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With this, the 21st year since the first edition of The
Autoimmune Diseases in 1985, we turn to some historical
reflections. The term “immunity” as used in Roman times
had a legal sense (immunitas, exemption from duty), but
came into common parlance to describe the observation that
people recovering from certain infectious diseases became
resistant to those diseases. Immunity was given biologic
sense by Pasteur in the late 19th century to describe the pro-
tection conferred by the use of vaccines, a term Pasteur
coined in deference to Jenner. Immunity took on a more
precise meaning in 1891 when Behring and Kitasato showed
that this protection depended upon the serum. Serologic
science developed hand-in-hand with bacteriology, and
Metchnikoff and Ehrlich promulgated their alternative
views, cellular versus humoral, on the provision of immu-
nity against infection. Indeed, even then, around the year
1900, views were current on the possibility (or impossibil-
ity) of autoimmunity, followed by a long period of neglect
and eventual reawakening 50 years later, as recounted by
Silverstein in Chapter 1. During this eclipse the science of
immunology itself, and its associated pathologies in the
form of hypersensitivity, anaphylaxis, and allergy, flourished
and spread rapidly and far afield from Europe. For example,
The American Association of Immunologists was estab-
lished in 1913 largely to promote the use of vaccines, as
recounted in the first presidential address by Gerald B.
Webb. The Journal of Immunology began publication in
1916, edited by Arthur F. Coca, a pioneer in allergy.
Immunology had its “second coming” after the 1950s with
the beginning of a clearer recognition of the cellular basis
of immune responsiveness, and the complex inner workings
of the immune system, in both health and disease, became
even more evident.

This brief prospectus to introduce our fourth edition
cannot claim to demystify contemporary immunology, but
rather seeks to annotate a few of the landmarks in the tran-
sition from immunity as a mechanism of protection to
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autoimmune disease, the pathologic consequence of an
autoimmune response.

I. AN IMMUNOLOGIC ROADMAP

The same immune system that guards the body against
infection can also cause autoimmune disease. Whether
directed against self-antigens or foreign antigens, the
immune system follows the same rules of the road, once
natural immune tolerance has failed. Our growing knowl-
edge of the intricate highways and byways of the immune
response helps us to understand the seamless transition from
protection to pathogenic autoimmunity.

The present vertebrate immune system represents a
melding of two evolutionarily distinct systems. The earliest
immune response descends from the major defense mech-
anisms passed down from our invertebrate ancestors. It was
adopted and modified in vertebrates to form the natural or
innate immune response. This response depends upon broad
patterns of recognition of noxious agents and can be set into
motion with little delay. Since the patterns that prompt the
innate immune system appear mainly on invading micro-
organisms we would not expect this innate immune response
to react against self-antigens. Yet, naturally occurring
autoantibodies and their precursor cells are a component of
the innate immune system, and indeed in some circum-
stances have beneficial functions, including the “sanitary”
disposal of waste and debris accruing from cell turnover.
Although the origin of natural autoantibodies is still uncer-
tain, they provide a measure of initial protection against
infection because of their broad cross-reactivity. But might
they represent the precursors of later, injurious autoimmune
responses? The evidence is not in.

Most of the cells of the adaptive immune system are re-
cycled by vertebrates from the earlier innate immune
system. The distinctive components of the adaptive immune
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system include thymus-derived T lymphocytes and bone
marrow-derived B lymphocytes, the major histocompatibil-
ity complex (MHC), and the antigen-processing and
antigen-presentation systems. Over many millennia, these
elements have been further adapted by evolutionary modifi-
cation to include cell-cell collaboration, secretion of
cytokines for cell-to-cell signaling, chemokines to control
cell trafficking, and cellular adaptations for provision of
immunologic memory. The adaptive immune system recog-
nizes specific antigens through precisely structured recep-
tors on lymphocytes generated by a unique system of genetic
recombination and reassortment. The more focused and
potent immune response of adaptive immunity requires the
generation of a galaxy of different antigen receptors, each
tailored for optimal affinity of reactivity with a specific
antigen. Inevitably many of these receptors on B cells and
T cells will react with constituents of the host, albeit in most
cases at lower affinity.

The mounting of an efficient immune response involves
cooperation of the two immune systems; the ancient innate
system and the more recent adaptive system. To achieve this
goal, three major cell populations must participate; antigen-
presenting cells (APCs) that take up, prepare and present
antigen, and T cells and B cells that alone have the ability
to recognize specific antigenic determinants (epitopes).
Cells capable of serving as APCs come in many guises; the
prototypic APC is the dendritic cell (DC), but macrophages
are also capable as well as B cells, which, in their role as
APCs, can strongly promote the persistence of autoimmu-
nity. Lymphocytes of either T or B lineage can exist
functionally as naive, activated (antigen-experienced and
antigen-reactive) or memory cells, a distinction of relevance
to autoimmunity.

Repeated stimulation of the adaptive immune system
raises the possibility of infinite expansion of constituent T
and B lymphocytes. This outcome is obviously untenable
and indicative of the requirement that the immune system
be carefully regulated by processes that restore homeostasis
among the constituent cell populations. Immune responses
to invading pathogens typically continue for only a limited
period of time because the antigen driving them is elimi-
nated; thus, immunity wanes unless refreshed or restimu-
lated. Processes intrinsic to the immune system itself
also regulate the immune response. In fact, the failure of
any of the intrinsic control mechanisms could lead to
unchecked lymphoproliferation with dire consequences,
including autoimmunity and malignancy. Metaphorically,
the immune domicile requires efficient housekeeping to
ensure that it is neither underpopulated with consequent
immunodeficiency (and possible responses to self-proteins
developed to “fill the gap”), nor overpopulated with insuffi-
cient flexibility for new responses. Finally, in the process of
winding down after an antigenic encounter, there is a crucial
need for a lasting imprint in the form of immunologic

memory to provide for a prompt response on the next
encounter. This anamnestic response can produce great ben-
efits (witness the medical triumph of wide-scale vaccina-
tion) but has the potential for great harm if, somehow, a
nascent autoimmune response cannot be snuffed out before
memory cells develop.

Although immunity proceeds as a continuum we can, for
discussion purposes, consider four distinct stages: initiation,
maintenance, termination, and memory, as shown schemat-
ically in Figure 1.

The immune response begins when a particulate antigen
is ingested by a macrophage and degraded so that peptide
fragments can be presented at the cell surface in conjunc-
tion with molecules of the MHC to CD4-bearing lympho-
cytes expressing the appropriate antigen receptor. DCs,
which are richly present at mucosal surfaces as well as in
other tissue sites, stand ready to endocytose, prepare, and
present soluble antigen, as described in Chapter 4. If the
antigen engages a toll-like receptor (TLR) on the DC, it
transduces an activation signal that stimulates production of
facilitating cytokines by the DC. Upregulation of MHC
further enhances the capacity for presentation of antigen.

The activated DC migrates to a regional lymph node or
to the splenic white pulp. There the DC may encounter a
naive or memory T cell with the corresponding receptor.
This event sets into motion the formation of germinal
centers to serve as factories for production of additional
antigen-specific lymphocytes and sites that maximize the
chance of an encounter between antigen-reactive T and B
cells with the APCs, as described in Chapter 2.

Germinal center formation is a critical step in the
development of a robust immune response. The reaction
depends upon a subset of CD4" T cells, follicular homing
T cells (Tfh), which are chemotactically attracted to the
germinal center. These T cells, in turn, direct naive B cells
that have received an antigenic signal (called signal 1) to
respond to this second T-helper signal (signal 2) by pro-
liferation and affinity maturation of their immunoglobulin-
like antigen receptor. Second signals involve costimulatory
molecules on the participating APC and T cells such as
CD80/86 and CD28, and between participating T and B
cells, such as CD40 and CD154 (CD40L). Affinity matura-
tion of B cells occurs in germinal centers by the process of
somatic hypermutation among genes that encode the B-cell
receptor.

The immune response naturally terminates after the elim-
ination of the provocative antigenic stimulus following
removal of antigen, assisted by the regulatory processes
intrinsic to the immune system mentioned above. These
include expression of the molecule CD152 (CTLA-4) by
activated T cells which, when engaged by CD80/86 (B7-1/2)
on APCs, transduces a negative signal to the T cell. Other
downregulatory events include activation-induced cell death
(AICD), production of particular cytokines such as trans-
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A, Initiation. The immune response begins with uptake of microbial antigens and self-antigens from

degraded tissue by dendritic cells (DCs) that undergo maturation and migrate to regional lymph nodes (RLNs). B, Main-
tenance. The DC enters the primary follicle of the lymph node and may meet a cognate CD4* T cell, whereupon the
germinal center (GC) reaction develops. T-cell proliferation and activation provide helper signals for CD8" T and B
cells. Activated cells exit the RLN. C, Termination. Activated lymphocytes specific for microbial antigens enter the
infected tissue, eliminate the offending agent, and the immune response winds down. But, if the incoming lymphocytes
are specific for self-antigens, and tolerance is weak, self-sustaining autoimmunity ensues. Not shown are the accompa-
nying development of immunologic memory, the costimulator cytokine- and chemokine-dependent events that are essen-
tial to the above processes, and the variety of processes that operate in the termination phase.

Reproduced from Seminars in Liver Disease (2005), with permission of Dr Paul Berk, Columbia University, New

York, NY, and Thieme Medical Publishers, Norwalk, CT.

forming growth factor (TGF)-B, and the mobilization of
suppressive types of regulatory T cells, as described in
Chapter 9.

Memory confers major advantages on the adaptive
immune system by providing a more efficient and effective
response on second encounter with a particular pathogen.
Yet, the basis of immunologic memory is still not fully
understood, as discussed in Chapters 6 and 12. It was first
studied in relation to B-cell function, being discernible
after antigen challenge by conversion of a delayed low-
titer primary response to an early higher-titer secondary
response. Later the memory B cell was characterized by the
conversion of variable regions of the immunoglobulin gene
from a germline to a mutated sequence. Memory T cells
express antigen-specific receptors with higher affinity for the
peptide-MHC complex and have a particular phenotype that

confers the capacity for ready egress from the lymphatic cir-
culation, as described in Chapter 18.

The immune system is endowed with a wide range of
effector elements designed to combat infections. These same
agents come into action in unison in autoimmune reactions.
They include soluble antibody, which in combination with
complement, can effect target-cell destruction. CD4* T cells
secrete a variety of cytokines, some of which can be cyto-
toxic, including lymphotoxin (LT) and tumor necrosis factor
(TNF)-o.. CD8" T cells may themselves be directly cytotoxic
to target cells that express the requisite peptide-MHC
complex on their surface. In addition, both CD4* and CD8"*
T cells may produce cytokines that activate phagocytic cells.
Any of these mechanisms can be called upon under certain
circumstances depending largely upon the accessibility and
vulnerability of a particular antigenic target.
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II. IMMUNE TOLERANCE

With an immune system poised to respond to a nearly
infinite number of antigens, specialized regulatory devices
are required to minimize the harmful effects that may occur
as the result of the concomitant autoimmunity that would
seem inevitable, given the similarities in constituents of
mammalian and microbial cells. These processes involve
tolerance to self-antigens in both the T- and B-cell com-
partments, as described in Chapters 8, 9, and 13. For con-
venience, as much as logic, these mechanisms are generally
grouped as central or peripheral.

Central tolerance develops during the generation of the
immune repertoire in primary lymphoid tissues. It requires
specific deletions of nascent lymphocytes that undergo high-
affinity interaction with their cognate antigen. In the thymus,
developing lymphocytes encounter stromal cells that can
express a self-antigen associated with an appropriate MHC
molecule. If the affinity of the interaction is sufficiently high,
the nascent lymphocyte experiences a lethal signal and
undergoes apoptosis. This purging tilts the T-cell repertoire
strongly away from self-reactivity. The process is, however,
necessarily imperfect, because the repertoire of “self” is so
large and complex that complete purging of the antiself
repertoire might well leave almost no remaining specifici-
ties to react with nonself. Accordingly, it would appear
inevitable that the developing lymphoid system must make
compromise decisions concerning survival versus death
based on affinity, where clones with sufficiently low affinity
for self are allowed to survive. The threshold for these deci-
sions has presumably been made over evolutionary time-
spans to give a reasonable compromise between threats from
outside the body versus the threat to the body posed by
autoreactivity.

In addition, it is conceivable that such an affinity-based
selection system in primary lymphoid organs could occa-
sionally fail and let a high-affinity antiself clone escape to
the periphery, perhaps because of a failure to encounter the
relevant self-antigen while developing. Efficient thymic
deletion of self-reactivity requires that the greatest possible
array of autoantigens be available in the thymus for presen-
tation by specialized cells in the thymus to antigen receptors
of developing T cells. Sources of self-antigens might include
constituents of the blood that pass through the thymus, as
well as antigens of the thymus tissue itself, along with cell
debris that may happen upon the scene.

General self-tolerance also requires that self-antigens of
tissue-specific character be presented in the thymus. A
number of years ago, one of us (IRM) suggested that the
thymus contains representatives of various other peripheral
self-components that would initiate natural self-tolerance: in
other words, the thymus might serve as an “immunologic
homunculus.” Recently, the concept of broad intrathymic
representation of peripheral cells has been substantiated by

an intriguing discovery in the clinic. It emanated from
a disease of children, autoimmune polyendocrine syn-
drome type 1 (APS1) or, alternatively, autoimmune polyen-
docrinopathy-candidiasis-ectodermal dysplasia (APECED).
This disease follows recessive inheritance of a mutated
dysfunctional autoimmune regulator (AIRE) gene. The en-
coded AIRE protein, an E3 ubiquitin ligase, determines the
intrathymic expression by thymic stromal cells of a wide
variety of tissue-specific autoantigens, although exactly how
this occurs has still to be worked out. In mice, homozygous
disruption of aire by gene knock-out results in multiple and
diverse autoimmune expressions depending upon the strain
of mice. These features sometimes simulate APS1, as
described in Chapter 38. Thus, intrathymic deletion of
autoimmune T cells, based on ectopically expressed peri-
pheral autoantigens, is an important mechanism for estab-
lishing tolerance to self. We now note that AIRE-based
thymic deletion likely occurs in the periphery as well as in
the thymus.

Central tolerance of B cells probably occurs by mech-
anisms of clonal deletion similar to those for T cells,
although the details are less well known. Deletion, more-
over, is accompanied by a process of receptor editing, such
that engagement of an antigen receptor on the developing B
cell by an autoantigen induces a signal to the immunoglob-
ulin recombinase genes to express an alternative receptor
molecule. Receptor editing operates in both the bone
marrow and the periphery, and has been described in T cells
as well as B cells.

The existence of self-reactive T and B cells in the peri-
phery shows that central tolerance is indeed incomplete.
Cells that escape central tolerance are controlled by multi-
ple mechanisms. First, self-reactive “naive” cells are kept in
ignorance of their autoantigen by the absence of appropri-
ate localization signals. In the case of T cells, they remain
confined to the lymphatic circulation and lymphoid tissues.
Second, self-reactive T or B cells do not receive the signals
needed to ensure their survival, namely the necessary helper
or costimulatory signals (signal 2) and so undergo anergy
and eventually apoptosis. This could apply particularly to
those B cells that are highly dependent on T-cell help. Third,
there are mechanisms for tolerance that involve active sup-
pression by regulatory cells. Quite a number of cells can
provide downregulatory signals, including different types of
T cells, and also APCs, as described in Chapter 9.

. AUTOIMMUNITY: A FAILURE OF
SELF TOLERANCE

As explained above, self-reactive T and B cells often
avoid central deletion and take up residence in peripheral
sites. The development of autoimmunity, therefore, presents
a constant albeit generally low-grade hazard. DCs take up
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self and foreign antigens alike, but foreign antigens such as
microbial constituents are much more likely to engage a
TLR and so transduce a vigorous activation signal. In pre-
vious publications, one of us (NRR) referred to the contri-
bution to a self-antigen of a microbial product as the
“adjuvant effect,” recalling the significant role that complete
Freund adjuvant plays in inducing experimental auto-
immune disease. Spillage of autoantigens, during tissue
damage or apoptopic cell death, should not normally acti-
vate a DC by a TLR and therefore should be less likely to
engender a vigorous and therefore pathogenic autoimmune
response. Yet, the diversity of molecules capable of binding
a TLR or similar receptors is ever widening. There is no
doubt that harmless autoantibodies frequently arise and may
even help to mop up cellular debris. Perhaps endocytosis of
autoantigens by DCs that are activated by an inflammatory
stimulus does result in efficient presentation. In any event,
activated DCs loaded with autoantigen can migrate in their
usual pattern to the regional lymph nodes where they may
encounter recirculating self-reactive T cells and B cells. For-
tunately, such cells are greatly outnumbered in the recircu-
lating pool by foreign-reactive cells.

Yet, when all is said and done, the occurrence of auto-
immunity is a relatively common event. It is signified by the
presence of broadly reactive T cells and of autoreactive anti-
bodies of low affinity, often of the IgM class. Switching to
high-affinity IgGs depends upon the active cooperation of B
cells with corresponding T cells that have escaped mech-
anisms of self-tolerance. DCs, depending upon their state of
activation, may provide stimulatory or suppressive signals.
T cells themselves are constrained by the requirement for
appropriate costimulatory signals. Furthermore, they must
overcome the effects of suppressive regulatory T cells or
other suppressive cells. A number of years ago, one of us
(NRR) coined the term “clonal balance” to emphasize that
an autoimmune response usually depends upon a subtle shift
in the equilibrium between positive and negative factors,
rather than the emergence of a somatically mutated “forbid-
den clone” as proposed in earlier days. However, we
concede the possible emergence of harmful self-reactive
clones as a result of somatic mutations in genes for antigen
receptors or genes controlling thresholds for activation or
apoptosis.

Unlike responses to foreign antigens, autoimmune dis-
eases are concerned with antigens that have a continuing
presence in the body. Therefore, termination of an auto-
immune response due to the disappearance or masking of
antigen is unlikely. Intrinsic downregulatory signals provide
for AICD, which normally limits immune responses. Since
AICD depends upon T-cell apoptosis, a defect in the apop-
totic cascade can prevent AICD, prolong lymphocyte multi-
plication, induce lymphoproliferative disease, and enhance
autoimmune responses, as described in Chapters 69 and
70. Cytokines generated during the immune response, like

TGF-f (which inhibits T-cell activation) or interleukin (IL)-
10 (which deviates the immune response toward Th2) also
avert harmful, progressive self-responses. Since they are
more easily stimulated than naive cells, and are more resis-
tant to ablative therapies, memory T cells are ranked highly
among the components of unwanted autoimmunity that are
targets of potential therapies.

IV. AUTOIMMUNE DISEASES

An autoimmune disease can be defined as a disease in
which autoimmunity plays a directly causative or a signifi-
cantly contributory role. It depends upon the induction and
mobilization of immune effector mechanisms with the capa-
bility of injuring host cells. The effector mechanisms are the
same as those associated with conventional immune
responses to invading pathogens, including soluble anti-
body, CD4" T cells, CD8" T cells, macrophages, and other
phagocytic cells and mast cells. Antibody can induce injury
by binding directly to a cellular antigen and activating com-
plement, by blocking or stimulating a receptor or by pro-
ducing damaging immune complexes. The receptors for the
Fc piece of antibody can variously modulate the course of
immune and autoimmune responses, as described in Chapter
16. In organ-localized pathologies, CD4* and CD8* T cells
are most often implicated because antibody would seem to
be unable to reach the intracellular antigen in sufficient
quantities. Frequently, however, it is difficult to sort out the
relative roles of antibody- and cell-mediated damage in
human autoimmune conditions. It should be remembered
that B cells not only produce antibody but serve very effec-
tively as antigen-capturing cells and APCs, particularly for
activated/memory T cells, and thereby help to perpetuate the
injurious autoimmune process.

A recurring problem, and one that confronted the Editors
from the outset, was the definition of an autoimmune disease
and the criteria for inclusion as such in this text. Unfortu-
nately, since no set of criteria has succeeded in covering all
the contingencies, we have simply adopted a listing of char-
acteristics preparatory to a Bayesian type of solution when
all the necessary data are in, as shown in Table 1.

The occurrence of autoimmune disease is associated with
a confluence of genetic predisposition and environmental
exposure combined with a large portion of chance. Mech-
anisms that could result in chance events include environ-
mental influences, somatic mutations, and random receptor
mutations. The importance of heredity in autoimmune
disease is abundantly clear from human studies wherein
familial aggregations of autoimmune diseases have been
long recognized, and comparisons of genetically identical
with nonidentical twins show increased frequencies in the
former. In animals, the evidence is more direct and telling.
Not only can animals be inbred so that they spontaneously



TABLE 1

Prospectus: The Road to Autoimmune Disease

Defining criteria for autoimmune diseases*

Level of evidence

Comments, caveats’

Level 1: Direct evidence

1.

2.
3.

Transfer of disease with autoreactive serum
a. Person to person
Experimentally
Naturally, transplacental transfer
b. Transfer with human antisera to animals
Autoantibody (aab) binding in vitro
Transfer of disease with autoreactive lymphocytes

Level 2: Indirect evidence

1.

Animal model replicating human counterpart
a. Spontaneous (genetic basis)
b. Experimentally induced

Immunization with culprit antigen

Neonatal thymectomy
Genetic manipulation, transgenics, knock-outs
c. T-cell transfer of disease in animals

Level 3: Circumstantial evidence

1.
2.

W

Other causes excluded, particularly chronic infection
Marker autoantibody (aab) to high titer

. Female bias (25)

Autoimmune thrombocytopenic purpura is the classic example (42)

Thyrotoxicosis (35), myasthenia gravis (48), congenital heart block (71), and others
Pemphigus vulgaris (57), myasthenia gravis (48)

Autoimmune hemolytic anemia (41)

Inadvertent transfer with bone marrow transplant (type 1 diabetes)

NOD mouse, NZB mouse, BB-W rat, OS chicken, and others (26)

Experimental autoimmune encephalomyelitis, thyroiditis, orchitis, etc; adjuvants
usually required (26)

Gastritis, BALB/c mouse, illustrative of peripheral tolerance (39)

Numerous examples (26)

Type 1 diabetes in NOD mice (36), collagen-induced arthritis in mice

Infection and autoimmunity may coexist!

The basic pointer, but sometimes aab specificity “incongruent” with site of disease,
e.g. primary biliary cirrhosis (54)

Some exceptions, e.g. type 1 diabetes, myocarditis

A~

. Disease clustering, within an individual or among family
members, clinical and/or serologic

. Histopathology: lymphoid aggregates, germinal centers

. Responsiveness to immunosuppression

. T-cell reactivity in vitro to putative autoantigen

. MHC (HLA) associations

00 3 N W

A long recognized feature (21)

Seen in some chronic infections as well
Characteristic feature—a diagnostic therapeutic! (76)
Assays remain difficult (73)

Usually class II, HLA-D (5 and 20)

*Modified from Rose, N. R. and Bona, C. (1993). Defining criteria for autoimmune diseases (Witebsky’s postulates revisited). Immunol. Today 14,

426-430.
Chapters citing relevant data are given in parentheses.

develop autoimmune disease, but more and more suscepti-
bility genes are being identified and their functions defined.
The dominant contributors to autoimmune diseases are sus-
ceptibility alleles at the MHC class II locus, as described in
Chapters 5 and 20. It is generally believed, although it has
never been clearly established, that the role of MHC class
IT depends on the presentation to T cells of a critical self-
peptide. But does this involve hyperefficient presentation,
which in the thymus would enforce the deletion of “rogue”
T cells (or in the periphery favor their reactivity), or hypo-
efficient presentation with just the reverse effects? There
remains much to be understood. Numerous other genes
have more recently been implicated in affecting the sus-
ceptibility to autoimmune disease, as described in Chapter
21, including the AIRE genes and apoptosis genes, such as
Fas and FasL. Often these turn out to be genes engaged
in the regulation of the immune response, such as alleles
at the CD152 (CTLA-4) locus, or allelic forms of genes or
their promoters encoding cytokines involved in immune
responses. And not to be overlooked are nonimmune genes

of which the product is prejudicial to the integrity of the
target tissue.

Despite the established role of genetic predisposition in
virtually all autoimmune diseases, its total effect seems at
first sight to be relatively minor, since rarely is more than a
third of the risk of a human autoimmune disease attributable
to inheritance. But this may change as knowledge of the
genome increases. Alternatively, a major portion of remain-
ing risk should be contributed by the environment, as
described in Chapters 22 and 23. The most likely suspects
include infectious organisms, although a direct connection
has been firmly established only in a very few instances,
such as some cases of Guillain—Barré syndrome or
rheumatic fever, as described in Chapters 47 and 62. A virus
that keeps popping up as a suspect without ever a direct con-
viction is the Epstein—Barr herpes type virus, of interest
because this is lymphomagenic as well. Perhaps the best
examples of environmental chemical causation can be found
among the medicinal drugs that can induce signs and symp-
toms similar to classical autoimmune disease. Procainamide
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and hydralazine are two drugs that can induce a “lupus-like”
response with all the serologic concomitants, and their
causative role can be substantiated by withdrawal of the
drug inducing full remission, and by the autoimmune state
recurring in an accelerated manner with rechallenge.

Finally, we must return to the role of chance in the devel-
opment of autoimmune disease. Identical twins, after all, do
not have identical immune systems because of the stochas-
tic mechanisms integral to generating the diversity of the
immune response. This randomness must certainly account
for some measure of the nonconcordance of identical twins.
Experimentalists are constantly reminded that even geneti-
cally identical mice immunized in exactly the same way
show great variability in their responses. There are also
strong suggestions that autoimmune diseases evolve in step-
wise fashion, and that preclinical autoimmunity may lie
dormant for long periods. Perhaps further environmental
triggers and/or chance variations determine progression to
symptomatic disease. We are reminded here of precancerous
lesions that are on the way to, but may never reach, overt
disease.

V. INTO THE FUTURE

Autoimmune diseases can affect virtually any site in the
body and, accordingly, their clinical presentation varies
widely. Therefore, each disease is usually considered sepa-
rately. Only recently have the actual dimensions of the
autoimmune disease problem become evident. Estimates
suggest that 5-8% of people in developed countries (based
on data from the USA) suffer from an autoimmune disease.
To illustrate the breadth and depth of the autoimmune
disease problem, in our first edition in 1985, we included
some 25-30 disease entities, whereas in this fourth edition,
20 years later, there are over 60 well-credentialled examples.
Moreover, for some, the population prevalence is notably
high, e.g. rheumatoid arthritis, autoimmune thyroid disor-
ders, and Sjogren syndrome; and the population morbidity
is, for some others, extreme, particularly systemic lupus ery-
thematosus, type 1 diabetes, and multiple sclerosis. Thus, we
assert that in developed, and increasingly in developing
countries too, autoimmune disease ranks well up with the
major global health concerns of cancer, cardiovascular

disease, chronic pulmonary disease, diarrhea, and obesity-
related disorders. It is evident that autoimmune diseases are
a substantial and increasing public health issue. In the past
it may have been reasonable to approach each disease indi-
vidually, but the magnitude of the autoimmune disease
problem prompts us to emphasize the urgent need to look at
the autoimmune diseases collectively. After all, many fun-
damental pathogenetic mechanisms link all of the auto-
immune diseases and research on all will be strengthened if
the common features are explored. Sometimes a new treat-
ment of one autoimmune disease may be beneficial for
another (although we do recognize, given the diversity of
the immune response, a treatment benefiting one disease
may be inert or even detrimental for another). Shared genetic
traits dictate that individuals with one autoimmune disease
are at risk of developing a second or even a third one, and
that multiple autoimmune diseases may cluster in certain
families. A deeper understanding of these fundamental prin-
ciples will benefit all of the autoimmune diseases.

In Greek mythology, Aesculepius, the god of medicine,
had two daughters, Panacea the goddess of cures and
Hygeia the goddess of prevention. As we approach patients
with autoimmune diseases in this millennium, we invoke
blessings of both goddesses. Successful treatments will
come from our better understanding of the mechanisms
regulating the immune response and will undoubtedly
encompass both antigen-specific and immunomodulatory
approaches. Given our ultimate goal of prevention, we will
garner our growing knowledge about genetic predisposition
and early biomarkers to identify individuals and populations
at inordinate risk. The diabetes community is showing the
way in this respect, as described in Chapters 74 and 75. Sep-
arating the vulnerable person from the external, environ-
mental trigger has already proved to be a highly successful
strategy in celiac disease, as described in Chapter 51. But
even for an established disease, there is growing optimism
over the prospects for new biologic remedies, as described
in Chapter 76. We may soon reach a point at which thera-
pists can effectively arrest or even cure established auto-
immune disease before there is full understanding of its
cause. Early intervention may restore immunologic home-
ostasis and correct immunologic imbalance before disease
produces irreversible destruction: this is a goal truly worthy
of the effort.
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“. .. 1955-1965 [was] the decade marked by the ques-
tion, Does autoimmunity exist?”
(Rose and Mackay, 1985)

It is one of the curious situations in science that certain
well-demonstrated facts are refused entry into the body of
accepted knowledge, and may become so effaced from the
collective memory that they must be rediscovered many
years later in order to gain acceptance. Such was the case in
immunology with Donath and Landsteiner’s (1904) discov-
ery that paroxysmal cold hemoglobinuria is an autoimmune
disease, or with Clemens von Pirquet’s (1910) explanation
of immune complex disease. Sometimes the cause of this
selective amnesia is merely an earlier pronouncement by
a respected leader in the field; sometimes it lies in an
inability to fit the new finding into the working paradigm
that guides thought in the field, as the historian of science
Thomas Kuhn (1970) has suggested. In the end, it may be
that Ludwik Fleck (1979) was right when he proposed that
acceptance of a fact in science depends less upon its truth
than upon its acknowledgment by the leaders in the disci-
pline (whom Fleck called the Denkkollektiv). However, the
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truth in science ultimately emerges, although sometimes it
takes a very long time.

The earliest discoveries in immunology were made in
the context of the battle to ward off infectious diseases.
These included Louis Pasteur’s (1880) preventive vaccines,
Ilya Metchnikoff’s (1884) bacteria-eating phagocytes, and
Behring and Kitasato’s (1890) curative antidiphtheria and
antitetanus sera. It seemed evident that these efficient mech-
anisms for the protection of the body were Darwinian adap-
tations designed to prevent or control infectious disease: a
widespread view in the 1890s even after it was demonstrated
that specific antibodies might be formed against such
innocuous antigens as egg albumin, bovine serum proteins,
and sheep red cells. It seemed unthinkable at the time that
mechanisms designed to prevent disease might turn the
tables and cause disease. So well established did this concept
of a benign immune system become that demonstrations
that antibodies might cause disease were either disre-
garded entirely, or else ascribed to “aberrant” antibodies
acting under the influence of a “misdirected” immunity
(Silverstein, 1989). This was how the early discoveries
of serum sickness, hay fever, asthma, and a variety of
immunopathologic phenomena were treated by mainstream
immunology during the first half of the 20th century.

It is beyond the scope of this chapter to discuss the entire
history of the unwillingness to accept that the immune
response might lead to a variety of harmful outcomes (which
we now describe under the rubric “immunopathology’). We
shall limit the present discussion to the way that a subset of
the whole, autoimmune diseases, was regarded (or rather
disregarded) during the first half of the 20th century. This
sample should provide an adequate representation of the
way that early immunologists dealt with the paradox pre-
sented by the almost oxymoronic word immunopathology.

Copyright © 2006, Elsevier Inc.
All rights reserved.
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THE SEARCH FOR AUTOANTIBODIES

Horror Autotoxicus

A new mechanism that functions to mediate immunity
was discovered by Richard Pfeiffer (1894)—the destruction
of bacteria by humoral antibodies. Jules Bordet (1899)
showed that not only were bacteria lysed by thermostable
antibody and a thermolabile substance that he called alexine
(later termed Komplement by Paul Ehrlich), but that mam-
malian erythrocytes could be hemolysed specifically by
the same two agents. Here was a technique that would see
broad application in many areas of immunology (Silverstein,
1994), not least in connection with the question of whether
the individual could form antibodies against his/her own self.

Two consequences of Bordet’s report were immediately
apparent. Karl Landsteiner (1900) became interested in red
cells and discovered blood groups in humans (for which
he received the Nobel Prize in 1930). Then Paul Ehrlich
and Julius Morgenroth launched a series of studies of
immune hemolysis in order to develop additional support for
Ehrlich’s side-chain theory of how antibodies are produced
and how they function (Ehrlich, 1897; 1900). It is Ehrlich’s
interpretation of his hemolysis experiments that would play
a major role in the early history of autoimmunity. These
hemolysis experiments are described and analyzed in detail
by Silverstein (2002).

During the course of these experiments, Ehrlich and Mor-
genroth immunized many different species with the red cells
of other species. They also immunized animals with the red
cells of other members of their own species, and even tried
to immunize animals with their own red cells. In every case,
they were able to demonstrate the production of xenohemo-
lysins and isohemolysins, but autohemolysins were never
observed. This led inexorably and logically to the conclu-
sion that animals could not make autotoxic antibodies to any
self-antigens, a postulate that Ehrlich named horror auto-
toxicus. Indeed, he would conclude that, “It would be
dysteleological in the highest degree, if under these circum-
stances self-poisons of the parenchyma—autotoxins—were
formed” (Ehrlich, 1902).

But Ehrlich was not the only one who responded to
Bordet’s publication on immune hemolysis. If red cells
could stimulate an immune response, why not other tissues
and organs? In no time, attempts were undertaken to immu-
nize animals with all types of cells and tissue extracts, espe-
cially at the Pasteur Institute in Paris, where Bordet had
worked. As expected, cytotoxic xenoantibodies against a
variety of tissues were reported; indeed, volume 14 of the
Annales de I'Institut Pasteur was largely devoted to these
studies, including a review of antitissue antibodies by
Metchnikoff (1900). Most surprising was the report by
Metalnikoff (1900) that some animals were able to form
antibodies against their own spermatozoa. But while these

autoantibodies could destroy the sperm in vitro, they seemed
to have no effect in vivo on the viable sperm in the immu-
nized animal.

Ehrlich was not impressed. He commented that these are
not “autocytotoxins within our meaning,” since they do not
cause disease (Ehrlich and Morgenroth, 1901). Here was the
true meaning of horror autotoxicus: not that autoantibodies
cannot be formed, but that they are prevented “by certain
contrivances” from exerting any destructive action (Goltz,
1980). Due in part to Ehrlich’s worldwide prestige and to
the fact that an autoantibody seemed so obviously counter-
intuitive, horror autotoxicus found broad acceptance as a
guiding principle. Indeed, so firm was the conviction that
autoimmune disease was impossible that everyone soon
forgot Ehrlich’s suggestion that an autoantibody might exist
without causing disease. It would be some 80 years before
the important distinction would be made between auto-
immunity and autoimmune disease (Rose and Mackay,
1985).

Nature of Ehrlich’s “Contrivances”

Paul Ehrlich was nothing if not logical. He proposed one
of his typical thought-experiments to examine the possible
outcomes (Ehrlich and Morgenroth, 1900). Suppose the
existence of a self-antigen o. Then, since antibody forma-
tion results from the interaction of antigen with preformed
cell receptors according to the side-chain theory (the first
selection theory), two possibilities are seen:

1. The host possesses no anti-o. cell receptors. Therefore,
no autoantibody response and thus no disease can occur.
(Here is, in embryo, Burnet’s later clonal deletion idea.)

2. The host does possess anti-o cell receptors on its cells.
Therefore, autoanti-o is formed. But the host also pos-
sesses the self-antigen o on its cells, with which the anti-
o may react to stimulate the formation of anti-anti-o.
(Remember, Ehrlich knew nothing about lymphocytes,
and conceived that all cells possess receptors and may
form antibodies.) But the specific site on the anti-
antibody should be identical with that on the original
antigen, since they both should react specifically with the
antibody combining site. Thus, Ehrlich proposed that a
self-regulating equilibrium would be established between
autoantibody and antigen (= anti-antibody) to suppress
the development of autoimmune disease. [Here was a
regulatory network theory 70 years before Niels Jerne’s
(1974) idiotype—anti-idiotype theory.]

CHALLENGES TO THE THESIS

Lens Autoantibodies

The initial flurry of interest in antitissue antibodies
quickly subsided as the implications of horror autotoxicus
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gained broad acceptance. But in 1903, Paul Uhlenhuth
(1903) demonstrated the existence of organ-specific anti-
gens by showing that the proteins of the lens are unique to
that tissue; they are found nowhere else in the body. More-
over, these antigens are shared by the lenses of different
species. Ophthalmologists seized upon this finding to
suggest that an immune response to an individual’s own lens
might be responsible for the development of senile cataract
(Romer, 1905). They showed further that an intraocular
inflammation may be induced by the experimental rupture
of the lens in the eye of a lens-immunized animal (Krusius,
1910).

Here were observations that would fascinate both oph-
thalmic clinicians and a later generation of immunopathol-
ogists interested in the possible workings of autoimmune
disease. First, there was this early preview of what would
later be called the ‘“‘sequestered antigen” concept. Since
“self’-antigens by definition cannot elicit an immune
response, then such antigens as do must be “foreign,” that
is, isolated from the immunologic apparatus of the host, like
sperm and lens. Secondly, Romer and Gebb (1912) con-
cluded that if indeed disease does result from the formation
of autoantibodies, this would represent a most unusual
occurrence and must be considered as an aberration due
to a malfunction of Ehrlich’s “contrivances.” Here they
showed that, unlike a future generation, they understood
Ehrlich’s “law of immunity research” completely.

Interest in the possibility that autoimmunity to lens might
lead to disease did not disappear in the years that followed.
But whereas the initial studies had been done in the context
of the new immunology and were known to all workers in
the field, further work was restricted to ophthalmologists
and eye departments. Thus a broad clinical study led
Verhoeff and Lemoine (1922) to identify numerous cases of
lens-induced inflammatory disease, to which they gave the
name phacoanaphylaxis. Thenceforth, the description would
appear routinely in textbooks of ophthalmic pathology, and
clinical diagnoses would be made.

Paroxysmal Cold Hemoglobinuria

Fast on the heels of the lens antigen demonstration came
an even more convincing case involving erythrocyte anti-
gens. Paroxysmal cold hemoglobinuria (PKH) was a rare
disease presenting with signs of intravascular red cell lysis
and a resulting hemoglobinuria, following exposure of the
patient to the cold. Donath and Landsteiner (1904; 1906)
published reports that reproduced in vitro all features of the
disease. They demonstrated beyond question that it was due
to a peculiar autoantibody in the patient’s serum that affixes
to his/her own red cells only in the cold, and mediates
hemolysis with complement when the sensitized cells are
rewarmed.

It was clear from the outset that Landsteiner understood
fully the implications of this discovery and its meaning for
Ehrlich’s horror autotoxicus. Indeed, even Ehrlich’s student
Hans Sachs (1909) gave a somewhat grudging acceptance
of the phenomenon and its interpretation. But again, the
implication seemed to be that this was an unusual exception
to the regular scheme, and the implications of PKH as the
prototypical autoimmune disease soon almost vanished.

Sympathetic Ophthalmia

It had always seemed odd to clinicians that after trau-
matic injury to one eye, the second eye might spontaneously
develop a blinding inflammatory disease, even years later.
Soon after the discovery of cytotoxic antibodies, the
proposal was advanced that sympathetic ophthalmia might
be caused by the formation of “autocytotoxins” (Santucci,
1906). This concept was picked up and given broad currency
by one of the foremost ophthalmologists of the day, Elschnig
(1910a; 1910b) of Prague. As with autoimmunity to lens,
work on the immunology of sympathetic ophthalmia
continued, but in ophthalmology departments. Woods (1921;
1933) reported the presence of antiuveal antibodies in
patients with perforating injuries of the globe, and uveal
pigment was implicated as the causative antigen (Woods,
1925; Friedenwald, 1934).

The Wassermann Antibody

The discovery of the role of complement in immune
hemolysis was soon followed by the finding that any
antigen—antibody interaction would fix complement non-
specifically (Bordet and Gengou, 1901). The ability to
measure this uptake using a hemolytic assay meant that anti-
body could be titered if specific antigen were available. With
the recent identification of Treponema pallidum as the cause
of syphilis, a serologic test for this disease was sought. But
since the organism could not be grown in culture, von
Wassermann et al. (1906) and, independently, Detré (1906)
used extracts of tissues from syphilitic patients as the
antigen, and a valuable diagnostic test was born.

Most perplexing, however, was the report from many lab-
oratories that positive tests for syphilis might be obtained
also using extracts of normal tissues as antigen. This ran
counter to the prevailing view that only specific antigen can
interact with antibody to fix complement. It appeared
necessary, therefore, to conclude that the “Wassermann
antigen,” being native, must be measuring an autoantibody
rather than an antitreponemal antibody. This suggestion was
made by Weil and Braun (1909) who speculated that the
Wassermann antibody is an autoantibody specific for the
tissue breakdown products generated in the syphilitic
lesions. They suggested further that these autoantibodies
exacerbate the disease, and that the brain lesions in tertiary
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syphilis (paresis) may represent an autoimmune disease
directed against neural antigens. (A century later, the antigen
involved in the Wassermann reaction has been identified as
a lipid, named cardiolipin, but why these antibodies are
formed is still a mystery as is their role in the disease
process.)

