nodes, but most pathogens are encountered after they
are inhaled or ingested. Antigens entering the body
through mucosal surfaces activate cells in the mucosa-
associated lymphoid tissues. Responses to intranasal
and inhaled antigens occur in the palatine tonsils and
adenoids.’” Antigens from the gut are taken up by
specialized epithelial cells, the microfold (or M) cells.>8
These cells transport the antigen across the epitheli-
um to Peyer’s patches, the chief sites for the induc-
tion of mucosal responses to ingested antigen.

Intraepithelial lymphocytes® interspersed between
the epithelial cells in the gut encounter antigen be-
ing transported by microfold cells. Most of these in-
traepithelial lymphocytes are CD8-positive o/ T cells
with the appearance of large granular lymphocytes;
approximately 15 percent are y/8 T cells.®0 The
function of intraepithelial lymphocytes remains to be
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firmly established, but the a/B T cells in this popu-
lation may assist in the production of mucosal IgA
and some y/8 T cells may participate in the induc-
tion of immunologic tolerance to antigens at mucosal
surfaces. However, the specificity of many intestinal
v/8 T cells for microbial antigens indicates their role
as sentinels of the gut.

After an immune response is induced in Peyer’s
patches, the lymphocytes enter the blood and travel
to mucosal effector sites, such as the lamina propria,
where large amounts of secretory IgA are produced.®!
To some extent these migratory pathways constitute
a common mucosal immune system in which re-
sponses induced in one location can be replicated at
other mucosal sites throughout the body. For exam-
ple, intranasal exposure to antigen can result in the
production of secretory IgA in the mucosal tissues
of the reproductive tract.62.63

Lymphocytes enter lymph nodes, tonsils, and Pey-
er’s patches from the blood by crossing through spe-
cialized postcapillary venules referred to as high endo-
thelial venules.** This passage is mediated by adhesion
molecules, some of which are constitutively expressed
and others of which are induced by cytokines. For
example, the constitutively expressed L-selectin on
lymphocytes binds to a number of adhesion mole-
cules on the high endothelial venules.®s This interac-
tion induces the expression of lymphocyte-function—
associated antigen 1 (LFA-1) on lymphocytes, which
facilitates the adhesion of the cells; the next step is
migration of the lymphocytes across the endotheli-
um into lymphoid tissue.

Lymphocytes from the blood enter the spleen,
which lacks high endothelial venules, through the
marginal zone. Thereafter, T cells travel mainly to the
periarteriolar lymphoid sheaths, whereas B cells head
to the lymphoid follicles.® The entry and exit of lym-
phocytes in nonlymphoid tissues, such as lung and
liver, are also regulated.5¢

Germinal centers, the sites where hypermutation
and class switching of immunoglobulin genes occur
and memory B cells and plasma-cell precursors are
generated,®”68 are a feature of the secondary lymphoid
follicles that appear in lymphoid tissue during the im-
mune response (Fig. 8). They consist of a mesh of
follicular dendritic cells that sustain rapidly dividing
B cells. Surrounding these germinal centers is a man-
tle zone consisting of small, resting B cells. CD4
T cells and macrophages are also present in germinal
centers. The organization of these structures provides
a microenvironment that maximizes the generation
of antibody responses by bringing all the relevant
cells into intimate contact.
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Figure 8. The Germinal Center.

During the initiation of the acquired immune response, germinal centers form in the secondary lymphoid tissues in
order to create a microenvironment where all the necessary antigen-specific and innate antigen-presenting cells can
interact. Several cytokines, such as interleukin-2, 4, 6, and 10 and transforming growth factor 8, and various cell-surface
molecules, including CD40, CD19, CD21, and B7, are critically important for these interactions. Antigen-stimulated pro-
liferation of B cells occurs in the dark zone and is accompanied by the fine-tuning of specificity resulting from somatic
hypermutation of the immunoglobulin variable-region genes. On reaching the basal light zone, high-affinity antigen-
specific B cells are positively selected as a result of their interaction with antigen—antibody complexes on the surface
of follicular dendritic cells. B cells that are not positively selected undergo apoptosis and are phagocytosed by tingible-
body macrophages. The positively selected cells migrate to the apical light zone, where proliferation continues, class
switching occurs, and memory cells and plasma-cell precursors are generated.