THE SHIFT TO IMMUNOCHEMISTRY

Despite all these hints that autoimmune diseases might
exist, interest in the question waned in mainstream
immunology—indeed almost disappeared—for some 40
years, from just before the First World War to the mid to late
1950s. This was due in part to the continuing sway of
Ehrlich’s horror autotoxicus. But there was another factor
at play: the change in the overall direction of the field of
immunology.

During the quarter century prior to the First World War,
immunology had been concerned chiefly with medical prob-
lems, and was pursued almost exclusively by physicians. It
had achieved notable successes in the prevention of infec-
tious diseases (vaccine development), their cure (serother-
apy), and their diagnosis (serology). It had even begun to
define several immunogenic diseases (anaphylaxis, serum
sickness, hay fever, and asthma). But most of the easy
problems had been solved, and further successes in these
areas became disappointingly rare. Vaccines were sought,
generally unsuccessfully, for the remaining great scourges
of mankind: syphilis, tuberculosis, typhus, and the many
serious tropical diseases. Few diseases were caused by exo-
toxins like diphtheria and tetanus, and thus new serothera-
peutic approaches were rare. Yet other forces were at work.
The Wassermann test and its offshoots became so wide-
spread for the diagnosis of disease that it moved from the
immunologic research laboratory to the clinic. A new disci-
pline, serology, arose and soon became independent of the
mother discipline, immunology. In the same way, experi-
mental anaphylaxis and its human disease relations, hay
fever and asthma, stimulated the interest of clinicians, who
soon took over work in this field and called their new dis-
cipline “allergy.”

When in a science one research direction reaches the
point of severely diminishing returns, its practitioners will
usually move to more productive pursuits. So it was with
immunology, beginning shortly after the end of the First
World War. Karl Landsteiner (1962) started working with
haptens, and soon devoted himself almost entirely to a
chemically-oriented study of the structural basis of im-
munologic specificity and cross-reactions. Then, Michael
Heidelberger (Heidelberger and Avery, 1923) studied the
immunochemistry of pneumococcal polysaccharides and
introduced a variety of quantitative methods for the estima-

tion of antigens and antibodies, best typified by the popular
text written by his students, Quantitative Immunochemistry
(Kabat and Mayer, 1949). For more than three decades, the
field was devoted largely to studies of structure, specificity,
and the thermodynamics of antigen—antibody interactions.
The texts and monographs were primarily chemically ori-
ented, and the practitioners were either chemically trained
or at least chemically oriented. Even the theories of antibody
formation that guided the field, Breinl and Haurowitz’s
(1930) and Pauling’s (1940) antigen-instruction concept,
were chemical (i.e., nonbiologic and non-Darwinian) in
spirit. It was easy to assume that a protein might be synthe-
sized according to external instruction; for the chemist,
molecules have no evolutionary history.

Given the continuing influence of Ehrlich’s dictum, and
the generally nonmedical orientation of the most prominent
immunologic investigators, it is not surprising that autoanti-
bodies and autoimmune diseases were not among the most
popular topics in the research laboratory. This is not to say,
however, that there was no work along these lines. As we
have seen, ophthalmologists reported findings in lens-
induced disease and in sympathetic ophthalmia, but these
were published in specialty ophthalmic journals. In the early
1930s, Rivers et al. published a series of papers on the pro-
duction of an experimental autoimmune encephalomyelitis
(EAE) (Rivers et al., 1933; Rivers and Schwentker, 1935).
While these studies are viewed today as important mile-
stones in autoimmunity research, they attracted little atten-
tion at the time among immunologists.

The contemporary view of autoimmunity during the
1940s and early 1950s is perhaps best exemplified by the
position of Ernest Witebsky, who was trained in immunol-
ogy by Ehrlich’s student Hans Sachs and was himself a
disease-oriented physician. He could say as late as 1954 at
the celebration of the centenary of the birth of Ehrlich that,
“The validity of the law [sic] of horror autotoxicus certainly
should be evident to anyone interested in blood transfu-
sion and blood disease. Autoantibodies—namely, antibodies
directed against receptors of the same individual—are not
formed” (Witebsky 1954). This was said by the individual
who, only 2 years later with his student Noel Rose, would
help refocus interest on autoimmunity with the demonstra-
tion of the production of experimental autoimmune thy-
roiditis (Rose and Witebsky, 1956; Witebsky et al., 1957).

THE RETURN OF IMMUNOBIOLOGY

During the late 1930s and 1940s, a series of observations
began to challenge the assumptions that had guided recent
thought and experiment in immunology. How could the
enhanced booster antibody response, or the change with
time of the specificity and affinity of the antibodies formed,
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be explained in chemical terms? How to explain the persis-
tence of antibody formation in the apparent absence of
antigen? Even more troubling was the lack of relationship
between immunity to certain viral diseases and the titer of
antiviral antibodies. Here were basic biologic questions that
demanded answers—questions with which current theory
was unable to cope, and for which it could not even provide
experimental approaches. But even more difficult questions
arising from biology and medicine would pose further
challenges.

Peter Medawar’s (1945) experiments showed that the
rejection of tissue grafts was somehow mediated by
immunologic mechanisms. Then, Ray Owen (1945) des-
cribed the paradoxical situation in which dizygotic twin
cattle might share one another’s red cells without being able
to mount an immune response to these foreign antigens.
Macfarlane Burnet, biologist par excellence, called attention
to all of these inexplicable phenomena and hypothesized the
existence of a fundamental biologic mechanism to explain
Owen’s finding—an embryonic interaction that would sup-
press the ability of an individual to respond to his/her own
native antigens (Burnet and Fenner, 1949). This was soon
confirmed by Medawar’s group (Billingham et al., 1953),
and would be termed immunologic tolerance. Yet another
observation to emphasize the awakening biomedical move-
ment in immunology was the description of a group of
immune deficiency diseases.

Taken together, these new questions and phenomena
foretokened a radical change of direction—termed else-
where the “immunobiologic revolution” (Silverstein, 1991).
Not only did these questions challenge the accepted dogma
but they also served to stimulate the entry of a new group
of investigators into the field. These were basic scientists
from such fields as genetics and physiology, and clinicians
from a variety of medical disciplines. They were unfettered
by any allegiance to earlier ideas and techniques, and thus
could entertain iconoclastic ideas and design novel
experiments.

Perhaps the best illustration of the long period during
which immunologists showed little interest in disease is pro-
vided in Table 1.1. Here, for each organ or disease entity,
the interval is given between the last significant study during
the “classical” period and the first significant contribution of
the “modern” era. The average hiatus, where both end and
restart dates can be identified, is about 44 years. This is an
extremely long interlude for a field that was only some 70
years old in 1950.

Thus, in the context of a growing interest in the more
biomedical aspects of the immune response, work on
autoimmunity became respectable. This was due also to the
increasing use of Freund adjuvant, which made animal
models of the various autoimmune diseases more readily
available and more reproducible. Advances came rapidly.

TABLE 1.1 Dark ages of autoimmunity*

Last “classical” First “modern”

Disease/system contribution contribution
Hemolytic disease 1909 1945 (Coombs et al.)
Sperm and testicular 1900 1951 (Voisin et al.)
Encephalomyelitis 1905 1947 (Kabat et al.)
Sympathetic ophthalmia 1912 1949 (Collins)
Phacoanaphylaxis 1911 1957 (Halbert et al.)
Thyroid 1910 1956 (Rose and

Witebsky; Roitt

et al.)
Wassermann antibody 1909 —

Platelet disease — 1949 (Acroyd)

*Modified from Silverstein (1989).

Coombs et al. (1945), using the antiglobulin test, showed
that many cases of acquired hemolytic anemia were due to
the “incomplete” (nonagglutinating) antibodies, Kabat et al.
(1947) refocused attention on the immunopathogenesis
of “allergic” encephalomyelitis. Collins (1949) introduced a
reproducible animal model of sympathetic ophthalmia.
Voisin et al. (1951) showed how to produce an experimen-
tal allergic orchitis. Finally, Rose and Witebsky (1956)
demonstrated in experimental animals and Roitt et al. (1956)
in human Hashimoto’s disease that some forms of thyroid
disease might be based on autoimmune processes. In addi-
tion, an understanding of the pathogenesis of some of these
diseases was made easier by the increasing appreciation of
the fact that not all these diseases were mediated by circu-
lating antibodies; some involved the action of subclasses of
lymphocytes that originate in the thymus.

These new findings not only opened wide the floodgates
of autoimmunity studies, but stimulated further interest in
the more general field of immunopathology as well. This
new movement was provided with a theoretical base with
Talmage’s (1957) suggestion and Burnet’s (1959) clonal
selection theory, emphasizing for the first time the biologi-
cally important role of cell dynamics in the antibody
response. It is no accident that the late 1950s saw the first
international conferences on immunopathology (Miescher
and Vorlaender, 1958; Grabar and Miescher, 1959) and on
the fundamentals of hypersensitivity (Lawrence, 1959;
Shaffer et al., 1959). For the first time, in 1963, there ap-
peared a textbook aimed at medical students (Humphrey and
White, 1963), and then two comprehensive descriptions of
immunologic diseases aimed at clinicians (Gell and
Coombs, 1963; Samter et al., 1965). It was in the spirit of
the new immunology that Mackay and Burnet (1963) could
summarize contemporary knowledge in the increasingly
active field of the autoimmune diseases.
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CONCLUDING REMARKS

This, then, is the story of the early stirrings of interest in
the possibility that disease might result from an immune
response to an individual’s own autochthonous antigens.
Perhaps the initial reports were too premature to be incor-
porated into the received wisdom of the young field
of immunology, just as the discovery of several allergic dis-
eases could not at first be integrated. Certainly Paul Ehrlich’s
dictum of horror autotoxicus contributed to an unwilling-
ness to recognize the full significance of the initial findings
of a response to spermatozoa, erythrocytes, and retina. But
the mounting challenges to the dogma would eventually
prove irresistible and the field of autoimmunity would
finally flourish, as the following chapters in this volume
attest.
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Most cells of the immune system are derived from self-
renewing hematopoietic stem cells initially generated in the
embryonic yolk sac, later in the fetal liver and spleen, and
then by the time of birth onwards in the bone marrow. The
stem cells give rise to both the lymphoid lineage, which pro-
duces lymphocytes, natural killer (NK) cells, and some types
of interdigitating dendritic cells (IDCs), and to the myeloid
lineage which generates polymorphonuclear leukocytes
(neutrophils, eosinophils, and basophils), mast cells, mono-
cytes and macrophages, megakaryocytes, erythrocytes, and
IDCs. Development of the lymphoid and myeloid precursors
is regulated by stromal cells (such as fibroblasts, endothe-
lial cells, and macrophages) and by growth factors includ-
ing stem cell factor and colony-stimulating factors.

The immune system can mount innate responses that
occur to the same extent however many times the pathogen
is encountered, and adaptive (acquired) responses that
generate immunologic memory leading to quantitatively and
qualitatively enhanced responses on subsequent encounters
with the antigen. Innate responses exhibit broad specificity
based on detection of pathogen-associated molecular
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patterns (PAMPs) by pattern-recognition receptors (PRRs)
(Janeway, 1989), and the binding of complement- and/or
antibody-coated antigens. Among the PRRs that have been
described are a number of Toll-like receptors (TLRs), which
recognize microbial components, such as lipopolysaccha-
ride from gram-negative bacteria (TLR4), peptidoglycan
(TLR2), and the CpG motifs (unmethylated cytosine—
guanosine dinucleotide sequence flanked by two 5’ purines
and two 3’ pyrimidines) (TLR9). Other PRRs include the
mannose receptor, which binds to terminal mannose and
fucose, and scavenger receptors that bind a variety of micro-
bial components. Only the lymphocytes, the dedicated cells
of the adaptive response, bear receptors permitting exquis-
itely refined recognition of individual antigens. Each lym-
phocyte possesses many thousand antigen receptors which
all have identical specificity. While the B-cell receptor
(BCR) recognizes structures (epitopes) on the surface of
native antigen, the epitopes recognized by the T-cell recep-
tor (TCR) are short peptides. The peptides are produced
by proteolytic processing of antigen within cells and are
then presented to T cells by highly polymorphic major
histocompatibility complex (MHC) class I and class II cell-
surface molecules. The human class I comprises HLA-A,
-B, and -C, and the class II comprises HLA-DP, -DQ, and
-DR, whereas mice bear the H2-D, -K, and -L class I mol-
ecules, and I-A and I-E class II molecules. MHC class II
expression is restricted to IDCs, macrophages, and B
lymphocytes, which present 8-30 amino acid long peptides
to the TCR on helper T (Th) cells. In contrast, MHC class I
molecules, which present peptides of only 89 amino acids
in length, are expressed by nearly all nucleated cells in the
body and are concerned with alerting cytotoxic T lympho-
cytes (CTL) to the presence of intracellular infections.

Copyright © 2006, Elsevier Inc.
All rights reserved.
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INNATE RESPONSES

Cellular Components

Cells of the innate immune response are generally either
phagocytic (neutrophils, monocytes, and macrophages) or
act by releasing inflammatory mediators (basophils, mast
cells, eosinophils). NK cells, also a component of innate
responses, induce apoptosis in infected cells.

The immediate consequence of encounter with an antigen
that is deemed to pose a threat is often the generation of an
acute inflammatory response in which cells and molecules
of the immune system are rapidly recruited to the site of the
stimulus. Inflammatory mediators, such as gram-negative
bacterial endotoxin [lipopolysaccharide (LPS)], and the
cytokines interleukin (IL)-1f and tumor necrosis factor
(TNF)-o lead to increased expression of vascular endothe-
lial adhesion molecules, including P-selectin, E-selectin,
and intercellular adhesion molecule (ICAM)-1. These alert
inflammatory cells to the presence of a local infection.
P- and E-selectin bind to P-selectin glycoprotein ligand
(PSGL)-1 and ICAM-1 binds to the [, integrin CR3 on
neutrophils (Ley, 2002). Initially the neutrophils are slowed
down and roll along the blood vessel wall, eventually being
brought to a halt by adhesion molecule interactions. The
neutrophils undergo extravasation—squeezing between
the endothelial cells—a process greatly facilitated by the
deformable nature of the multilobed nucleus in these poly-
morphonuclear leukocytes. Histamine released from mast
cells causes smooth muscle contraction and an increase in
local vascular permeability, thus facilitating the passage of
the neutrophil from the blood to the tissues. Activation of
the complement system plays a central role in this process,
triggering the mast cell degranulation and chemotactically
attracting neutrophils. Chemokines (chemotactic cytokines)
also induce the neutrophils to migrate to the site of the infec-
tion (Rot and von Adrian, 2004). The presence on the neu-
trophil cell surface of both Fc receptors for antibodies and
complement receptors greatly facilitates phagocytosis if the
antigen is opsonized (coated) with these agents (Underhill
and Ozinsky, 2002). Engulfed microorganisms are killed by
a plethora of toxic molecules, including superoxide anions,
hydroxyl radicals, hypochlorous acid, nitric oxide, pro-
teases, antimicrobial cationic proteins and peptides, and
lysozyme.

Eosinophils are less phagocytic than neutrophils, but can
kill large parasites by releasing cationic proteins and reac-
tive oxygen metabolites. They also secrete leukotrienes,
prostaglandins, and several cytokines (Wardlaw et al.,
1995). Blood basophils and tissue mast cells are not phago-
cytic and share many features, although mast cells are prob-
ably not derived from basophils. Both cell types become
sensitized with IgE antibodies bound to their high-affinity
Fce receptors (FceRI) and, when antigen cross-links the IgE,

release several preformed inflammatory mediators, includ-
ing histamine, platelet-activating factor, neutrophil and
eosinophil chemotactic factors, and TNF-a (Frossi et al.,
2004). Newly synthesized leukotrienes, prostaglandins, and
thromboxanes are also released. Two populations of mast
cells have been described, those in the skin which contain
both tryptase and chymase (MCrc) and those in the lung and
intestinal mucosa which do not contain chymase (MCry)
(Frossi et al., 2004). A number of immunoregulatory roles
have been proposed for mast cells (Frossi et al., 2004),
including the possibility that histamine release may regulate
T- and B-cell responses via signaling through H1 and H2
receptors (Jutel et al., 2001).

The tissue macrophages and their circulating precursors,
the blood monocytes, possess both Fc receptors and com-
plement receptors, and they contain similar microbicidal
substances to those present in neutrophils. However, they are
not only much longer lived than neutrophils but are also able
to process antigens for presentation to Th cells. An addi-
tional role of the macrophage is the removal of the body’s
own dead or dying cells. While tissue damage associated
with necrotic cell death triggers inflammation, cells dying
due to apoptosis are removed much more quietly. Loss of
membrane symmetry is a feature of apoptotic cell death
and exposes the molecule phosphatidylserine on the cell
surface, marking the cell for phagocytosis by macrophages
expressing phosphatidylserine receptors (Henson et al.,
2001).

NK cells express sets of killer-activating receptors and
-inhibitory receptors (Figure 2.1). The activating receptors,
which can either possess immunoglobulin-like domains or
be lectin-like, bind molecules ubiquitously expressed on the
surface of nucleated cells, while the inhibitory receptors,
which can also be either immunoglobulin- or lectin-like,
recognize MHC class I molecules, which are also usually
present on nucleated cells (Yokoyama et al., 2004). Loss of
surface MHC class 1 expression can, however, occur in
certain viral infections (e.g., herpesvirus) or sometimes as a
result of malignant transformation. Any cell lacking MHC
class I is therefore viewed by the immune system as being
abnormal and signals from the NK-activating receptors are
not blocked by the inhibitory receptors. Activation of NK
cells leads to insertion of the pore-forming molecule per-
forin into the target cell membrane and subsequent injection
of granzymes (serine proteases), which cause apoptosis in
the target cell.

The IDCs, a heterogeneous population including the
Langerhans cell in the skin, are bone marrow-derived cells
that act at the interface of the innate and adaptive responses
in that their recognition of antigen involves broadly-specific
PRR, but their role is to present the antigen to the highly
specific TCR on Th cells (Guermonprez et al., 2002) (Figure
2.2). IDCs constantly but quietly sample extracellular
antigens by endocytosis and become activated to an
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FIGURE 2.1 Natural killer (NK) cells can attack cells lacking MHC class I expression following recognition by killer-
activating receptors in the absence of a downregulatory signal from killer-inhibitory receptors. The cytotoxic granules
of the NK cells, which contain perforin and granzymes, become polarized to the interface between the cells and are then
released into the target cell. See color plate section.
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FIGURE 2.2 Pathogen-associated molecular patterns (PAMPs) allow the pattern-recognition receptors (PRR) on the
interdigitating dendritic cells (IDCs) to differentiate between potentially harmful foreign microorganisms and self con-
stituents. IDCs are also stimulated by endogenous activators such as interferon-o. and heat-shock proteins released from
infected or necrotic cells. The activated IDCs process the antigen to generate peptides that are presented by MHC mol-
ecules to the T-cell receptor (TCR) on T cells in the local draining lymph nodes. See color plate section.
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antigen-presenting cell (APC) mode when their PRRs rec-
ognize PAMPs, such as LPS, terminal mannose, and micro-
bial CpG motifs (Janeway and Medzhitov, 2002; Krieg,
2002). The activated IDCs then travel to the local draining
lymph node where they present antigen to T cells. During
their migration through the afferent lymphatics, they upreg-
ulate their cell-surface MHC class II molecules and CD80
(B7.1) and CD86 (B7.2) costimulatory molecules, which are
ligands for CD28 on the T cell (Kroczek et al., 2004). Such
costimulation is required, together with antigen, for the acti-
vation of naive T cells. Within the dendritic cell (DC) the
antigen is processed into short peptides and then expressed
on the cell surface together with the MHC class II molecules
for presentation to Th cells. IDCs are also able to “cross-
present” exogenous antigens by transferring them into the
MHC class I processing and presentation pathway for recog-
nition by cytotoxic T cells (Ramirez and Sigal, 2004). T-cell
interactions with immature DCs lacking CD80/CD86
expression lead to tolerance, often by inducing anergy
(functional inactivation) in the T cell (Schwartz, 2003).
Mature IDCs can also be tolerogenic in some cases, e.g.,
by suppressing T-cell proliferation via the production of
indoleamine 2,3-dioxygenase (Mellor and Munn, 2003).

Although B cells are able to recognize antigen without
the intervention of any other cell type, recognition is more
efficient if multiple copies of the antigen are “presented” to
the B cell, e.g., in the form of immune complexes held on
the surface of follicular dendritic cells (FDCs) (van Nierop
and de Groot, 2002). These are an entirely different cell type
from the IDC, are not phagocytic, and lack MHC class 11
molecules. Furthermore, they are not bone marrow derived,
probably arising from fibroblastic reticular cells in the B cell
areas of lymphoid tissues. They can present immune
complexes to B cells very efficiently by virtue of their
FcyRIIB receptors for IgG, and CR1 and CR2 receptors for
complement.

The role that erythrocytes perform in immune responses
should not be overlooked. Their possession of CR1 com-
plement receptors for C3b, C4b, and iC3b confers on these
cells an important role in clearing immune complexes from
the circulation to the liver and spleen, where they are
destroyed by Kiipffer cells and splenic macrophages
(Birmingham, 1995).

Soluble Mediators

The complement system is based on an enzymic ampli-
fication cascade that can be triggered using one of three
pathways; classical, lectin, and alternative. These all lead to
the cleavage of complement component C3 by a C3 con-
vertase which “converts” C3 into C3a and C3b (Figure 2.3).
The classical pathway is activated by IgG and IgM anti-
bodies when they bind antigen, thereby creating an array of
closely-associated immunoglobulin Fc regions to which
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FIGURE 2.3 Complement system. For simplicity complement regulatory
proteins have been omitted. For details see text. MAC, membrane attack
complex; MASP, MBP-associated serine proteases; MBP, mannose-binding
protein.
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complement component Clq binds, followed by Clr and
Cls. This event initiates a series of enzymic reactions
leading to the generation of the classical pathway C3 con-
vertase, C4b2a. The lectin pathway, which is essentially a
variant of the classical pathway, leads to the generation of
the same C3 convertase when microbial carbohydrates inter-
act with mannose-binding protein (MBP) which then binds
to the two MBP-associated serine proteases, MASP-1 and
MASP-2. The initially quite separate alternative pathway is
activated when complement component C3b becomes
stabilized by binding to microbial cell walls. The C3b then
combines with factor B which is cleaved by factor D, gen-
erating a different C3 convertase, C3bBb. Both proteolysis
and thioester hydrolysis of C3 constitutively generate very
low levels of C3b. However, in the alternative pathway, it is
only when C3bBb is generated that there is substantial split-
ting of C3 into C3a and C3b. Subsequently, a C5 conver-
tase, either C4b2a3b (from the classical and lectin pathways)
or C3bBb3b (from the alternative pathway), is produced by
addition of C3b to the C3 convertase. This splits C5 into C5a
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and C5b, ultimately leading to the generation of the mem-
brane attack complex (MAC) composed of complement
components C5b, C6, C7, C8, and C9. Because complement
activation consists of a series of sequential enzyme reac-
tions, there is a tremendous amplification of the initial
response, and along the way a number of complement com-
ponents with potent immunologic activities are generated.

The main function of C3b is to enhance the engulfment
of antigens by phagocytic cells bearing the complement
receptors CR1 and CR3. The C3a, C4a, and C5a components
act as anaphylatoxins triggering the release of inflammatory
mediators from mast cells. C5a is also a potent neutrophil
chemoattractant. The MAC generates pores in cell mem-
branes, ultimately leading to the demise of the target cell by
apoptosis. Because of these many potent activities, the com-
plement cascades are tightly controlled by a number of com-
plement regulatory proteins, including C1 inhibitor, factor
H, and factor I (both of which break down C3b in the alter-
native pathway); CD46 (membrane cofactor protein) and
CD55 (decay accelerating factor), both of which limit the
formation and function of the C3 convertases; and CD59
(homologous restriction factor, an inhibitor of MAC forma-
tion) (Morgan and Harris, 1999).

Complement components C3 and C9, and factor B are
classed as acute-phase proteins. This diverse group of medi-
ators, which includes C-reactive protein, serum amyloid A
protein, proteinase inhibitors, and coagulation proteins,
shares an ability to undergo a rapid change in plasma con-
centration in response to infection, inflammation, and tissue
injury. Collectively, the acute-phase proteins facilitate host
resistance to infection and promote the resolution of tissue
damage (Gabay and Kushner, 1999).

Another group of proteins, which function in both the
innate and adaptive response, are the cytokines (Fitzgerald
et al., 2001). These soluble mediators facilitate communica-
tion both within the immune system and between the
immune system and other cells of the body. To respond to a
given cytokine a cell must express the relevant cytokine
receptor. In addition to acting as communication molecules,
some cytokines play a more direct role in immune defense.
For example, the interferons produced by virally-infected
cells establish a state of viral resistance in surrounding non-
infected cells, thereby acting as a “firebreak” against the
spread of the infection (Basler and Garcia-Sastre, 2002).

ADAPTIVE IMMUNE RESPONSES

The adaptive responses involve the clonal expansion of
antigen-specific B and T lymphocytes. B cells produce the
antigen-specific antibodies responsible for elimination of
extracellular antigens. T cells kill virally-infected cells,
secrete cytokines, and help B cells to make antibody.

T Cell Development

T-cell precursors migrate from the bone marrow to the
thymus, an organ essential for the production of most T cells.
T-cell development occurs in the thymus throughout life,
despite the fact that it undergoes significant atrophy at
puberty (Jamieson et al., 1999). The TCR on T cells comes
in two versions, either a a3 or a Y0 heterodimer; each chain
of the dimer has one variable domain and one constant
domain. T lymphocytes are capable of producing vast
numbers of different TCR variable regions by recombining
variable (V), diversity (D), and joining (J) gene segments
from the pools of o, B, v, and & TCR genes. There are a
number of different sequences for each segment and one of
each set is utilized in the rearrangement event. The recom-
bination-activating gene (RAG) products RAG-1 and RAG-
2 mediate these processes following the recognition of
recombination signal sequences (RSS) that flank the V, D,
and J gene segments (Livak and Petrie, 2002). Splicing
inaccuracies, and the insertion of additional nucleotides
around the V-D-J junctions by the enzyme terminal
deoxynucleotidyl transferase (TdT), further increase diver-
sity (Benedict et al., 2000).

Rearrangement, and subsequent expression, of the TCR
genes does not occur until the precursor T cells reach the
thymus. For T cells that express an o TCR, initially the
TCR B chain gene segments are randomly rearranged and
coexpressed with a nonrearranging pre-T o chain (which
lacks a variable domain) to produce a preliminary version
of the TCR. Subsequently the TCR o chain gene segments
are randomly rearranged in order to generate the mature o3
TCR. Both positive and negative selection of the T cells then
occurs (Starr et al., 2003) (Figure 2.4). Positive selection
ensures that the randomly generated TCR is able to interact
with self MHC molecules. The T cells coexpress the cell-
surface molecules CD4 and CDS8 during their early devel-
opment, allowing them to potentially interact with both
MHC class I and class II molecules. CD4 binds to conserved
(nonpolymorphic) residues on the MHC class II molecule,
while CD8 binds to conserved residues on MHC class 1. At
this stage in their differentiation the T cells are programmed
to undergo apoptosis and are only rescued from this default
cell death if their TCR is capable of binding to MHC on the
thymic cortical epithelium. Over 95% of the T cells fail at
this first hurdle and are therefore eliminated. For the remain-
ing cells the default pathway is switched to survival and
apoptosis is induced in any lymphocytes capable of high-
affinity binding to peptides presented by self-MHC on DCs,
macrophages, and thymic epithelial cells. This clonal dele-
tion process constitutes central tolerance of self-reactive
T cells. Peptides are generated from the many organ- and
tissue-specific self-antigens expressed in the thymus under
the transcriptional control of the autoimmune regulator
(AIRE) protein (Venanzi et al., 2004). Negative selection,
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FIGURE 2.4 Positive and negative selection in the thymus. Cells with T-cell receptors (TCRs) of various affinities
for self-MHC are positively selected on cortical epithelial cells. Any of these cells that bear a TCR with high affinity
for self-peptide plus self-MHC (or even just MHC irrespective of the peptide contained) are subsequently eliminated
by induction of apoptosis when they interact with dendritic cells, macrophages or epithelial cells in the thymic medulla
(negative selection). This leaves T cells with only a weak affinity for self-MHC. These cells form the pool of T cells
that are exported from the thymus as single CD4" or CD8" cells. In the periphery they have the potential to recognize
foreign peptide plus self-MHC, and become activated if the affinity of the interaction is above a certain threshold and
the recognition occurs in the presence of costimulatory signals. See color plate section.

like failure to be positively selected, results in extensive T-
cell death within the thymus. The T cells lose expression of
either CD4 or CD8 to become “‘single positive” CD4 or CD8
cells, and they exit the thymus and enter the periphery, a
term used to denote any location outside of the primary lym-
phoid organs (bone marrow and thymus). These mature
naive T cells will be capable of recognizing foreign peptides
presented by self-MHC.

Although ¥ T cells also rearrange their TCR genes in the
thymus, they do not undergo thymic selection and therefore
leave the thymus early in their development. Indeed, the
origin of some intestinal yd T cells may be thymic indepen-
dent (Carding and Egan, 2002).

Functional Activities of T Cells

The off and yd TCRs are not themselves able to transmit
activation signals to the cell nucleus, this function being
assigned to the CD3 molecules (CD3y, CD3d, CD3e) and
the CD3-associated { chains (Figure 2.5). Receptor aggre-

gation occurs within lipid rafts which also incorporate a
number of adhesion and costimulatory molecules, including
CD28, CD2, and CD43 (Dykstra et al., 2003), to form the
immunologic synapse (Davis and Dustin, 2004). Stimulation
through the synapse results in the phosphorylation of
tyrosines within immunoreceptor tyrosine-based activation
motifs (ITAMs) on the cytoplasmic tails of the CD3 complex
and the { chains. A number of protein kinases, including
Lck, Fyn, and ZAP-70, are involved, with Lck also binding
to the cytoplasmic tail of the CD4 or CD8 molecule
(Hermiston et al., 2003). Downstream signal transduction
results in the transcriptional activation of several genes,
including that for IL-2. The CD45 phosphatase also plays a
critical role in both T- and B-cell activation by its ability to
act as both a positive and negative regulator of Lck and Fyn
(Hermiston et al., 2003).

Broadly speaking, CD4" T cells act as helper T
lymphocytes, while CD8" T cells are usually cytotoxic.
However, some CD4" cells can exhibit cytotoxic activity
(Appay et al., 2002), while CD8" cells secrete cytokines that
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FIGURE 2.5 Lymphocyte activation involves a highly complex series of integrated events resulting from cross-linking
of the antigen receptor on the cell surface. Because the antigen receptors have extremely short cytoplasmic tails they
are associated with cell-surface molecules bearing cytoplasmic immunoreceptor tyrosine-based activation motifs
(ITAMs), which are subject to phosphorylation by protein kinases. These events lead to downstream signaling involv-
ing a number of different biochemical pathways that result in the transcriptional activation of genes involved in cellu-
lar proliferation and differentiation. The presence of signals from costimulatory molecules, such as CD28 and CD154
(CDA40 ligand), is obligatory if the lymphocyte is to be activated; signals from the antigen receptor signal-transducing
molecules alone lead to anergy or apoptosis. TCR, T-cell receptor. See color plate section.

can either help in the generation of immune responses or be
cytotoxic (Mosmann and Sad, 1996; Woodland and Dutton,
2003).

The TCR on CD8* CTL binds to peptide-MHC class I
on target cells. Endogenous antigens, including self-antigens
and viral proteins, are broken down into peptides by a pro-
teolytic structure known as the immunoproteasome (Shastri
et al., 2002). If the TCR recognizes the peptide-MHC com-
bination the CTL can kill the target either by engaging the
Fas molecule on the target cell with Fas ligand on the CTL
or by using the perforin/granzyme pathway (Russell and
Ley, 2002). The outcome of either of these events is apop-
tosis of the target.

In stark contrast to the ubiquitously expressed MHC class
I, MHC class II is only present on a few specialized cells,
which are referred to as professional APCs; namely IDCs,
macrophages, and B cells. These cells generate peptides by
proteolytic cleavage of engulfed antigens within endosomal
vesicles and then present the peptide—MHC class II combi-
nation to CD4" T cells. Th cells can be divided into differ-
ent populations based on the cytokines they produce. Cells
secreting IL-2 and interferon (IFN)-v, but not IL-4, IL-5, and
IL-6, are designated Th1 cells, while those secreting 1L-4,
IL-5, IL-6, IL-10, and IL-13, but not IL-2 and IFN-y, are

classified as Th2 cells (Mosmann and Sad, 1996). In
general, cytokine production by Thl cells facilitates “cell-
mediated immunity,” including macrophage activation
and T-cell mediated cytotoxicity; but can also assist in the
production of some humoral responses (e.g., IgG2a in
the mouse), while the cytokines produced by Th2 cells
are mostly involved in humoral immunity by helping B
cells to produce antibodies, particularly those of the IgE and
IgA isotypes (Fitzgerald et al., 2001). IL-12 from IDCs
drives T cells towards a Th1 phenotype (Moser and Murphy,
2000) and Th cell responses tend to become polarized
because the IFN-y from Th1 cells downregulates Th2 activ-
ity, whereas IL-4 and IL-10 from Th2 cells downregulate
Thl cells.

An additional population of CD4* lymphocytes exist that
have some properties of NK cells and some of T cells. These
NK cells express lower levels of the oy TCR than do con-
ventional T-cells, and these TCRs exhibit a very limited
diversity (Pear et al., 2004). They can recognize antigen pre-
sented by the non-classical MHC molecule CD1 and secrete
both IL-4 and IFN-y (Kronenberg and Gapin, 2002).

The antigen-specificity and functions of y8 T cells is
much less well characterized than those of aff T cells,
but some Y0 TCRs recognize native antigen directly or
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recognize lipids, glycolipids, and lipopeptides presented by
CD1 (Brigl and Brenner, 2004). Y0 T cells take up residence
throughout the body, being particularly prevalent in the
intestinal epithelium where they contribute to mucosal
defenses (Chen et al., 2002). They may also play an
immunoregulatory role, secreting proinflammatory IFN-y
early in an immune response and then later producing
immunosuppressive cytokines, such as IL-10, and acquiring
cytotoxic activity against activated macrophages (Carding
and Egan, 2002).

B Cell Development and Functions

A minor population of B cells, B1 cells, develops early
during ontogeny and often expresses the CD5 cell-surface
molecule (Berland and Wortis, 2002). These cells secrete
low- to moderate-affinity IgM antibodies that can exhibit
polyreactivity, i.e., recognize several different antigens,
often including common pathogens and autoantigens. Such
antibodies are sometimes called “natural antibodies”
because of their presence in the absence of an obvious anti-
genic challenge. Most B cells, B2 cells, lack CD5 and
develop slightly later in ontogeny. Like T cells, these B cells
are capable of producing a huge number of different vari-
able regions on their antigen receptors using rearrange-
ment of immunoglobulin heavy and light chain gene loci
(Figure 2.6). Initially, they express a pre-BCR composed
of an immunoglobulin p heavy chain generated by gene
rearrangement and a surrogate light chain encoded by two
nonrearranging genes termed VpreB and A5. Expression of
this pre-BCR on the immature B cell is obligatory for inter-
action with the bone marrow stromal cells that drive B-cell
differentiation towards the mature naive B cell coexpressing
conventional IgM and IgD antibodies on the cell surface
(Bradl et al.,, 2003). Once the B cells express a mature
antigen receptor their survival and further differentiation
becomes antigen dependent.

The antigen receptor is associated with several mole-
cules, including Iga. (CD79a), IgP (CD79b), CD19, CD21
(the CR2 complement receptor), CD81 (TAPA-1), and
CD225, which collectively transmit activation signals into
the cell when receptor aggregation occurs following cross-
linking of the surface immunoglobulin by antigen. This sig-
naling includes phosphorylation of ITAM sequences on Igo
and IgP by the Src family kinases Lyn, Fyn or BIk, and the
subsequent recruitment of Syk kinase which initiates down-
stream signaling (Wang and Clark, 2003). On binding to the
BCR, antigen is endocytosed and then processed for pre-
sentation by MHC class II to Th cells (Clark et al., 2004).
In addition to an antigen-presenting role, B cells secrete
a number of cytokines, including IL-10, IL-12, IL-13,
TNF-0, TNF-B (lymphotoxin), transforming growth factor
(TGF)-B and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Fitzgerald et al., 2001). Following their

activation, B cells undergo rounds of proliferation and dif-
ferentiate into memory cells or plasma cells which produce
high levels of soluble antibody. Most plasma cells have a
half life of only a few days, but some survive for several
weeks, particularly in the bone marrow (Slifka and Ahmed,
1998).

Antibodies

Antibodies are immunoglobulin molecules composed of
two identical heavy polypeptide chains and two identical
light polypeptide chains, held together by interchain disul-
fide bonds. All immunoglobulins are glycoproteins, con-
taining between 3% and 13% carbohydrate, depending on
the antibody class (Jefferis and Lund, 1997). The N-termini
of the light and heavy chains are folded into a variable
domain which contains three hypervariable loops, consti-
tuting the complementarity determining regions (CDRs)
responsible for noncovalent binding of the antigen. Most
epitopes recognized by antibodies are discontinuous, com-
prising amino acids that are only brought together on protein
folding (Muller, 2000). The heavy chain C-terminal domains
form the constant region, which specifies the class/subclass
of antibody. The light chain constant domain determines the
K or A isotype. The human antibody classes are IgG, IgA,
IgM, IgD, and IgE, with four IgG (IgG1-4) and two IgA
(IgA1l, IgA2) subclasses. Each antibody can be produced
either with a hydrophobic transmembrane sequence to
anchor the molecule in the B-cell membrane, where it func-
tions as the BCR, or as a secreted molecule lacking the trans-
membrane sequence.

The basic antibody monomer (biochemically a tetramer)
is bivalent with two antigen-binding arms of identical speci-
ficity. Secretory IgA at mucosal surfaces is a tetravalent
dimer, whereas circulating IgM is most frequently a deca-
valent pentamer with a minor proportion of hexamers and
tetramers. IgA and IgM polymerization is stabilized by a
polypeptide J (joining) chain (Johansen et al., 2000). Secre-
tory IgA also includes a secretory component, a cleavage
fragment of the poly-immunoglobulin receptor, which was
used to transfer the IgA across epithelial cells to the mucosal
surfaces (Johansen and Brandtzaeg, 2004).

Neutralizing antibody can inhibit the binding of micro-
organisms or biologic molecules (toxins, hormones,
cytokines, and so forth) to their cellular receptors and
thereby exert an effect independently of other immune
system components. Usually, however, antibodies do not
function in isolation but are employed to activate the
classical complement pathway and/or link antigen to Fc
receptor-bearing cells. Antigens opsonized with IgG, IgA or
IgE bind to the appropriate Fc receptors (FcyR, FcoR or
FceR) on phagocytic cells (Underhill and Ozinsky, 2002).
Alternatively, both IgG and IgE can mediate antibody-
dependent cellular cytotoxicity (ADCC) in which NK cells,
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FIGURE 2.6 Diversity of antigen receptors. Early in B cell development, pro-B cells mature into pre-B cells, at which
stage they express the recombination activating genes RAG-1 and RAG-2. Random rearrangement of any one of 25
diversity (D) gene segments next to any one of six joining (J) gene segments is followed by rearrangement of any one
of approximately 50 variable (V) gene segments next to the already rearranged D-J segment. Different B cells will
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(mRNA), with splicing of the rearranged V-D-J next to the Cu constant region gene. This mRNA will encode a [ heavy
chain which is placed on the surface of the pre-B cell together with the surrogate light chain V pre-B A5. As the pre-B
cell undergoes further maturation the immunoglobulin light chain V and J gene segments (for simplicity not shown)
rearrange to produce a ¥ or A light chain. This light chain replaces the surrogate light chain in order to produce a mature
IgM B-cell receptor (BCR) on the cell surface. The BCR at this stage also usually comprises IgD antibodies of the same
specificity, produced by alternative splicing of the rearranged V-D-J to either the Cl or C§ constant region genes.
Expression of RAG-1 and RAG-2 is now switched off. Following encounter with antigen, and in the presence of
costimulatory signals, the B cell further differentiates into either a plasma cell, which secretes high levels of the
specific antibody, or into a memory B cell. The same general principles regarding the rearrangement process applies to
the generation of o3 and yd T-cell receptor. See color plate section.
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monocytes, macrophages or neutrophils bearing Fcy recep-
tors or macrophages, eosinophils or platelets bearing Fce
receptors are focused onto antibody-coated target cells or
parasites (Lucas, 1999). The target is destroyed by apopto-
sis using perforin and granzymes. IgE antibodies are also
able to sensitize mast cells and basophils via the high-
affinity IgE receptor FceRI and, if cross-linked by antigen,
will trigger the release of inflammatory mediators.

The epithelial cell poly-immunoglobulin receptor trans-
ports secretory IgA produced by plasma cells underlying
mucosal surfaces (Johansen and Brandtzaeg, 2004). On the
luminal side of the epithelium the IgA is released by proteo-
lytic cleavage of the receptor and acts to prevent microbial
adhesion to the epithelial cell wall. A second type of epithe-
lial Fc receptor, FcRn, is present in both the placenta, where
it transports IgG from the maternal to the fetal circulation
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(Simister, 2003), and on the intestinal epithelium of the
neonate where it is involved in the uptake of IgG from
maternal milk (Ghetie and Ward, 2000).

Secondary Lymphoid Tissues

The primary lymphoid organs, bone marrow and thymus,
are where fully differentiated mature naive B and T cells are
produced. However, activation of lymphocytes occurs in
structurally-organized B- and T-cell compartments in the
secondary lymphoid tissues; the lymph nodes, spleen, and
mucosa-associated lymphoid tissues (MALT). Diffuse col-
lections of lymphoid cells are also present throughout the
lung and in the lamina propria of the intestinal wall. Only
a handful of lymphocytes will be specific for a given
antigen, requiring T and B cells to recirculate through the
different lymphoid tissues. While responses to blood-borne
antigens are usually initiated in the spleen, those to antigens
in the tissues are stimulated in the local draining lymph
nodes.

Lymphoid follicles within the secondary lymphoid
tissues contain germinal centers where B-cell activation
occurs within a meshwork of FDCs displaying immune
complexes on their surface. Germinal centers are at the heart
of the generation of adaptive responses for it is here that B

cells proliferate, switch class, undergo affinity maturation,
and differentiate into memory cells and plasma cell
precursors (McHeyzer-Williams et al., 2001) (Figure 2.7). B
cells can increase the binding affinity of their BCR by
somatic hypermutation of the rearranged antibody variable
genes. Higher affinity clones will then be preferentially
selected by antigen. Class switching from IgM to IgG, IgA,
and IgE involves switch sequences containing highly repet-
itive nucleotide motifs immediately upstream of each con-
stant region gene (except C3). Both somatic hypermutation
and class switching require the expression of activation-
induced cytidine deaminase (AID) and of the heterodimeric
protein  Ku70/Ku80 (Sawchuk et al., 2004). Receptor
editing, involving re-expression of RAG enzymes in the
germinal centers, enables self-reactive B cells to replace the
variable region gene in the rearranged VDJ sequence with
a different variable region gene in order to eliminate
autoreactivity.

Most pathogens enter the body through mucosal surfaces.
The palatine tonsils and adenoids are the sites for induction
of responses to intranasal and inhaled antigens (Brandtzaeg,
1999). Antigens from the gut are taken up by specialized
epithelial microfold cells which transport the antigens across
the epithelium for access to the Peyer patches where
mucosal responses are induced (Kraehenbuhl and Neutra,
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FIGURE 2.7 Germinal center. During the initiation of the acquired immune response, these structures form in the
secondary lymphoid tissues in order to generate a microenvironment where all the necessary antigen-specific and innate
antigen-presenting cells can interact. Antigen-stimulated B cell proliferation occurs in the dark zone and is accompa-
nied by affinity maturation due to somatic hypermutation of the immunoglobulin variable region genes. Upon passage
into the basal light zone, high-affinity antigen-specific B-cells are positively selected by interaction with antigen, which
is present in the form of immune complexes on the surface of follicular dendritic cells. B cells which fail to be posi-
tively selected undergo apoptosis and are phagocytosed by tangible-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. See color plate section.
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2000). Activated lymphocytes exit the Peyer patches via the
efferent lymphatics, traffic through the blood, and then home
to the lamina propria and other mucosal effector sites.
Intraepithelial lymphocytes (IELs) interspersed between the
gut epithelial cells also encounter antigens transported by
microfold cells. Most IELs express CD8, can be either cyto-
toxic or immunoregulatory, and between 35% and 65% of
murine [ELs bear a yd TCR (Hayday et al., 2001).
Lymphocytes enter lymph nodes, tonsils, and Peyer
patches either via the afferent lymphatics or from the blood
via high endothelial venules (HEV). L-Selectin is constitu-
tively expressed on lymphocytes and constitutes a ligand for
peripheral lymph node addressins (Ley, 2003). If expression
of lymphocyte function-associated antigen (LFA)-1 is
upregulated on the lymphocytes, their adhesion to HEV is
enhanced and they migrate across the HEV into these lym-
phoid tissues. Although the spleen lacks HEV, circulating
lymphocytes can directly access the marginal zone of this
organ from the blood vessels. T cells locate mostly to the
periarteriolar lymphoid sheaths, while B cells enter the lym-
phoid follicles. Lymphocytes leave the lymph nodes via the
efferent lymphatics and the spleen via the splenic vein.
When naive lymphocytes first encounter antigen in the
secondary lymphoid tissues they mount a primary immune
response, generating both effector and memory cells. The
memory cells are responsible for the quantitatively and qual-
itatively superior secondary immune response that occurs on
any subsequent encounters with the same antigen. Memory
cells have a lower activation threshold than naive cells
and the secondary response is more rapid, involves larger
numbers of lymphocytes, and, for B cells, produces higher
levels of antibody with an improved affinity for antigen.
The term “T-independent antigen” refers to antigens that
are capable of generating an antibody response without a
requirement for Th cells. Polysaccharides, polymerized
flagellin, and a number of other antigens have repetitive
determinants which can extensively cross-link the BCR and
thereby directly activate the B cell (Fagarasan and Honjo,
2000). Because they do not recruit T cells, T-independent
antigens fail to provoke the formation of germinal centers
and therefore are unable to induce B-cell memory, class
switching to IgG, IgA or IgE production, or significant
amounts of affinity maturation. Thus, low-affinity IgM anti-
bodies are produced in response to T-independent antigens
and, although involving B cells, the response does not go on
to exhibit the characteristics of “adaptive” immunity. The
majority of antigens that stimulate B cells are, however, T-
cell dependent in that the B-cell response requires help from
T cells. As mentioned earlier, the BCR on the surface of the
B cell internalizes bound antigen which is then processed
into peptides for presentation by MHC class II molecules.
Upon recognition of the peptide-MHC complex by the T
cells in the secondary lymphoid tissues, the costimulatory
molecule CD154 (CD40 ligand) on the T cell engages CD40

on the B cell (Calderhead et al., 2000). In addition to cell
surface molecules, cytokines play a key role in the mutual
activation of the T and B lymphocytes. T-cell help can also
be recruited by IDCs and macrophages presenting the rele-
vant peptide-MHC class II combination to the Th cell.

Resolution of the Immune Response

Antigen stimulates the immune response and, therefore,
for foreign antigen, its clearance by the immune system will
naturally lead to a waning of the response. However, addi-
tional mechanisms initially amplify and subsequently down-
regulate the response. Once high levels of class-switched
antigen-specific IgG are produced, the antibody can inacti-
vate the antigen-specific B cells in a manner reminiscent of
classical negative feedback loops in the endocrine system.
Cross-linking of the BCR to FcyRIIB on B cells by immune
complexes results in the transmission of inhibitory signals
into the B cell (Leibson, 2004). A number of signals from
cytokines and cell-surface molecules can also be inhibitory.
Ligation of the T-cell surface molecule CTLA-4 by CD80
and CD86, in contrast to ligation of CD28, provides a
downregulating signal (Carreno and Collins, 2002). Some
CD4*CD25" regulatory T cells secrete IL-10 and TGF-,
which can act in an immunosuppressive capacity, while
others suppress responses by a cell-contact-dependent
mechanism (Taams et al., 2003).

Neuroendocrine interactions with the immune system
provide a further level of regulation (Webster et al., 2002).
Lymphoid tissues are richly innervated and neurotransmit-
ters, such as epinephrine from sympathetic neurons, acetyl-
choline from cholinergic neurons, and substance P and
calcitonin gene-related peptide (CGRP) from pain fibers
have immunomodulatory roles (Steinman, 2004). Among
the many other interactions between these systems is the
inactivation of chemokine receptors by vasoactive intestinal
peptide (Grimm et al., 2003) and an influence on the
Th1/Th2 balance by pituitary adenylate cyclase-activating
polypeptide (Steinman, 2004).
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FIGURE 2.1 Natural killer (NK) cells can attack cells lacking MHC class I expression following recognition by killer-
activating receptors in the absence of a downregulatory signal from killer-inhibitory receptors. The cytotoxic granules
of the NK cells, which contain perforin and granzymes, become polarized to the interface between the cells and are then
released into the target cell.

FIGURE 2.2 Pathogen-associated molecular patterns (PAMPs) allow the pattern-recognition receptors (PRR) on the
interdigitating dendritic cells (IDCs) to differentiate between potentially harmful foreign microorganisms and self con-
stituents. IDCs are also stimulated by endogenous activators such as interferon-o. and heat-shock proteins released from
infected or necrotic cells. The activated IDCs process the antigen to generate peptides that are presented by MHC mol-
ecules to the T-cell receptor (TCR) on T-cells in the local draining lymph nodes.



FIGURE 2.4 Positive and negative selection in the thymus. Cells with T-cell receptors (TCRs) of various affinities
for self-MHC are positively selected on cortical epithelial cells. Any of these cells that bear a TCR with high affinity
for self-peptide plus self-MHC (or even just MHC irrespective of the peptide contained) are subsequently eliminated
by induction of apoptosis when they interact with dendritic cells, macrophages or epithelial cells in the thymic medulla
(negative selection). This leaves T-cells with only a weak affinity for self-MHC. These cells form the pool of T-cells
that are exported from the thymus as single CD4" or CD8" cells. In the periphery they have the potential to recognize
foreign peptide plus self-MHC, and become activated if the affinity of the interaction is above a certain threshold and
the recognition occurs in the presence of costimulatory signals.

FIGURE 2.5 Lymphocyte activation involves a highly complex series of integrated events resulting from cross-linking
of the antigen receptor on the cell surface. Because the antigen receptors have extremely short cytoplasmic tails they
are associated with cell-surface molecules bearing cytoplasmic immunoreceptor tyrosine-based activation motifs
(ITAMs), which are subject to phosphorylation by protein kinases. These events lead to downstream signaling involv-
ing a number of different biochemical pathways that result in the transcriptional activation of genes involved in cellu-
lar proliferation and differentiation. The presence of signals from costimulatory molecules, such as CD28 and CD154
(CDA40 ligand), is obligatory if the lymphocyte is to be activated; signals from the antigen receptor signal-transducing
molecules alone lead to anergy or apoptosis. TCR, T-cell receptor.
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FIGURE 2.6 Diversity of antigen receptors. Early in B-cell development, pro-B-cells mature into pre-B-cells, at which
stage they express the recombination activating genes RAG-1 and RAG-2. Random rearrangement of any one of 25
diversity (D) gene segments next to any one of six joining (J) gene segments is followed by rearrangement of any one
of approximately 50 variable (V) gene segments next to the already rearranged D-J segment. Different B-cells will
rearrange a different segment out of each pool, thereby creating one level of diversity. Additional diversity is brought
about by junctional diversity due to splicing inaccuracies and by the incorporation of nucleotides mediated by the enzyme
terminal deoxynucleotidyl transferase (TdT). The heavy chain primary RNA transcript is processed into messenger RNA
(mRNA), with splicing of the rearranged V-D-J next to the Cu constant region gene. This mRNA will encode a [ heavy
chain which is placed on the surface of the pre-B-cell together with the surrogate light chain V pre-B A5. As the pre-
B-cell undergoes further maturation the immunoglobulin light chain V and J gene segments (for simplicity not shown)
rearrange to produce a ¥ or A light chain. This light chain replaces the surrogate light chain in order to produce a mature
IgM B-cell receptor (BCR) on the cell surface. The BCR at this stage also usually comprises IgD antibodies of the same
specificity, produced by alternative splicing of the rearranged V-D-J to either the ClL or C§ constant region genes.
Expression of RAG-1 and RAG-2 is now switched off. Following encounter with antigen, and in the presence of cos-
timulatory signals, the B-cell further differentiates into either a plasma cell, which secretes high levels of the specific
antibody, or into a memory B-cell. The same general principles regarding the rearrangement process applies to the gen-
eration of off and ¥ T-cell receptor.




FIGURE 2.7 Germinal center. During the initiation of the acquired immune response, these structures form in the
secondary lymphoid tissues in order to generate a microenvironment where all the necessary antigen-specific and innate
antigen-presenting cells can interact. Antigen-stimulated B-cell proliferation occurs in the dark zone and is accompa-
nied by affinity maturation due to somatic hypermutation of the immunoglobulin variable region genes. Upon passage
into the basal light zone, high-affinity antigen-specific B-cells are positively selected by interaction with antigen, which
is present in the form of immune complexes on the surface of follicular dendrite cells. B-cells which fail to be posi-
tively 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.

FIGURE 5.2 Trimolecular interaction between MHC, peptide, and T-cell receptor (TCR). The exposed molecular
surface of an MHC class II molecule, containing a bound antigen peptide, is shown in the left panel. The MHC o chain
is yellow, the B chain is green, and the peptide is shown in pink. Amino acid side chains on the underlying side of the
peptide lie buried in the MHC groove, anchoring the binding interaction. This exposed surface forms the contact struc-
ture for TCR recognition; the image on the right is colored to show examples of the areas which contact the TCR, with
the TCR o chain contacts shown in dark blue and the TCR B chain in light blue. Both peptide and MHC residues are
involved in TCR recognition, and both contribute to the overall avidity of the interaction.
Adapted from Koopman, et al., Arthritis and Allied Conditions, 15" edition.
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A host of diseases are characterized by activation of the
immune system in the absence of an external threat to the
organism. In these diseases, inflammation and tissue damage
occur in the absence of infection, toxin exposure or tumor
growth. These diseases can be characterized as those that
display activation of the innate immune system and an
excess of inflammatory mediators, but no evidence of an
antigen-specific immune response; familial Mediterranean
fever, Behcet disease, even atherosclerosis, can be consid-
ered to fall within this category. Alternatively, there are dis-
eases characterized by an activation of the adaptive immune
response with T and B lymphocytes responding to self-
antigen in the absence of any detectable microbial assault or
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tumor invasion. These diseases constitute the vast majority
of diseases considered to be autoimmune in origin, and they
will be the focus of this chapter.

CELLS OF THE ADAPTIVE
IMMUNE SYSTEM

There is a coordinated interplay among the cells of
the adaptive immune system with dendritic cells (DCs),
T cells, and B cells interacting to generate the effector
response of the immune system. DCs activate T cells
(Banchereau and Steinman, 1998; Granucci et al., 2004) and
B cells (MacLennan and Vinuesa, 2002; Craxton et al.,
2003). T cells activate DCs and B cells (Bishop and
Hostager, 2003; O’Sullivan and Thomas, 2003). B cells acti-
vate T cells (Shlomchik et al., 2001). This cascade leads to
an immune response that recognizes a broad spectrum of
epitopes of microbial pathogens and enlists multiple effec-
tor mechanisms.

DCs are antigen-presenting cells (APCs) that are critical
in initiating an immune response. Like essentially all cells,
they display surface expression of class I major histocom-
patibility complex (MHC) molecules, which permit the
presentation of intracellular antigens to T cells. DCs also
express class I MHC molecules, which are present on a
much more restricted set of cells and permit the presenta-
tion of extracellular antigens (Banchereau and Steinman,
1998). Multiple alleles of class I and II molecules exist and
thus each individual has a unique set of MHC molecules
(Beck and Trowsdale, 2000). DCs also express an array of
nonpolymorphic receptors, termed Toll-like receptors
(TLRs), and pattern-recognition receptors that bind micro-
bial antigens (Geijtenbeek et al., 2004; Netea et al., 2004).

Copyright © 2006, Elsevier Inc.
All rights reserved.
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Engagement of these receptors causes the DCs to upregu-
late expression of costimulatory molecules and to deliver an
obligatory second signal for activation. It is important to
note that each DC can recognize and respond to a broad
spectrum of microbial antigens.

Each T cell and each B cell express a single receptor for
antigen. These antigen receptors are acquired by gene
rearrangements that occur in somatic cells (Gellert, 2002);
thus, there is no inheritance of the T- or B-cell repertoire. T
cells mature in the thymus. Each T cell expresses a unique
receptor (TCR) that recognizes a molecular complex on the
surface of an APC consisting of a class I or class I MHC
molecule associated with a small peptide derived from an
intra- or extra-cellular protein antigen, respectively. Signal-
ing through both the TCR and costimulatory molecules is
needed to effect activation of mature T cells (Bommbhardt et
al., 2004; Vallejo et al., 2004). B cells also express a single
receptor for antigen, but the B-cell receptor (BCR) recog-
nizes native antigen rather than processed antigen. B-cell
activation also requires signaling through both the BCR and
costimulatory molecules (Crow, 2004). Activated B cells not
only secrete antibody, but can also function as APCs to
engage a greater number of T cells in the immune response
(Lipsky, 2001; Shlomchik et al., 2001).

A critical feature of both T and B cells is that they pro-
liferate in response to antigenic stimulation to create clonal
expansions of cells with a unique antigenic specificity and
to develop cells with a memory phenotype (Bishop et al.,
2003; Swain, 2003; Grossman et al., 2004). Memory cells
have an accelerated and enhanced response following
re-exposure to antigen. B cells have the added feature of
undergoing random somatic mutation of the BCR and class
switching of the immunoglobulin heavy chain gene (Li et
al., 2004). Thus, there is a progression from low-affinity IgM
antibodies to high-affinity IgG antibodies during the course
of an immune response. The memory response reactivates
the high-affinity IgG-producing B cells, whose repertoire is
unique to each individual.

For the immune system to function effectively, there must
be a sufficient number in both the naive and memory reper-
toires of T and B cells that can respond to an enormous
diversity of microbial antigens, and few, if any, cells that
respond to self-antigen.

DEFINING AUTOIMMUNE DISEASE

An autoimmune disease is a condition in which tissue
injury is caused by T-cell or antibody reactivity to self. The
immune activation may be initiated by infection, but must
persist in the absence of any detectable microbial antigen
(Davidson and Diamond, 2001). It is important to state
that although many diseases considered to be autoimmune
diseases display antiself reactivity, evidence may still be

lacking that the self-reactivity is, in fact, responsible for
tissue damage. It is sometimes possible to determine
whether autoantibodies are pathogenic by transferring them
to a rodent host; however, T-cell reactivity is not transfer-
able from humans to rodents because T-cell activation and
T-cell effector function occur only in the context of self-
MHC molecules. Thus, demonstrating the pathogenicity of
the autoimmune response has not been accomplished in
all autoimmune diseases. In some instances, a disease is
presumed to be of autoimmune origin only because B- and
T cells are present in affected tissue.

Animal models of autoimmune disease have been enor-
mously useful in aiding our understanding of both disease
inception and disease pathogenesis (Peutz-Kootstra et al.,
2001; Howell, 2002; Lam-Tse et al., 2002; Hanninen et al.,
2003; Wooley, 2004). Some models develop spontaneous
disease. Others represent genetically modified mice that
target a particular pathway in the immune response. Finally,
some autoimmune diseases can be triggered in animals by
immunization with self-antigen. While all these animal
models have been very important in informing our under-
standing of autoimmunity, it is important to recognize that
we do not know how closely they reflect human disease
(Birmingham et al., 2001). Some of these models may be
more similar to human disease in the effector mechanisms
of tissue injury than in the mechanisms of induction
of autoreactivity. Indeed, autoantibody-mediated tissue
damage is probably most alike in human disease and animal
models (Monach et al., 2004). It is also important to con-
sider that there may be extensive heterogeneity in human
disease and that the animal models we study intensively may
reflect only a subset of individuals with a given disease. A
challenge that confronts us is to understand which animal
models are most similar to human disease, and can teach us
most about the genetic predisposition to disease, disease
pathogenesis, and effective therapy.

PREVALENCE OF AUTOIMMUNITY

It is striking that while each autoimmune disease indi-
vidually affects only a small number of people, the preva-
lence of all autoimmune diseases is approximately 5%
(Jacobson et al., 1997). Two critical facts about autoimmune
disease are important in understanding the high frequency of
these diseases. First, autoreactivity is an aspect of every
normal immune system. In fact, the repertoire of immuno-
competent lymphocytes that provides protective immunity is
selected based on autoreactivity (Gu et al., 1991; Nobrega et
al., 2002; Vallejo et al., 2004). Regulation of the autoreac-
tivity helps shape the immune system (see below), so that it
does not become the pathogenic autoreactivity associated
with tissue damage, requires constant vigilance. The
immune system maintains a precarious balance between the
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two: too little response leads to potential neglect of danger,
while an over-exuberant response can potentially lead to
autoreactivity. How this balance is maintained is discussed
below. Second, a genetic predisposition to autoimmunity
exists in all individuals with an autoimmune disease and
aspects of this predisposition may be similar for many
different autoimmune diseases (Wakeland et al., 2001;
Gregersen, 2003; Melanitou et al., 2003; Winchester, 2004).
Autoimmune disease requires not just autoreactivity, but also
target-organ vulnerability (Liao et al., 1995). Some of the
recent studies of the genetic basis of autoimmunity show that
the genetic factors governing specific organ vulnerability are
distinct from those governing autoreactivity. Thus, individ-
uals may share pathways promoting autoreactivity, yet
present with different autoimmune diseases (Shamim and
Miller, 2000; Henderson et al., 2000; Prahalad et al., 2002).

GENETICS OF AUTOIMMUNITY

It is clear from epidemiologic studies and studies of
animal models of autoimmune disease that there is a genetic
component to essentially every autoimmune disease. A
few autoimmune diseases appear to be monogenic diseases.
The human disease autoimmune-polyendocrinopathy-
candidiasis-ectodermal-dystrophy (APECED), an autoim-
mune disease of multiple endocrine organs, is a consequence
of a deletion in the AIRE gene that encodes a protein that
causes tissue-specific genes to be expressed in medullary
epithelial cells in the thymus (Pitkanen and Peterson, 2003;
Gorman et al., 2004). These cells mediate negative selection
of T cells reactive with peptides that derive from tissue-
specific proteins. In the absence of AIRE expression, a spec-
trum of autoreactive T cells fails to be deleted; these cells
mature to immunocompetence and mediate an immune
attack on various organs. The absence of the AIRE gene
appears sufficient for autoimmunity, although the phenotype
of the disease that emerges, even within a single family, can
be quite variable. Similarly, a defect in the Fas gene can also
lead to autoimmunity. The Fas protein is expressed on acti-
vated lymphocytes. Engagement of Fas by Fas ligand leads
to the death of the Fas-expressing cell, a process critical for
downregulating the immune response. Individuals deficient
in Fas expression have a disease called autoimmune lym-
phoproliferative syndrome (ALPS) characterized by an
excess of T and B cells and by autoantibody production
(Fleisher et al., 2001; Grodzicky and Elkon, 2002). Of note,
not all individuals with deficient Fas expression display
ALPS; thus, even in this disease other genes must modulate
disease phenotype.

For most autoimmune diseases, multiple susceptibility
loci must coexist for a disease phenotype to be apparent.
Each locus is a region mapped by linkage analysis to the
disease phenotype. Studies from mouse models of autoim-

mune disease have also revealed the presence of loci
that suppress the autoimmune phenotype (Wakeland et al.,
2001). Thus, an individual’s risk of developing an autoim-
mune disease depends on a summation of susceptibility and
resistance loci. It is possible that susceptibility to a particu-
lar autoimmune disease may be mediated by entirely distinct
sets of genetic loci, although within the different loci there
may be genes involved in the same or convergent cellular
pathways. These considerations enormously complicate the
genetic analysis of autoimmune disease.

Often the genetic basis of an autoimmune disease
includes the expression of a particular HLA haplotype. For
example, rheumatoid arthritis in the white population is
highly associated with the expression of a set of DR4 alleles
that have a particular structural motif, called the “shared
epitope” (Winchester, 2004). Of note, other ethnic popula-
tions do not display this same association of DR4 alleles
with rheumatoid arthritis (Gorman et al., 2004). A similar
symptom complex can, therefore, arise from more than one
etiopathogenic mechanism. Reactive arthritis occurs in indi-
viduals expressing B27 or, less commonly, B7 class I MHC
molecules. Multiple sclerosis, systemic lupus, and diabetes
display particular HLA associations, as do many other
autoimmune diseases (Tomlinson and Bodmer, 1995; Wong
and Wen, 2003; Winchester, 2004). While it is interesting to
speculate that these HLA associations with autoimmune
disease determine the antigens and antigenic peptides tar-
geted by the autoimmune response, it is also clear that a
number of non-MHC genes within or in linkage disequilib-
rium with the MHC locus help regulate the immune
response (Djilali-Saiah et al., 1996; Gebe et al., 2002). These
non-MHC genes also contribute to a genetic predisposition
to autoimmunity.

Most susceptibility loci appear to represent extended
disease-related haplotypes with a number of genes within
each susceptibility locus contributing to the predisposition
to autoimmunity (Djilali-Saiah et al., 1996; Morel et al.,
2001). The identification of several loci and genes involved
in autoimmunity has now been accomplished (Ueda et al.,
2003; Russell et al., 2004). Evidence is emerging that
genetic susceptibility can be a consequence of combinations
of genes within each gene locus, and not the consequence
of a single gene in each locus. In murine models, as sus-
ceptibility loci are analyzed, it is apparent that many genes
within each locus affect pathways that promote autoimmu-
nity. For example, a region on chromosome 1 is implicated
in autoimmunity in systemic lupus erythematosus (Morel
et al., 2001). Studies of murine lupus would suggest that
certain alleles of Fc receptor genes, as well as non-Fc recep-
tor genes in this locus, constitute a risk factor for disease
(Tsao, 2003; Tarzi and Cook, 2003). Thus, while some epi-
demiologic studies have suggested that particular alleles of
at least three genes contribute to the autoimmune diathesis
in each individual, it is probable that many more genes are
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in fact involved, but are positioned in a smaller number of
distinct loci. Genes involved in lymphocyte survival, acti-
vation and downregulation have all been identified as risk
factors for autoimmunity (Ravirajan and Isenberg, 2002).
Thus, autoimmunity can result from a defect in almost any
pathway of lymphocyte homeostasis, and many probably
affect thresholds for negative selection of autoreactive
lymphocytes.

Clinically, it has long been appreciated that autoimmune
diseases cluster in families. The biologic basis for this obser-
vation is now clear; the same susceptibility genes can influ-
ence many different autoimmune diseases. For example,
a polymorphism of CTLA-4, an inhibitory costimulatory
molecule present on activated T cells, conveys risk for
insulin-dependent diabetes, autoimmune hemolytic anemia,
and Graves’ disease (Ueda et al., 2003), while the CARD15
(NOD-2) gene is associated with both inflammatory bowel
disease and psoriasis (Rahman et al., 2003; Russell et al.,
2004). The differences in disease phenotype may lie in
associated genes, those governing target organ susceptibil-
ity or those that modulate disease severity (Russell et al.,
2004).

HORMONES AND AUTOIMMUNITY

Since many autoimmune diseases occur more commonly
in women than in men, and autoimmunity in general is
almost three times more common in women than in men,
there have been several investigations of the role of sex
hormones in autoimmune disease. It has been difficult to
draw simple conclusions from these studies. Not all autoim-
mune diseases are more common in women. Some, such as
ankylosing spondylitis, have a much higher incidence in
men. Furthermore, the predisposition to autoimmunity can
be sex determined or hormonally modulated; thus, the
higher incidence of disease in women may not always reflect
the influence of female hormones on the immune system.
The evidence also shows that the effects of sex hormones
differ in different diseases. While there is significant evi-
dence that estrogen can exacerbate systemic lupus, estrogen
seems to protect against rheumatoid arthritis. Additionally,
estrogen or other sex hormones might affect target-organ
antigen display or target-organ susceptibility to immune-
mediated damage. Thus, there is no simple paradigm to
explain the relationship between sex and autoimmunity
(Grimaldi et al., 2005).

AUTOIMMUNITY AND
CENTRAL TOLERANCE

The hallmark of autoimmune disease is the activation of
self-reactive T and B lymphocytes. A major mechanism of

self-tolerance is the elimination of self-reactive immature
lymphocytes by antigen ligation of the TCR or BCR at crit-
ical stages of development. For autoimmunity to develop
there must be a lack of stringency in the elimination of
autoreactive cells. Because TCRs and BCRs are generated
by random gene rearrangements that occur within the
nucleus of the cell and are not determined by knowledge of
the world of self or foreign antigen, autoreactive T and B
cells arise routinely. To eliminate autoreactive cells and
maintain self-tolerance, T and B cells routinely undergo a
selection process during their maturation in primary lym-
phoid organs, the thymus and bone marrow, respectively
(Rajewsky, 1996; Vallejo et al., 2004). B cells again undergo
a second process of selection after somatic mutation of
immunoglobulin genes, as somatic mutation routinely
generates autoreactivity.

T cells that mature in the thymus and enter peripheral
lymphoid organs must display TCRs with some affinity for
self-peptide—self-MHC complexes in order to receive the
necessary signals for survival, termed positive selection. T
cells arising in the thymus that express TCRs lacking any
affinity for the self-peptide—self-MHC complexes fail to
undergo positive selection and die. T cells that are strongly
reactive to self-peptide—self-MHC complexes are eliminated
in a process termed negative selection. The threshold for
both positive and negative selection represents a continuum.
As the peptide-MHC complexes present in the thymus differ
in each individual and the threshold for negative selection
varies from individual to individual, each individual releases
a different repertoire of antimicrobial and antiself reactive T
cells to the periphery, each reflecting a different spectrum of
foreign and self-peptide specificities (Werlen et al., 2003;
Bommbhardt et al., 2004; Vallejo et al., 2004). It is also prob-
able that certain stimuli can rescue T cells.

B cells similarly undergo a process of negative selection
prior to achieving immunocompetence. This process occurs
in the bone marrow and continues in the spleen where B
cells migrate as transitional cells after exiting the bone
marrow (Davidson et al., 2002). Whether B cells require
positive selection on self-antigen for survival and need to
display some degree of autoreactivity remains an area of
active investigation. It is clear, however, that highly auto-
reactive B cells are negatively selected on self-antigens
encountered during early maturation, and again, the thresh-
old for deletion is different for each individual (Monroe et
al., 2003). Deletion occurs with the highest extent of BCR
cross-linking; anergy occurs with less cross-linking. Thus,
the degree of autoreactivity in the B-cell repertoire is
also variable. Autoreactive B cells that have been signaled
to undergo deletion can be rescued in a proinflammatory
setting by engagement of costimulatory molecules on the B-
cell membrane or by signaling through TLRs. Thus, the
repertoire of naive B cells will vary over time within an
individual, with higher-affinity autoreactive B cells present
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during times of infection or inflammation, and fewer, lower-
affinity autoreactive cells present during times of immuno-
logic quiescence.

AUTOIMMUNITY AND
PERIPHERAL TOLERANCE

Negative selection of T and B cells occurs in the periph-
ery as well as in primary lymphoid organs, permitting the
removal of autoreactive cells that do not encounter autoanti-
gen in the thymus or bone marrow. This process of negative
selection is termed peripheral tolerance. Like central toler-
ance, it is mediated by engagement of the TCR or BCR in
a noninflammatory setting (Defrance et al., 2002; Walker
and Abbas, 2002). Although it has been traditional to debate
whether autoimmunity results from a defect in central tol-
erance in the thymus or bone marrow, or in peripheral tol-
erance in secondary lymphoid organs, current knowledge of
tolerance induction suggests that this may be an artificial
distinction. Critical to both central and peripheral tolerance
is engagement of the antigen receptor. While central and
peripheral tolerance appear to differ in some features, it is
likely that individuals with stringent negative selection have
stringent negative selection in both central and peripheral
lymphoid organs. Similarly, individuals with lax selection
do not delete autoreactive cells effectively in either central
or peripheral lymphoid organs. The idea that an autoim-
mune-prone individual has a general lack of stringency in
tolerance might help explain why such individuals often
have more than one autoimmune disease. In animal models,
it is clear that poor negative selection in the naive B- or
T-cell repertoire is a condition for autoimmune disease
(Ridgway et al., 1996; Lang and Bellgrau, 2002; Liossis
and Zouali, 2004), and that laxity in negative selection
can predispose to organ-specific autoimmunity of multiple
organs. In summary, the thresholds for survival and deletion
need to be set within appropriate limits. Too little deletion
and autoreactivity ensues; too much deletion and the
protective repertoire may be compromised. Any genetic
change that reduces deletion may be a risk factor for
autoimmunity.

ROLE OF ENVIRONMENTAL
FACTORS

Environmental factors are also important triggers for
expression of autoimmunity. Smoking, drug exposure, diet,
chemical exposure, and sunlight have all been implicated as
risk factors for particular diseases (Price and Venables,
1995; George et al., 1997; Knip and Akerblom, 1999; Steen,
1999; Cantorna, 2000; D’Cruz, 2000; Fournie et al., 2001;
Moriyama and Eisenbarth, 2002; Debandt et al., 2003).

Clearly, infection or antigen exposure can precipitate
autoimmune disease. It has even been suggested that most
autoimmune diseases represent the late sequelae of an infec-
tious process (Pender, 2003; Varela-Calvino and Peakman,
2003). Proving this hypothesis has, however, been difficult.
For some diseases, such as rheumatic fever, the causal
connection between microbial infection, the antimicrobial
response, and autoimmune disease is clearly established
(Cunningham, 2003; Guilherme and Kalil, 2004). For other
diseases, there is suggestive epidemiologic evidence in
humans or evidence from animal models that autoimmunity
can follow microbial infection, or T-cell or antibody cross-
reactivity with both microbial and self-antigen has been
identified (James et al., 2001; Kuon and Sieper, 2003;
Strassburg et al., 2003). In general, researchers have sought
to implicate particular infections in the pathogenesis of
particular autoimmune diseases, but it is possible that for
some autoimmune diseases there is more than one possible
microbial trigger.

ACTIVATION OF THE
IMMUNE SYSTEM

Activation of both T and B cells in the periphery requires
that the cells receive two signals, one derived by ligation of
the antigen receptor and the other by engagement of a co-
stimulatory receptor. In general, when antigen enters the
system, there is an activation of DCs, the critical APC in a
primary immune response. This occurs because microbes
express molecules that bind to pattern-recognition receptors
or TLRs on the DC. The consequence of this binding is
upregulation of the costimulatory molecules CD80 (B7.1)
and CD86 (B7.2) on DCs, and transformation of the DC
from resting, or tolerogenic (Steinman et al., 2003), to acti-
vated, or immunogenic (Hackstein and Thomson, 2004). T
cells recognizing microbial peptide in either class I or class
II MHC molecules on the immunogenic DC will be acti-
vated. Because some degree of autoreactivity is present in
all T cells, each time a T cell is activated by a foreign-
peptide—self-MHC complex, that activated T cell may also
recognize a self-peptide—self-MHC complex. It is a feature
of memory T cells that they can be activated by a lower-
affinity interaction with the TCR than is required to activate
primary T cells (Welsh et al., 2004). Thus, a T-cell that is
not activated by a self-peptide—self-MHC complex while
still a naive cell may be activated by that complex once it
becomes a memory T cell. Memory T cells may, therefore,
be autoreactive in a proinflammatory setting.

There are many examples in the literature of a T-cell
derived from an individual with autoimmune disease that
recognizes both a microbial peptide and a self-peptide. This
cross-reactivity is termed molecular mimicry, and represents
a mechanism by which autoimmunity can be triggered by
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infection (Albert and Inman, 1999; Wekerle and Hohlfeld,
2003). The hypothesis that molecular mimicry predisposes
to autoimmunity clearly has validity in rodent models of
autoimmune disease, and suggests that laxity in selection
of the naive T-cell repertoire can be a major contributor
to autoimmunity. Those individuals with less stringent
negative selection will have multiple T cells that can be acti-
vated by foreign antigen and will also display pathogenic
autoreactivity.

The activated T cell provides T-cell help or costimulatory
signals to B cells that are encountering microbial antigen. B
cells that bind both microbial antigen and self-antigen will
ingest, process, and present epitopes of self-antigen, which
can then be recognized by T cells. Because B cells often
process antigen to different peptides than do DCs, the B cells
can present novel epitopes of self-antigen and activate T
cells with novel autospecificities (Sercarz et al., 1993;
Bockenstedt et al., 1995; Yan and Mamula, 2002). These
cross-reactive B cells will, therefore, contribute to a cascade
of autoreactivity, as they activate an expanded repertoire of
T cells. The B-cell repertoire, therefore, critically influences
the T-cell repertoire. The fewer autoreactive B cells present,
the less presentation of self-antigen to T cells.

DOWNREGULATION OF AN
IMMUNE RESPONSE

The induction of an immune response needs to be fol-
lowed by a downregulation or elimination of many of the
cells that have undergone clonal expansion. A major obser-
vation of recent studies of autoimmune disease is that a
defect in the restoration of immune homeostasis, or in down-
regulation of an immune response, can be a risk factor for
autoimmunity. Since all reactivity with foreign antigen
includes reactivity to self-antigen, antiself responses are rou-
tinely generated in the process of mounting an immune
response to foreign antigen. The potential pathogenicity of
the autoimmune response will vary from individual to indi-
vidual. In general, however, the mechanisms that exist to
dampen the immune response also diminish the autoreac-
tivity, and even potentially pathogenic autoreactivity is
downregulated. B and T cells are routinely downregulated
as soon as they are activated. For the B cell, this occurs,
in part, by cross-linking of the BCR and FcRIIB by
antigen—antibody complexes. When FcRIIB is absent or
deficient, autoantibody production is poorly controlled
(Ravetch and Bolland, 2001; Samuelsson et al., 2001). Mul-
tiple coinhibitory molecules are expressed on activated
T cells. Interaction with their receptors transduces an
inhibitory signal to the T cells, signaling them to down-
modulate their response. There is also some evidence that
engagement of CD80 (B7) on the APC by the T-cell coin-
hibitory molecule CTLA-4 transduces an inhibitory signal

to the APCs. Mutations in two coinhibitory molecules, PD1
and CTLA-4, are associated with several autoimmune dis-
eases (Chen, 2004; Khoury and Sayegh, 2004). Both B and
T cells are also susceptible to activation-induced cell death
mediated through Fas—Fas ligand interactions (Brunner et
al., 2003; Li-Weber and Krammer, 2003). Defects in this
process can lead to autoimmunity.

Thus, controlling the immune response is critical to
normal homeostasis of the immune system and is mediated
by multiple inhibitory pathways. A major component of
autoimmune disease in some individuals may be a defect in
the suppression of immune activation.

REGULATORY T CELLS

Another area of intensive study is the characterization
and mechanisms of action of populations of regulatory cells.
Many years ago, any discussion of autoimmune disease
necessarily included a discussion of suppressor T cells. The
study of suppressor T cells fell into temporary disrepute, but
has been recently reinvigorated and several populations of
regulatory T cells have now been identified, some of which
arise during thymic development and others are induced by
antigen exposure in the periphery (Cottrez and Groux,
2004). Natural killer (NK) T cells recognize lipid antigens
in CD1 molecules (Brigl and Brenner, 2004). There is evi-
dence in some diseases that a decrease in this population pre-
cedes the onset of autoimmunity. There is also evidence that
a change in cytokine profile of this subset, particularly a loss
of interleukin (IL)-4 production, associates with disease
onset (Poulton and Baxter, 2001). In the nonobese diabetic
(NOD) mouse model, it has been shown that activation of
NK T cells with a synthetic ligand can prevent the progres-
sion to diabetes (Wang et al., 2001). There is also a popula-
tion of CD4*/CD25" (y chain of the IL-2 receptor) T cells
that mature in the thymus and appear to be critical in sup-
pression of autoimmunity. These cells express the transcrip-
tion factor Foxp3 and the cell surface receptor GITR, which
distinguishes them from activated T cells that also express
CD25. They suppress effector T cells in a cell contact-
dependent but non-antigen-specific manner; it is possible
that they also suppress APCs (Fontenot and Rudensky, 2004;
Sakaguchi, 2004). They have been demonstrated to decline
in number prior to overt diabetes in NOD mice and diabetes
can be delayed by an infusion of these cells (Tang et al.,
2004; Tarbell et al., 2004).

Other studies have identified a population of CDS8 sup-
pressor cells that may directly lyse autoreactive cells or may
secrete immunosuppressive cytokines (Cortesini et al.,
2001; Filaci and Suciu-Foca, 2002). Cells expressing
the immunosuppressive cytokines transforming growth
factor (TGF)-B (Th3 cells) (Weiner, 2001) or IL-10 (TRI
cells) (Roncarolo et al., 2001) arise under particular condi-
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tions of antigen exposure and once activated, mediate non-
antigen-specific suppression.

It is now apparent that a bias to the development of Thl
cells is present in most autoimmune diseases. Because Th2
cells control the activation of Thl cells, the activation of
Th2 cells can diminish autoimmunity in murine models of
disease, regardless of whether the tissue damage is mediated
by antibodies or by T cells (Dong and Flavell, 2001; Hill
and Sarvetnick, 2002; Sugimoto et al., 2002; Szabo et al.,
2003; Ghoreschi and Rocken, 2004; Gomez et al., 2004;
Milani et al., 2003; Wurtz et al., 2004). There is some evi-
dence that low doses of antigen preferentially activate Th2
cells (Boonstra et al., 2003). It is interesting to speculate that
self-antigen is often presented in limiting amounts and leads
preferentially to the activation of self-reactive nonpatho-
genic Th2 cells.