MOLECULAR ASPECTS OF THE IMMUNE
RESPONSE

An antigen is recognized on the basis of shape: the
shape of an epitope complements that of the antibody-
combining site or the shape of a peptide—MHC com-
plex complements the shape of the combining site
on the T-cell receptor. The complementarity-deter-
mining regions of secreted antibodies and antigen
receptors on lymphocytes bind noncovalently to the
structures they recognize. The intermolecular forces
involved in the binding come into play only when
the complementary molecular structures are in rela-
tively close proximity. For small antigens, the binding
site on the antibody may be a pocket or cleft, but in
most cases it more closely resembles an undulating
surface.®®

Antibodies, whether in their secreted form or act-
ing as the B-cell receptor, can sometimes recognize
a continuous peptide sequence. Usually, however, they
recognize discontinuous epitopes, composed of ami-
no acids that are brought together when the protein
folds into its native structure.®® Some epitopes on an
antigen fit particularly well with the combining sites
available in the B-cell repertoire, and the population of
antibodies against these epitopes tends to dominate
the polyclonal response against that antigen (Fig. 6).

The epitopes recognized by /B T-cell receptors
are, by contrast, linear peptides derived by intracel-
lular proteolysis of the antigen. These peptides are
transported to the cell surface within the peptide-
binding groove of an MHC molecule, as will be de-
scribed in more detail later in the series.
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Although antibodies and T-cell receptors can ac-
curately distinguish between closely related antigens,
they sometimes cross-react with apparently unrelated
antigens, either because the two antigens happen to
share an identical epitope or because two different
epitopes have similar shapes and charges. Such cross-
reactions underlie the concept of molecular mimicry,
whereby epitopes on microbial agents stimulate the
production of antibodies (or the proliferation of
T cells) that react with self antigens. Molecular mim-
icry may be a cause of autoimmune disease.”%7! An
example is poststreptococcal rheumatic fever, which
is caused by antibodies induced by an epitope on
streptococcal M protein that cross-react with a sim-
ilar epitope on cardiac myosin.

Some antigens — the T-cell-independent antigens
— can stimulate B cells without assistance from
T cells.”273 Among these are polysaccharides or po-
lymerized flagellin, which have numerous repeating
epitopes. These arrays bind avidly to the B-cell re-
ceptors, and in conjunction with activation signals
that can be provided by a variety of cell types, they
activate B cells without the need for help from CD4
T cells. T-cell-independent antigens do not induce
the formation of germinal centers and are therefore
unable to induce the generation of memory B cells
or the somatic hypermutation that results in the pro-
duction of high-affinity antibodies. The extent of class
switching from IgM to other classes of antibodies is
also severely limited in the absence of cytokines from
helper T cells. For these reasons, T-cell-independ-
ent antigens predominantly give rise to low-affinity
IgM antibodies.

Unlike polysaccharides, most antigens are unable
to stimulate B cells in the absence of help from CD4
T cells and are therefore referred to as T-cell-depend-
ent antigens. When these antigens are bound by B-cell
receptors, they are internalized and processed by the
B cell into short peptides, which are brought to the
cell surface by MHC class IT molecules. Neighbor-
ing CD4 T cells that recognize these peptide—-MHC
complexes become activated and express costimula-
tory molecules such as CD154 (also called CD40
ligand) on their surface. When the CD154 on the
activated T cell binds to its receptor, CD40, on the
B cell, a signal is generated that prompts the B cell
to begin the processes of somatic hypermutation and
immunoglobulin class switching.

Help is also provided by various cytokines, such
as interleukin-2, 4, and 5, released from the helper
T cells. Dendritic cells and macrophages, by present-
ing peptide—MHC class II complexes, can also acti-
vate helper CD4 T cells, and through this pathway
the activated T cells also express costimulatory mol-
ecules and release immunostimulatory cytokines. Cer-
tain sequences of microbial DNA, particularly those
containing unmethylated CpG motifs (cytosine—guan-
osine dinucleotide sequences flanked by two 5’ pu-
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rines and two 3’ pyrimidines), can stimulate B cells
directly. They also have adjuvant properties, which
are mediated by an activating effect on dendritic cells
and macrophages.775

Once the immune system is stimulated by an im-
munogenic epitope, additional epitopes on the anti-
gen may be drawn into the response as a result of the
general up-regulation of antigen processing and pres-
entation. This effect, referred to as epitope spread-
ing,”6 may spill over to other antigens (intermolecu-
lar spreading). Its clinical relevance is that in some
autoimmune diseases, notably systemic lupus erythe-
matosus, a structural complex of several independent
molecules, as occurs in the nucleosome, may pro-
voke a broad spectrum of autoantibodies.

Cryptic epitopes that are normally not recognized
efficiently by the immune system may be revealed by
a change in the processing of antigen caused by the
stimulation of antigen-presenting cells by proinflam-
matory cytokines, as might occur during the proc-
essing of myelin basic protein.”” Moreover, the proc-
essing of antigen by B cells may generate peptides that
are not produced by dendritic cells or macrophages.
For example, the model antigen hen-egg lysozyme
has been used to demonstrate that antigen processed
by dendritic cells focuses the immune response on a
limited number of epitopes, whereas B cells may in-
crease the diversity of the T-cell response by present-
ing a broader range of processed peptides in associ-
ation with their MHC molecules.”

The continual mutation of microorganisms causes
a phenomenon called antigenic drift. The mutants
pose problems for the memory component of the
immune system. An even greater risk ensues from the
exchange of genetic material between related organ-
isms, causing antigenic shift.”® Very few, if any, mem-
ory cells that were generated during exposure to the
native organism may be able to recognize the new
variant. An example of the devastating effects of an-
tigenic shift is the influenza pandemics that have killed
large numbers of people as the virus has swept rela-
tively unchallenged across the globe.

ACTIVATION AND REGULATION
OF LYMPHOCYTES

T-cell receptors are associated on the surface of
T cells with the CD3 complex of molecules that trans-
mit activation signals into the cell when the T-cell re-
ceptor binds antigen. This complex consists of CD3y,
CD36, and two molecules of CD3e, together with
a disulfide linked ¢ chain homodimer.80 Cross-linking
of the T-cell receptor, which occurs when it binds to
peptide—-MHC complexes on cell surfaces, initiates
the activation signals. Aggregation of the receptor
leads to phosphorylation of tyrosines in the cytoplas-
mic tails of the CD3 complex, and the transduction
of the downstream signal to the nucleus that follows
such phosphorylation initiates the transcriptional ac-
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Figure 9. Activation of T Cells.

The activation of T cells involves a highly complex series of integrated events that result from the cross-linking of the
antigen receptor on the cell surface. Because the antigen receptors have extremely short cytoplasmic tails, they are
associated (in T cells) with the CD3 and ¢ chain signal-transduction molecules bearing cytoplasmic immunoreceptor
tyrosine-based activation motifs (ITAMs), which are subject to phosphorylation (P) by protein kinases such as p56'ck,
p597n, and ZAP-70 (for simplicity, only one of the CD3e molecules is shown). The initial stages of activation also involve
the binding of p56'e to the cytoplasmic tail of CD4 (in helper T cells) or CD8 (in cytotoxic T cells). These events lead to
downstream signaling involving a number of different biochemical pathways and ultimately to the transcriptional acti-
vation of genes involved in cellular proliferation and differentiation. Signals from costimulatory receptors such as CD28
and CD154 must also be present in order to activate the lymphocyte; in the event that signals are sent only from the
antigen-receptor signal-transducing molecules, anergy or apoptosis will occur.

tivation of various gene sequences, including those
encoding cytokines that stimulate and regulate the
proliferation of T cells (Fig. 9). The B-cell receptor
also associates with two molecules, Iga (CD79a)
and IgB (CD79b), which transmit activation signals
to the cell.8! Mirroring the cytoplasmic tails of the
CD3 complex of T cells, Iga and IgB also undergo
phosphorylation, an essential feature of the trans-
duction of signals to the nucleus of the B cell.
Signaling by means of the antigen receptors alone,
in the absence of costimulatory signals, does not ac-
tivate lymphocytes. Instead, such isolated signals lead
to anergy or apoptosis. The additional signals required
for the activation of lymphocytes come from various
costimulatory molecules on the surface of neighbor-

ing cells and soluble mediators such as cytokines.
Molecules on the surface of T cells that bind to co-
stimulatory molecules on antigen-presenting cells in-
clude CD28, whose ligand is B7; CD154 (the CD40
ligand), which binds to CD40; and CD2, the ligand
for CD58.828¢ Essentially, the molecules constitute
receptor—ligand pairs that are required for activating
and regulating lymphocytes.