There are multiple populations of regulatory cells, any
one of which may be deficient in autoimmune disease. The
balance between effector cells and regulatory cells may
determine whether an autoreactive response that arises in the
course of microbial exposure is terminated or perpetuated.
Since intense immunosuppression may inactivate both
effector and regulatory T cells, new approaches to the
therapy of autoimmunity may be directed at finding ways to
inhibit effector cells, while allowing regulatory cells to
expand.

ROLE OF ANTIGEN AS A DRIVER
OF AUTOIMMUNITY

A major question in autoimmune disease is whether the
process is autonomous or driven by antigen, and if the latter
whether the antigen is self-antigen or foreign antigen.
Animal models of disease definitively show that molecular
mimicry following activation by microbial antigen can
initiate autoreactivity (Cunningham, 2003; Kuwabara, 2004;
Olson et al., 2004).

There are also data suggesting that self-antigen drives the
autoimmune response. First, in animal models of systemic
lupus, it appears that an excess of apoptotic cells or a
problem in their clearance can result in a lupus-like serol-
ogy with antichromatin reactivity (Liu et al., 2004). Current
understanding would suggest that apoptotic debris can acti-
vate TLRs and transform tolerogenic DCs into immunogenic
APCs, as well as activate B cells (Leadbetter et al., 2002;
Lovgren et al., 2004).

Second, extensive tissue damage can lead to the presen-
tation of normally sequestered self-antigen in a proinflam-
matory setting (Horwitz et al., 2002; Liu et al., 2002; Vezys
and Lefrancois, 2002). The proinflammatory setting may be
enhanced by apoptosis of cells following tissue insult. This
can clearly lead to an autoimmune response. Whether in
some individuals this response is perpetuated because of a

lack of appropriate restoration to homeostasis is an impor-
tant question.

Finally, polymorphisms in autoantigens may also consti-
tute risk factors for autoimmune disease (Suzuki et al., 2003;
Pauza et al., 2004). As the genetic susceptibility to auto-
immune disease is further explored, it will become more
apparent the degree to which molecular mimicry, aberrant
expression of autoantigens, or exposure to previously
sequestered antigen in an immunogenic setting contributes
to disease.

MECHANISMS OF TISSUE DAMAGE

Studies over the past decade have clearly demonstrated
that the mechanisms that incite autoimmune disease may
differ substantially from the mechanisms that propagate
tissue damage. Autoreactive T and B cells that are activated
in secondary lymphoid organs and initiate disease may
have a different cytokine profile from the effector cells
that migrate into target organs and cause tissue fibrosis
(Campbell et al., 2001). Thus, it is clearer and clearer that
at each stage of autoimmune disease, induction of autoreac-
tivity and tissue destruction need to be separately explored,
and that the previous characterization of certain cytokines
as proinflammatory and others as anti-inflammatory may be
misleading. While TGF-B may dampen the induction of
autoreactivity, it may hasten tissue fibrosis (Letterio and
Roberts, 1998). Similarly, IL-10 is anti-inflammatory during
disease initiation through its inhibitory effects on APCs, but
can drive T-cell proliferation, immunoglobulin class switch-
ing, and antibody production later in disease (Mocellin et
al., 2004). Even the proinflammatory cytokine interferon-y
can have anti-inflammatory properties in the early stages of
some autoimmune diseases (Billiau, 1996; Grohmann and
Puccetti, 2002; Rosloniec et al., 2002). It is perhaps impor-
tant, as we move forward in studies of autoimmune disease,
to consider the mechanism of both immune activation and
tissue destruction, and to be aware that cytokines, hormones
or other mediators may exhibit differential effects in each
process. Studies of animal models have now clearly shown
that it is possible to intervene in disease progression to
protect organs from immune-mediated destruction, even
while autoreactivity continues unabated (Clynes et al., 1998;
Schiffer et al., 2002).

FLARES AND REMISSIONS
DURING DISEASE

The vast majority of animal models of autoimmune
disease represent chronic progressive disease activity. Once
the autoimmune disease becomes manifest, it progresses to
organ failure or death. Much human autoimmune disease, in



32 Immunologic Basis of Autoimmunity

contrast, is characterized by periods of disease remission
and flare. Little is known in human disease about the cellu-
lar events that lead to disease remission. It is also true that
little is known regarding the cause of disease flares. A major
area of ignorance concerns the cell type responsible for
disease flares. It is not known whether flares represent a de-
novo activation of naive autoreactive cells or a reactivation
of quiescent memory cells. Our ignorance in this regard
derives largely from the difficulty of sampling a large reper-
toire of autoreactive T or B cells. Often, these cells are
poorly represented in peripheral blood (Newman et al.,
2003; Reddy et al., 2003; Reijonen et al., 2003, Bischof
et al.,, 2004). Even when present in blood, and therefore
accessible to analysis, they may be so infrequent that their
analysis represents a major challenge.

THERAPEUTIC IMPLICATIONS

Current global immunosuppressive therapies remain
overly toxic, and do not reflect our new understanding of
autoimmune disease. Autoimmunity can result from defects
either in repertoire selection or in immune regulation. The
idea that autoimmune disease may be caused by excessive
laxity in tolerance induction, either centrally or peripherally,
or by inadequate downregulation of an immune response
that has been engendered by microbial invasion or by tissue
injury has therapeutic implications. The current therapies
of autoimmune disease are based on a perceived need to
institute immunosuppression and anti-inflammatory therapy
at the time of autoimmune tissue destruction. Our most
updated understanding of autoimmunity would suggest that
it might be more appropriate to consider treating disease
during times of disease quiescence. The goal of this thera-
peutic approach would be to alter T- and B-cell repertoire
selection. One pathway to target for modulation of the reper-
toire is the TCR or BCR signaling pathway; increasing the
signal delivered to naive T and B cells may lead to greater
stringency of negative selection with lower-affinity auto-
reactive cells maturing to immunocompetence. This might
decrease autoimmunity without causing global immuno-
suppression. Currently, antigen-specific therapies remain a
dream.

Multiple pathways of immune activation, including
costimulatory pathways, and TLR and pattern-recognition
receptor signaling pathways can be targeted to reduce acti-
vation of the immune system. Altering pathways involved
in downregulation of the immune response is also an attrac-
tive therapeutic strategy. During periods of disease quies-
cence it may be possible to drive the expansion of regulatory
cells. Maintaining an ample number and function of regula-
tory T-cell subsets either in vivo or through ex vivo manip-
ulations of cells is a therapeutic approach poised to move
soon from the realm of fantasy to that of reality.

Protecting target organs and preventing irreversible
tissue damage will require different therapeutic strategies
from blocking the induction of autoreactivity. These new
therapeutic approaches offer the hope of maintaining
immunocompetence while eliminating the consequences of
pathogenic autoreactivity. The era of a uniform approach to
therapy with intense immune ablation to treat autoimmunity
may soon be over.

GOALS FOR THE FUTURE

Over the past several years, new technologies have been
developed that will substantially increase our understanding
of autoimmune disease. The development of microarray
technology, which makes it possible to determine the level
of expression of a very large number of genes or proteins in
defined populations of cells, will provide new insights into
disease pathogenesis and new ways to phenotype patients
with autoimmune disease. These technologies are highly
likely to provide sets of biomarkers that will help determine
risk for developing a particular disease, characterize current
activity of the disease and disease prognosis, and predict
response to therapy. Already, data from microarray analyses
of gene expression in peripheral blood cells suggest that
systemic lupus and Sjogren syndrome share an “interferon
signature” characterized by high expression of a number of
interferon-inducible genes (Baechler et al., 2003; Bennett et
al., 2003); rheumatoid arthritis, in contrast, is characterized
by a different pattern of gene expression (van der Pouw
Kraan et al., 2003). It is reasonable to predict that patterns
of gene and protein expression will reveal differences and
similarities among autoimmune disease. We can also look
forward to the identification of subsets of patients within a
given disease. Distinct patterns may distinguish patients
with impending flares and may be an early marker of
response to therapy.

The development of biomarkers will, undoubtedly,
improve the therapy of autoimmune disease. It may be pos-
sible to identify early those patients whose disease is likely
to be severe and to monitor disease activity without waiting
for clinical symptomatology. Ultimately, it may be possible
to customize therapy for each patient, thereby enhancing
therapy and avoiding unnecessary toxicities.

CONCLUDING REMARKS

The past several years have witnessed a change in our
understanding of autoimmunity and a clear new direction in
our approach to the study of autoimmunity. It now seems
most useful to consider autoimmunity as a failure in T- and
B-cell repertoire selection or a failure in the regulation of
activated T and B cells. It is also clear that autoimmunity
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needs to be coupled to target-organ vulnerability to immune
attack for autoimmune disease to be present. This under-
standing suggests new therapeutic targets, and new thera-
peutic strategies.

The focus on new technologies to provide biomarkers of
immune function represents an exciting opportunity to treat
disease prior to tissue damage and to customize therapy
for each patient. Furthermore, studies of gene and protein
expression will help elucidate those mechanisms of immune
dysfunction that are shared among multiple autoimmune
diseases and those that are unique to a particular disease.
Thus, there are reasons to be optimistic, but acquiring the
necessary new knowledge and translating that knowledge to
therapy will take many years.
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Dendritic cells (DCs) were identified in the spleens of
mice in 1973 and named after their branch-like projections
(from devdpeov, tree) (Steinman and Cohn, 1973). They
were subsequently shown to be the most potent stimulators
of the primary mixed leukocyte reaction. Their unique
capacity to sensitize naive T cells in vitro and in vivo was
amply documented in the following years.

Although cells with a dendritic structure were visualized
in the skin in 1868 by a young medical student, Paul Langer-
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hans, it took more than a century before they were identi-
fied as cells from the dendritic family. The relationship
between epidermal Langerhans cells and DCs was demon-
strated when they were shown to mature into potent
immunostimulatory DCs in vitro. Schuler and Steinman
(1985) showed that Langerhans cells resemble spleen DCs
when cultured for 2-3 days, and undergo a progressive
increase in stimulatory capacity, becoming 3—10 times more
stimulatory than spleen DCs.

The DC family includes many members which reside in
most tissues of the body and display unique properties that
have not been described for other antigen-presenting cells
(APCs): 1) dendritic morphology on activation; 2) motility;
3) specialization of function over time—during a phenome-
non called maturation, they shift from an antigen-capturing
mode to a T-cell sensitizing mode; 4) elevated expression of
major histocompatibility complex (MHC) molecules and
intermediate-to-high expression of costimulatory molecules;
and 5) production of cytokines.

DENDRITIC CELLS IN IMMUNITY

Immature DCs are ideally equipped to sensitize T
lymphocytes specific for dangerous antigens encountered
earlier in the periphery. They act as sentinels for infections
in peripheral tissues and then migrate to the lymphoid organs
where they transmit information regarding the nature of the
pathogens and the lymphoid tissues, and activate lympho-
cytes specific for those microbial antigens. At the immature
stage, DCs exhibit potent endocytic activity: they constitu-
tively macropinocytose extracellular fluids, and express
various receptors specific for non-self-antigens. DCs do not
present antigen immediately after uptake but express the

Copyright © 2006, Elsevier Inc.
All rights reserved.
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immunogenic class II MHC—peptide complexes only after
maturation. This delay in antigen presentation confers to
DCs the capacity to display, in the lymphoid organs, anti-
gens encountered earlier in peripheral tissues (Mellman and
Steinman, 2001). Interestingly, DCs display some “fidelity”
to the antigen encountered in inflammatory conditions
(inducing their maturation) as they lose their capacity to
capture and process antigens during this process.

The potent accessory properties of DCs appear to develop
sequentially. In particular, the ability to process antigens and
to sensitize naive T cells develops in sequence during their
maturation. This process is associated with upregulation of
MHC restriction elements and costimulatory molecules, as
well as production of stimulatory cytokines. The maturation
of DCs is usually coupled to their movement to the zone
where T cells are located in the lymphoid organs. The co-
localization of fully competent DCs with lymphocytes is
required for the engagement of membrane-bound ligand—
receptor pairs required for optimal T-cell priming and is
likely to represent the first step in the immune response.

It is noteworthy that the maturation of DCs is often
induced by microbial constituents and inflammatory
cytokines, thereby favoring the activation of T cells
specific for non-self-infectious antigens. In particular, DCs
express several receptors, including Toll-like receptors
(TLRs), which recognize conserved pathogen-associated
molecular patterns. It is interesting that TLRs control acti-
vation of the adaptive immune responses by inducing DC
maturation (Schnare et al., 2001). However, it is likely that
those mature DCs not only express antigens taken up at the
site of infection but also self-antigens that are continuously
processed and presented in the context of MHC class I and
IT molecules. This would imply that fully competent DCs
may sensitize autoimmune T cells that have escaped nega-
tive selection in the thymus. Recent reports suggest that DCs
trigger several lifeguard mechanisms that may prevent the
onset of autoimmunity in peripheral tissues, including reg-
ulation of antigen presentation (DC lifespan), peripheral
deletion or anergy of autoreactive T cells, induction/main-
tenance of regulatory T cells, and a novel mechanism which
implies tuning of activation threshold (see below).

REGULATION OF DENDRITIC
CELL LIFESPAN

The lifespan of new migrant dendritics in the lymphoid
organs is a key issue in the induction of immunity. The
imaging of T-cell-DC interactions in lymph nodes (Stoll et
al., 2002) revealed that T cells form long-lived associations
with a single APC and show evidence of activation only after
36-48 h. In agreement with these observations, the migra-
tion of DCs has been shown to strongly impact the magni-
tude and quality of CD4" T-cell responses, which are
proportional to the number of antigen-carrying DCs that

reach the lymph node (Martin-Fontecha et al., 2003). High
numbers of DCs would increase the probability of a DC-T-
cell encounter, favor a sustained stimulation through pre-
sumably monogamous interactions, and reduce competition
among T cells.

The outcome of mature DCs in lymph nodes has long
remained elusive. Injection of lipopolysaccharide (LPS) has
been shown to induce the phenotypic and functional matu-
ration of splenic DCs and their rapid (6 h) migration in the
T-cell zone. Twenty-four hours after LPS injection, very
few CD1l1c" cells remained in the spleen in contact with T-
lymphocytes (De Smedt et al., 1996). The selective loss
of CD11c* cells was found to correlate with the presence of
apoptotic cells, as assessed by TUNEL staining on spleen
sections. Injection of ovalbumin (OVA) peptide in OVA-
specific, T-cell receptor (TCR)-transgenic mice strongly
delayed the LPS-induced programmed cell death in situ,
suggesting that T lymphocytes may rescue DCs presenting
their own antigen (De Smedt et al., 1998).

The programmed cell death could be an autonomous
mechanism or could be triggered by other cell populations.
The hypothesis that DCs have discrete stages of life and that
mature DCs are programmed to die is supported by the
observation that growth-dependent long-term cultures of
DCs display three stages of maturation: immature, mature,
and apoptotic (Rescigno et al., 1998). Interestingly, a recent
report (Hou and Van Parijs, 2004) indicates that mature DCs
have a shorter lifespan than immature ones. Thus, TLRs and
T-cell costimulatory molecules both triggered a DC survival
pathway that was dependent on Bcl-x;. However, TLR
engagement later triggered DC apoptosis through upregula-
tion of the proapoptotic Bcl-2 family member Bim. The ratio
of Bim/Bcl-2 expressed in DCs treated with LPS or lipotei-
choic acid (LTA) increased between day 1 and 4 in culture,
resulting in an inversion of the ratio of antiapoptotic-to-
proapoptotic proteins expressed by DCs stimulated through
TLRs. The existence of a “molecular timer” set by TLR
ligands shows that the apoptosis of mature DCs is an active
process. Of note, DCs cultured with LPS + agonistic anti-
CD40 monoclonal antibodies similarly undergo apoptosis,
suggesting that the timer is dominant over the expression of
antiapoptotic molecule Bcl-x; increased by T-cell signals.
Which (if any) signal(s) from the adaptive immune response
may rescue DCs from premature death induced by the innate
system remains to be determined (Moser, 2004).

DENDRITIC CELLS IN TOLERANCE

T-cell tolerance to self-antigens is considered to reflect a
combination of central and peripheral tolerance. Central
tolerance leads to deletion of immature T cells in the thymus
and is largely responsible for eliminating autoreactive
T cells. However, the limited expression of tissue-specific
antigens in the thymus suggests that additional mechanisms
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may exist in the periphery that silence autoreactive
T cells.

Thymic Dendritic Cells and
Negative Selection

To evaluate the relative capacities of epithelial or bone
marrow-derived cells in inducing apoptosis or positive
selection, Brocker et al. (1997) generated a transgenic
mouse model in which they targeted gene expression specif-
ically to DCs. They used the CD1lc promoter to express
MHC class II I-E molecules specifically on DCs of all
tissues (these mice will be referred to as B6CD11c-Ea).
The selective expression of I-E on thymic DCs, but not cor-
tical or medullary epithelial cells, B cells, or macrophages,
allowed it to be tested whether thymic DCs in vivo would
be capable of inducing clonal deletion. The frequency was
measured of I-E reactive VB5" and VBI1* T cells in
C57BL/6 control mice, B6-Ea' mice (a transgenic line
expressing I-Ea’ under the control of a segment of the I-E
MHC class II promoter) or B6CD11c-Eo mice. In B6-Eo
mice, 65% of CD4" VB5* T cells and more than 95% of
VB11* CD4" T cells were deleted. Of note, a similar degree
of deletion was observed in the B6 CD11c-E, strain, sug-
gesting that the thymic DCs were the most potent cell type
in eliminating self-reactive T cells, and that MHC class 11
expression on the epithelium or other bone marrow-derived
cells was not necessary for complete clonal elimination of
[-E-reactive T cells in the CD4" compartment. In addition,
the same group demonstrated that thymic DCs in vivo were
not able to induce MHC restriction of CD4* T cells, i.e.,
positive selection.

It remains to be determined, however, how thymic DCs
express autoantigens, including tissue-restricted antigens.
Although the transcription factor AIRE has been shown to
promote ectopic expression of peripheral tissue-restricted
antigens in the thymus, there is evidence that AIRE must be
expressed in the stromal cells of the thymus (rather than in
hematopoietic cells) in order to control autoimmunity in the
periphery (Anderson et al., 2002). An interesting possibility
would be that thymic epithelial cells may focus their self-
antigen display on peripheral self, whereas DCs may be spe-
cialized to induce tolerance to hematopoietic self (Derbinski
et al., 2001).

Peripheral Tolerance

For 25 years, immunologists have focused their attention
on the role of DCs as adjuvant, and it was generally agreed
that the principal function of DCs was to initiate T- and
B-cell-mediated immunity. However, more recent observa-
tions convincingly suggest that DCs may play an active role
in peripheral tolerance.

Heath and colleagues studied the outcome of constitutive
class-I restricted exogenous presentation of self-antigens in
vivo (Kurts et al., 1996). They used the rat insulin promoter

(RIP)-mOVA transgenic mouse model, where a membrane-
bound form of OVA was expressed by pancreatic B cells,
kidney proximal tubular cells, the thymus, and the testis of
male mice. Transfer of OVA-specific CD8" T cells led to the
activation of these cells in the draining lymph nodes. This
was due to class I-restricted cross-presentation of exogenous
OVA on a bone marrow-derived APC population. To iden-
tify the cross-presenting cell, the authors created transgenic
mice where MHC class I expression was driven selectively
in DCs, and demonstrated that DCs were sufficient to cross-
present self-antigens in vivo (Kurts et al., 2001). Interest-
ingly, CD8" T cells activated by cross-presentation were
deleted from the peripheral pool of recirculating lympho-
cytes. These observations suggested that APCs may be
tolerogenic, and provided evidence for an extrathymic
mechanism capable of inducing the loss of CD8" T-cells
responding to self-antigens expressed in tissues outside the
lymphoid compartment.

Although the nature of the tolerogenic DC population
remains elusive, the role of potential candidates has been
highlighted, including immature DCs, DCs maturing under
noninflammatory conditions, specialized subsets of DCs,
and DCs expressing indoleamine 2,3-dioxygenase.

Steady-State Dendritic Cells

A number of observations suggest that steady-state DCs
may play a role in peripheral tolerance. First, several studies
in mice and humans reported that injection of DCs exposed
ex vivo to antigen but not to full maturational stimuli induces
a state of hyporesponsiveness. In humans, Jonuleit et al.
(2000) used immature DCs derived from monocytes cultured
in granulocyte-macrophage colony-stimulating factor (GM-
CSF) plus interleukin (IL)-4, which were induced to mature
by providing a defined cytokine cocktail. As expected,
mature DCs induced the expansion of T cells with a polar-
ization towards Thl. In contrast, repetitive stimulation of
naive cord blood-derived T cells with allogeneic immature
DCs resulted in the development of a population of non-
expanding and IL-10-producing T cells. These regulatory
T cells displayed suppressor function, in an antigen-
nonspecific manner and independently of CTLA-4,
IL-10, and transforming growth factor (TGF)-B. In vivo,
Dhopdakar et al. (2001) analyzed the immune response
induced after injection of immature DCs pulsed with
influenza matrix peptide and keyhole limpet hemocyanin in
two healthy subjects. A decline in matrix-specific interferon
(IFN)-y-producing T cells was observed, whereas such cells
were detected before immunization as expected, because
most adults have been exposed to the influenza virus. The
decline in IFN-y production was associated with the devel-
opment of IL-10-producing cells specific for the same
antigen.

Second, studies using inducible expression and presenta-
tion of lymphocytic choriomeningitis virus-derived epitopes
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by resting or activated DCs in vivo confirmed that DCs may
induce immunity and tolerance depending solely on their
activation status. Probst et al. (2003) have used a Cre/LoxP-
based system that allows inducible antigen presentation by
DCs in vivo to study the immunologic consequences of
antigen presentation by resting versus mature DCs without
adoptively transferring DCs, and with physiologic numbers
of endogenous, naive responder T cells. The authors found
that presentation of lymphocytic choriomeningitis virus
(LCMV)-derived cytotoxic T lymphocyte (CTL) epitopes
by steady-state DCs resulted in antigen-specific tolerance,
whereas antigen presentation by activated DCs led to
priming of endogenous CTL with expansion and develop-
ment of protective effector function.

Third, antibodies directed against DEC-205 have been
used to target an antigen on immature DCs. DEC-205 is an
endocytic receptor highly expressed by DCs and which
carries antigens into intracellular antigen-processing com-
partments. Early studies have shown that targeting hen-egg
lysozyme (HEL) and OVA antigens to steady-state DCs in
vivo (peptides were engineered into the heavy chain of the
anti-DEC-205 antibody) resulted in tolerance (Hawiger et
al., 2001). Injection of engineered anti-DEC-205 resulted in
transient activation followed by a severe reduction in the
number of antigen-specific T cells within 7 days, and the
residual T cells became unresponsive to challenge with OVA
in complete Freund adjuvant. By contrast, coinjection of the
DC-targeted antigen and anti-CD40-activating antibody led
to prolonged activation and immunity. Mahnke et al. (2003)
subsequently reported that OVA protein coupled to anti-
DEC antibodies and injected into mice led to antigen pre-
sentation restricted to CDI11c cells and initial expansion
of antigen-specific T cells. However, these cells were sub-
sequently anergized and expressed CD25 and CTLA-4
antigen, the phenotypic hallmark of regulatory T cells. Func-
tional analysis of this cell population showed that CD25* T
cells could suppress proliferation and IL-2 production of
conventional T lymphocytes in a cell-cell contact-dependent
way.

Targeting DCs in the steady-state (at least through DEC-
205) can induce peripheral tolerance not only for CD4*
but also for CD8" T cells. Bonifaz et al. (2002) reported
that anti-DEC-205 chemically coupled to full-length OVA
delivered the protein selectively to DCs in vivo and medi-
ated presentation of protein antigen via the exogenous but
TAP-dependent MHC 1 pathway. Subcutaneous injection
of anti-DEC-205:0VA induced four to seven cycles of
division of transferred TCR transgenic CD8" cells, but the
cells were then deleted, leading to a state of antigen-specific
tolerance.

Using a similar antigen-delivery system for an autoanti-
gen, Hawiger et al. (2004) described a novel mechanism
whereby DCs induce unresponsiveness associated with
dynamic inhibition of secondary rather than primary

responses. Targeting a peptide of myelin oligodendrocyte
glycoprotein (MOG) through anti-DEC antibodies (engi-
neered to express MOG) induced profound T-cell tolerance
to MOG and prevented induction of experimental auto-
immune encephalomyelitis (EAE). Of note, a novel mecha-
nism of tolerance has been shown to account for the lack
of responsiveness: indeed, the authors found that T
cells tolerized by steady-state DCs remained highly respon-
sive to TCR stimulation in vitro but failed to respond
to antigen in vivo. Also of note, expression of CD5 was
found to be enhanced on antigen-specific peripheral
T cells in these mice and the tolerance appeared to be CD5
dependent. CDS5 is a negative regulator of TCR signaling,
which directly influences the threshold of activation of
thymocytes, suggesting that tolerance may result from a
“tuning” of signaling thresholds in the periphery. Therefore,
autoimmune T cells may lose their reactivity following
exposure to persistent self-antigens. CD5™ T cells did
not inhibit activation of naive T cells to the same antigen
in vivo and could not regulate naive cells in cotransfer exper-
iments.

The physiologic role of immature DCs in peripheral tol-
erance in vivo (through T-cell anergy or differentiation of
regulatory T cells) is challenged by the general acceptance
that DC migration to lymphoid organs is necessarily coupled
to their maturation. The chemokine receptors CCR6 and
CCR?7 are inversely regulated during maturation, and CCR7
has been shown to direct maturing DCs to the T-cell zone of
lymphoid follicles which expresses MIP3[ (Dieu-Nosjean
et al., 2000). However, there is increased evidence that DCs
capture and transport tissue-specific self-antigens even in the
steady-state. Veiled cells transport tissue-specific antigens to
the lymph nodes (Bujdoso et al., 1989), migrating Langer-
hans cells contain melanosomes (Mishima, 1966), and DCs
of the gastric lymph nodes constitutively present parietal
cell-restricted HY/K*-ATPase in healthy mice (Scheinecker
etal., 2002). Huang et al. (2000) have identified a DC subset
that constitutively transports apoptotic intestinal epithelial
cell remnants to T-cell areas of mesenteric lymph nodes in
vivo. These cells are weak APCs and contain cytoplasmic
apoptotic DNA and epithelial cell-restricted cytokeratins. In
the lung, Vermaelen et al. (2001) reported a steady-state flux
of DCs that transport macromolecules from the airways to
the thoracic lymph nodes. Collectively, these observations
suggest that immature DCs are good candidates as
tolerogenic DCs capable of inducing peripheral T-cell
unresponsiveness.

(Semi)-Mature Dendritic Cells

Although the tolerogenic potential of DCs was first pro-
posed to correlate with their immature state, several reports
have described populations of (semi)-mature DCs that
induce tolerance in vivo. Menges et al. (2002) showed that



Antigen Presentation, Dendritic Cells, and Autoimmunity 41

repetitive injections of semi-mature DCs, pulsed with an
autoantigenic MOG peptide, could induce protection from
EAE in mice. Maturation by TNF-a induced high levels of
MHC class II and costimulatory molecules on DCs, which
remained weak producers of proinflammatory cytokines.
The protection was antigen specific and partially dependent
on IL-10. Of note, immature DCs (generated in the presence
of IL-10) did not influence the score of the disease under the
same conditions. Similarly, mature pulmonary DCs induce
the development of regulatory T cells in the bronchial lymph
nodes of mice exposed to respiratory allergen. This process
required T-cell costimulation via the inducible costimulator
(ICOS)-ligand pathway and regulatory T cells produced IL-
10 and blocked the development of allergen-induced airway
hyperreactivity. Similarly, McGuirk et al. (2002) reported
that the filamentous hemagglutinin (FHA) of Bordetella
pertussis modified cytokine production and costimulatory
molecules (increased CD86 and moderately enhanced
CDA40) expression on DCs drove DCs into a phenotype that
could selectively enhance the induction of type 1 regulatory
T (Tr1) cells in vitro (see below). Tr1 cells specific for FHA
and pertactin were induced at the mucosal surface in the
lungs of mice during acute infection with Bordetella per-
tussis (McGuirk et al., 2002). These Tr1 cells secreted high
levels of IL-10 and inhibited protective type 1 helper T
(Th1) cell responses against Bordetella pertussis in vitro and
in vivo. Of note, the authors reported that FHA interacted
directly with DCs to induce IL-10, and inhibit IL-12 and
inflammatory chemokine production.

Lutz and Schuler (2002) have proposed that the semi-
mature DCs correspond to the steady-state DCs which
constitutively migrate to the lymphoid organs. This devel-
opmental stage would be considered as mature according to
their surface marker analysis (high expression of MHC II
and costimulatory molecules), but immature since they do
not release high levels of proinflammatory cytokines. In
some cases, the production of IL-10 may participate in their
tolerogenic properties. This hypothesis postulates that
tissue-resident DCs (immature) and steady-state migrating
DCs are different, and that some degree of maturation would
be required for mediating homeostatic DC migration. The
respective role of immature and partially mature DCs in
peripheral tolerance remains unclear and deserves further
attention.

Indoleamin 2,3-Dioxygenase-Expressing
Dendritic Cells

The role of indoleamin 2,3-dioxygenase (IDO) in the reg-
ulation of immune responses has been highlighted by Munn
et al. (1998) who demonstrated that IDO expression at the
maternal—fetal interface was necessary to prevent immuno-
logic rejection. Thus, treatment of pregnant mice with a
pharmacologic inhibitor of IDO resulted in rapid T-cell-

induced rejection of all allogeneic concepti, suggesting that
the fetus suppresses maternal T-cell immunity by cataboliz-
ing tryptophan.

It was subsequently reported that one mechanism by
which APCs may regulate T-cell responses is through the
expression of IDO. In particular, a subset of human mono-
cyte-derived DCs has been shown to use IDO to inhibit T-
cell proliferation in vitro (Munn et al., 2002). Although
maturation has no effect on the basal expression of IDO
protein, activation of mature DCs with IFN-y resulted in
downregulation of IDO, which could be prevented by the
presence of IL-10 during maturation. Of note, a few IDO*
cells were detected in normal lymphoid tissue, whereas
accumulation of IDO* cells was found in lymph nodes from
patients with melanoma, breast, colon, lung, and pancreatic
cancers.

Additional studies showed that mouse CD4*CD25"
regulatory T cells (see below) could initiate tryptophan
catabolism in DCs, through a CTLA-4-dependent mecha-
nism. Long-term survival of pancreatic islet allografts
was induced by the soluble fusion protein CTLA4-Ig and
depended upon effective tryptophan catabolism (Grohmann
et al., 2002). This process required CD80 (B7) expression
and cytokine production by the DCs. Various types of APCs,
and in particular the CD8o" fraction in the spleen, have
been shown to inhibit the generation of T-cell responses in
vivo by the expression of IDO, through the generation of
specific tryptophan catabolites in the kynurenine metabolic
pathway, which act as apoptotic agents in T cells. To study
the mechanism of action of IDO, the human IDO gene
was inserted into an adenoviral vector and expressed in
DCs. Kynurenine, 3-hydroxykynurenine, and 3-hydroxy-
anthralinic acid, but no other IDO-induced tryptophan
metabolites, were found to suppress the T-cell response, the
suppressive effects being cumulative (Terness et al., 2002).
The cytotoxic action on T cells preferentially affected acti-
vated T cells. Of note, in addition to T cells, B cells and NK
cells were also killed, whereas DCs were not affected. The
activity of IDO appears tightly regulated in DCs that express
IDO constitutively: in particular, triggering of functional
IDO required ligation of CD80 (B7) molecules on the DCs.
The ability to trigger active IDO is confined to the CD4" T-
cell subset through the engagement of CTLA4/B7 molecules
(Munn et al., 2004).

Collectively, these observations suggest that localized
control of tryptophan catabolism in specific tissue microen-
vironments may contribute to the induction and maintenance
of peripheral tolerance.

A Specialized Dendritic Cell Subset?

A few studies have suggested that tolerogenic DCs may
represent a specialized lineage.
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CDS8or Dendritic Cell Subset

Initial studies by Shortman’s group demonstrated that
splenic CD8a” DCs induced a vigorous proliferative
response in CD4* T cells, whereas CD8a" DCs induced a
weaker response that was associated with T-cell apoptosis
(Suss and Shortman, 1996). This programmed cell death
appeared to result from interaction of Fas on T cells with
FasL on CD8c." DCs. This observation was the first evidence
for a tolerogenic function of DCs expressing a CD8oo
homodimer. This notion was consistent with the reduced
phagocytic capacity of CD8a" DCs, their localization in T-
cell zones of lymphoid organs, as well as their expression
of high levels of self-peptides—-MHC complexes expressed
by DCs in the T-cell area. The tolerogenic capacity of
CD8a" DCs was demonstrated in vivo using a model
of tumor/self-peptide (PS15AB) presentation for induction
of class I-restricted skin test reactivity. It should be noted
that the negative regulatory effect was found to be restricted
to P815AB and was not observed with other antigens. More
recent studies suggest, however, that the CD8o" DC subset
may produce elevated levels of IDO and display tolerogenic
properties (see above).

CD80. CD4* Dendritic Cell Subset

Legge et al. (2002) have shown that an immunoglobulin-
chimera carrying the encephalitogenic myelin proteolipid
PLP1 peptide was presented to T cells 100-fold better than
free PLP1. Of note, aggregation of immunoglobulin—PLP1
facilitated cross-linking of Fcy receptors on APCs and
induced IL-10 by macrophages and DCs without upregulat-
ing costimulatory molecules. Aggregated immunoglobu-
lin-PLP1 induced a strong reduction in paralytic severity
and promoted full recovery from EAE in mice with ongoing
disease. IL-10 production on triggering of the Fcy receptor
was confined to the CD8a CD4" subset, which supported
suppression of autoreactive T cells and reversal of EAE in
the FcyR-deficient mice (Legge et al., 2002).

CD11c"" CD45Rb"" Dendritic Cells

A population of DCs with specific expression of
CD45RB was identified that induced tolerance and Trl cell
differentiation in vivo. CD11c¢"™ CD45Rb"" DCs could be
generated in vitro from bone marrow cells in the presence
of IL-10 and were detected in the spleen and lymph nodes
of normal mice (Wakkach et al., 2003). This CD11c""
CD45Rb"e" DC subset displayed plasmacytoid morphology
and an immature phenotype even after activation, and
secreted high levels of IL-10. Transfer of CDI11c""
CD45Rb"e" DCs, pulsed with antigen in vitro, induced the
differentiation of specific type 1-regulatory cells leading to
antigen-specific tolerance in vivo. A single injection of 3 x

10° OVA peptide-pulsed cells was sufficient to strongly
decrease the ability of the treated mouse to mount a T-
and B-cell-mediated immune response directed against the
whole OVA protein in the presence of different adjuvants.

DENDRITIC CELLS AND
REGULATORY T CELLS

In the late 1970s, Gershon and his collaborators provided
evidence for the existence of “suppressor cells” (Calkins
et al., 1976). The authors showed that spleen cells could be
educated in vitro to induce thymus-dependent help or sup-
pression of the immune response to sheep red blood cells.
After a long eclipse, suppressor cells have taken center stage
in studies of immune responses and were renamed regula-
tory cells.

Essentially, three populations of cells exhibiting sup-
pressive mechanisms have been described: naturally occur-
ring CD4*CD25" T cells and induced Tr1 and Th3 cells. The
CD4"CD25" regulatory T (Treg) cells arise spontaneously
during ontogeny, are present in the periphery of normal
mice, and are associated with protection from a number
of autoimmune processes. They express CD25 and Foxp3
constitutively and suppress immune responses via direct
cell—cell interactions, although IL-10 and/or TGF-f seem(s)
to be partially involved in suppression in vivo. By contrast,
Tr1 cells differentiate in the presence of IL-10, produce high
levels of IL-10 and TGF-, and suppress via the production
of these immunosuppressive cytokines (Levings et al.,
2002). Th3 cells were identified in studies of oral tolerance
and produce TGF-B as well as variable amounts of IL-10
and IL-4. IL-4 was shown to be a key factor for the differ-
entiation of Th3 cells, whereas TGF-f seems to mediate the
immunosuppressive effect of Th3 cells.

There is some evidence that DCs, at some stage of mat-
uration or restricted to a specialized lineage, may induce
peripheral tolerance indirectly, through the induction and/or
activation of regulatory T cells.

Dendritic Cells as Inducers of CD4*CD25*
Regulatory T Cells

Although it was initially believed that these CD25" Treg
cells inhibited immune responses against self-antigens, sub-
sequent reports clearly demonstrated that these cells also
suppressed immune responses against microbes and innocu-
ous foreign antigens. During infection by Leishmania major,
CD4*CD25" T cells have been shown to accumulate in the
dermis, where they suppress by both IL-10-dependent and
-independent mechanisms and so inhibit the ability of effec-
tor T cells to eliminate the parasite from the site (Belkaid
et al., 2002). Several reports have shown that Treg cells
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proliferate in response to immunization with antigen in adju-
vant (Walker et al., 2003) or loaded on DCs (Oldenhove et
al., 2003;Yamazaki et al., 2003). In particular, development
of Thl-type responses was enhanced in mice depleted of
CD25" T cells and immunized by injection of antigen-pulsed
mature DCs, suggesting that Treg cells naturally exert a neg-
ative feedback effect on Thl responses.

The essential role of CD25" Treg cells in the maintenance
of peripheral tolerance has been further documented by a
few reports showing alterations of CD4'CD25" Treg
function in patients suffering from autoimmune diseases.
Viglietta et al. (2004) reported a significant decrease in the
effector function of CD4'CD25" T cells from peripheral
blood of patients with multiple sclerosis. These cells poorly
inhibited responder T-cell proliferation as well as IFN-y pro-
duction. Similarly, CD25" Treg cells were found to be defec-
tive in their suppressive capacity in patients suffering from
autoimmune polyglandular syndrome type II (Kriegel et al.,
2004).

Of note, a recent report demonstrates that CD4*CD25"
T cells can convert into CD4*CD25" T cells in vivo (see
Chapters 9 and 10). The converted CD25" T cells exhibit
characteristics of the naturally occurring CD25" T cells, and
in particular were anergic in vitro, suppressed proliferation
of responder cells, and expressed high levels of the tran-
scription factor Foxp3 mRNA (Liang et al., 2005). CD80
(B7) costimulation was found to be an absolute requirement
for this conversion, suggesting that DCs, which express
CD80 (B7) in vivo in the absence of intentional stimulation,
may be involved in this phenomenon.

Dendritic Cells as Targets of CD4"CD25*
Regulatory T Cells

DCs may not only be inducers but also targets of Treg
activity. Indeed, one report suggests that CD4*CD25" cells
could alter the phenotype and function of DCs in vitro. Thus,
DCs exposed to CD4"'CD25" cells expressed low levels of
MHC and costimulatory molecules, and were less efficient
at eliciting IFN-y secretion by CD8" cells than were DCs
cultured alone (Serra et al., 2003). Mature DCs are refrac-
tory to suppressive activity of Treg cells, suggesting that
Treg cells may serve to keep DCs in the off-mode in steady-
state conditions.

Another mechanism of action of Treg cells involves the
regulation of immunosuppressive tryptophan catabolism in
DCs, as discussed above.

Dendritic Cells as Inducers of Type 1
Regulatory T Cells

As stated above, several reports have demonstrated that
DCs may induce a state of tolerance by triggering the IL-

10-dependent development and function of Trl cells.
Although there is ample evidence that immature or semi-
mature DCs may trigger Tr1 cells, this activity has also been
reported for mature DCs (see above).

MECHANISMS OF TOLERANCE

Direct and indirect mechanisms may be involved in the
induction of peripheral tolerance by DCs. In particular, DCs
may induce deletion of autoreactive T cells, through the
production of tryptophan metabolites or signaling through
CD95. Tolerogenic DCs may also act indirectly through
the activation of Treg cells, a mechanism that would be
more effective in promoting a memory for tolerance and a
long-term, antigen-specific hyporesponsiveness. Although
the respective role of DC subclasses and of regulatory T-cell
populations remains unclear, we believe that immature and
mature DCs act through distinct regulatory T-cell subsets.
Steady-state DCs (semi-mature or immature) would present
mainly self-antigens and either themselves produce, or
induce the production of, IL-10 and thereby drive the dif-
ferentiation of IL-10-producing Tr1 cells. By contrast, DCs
that have matured in an inflammatory/infectious environ-
ment would undergo maturation and present self- as well as
microbial antigens. These mature DCs would promote the
survival/activation of naturally occurring CD4'CD25" T
cells by expressing costimulatory molecules and inducing
IL-2 production. These Treg cells would therefore control
the immune responses directed to microbial, self- and envi-
ronmental antigens presented by mature DCs.

If this is true, the repertoire to self-antigens would be reg-
ulated at three checkpoints: 1) by thymic DCs through neg-
ative selection; 2) by immature DCs through Trl; and 3) by
mature DCs through activation of CD4*CD25". By contrast,
the repertoire to foreign antigens would be under the control
only of CD4"'CD25* Treg cells, which would prevent an
excessive immune response which can be deleterious to the
organism.

A report by Pasare and Medzhitov (2003) suggests,
however, that microbial induction of the Toll pathway may
block the suppressive effect of CD4*CD25" Treg cells,
allowing activation of pathogen-specific adaptive immune
responses. This would suggest that TLR-mediated recogni-
tion of pathogen signatures controls the induction of T-cell
responses at two levels: through the induction of costimula-
tion and through the release of suppressive activity by
naturally occurring T cells. Production of IL-6 by DCs in
response to TLR engagement was found to be critical to
overcome the inhibition by Treg cells. Of note, the authors
postulate that during chronic infection, blockade of sup-
pression of self-reactive T cells may occur, which would
explain the link between infection and some autoimmune
diseases.
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Kurts and colleagues (Hamilton-Williams et al., 2005)
recently addressed the question whether TLR ligands would
break tolerance to self-antigens. They mimicked a potent
temporary infection by injecting a single large dose of TLR
ligands into transgenic RIP-mOVA mice, which express the
model antigen OVA in pancreatic islet § cells and in kidney
proximal tubules. They showed that administration of TLR
ligands resulted in DC activation and increased proliferation
of cytokine production by T cells. However, coinjection of
TLR ligand and OVA did not break tolerance in the absence
of specific help, suggesting that cross-tolerance can prevent
autoimmunity even when DCs are activated by microbial
products.

DENDRITIC CELLS AND
AUTOIMMUNITY

Nonobese Diabetic Mouse Model

Studies of autoimmune diabetes are facilitated by mouse
models such as nonobese diabetic (NOD) mice which
develop diabetes spontaneously. During the first stage of
insulitis in this biphasic disease, the islets are invaded by
DCs, macrophages, and B and T cells. This insulitis remains
essentially static, and progression to diabetes occurs only at
a later stage, in a proportion of mice, when the islet infil-
trate converts to a destructive process, resulting in destruc-
tion of B cells and eventually loss of insulin and glucose
homeostasis (see Chapter 36). Turley et al. (2003) have
underscored the role of DCs in this process: they have shown
that the stimulus initiating insulitis appears to be a ripple
of B-cell death and that APCs that ferry cell debris from
the pancreas to the pancreatic lymph nodes is a DC of
CD11c"CD8a phenotype.

There is evidence that the predisposition of NOD mice to
develop autoimmune disease can be attributed to defects in
central and peripheral tolerance mechanisms. Kishimoto and
Sprent (2001) presented evidence that NOD mice display a
defect in negative selection of thymocytes, an effect associ-
ated with upregulation of the antiapoptotic molecule cFLIP.
Similarly, Lesage et al. (2002) tracked the fate of high-
avidity CD4" T cells that recognize a self-antigen expressed
in pancreatic islet B cells on autoimmune-susceptible or
-resistant genetic backgrounds, and showed that these cells
escaped clonal deletion in the thymus in NOD mice.

Unexpectedly, it was found that spontaneous diabetes
was exacerbated in CD80/CD86-deficient and CD28-
deficient NOD mice compared with control animals
(Salomon et al., 2000). These data contradicted previous
studies showing that antigen-induced models of autoimmu-
nity could be reduced when CD28 costimulation was
blocked during the priming with the relevant self-antigen.
The CD80/CD86- and CD28-deficient mice were found to

present a profound decrease in function of the CD4*CD25*
Treg cell subset and the transfer of this subset from control
NOD animals into CD28-deficient mice delays/prevents
diabetes, suggesting that Treg cells control autoimmune
diabetes (Salomon et al., 2000).

Regulatory T cells appear to coexist in balance with
aggressive effector cells directly in the autoimmune infil-
trate during the stage of static insulitis (Herman et al., 2004).
Loss of this balance leads to rapid onset of diabetes, sug-
gesting that effector T cells capable of transferring disease
are actively suppressed by regulatory T cells during the non-
destructive period of static insulitis. These CD25'CD69"
cells express high levels of IL-10, glucocorticoid-induced
TNFR family-related protein (GITR), and inducible co-
stimulator (ICOS). Of note, blockade of costimulatory
signals, such as CTLA-4 or ICOS, led to a rapid onset
of diabetes and to a change of the ratio of effector-to-
regulatory T cells in the pancreatic infiltrate.

Of note, these CD25" Treg cells essentially expressed the
clonotypic TCR BDC2.5 (specific for a diabetogenic CD4*
T-cell clone), implying that TCR specificity for antigens in
the target organ may be important for their effectiveness. In
agreement with these studies, Tang et al. (2004) reported that
small numbers of antigen-specific Treg cells, expanded in
vitro from autoimmune NOD mice, could reverse diabetes
after disease onset. The islet autoantigen-specific BDC2.5
Treg cells were more efficient than polyclonal NOD Treg
cells in regulating autoimmune responses in vivo. Steinman
and colleagues (Tarbell et al., 2004) have shown that DCs
from NOD mice could expand CD4*CD25" suppressor T
cells from transgenic mice specific for a natural pancreatic
islet B cell antigen, and that these expanded T cells exhib-
ited increased suppressive activity as compared to non-
transgenic cells and suppressed autoimmune disease in vivo.

Dendritic Cells in Human Diseases

The role of DCs in the induction of autoimmune diseases
in humans is still poorly defined. A few reports suggest that
members of the DC family may determine reactivity to self-
antigens. Banchereau and colleagues (Jego et al., 2003) have
underscored the role of two DC subsets in patients suffering
from systemic lupus erythematosus. They have shown that
the plasmacytoid DCs release large amounts of IFN-o which
induce the maturation of classical DCs. These mature DCs,
which have captured autoantigens from apoptotic cells (see
Chapter 15), activate autoreactive T and B cells. The same
authors have reported a reciprocal regulation between TNF
and IFN-a, two cytokines regarded as essential elements of
autoimmunity and importantly as regulators of DC function
(Palucka et al., 2005). A recent report suggests that DCs
may be involved in the early steps of autoimmune uveitis
(Howard et al., 2005). The authors showed that two retinal
autoantigens, S-antigen and interphotoreceptor retinoid-
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binding protein, which are associated with uveitis in humans
and rodents (see Chapter 49), can attract immature DCs and
lymphocytes expressing CXCR3 and CXCRS.

CONCLUDING REMARKS:
REGULATION OF IMMUNITY TO SELF
AND NONSELF

DCs express several receptors that enable them to recog-
nize self from nonself. They also display a unique pheno-
typic and functional maturation process, often associated
with their migration. Of note, this specialization of function
over time and location helps to focus the immune response
on antigens likely to be delivered under inflammatory
conditions.

In addition to their immunostimulatory properties, DCs
have the capacity to induce T-cell deletion and/or anergy, to
trigger expansion of naturally occurring CD4*CD25" regu-
latory T cells, and to activate the development of Trl.

Collectively, these observations suggest that DCs favor
immunity to nonself antigens by orchestrating the positive
and negative regulation of immune responses. The mecha-
nisms by which DCs display the opposite functions, i.e.,
induction of immunity and tolerance, are still unclear and
will be an essential focus for future studies.
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Discrimination between self- and nonself-recognition is
a fundamental role of the adaptive immune system, and is
accomplished through mechanisms linked to the major his-
tocompatibility complex (MHC), known in humans as the
human leukocyte antigen (HLA) genes. Immune responses
to pathogens take many forms, broadly categorized as
including innate pattern recognition and adaptive antigen
recognition. In the latter mechanism, T and B lymphocytes
utilize different strategies: B-cell recognition is mediated
by immunoglobulins, which bind conformational epitopes
exposed on pathogen-associated molecules, while the T-cell
response pathogens are not recognized directly, but are
first processed into peptide antigens and then presented to
T cells by specialized antigen-presenting cells (APCs).
This antigen-presentation pathway generates thousands of
peptide fragments from pathogen targets and displays these
peptide fragments bound to MHC molecules, offering them
to T cells for recognition by antigen-specific receptors.

This MHC-associated immune recognition mechanism is
unfortunately error prone. In fact, not only are pathogen-
associated peptide fragments presented by MHC molecules,
but most of the time the same MHC molecules are occupied
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by presentation of self-peptides, products of normal cellular
function and degradation. Thus, when not directing immu-
nity to pathogens, MHC molecules on APCs are engaged in
an active form of self-antigen expression, which appears
to play a key role in homeostatic mechanisms, such as
maintenance of pools of circulating memory cells capable
of rapid recall immune responses and of fairly fixed
numbers of circulating lymphocytes under normal, healthy
conditions.

These two diverse functions—protection from pathogens
and maintenance of homeostasis—are accomplished by
closely related immune recognition pathways, using many
of the same MHC genes and molecules. The evolution of the
vertebrate immune system has been an ongoing effort to
strike a balance between these functions, which poses a fun-
damental issue in our understanding of the MHC in auto-
immunity: e.g., genetic mechanisms for the expansion and
diversification of the T-cell receptor (TCR) repertoire allow
for extremely broad potential reactivity. This is advanta-
geous in the context of immune responses to rapidly chang-
ing infectious pathogens, but is potentially harmful in the
context of recognizing molecules associated with normal
tissues. Similarly, potent regulatory mechanisms are
necessary to control T-cell expansion and inappropriate
activation, but these regulatory mechanisms run the risk of
being utilized during pathogen responses, with deleterious
outcome.

Thus, the need for sophisticated sensing mechanisms and
regulatory mechanisms is paramount, and a large number of
immunologically-related genes are devoted to this task. In
this chapter we will discuss these genes, and the functional
consequences of structural diversity within the MHC gene
products that participate in this pathway.

Copyright © 2006, Elsevier Inc.
All rights reserved.
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MAJOR HISTOCOMPATIBILITY
COMPLEX DIVERSITY

The principle function of MHC molecules is to bind
and present peptides to the antigen-specific TCR on T
lymphocytes, and to sets of receptors on natural killer T
(NKT) cells which also control activation and inhibition of
this effector lymphocyte population. There are two types of
MHC molecules responsible for presentation of antigen to
T cells; MHC class I and class II, which direct antigen recog-
nition to the CD8" and CD4" subsets of T lymphocytes,
respectively. An illustration of the evolutionary pressures to
diversify the immune system comes from a comparison of
T-cell and NKT-cell recognition of MHC molecules. Several
pathogens invoke molecular mechanisms to inactivate MHC
class I molecules, apparently to aid escape from immune
attack by T cells. NKT receptors also recognize MHC class
I molecules, but by utilizing inhibitory receptors for this
recognition provide an immune response to target cells
which lack MHC expression, thereby countering this
pathogen escape strategy.

The genes for MHC molecules in humans are located on
chromosome 6 in the HLA region, and are known as HLA-
A, HLA-B, HLA-C, HLA-E, HLA-F, and HLA-G. When
complexed with another molecule, 2 microglobulin, prod-
ucts of these genes form the MHC class I molecules. The
MHC class II gene is divided into three loci, HLA-DR,
HLA-DQ, and HLA-DP, and each locus contains a class II
o gene and one or more 3 genes, which together encode the
class II of heterodimer molecules. The most important
functional property of the MHC genes is an extremely high
degree of polymorphism in the human population. Hundreds
of alleles exist, and there is tremendous variation both within
and between different ethnic backgrounds.

The MHC class I and class II genes are the most poly-
morphic genes in the human genome. Within the MHC class
IT gene most of the allelic diversity is localized to the second
exon. In the MHC class I gene, the sequence diversity is
located within exon 2 or 3. These regions of each gene are
responsible for coding the peptide-binding grove for each
molecule. The allelic diversity at these regions is generated
by recombinational events, such as gene conversions or rec-
iprocal recombination (Erlich and Gyllensten, 1991), and by
numerous point mutations which cluster within the peptide-
binding regions.

Other genes important for immune system function are
also found within the MHC. Located between the HLA-DR
region (class II) and the HLA-B locus (class I), the class III
region contains genes that encode members of the comple-
ment family, C2 and C4, members of the tumor necrosis
factor (TNF) family (TNF-o and -B), the MHC class I-
associated chain A (MICA) and MICB loci, and several
others. Examples linking these genes to autoimmunity
include deficiencies in C4 which are associated with sys-

temic lupus erythematosus, and overproduction of TNF-a,
which has been associated with the development of several
autoimmune diseases. Elsewhere in the MHC, the trans-
porter associated with antigen-processing (TAP) genes
encode transporter proteins which facilitate the loading of
peptides into newly synthesized MHC class I molecules, and
the nearby LMP2 and LMP7 genes, which encode interferon
(IFN)-y-inducible subunits of the proteosome complex.
HLA-E and HLA-G are MHC class I loci, with a more
limited tissue distribution and polymorphism than the
HLA-A, -B, and -C genes, and are important in NKT-cell
recognition.

EVOLUTION OF THE MAJOR
HISTOCOMPATIBILITY COMPLEX

Evidence from allelic frequency distribution, patterns of
nucleotide substitution in coding exons, phylogenetic analy-
sis of sequences, and differences in the evolutionary pattern
between exons and introns of MHC genes all suggest that
natural selection is responsible for generating and maintain-
ing MHC polymorphism. In addition to the large number
of alleles present in the MHC, MHC genes have several
features that distinguish selection from random mutation,
including the presence of rare alleles found at similar fre-
quencies in different populations, and the distribution of
regions of variation closely tied to the functions exhibited
by those regions. Hughes and Nei (1988) noted that if MHC
molecules were undergoing selection, then the selection
or amino-acid altering substitutions would be greatest in
the peptide-binding region. This is indeed the case and
these substitutions preferentially lead to coding changes, as
opposed to changes that are silent, and merely reflect a
higher mutation rate in this area. The genetic variation also
results in frequent heterozygosity at the sites involved in
peptide presentation, providing a link between functional
diversification and population variation.

Pathogens may be the major source of selective pressure
to drive diversification of MHC alleles. The way pathogens
drive selection of MHC diversity has been explained in three
major hypotheses. In the first, individuals with heterozygous
MHC alleles would have an advantage over those with
homozygous MHC alleles because they would have the
ability to present a wider range of peptides. The range of
peptides an individual could present would depend on the
degree of overlap between the ranges of peptides the two
MHC alleles could present. This method of selection would
therefore favor individuals with the greatest divergent range
of peptide-binding specificities. This hypothesis is consis-
tent with observations that MHC class I homozygous
autoimmune deficiency syndrome (AIDS) patients have a
faster progression to late-stage AIDS (Carrington et al.,
1999; Tang et al., 1999), and MHC class II heterozygosity
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has been advantageous for hepatitis B virus infection
(Thursz et al., 1997).

The second hypothesis is based on a presumption of
rare allele advantage. In this hypothesis individuals with rare
alleles would have an advantage over those with common
alleles because of the coevolution of pathogen diversity to
target common alleles. An example comes from studies of
malaria, associated with an increase in the frequency of
HLA-B*53 in the Gambian population (Hill et al., 1991).

In the third hypothesis, HLA variation would fluctuate
with pathogen variation. As pathogens change, MHC alleles
would change in response, albeit at a much slower rate. This
model differs from the second one in that allelic differences
change with the frequency of the pathogen, whereas in
the second model the frequency of the allele dictates
how well a given individual will respond to a particular
pathogen.

MAJOR HISTOCOMPATIBILITY—
PEPTIDE INTERACTIONS

The specificity of the MHC—peptide interaction relies on
structural complementarity between the antigenic peptides
and the binding groove of the MHC molecule. The binding
groove is bordered by o-helical loops that form a canyon,
inside which binding pockets are formed by different com-
binations of amino acids, which determine the types of
peptides able to bind. These pocket variations in amino acid
sequence in MHC molecules are due to allelic variations in
the MHC gene. Subtle differences in the peptide-binding
groove correspond to varying abilities of different peptides
to bind different MHC molecules, and in turn result in the
differences in ability of individuals to respond to different
peptides. Atoms of the bound peptide backbone form hydro-
gen bonds with the nonpolymorphic MHC residues, while
bound peptide side chains interact with the side chains of
the polymorphic MHC.

MHC molecular interactions with both peptide main
chain and side chains are critical for maintaining the struc-
ture and stability of the MHC—peptide complex. Thus, the
overall strength of binding is also determined directly by the
nature of specific HLA genetic variation. As discussed
below, the strength of binding controls the duration of
signals transduced between the MHC—peptide complex and
the antigen-specific TCR, a variable with important ramifi-
cations for T-cell selection and autoimmunity. In some cases,
multiple binding registers may occur within the peptide-
binding groove, which would greatly increase the opportu-
nities to recognize specific antigens, but which could
possibly also contribute to the masking of autoantigens
during thymic selection (Goverman, 1999; He et al., 2002).

MHC class I molecules are loaded when proteins within
the cytosol are degraded into small peptides by a proteo-

some. The proteosome is a multifunctional protease with
several catalytic subunits. These peptides are then trans-
ported into the endoplasmic reticulum by the TAP and are
then loaded into the MHC class I molecules with the help
of chaperone proteins and translocated to the cell surface.
On the other hand, MHC class II molecules are typically
used to present extracellular peptides to CD4" helper T (Th)
cells. First, extracellular proteins are endocytosed by the
APC. At the same time, newly synthesized MHC class 11
molecules are being exported through the Golgi. Newly syn-
thesized MHC class II molecules bind the invariant chain
within the endoplasmic reticulum. The invariant chain
serves two purposes: to prevent binding of endogenous pep-
tides within the endoplasmic reticulum lumen and to direct
the export of MHC molecules to endosomes. Within the
endosome, proteolytic processing of the endocytosed
peptide and invariant chain occurs. Proteolytic processing of
the invariant chain leaves a small peptide, class II-associ-
ated invariant chain peptide (CLIP), within the MHC class
IT peptide groove. Dissociation of CLIP is facilitated by
specialized MHC molecules, DO and DM. Removal of the
CLIP peptide allows loading of the extracellular peptide into
the peptide-binding groove of the MHC class II molecule.
The MHC molecule is then exported to the plasma mem-
brane where it presents the bound peptide to TCR molecules
on CD4" Th cells.

T-Cell Selection

T cells develop and mature during the process of thymic
selection. During this process, self-peptides within the
thymus are presented on MHC molecules to T-cells. The
interaction between TCR and MHC-peptide complexes
involves intermolecular, and therefore intercellular, con-
tacts. The specificity of the TCR binding is controlled by
both peptide contacts and MHC contacts. Both the peptide
and the MHC contribute to the overall avidity of the tri-
molecular interaction and, therefore, to activation of the T
cell. The MHC therefore controls not only the interaction
between peptide and MHC, but also the interaction between
TCR and MHC. This MHC-controlled TCR recognition
is termed MHC restriction and is a key checkpoint in the
genetic control of a T-cell immune response. HLA genetic
polymorphism therefore controls interaction with the T cell
and T-cell activation through three structural mechanisms:
directly through binding the antigenic peptide, directly
through binding the TCR, and indirectly by altering the con-
formation of the bound peptide and influencing the interac-
tion between peptide and TCR.

Positive selection of thymocytes is mediated in the
thymic cortex by epithelial cells presenting antigen to imma-
ture T cells, whereas negative selection occurs predomi-
nantly in the medulla and is mediated by medullary
epithelial APCs and dendritic cells (DCs). T cells that do not
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recognize peptides within the thymus die from neglect. This
rids the T-cell repertoire of nonreactive T cells, while T cells
that recognize self-peptides during negative selection as
agonists or with high affinity are also deleted from the T-cell
repertoire. This form of central tolerance is a major physio-
logic barrier that should delete T cells that are highly reac-
tive to self-antigens. However, this deletion mechanism is
inefficient, and T cells that are autoreactive often escape
negative selection and can be found in the periphery of
normal healthy individuals. When these cells are unregu-
lated and become activated, autoimmune diseases are a
likely outcome. Figure 5.1 illustrates this progression:
autoantigen-specific CD4" T cells are not detected in assays
utilizing unfractionated peripheral blood from normal indi-
viduals; however, removal of regulatory cells unmasks the
autoreactive potential, and self-responsive CD4* T cells are
now evident. These cells are very similar in phenotype and
TCR repertoire to activated autoreactive T cells, which are
frequently found in the peripheral blood of patients with
active autoimmune disease.

There are several maturation phases wherein mistakes in
T-cell selection may lead to autoimmunity. This is most
clearly evidenced by the fact that animals undergoing
thymectomy between day 2 and 5 of life succumb to severe
autoimmunity (Taguchi and Nishizuka, 1980; Sakaguchi et
al., 1994). This autoimmunity can be directed against several
organs and is characterized by the infiltration of T cells into
the affected organs and organ-specific antibodies in the
serum (Taguchi et al., 1980). Thymectomy-induced autoim-
munity is typically explained by a lack of regulatory T cells
(Tregs) because selection of these cells is delayed until the
second week of life (Sakaguchi et al., 1994). Similarly,
animals that undergo irradiation along with cyclosporine A
(CsA) treatment have disrupted T-cell selection and unbal-
anced Th1 versus Th2 responses in the periphery, which lead
to autoimmunity. This autoimmunity is also believed to be
caused by a defect in negative selection resulting in an
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increase in the output of autoreactive cells (Sorokin et al.,
1986; Beijleveld et al., 1995; Damoiseaux et al., 1997). Mice
deficient in Zap-70, a signaling molecule that receives
signals from the TCR, also have defects in both positive and
negative selection (Negishi et al., 1995; Sakaguchi et al.,
2003).These mice have autoreactive T cells in the periphery
which mediate a syndrome resembling rheumatoid arthritis.
It has become clear over the past several years that
thymic stromal cells, medullary epithelial cells in parti-
cular, express several peripheral tissue-specific antigens,
which are important in negative selection (Kyewski
et al., 2002). Expression of these tissue-specific antigens
is controlled by the autoimmune regulatory (AIRE)
gene. Mutations in the AIRE gene have recently been
shown to result in the multiorgan autoimmune disease,
autoimmune-polyendocrinopathy-candidiasis-ectodermal
dystrophy (APECED) (Nagamine et al., 1997), which is also
known as autoimmune polyglandular syndrome-type 1
(APS-1). AIRE knockout mice also have lymphocytic infil-
trates and autoantibodies against several peripheral organs
and tissues (Anderson et al., 2002; Ramsey et al., 2002).
Studies in nonobese diabetic (NOD) mice suggest that the
level of expression of tissue-specific antigens within the
thymus and thus clonal deletion controls the response to
these antigens in the periphery (Kishimoto and Sprent, 2001;
Chentoufi and Polychronakos, 2002; Dubois-Lafforgue
et al., 2002; Lesage et al., 2002; Moriyama et al., 2003;
Thebault-Baumont et al., 2003; Villunger et al., 2003).
Mistakes in T-cell selection also occur when the number
of peptides presented in the thymus is reduced or is not con-
trolled. For example, mice that lack the MHC class Il invari-
ant chain have substantial loss of MHC class II expression
and CD4" T-cell selection (Bikoff et al., 1993; Viville et al.,
1993; Elliott et al., 1994). In addition, DM~ mice have
about one-quarter the number of normal circulating T cells,
and the majority of the APCs within these mice present CLIP
because of the lack in DM-mediated catalysis of the release
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FIGURE 5.1 Autoreactive T cells are present in human peripheral blood, under regulatory control. CD4" T cells
specific for GAD6S, an autoantigen associated with autoimmune diabetes, are visualized by fluorescent flow cytometry
using MHC tetramers. Removal of regulatory T cells (middle panel) unmasks a robust proliferative response which
results in an expansion of tetramer-positive cells. The left panel shows the same cell population analyzed using an
unrelated control tetramer. Adapted from Danke et al. (2004), with permission.
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of this peptide (Fung-Leung et al., 1996; Martin et al., 1996;
Miyazaki et al., 1996; Grubin et al., 1997; Surh et al., 1997,
Tourne et al., 1997). A large percentage of T cells in these
mice respond to syngeneic APCs from normal mice, a char-
acteristic of unregulated autoreactivity. Similar observations
have been made in I-A°E,, (aa52—68) mice in which the class
IT I-E,, (52-68aa) peptide is covalently linked to the 3 chain
of the I-A" heterodimers; APCs in these animals display I-
AP where nearly all molecules contain the I-E, (52-68)
peptide (Ignatowicz et al., 1995; Fukui et al., 1997). Auto-
immunity in these mice may therefore be due to the low
number of self-peptides being presented within the thymus
and thus a lack of negative selection.

Differences in MHC alleles may contribute to auto-
immunity during thymic selection either by presenting
autoantigens for positive selection or by inefficiently per-
forming negative selection, such as by limiting the amount
of self-peptides presented. T cells that undergo positive
thymic selection normally react to self-peptides presented in
the thymus with weak agonistic or low-affinity responses.
However, there are methods to escape negative selection if
T cells are too highly reactive to self; e.g., T cells have the
ability to permanently downregulate the coreceptors CD4
and CD8, or T cells may mature under the influence of acti-
vation blockade or Tregs as a way of escaping negative
selection. In addition, many human T cells express multiple
TCR o chains, and it is conceivable that T cells selected for
one specificity may acquire other specificities after matura-
tion. Examples where certain MHC alleles contribute to sus-
ceptibility due to binding of autoantigens with poor affinity
to that particular MHC, in which a lack of negative selec-
tion of the autoimmune T cells within the thymus leads to

autoimmunity, are found in several animal models (Fairchild
et al., 1993; Liu et al., 1995; Carrasco-Marin et al., 1996;
Ridgway et al., 1998).

T-Cell Activation

The functional outcome of the TCR-MHC-peptide inter-
action is complex and variable. The T-cell response is
strongly influenced by lineage commitment, maturation
stage, cytokine environment, and the nature of the APCs and
costimulators. However, a key determinant in this interac-
tion is the TCR-MHC-peptide signal itself. Variation in the
strength of signal mediated through this interaction leads to
alteration of T-cell responses, both naive and memory
responses. Essentially, variation in the strength of signal
through the TCR-MHC-peptide complex changes the
threshold for activation responses and modulates the com-
mitment to specific response pathways. At the molecular
level, the interface between MHC—peptide complexes and
the TCR occupies an approximately 10 x 20 A interface with
40 or more specific intermolecular contacts (Figure 5.2).
Seemingly minor variations within this interface can lead to
a profound difference in functional outcome. For example,
in the HLA-A2-tax system, four different crystal structures
derive from single amino acid substitutions at the
TCR-peptide contacts, which lead to very subtle shifts in
the three-dimensional complex but correspond to a range of
functions from agonist to antagonist (Ding et al., 1999).

While the affinity of an individual TCR-MHC-peptide
interaction is quite low, the overall avidity of the interaction
is greatly enhanced during the intercellular interaction be-
tween T cell and APC by the clustering and multimerization

FIGURE 5.2 Trimolecular interaction between MHC, peptide, and T-cell receptor (TCR). The exposed molecular
surface of an MHC class II molecule, containing a bound antigen peptide, is shown in the left panel. The MHC o chain
is yellow, the B chain is green, and the peptide is shown in pink. Amino acid side chains on the underlying side of the
peptide lie buried in the MHC groove, anchoring the binding interaction. This exposed surface forms the contact struc-
ture for TCR recognition; the image on the right is colored to show examples of the areas which contact the TCR, with
the TCR a chain contacts shown in dark blue and the TCR B chain in light blue. Both peptide and MHC residues are
involved in TCR recognition, and both contribute to the overall avidity of the interaction. See color plate section.
Adapted from Buckner and Nepom (2005), with permission.
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of the complex due to multiple site interactions. Strength
of signal is a function of the density and duration of these
complexes at the cellular interface, in combination with
accessory molecules and membrane structure effects. As
summarized by van der Merwe (2001), there is no evidence
for change in structural interface of TCR-MHC-peptide
interactions, which correlate with the functional outcome
of binding, and many data consistent with the hypothesis
that signal duration or strength is the key element.

While there is still considerable uncertainty and con-
troversy about the mechanisms by which signal duration
determines outcome [i.e., the serial triggering model
(Lanzavecchia and Sallusto, 2001) or oligomerization in
lipid rafts acting as signal amplifiers (Drake and Braciale,
2001; Viola, 2001) or time-dependent assembly of tyrosine
kinase-dependent protein interactions (Pacini et al., 2000)],
regardless of mechanism, the outcome of T-cell stimulation
is strongly dependent on the strength of signal. T-cell polar-
ization (Iezzi et al., 1999), anergy induction (Appel et al.,
2001), and commitment to memory or regulatory responses
(Lanzavecchia and Sallusto, 2000) all differ in their “weak”
and “strong” TCR-MHC peptide interactions.

Studies using murine models and soluble class I-peptide
multimers to analyze CDS8 responses have observed a range
of functional avidities among cells with differential activa-
tion properties (Derby et al., 2001; Rosette et al., 2001).
Functional avidity in such studies depends not only on the
affinity of the TCR-peptide-MHC complex, but on the
density of these complexes, and their assembly or “packing”
on the T-cell surface, potentially as a response to activation
(Hesse et al., 2001; Margulies, 2001; Slifka and Whitton,
2001). The importance of these functional avidity differ-
ences is crucial not only for determining T-cell response on
a single cell basis, but also for inducing major shifts in the
population of T cells elicited in a polyclonal response.
Within a complex polyclonal response, T cells of different
avidity will be selected for differential activation and lineage
commitment for effector pathways, with profound func-
tional consequences. For example, selection of high-avidity
responses has been suggested to underlie a mechanism for
sensing low-density antigen (Fahmy et al., 2001), for deter-
mining the hierarchy of peptide epitopes recognized during
determinant spreading (Tian et al., 2001), and for eliminat-
ing high-avidity autoreactive cells (Anderton et al., 2001).

During the process of thymic selection, T cells that are
highly reactive to self-proteins should be deleted from the
T-cell repertoire; however, post-translational modifications
of proteins can occur that lead to new epitopes, which can
now be recognized by positively selected T cells. Evidence
of the creation of neoepitopes in disease exists in celiac
disease, rheumatoid arthritis, and atherosclerosis. Celiac
disease is characterized by autoantibodies to tissue trans-
glutaminase. This enzyme converts glutamine to asparagine
within gluten proteins in the intestine to generate neoepi-

topes that preferentially bind DQ2 class II molecules for
antigen presentation (Quarsten et al., 1999). In rheumatoid
arthritis, the presence of citrullated proteins is highly pre-
dictive of the onset of disease with neoepitopes of matrix
proteins, such as vimentin created by conversion of arginine
to citrulline (van Boekel et al., 2002). Oxidized low-density
lipoproteins (LDLs) are markers for coronary atherosclero-
sis and may similarly contribute to neoepitopes for immuno-
logic responses in the inflammatory response associated
with the progress of coronary artery disease (CAD) (Holvoet
et al., 1998a; 1998Db).

Other environmental influences also can change the
threshold for MHC—peptide-TCR triggering. Differences
in pH at the site of inflammation may cause MHC struc-
tural changes that may lead to high-affinity interaction
(Hausmann et al., 1999), or differences in Toll-like receptor
(TLR) molecules may cause maturation of DCs, which will
provide an immune stimulatory signal even when self-
peptides are presented. In addition, the level of costimula-
tion may be different within the thymus and periphery.
CD80 (B7) levels have been shown to be low on thymic cor-
tical epithelial cells, which are the APCs that induce posi-
tive selection. Indeed, expression of CD80 (B7) molecules
within the pancreas of transgenic animals is sufficient to
promote diabetes in the context of susceptible MHC alleles
(Wen et al., 2000). Molecular mimicry or cross-reactivity
with bacterial and viral antigens have also been shown to
both accelerate and protect from autoimmunity (Zhao et al.,
1998; Katz-Levy et al., 1999; Brehm et al., 2002; Christen
and von Herrath, 2004).

T-Cell Regulation

MHC-peptide interactions regulate T-cell homeostasis.
Just as self-peptide-MHC complexes mediate positive
selection in the thymus, continual recognition of self also
seems to play a key role in the survival of T cells in the
periphery (Janeway et al., 1984; Ernst et al., 1999; Freitas
and Rocha, 1999; Goldrath and Bevan, 1999). CD4" T cells
quickly die in the periphery of mice that lack MHC class II
molecules (Takeda et al., 1996; Brocker, 1997), even when
MHC class II molecules are expressed selectively in the
thymus (Rooke et al., 1997). This requirement for MHC
apparently fosters the maintenance of low-level proliferation
in memory T-cell compartments and a similar function
for Treg homeostasis may influence autoimmune disease
predisposition.

Because T-cell selection in the thymus is an imperfect
process, there are several mechanisms in place to help
ensure that aberant activation of autoreactive cells that
escape negative selection do not proliferate out of control.
One mechanism to control autoreactive cells is through
Tregs. Table 5.1 summarizes the properties of Tregs and
their relationship to autoimmunity. Three types of Tregs
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Table 5.1. MHC interactions in regulatory T-cell generation and function

Functional property Immune compartment

Role in autoimmunity

Selection of Treg During thymic development

Activation of Treg During antigen exposure in the periphery

Homing of Treg During an ongoing immune response

Persistence of Treg Normal physiology

Induction of Treg Post-thymic development

Establishing an avidity threshold for regulatory T—cell maturation
Treg require TCR signals for expression of their regulatory program

Requirement for MHC—antigen interaction directs Treg function
to specific sites

Maintains a homeostatic level of Treg function, probably essential
for prevention of autoimmunity

Provides for generation of Treg in the periphery, may aid in
controlling autoimmunity

have been described, CD4"'CD25" (Ty), type 1 regulatory T
(Trl) cells, and Th3 cells. Studies in mice have shown that
CD4" Ty, which are characterized by the expression of CD25
and Foxp3, are derived from the thymus and exert their
suppressive activity in a cell-contact-dependent, cytokine-
independent manner (Sakaguchi et al., 1995; Baecher-Allan
et al., 2001; Dieckmann et al., 2001; Jonuleit et al., 2001).
Trl and Th3 cells are thought to be peripherally derived and
exert their suppressive activity via IL-10 and transforming
growth factor (TGF)-f, respectively (Chen et al., 1994;
Groux et al., 1996). Both types of regulatory T cell have to
be activated through the TCR in order to be suppressive.
The Tregs have recently been categorized based on their
source as either “natural” thymically derived cells, such as
CD4"CD25" Tg, or “adaptive” Tregs, which can be gener-
ated in the periphery, including Tr1 and Th3 cells (Bluestone
and Abbas, 2003).

The nature of the antigen specificity of Tregs is contro-
versial. Freshly isolated unmodified CD4*CD25" T cells
have been able to suppress proliferation in assays using pep-
tides to stimulate cells rather than polyclonal anti-CD3 stim-
ulation (Kohm et al., 2002; Taams et al., 2002). T-cell clones
that express CD25 and exhibit in vitro suppressive activity
when given cognate antigen have recently been described
(Levings et al., 2002b; Wang et al., 2004). Repeated alloanti-
gen stimulation of CD4*CD25" T cells (Jiang et al., 2003)
or priming mice with alloantigen (Dai et al., 2004) has
also resulted in antigen-specific Tregs. Most notably, two
recent reports show that in vitro expanded antigen-specific
CD4°CD25" T cells can suppress the development of dia-
betes in NOD mice even after injection of diabetogenic T
cells (Tang et al., 2004; Tarbell et al., 2004). These two
reports also suggest that the antigen-specific regulatory T
cells once activated have the ability to control responses to
other antigens present at the site of inflammation, which
would be particularly useful in therapy for autoimmune
diseases where multiple autoantigens are present. Similar
human Tregs have been described, generated in vitro fol-
lowing TCR activation (Walker et al., 2003; 2005).

Selection of Tregs may be controlled by the affinity of
the TCR for a peptide-MHC complex. CD4*CD25" Tregs
have been shown to preferentially express endogenous o
chains in transgenic mice and are severely decreased in
transgenic mice lacking TCRo. expression, whereas
CD4*CD25" cells develop normally (Suto et al., 2002). This
suggests an affinity difference in selection of Tregs. It has
been suggested that Tregs may be the T cells with the highest
affinity for peptides presented in the thymus, just below
the threshold for negative selection (Jordan et al., 2001;
Apostolou et al., 2002; Kawahata et al., 2002). Transgenic
animals created with a high-affinity TCR preferentially
select CD4*CD25" T cells as opposed to low-affinity TCR
transgenic animals (Jordan et al., 2001). Thus, Tregs may be
the cells within the thymus with the highest affinity for self-
peptides, a property that could contribute to the ability of
these cells to regulate aberrant responses to self in the
periphery.

Regulation of immune responses in the periphery has
been the objective of many new therapies. In particular,
current trials involving the use of anti-CD3 antibodies aim
to control peripheral T-cell responses through a combination
of T-cell activation-induced cell death (AICD), Th2 polar-
ization and secretion of IL-10, and the induction of TGF-3
producing Tregs (Masteller and Bluestone, 2002; Belghith
et al., 2003; Chatenoud, 2003). Alternatively, to avoid
general immune suppression, several promising experimen-
tal therapies utilize the MHC—peptide complex to provide
specificity. In particular, the soluble peptide-MHC class II
chimeras has been used to prevent autoimmune diabetes
onset and restore normal glycemia in mice (Casares et al.,
2002; Masteller et al., 2003), reduce the relapse rate of
experimental autoimmune encephalomyelitis (EAE) (Huan
et al., 2004), or reduce the severity of and delay the onset
of collagen-induced arthritis (Zuo et al., 2002). In vitro
studies using human cells have also shown promise with
MHC-peptide dimers. Soluble dimeric DR2-IgG fusion
protein with a bound peptide from myelin basic protein
(MBP) has been shown to cause anergy in MBP-specific
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T cells (Appel et al, 2001). All these methods of inducing
peripheral tolerance to self-antigens are thought to occur by
induction of anergy or production of immunoregulatory
cytokines. Immunoregulatory cytokines such as IL-10 and
TGF-B have also been implicated in producing Tregs
(Yamagiwa et al., 2001; Dieckmann et al., 2002; Jonuleit et
al., 2002; Levings et al., 2002a; Zheng et al., 2002; Chen et
al., 2003a; 2003b; Horwitz et al, 2003). As mentioned above,
this method of preventing peripheral immune responses may
be particularly promising due to the lack of antigen speci-
ficity of these cells once activated. Tregs could be activated
selectively by antigen at the site of autoimmunity, but may
control the response to other epitopes present at that site
through bystander suppression, which is of particular impor-
tance in autoimmune diseases where pathology is directed
against several antigens.

Another way to manipulate the MHC—peptide interaction
with TCR for immunotherapy is through the use of altered
peptides which act as TCR antagonists. T-cell epitopes
can be altered by one or more amino acids to become an
altered peptide ligand (APL). APLs elicit reduced or partial
responses in contrast to their fully antigenic wild-type
counterparts. Some APLs not only fail to elicit certain T-cell
responses, but can also inhibit T-cell responses in mice
(Basu et al, 1998). TCR antagonists are usually clone spe-
cific and require excess antagonist over agonist in order to
suppress the response to the agonist (De Magistris et al.,
1992; Jameson et al, 1993), although some general antago-
nists have been described (Anderton et al., 1999; Toda
et al., 2000). However, the use of APLs as a therapy has led
to responses to the APL itself and also to cross-reactive
responses to disease-associated autoantigens (Bielekova
et al., 2000; Kappos et al., 2000). This latter property makes
it unlikely that APL therapies will fulfill the necessary safety
profiles for most clinical applications.

From the perspective of disease pathogenesis, however,
antagonistic self-peptides may play a significant role in
many immune responses. The T-cell repertoire is selected
from partially agonistic self-peptides and therefore, fully
mature T cells in the periphery may recognize modified self-
peptides as partial agonists or antagonists. The ability of
certain MHC alleles to bind and present antagonistic self-
peptides likely differs with different alleles, and could
explain why some HLA types have inhibitory effects on
autoimmune responses.