Activated dendritic cells are particularly potent
stimulators of naive T cells, because they express large
amounts of the costimulatory B7 and CD40 mole-
cules.?s The need for these molecules to participate
in the activation of the immune response can be ex-
ploited clinically. Agents such as the CD28-immu-
noglobulin fusion molecule, which interferes with

Volume 343 Number 2 - 111

The New England Journal of Medicine
Downloaded from nejm.org at USP on April 1, 2013. For personal use only. No other uses without permission.
Copyright © 2000 Massachusetts Medical Society. All rights reserved.



The New England Journal of Medicine

the CD28-B7 interaction, have great potential in
limiting the rejection of transplanted organs by in-
terfering with the activation of T cells.8¢

Ligation of CD40 (constitutively expressed by
B cells) by CD154 (induced on antigen-stimulated
CD4 T cells) activates protein kinases within the
B cell that mediate antibody class switching. Defects
in the gene encoding CD154 occur in the X-linked
hyper-IgM syndrome, in which affected patients have
low or undetectable levels of IgG, IgA, and IgE but
normal or elevated levels of IgM.%7 (This subject will
be discussed in more detail later in the series.)

Another receptor for costimulation is CD45, a
phosphatase enzyme with a critical role in the acti-
vation of both T cells and B cells.88 The costimulatory
molecules that activate CD45 have yet to be fully
defined, but they may include CD22, an adhesion
receptor on the surface of B cells.

Cytokines, including interleukin-1, interleukin-6,
and tumor necrosis factor «, also provide costimula-
tory signals.8? However, not all signals from cytokines
and cell-surface molecules are stimulatory. Interleu-
kin-10 and transforming growth factor 8 often pro-
vide negative signals.®?1 Similarly, ligation of the
T-cell-surface molecule CTLA-4 by B7, in contrast
to the ligation of CD28 by B7, provides a down-reg-
ulating signal,®? as does ligation of the Fcy receptor
for IgG on B cells.93:94

EFFECTOR FUNCTIONS OF T CELLS

CD4 T cells are mainly cytokine-secreting helper
cells, whereas CD8 T cells are mainly cytotoxic killer
cells. CD4 T cells can be divided into two major
types.®s Type 1 (Thl) helper T cells secrete interleu-
kin-2 and interferon-y but not interleukin-4, 5, or
6. Type 2 (Th2) helper T cells secrete interleukin-4,
5, 6, and 10 but not interleukin-2 or interferon-y
(Fig. 10).

Cytokines (Table 1) have a central role in influenc-
ing the type of immune response needed for optimal
protection against particular types of infectious agents,
and they may also normally reduce allergic and au-
toimmune responses.?®%7 For example, the release of
interleukin-12 by antigen-presenting cells stimulates
the production of interferon-y (immune interferon)
by Th1 cells. This cytokine efficiently activates mac-
rophages, enabling them to kill intracellular organisms.
To generalize and simplify somewhat, the production
of cytokines by Thl cells facilitates cell-mediated im-
munity, including the activation of macrophages and
T-cell-mediated cytotoxicity; on the other hand, Th2
cells help B cells produce antibodies.

The elimination of virally infected cells falls to the
CD8 cytotoxic T cell. The infected cell marks itself
as a target for the cytotoxic T cell by displaying pep-
tides derived from intracellular viral protein on its
surface. These viral peptides are bound to the pep-
tide-binding regions of class I MHC molecules. Cy-
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totoxic T cells bind to this viral peptide-MHC com-
plex and then kill the infected cell by at least two
different pathways. They can insert perforins into the
target-cell membrane, which produce pores through
which granzymes are passed from the cytotoxic
T cells into the target cell. At least one of these pro-
teolytic enzymes activates the caspase enzymes that
mediate apoptosis in the target cell. Alternatively, cy-
totoxic T cells can bind the Fas molecule on the tar-
get cell using their Fas ligand, a process that will also
activate caspases within the target cell and ultimately
induce apoptosis.® These killing strategies not only
deprive the virus of the host enzymes needed for rep-
lication but also deny it a sanctuary within the cell.
Any released virus is immediately susceptible to the
effects of antibody.