CONCLUDING REMARKS

Selection, activation, and regulation of autoreactive T
cells, as outlined above, represent fundamental features
which condition the immune system for pathogen responses
and for homeostatic properties. The error-prone nature of
these essential functions leads to altered functional thresh-

olds, which predispose to autoreactivity and autoimmunity.
Many different MHC genes are implicated in human
disease; e.g., several class I MHC molecules are associated
with the development of type 1 diabetes, with DRBI*0302
being the principal risk allele (Bertrams and Baur, 1984;
Nepom and Erlich, 1991; 2002; Nepom, 1993; Thomson
et al., 1988). On the other hand, DQBI*0602 is associated
with protection from disease (Baisch et al., 1990).
DRBI*0401 and DRBI*0404 are both associated with
rheumatoid arthritis (Nepom et al., 1987; Nepom and
Nepom, 1992; Ollier and Thomson, 1992; Winchester et al,
1992); however, a closely related allele DRBI1*0402 is
associated with pemphigus vulgaris (Scharf et al., 1988).
DRBI1*1501 and DRB5*0101 are highly associated with the
development of multiple sclerosis (Tiwari and Terasaki,
1985) and DQBI1*0201 has been associated with celiac
disease (Sollid et al., 1989). HLA transgenic mice have been
successfully designated containing DR2, DR3, DR4, DQ6,
and DQS8, and have allowed the study of several autoimmune
conditions, including diabetes, rheumatoid arthritis, sys-
temic lupus erythematosus, EAE, and experimental auto-
immune uveitis (EAU) (Taneja and David, 1998; Abraham
et al., 2000; Das et al., 2000). In each case, it is likely that
unique allelic polymorphisms confer subtle variation on
peptide or TCR interactions and these establish the thresh-
olds which ultimately determine autoreactive T-cell selec-
tion, activation, and regulation. In this sense, the MHC
contribution to autoimmunity is permissive for disease sus-
ceptibility, creating an error-prone framework which, in
combination with non-MHC genes and environmental vari-
ables in specific end organs, leads to the overall clinical
spectrum manifest as MHC-associated autoimmunity.
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FIGURE 2.7 Germinal center. During the initiation of the acquired immune response, these structures form in the
secondary lymphoid tissues in order to generate a microenvironment where all the necessary antigen-specific and innate
antigen-presenting cells can interact. Antigen-stimulated B-cell proliferation occurs in the dark zone and is accompa-
nied by affinity maturation due to somatic hypermutation of the immunoglobulin variable region genes. Upon passage
into the basal light zone, high-affinity antigen-specific B-cells are positively selected by interaction with antigen, which
is present in the form of immune complexes on the surface of follicular dendrite cells. B-cells which fail to be posi-
tively 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.

FIGURE 5.2 Trimolecular interaction between MHC, peptide, and T-cell receptor (TCR). The exposed molecular
surface of an MHC class II molecule, containing a bound antigen peptide, is shown in the left panel. The MHC o chain
is yellow, the B chain is green, and the peptide is shown in pink. Amino acid side chains on the underlying side of the
peptide lie buried in the MHC groove, anchoring the binding interaction. This exposed surface forms the contact struc-
ture for TCR recognition; the image on the right is colored to show examples of the areas which contact the TCR, with
the TCR o chain contacts shown in dark blue and the TCR B chain in light blue. Both peptide and MHC residues are
involved in TCR recognition, and both contribute to the overall avidity of the interaction.
Adapted from Koopman, et al., Arthritis and Allied Conditions, 15" edition.



C HAPTER

6

T Cells and Autoimmunity

YANG YANG*
*Department of Biochemistry & Molecular Biology

MAIJOR HISTOCOMPATIBILITY COMPLEX
POLYMORPHISM AND T-CELL-MEDIATED
AUTOIMMUNITY 59

TOLERANCE VERSUS BENIGN AUTOREACTIVITY
OR PATHOGENIC AUTOIMMUNITY 64

T-T CELL INTERACTIONS AND SPONTANEOUS
IMMUNITY 65

CYTOKINES AND T-CELL-MEDIATED
AUTOIMMUNITY 66

B-T CELL COLLABORATION IN
AUTOIMMUNITY 70

REGULATORY T CELLS AND
AUTOIMMUNITY 71

MEMORY T CELLS AND AUTOIMMUNITY

CONCLUDING REMARKS 73

72

T cells play a fundamental role in most, if not all,
adaptive immune responses, including those executed by
antibody-producing B lymphocytes. The most fundamental
difference between T- and B-cell responses lies in major
histocompatibility complex (MHC) restriction. Whereas
antigen-specific T cells recognize ligands presented by
“self”-MHC molecules on the surface of antigen-presenting
cells (APCs), B cells recognize linear or conformational
epitopes on antigens in a non-MHC-restricted manner.
T cells can be divided into different subpopulations based
on surface markers and functional behavior. CD4" helper T
(Th) cells are those capable of promoting B-cell and CD8*
T-cell responses. Cytotoxic T cells, which include cells
belonging to both the CD4* and CD8" lineages, are those
capable of killing target cells. The functions of CD4" Th
cells are predominantly determined by the cytokines they
produce, and these T cells are further subclassified into
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subsets depending on their cytokine profiles (ThO, Th1, Th2
or Th3). Upon antigen stimulation, some CD4" and CD8* T
cells suppress, rather than drive, immune responses. Evolu-
tionarily speaking, these T cells [also known as regulatory
T cells (Tregs)] likely arose out of the immune system’s
need to control the magnitude of inflammatory reactions
against microbial infections, to prevent collateral damage
to healthy, noninfected tissue. Disruption of the delicate
balance that exists among all these cell types of the adap-
tive immune system (in health) thus has the potential to
cause autoimmunity, which, by definition, results from a loss
of tolerance to self. Because of the central role that T cells
play in adaptive immune responses, it is not surprising that
they, too, play a fundamental role in most, if not all, auto-
immune disorders, including those mediated by autoanti-
bodies. This chapter provides a general overview of the roles
of MHC, self-antigens and tolerance, T-T interactions,
cytokines, T-B collaboration, and T-cell-mediated regula-
tion in autoimmunity.

MAJOR HISTOCOMPATIBILITY
COMPLEX
POLYMORPHISM AND
T-CELL-MEDIATED AUTOIMMUNITY

Imprinting of self-MHC restriction and tolerance to self
on the mature T-cell repertoire occurs during thymocyte
development. In the thymus, MHC molecules instruct
maturing T cells how to discriminate between self- and
non-self-antigens. Whereas thymocytes expressing T-cell
receptors (TCRs) recognizing self-antigen—-MHC with high
affinity perish (a process also referred to as negative selec-

Copyright © 2006, Elsevier Inc.
All rights reserved.
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tion), those expressing low-affinity TCRs (for the same
complex) differentiate into the mature T cells that populate
the peripheral lymphoid organs (Figure 6.1A). In addition to
playing a key role in shaping the peripheral TCR repertoire,
MHC molecules present cognate antigenic molecules,
including self-antigens, to mature T cells in the periphery.
Human MHC molecules are encoded in several closely
linked genes that comprise the HLA system on the short arm
of chromosome 6. Murine MHC molecules are encoded in
the H-2 complex, located on chromosome 17. HLA and H-
2 genes encode MHC class I (A, B, or C in humans, and K,

I
Positiveiselection

D and L in mice) and class II molecules (DR, DQ or DP in
humans, and I-A and I-E in mice). The structure and func-
tion of human and murine MHC molecules are very similar.
The N-terminal domains of class I heavy chains or class 11
o and B chains form a molecular pocket with peptide-
binding properties. In general, MHC class I and II molecules
present antigenic moieties (predominantly peptides) to CD8*
and CD4" T cells, respectively. HLA and H-2 genes (A, B,
C, DRB1, DRB3, DQAI1, DQBI1, DPA1, and DPB1; and K,
D, L, I-Aa, I-AB, I-Ec. and I-Ef) are highly polymorphic,
such that specific alleles at a given locus may be expressed
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FIGURE 6.1 Hypothetical relationships among proautoimmune and protective MHC molecules, T-cell avidity (for
peptide-MHC) and development of diabetogenic or regulatory autoreactive T cells. A, Central tolerance versus T-cell
receptor (TCR) affinity. B, Central tolerance by antidiabetogenic MHC—peptide complexes. C, Central tolerance by
autoantigen versus avidity. D, Developmental fate of autoreactive thymocytes. CD4*CD8* thymocytes expressing autore-
active TCRs undergo positive selection by engaging diabetogenic, but not antidiabetogenic, MHC molecules on corti-
cal thymic epithelial cells (A, B, and D). In the thymic medulla, the positively selected CD4'CD8™ or CD4 CD8*
thymocytes may or may not recognize proautoimmune or protective MHC molecules. Proautoimmune MHC molecules
on medullary thymic epithelial cells or bone marrow-derived antigen-presenting cells (APCs) (i.e., dendritic cells) may
or may not present the target autoantigenic peptide that the autoreactive T cells recognize in the periphery. This depends
on whether the autoantigen is expressed by the APC or captured by the APC in the periphery and then ferried to the
thymus (B-D). In some instances, the autoantigen is presented by medullary APCs but the target epitope is a cryptic
one (C and D). High-avidity interactions between thymocytes and APCs will promote deletion, anergy of the thymo-
cytes, and/or their differentiation into regulatory T cells (B—D). Low-avidity interactions will tune the activation thresh-
old of the autoreactive thymocyte without inducing tolerance. Absence of autoantigen presentation will allow the
migration of high-avidity, and hence potentially pathogenic, mature autoreactive T cells to the periphery (C and D). We
have proposed that these high-avidity autoreactive thymocytes are inherently cross-reactive with protective MHC mol-
ecules in a peptide-, but not autoantigen-specific manner (see text and corresponding references). These interactions will
selectively promote central tolerance of highly pathogenic autoreactive T cells, sparing low-avidity autoreactive T cells,

which may not be pathogenic. See color plate section.
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der. In diseased individuals, the self-reactive T cells that escape central tolerance undergo activation in the lymph nodes
draining the target tissue by recognizing target antigen—-MHC complexes on APCs in the presence of proinflammatory

signals. See color plate section.

in the context of several different alleles at most other loci.
The issues of transcomplementation, whereby o or § chains
encoded on alleles of one haplotype can pair with the cor-
responding partners encoded on the second haplotype, add
yet another level of complexity of potential import in genetic
susceptibility and/or resistance to autoimmune disorders.
Obviously, the extraordinary diversity of the MHC at the
population level impacts on an individual’s ability to present
specific self-antigens, and thus to control the development
of autoreactive thymocytes, or the activation of their mature
counterparts in the periphery. It is therefore not surprising
that susceptibility and/or resistance to specific autoimmune
diseases are associated with certain HLA/H-2 alleles and/or
haplotypes.

Most autoimmune diseases are primarily associated with
MHC class II polymorphisms, but some are almost exclu-
sively associated with polymorphisms at MHC class I loci.
To cite a few examples, there are associations between

HLA-DR4 and rheumatoid arthritis (RA); between HLA-
DR2 and systemic lupus erythematosus (SLE) or multiple
sclerosis (MS); between HLA-DR3 and celiac disease,
SLE, Graves’ disease, myasthenia gravis, and Addison’s
disease; between HLA-DRS8 and juvenile idiopathic arthri-
tis; between HLA-DR3/DR4 and type 1 diabetes (T1D);
between HLA-B27 and ankylosing spondylitis, reactive
arthritis or anterior uveitis; between HLA-B35 and subacute
thyroiditis; and between HLA-Cw6 and pemphigus vulgaris.
The MHC class II-disease associations are predominantly
accounted for by sequence polymorphisms in the second
exon of DQBI1, DRBI, and/or DPB1 genes. The MHC-
associated susceptibility to T1D, for example, is mostly
determined by polymorphisms at the DQB1 locus, particu-
larly at the codon encoding position 57. The presence of
alanine, valine or serine at this position affords susceptibil-
ity, whereas the presence of aspartic acid affords resistance.
RA, on the other hand, is primarily associated with DRB1
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alleles encoding DR molecules sharing key amino acids
between positions 67 and 74. Similar MHC class [I-disease
associations have been described in the mouse. Susceptibil-
ity to T1D in nonobese diabetic (NOD) mice, for example,
is associated with a unique I-A allele (I-AB¢’) in which the
histidine and aspartic acid located at positions 56 and 57 in
most murine [-AP chains (the counterparts of human DQf
chains) are replaced by proline and serine, respectively.

To examine the molecular bases of HLA—disease associ-
ations, a number of human MHC genes have been trans-
genically expressed in rodents lacking endogenous MHC
genes (Geluk et al., 1998). When DQS8 molecules (positively
associated with T1D) were expressed in mice also express-
ing a costimulatory CD80 (B7.1) transgene in 3 cells, the
mice became intolerant to islet antigens and developed dia-
betes (Wen et al., 1998; 2000; 2002). Interestingly, coex-
pression of DR4 or DQ6 molecules in these animals
modulated the diabetes susceptibility provided by the DQS8
transgene (Wen et al., 2001; Kudva et al., 2002). Likewise,
whereas expression of DQ8 or DR4 molecules in mice
afforded susceptibility to collagen-induced arthritis (CIA),
expression of DR2 molecules (negatively associated with
RA) afforded disease resistance (Nabozny et al., 1996;
Taneja et al., 1998). DQ8 expression also provided suscep-
tibility to experimental autoimmune encephalomyelitis
(EAE), an animal model of MS (Das et al., 2000). Expres-
sion of DR3 or DR2 molecules in transgenic mice rendered
them susceptible or resistant, respectively, to severe experi-
mental autoimmune thyroiditis (EAT), a model of Graves’
disease and Hashimoto’s thyroiditis in humans (Kong et al.,
1996; Flynn et al., 2004). The observations in HLA-B27
transgenic rats and mice are particularly interesting, given
the well-established association that exists between HLA-
B27 and the spondyloarthropathies (SpA), a group of
inflammatory conditions affecting the skeleton, skin, and
mucous membranes. These HLA-B27 transgenic animals
spontaneously develop autoimmune syndromes that closely
mimic SpA, provided that human 2 microglobulin (hf2M)
is coexpressed (in rats) or that the endogenous mp32M gene
is absent (in mice) (Taurog et al., 1999). Interestingly, HLA-
B27 molecules can form homodimers in the absence of f2M
(Allen et al., 1999) and can support the development of both
CD8" and CD4" T cells (Roddis et al., 2004). In fact, a role
for CD4" T cells in HLA-B27-associated autoimmunity has
been proposed (Breban et al., 1996). Taken together, the
above studies strongly support the idea that MHC genes
themselves (as opposed to other linked genetic elements)
afford autoimmune disease susceptibility and/or resistance.

The roles of murine MHC molecules in autoimmune
disease susceptibility and/or resistance have also been
explored in MHC-transgenic or -congenic mice. NOD mice
have been widely used in these studies because they
spontaneously develop a form of autoimmune diabetes that
resembles the human condition and is strongly associated

with a particular MHC haplotype (H-2¢7). Studies of con-
genic NOD mice expressing non-NOD MHC haplotypes,
and of NOD mice expressing I-Ea’, I-Eo¥, T-Ao*/T-AB,
I-AB® or modified I-AB¥’ transgenes, provided strong evi-
dence supporting a role for class II molecules in providing
susceptibility or resistance to T1D (Tisch and McDevitt,
1996). Although the underlying mechanisms remain unclear,
experiments in bone marrow chimeras have shown that
the MHC-linked resistance to diabetes is mediated by an
hematopoietic cell type, possibly an APC [B lymphocytes,
macrophages, and/or dendritic cells (DCs)]. Crystallo-
graphic studies have shown that I-A#’ molecules have a
unique structure that supports the preferential binding of
peptides bearing acidic residues at their C-terminal (Chao
et al., 1999; Corper et al., 2000). It has been proposed that
structural differences resulting from polymorphisms around
the I-AP chain position 57 account for the ability of I-A&
and protective MHC class II molecules to afford suscepti-
bility or resistance to diabetes, respectively. Evidence for
this comes from studies of transgenic mice expressing a dia-
betogenic TCR. Thymocytes expressing the islet-specific
4.1-TCR, which is highly diabetogenic when expressed in
the NOD background (I-A%” homozygous), undergo deletion
in NOD mice that coexpress antidiabetogenic MHC class 11
molecules (Schmidt et al., 1999; Thiessen et al., 2002).
Central deletion of 4.1-thymocytes is exclusively mediated
by hematopoietic cells and requires the presentation of a
specific, but as yet unknown, peptide(s) (Schmidt et al.,
1999; Thiessen et al., 2002). Notably, 4.1-thymocyte-
deleting class II molecules could restrict neither the positive
selection of 4.1-thymocytes on the thymic cortex nor the
presentation of their target autoantigen in the periphery,
suggesting that the deleting peptide(s) is(are) exclusively
expressed by a thymus-resident, tolerogenic APC, possi-
bly a DC. Figure 6.1B represents the interpretation of the
data. Namely, the MHC-promiscuous autoreactive T cells
undergo central tolerance by engaging protective MHC—
peptide complexes on thymic medullary APCs. In the
absence of protective MHC molecules, these autoreactive T
cells evade central tolerance and migrate to the periphery.
Whether these observations account for the MHC-linked
resistance of wild-type mice to autoimmune diabetes or are
a peculiarity of 4.1-like CD4" T cells remains to be deter-
mined. What is known is that this phenomenon does not
target all autoreactive T cells. For example, antidiabetogenic
MHC class 1T molecules, such as I-A®, I-EX and I-A®"*P
(encoding proline and aspartic acid at positions 56 and 57,
respectively), did not trigger deletion of thymocytes
expressing another islet antigen-specific, I-A#-restricted
TCR (BDC2.5). Whereas I-A%™" rendered 4.1-CD4* thy-
mocytes partially unresponsive to antigen (Thiessen et al.,
2002), it fostered the positive selection of BDC2.5 CD4*
thymocytes (Kanagawa et al., 1998). Neither 4.1 nor
BDC2.5 CD4" T cells could recognize islet antigen in the
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context of this MHC molecule (Kanagawa et al., 1998).
Since the BDC-2.5 TCR is not diabetogenic when expressed
as a transgene in immunocompetent NOD mice, it is tempt-
ing to speculate that protective MHC class II molecules
selectively (or preferentially) target certain highly patho-
genic T-cell specificities, rather than all self-reactive T cells
regardless of pathogenic potential.

An alternative, albeit certainly not mutually exclusive
possibility, is that protective MHC class II molecules act by
promoting the selection of non-autoreactive T cells with
regulatory properties (Bohme et al., 1990; Parish et al.,
1993; Singer et al., 1993) (Figure 6.1B). For example,
NOD mice expressing an I-A* transgene developed a sig-
nificantly reduced incidence of diabetes, yet T cells from
the spleens of these mice could adoptively transfer diabetes
into NOD.scid recipients (Slattery et al., 1993). Thus,
protective MHC class II molecules need not delete all islet-
autoreactive T cells to afford diabetes resistance. Neverthe-
less, these observations do not prove a contribution of Tregs
to disease resistance, or rule out a tolerogenic effect of I-A*
on T-cell specificities that might play key roles in the natural
history of the spontaneous disease. Whatever the mecha-
nism, it is clear that MHC class II molecules contribute to
diabetes susceptibility and resistance by promoting the
development of different TCR repertoires.

TOLERANCE VERSUS
BENIGN AUTOREACTIVITY OR
PATHOGENIC AUTOIMMUNITY

Not all self-proteins are immunogenic or capable of
driving autoimmune responses. Autoreactive T-cell re-
sponses preferentially target certain self-proteins, such as
thyroid-stimulating hormone receptor in Graves’ disease;
myelin basic protein (MBP), proteolipid protein (PLP), and
myelin oligodendrocyte glycoprotein (MOG) in EAE/MS;
H'/K* ATPase in autoimmune gastritis; or insulin, glutamic
acid decarboxylase (GAD), and islet-specific glucose-6-
phosphatase catalytic subunit-related protein (IGRP) in
T1D. Surprisingly, many of these antigenic T-cell specifici-
ties are tolerized during T-cell development, at least par-
tially, even in disease-susceptible genetic backgrounds. For
example, although NOD mice mount T-cell responses to
various GADG65 epitopes, thymocytes expressing a trans-
genic GADG65-reactive TCR (GADGO6S55g.300) underwent
negative selection (Tian et al., 1997; Tisch et al., 1999). A
similar phenomenon was observed in transgenic mice
expressing a TCR recognizing an H/K* ATPase 3 chain
epitope (Alderuccio et al., 2000). In addition, whereas
MBP,,_is5o-specific T cells developed normally in MBP
gene-targeted mice, they succumbed to central tolerance
in MBP-competent animals. Obviously, susceptibility of
autoreactive thymocytes to tolerance depends not only on

the affinity of the target autoantigenic peptide for self-
MHC, but also on the abundance of the corresponding
MHC-peptide complex on tolerogenic APCs. For example,
MBP,_;;, which binds self-MHC with significantly lower
affinity than MBP,,_;5, did not delete TCR-transgenic thy-
mocytes in MBP-competent mice (Harrington et al., 1998;
Huseby et al., 2001b). However, when MBP,_,;’s affinity
(for MHC) or concentration were increased (by introducing
single amino acid substitutions in the peptide), deletion was
observed (Liu et al., 1995; Pearson et al., 1997). Notwith-
standing these observations, not all TCRs capable of
recognizing potentially tolerogenic (stable and/or abundant)
autoantigen—-MHC complexes will necessarily undergo
tolerance: the outcome of T-cell development is also a
func-tion of the affinity/avidity with which individual TCRs
engage specific MHC—peptide complexes. Thus, whereas
TCR-transgenic thymocytes recognizing IGRPs_,,4/K® with
intermediate avidity developed normally, those recognizing
the same complex with higher avidity did not (P. Santamaria,
unpublished observations). Since high-affinity T cells can
remove target MHC—peptide complexes from the surface of
APCs (Kedl et al., 2002), high-affinity autoreactive T cells
may spare lower-affinity T-cells with identical antigenic
specificity from tolerance induction by downregulating the
corresponding MHC—peptide complex on APCs (Perchellet
et al., 2004). Autoreactive T cells may evade central toler-
ance if the target autoantigen is only expressed at low levels
of tolerogenic APCs (Figure 6.1C).

Another important determinant of tolerance susceptibil-
ity is whether or not developing thymocytes encounter
MHC-peptide complexes on medullary epithelial cells
or bone marrow-derived APCs (Anderson et al., 2002;
Ramsdell and Ziegler, 2003). In some cases, autoreactive
T cells escape central tolerance because they target epitopes
encoded on mRNA splice variants that are not expressed in
tolerogenic APCs (Klein et al., 2000; Kuchroo et al., 2002).
In other instances, such as appears to be the case for
IGRP,4 »,./K -reactive thymocytes, tolerance occurs despite
the fact that the self-antigen is not expressed by thymic
stromal cells (P. Santamaria, unpublished observation).
Whether tolerance in this system is induced by delivery of
IGRP, 5,/K® complexes to the thymus by autoantigen-
loaded DCs, or by a different MHC—peptide complex
remains to be determined.

Another important, albeit not always openly recognized,
concept is that autoreactivity does not necessarily imply
pathogenicity. Transgenic mice expressing TCRs specific
for several MBP or MOG epitopes, including MBP,_j;,
MBPy, 102, MBP_150, and MOGs;s_ss, did not spontaneously
develop (or only did so with a low incidence) symptoms of
EAE when housed in specific pathogen-free environments
(Goverman et al., 1993; Lafaille et al., 1994; Madsen et al.,
1999; Huseby et al., 2001b). In contrast, mice expressing
PLP,39_5,-reactive TCRs developed a high incidence of
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disease, regardless of whether the TCRs came from
encephalitogenic or non-encephalitogenic T cell clones
(Waldner et al., 2000). Likewise, whereas T-cells recogniz-
ing an HY/K* ATPase B subunit epitope barely induced
autoimmune gastritis in TCR-transgenic BALB/c mice,
those recognizing an HY/K' ATPase o subunit epitope
were highly gastritogenic (McHugh et al., 2001). Another
example of incomplete correlation between autoreactivity
and pathogenicity comes from studies of 3 cell autoreactive
TCR-transgenic NOD mice. Whereas expression of the class
II-restricted 4.1-TCR led to a dramatic acceleration of onset
of diabetes (Schmidt et al., 1997), expression of the BDC2.5
TCR did not. In fact, the incidence of diabetes in BDC2.5
TCR-transgenic NOD mice is significantly lower than that
seen in wild-type NOD mice (Kurrer et al., 1997; Luhder et
al., 2000). Such effects of antigenic (and epitope) specificity
on pathogenicity were also observed when a panel of
GADG65-derived peptides were injected into young NOD
mice. Certain epitopes protected the animals from T1D by
inducing interleukin (IL)-4 producing Th2 cells (Tisch et al.,
1999). Interestingly, T cells expressing a GADG65,g4 300~
specific TCR not only were nonpathogenic, but actually
delayed the onset of diabetes in NOD.scid recipients of
diabetogenic T cells (Tarbell et al., 2002).

Another factor that contributes to the expression of clin-
ical autoimmunity is antigen processing. T-cell epitopes can
be classified into at least two broad functional groups. The
first group includes all naturally processed peptides capable
of binding self-MHC molecules. The second includes the so-
called cryptic epitopes, i.e., epitopes that are either not
presented at all, or presented only inefficiently (See Chapter
14). T cells recognizing cryptic determinants that can be pre-
sented by APCs readily escape central tolerance because
these determinants are presented at levels that fall below the
threshold required for induction of tolerance (Figure 6.1C).
Another example of crypticity is related to the ability/
inability of autoreactive TCRs to recognize specific core
sequences within larger epitopes. For example, MBP-pulsed
APCs generate substantial amounts of MPB,_;; and MBP_js,
and these peptides bind MHC molecules with high affinity
(Seamons et al., 2003). However, neither of these two pep-
tides is recognized well by MBP,_;;-specific T cells. This
phenomenon may account for both the lack of tolerance and
the low incidence of disease in mice expressing MBP,_j;-
specific TCR transgenes (Goverman et al., 1993; Brabb et
al., 1997). Pathogenicity of such cryptic epitope-specific T
cells may be enhanced by exposure to certain environmen-
tal factors, such as infectious agents capable of eliciting
inflammation or molecular mimicry. Lastly, it is important
to recognize the possibility that initiation of autoimmunity
need not involve T cells recognizing the ultimate cellular
target of the autoimmune response (i.e., pancreatic 3 cells
in T1D). Initiation of T1D in both NOD mice and humans,
for example, is associated with autoreactive T- and B-cell

responses against peri-islet Schwann cells (Winer et al.,
2003). Likewise, arthritis in a TCR-transgenic mouse model
was triggered by recognition of a ubiquitous autoantigen
(see below) (Kouskoff et al., 1996).

In summary, it is clear that pathogenic autoreactive T
cells must “jump” through a number of “hoops” before they
can establish themselves in the peripheral immune system.
Factors such as presence or absence of anti- and pro-autoim-
mune MHC class II molecules, affinity of autoreactive TCRs
for peptide-MHC, and levels of autoantigen expression will
ultimately determine whether potentially pathogenic auto-
reactive T cells will develop. These factors are outlined indi-
vidually in Figure 6.1 A—C. Figure 6.1D attempts to integrate
the contribution of each of these variables to the fate of
autoreactive T cells.

T-T CELL INTERACTIONS AND
SPONTANEOUS AUTOIMMUNITY

Most organ-specific, spontaneous autoimmune diseases
require the contribution of CD4" and CD8" T cells. Both
these T-cell subsets are found in the pancreatic or central
nervous system (CNS) lesions of T1D and MS patients,
respectively (Hauser et al., 1986; Somoza et al., 1994;
Babbe et al., 2000; Skulina et al., 2004; Zang et al., 2004),
and both recognize tissue-specific antigens (Tsuchida et al.,
1994; Schmidt, 1999; Abiru and Eisenbarth, 2000). The
same is true in animal models of these diseases. Unsorted
splenic T cells from prediabetic NOD mice can transfer dia-
betes into NOD.scid or young nondiabetic NOD recipients,
but splenic T cells depleted of CD4* or CD8* T cells cannot
(Bendelac et al., 1987; Miller et al., 1988; Christianson et
al., 1993). Since diabetes can be transferred by preactivated
islet-specific CD4* or CD8" T-cell clones (Bradley et al.,
1992; Peterson and Haskins, 1996), it is reasonable to
suspect that T-T collaboration is required for activation of
the pathogenic activities of autoreactive T cells. Alterna-
tively, transfer of relatively large numbers of clonal T cells
overwhelms the naturally-occurring immune-regulatory
mechanisms that are responsible for keeping in check the
limited numbers of naive autoreactive T cells that are nor-
mally present in the circulation (see below). These consid-
erations may account, at least in part, for the dramatic
acceleration of disease that is normally seen in monoclonal
TCR-transgenic NOD mice (Verdaguer et al., 1997; Graser
et al., 2000; Gonzalez et al., 2001). CD4* and CD8" T cells
also seem to play an equally important role in the patho-
genesis of experimental autoimmune myasthenia gravis
(EAMG) (Zhang et al., 1996). Although it has been gener-
ally held that EAE is a disease predominantly driven by
CD4" T cells (Pettinelli and McFarlin, 1981; Jiang et al.,
1992), recent studies have shown that MBP-specific CD8*
T cells, while not necessary for the initiation of EAE,
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contribute to its pathogenesis (Huseby et al., 2001a; Sun et
al., 2001; 2003). CD4" T cells seem to be less critical for
development of CIA, because CD4-deficient mice were sig-
nificantly more susceptible to CIA development than their
CD8-deficient counterparts (Tada et al., 1996).

Although there is compelling evidence to suggest that
CD4" T cells are also required (Thivolet et al., 1991; Chris-
tianson et al., 1993), studies of CD8" T-cell-deficient NOD
mice have shown that CD8" T cells are key to the initiation
of the diabetogenic process (Wang et al., 1996; Serreze et
al., 1997; DilLorenzo et al., 1998). Observations made in
MHC class [I-restricted, B cell autoreactive TCR-
transgenic NOD mice are consistent with the idea that CD4*
T cells contribute to the diabetogenic process by enhancing
the recruitment, accumulation, and/or differentiation of
Th-dependent autoreactive CD8* clonotypes. Recruitment
of CD8" T cells expressing the 8.3-TCR, for example, is
enhanced by endogenous (non-transgenic) CD4" T cells or
by splenic CD4* T cells derived from non-transgenic NOD
mice (Verdaguer et al., 1997). Not all diabetogenic CD8*
clonotypes, however, require the assistance of CD4" Th cells
to home to and/or accumulate into pancreatic islets. CD8" T
cells expressing the AI4-TCR (recognizing a different
antigen from the 8.3-TCR), for example, are as diabetogenic
in the presence of CD4" T cells as they are in their absence
(Graser et al., 2000).

Although the mechanisms underlying the helper-depen-
dency or -independency of CD8* clonotypes remain unclear,
there are some informative clues. Progression of diabetes
in NOD mice is accompanied by avidity maturation of the
IGRP,4 »,./K-reactive CD8* T-cell subpopulation, such that
low-avidity clonotypes predominating at the outset of insuli-
tis are progressively replaced by high-avidity ones as the
animals age (Amrani et al., 2000). Interestingly, studies
employing TCR-transgenic NOD mice have shown that
high-avidity IGRP,ys_,,/K*reactive CD8" T cells can trigger
diabetes in a Th-independent manner (P. Santamaria, unpub-
lished observations), suggesting that the requirement for T-
cell help is a function of avidity. In this case scenario, the
low-avidity clonotypes that prevail at the outset of the dia-
betogenic autoimmune response would only be able to dif-
ferentiate into [3 cell killers in the presence of CD4* Th cells.
With progressive recruitment of the less prevalent high-
avidity clonotypes into islets, this Th-dependent response
would evolve into a Th-independent one. This interpretation
of the data is consistent with the observation that purified
CD4" and CD8* T cells from nondiabetic NOD mice cannot
transfer disease into NOD.scid mice unless they are trans-
ferred together (Bendelac et al., 1987; Miller et al., 1988;
Christianson et al., 1993).

Collaboration between CD4" Th cells and precytotoxic
CD8" T cells is usually bridged by DCs, which can process
exogenous antigens through the endogenous pathway of
antigen presentation. Engagement of CD40 on DCs by

CD154 (CD40 ligand) on antigen-specific CD4" T cells
upregulates the expression of costimulatory molecules on
DCs, elicits the production of proinflammatory cytokines,
and endows them with the ability to foster the differentia-
tion of naive CD8" T cells into cytotoxic effectors (van
Essen et al., 1995; Yang and Wilson, 1996). In fact, block-
ade of the CD40-CD154 interaction prevents the develop-
ment of several different autoimmune diseases in animal
models, including EAE (Grewal et al., 1995; Gerritse et al.,
1996; Howard et al., 1999; Girvin et al., 2002), thyroiditis
(Carayanniotis et al., 1997), colitis (De Jong et al., 2000),
lupus (Kalled et al., 2001), and T1D (Balasa et al., 1997;
Green et al., 2000). In addition to triggering the activation
of DCs, engagement of CD40 by CD154 is key to CD4* Th
cell activation (Becher et al., 2001; Amrani et al., 2002).
Furthermore, since CD40-CD154 interactions are dispens-
able for the development and function of regulatory
CD4*CD25" T cells, and since regulatory T cells inhibit DC
maturation (Serra et al., 2003), CD40 blockade also prevents
autoimmunity by promoting the active suppression of CD8*
T-cell responses. Lastly, it is important to note that auto-
reactive CD4" T cells not only contribute to autoimmune
responses by providing T-cell help; they, too, can differen-
tiate into effectors capable of killing targets through a
number of mechanisms (Bradley et al., 1992; Goverman et
al., 1993; Lafaille et al., 1994; Peterson and Haskins, 1996;
Verdaguer et al., 1997; Graser et al., 2000; Huseby et al.,
2001a; Sun et al., 2001).

Figure 6.2A represents some of the processes underlying
T-T collaboration in autoimmunity. Naive CD4" T cells
undergo activation by recognizing target MHC—peptide
complexes on mature autoantigen-loaded DCs. Cytokines
and chemokines produced by these activated CD4" T cells
foster the recruitment of additional CD4* and CD8" T cells
to the site of the autoimmune inflammation. High-avidity
autoreactive CD8" T cells differentiate into effectors in the
absence of Th cells. Activation of their low-avidity coun-
terparts, on the other hand, requires the presence of CD4*
Th cells. Such CD4" Th cells induce costimulatory activity
on DCs by ligating CD40. Tissue damage in autoimmunity
is ultimately caused by both T-cell types.

CYTOKINES AND T-CELL-MEDIATED
AUTOIMMUNITY

Cytokines play pivotal roles in the development and
regulation of immune responses in general, and T-cell-
mediated autoimmunity in particular. According to their role
in immune responses, cytokines can be categorized as being
proinflammatory [e.g., interferon (IFN)-y and TNF-o] or
anti-inflammatory (e.g., IL-4 and TGF-f3). Depending on the
cytokines they produce, most CD4" T cells can be subclas-
sified into Th1 and Th2 types (See Chapter 7). Thl cells typ-
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generally produce IL-4, IL-5, and IL-13. Cytokines secreted tion, timing, and magnitude of expression.

by autoreactive lymphocytes, particularly those with proin-
flammatory activity, can cause tissue damage either directly
(i.e. by ligating proapoptotic receptors on target cells) or
indirectly [i.e., by inducing the production of secondary
mediators, such as nitric oxide (NO)]. Since an indepth dis-
cussion of the role of cytokines in autoimmunity is beyond
the scope of this chapter, this section focuses on specific
examples to illustrate the notion that cytokines often play

Naive CD8* T cell
with low-avidity TCR

Naive CD8* T cell N
with high-avidity TCR

Naive CD4+ T cell e ne
e
Activated CD4* or CD8* T cell

Target tissue

20 Cytokine/chemokine

FIGURE 6.2 T-T and T-B interactions in the development of autoimmune responses. A, T-T collaboration in auto-
immunity. B, Autoimmune reactions driven by collaboration between autoreactive T and B cells. C, Regulatory T cells
suppress the activation of autoreactive T cells. In the steady-state, iDCs are kept in check by regulatory T cells (Treg)
and, on capturing autoantigens, may have tolerogenic properties (TiDCs) against naive autoreactive T cells. In the pres-
ence of activated helper T (Th) cells, Toll-like receptor ligands and/or proinflammatory (Th1) cytokines, iDCs are dere-
pressed and differentiate into mature DCs (mDCs). Engagement of DCs by CD4" Th cells leads to CD154 upregulation
and generation of effector CD4" cytotoxic T lymphocytes (CTLs). Ligation of CD40 on DCs by CD154 endows DCs
with the ability to costimulate autoreactive CD8" T cells, and to foster their differentiation into CD8" CTLs (A and D).
On capturing autoantigens via cell-surface immunoglobulins (BCR), B cells can activate autoreactive T cells and thus
foster their differentiation into Th cells. Th2 cytokines produced by autoreactive CD4" Th can, in turn, promote the dif-
ferentiation of naive autoreactive B cells into autoantibody-secreting plasma cells. These autoantibodies may or may
not have pathogenic significance, depending on the autoimmune disease (B and D). Tregs can suppress T-cell responses
by inhibiting DC maturation, or by preventing T-cell activation or CTL differentiation (C and D). BCR, B-cell recep-
tor; TCR, T-cell receptor. See color plate section.
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paradoxical roles in autoimmunity, depending on the loca-

Inflammatory lesions in the brains of patients with MS or
in the pancreatic islets of patients with T1D contain signif-
icant levels of proinflammatory cytokines, such as INF-y and
TNF-o (Brosnan and Raine, 1996; Balashov et al., 1999).
Peripheral T cells from both types of patients produce
increased levels of IFN-y, and the magnitude of this
phenotype is associated with disease progression (Dettke et
al., 1997; Begolka et al., 1998; Petereit et al., 2000; Karni
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FIGURE 6.2 (Continued) D, Interactions that fuel or control autoimmunity in the periphery. Inmunogenic antigens
released from damaged tissues are captured and processed by B cells and immature dendritic cells (iDCs).

et al., 2002; 2004; Arif et al., 2004; Ott et al., 2004). In
agreement with this, autoreactive T-cell clones and lines
derived from patients and animal models of these two dis-
eases produce large quantities of IFN-y (Suarez-Pinzon et
al., 1996; Bradley et al., 1999; Waldner et al., 2000; Huseby
et al., 2001a; Pewe and Perlman, 2002; Bettelli et al., 2003).
In addition, decreased production of IFN-y by such cells
correlated with clinical remission or delayed progression of
disease (Kuchroo et al., 1995; Nicholson et al., 1995; Faust
et al., 1996; Segal and Shevach, 1996; Trembleau et al.,
1997). Furthermore, transgenic expression of IFN-y in pan-
creatic islets or the CNS enhanced disease progression in
animal models of these two diseases (Sarvetnick et al., 1990;
Horwitz et al., 1997). Notably, patients with MS treated with
IFN-y displayed an exacerbated clinical course (Panitch et
al., 1987). It should be noted, however, that, under certain
circumstances, IFN-y can also play a protective role in
autoimmunity. In contrast to the outcome of clinical trials in
patients with MS (Panitch et al., 1987), administration of

IFN-y to mouse models of MS and T1D decreased both the
severity and incidence of these diseases (Voorthuis et al.,
1990; Sobel et al., 2002). IFN-y blockade with antibodies
exacerbated the development of EAE in mice (Lublin et al.,
1993; Heremans et al., 1996). Although genetic elimination
of IFN-y or its receptor had no significant effects on disease
development (Ferber et al., 1996; Hultgren et al., 1996;
Kanagawa et al., 2000; Serreze et al., 2000), animals lacking
IFN-y or IFN-y receptor genes displayed increased suscep-
tibility to EAE and T1D, depending on the genetic back-
grounds that were studied or the disease induction protocols
that were employed (Krakowski and Owens, 1996; Willen-
borg et al., 1996; Serreze et al., 2001; Trembleau et al.,
2003). Some evidence suggests that the protective effects
of IFN-y on autoreactive responses are effected mainly in
the periphery (Willenborg et al., 1999; Chu et al., 2000),
although this remains to be demonstrated. Accordingly, the
effects of certain cytokines (in this case, IFN-y) on autoim-
mune responses are not always those expected. The timing
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of expression is a very important consideration. For
example, whereas early expression of TNF-a in pancreatic
islets of transgenic mice accelerated diabetes, late expres-
sion prevented disease onset (Yang et al., 1994; Grewal
et al., 1996; Green et al., 2000).

Th2 cytokines are thought to play a regulatory role in
the development of T-cell-mediated autoimmunity. Periph-
eral autoreactive T cells from both MS and T1D patients
expressed lower levels of IL-10 than autoreactive T cells
derived from healthy controls (Ferrante et al., 1998;
Rapoport et al., 1998; Kallmann et al., 1999). In addition,
systemic treatment with, or transgenic expression of,
IL-10 (Pennline et al., 1994; Rott et al., 1994) protected
animals from EAE, autoimmune colitis, and T1D (Moritani
et al., 1996; Bettelli et al., 1998; Nitta et al., 1998; Xiao
et al., 1998, Cua et al., 1999; Pauza et al., 1999; Asseman
et al., 2003). These observations are in agreement with the
idea that many clonal T cells that regulate autoimmune
diseases mediate their functions via IL-10 (Burkhart et al.,
1999; Maron et al., 1999; Stohlman et al., 1999; Asseman
et al.,, 2003; Bettelli et al.,, 2003; Frenkel et al., 2003).
However, when IL-10 was specifically overexpressed in
pancreatic islets, islet cells were destroyed rapidly (Moritani
et al., 1994; Wogensen et al., 1994). It is likely that local
expression of IL-10 accelerated the pathogenic process by
fostering the recruitment of lymphocytes, possibly by
upregulating the expression of intercellular adhesion mole-
cule-1 (ICAM-1) (Wogensen et al., 1993; Balasa et al.,
2000). In contrast, islet expression of viral-IL-10 mice pro-
tected from T1D (Kawamoto et al., 2001). Expression of IL-
10 in the CNS also had a protective rather than a pathogenic
effect (Cua et al., 2001), possibly because IL-10 expression
was not sufficient to promote the recruitment of lympho-
cytes across the blood—brain barrier. IL-4 is another
Th2 cytokine that has anti-inflammatory effects. Whereas
increased production of IL-4 had protective effects against
a number of autoimmune disorders, targeted disruption of
the IL-4 gene had little or no effect on the natural history of
these diseases (Rapoport et al., 1993; Mueller et al., 1996;
Croxford et al., 1998; Samoilova et al., 1998; Pal et al.,
1999; Martino et al., 2000; Serreze et al., 2001). When path-
ogenic T-cell clones were engineered to produce IL-4, they
protected animals from EAE and T1D (Shaw et al., 1997;
Maron et al., 1999). However, it was also reported that IL-
4 producing autoreactive T cells could trigger EAE and T1D
(Lafaille et al.,, 1997; Pakala et al., 1997; Poulin and
Haskins, 2000; Durinovic-Bello et al., 2004). When taken
together, these studies have revealed that the effects of
cytokines in autoimmunity are more a function of the
location and timing of expression than of their pro- or anti-
inflammatory nature alone. Another important concept is
that the effects of individual cytokines on autoimmune
responses need to be studied in the context of all the other
cytokines that are produced at the site of inflammation

(Santamaria, 2003). Ultimately, it is the combined effects of
all these cytokines that determine (or contribute to) the
outcome.