In addition to killing infected cells directly, CD8
T cells also produce a number of cytokines, includ-
ing tumor necrosis factor a and lymphotoxin. Inter-
feron-v, another product of CD8 cells, reinforces an-
tiviral defenses by rendering adjacent cells resistant
to infection.?® To a minor extent, CD4 cells of both
the Thl and Th2 populations can become cytotoxic
on recognizing peptides presented by MHC class 11
molecules.100,101

Rearrangement of T-cell receptor genes does not
occur in most natural killer cells and these cells thus
do not express specific T-cell receptors. They use
broad-spectrum, less-specific receptors to identify tar-
get cells in innate cytotoxic immune responses.!02
However, natural killer T cells, a distinct population
of cells with certain phenotypic characteristics of nat-
ural killer cells, express CD4 and intermediate levels
of T-cell receptors with a highly restricted repertoire.
These cells recognize antigen presented by the non-
classic MHC molecule CD1 and may have an immu-
noregulatory role, because they can secrete interleu-
kin-4 and interferon-y.103

IMMUNE PROTECTION BY ANTIBODIES

When B cells undergo terminal differentiation into
plasma cells, they acquire the ability to produce and
secrete high levels of antibodies. These antibodies
can be directly protective if they sterically inhibit the
binding of a microorganism or toxin to the corre-
sponding cellular receptor. In most instances, howev-
er, antibodies do not function in isolation but instead
marshal other components of the immune system to
defend against the invader!®+ (Fig. 11).

The classic pathway of complement activation is
triggered by contact of its first component, Clq,
with closely associated Fc regions of IgM or IgG on
the surface of a cell.!8 The binding of these arrays to
Clq leads to the generation of C3b and other bio-
logically active complement components. Enhanced
phagocytosis in the presence of IgM or IgG antibac-
terial antibodies can occur after binding of the new-
ly generated C3b to receptors on neutrophils and

The New England Journal of Medicine
Downloaded from nejm.org at USP on April 1, 2013. For personal use only. No other uses without permission.
Copyright © 2000 Massachusetts Medical Society. All rights reserved.



ADVANCES IN IMMUNOLOGY

Viral resistance Infected cell Virus

Interferon—a{ oy
| _ Interferon-g _ e

1
Interferon-y

Cytotoxic T cell—

Th1 cell

'\1 Killing of
infected cell

peptide

7]
e
* Class | MHC
with viral

Interferon-y
Interleukin-2

Interferon-y
Interleukin-2

microbial components

Follicular
dendritic cell

Fcy
receptor

L1 ' Secreted
A\ antibody

| 4 H é

Antigen

. 0 Interleukin-4, 5, and 6
I‘.'

cos—lf ¢ l

Interdigitating
dendritic cell

Uptake of microbe or

Figure 10. An Overview of Lymphocyte Responses.

T cells characteristically possess T-cell receptors (TCRs) that recognize processed antigen presented by major-histocompatibility-
complex (MHC) molecules, as shown on the left-hand side of the figure. Most cytotoxic T cells are positive for CD8, recognize proc-
essed antigen presented by MHC class | molecules, and kill infected cells, thereby preventing viral replication. Activated cytotoxic
T cells secrete interferon-y that, together with interferon-a and interferon-g produced by the infected cells themselves, sets up a
state of cellular resistance to viral infection. As shown on the right-hand side of the figure, helper T cells are generally positive for
CD4, recognize processed antigen presented by MHC class Il molecules, and can be divided into two major populations. Type 1
(Th1) helper T cells secrete interferon-y and interleukin-2, which activate macrophages and cytotoxic T cells to kill intracellular or-
ganisms; type 2 (Th2) helper T cells secrete interleukin-4, 5, and 6, which help B cells secrete protective antibodies. B cells recognize
antigen either directly or in the form of immune complexes on follicular dendritic cells in germinal centers.