B-T CELL COLLABORATION
IN AUTOIMMUNITY

B cells often play important roles in the pathogenesis of
organ-specific, T-cell-dependent autoimmune diseases. T1D
patients and NOD mice produce autoantibodies against
numerous islet antigens, including insulin, islet autoantigen-
2 (IA-2) and GADGS5, presumably as a result of defective B-
cell tolerance to soluble autoantigens (Thomas et al., 2002;
Silveira et al., 2004). Furthermore, B-cells are prevalent in
the insulitis lesions of prediabetic NOD mice and T1D
patients. Notwithstanding this, B cells or sera from diabetic
NOD mice cannot transfer disease to healthy recipients.
Although B cells are not sufficient in diabetogenesis, NOD
mice do not spontaneously develop T1D, or do so with sig-
nificantly reduced incidence and delayed kinetics if they
lack B cells, suggesting that B cells play an essential role in
diabetogenesis (Serreze et al., 1996; Akashi et al., 1997;
Yang et al, 1997; Noorchashm et al., 1997 and 1999). It has
been suggested that autoreactive B cells contribute to the
disease process by capturing islet antigens via surface
immunoglobulins (Falcone et al., 1998; Serreze et al., 1998;
Noorchashm et al., 1999). In fact, the role of B cells in
murine T1D seems to be restricted to early T-cell priming
events, because NOD T cells can readily transfer diabetes
into B-cell-deficient recipients if they are allowed to
undergo priming in the donors (Charlton et al., 2001).
Although monoclonal islet autoreactive TCR-transgenic
NOD mice develop diabetes despite lacking mature B cells
(Verdaguer et al., 1997; Graser et al., 2000; Gonzalez et al.,
2001), the large frequency of circulating autoreactive T cells
in these mice may overwhelm (artificially) the need for B
cells. Alternatively, B cells are not necessary for the activa-
tion of naive autoreactive T cells, but contribute to the main-
tenance and/or expansion of the peripheral autoreactive
T-cell repertoire (Jaume et al., 2002; Dromey et al., 2004).

The recent description of a B-cell-deficient patient with
T1D casts some doubts as to whether B cells are necessary
for development of human T1D (Naserke et al., 2001). There
is also some controversy as to whether autoantibodies con-
tribute to the pathogenesis of T1D. Although the presence
of islet antigen-specific autoantibodies in sera from T1D
patients and NOD mice forecasts progression of clinically
silent islet autoimmunity to overt T1D, these autoantibodies
are generally considered to be nonpathogenic (Devendra et
al., 2004). There is some evidence, however, that trans-
placental transfer of maternal autoantibodies in NOD mice
affords risk of diabetes to the offspring (Greeley et al.,
2002).
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The role of autoreactive B cells in other T-cell-driven
autoimmune diseases like MS seems to be different from
that in T1D. Autoantibody-producing B cells are present in
the CNS lesions of MS patients (Prineas and Wright, 1978;
Genc et al., 1997), and in both MS and EAE, autoantibod-
ies are associated with destruction of myelin (Storch et al.,
1998; Genain et al., 1999). In EAE, B cells are only required
when the disease is induced by immunization with intact
protein antigens, but not when it is induced with peptides
(Wolf et al., 1996; Lyons et al., 1999; Dittel et al., 2000;
Svensson et al., 2002), suggesting that here, too, B cells con-
tribute to the disease process by processing and presenting
target autoantigens. Nevertheless, it has been shown that the
presence of autoantibodies enhances the severity of EAE
(Myers et al., 1992; Genain et al., 1995; Lyons et al., 2002).
It has also been reported that autoreactive B cells may con-
tribute to the regulation of EAE, possibly by producing IL-
10 (Fillatreau et al., 2002).

T cells play an important role in the development of
autoimmune diseases effected by pathogenic autoreactive B
cells, such as SLE. Although SLE is characterized by the
presence of high titers of pathogenic autoantibodies against
several nuclear antigens, including dSDNA, Sm and Ro/SSA
(Kotzin, 1996; Morrow et al., 1999), SLE-prone mice do not
develop disease in the absence of T cells (Steinberg et al.,
1980; Wofsy et al., 1985; Santoro et al., 1988; Jevnikar et
al., 1994). Furthermore, disease severity correlates with the
expansion of autoreactive T cells (Lang et al., 2003), which
recognize the same antigens as antibody-producing B cells
(Crow et al., 1994; Kaliyaperumal et al., 1996), and induce
the production of autoantibodies by the latter through a
CD40-CD154-dependent mechanism (Early et al., 1996;
Peng et al., 1997; Voll et al., 1997; Kalled et al., 2001).
Although there is evidence for dysregulated B-cell activa-
tion in animal models of SLE (Chang et al., 2004), this
seems to result, at least in part, from defects in T-cell sig-
naling (Jury et al., 2004, Xu et al., 2004).

Another example of a B-cell-mediated autoimmune
disease that is driven by T cells is RA. RA is a chronic
inflammatory disease of the joints that is usually associated
with presence of rheumatoid factor, and involves cartilage
destruction and bone erosion owing to infiltration of syn-
ovial tissue by leukocytes, T cells, macrophages, and
autoantibody-producing B cells (Mellbye et al., 1990, Kraan
et al., 2004). B-cell-deficient mice are refractory to RA-like
disease induction (Svensson et al., 1998), and the disease
can be transferred by serum or purified immunoglobulins
(Stuart and Dixon, 1983; Matsumoto et al., 1999; Maccioni
et al., 2002). Although clearly B-cell dependent, suscepti-
bility to RA is associated with specific MHC class II genes
(Wordsworth et al., 1989; Devereux et al., 1991), and T-cell
depletion impairs disease development in experimental
rodent models, demonstrating a key role for T cells in its
pathogenesis (Pelegri et al., 1996, Corthay et al., 1999;

Ehinger et al., 2001; Pohlers et al., 2004). A number of mice
expressing collagen-specific TCR transgenes have been
developed (Mori et al., 1992; Osman et al., 1998); these
animals develop accelerated RA when immunized with col-
lagen. Another animal model of possible relevance to human
RA is based on transgenic expression of a TCR cloned from
a disease-unrelated T-cell clone. These mice spontaneously
develop RA (Kouskoff et al., 1996) because their transgenic
T cells recognize a peptide derived from a ubiquitously
expressed self-antigen, glucose-6-phosphate isomerase
(G6PI), in the context of the NOD mouse MHC class II
molecule I-A¥, and elicit the production of arthritogenic
immunoglobulins by B cells (Korganow et al., 1999;
Matsumoto et al., 1999). Accumulation of extracellular
G6PI on the surface of cartilage attracts autoantibodies from
the circulation and triggers pathogenesis (Matsumoto et al.,
2002; Wipke et al., 2002). Interestingly, immunization of
normal mice with G6PI induced a T-cell-dependent RA-like
syndrome (Schubert et al., 2004), and anti-G6IP antibodies
were detected in RA patients (Schaller et al., 2001;
Matsumoto et al., 2003). Therefore, autoreactivity against a
non-tissue-specific autoantigen can result in a tissue-
specific autoimmune disorder.

Figure 6.2B represents interactions between autoreactive
T and B cells during the development of autoimmunity. On
the one hand, B cells “concentrate” autoantigens for effec-
tive presentation to autoreactive CD4* T cells. On the other,
activated CD4" T cells produce cytokines capable of foster-
ing the activation and differentiation of autoreactive B cells
into antibody-secreting plasma cells.

REGULATORY T CELLS
AND AUTOIMMUNITY

Central (thymic) tolerance is responsible for removing
potentially pathogenic autoreactive T cells from the reper-
toire. Some autoreactive T cells, however, escape central
tolerance and harmlessly circulate in the periphery without
posing a significant health threat to the individual (Yan et
al., 1992; Wekerle et al., 1996). This is so, at least in part,
because these cells are normally kept in check by regulatory
T cells. The immunosuppressive power of regulatory T cells
against autoimmunity is best documented by studies of mice
expressing autoreactive TCR transgenes. Despite exporting
overwhelmingly high numbers of autoreactive T cells to the
periphery, some of these mice either do not develop auto-
immunity or do so with very low incidence. However, when
development of T cells expressing endogenous TCRs,
including regulatory T cells, is abrogated, the mice rapidly
develop spontaneous autoimmunity (Lafaille et al., 1994,
Olivares-Villagomez et al., 1998; Gonzalez et al., 2001).

Tregs can be categorized into two major functional sub-
groups: inducible and naturally occurring. Inducible Tregs
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arise from peripheral nonregulatory T cells under specific
conditions, such as in the presence of cytokines like 1L-4,
IL-10 or TGF-B (Cobbold et al., 2004; Fantini et al., 2004).
A number of experimental therapeutic strategies for auto-
immunity exploit the existence of this type of Treg
(Harrison et al., 1996, Panoutsakopoulou et al., 2004). In the
steady-state, however, autoreactive T cells are predomi-
nantly kept in check by thymus-derived, naturally-occurring
Treg types like CD4"CD25" and natural killer T (NKT)
cells. CD4"CD25" T cells express heterogeneous TCRs, are
thought to arise from autoreactive thymocyte precursors,
and are kept (in the periphery) in a state of chronic activa-
tion (Bensinger et al., 2001; Jordan et al., 2001; Fisson et
al., 2003). Development of these T cells requires IL-2 and
CD28, and is controlled by expression of the transcription
factor Foxp3 (Fontenot et al., 2003; Hori et al., 2003; Khattri
et al., 2003). In fact, Tregs arising from conventional T cells
in the periphery also express Foxp3 (Hori et al., 2003;
Walker et al., 2003; Fantini et al., 2004). The regulatory
activity of CD4*CD25" T cells seems to be mediated by a
poorly understood cell-contact-dependent mechanism that is
capable of inhibiting IL-2 production by, and proliferation
of, conventional T cells (Sakaguchi, 2004). CTLA-4 is
thought to be necessary for this process (Boden et al., 2003;
Fallarino et al., 2003; Liu et al., 2003). Recent work has
shown that CD4"CD25" T cells can inhibit diabetogenic
CD8" T-cell responses indirectly, by suppressing DC matu-
ration in vivo (Serra et al., 2003). It has also been shown that
CD4*CD25* T cells can, under certain circumstances, trans-
form conventional (nonregulatory) CD4" T cells into
inducible Tregs (Stassen et al., 2004, Zheng et al., 2004).
Thus, as shown in Figure 6.2C, regulatory T cells may
inhibit autoreactive T-cell responses directly by recognizing
autoreactive T cells, or indirectly by suppressing DC matu-
ration or by inducing tolerogenic activities in immature
DCs.

Unlike CD4*CD25* T cells, most NKT cells express an
invariant TCR o chain (Benlagha et al., 2002, Kronenberg
and Gapin, 2002, Sakaguchi, 2004) and recognize glycolipid
antigens in the context of CD1d MHC molecules. Although
their natural antigenic targets have not yet been identified,
NKT cells can be activated by «-galactosylceramide (o-
GalCer), a compound derived from a marine sponge. Like
CD4"CD25" T cells, NKT cells also arise in the thymus, but
under the control of different signaling pathways. Develop-
ment of NKT cells, for example, requires molecules such as
Ets1, Fyn, cathepsin L, and RelB, which are dispensable for
development of nonregulatory T cells (Gadue et al., 1999;
Walunas et al., 2000; Honey et al., 2002; Elewaut et al.,
2003; Sivakumar et al., 2003).

Although both CD4*CD25" and NKT cells comprise a
relatively small fraction of the peripheral T-cell repertoire,
defective development of either subset promotes autoim-
munity. For instance, IL-2-, CD80/CD28-, and Foxp3-

deficient mice develop systemic or organ-specific auto-
immunity, owing to the absence of CD4'CD25" T cells
(Almeida et al., 2002; Malek et al., 2002; Nelson, 2004).
Notably, defective CD4"CD25* T cells have been described
in patients with specific autoimmune disorders (Kriegel
et al., 2004; Ou et al., 2004). Early studies also found defec-
tive NKT-cell development in autoimmune-prone mice. In
NOD mice, for example, there is impaired NKT-cell devel-
opment, and NKT-cell transfer can inhibit T1D development
(Mieza et al., 1996; Gombert et al., 1996; Hammond et al.,
1998). In addition, NKT-cell deficiency enhances the devel-
opment of TID and EAE in NOD and C57BL/6 mice,
respectively (Shi et al., 2001; Wang et al., 2001; Teige et al.,
2004). Although abnormal NKT cell development has also
been reported in humans, the contribution of this phenotype
to human autoimmunity is less clear (Sumida et al., 1995;
1998; Wilson et al., 1998; Yanagihara et al., 1999; van der
Vliet et al., 2001). Because NKT cells produce high levels
of cytokines, such as IL-4 and IL-10, shortly upon activa-
tion, it is generally thought that these cytokines play a crit-
ical role in the suppressive activity of NKT cells (Miyamoto
et al., 2001; Laloux et al., 2001; Sharif et al., 2001). These
and other less well characterized populations of regulatory
cells thus play a fundamental role in ensuring that the indi-
vidual will respond vigorously to nonself, without mounting
responses to self. Disruption of this balance surely has the
potential to promote autoimmunity.

Figure 6.2D attempts to integrate the complex cellular
interaction summarized in Figures 6.2A-C.

MEMORY T CELLS AND
AUTOIMMUNITY

Antigen-primed naive T cells proliferate and differenti-
ate into effector cells. Upon undergoing clonal expansion, a
fraction of these antigen-exposed T cells differentiate into
long-lived memory cells. Memory CD4* and CD8" T-cells
are responsible for the immune system’s ability to mount
recall responses against antigen re-encounters and thus
are responsible for affording long-term protection against
pathogens (Dutton et al., 1998). In mice, memory T cells
arise from effector cells that exit the cell cycle and down-
regulate activation markers, such as CD25 and CD69, while
maintaining high levels of CD44 (Opferman et al, 1999; Hu
et al., 2001). In humans, memory CD4" T cells are usually
CD45RACD45RO". Unlike effector cells, which are sus-
ceptible to activation-induced cell death, memory T cells can
survive in nonlymphoid as well as secondary lymphoid
organs without undergoing division (Sabbagh et al., 2004).
Although generation and persistence of memory T cells do
not always require MHC molecules (Murali-Krishna et al.,
1999; Swain et al., 1999), their homeostatic survival is fos-
tered by signals from the TCR and cytokines like IL-7 and
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IL-15 (Kaech et al., 2003; Seddon et al., 2003). Importantly,
upon antigen re-encounter, memory T cells are recruited
rapidly to the site of inflammation, and expand and produce
large amounts of cytokines, even in the presence of low
levels of antigen and/or costimulatory signals (Pihlgren
et al., 1996; Liu et al., 1997; Rogers et al., 2000; Veiga-
Fernandes et al., 2000). Because memory T cells have
increased functional avidities for ligand as compared to their
naive progenitors, and because the antigen-binding site of
the TCR is conformationally flexible and potentially promis-
cuous, development of a sizeable population of memory T
cells in response to an infectious agent bears a theoretical
risk of eliciting autoimmunity.

Memory T cells can be categorized into central memory
T (Tcem) cells, which migrate into secondary lymphoid
organs, and effector memory T (Tgy) cells, which are
recruited to inflamed nonlymphoid tissues (Sallusto et al,
1999; Tezzi et al., 2001; Masopust et al., 2001; Reinhardt et
al, 2001). In humans, Tey cells express CCR7 and CD62L,
whereas Tgy cells are mostly CCR7- and CD62L-negative.
Tgy cells express chemokine receptors characteristic of Thl
and Th2 cells, including CCRS5 and CCR6 for Thl cells and
cytotoxic T lymphocytes, and CCR3 and CCR4 for both Th1
and Th2 cells. The expression pattern of chemokine recep-
tors on Tgy cells parallels polarized cytokine profiles
retained from effector cells. Indeed, CD4* Tgy cells produce
Th1 or Th2 cytokines within hours of antigen stimulation,
and CD8" Tgy cells express a large amount of perforin,
allowing rapid effector function in response to antigen. Tcy
cells proliferate vigorously and produce high levels of IL-2
in response to antigen, and differentiate into Thl- or Th2-
like effector cells capable of producing abundant IFN-y or
IL-4 on antigen stimulation (Sallusto et al., 2004). In the
absence of antigen, both Ty and Tgy cells turn over, slowly,
mostly in response to homeostatic cytokines. Whereas Tgy
cells provide immediate protection against infectious agents,
Tem cells proliferate and differentiate into Tgy cells on
secondary antigenic stimulation, ensuring the long-term
retention of memory T-cell pools (Seder and Ahmed, 2003;
Wherry et al., 2003).

Several lines of evidence suggest a role for memory T
cells in autoimmune disease progression or recurrence.
Murine T1D or EAE can be transferred to genetically sus-
ceptible recipients by splenic lymphocytes from affected
individuals, consistent with the presence of autoreactive
memory T cells in the spleen (Santamaria, 2001; Rossini
et al., 2004). Since splenic memory T cells are probably Tcy,
cells, they likely undergo antigen-independent homeostatic
expansion and antigen-dependent proliferation in the recip-
ients before differentiating into effector cells. This may
explain why transfer of T1D by splenocytes from diabetic
NOD mice usually takes a few weeks. This contrasts with
the rapidity with which pancreatic islet-associated T cells
from prediabetic NOD mice, which presumably contain both

effector and Tgy cells, transfer disease into NOD.scid hosts
(Rohane et al., 1995). As noted above, homeostatic expan-
sion of memory T cells involves cytokines such as IL-7 and
IL-15, whose receptors share the common 7y chain. Admin-
istration of a blocking anti-y chain antibody to NOD mice
effectively reduced the size of the memory T-cell popula-
tion, and inhibited disease transfer, suggesting that expan-
sion of memory T cells contributes to the progression of T1D
(Demirci et al., 2003). It has also been shown that isolated
CD4"CCR4"CD44"e" T cells can transfer insulitis into
NOD.scid mice within a week of injection, underscoring
their pathogenic potential. Furthermore, blockade of
macrophage-derived chemokine (MDC), a ligand for CCR4,
inhibited development of T1D in NOD mice (Kim et al.,
2002). In addition, when the homeostatic turnover rate of
the memory T-cell pool, which controls its size, was slowed
by transfer of large numbers of syngenic T cells or by non-
antigen-specific stimulation of endogenous T cells, NOD
mice were protected from T1D (King et al., 2004). The for-
midable proclivity of diabetic NOD mice to disease recur-
rence following syngenic or allogenic islet transplantation
provides additional evidence for the contribution of autore-
active memory T cells to the progression of this autoimmune
disease. Another observation supporting the idea that
memory T cells contribute to the progression of autoimmu-
nity is that autologous hematopoietic stem cell transplanta-
tion in patients with severe multiple sclerosis can blunt
disease progression in a subset of patients; in these patients,
memory T cells are replaced by a diverse repertoire of naive
T cells that arise from new thymic emigrats (Muraro et al.,
2005). Taken together, these observations suggest that devel-
opment of autoreactive memory T cells fuels the progres-
sion of autoimmunity.

CONCLUDING REMARKS

In this chapter, we have provided a general overview on
the role of T cells in autoimmunity. This is by no means a
comprehensive review of the literature but rather a synopsis
of recent developments in our understanding of the delicate
balance that exists between autoreactive lymphocytes and
their regulatory counterparts in both health and disease.
Other chapters in this book deal in greater detail with some
of the aspects we only touch upon here. Ultimately, we hope
that the reader will gain a better understanding of how
T cells contribute to autoimmunity, while maintaining
an appreciation of the many complexities that remain
unresolved.
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DEFINITION AND FUNCTIONAL

PROPERTIES OF HUMAN Th1 AND
Th2 CELLS

Type 1 and type 2 T-helper (Thl and Th2) cells do not
represent distinct subsets, but rather are polarized forms of
the CD4" Th cell-mediated immune response, which occurs
under particular experimental or pathophysiologic condi-
tions. In mice, Th1 responses are characterized by the preva-
lent production of interleukin (IL)-2, interferon (IFN)-vy, and
tumor necrosis factor (TNF)-B, without production of IL-4,
IL-5, IL-9, IL-10, and IL-13. By contrast, Th2 responses are
characterized by the prevalent production of IL-4, IL-5, IL-
9, IL-10, and IL-13, in the absence of production of IFN-y
and TNF-B. Th cell responses characterized by the conjunct
production of Th1 and Th2 cytokines are commonly defined
as type O Th (ThO) responses (Mosmann and Coffman,
1989). The Th1/Th2 polarization is clear-cut in murine
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models based on artificial immunization, whereas it is
usually less restricted among human Th cell-mediated
responses (Romagnani, 1995). Moreover, in humans, IL-10
is produced by both Th1 and Th2 cells (Romagnani, 1995).
In general, Thl-polarized responses are highly protective
against infections by the majority of microbes, especially
the intracellular parasites, because of the ability of Thl
cytokines to activate phagocytes and to promote the pro-
duction by B-lymphocytes of opsonizing and complement-
fixing antibodies (phagocyte-dependent host defense)
(Romagnani, 1995). However, when the microbe is not
rapidly removed from the body, the Thl response may
become dangerous for the host, because of the strong and
chronic inflammatory reaction evoked. By contrast,
cytokines produced by Th2 cells induce the differentiation,
activation, and in sifu survival of eosinophils (through IL-
5), promote the production by B-lymphocytes of high
amounts of antibodies, including IgE (through IL-4 and IL-
13), as well as the growth and degranulation of mast
cells and basophils (through IL-4 and IL-9). Moreover,
IL-4 and IL-13 inhibit several macrophage functions and IL-
4 can suppress the development of Thl cells (Romagnani,
1997). Thus, the phagocyte-independent Th2 response is
usually less protective than the Thl response against the
majority of infectious agents, with the exception of some
gastrointestinal nematodes (Finkelman and Urban, 2001). In
addition to their protective activity against some nematodes,
Th2 cells probably also play a regulatory role in the immune
system, because a switch from Thl to Th2 may provide a
protective effect when the Thl response threatens to
become a dangerous event for the host (Romagnani, 1997)
(Figure 7.1).

Besides the selective production of IL-4, IL-5, IL-6, IL-
9, and IL-13, human Th2 cells also exhibit the preferential
expression of some surface molecules, such as CD30,
CCR4, CCRS8, and the chemoattractant receptor of Th2 cells

Copyright © 2006, Elsevier Inc.
All rights reserved.
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FIGURE 7.1 Th1/Th2 paradigm. Different infectious agents can polarize the helper T (Th)-cell-mediated immune
response into different patterns of cytokine production. Intracellular microbes usually induce Thl responses which are
characterized by the production of interleukin (IL)-2, interferon (IFN)-y, and tumor necrosis factor (TNF)-B. IFN-y is
the main activator of phagocytic cells, whereas IL-2 favors the production of opsonizing antibodies by B-cells, which
together promote the removal of the infectious agent (phagocyte-dependent inflammation). Helminths usually induce
Th2 responses, producing IL-4 and IL-13, which promote the production of high concentrations of antibodies, includ-
ing IgE and IL-5, which activate eosinophil granulocytes. Moreover, IL-4 and IL-13 inhibit different macrophage activ-
ities (phagocyte-independent inflammation). APC, antigen-presenting cell; B, basophil; Eo, eosinophil; M@, macrophage;

MC, mast cell.

(CRTH2) (Romagnani, 1997), whereas human Thl cells
preferentially express the lymphocyte activation gene-3
(LAG-3), and the chemokine receptors CXCR3 and CCRS5
(Romagnani, 1997). The chemoattractant receptors preva-
lently expressed on the surface of Thl or Th2 cells are
important for recruitment and homing in target tissues of
effector Th cells.

Th1/Th2 POLARIZATION

Nature of Th1 and Th2 Polarizing Signals

Clear evidence suggests that Th1 and Th2 cells develop
from the same Th cell precursor under the influence of both
environmental and genetic factors acting at the level of
antigen presentation. Suggested environmental factors
include the route of antigen entry, physical form of the
immunogen, type of adjuvant, and dose of antigen (Abbas

et al., 1996; Romagnani, 1997). The genetic mechanisms
involved in controlling the type of Th cell differentiation
remain elusive. Genetic and environmental factors can influ-
ence, independently or in association, a series of modulatory
factors, including: 1) ligation of the T-cell receptor (TCR);
2) activation of costimulatory molecules, such as B7/CD28,
0X40/0X40L, and LAF-3/ICAM-1; 3) predominance of a
given cytokine in the microenvironment of the responding
Th cell, such as IL-4, IL-12, IL-18, IFN-y, and IFN-o; and
4) the type of Notch ligands activated by the exogenous
stimulus on the antigen-presenting cell (APC).

It has been known for many years that the production of
IL-12, IL-18, and IFNs (y and ) by cells of the natural
immunity, such as dendritic cells (DCs) and natural killer
(NK) cells, favors the development of Th1 cells. More recent
data have allowed an understanding of why many microbial
agents usually induce the production of IL-12 and IFNs
(Maggi et al., 1992; Manetti et al., 1993). Both DCs and NK
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cells possess receptors on their surface, named Toll-like
receptors (TLRs) because of their homology with the arche-
typal Drosophila Toll protein. So far, 10 distinct TLRs have
been identified, which are able to recognize constitutive
and highly conserved pathogen-associated molecular pat-
terns (PAMPs), such as lipopolysaccharide (LPS), double-
stranded RNA, and flagellin, thus resulting in strong
activation of, and cytokine production by, DCs and NK cells
(Sabroe et al., 2003) (Figure 7.2).

IL-12 produced by DCs is the most powerful Thl-
inducing agent and its production is upregulated by both
CD40L—-CDA40 interaction and the production of IFN-y by
NK and Th1-polarized cells. Of interest, IFN-v, but not IFN-
o, promotes Thl differentiation in mice, whereas both IFN-
v and IFN-o (which is also produced by a subset of DCs)
play an important role in humans; IFN-o upregulates the
expression of the IL-12 receptor (IL-12R) B chain. In
contrast to the production of IL-12 and IFNs, early IL-4
expression during an immune response is critical for the
development of Th2 cells. It has been suggested that naive
Th cells are able to produce small amounts of IL-4 from their
initial activation, and the concentration of IL-4 that accu-
mulates at the level of the Th cell response increases with
increasing lymphocyte activation. The inducing effect of IL-
4 dominates over other cytokines, so that if IL-4 levels reach
a necessary threshold, differentiation of the Th cell into the
Th2 phenotype occurs. Other possible sources of early IL-4
production may be NK T-cells, basophils, mast cells, and
eosinophils, but IL-4 produced by these cells is certainly
more important in the amplification rather than in the initi-
ation of a Th2 response (Seder and Paul, 1994).

Signals through cytokine receptors elicit a complex series
of molecular interactions in the naive Th cell that culminate

Peptidoglycan (G*)

in the binding of cell-type-specific transcription factors to
multiple regulatory elements in the promotors of cytokine
genes, and their subsequent activation (Figure 7.3). At least
five groups of transcription factor play an important role in
Th2 differentiation. The interaction of IL-4 with its receptor
on the surface of the naive Th cell results in the activation
of STATG (signal transducer and activator of transcription).
Proteins of the NFAT (nuclear factor of activated T cells)
family are also involved, since they bind specifically to the
promotor region of the IL-4 gene and cooperate with acti-
vator protein (AP-1) factors, like Fra and Jun, to induce IL-
4 transcription. However, NFAT and AP-1 are expressed by
both Th1 and Th2 cells and their role in the selective Th cell
differentiation appears to be very complex. By contrast, the
proto-oncogene c-Maf is specifically expressed by Th2, but
not Th1, cells and binds to a Maf response element (MARE)
within the IL-4 proximal promotor. However, c-Maf is
specific for IL-4 and is critical for high levels of IL-4
production, but is not sufficient for the initiation of IL-4
transcription. An even more important transcription factor
for Th2 differentiation is GATA3, which is undetectable
in Thl cells. GATA3 inhibits the production of IFN-y,
increases the transactivation of the IL-4 promotor, and also
directly regulates IL-5 and IL-13 expression (Rengarajan
et al., 2000).

While the binding of IL-4 to its receptor activates STAT6,
the IL-12-IL-12R interaction results in the activation of
STAT4. This transcription factor, as well as IFN regulatory
factor (IRF)-1, have been implicated in Thl differentiation,
because mice deficient for each of these factors lack Thl
cells. A substantial advance in elucidating Thl lineage
commitment and IFN-y gene expression came with the
isolation of the protein T-box expressed in T cells (T-bet).
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FIGURE 7.2  Schematic illustration of Toll-like receptors (TLRs) present on the surface of dendritic cells (DCs) and
other cell types. Each of the 10 known TLRs can recognize constitutive and conserved microbial products. Interaction
of TLRs with their respective ligands results in the activation of cells of innate immunity, such as DCs and natural killer
(NK) cells, and the production of cytokines, including IL-12 and IFNs, which can influence the subsequent profile of
the adaptive immune response. GPI, glycosylphosphatidylinositol; G/G*, LPS, lipopolysaccharide; MD-2, an adaptor
molecule required for TLR4 signaling; RSV, respiratory syncytial virus.



86 Immunologic Basis of Autoimmunity

e High Ab production

e Mast cell degranulation

e Eosinophil activation

e Inhibition of Th1 cells
and macrophages

e Macrophage activation
e DTH

FIGURE 7.3 Main mechanisms involved in Th1 or Th2 polarization. The
interaction of interleukin (IL)-12, produced by dendritic cells (DCs) in
response to the stimulation of some Toll-like receptors, with its receptor
(IL-12R) on the surface of the naive Th cell, results in the activation of the
transcription factors STAT4 and T-bet, which promote Thl polarization.
The early production of IL-4 and its interaction with its receptor (IL-4R)
on the surface of the naive Th cell results in the activation of the tran-
scription factors STAT6, c-Maf, and GATA3, which promote Th2 polar-
ization. Th2 polarization may also occur through the interaction of Jagged
ligands expressed on DCs and the Notch receptors present on the naive Th
cell, resulting in the direct activation of the IL-4 promotor (see text). Of
note, T-bet not only promotes Thl polarization but also antagonizes Th2
polarization, whereas GATA3 promotes Th2 polarization and antagonizes
Th1 polarization. APC, antigen-presenting cell.

T-bet expression strongly correlates with IFN-y expression;
it is specifically upregulated in primary Th cells differenti-
ated along the Th1, but not the Th2, pathway, and it directly
binds to the IFN-y promotor. Thus, a model for Th1/Th2
polarization that involves a balance between the Thl-
specific T-bet and the Th2-specific GATA3 transcription
factors may presently be envisaged (Szabo et al., 2000) (see
Figure 7.3).

A novel model of Th1/Th2 polarization recently has been
described (Amsen et al., 2004). According to this model,
APCs also use the Notch pathway to instruct T-cell differ-

entiation. Notch is an evolutionarily conserved receptor
involved in cell fate decisions. On binding ligand, its intra-
cellular domain (ICD) is released from the membrane
through proteolytic cleavages, enabling cytoplasmic and
nuclear functions. A target of the Notch ICD is RBPJk,
which is converted from a transcriptional repressor to an
activator. Mammals express four Notch genes and, in
addition, five genes encode ligands for Notch from two con-
served families, Jagged and Delta. Strikingly, the Delta
family of Notch ligands present on APCs induces Th1, while
the Jagged family induces the alternate Th2 fate. Expression
of these different Notch ligands on APCs is induced by
Thl- or Th2-promoting stimuli. Interestingly, the Jagged-
mediated signaling for Th2 differentiation appears to be
independent of the IL-4/STAT6 pathway described above.
Notch was indeed found to direct Th2 differentiation by
inducing GATA3 upregulation and nuclear translocation, but
also by directly regulating IL-4 gene transcription through
RPBJk sites in a 3" enhancer. These findings suggest that
Th2 differentiation is not the result of a default pathway but,
like Th1 polarization, is strictly controlled by cells of the
natural immunity. Indeed, when DCs expressing the Delta
family of ligands are stimulated, Notch receptors present on
the naive Th cell induce STAT6-independent upregulation of
GATA3 and direct activation of the IL-4 gene. This early
production of IL-4 by the naive Th cell probably originates
as an autocrine/paracrine circuit that then amplifies Th2
development via the previously described IL-4/IL-
4R/STAT6 pathway (Amsen et al., 2004). By contrast, the
role of Delta-mediated Thl polarization is still unclear,
although the Delta ligand on APCs does appear to stimulate
Th1 responses.

Finally, it should be noted that the Th cell fate is regu-
lated not only by differentiative signals delivered by early
produced cytokines, contact-dependent factors, and the
antagonism of transcription factors, but is also dependent on
cell cycle expression, i.e., the number of postactivation cell
divisions. Several studies suggest that there is an opportu-
nity for a Th cell to initiate cytokine gene expression at each
cell division and that the probability of this event varies
between cytokines. It is of interest that these division
relationships and probabilities of expression appear not
to be heavily dependent on the genetic background of the
T cells, but rather on epigenetic events that may control
cytokine gene accessibility (Bird et al., 1998). Thus, in
addition to a deterministic process related to the above-
mentioned factors, a probabilistic process may influence the
final cytokine pattern produced during the specific Th cell
response.

Regulatory Mechanisms

Under some conditions, the T-cell effector response
(either Thl- or Th2-polarized) may become dangerous for
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the host and therefore, needs to be controlled. Under these
conditions, the Th cell immune response can shift from a
prevalent Thl to a prevalent Th2 profile or vice versa. This
switching process has been defined as “immune deviation.”
However, besides the mutual antagonisms at the level of
cytokines and transcription factors mentioned above, Thl
and Th2 functions can also be regulated by other T-cell
types, called regulatory T-cells (Tregs). Tregs are a highly
heterogeneous family, which includes type 3 Th (Th3) cells,
T regulatory 1 (Trl) cells, and CD4*CD25" T cells. Th3 cells
mainly produce transforming growth factor (TGF)-B and
their regulatory function is due to a TGF-3-dependent mech-
anism, whereas Trl cells mainly produce IL-10, with or
without TGF-B. By contrast, CD4"CD25" T cells do not
produce cytokines and act via a contact-dependent mecha-
nism, which probably involves the activity of both mem-
brane CTLA (cytotoxic T-lymphocyte-associated antigen)-4
and TGF- (Bluestone and Abbas, 2003). Another feature of
CD4"CD25" T cells is the expression of the products of
FoxP3 and glucocorticoid-induced TNF receptor (TNFR)-
related (GITR) genes (Fontenot et al., 2003).

Due to the heterogeneity of the Treg family, a distinction
between “natural” and “adaptive” Tregs has recently been
suggested (Bluestone and Abbas, 2003) (Figure 7.4). Natural
Tregs are generated in the thymus and normally function to
prevent the activation of other self-reactive T cells that have
the potential to develop into effector cells. Indeed, both
thymectomy and depletion of CD4"CD25" T cells result in

mice developing spontaneous autoimmune disorders, sug-
gesting the important protective role of natural Tregs against
autoimmunization. These natural Tregs act mainly by T-T-
cell-APC contact in a cytokine-independent fashion. Similar
to natural Tregs, adaptive Tregs also originate from the
thymus, but they then further differentiate and acquire their
suppressive activity in the periphery under certain condi-
tions of antigenic stimulation. Their expression of CD25 is
variable and their mechanism of suppression is mediated by
the production of inhibitory cytokines, such as IL-10 and
TGF-B. Natural and adaptive Tregs might function in dif-
ferent immunologic settings, depending on the context of
antigen exposure, the nature of the inflammatory response,
and the TCR repertoires of the individual cells. The rela-
tionship between microbial stimulation of the TLR pathway
and Tregs is unclear. However, it has been shown that micro-
bial induction of the TLR pathway can also block the sup-
pressive effect of CD4"CD25" Tregs, allowing activation of
pathogen-specific adaptive immune responses (Netea et al.,
2004). Thus, a complex and still partially unknown network
of cells of innate immunity, Th1 or Th2 effector cells, and
Tregs, seems to be operating (Figure 7.5).

Pathophysiologic Manifestations

Th1 and Th2 cells play a protective role against different
infectious agents, but sometimes their wrong or exaggerated
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FIGURE 7.4 Regulatory T cells (Tregs). Natural Tregs originate from the thymus as CD4*CD25" T cells and sup-
press the function of autoantigen-specific T cells not only in the thymus but also in the periphery. A proportion of the
naive T cell (CD25") population that originates from the thymus may encounter exogenous antigens in the periphery,
which, under particular conditions, confer the ability to suppress the immune response with acquisition of CD25 posi-

tivity (adaptive Tregs) in an inflammatory site.
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FIGURE 7.5 Complex bridge linking innate immunity, adaptive immunity, and immune regulation. Different
pathogens can stimulate different types of dendritic cells (DCs) through interaction with the Toll-like receptors (TLRs)
present on these cells, which may result in Th1 or Th2 polarization, as well as the development of regulatory T cells
(Tregs), which are then able to suppress the Th cell effector responses. The production by DCs of interleukin (IL)-12
and interferon (IFN)-o,, together with the production of IFN-y by natural killer (NK) cells, promotes Th1 polarization.
The production by DCs of IL-10 and tumor growth factor (TGF)-§ promotes the development of Tregs. The production
of IL-4 by mast cells, but mainly the interaction of Jagged ligands from DCs and Notch receptors present on the naive
Th cell, may promote Th2 differentiation. PAMPs, pathogen-associated molecular patterns; PGE2, prostaglandin E2;

TCR, T-cell receptor.

response may cause an abnormal or chronic pathologic con-
dition. Allergic disorders represent the prototypical immune-
mediated conditions related to a polarized Th2 response
against common environmental allergens. More often,
however, Th1 cells are involved in the induction and main-
tenance of chronic inflammatory processes. These processes
are usually initiated by an antimicrobial Thl response that
is unable to remove the invading agent, thus resulting in
the perpetuation of an inflammatory response which is
mainly sustained by the activation of phagocytic cells and
the release of high concentrations of inflammatory
cytokines. Under some conditions, and based on a particu-
lar genetic background, this may result in the accessibility

of sequestered autoantigens and the aberrant expression of
costimulatory molecules by APCs. This series of events is
commonly known as “bystander activation.” Infectious
agents may also express antigens cross-reactive with self-
determinants and this may trigger a Th1-mediated response
against some peptide(s) shared by one or more autoantigen
(epitope mimicry). These two possible events are now con-
sidered to be the most important mechanisms of autoimmu-
nization that may follow a Thl response triggered by a
microbial agent, and are probably the main reason why the
great majority of organ-specific autoimmune diseases have
been found to be characterized by the prevalence of Thl
cells, their cytokines, and other Th1-related molecules.
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Th1/Th2 BALANCE IN
AUTOIMMUNE DISORDERS

Several clinical and experimental findings suggest that
autoimmune diseases develop as a result of abnormalities in
the immune response mediated by T cells and T-cell-derived
lymphokines. Evidence is now accumulating in both exper-
imental animal models and human pathologic conditions to
suggest that the relative contribution of either Th1- or Th2-
dominated reactions can determine not only the develop-
ment of a particular autoimmune response, but also
influence whether or not this response leads to clinical
symptoms. Moreover, an important interplay with the
activity of Tregs is also emerging.

Multiple Sclerosis

Multiple sclerosis (MS) is presumed to be an auto-
immune disease of the central nervous system (CNS). Active
lesions in the brains of patients with MS are characterized
by lymphocyte (mainly CD4" T cells) and macrophage infil-
tration, but the relationship between these cells and the
demyelinating process is still partially unclear. Although
the etiology of the disease is unknown, it is thought to
involve an autoimmune reaction against myelin antigens,
such as myelin basic protein (MBP), proteolipid protein
(PLP), and possibly other proteins, as shown in its classical
animal disease counterpart, experimental autoimmune
encephalomyelitis (EAE) (Windhagen et al., 1995).