macrophages. In the absence of complement, micro-
organisms coated with IgG, IgA, or IgE antibody
bind to the corresponding Fc receptors (FcyR, FcaR,
or FceR) on phagocytic cells. IgG and IgE antibod-
ies can mediate antibody-dependent cellular cytotox-
icity, an extracellular killing process in which cells

bearing Fc receptors for these classes of antibody be-
come linked to antibody-coated target cells or para-
sites.1%5 Natural killer cells, monocytes, macrophages,
and neutrophils can all function in IgG-mediated an-
tibody-dependent cellular cytotoxicity; macrophages,
eosinophils, and platelets are involved in IgE-medi-
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TABLE 1. EXAMPLES OF CYTOKINES AND THEIR CLINICAL RELEVANCE.*

CYTOKINE
Interleukin-1

Interleukin-2

Interleukin-4

Interleukin-5

Interleukin-6

Interleukin-8

Interleukin-11

Interleukin-12

Tumor necro-
sis factor a

Lymphotoxin
(tumor ne-
crosis factor
B)

Transforming
growth fac-
tor B

Granulocyte—
macrophage
colony-stim-
ulating factor

Interferon-a

Interferon-B

Interferon-y

CELLULAR SOURCES
Macrophages

Type 1 (Thl) helper T cells

Type 2 (Th2) helper T cells,
mast cells, basophils, and
cosinophils

Type 2 (Th2) helper T cells,
mast cells, and eosinophils

Type 2 (Th2) helper T cells
and macrophages

T cells and macrophages

Bone marrow stromal cells

Macrophages and B cells

Macrophages, natural killer
cells, T cells, B cells, and
mast cells

Type 1 (Th1) helper T cells
and B cells

T cells, macrophages, B cells,
and mast cells

T cells, macrophages, natural
killer cells, and B cells

Virally infected cells

Virally infected cells

Type 1 (Th1) helper T cells
and natural killer cells

MAJOR ACTIVITIES

Activation of T cells and macrophages;
promotion of inflammation

Activation of lymphocytes, natural killer
cells, and macrophages

Activation of lymphocytes, monocytes,
and IgE class switching

Difterentiation of eosinophils

Activation of lymphocytes; differentia-
tion of B cells; stimulation of the pro-
duction of acute-phase proteins

Chemotaxis of neutrophils, basophils,
and T cells

Stimulation of the production of acute-
phase proteins

Stimulation of the production of inter-
feron-vy by type 1 (Thl) helper T cells
and by natural killer cells; induction of
type 1 (Thl) helper T cells

Promotion of inflammation

Promotion of inflammation

Immunosuppression

Promotion of the growth of granulo-
cytes and monocytes

Induction of resistance of cells to viral
infection

Induction of resistance of cells to viral
infection

Activation of macrophages; inhibition of
type 2 (Th2) helper T cells

CuinicAL RELEVANCE

Implicated in the pathogenesis of septic shock, rheu-
matoid arthritis, and atherosclerosis

Used to induce lymphokine-activated killer cells;
used in the treatment of metastatic renal-cell carci-
noma, melanoma, and various other tumors

As a result of its ability to stimulate IgE production,
plays a part in mast-cell sensitization and thus in
allergy and in defense against nematode infections

Monoclonal antibody against interleukin-5 used to
inhibit the antigen-induced late-phase eosinophilia
in animal models of allergy

Overproduced in Castleman’s disease; acts as an au-
tocrine growth factor in myeloma and in mesangial
proliferative glomerulonephritis

Levels are increased in diseases accompanied by neu-
trophilia, making it a potentially useful marker of
disease activity

Used to reduce chemotherapy-induced thrombocy-
topenia in patients with cancer

May be useful as an adjuvant for vaccines

Treatment with antibodies against tumor necrosis
factor a beneficial in rheumatoid arthritis

Implicated in the pathogenesis of multiple sclerosis
and insulin-dependent diabetes mellitus

May be useful therapeutic agent in multiple sclerosis
and myasthenia gravis

Used to reduce neutropenia after chemotherapy for
tumors and in ganciclovir-treated patients with
AIDS; used to stimulate cell production after bone
marrow transplantation

Used to treat AIDS-related Kaposi’s sarcoma, mela-
noma, chronic hepatitis B infection, and chronic
hepatitis C infection

Used to reduce the frequency and severity of relapses
in multiple sclerosis

Used to enhance the killing of phagocytosed bacteria
in chronic granulomatous discase

*AIDS denotes acquired immunodeficiency syndrome.

ated antibody-dependent cellular cytotoxicity. The
cytotoxic mechanisms, which come into play when
the target cell is too large for phagocytosis, include
perforins, granzymes, and in some cases, reactive ox-
ygen intermediates.106

Adults produce 3 to 4 g of secretory IgA per day.
This form of IgA occurs selectively in saliva, colos-
trum, and other fluids. It is synthesized by plasma
cells underlying mucosal surfaces and then transport-
ed across the epithelium by the polyimmunoglobu-
lin Fc receptor.l?” On the luminal side, the released
antibodies prevent the adhesion of microbes to the
surface of host cells. A second type of epithelial Fc
receptor, FcRn, has a number of functions,! includ-
ing transferring maternal IgG across the placenta.
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This mechanism offers important protection to the
fetus before the full development of its own immune
system. FcRn also specifically transfers IgG from
breast milk (which also contains IgA and IgM) across
the intestinal epithelium of the neonate.

REGULATION OF THE IMMUNE RESPONSE

A successful immune response eliminates the in-
citing antigen, and once rid of this stimulus, the re-
sponse returns to a near basal level. In addition to
purging itself of antigen, the immune system uses sev-
eral other mechanisms, initially to fine-tune and later
to down-regulate its activity. IgG itself can switch
off the response to its corresponding antigen, a proc-
ess analogous to negative feedback loops in the en-
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Antibodies rarely act in isolation. Their usual role is to focus components of the innate immune system on the pathogen,
and the activation of these destructive forces normally requires coordinating events that occur after Fab heavy- and
light-chain variable regions (V,, and V) of the antibody are bound to antigen, leading to the display of multiple exposed
Fc regions. The figure shows two examples of this process: the activation of the classic complement pathway after bind-
ing of C1q to Fc, and the activation of phagocytosis after the cross-linking of Fc receptors and binding of the FcyR on

the macrophage.

docrine system. This suppression of IgG production
occurs when the FcyR and the B-cell receptor on the
same cell are linked by immune complexes containing
the relevant antigen. The result is the transmission
of inhibitory signals into the nucleus of the B cell.%*

Cytokines participate in another level of regulatory
control. For example, the secretion of interferon-y
by Th1 cells inhibits Th2 cells, and the secretion of
interleukin-10 by Th2 cells reciprocally inhibits Th1
cells.”s Exploitation of such regulatory interactions
between subgroups of T cells may lead to new ther-
apeutic approaches for a variety of diseases. For ex-
ample, the secretion of interleukin-4 by Th2 cells
stimulates the production of IgE, so that devising a
way of shifting the system to induce a Thl-cell-
mediated response could ameliorate atopic allergy.
Immunoregulation also involves interactions of the
immune system with both the endocrine and nerv-
ous systems, with cross-talk between these systems
involving hormones, cytokines, and neurotransmitters.

IMMUNOLOGIC TECHNOLOGY

The use in immunologic research of mice in which
selected genes are either expressed (transgenic mice)
or eliminated (knockout mice) has provided many
valuable insights.1?® Transgenic animals are created by

the injection of DNA containing the desired gene
into the pronucleus of a fertilized egg. The eggs are
then implanted into the uterus of a receptive female
mouse, where they develop into fully formed trans-
genic infants. Tissue-specific and inducible promoters
allow the expression of the transgene to be controlled.
For example, studies in animal models of type 1 (au-
toimmune) diabetes use the insulin promoter to di-
rect expression of transgenes to beta cells in the is-
lets of Langerhans.11°

In knockout animals a disabled version of a gene is
created by the introduction of mutations with recom-
binant DNA methods. The disabled gene contains se-
quences incorporated by the investigator that pro-
mote the selection of cells in which the mutant gene
has homologously replaced the normal gene (sequenc-
es endowing the cell with resistance to a particular
drug are useful for this purpose). The defective gene
is introduced into embryonal stem cells, and if it
integrates into the locus occupied by the cell’s nor-
mal copy of the gene (i.e., if it knocks out the normal
gene), the stem cell becomes a carrier of the mutant
gene and lacks the normal gene. These rare mutant
cells are selected with use of drug-resistance markers,
injected into blastocysts, and implanted in receptive
females for further differentiation and development.
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One initially surprising finding obtained in knock-
out mice was that the deletion of several molecules
that had been thought to have obligatory roles in the
immune system had only a minor effect on immune
responses. These dispensable genes include interleu-
kin-6 and 11. The implication of these findings is
that there must be functional overlap between cer-
tain cytokines, such as between interleukin-1 and tu-
mor necrosis factor @ or between interleukin-6 and
11; if one cytokine is defective or absent, the other
can act in its place. However, such redundancy is not
absolute, because each cytokine has unique as well
as shared properties.

The ability to create transgenic and knockout mice
has also led to the development of animal models of
autoimmune and immunodeficiency diseases. For ex-
ample, using a transgene for a foreign protein such as
hen’s-egg lysozyme, the antigen effectively becomes
a self antigen because it appears very early in the on-
togeny of the transgenic animal. In this kind of ex-
periment, B cells are not made tolerant of hen’s-egg
lysozyme that is expressed as a membrane-associated
self antigen on thyroid epithelium, implying that tol-
erance of cell-associated thyroid antigens depends on
the induction of tolerance in helper T cells.!!! An-
other approach for studying autoimmune mechanisms
is to monitor transgenic antigen receptors (B-cell re-
ceptors or T-cell receptors) with specificity for self
antigens to see whether tolerance or autoimmune
abnormalities develop in the animals.12 This approach
was used to show that B cells with the genetic po-
tential to produce high-affinity rheumatoid factor de-
velop central tolerance, whereas B cells that can pro-
duce low-affinity rheumatoid factor do not.

The remarkable specificity of the antibody mole-
cule has been exploited in many areas of biomedi-
cine. Several clinically useful monoclonal antibodies,
such as muromonab-CD3 (OKT3), used in thwart-
ing rejection of organ allografts, have been pro-
duced.!13.114 It is sometimes advantageous to use an-
tibody fragments, either Fab or the bivalent F(ab’),
produced by proteolytic cleavage, or single-chain
variable fragments (scFv) generated by recombinant
DNA technology. Such fragments are particularly use-
ful if the aim is to penectrate a tumor mass. Most
monoclonal antibodies are of rodent origin and are
therefore recognized as foreign by the human im-
mune system, severely compromising their efficacy.
However, with the use of recombinant-DNA tech-
nology, these antibodies can be “humanized” by the
replacement of most of the rodent amino acid se-
quences with human sequences; only the amino ac-
ids that come into contact with the antigen need to
be retained from the rodent sequence.

Recombinant-DNA technology can also be used
to create a library containing millions of bacterio-
phages, each bearing a different antibody of a single
specificity on its surface and containing the genes
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for that antibody.'’®> When the contents of this li-
brary are poured onto antigen-coated plastic dishes,
phages bearing the relevant antibody will bind to
the antigen, and those that do not can be washed
away. This technique permits antibodies of the de-
sired specificity to be selected from the library, and
the genes encoding the variable regions can be used
to produce large amounts of recombinant antibody
of virtually any desired specificity.16 The use of phage
libraries constructed from randomly paired heavy-
and light-chain human antibody genes allows the di-
rect selection of human antibodies for therapeutic
use against, for example, tumor-associated antigens
and self antigens such as CD4. Such specificities
might otherwise be unobtainable as a result of clonal
deletion of anti-self lymphocytes. If necessary, indi-
vidual amino acid replacements in the binding site
can be engineered to increase the affinity of the an-
tibody.

Antibodies can be tagged with enzymes, fluoro-
chromes, or isotopes for use in a wide range of clin-
ical applications, including immunoassays, diagnos-
tic phenotyping, histochemistry, in vivo imaging, and
immunotherapy. If an antibody molecule is itself the
target (for example, for measurement of autoanti-
bodies in patients with autoimmune disease), labeled
anti-immunoglobulins (secondary antibodies) may be
tagged instead. For therapeutic applications against
tumor cells or autoreactive cells, antibodies can be
conjugated with cytotoxic molecules to produce im-
munotoxins.!” An extra dimension can be provided
by linking two different antibodies, or antibody frag-
ments, to produce immunotherapeutic bispecific anti-
bodies.!'® Undoubtedly, these approaches have greatly
expanded the investigative, diagnostic, and therapeu-
tic armamentarium of immunologists and clinicians.
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