Several features of MS lesions suggest that in the human
disease the inflammatory process is mainly driven by a Thl-
mediated autoimmune response. Several studies have
suggested a primary pathogenic role for TNF-o and IFN-y
in MS. First, high levels of TNF-o. were found in the
cerebrospinal fluid (CSF) of patients with chronic progres-
sive MS (Sharief and Hentges, 1991; Tsukada et al., 1991,
Rieckmann et al., 1994; 1995). Most clones derived from
both the peripheral blood and CSF of patients with MS
showed a Thl profile (Brod et al., 1991; Benvenuto et al.,
1991; Correale et al., 1995). More recently, several Thl-type
cytokine receptors (Fas, TNFR-1, and TNFR-2) have been
described on oligodendrocytes (with ligands occurring on
microglia) and show enhanced expression around MS
lesions. Other studies have detected the presence of TRAIL-
R2 and TRAIL-R4 on the same cells (Weber et al., 2004).
Cytokine receptors on oligodendrocytes may play a role in
both cell fate decisions and broader immunologic responses,
a feature of particular relevance in a disease such as MS,
where the oligodendrocyte is the major target. TNF-B
expression was associated with T lymphocytes, whereas
TNF-o was associated with astrocytes in all areas of the
lesion (Selmaj et al., 1991). By using both semiquantitative
reverse transcriptase-polymerase chain reactions (RT-PCRs)
and immunohistochemistry, the cytokine IL-12p40 appeared

to be predominantly upregulated in acute MS plaques in
early disease, suggesting that an early event in the initiation
of MS is the upregulation of costimulatory molecules and
IL-12 (Windhagen et al., 1995). IL-18, another Thl-polar-
izing cytokine produced by DCs, has also been shown to be
produced by activated microglia and may contribute to
inflammation in the brain through synergism in a cascade of
cytokines associated with the innate response, including IL-
12 and IL-15. These probably represent the conditions that
maximally stimulate T-cell activation and induce Thl-type
immune responses. Finally, a high number of chemokines,
such as CCL2, CCL3, CCL4, CCL5, CCL7, CXCL9,
and CXCLI10, produced by myelin-reactive T cells,
macrophages, and glial cells have also been found to be
expressed at the CNS level in MS. These factors can initi-
ate a pathogenic cascade in the CNS, leading to inflamma-
tion, demyelination, and axonal damage, which contribute
to the functional deficiencies. More importantly, in patients
with MS, CXCL10 levels in the CSF are significantly higher
than in controls (Franciotta et al., 2001; Sgrensen et al.,
2001), and Th1 cells expressing CXCR3 have been detected
in the brain and CSF (Balashov et al., 1999; Sgrenson et al.,
1999; Misu et al., 2001).

However, there is evidence that cells other than classical
Thl cells contribute to the inflammatory response in MS
lesions. Numerically, CD8" major histocompatibility com-
plex (MHC) class I-restricted T cells outnumber CD4*
T cells. Furthermore, class I-restricted CD8" T cells pre-
dominate at the site of tissue destruction in actively
demyelinatimg lesions, whereas CD4" T cells are retained
mainly in perivascular inflammatory infiltrates. Recent
studies based on PCR analysis at the single-cell level show
that clonal expansion is much more prominent in the CD8*
than in the CD4" T-cell population. Finally, recent data based
on the use of microarray analysis showed upregulation of
the tryptase gene in MS plaques, suggesting a role for mast
cell-derived products in the genesis of MS lesions (Pedotti
et al., 2003). Thus, although the possible inflammatory role
of Th2-related effector phenomena in MS is certainly less
important than Th1 cell-triggered inflammation, the emerg-
ing picture is more complex than a pure Thl-mediated dis-
order (Lassmann and Ransohoff, 2004). It probably also
includes a loss of functional suppression by CD4*CD25*
Tregs (Viglietta et al., 2004).

Ahypothetical scheme illustrating the main immunologic
events involved in the pathogenesis of MS is shown in
Figure 7.6.

Autoimmune Thyroid Diseases

Autoimmune thyroid diseases include Hashimoto’
thyroiditis (HT) and Graves’ disease (GD). HT is an organ-
specific autoimmune disease characterized by massive in-
filtration of lymphoid cells in the thyroid and parenchymal
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FIGURE 7.6 Possible events contributing to the development of multiple sclerosis. T-lymphocytes gain access to the
central nervous system (CNS) by diapedesis through the blood—brain barrier. T-cell recruitment is a complex multistep
process that can be influenced by several mediators, including those derived from macrophages, microglia, mast cells,
and T cells themselves. Once within the CNS, T cells can release inflammatory cytokines in response to appropriate
stimulation. Macrophages recruited by T cells and resident microglia cells also contribute to the tissue damage. In addi-
tion to promoting myelin sheath destruction through the direct effects of certain secreted mediators, T cells, macrophages,
microglia, and mast cells can also contribute to the development of a local inflammatory response, in which additional
recruited cells and mediators might also contribute to the destruction of the myelin sheath. Myelin basic protein (MBP)
is shown as an illustrative autoantigen since it is operative in the experimental autoimmune encephalomyelitis (EAE)
model. APC, antigen-presenting cell; CSF, cerebrospinal fluid; BBB, blood—brain barrier; IFN, interferon; IL, inter-

leukin; TNF, tumor necrosis factor.

destruction leading to hypothyroidism. GD shows a histo-
logic picture often indistinguishable from HT, but is
characterized by both the production of thyroid-stimulating
antibodies leading to hyperthyroidism and an associated
ophthalmopathy.

Although the precise etiology of HT remains largely
unknown, the role of infiltrating T-lymphocytes in the
destruction of the target organ is generally accepted, and has
been definitively proved in a “humanized” model of
transgenic mice expressing a human TCR derived from the

thyroid-infiltrating T cell of a patient with thyroiditis and
specific for a cryptic thyroid-peroxidase epitope. These mice
spontaneously developed destructive thryoiditis with histo-
logic, clinical, and hormonal signs comparable with human
autoimmune hypothyroidism (Quaratino et al., 2004).
Accordingly, studies performed in humans by different
laboratories showed that T cells from lymphocytic thyroid
infiltrates of patients with HT or GD had a clear-cut Thl
lymphokine profile, with production of high TNF-o. and
IFN-y concentrations, and exhibited strong cytolytic
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potential (Del Prete et al., 1987; 1989). Moreover, quite a
homogenous Th1 profile was also observed in CD4" T-cell
clones derived from retroorbital infiltrates of patients with
Graves’ ophthalmopathy (De Carli et al., 1993). In contrast,
either a Thl-like (Watson et al., 1994) or a more hetero-
genous cytokine profile (Grubeck-Loebenstein et al., 1994,
McLachlan et al., 1994; Paschke et al., 1994; Roura-Mir
et al., 1996) was found using PCR in both the thyroid gland
and the retroorbital infiltrates of patients with GD (see
Chapter 35). Th2 responses have been implicated in GD,
which is caused by autoantibodies to the thyrotropin recep-
tor (TSHR), which stimulates the thyroid [reviewed in
Rapoport and McLachlan (2001)]. Indeed, a number of
studies indicate that Th2 cytokines, or responses reflecting
Th2 cytokines, are elevated in patients with GD. In addition,
TSHR-specific clones derived from patients with GD secrete
IL-4 and relatively little IFN-y. Furthermore, elevated serum
concentrations of eosinophil-derived neurotoxin (EDN)
have been detected in GD, but not in HT. Moreover, the
levels of EDN correlated with TSHR antibody activity mea-
sured by inhibition of thyrotropin (TSH) binding, suggest-
ing that Th2-type responses are crucial for GD (Hidaka
et al., 2003).

One explanation for the discrepancy between findings
suggesting a Th1 predominance and those indicating a Th2
predominance in GD may emerge from recent experiments
assessing the levels of the IFN-y-induced chemokine
CXCL10, as well as the presence of its receptor, CXCR3, in
the thyroid gland and/or serum of patients examined at
different times from the onset of GD. Both CXCR3 and
CXCL10 were found to be expressed in the gland of patients
in the early phases of GD, the former at the level of infil-
trating cells and the latter at the level of follicular epithelial
cells. Moreover, high CXCL10 levels were found in the sera
of these patients. However, CXCL10 values declined in
later phases and the CXCL10/CXCL22 (a Th2-related
chemokine) ratio progressively decreased with time
(Romagnani et al., 2002). These findings provide strong,
although indirect, evidence that GD is initiated by a Thl-
dominated inflammatory process, due to the recruitment of
CXCR3-expressing Th1 cells by CXCL10 produced by fol-
licular epithelial cells in response to some still unknown
triggering agent (Romagnani et al., 2002). Then, Thl cells
produce IFN-y, which further stimulates the production of
CXCLI10, thus contributing to the amplification of the
inflammatory process. In subsequent phases, an immune
deviation from Th1 to Th2 can occur to dampen the chronic
Th1 inflammation, and this may account for the documented
presence at glandular level of Th2-type cytokines. It is also
of note that patients with MS treated with the Campath-1H
antibody show a strong depletion of T cells, including those
biased towards the Thl profile, and the appearance of
Graves’ disease in a third of them (Coles et al., 1999). This
finding suggests a possible major role for Tregs in control-

ling the breakdown in self-tolerance mechanisms that
initiate thyroid autoimmunity.

Type 1 (Insulin-Dependent)
Diabetes Mellitus

A cellular autoimmune process that selectively destroys
the pancreatic islet B cells is thought to be responsible
for the development of type 1 diabetes (T1D) in humans
(Eisenbarth, 1986) and the spontaneous animal models,
the Bio Breeding (BB) rat (Marliss et al., 1983) and the
nonobese diabetic (NOD) mouse (Leiter et al., 1987) (see
Chapter 36). A common histopathologic feature associated
with the development of T1D is insulitis, characterized by
the presence within and around the islets of mononuclear
cells consisting predominantly of T lymphocytes and
macrophages (Bottazzo et al., 1985; Foulis and Farquhar-
son, 1986). The pathogenic role of Th1 cells in TID in NOD
mice is well established and seems to be related to a genet-
ically controlled alteration intrinsic to T cells (Koarada et
al., 2002). Disruption of the STAT4 gene, whose product
mediates IL-12 signaling and regulates Thl differentiation
(Rengarajan et al., 2000), completely prevented the devel-
opment of spontaneous diabetes in NOD mice (Yang et al.,
2004). Accordingly, systemic administration of IL-18, a
cytokine involved in Th1 polarization, promotes T1D devel-
opment in young NOD mice (Oikawa et al., 2003). The role
of Thl cytokines in the pathogenesis of T1D in NOD mice
is more complex than initially thought. Indeed, IFN-y can
have either a pathogenic or protective role for TID devel-
opment in NOD mice, since its deletion can allow alterna-
tive pathways to accelerate the establishment of diabetes
(Trembleau et al., 2003).

The inflammatory cell infiltrate in insulitis lesions in
human T1D has not been fully characterized. However, it
appears that it is composed of both lymphocytes and
macrophages (ratio 7-9:1) and that high proportions of lym-
phocytes (about 40%) contain IFN-y (Foulis et al., 1991),
thus suggesting a predominant Th1 phenotype. Interestingly,
T-cell clones from peripheral blood of patients with recent-
onset T1D had a Thl cytokine profile, while those from pre-
diabetic patients were of the Th2 subtype (Chang et al.,
1995). Moreover, overwhelming IFN-y production has been
found in high-risk first-degree relatives of children with
T1D, suggesting a Thl-like immune deviation in the pre-
diabetic phase (Karlsson et al., 2000). Likewise, serum con-
centrations of CXCL10, a chemokine induced by IFN-y are
increased in patients with T1D, but only during the early and
subclinical stage of the disease (Nicoletti et al, 2002).
Recent observations also suggest a possible deficiency of
CD4"CD25" Tregs in patients with T1D (Kukreja et al.,
2002).

A hypothetical scheme illustrating the main immunologic
events in patients with T1D is shown in Figure 7.7.
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pancreas (insulitis). The islet tissue obtained by pancreatic

biopsy from patients with recent-onset TID shows insulitis, characterized by the infiltration of CD4* and CD8" T
lymphocytes, B lymphocytes, and macrophages. An interaction between genetic and environmental factors is responsi-
ble for triggering an immune-mediated response, characterized by the appearance of autoantibodies as the first sign of
B cell destruction by CD4* and CD8* T lymphocytes. A staged progression to overt diabetes through extensive beta cell
destruction is related to various factors, including development of a more aggressive T-cell phenotype and a change in
the Th1/Th2 balance towards a more proinflammatory milieu. The expression of FasL on cytotoxic T cells is also a
marker of the progression to overt T1D. DC, dendritic cell; IFN, interferon; IL, interleukin; NK, natural killer cell; TGF,

transforming growth factor; Treg, regulatory T cell.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is an autoimmune disorder
characterized by a chronic synovitis, which often leads to
joint destruction (Harris, 1990) (see Chapter 32). Many
studies have investigated the role of cytokines in the patho-
genesis of RA. These studies have been performed both in
patients and animals with collagen-induced arthritis (CIA),
which is considered to be the best model of experimentally-
induced RA. There is considerable and convincing experi-
mental evidence for a dominant Thl drive in murine CIA
[reviewed by Schulze-Koops and Kalden (2001)]. When
cytokine levels of cultured draining lymph node cells from
mice with CIA are monitored during induction and through-
out the time of clinical manifestation, IFN-y can be detected
very early, whereas production of Th2 cytokines is sup-
pressed. Moreover, mice treated with IL-12 or IL-18, two
powerful Thl-polarizing agents, develop a more severe
disease. Finally, and most importantly, IL-12-deficient mice,

as well as mice treated with an anti-IL-12 antibody, which
have an impaired Th1 response and reduced IFN-y produc-
tion, manifest a significant reduction in both the incidence
and severity of CIA. On the other hand, a beneficial effect
of both Th2 and Treg cytokines, such as IL-4, IL-10, or TGF-
B, has been reported (Schulze-Koops and Kalden, 2001).
The experimental evidence for a dominant Thl drive in
RA in humans is less clear, and categorization of a complex
disease such as RA as “Th1” is probably too simplistic. It is
well-established that pro-inflammatory cytokines, such as
TNF-a, IL-1, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and IL-6 (Di Giovine et al., 1988; Hirano
et al., 1988; Bucala et al., 1991; Haworth et al., 1991;
Deleuran et al., 1992; Wood et al.,, 1992), as well as
chemokines, such as CXCL8, CCL2, and CCL5 (Hosaka et
al., 1994), are produced by the synovial membrane in RA
and are considered to be important in the pathophysiology
of the disease. Indeed, they can both induce bone resorption
and cartilage destruction, and can stimulate prostaglandin
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E2 release and collagenase production (Feldman et al.,
1992). In contrast to the abundance of monocyte-derived
cytokines, T-cell-derived cytokines have often proven diffi-
cult to detect in RA synovium (Firestein et al., 1988;
Brennan et al., 1990), despite the fact that synovial mem-
brane-infiltrating T cells appear to be phenotypically acti-
vated (Hovdenes et al., 1989). This has led to the suggestion
that the pathogenesis of RA is mediated solely by
macrophages and their effector cytokines (Firestein and
Zvaifler, 1993).

An alternative view is that T-cell cytokines may be
important, but are expressed at levels too low for detection
by conventional methods (Panayi et al., 1992). In support
of this possibility is the demonstration, by either PCR or
in situ hybridization, of mRNA for IFN-y and IL-2 in RA
synovial tissue (Buchan et al., 1988; Firestein et al., 1990;
Simon et al., 1994). Moreover, the majority of circulating
mononuclear cells from RA patients show elevated expres-
sion of mRNA for Thl cytokines, while elevated mRNA
levels for IL-4 are present only in a few cases, which sup-
ports a predominant activation of Th1/ThO cells (Schulze-
Koops et al., 1995). Finally, T-cell clones derived from RA
synovium produce predominantly IL-2 and IFN-y, which
suggests a Thl profile (Miltenburg et al., 1992; Quayle
et al., 1993). However, some rheumatoid inflammatory T-
cell clones also exhibit a ThO-like or even a Th2-like profile
(Quayle et al., 1993), which may represent the result of
a disease-dampening immune deviation. Moreover, the
number of IFN-y-producing CD4" T cells is significantly
increased in the synovial fluid compared to the peripheral
blood (Davis et al., 2001), resulting in a markedly elevated
Th1/Th2 ratio that correlates with disease activity (van der
Graaf et al., 1999). In the synovial fluid of RA patients, IL-
18 expression associates with the high levels of both IL-13
and TNF-a (Joosten et al., 2003), and seems to promote joint
inflammation and cartilage destruction through a separate
pathway (Joosten et al., 2004). Of note, progenitor cells and
soluble factors in the synovial fluid of RA patients yield a
subset of myeloid DCs that preferentially activate Thl
responses (Santiago-Schwartz et al., 2001). Increased
numbers of peripheral blood cells secreting IFN-y and IL-2
were also found in patients with new-onset synovitis (of
under 1-year duration) and, more interestingly, the frequen-
cies of IFN-y-secreting cells in early arthritis correlated with
disease activity, emphasizing the role of Thl cells in the
initiation of the disease (Kanik et al., 1998). Accordingly,
analysis of subcutaneous nodules in RA patients revealed a
classic Thl-like granuloma pathway (Hessian et al., 2003).
The possible role of CXCL10 in the recruitment of Th1 cells
from the bloodstream into the synovial joints has been
suggested (Hanaoka et al., 2002). On the other hand, in
addition to proinflammatory cytokines, a compensatory
anti-inflammatory response has also been observed in RA
synovial membranes. Thus, high levels of IL-1RA, soluble

TNF receptors (both the 55- and 75-kDa receptors), IL-10,
and TGF-f3 have been found in RA synovial fluid (Brennan
et al., 1990; Deleuran et al., 1992). IL-10 was also found
at both the mRNA and protein level in RA synovial mem-
branes (Katsikis et al.,1994). This suggests that homeostatic
immune system mechanisms exist in the rheumatoid joint to
contain inflammation and limit joint destruction. Indeed,
blocking IL-10 in synovial membrane cultures resulted in an
increase in both TNF-o and IL-1B (Katsikis et al., 1994).
Because IL-10 is a powerful inhibitor of both Thl and
macrophage cytokine production (Fiorentino et al., 1989;
Del Prete et al., 1993), it is also possible that IL-10 may rep-
resent the factor, or one of the factors, responsible for the
“elusiveness” of Th1-derived cytokines in RA. However, the
possibility of a more heterogenous Th cell response cannot
be excluded.

The complex immunologic events in patients with RA are
shown in Figure 7.8.

Sjogren Syndrome

Sjogren syndrome (SS) is a chronic autoimmune disease
with a clinical spectrum defined by the simultaneous pres-
ence of keratoconjunctivitis sicca and xerostomia in patients
not fulfilling criteria for any other chronic inflammatory
connective tissue disease (Skopouli et al., 1986) (see
Chapter 31). The disorder is characterized by immune
system hyperactivity expressed as hypergammaglobuline-
mia, multiple organ and non-organ-specific autoantibodies,
and focal lymphocytic infiltration of the exocrine glands
(Fox and Kang, 1992). Although not yet conclusive, the
results of different studies suggest a predominant activation
of Th1 cells in patients with SS. This has been observed in
the Iql/Jic mouse model of primary SS, where the expres-
sion of IL-12 and IFN-y associates with the presence of
CD86-expressing DCs in the early development of sialo-
dacryoadenitis (Konno et al., 2003).

In the human disease, the cytokines IL-1, IL-6, TNF-q.,
and IFN-y were identified in defined parts of labial salivary
gland specimens (Rowe et al., 1987; Oxholm et al., 1992).
Increased serum levels of IL-6 and IFN-y have also been
reported (Al-Janadi et al., 1993). It has been suggested that
virus-induced IFN-y production may shift the distribution of
the nuclear autoantigen La (SSB) from the nucleus to the
cytoplasm and membrane of salivary cells, thus favoring the
autoimmunization process (Clark et al., 1994). Indeed, spon-
taneous IFN-y mRNA has been observed in freshly isolated
unstimulated T cells from SS patients (Villarreal et al.,
1995). Increased production of IL-10 by stimulated periph-
eral blood mononuclear cells and spontaneous IL-10 mRNA
expression by freshly isolated mononuclear cells from SS
patients have also been reported (Liorente et al., 1994;
Villarreal et al., 1995), which may reflect a homeostatic
attempt to contain the inflammation induced by the Thl
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cytokines (see RA above). The possible role of IL-15 pro-
duced by macrophages in recruiting and activating T-lym-
phocytes into synovial membrane has also been suggested,
but the pathogenic meaning of this finding remains unclear
(Mcinnes et al., 1996). More recent data demonstrate the
existence of both Thl and Th2 cytokines in labial salivary
glands (LSGs) of SS patients, with the balance between
the two shifting in favor of Thl in patients with a high
LSG infiltration score (Mitsias et al., 2002). The predomi-
nance of the Th1 drive in SS patients has also been recently
confirmed by the observation of increased circulating levels
and salivary gland expression of IL-18 (Bombardieri et al.,
2004).

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is an autoimmune
disorder characterized by multiple immune abnormalities,
culminating in the overproduction of a wide range of auto-
antibodies and a constellation of pathologic abnormalities
involving the kidney, skin, brain, lungs, and other organs
(Milis, 1994) (see Chapters 27 and 28). The imbalance
between Th1 and Th2 cytokine production in SLE patients,
which favors Th2 cytokines, may be critical to disease
induction. It may contribute to the increased B-cell activa-
tion characteristic of SLE patients, and also to disease per-
petuation. Moreover, the cytokine imbalance might underlie
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the impaired self-tolerance, because several Th2 cytokines
stimulate B cells. However, the immune alterations of SLE
are likely much more complex than a Th1/Th2 imbalance
alone, and the reasons for the defective Thl responses in
patients with SLE remain speculative. Downregulation by
excessive Th2 cytokines, defective interaction between
APCs, T cells, and NK cells, the presence of IL-2 inhibitors,
and the downregulation of IL-2 receptors are possible mech-
anisms. Alternatively, the strong increase in IL-10 produc-
tion may account for both the potent stimulation of B-cell
proliferation and defective Thl response (Csiszar et al.,
2000). In contrast, IL-12 production was found to be inhib-
ited in circulating mononuclear cells from SLE patients
compared with matched controls (Horwitz et al., 1998).
Thus, a dysregulation of the IL-10/IL-12 balance might play
an important role in the impaired cellular immune responses
seen in patients with SLE. However, multiple alterations in
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the immunoregulatory network (Figure 7.9) certainly play a
more crucial role in SLE pathogenesis (Mok and Lau, 2003).

Systemic Sclerosis

Systemic sclerosis (SSc) is characterized by inflamma-
tory, vascular, and fibrotic changes of the skin (scleroderma)
and a variety of internal organs, most notably the gastro-
intestinal tract, lungs, heart, and kidney (see Chapter 29). In
the skin, a thin epidermis overlies compact bundles of col-
lagen, which lie parallel to the epidermis. Increased numbers
of T cells may be present at the border of skin lesions, as
well as in other organs in the early stages of the disease
(Roumm et al., 1984). Furthermore, cellular autoimmunity
to collagen and laminin (Fleischmajer et al., 1993), and the
claimed development of scleroderma-like lesions after sili-
cone mammoplasty (Endo et al., 1987) (see Chapter 23),
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have suggested a role for activated T cells in the pathogen-
esis of SSc. Mice heterozygous for the tight-skin (Tsk) muta-
tion develop skin fibrosis and are considered to be a good
experimental animal model for the human disease. The
administration of neutralizing anti-IL-4 antibodies to Tsk/*
mice prevented the development of skin fibrosis in these
mice, suggesting an important role for this Th2 cytokine in
the pathogenesis of lesions. Accordingly, the development
of skin fibrosis in Tsk/" mice was abrogated by the IL-47~
or STAT6™ mutation (Ong et al., 1999).

Interestingly, circulating mononuclear cells from patients
with SSc produce higher amounts of IL-2 and IL-4 than
controls (Famularo et al, 1990; Needleman et al, 1992; Sato
et al.,, 1995). The great majority of SSc patients showed
spontaneous IL-4, IL-5, and CD30 mRNA expression in
peripheral blood T cells, and high numbers of CD4"* T cells
in the perivascular infiltrates present in skin biopsy speci-
mens obtained from SSc patients were CD30" and expressed
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IL-4, but not IFN-y, mRNA. These data strongly suggest
predominant activation of Th2 cells in SSc and support the
view that abnormal and persistent IL-4 production by the
activated Th2 cells may play an important role in the induc-
tion of fibrosis and, therefore, in the pathogenesis of the
disease.

A hypothetical scheme illustrating the possible immuno-
logic events leading to the main pathophysiologic alterations
characteristic of subjects with SSc is shown in Figure 7.10.

The origin of the Th2-dominated immune response in
SSc is still unclear. The clinical features of SSc are similar
to those of chronic graft-versus-host disease (GvHD)
(Chosidow et al., 1992), a chimeric disorder in recipients
of allogenic stem cell transplants and in whom Th2-type
responses also predominate (de Wit et al., 1993). Identifica-
tion of fetal DNA and cells in skin lesions and blood from
women with SSc has been reported (Artlett et al., 1998),
suggesting that a microchimerism established by fetal T
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FIGURE 7.10 Possible events contributing to the development of systemic sclerosis (SSc). Extracellular matrix
protein synthesis by fibroblasts is the hallmark of the disease. Collagen accumulation results from abnormal interactions
between endothelial cells, lymphocytes, macrophages, and fibroblasts, leading to the production of fibrosis-inducing
cytokines. Fibroblasts from subjects with SSc are activated and overproduce extracellular matrix proteins. Collagen syn-
thesis is dependent upon tumor growth factor (TGF)-f3, a cytokine produced by fibroblasts and endothelial cells, and
connective tissue growth factor (CTGF), synthesized by fibroblasts under the influence of both TGF- produced by
fibroblasts and interleukin (IL)-4 produced by Th2 cells. PDGF, platelet-derived growth factor; TNF, tumor necrosis
factor.
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cells and the activation of such cells may induce a graft-
versus-host response, manifesting as SSc. However, subse-
quent studies showed no difference in the frequency of
microchimerism with fetal cells between healthy women
and women with SSc; therefore, the casual link between
microchimerism and disease pathogenesis remains uncertain
(Evans et al., 1999). Seven maternal T-cell clones derived
from women with SSc and one derived from a healthy
woman proliferated in response to autologous non-T-cells
and exhibited the Y chromosome, which demonstrated that
they originated from male-offspring T cells. These data
suggest that male-offspring T cells, which are present in
blood and/or skin of women with SSc and are reactive
against maternal MHC antigens, exhibit a Th2-oriented
profile, thus supporting their possible role in the chronic
GvHD occurring in women with SSc (Scaletti et al., 2002).

CONCLUDING REMARKS

It is now clear that the Th cell population contains func-
tionally polarized subsets that are characterized by the pat-
terns of cytokines they produce in response to different types
of antigenic stimulation. Although Thl and Th2 cells were
first identified by in vitro analysis of murine T-cell clones,
strong evidence now exists for similar subsets in vivo in
mice, rats, and humans. Provided oversimplifications are
avoided, these two extremely polarized forms of the specific
cellular immune response, evoked by intracellular parasites
and gastrointestinal nematodes, respectively, provide a
useful model for explaining not only the different types of
protection, but also the pathogenic mechanisms of several
immunopathologic disorders.

Thl-dominated responses are very effective at eradicat-
ing infectious agents, including those “hidden” within the
cell; however, if the Thl response is not effective or is
excessively prolonged, it may become dangerous for the
host, due to both the activity of cytotoxic cytokines and the
strong activation of phagocytic cells. In contrast, Th2
responses are not sufficiently protective against the major-
ity of infectious agents, but they do provide an important
downregulatory mechanism for exaggerated and/or exces-
sively prolonged Thl responses (Thl to Th2 switch or
immune deviation from Thl to Th2).

Studies of autoimmune disorders in the context of
Thl and Th2 T-cell responses suggest the existence of a
complex network of interactions that involves Thl
responses, counter-regulatory Th2 responses, and the defec-
tive intervention of Tregs. The majority of autoimmune
diseases studied, especially organ-specific autoimmune
diseases, appear mainly to be mediated by Thl-triggered
inflammatory processes, the two clearest examples being
MS and T1D. Interestingly, in these diseases, switching from
a Thl to a Th2 response can prevent Thl-mediated destruc-

tion of tissue in the experimental models of many condi-
tions. However, a role for defective Treg activity is also
emerging. In human SLE, a Thl/Th2 polarization is not
apparent, and a more general imbalance of different immune
mechanisms seems to be operating. In other autoimmune
disorders, Th2 responses seem to predominate and can
mediate tissue damage. Th2 cells are indeed involved in
autoimmunity during chronic GvHD, in SLE induced by
chemicals, and in SSc. It is of note that the chronic auto-
immune diseases related to a prevalent Th2 response can in
turn be prevented by switching from a Th2 to Thl response.
Taken together, these findings suggest that modulation of the
relative contribution of Th1 or Th2 T cells to an autoimmune
response, or suppression of the response that is prevalently
involved in the inflammatory process, may allow clinical
autoimmune disease to be regulated, thus opening the way
for new therapeutic strategies.
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Autoimmune diseases generally develop as a result of an
immune response against self-molecules. Insulin-dependent
diabetes, multiple sclerosis, and myasthenia gravis are all
examples of diseases that are believed to result from such
a misdirected response. Immune tolerance mechanisms are
normally in place to limit potential autoimmune responses.
Self-reactive T cells, which often mediate autoimmune
disease, are controlled through mechanisms of central toler-
ance that occur in the thymus during T cell development and
peripheral tolerance that act on mature T cells after they
leave the thymus.
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THYMIC TOLERANCE

T-Cell Receptor Interactions Determine
Thymocyte Fate

Differentiation of thymocytes is characterized by the cell-
surface expression of proteins such as CD4 and CD8. Bone
marrow progenitors that enter the thymus initially do not
express CD4 or CD8 and are referred to as double-negative
(DN) CD4°CDS8™ thymocytes (Figure 8.1). Following T-cell
receptor (TCR) B chain rearrangement, only thymocytes
expressing a functionally rearranged TCR 3 chain are
selected to continue maturation and upregulate both CD4
and CDS8. At this CD4*CD8" double-positive (DP) stage,
TCR o chain rearrangement is initiated and functionally
rearranged TCR o chains are expressed on the cell surface
with the TCR P chain. Interactions between the TCR
expressed by DP thymocytes and self-major histocompati-
bility complex (MHC) molecules mediate survival or death
(Figure 8.1). Thymocytes expressing TCRs that do not
interact with self-MHC molecules die within a few days.
Thymocytes expressing TCRs that are able to interact with
intermediate affinity with self-MHC molecules are rescued
from death by a process called positive selection. Positive
selection ensures that only T cells that are able to recognize
peptides presented on self-MHC molecules are exported to
the periphery. Thymocytes expressing TCRs recognizing
class I MHC molecules downregulate CD4 and become
cytotoxic CD8" single positive (SP) cells, while CD4" helper
T (Th) cells arise as a result of interactions between TCRs
and class I MHC molecules. A strong interaction between
TCR and self-peptide-MHC leads to the elimination of
thymocytes by a process called negative selection (Palmer,
2003; Starr et al., 2003).

Copyright © 2006, Elsevier Inc.
All rights reserved.
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Thymocyte development and selection. Developing thymocytes follow a defined differentiation program

in the thymus. Early progenitors are found in the cortex of the thymus as CD4 CD8 double-negative (DN) thymocytes.
Subsequently they upregulate the expression of the coreceptors CD4 and CD8 and become double-positive (DP) T cells.
The DP thymocytes survive for approximately 3 days before undergoing programmed cell death. Intermediate-affinity
interactions between the T-cell receptor (TCR) and self-peptide-MHC trigger differentiation and survival through a
process called positive selection. Positive selection leads to the maturation of single-positive CD4* or CD8" thymocytes
that transit into the medulla. A high-affinity/-avidity interaction between the TCR and self-peptide/MHC results in
negative selection and central tolerance. Medullary epithelial cells (MECs) and other antigen-presenting cells contribute

to negative selection.

Deletion of Autoreactive Thymocytes

What happens to the autoreactive thymocytes when they
receive a strong signal through the TCR? Clonal deletion has
been shown to be one of the main mechanisms that elimi-
nate autoreactive cells (Kappler et al., 1987; 1988; Mac-

Donald et al., 1988). This was first demonstrated by Kappler
et al. (1987) using a monoclonal antibody that recognized
the VP17 segment of the TCR. They found expression of
VP17 in immature but not mature thymocytes of mice that
expressed I-E, suggesting that the VB17" I-E reactive
cells are deleted. Further evidence for clonal deletion as a
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mechanism of negative selection was provided by TCR
transgenic mice. H-Y TCR transgenic mice express TCRs
that recognize the male H-Y antigen presented by MHC
class I molecules. In male TCR transgenic mice, a striking
reduction of the DP thymocytes and CD8" transgenic T cells
was observed. In contrast, in female mice the H-Y TCR
transgenic T cells were positively selected to the CD8
lineage (Kisielow et al., 1988; Teh et al., 1988). Together,
these studies clearly demonstrate that thymocytes express-
ing self-reactive TCRs are clonally eliminated during
development.

As an added level of protection from autoimmunity,
thymic deletion appears to be more sensitive than mature
T-cell activation. That 1is, stronger interactions with
peptide—MHC are required for the activation of T cells in
the periphery compared to deletion of immature thymocytes
(Yagi and Janeway, 1990; Pircher et al., 1991; Vasquez et
al., 1992; Davey et al., 1998; Lucas et al., 1999). The higher
sensitivity in thymic selection creates a margin of safety by
deleting T cells that would probably not receive strong
enough signals to be activated by self-peptide—MHC in the
periphery.

Clonal Inactivation of
Autoreactive Thymocytes

In addition to thymic deletion, T-cell inactivation has
also been proposed as a mechanism of thymic tolerance
(Ramsdell et al., 1989; Speiser et al., 1990; Rellahan et al.,
1990). This was originally shown by Ramsdell et al. (1989)
using a chimeric model. They generated chimeric mice by
transferring bone marrow cells from one mouse to an irra-
diated recipient mouse. Bone marrow cells are sensitive to
irradiation while the thymic epithelial cells are resistant,
allowing the selective depletion of bone marrow-derived
cells. In this way, they generated animals that expressed the
tolerizing superantigen MlIs-1? in the bone marrow cells or
thymic stroma to study the effect on T cell development and
tolerance. If Mls-1* was expressed on bone marrow cells,
deletion of VB6" Mls-1° reactive T cells occurred. However,
if the host expressed Mls-1? and the donor bone marrow cells
did not, clonal deletion did not occur. Instead, nondeleted
mature VB6" T-cells were unresponsive to Mls-1* or stimu-
lation by monoclonal antibodies. Thus, it appears that under
some circumstances thymocytes are inactivated rather than
deleted.

Regulatory T-Cell Development

Some of the T cells that receive a relatively strong signal
in the thymus, which is insufficient for negative selection,
can develop immunosuppressive functions and negatively
regulate responses by other T cells. Although the location
and signals involved in the development of these regulatory

T cells (Tregs) are unclear, evidence suggests that they are
the result of relatively high-affinity interactions in the
thymus (Itoh et al., 1999). At least one subset of CD4*CD25*
Tregs that express TCRs with self-reactive properties is pro-
duced in the thymus [reviewed in Fehervari and Sakaguchi
(2004)]. Glucocorticoid signaling blockers, which effec-
tively decrease the threshold for T-cell activation, result in
the generation of more CD4'CD25" Tregs in the thymus.
Similarly, studies using double transgenic mice that express
an ovalbumin (OVA)-specific TCR and a transgene-
encoding OVA in the thymus, suggest that Tregs are the
product of selection signals that are higher than those for
positive, but lower than those for negative, selection (Jordan
et al., 2001). However, a recent study has questioned the
conclusions of these studies, suggesting that Tregs do not
differentiate in the thymus as a consequence of high-
affinity interactions. Rather, the observed increase in the
percentage of these cells is a result of preferential deletion
of CD4"CD25™ T cells (van Santen et al., 2004). Nonethe-
less, development of the Treg population in the thymus plays
a key role in maintaining tolerance in the periphery.

Tissue-Specific Antigens and
Negative Selection

A potential problem with central tolerance is the limited
expression of peripheral tissue-specific antigens in the
thymus. It has become clear, however, that certain cells of
the thymic stroma express peripheral tissue-specific antigens
that promote the elimination of self-reactive T cells (Smith
et al., 1997; Kyewski et al., 2002). Studies have suggested
that a putative transcription factor—the autoimmune regu-
lator (AIRE) protein—is expressed in rare specialized cells
called medullary epithelial cells (MECs). Interestingly, it
was found that a mutation in this protein in humans led
to the development of the multiorgan autoimmune endo-
crine disease, autoimmune-polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) (The Finnish—-German
APECED Consortium, 1997; Nagamine et al., 1997). Since
both AIRE and peripheral antigens are expressed in MECs,
it was speculated, and later confirmed by microarray tech-
nology, that AIRE controls the expression of these antigens
(Anderson et al., 2002). To study the role of AIRE, AIRE-
deficient mice were generated by two independent groups
(Anderson et al., 2002; Ramsey et al., 2002). These mice
developed lymphocytic infiltrates and autoantibodies
directed against a number of peripheral organs and tissues,
such as the salivary gland, retina, pancreas, ovary, stomach,
and thyroid. Further analysis using bone marrow chimeras
and thymic transplant experiments found that to prevent
disease AIRE expression was only crucial in the non-
hematopoietic cells of the thymic stroma (Anderson et al.,
2002). Therefore, central tolerance includes mechanisms to
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induce tolerance of T cells specific for tissue antigens
expressed outside the thymus.

Other cell populations found in the thymus include
dendritic cells (DCs) and macrophages. This is important
because they expose thymocytes to antigens expressed on
antigen-presenting cells (APCs) that activate T cells in the
periphery. In this way, thymocytes become tolerant to
“self ”-antigens expressed by APCs, biasing the repertoire to
respond to foreign antigens presented by these cells.

Negative Selection and Autoimmunity

If central tolerance were critical for eliminating auto-
reactive cells and preventing autoimmunity, it would be
predicted that autoimmunity would develop if negative
selection were impaired. Currently, the association between
the loss of AIRE and autoimmunity in both humans and
mouse models provides the best evidence for the importance
of negative selection (The Finnish-German APECED
Consortium, 1997; Nagamine et al., 1997; Ramsey et al.,
2002; Anderson et al., 2002; Liston et al., 2003).

Other animal models of autoimmunity, however, have
also been associated with impaired negative selection
(Kishimoto and Sprent, 2001; Lesage et al., 2002). Since
negative selection involves the death of self-reactive thy-
mocytes, genes involved in apoptosis may be important for
this process. As a result, mutations in apoptosis-related
genes often result in autoimmune disease. An example of
this is the proapoptotic molecule Bim, a Bcl-2 homology
domain 3 (BH3)-only containing protein (Bouillet et al.,
1999). Mice deficient in Bim accumulate lymphoid and
myeloid cells, while older mice accumulate plasma cells and
develop autoimmune kidney disease. Studies have suggested
that defects in both central and peripheral tolerance con-
tribute to these abnormalities (Bouillet et al., 2002; Davey
et al., 2002; Hildeman et al., 2002).

This is not the only evidence for the importance of central
tolerance in preventing autoimmunity. Many studies also
support the corollary prediction: if central tolerance (clonal
deletion) is induced to tissue-specific antigens, autoimmu-
nity can be prevented (Herold et al., 1992; Posselt et al.,
1992; Ally et al., 1995).

Escape of Autoreactive T Cells from
Central Tolerance

Evidence suggests that central tolerance is incomplete
because autoreactive cells can be found in the peripheral
repertoire and autoimmune diseases do arise in humans and
animal models (Haskins and McDuffie, 1990; Nagata et al.,
1994; Verdaguer et al., 1997; Wong et al., 1999). Several
factors have been identified to explain why self-reactive
T cells may escape thymic deletion. Although the AIRE
protein promotes expression of tissue-specific antigens in

the thymus, it is likely that many are still not expressed at
levels sufficient to induce T-cell tolerance. Models have sug-
gested that many tissue-specific antigens are not expressed
at sufficient levels for negative selection (Ohashi et al.,
1991; Goverman et al., 1993; Katz et al., 1993; Pugliese
etal., 1997; Vafiadis et al., 1997). Low levels of self-antigen
expressed in the thymus would lead to deletion of only the
high-affinity/-avidity autoreactive thymocytes, resulting in
incomplete tolerance and allowing lower-affinity/-avidity,
potentially self-reactive thymocytes to leave the thymus
(von Herrath et al., 1994; Oechen et al., 1994). In addition,
peptides that have a low affinity for MHC cannot induce
negative selection of thymocytes expressing cognate TCRs
(Liu et al., 1995). Weak binding to the MHC results in lower
effective avidity that allows escape from deletion. T cells
expressing TCRs with low affinity/avidity for peptide-MHC
may also avoid negative selection (Morgan et al., 1998).
These T cells could be activated in the periphery as a result
of possibly higher levels of antigen expression. Finally, par-
ticular splice variants of proteins may not be expressed in
the thymus and therefore specific T cells will not be toler-
ized (Anderton et al., 2002; Manoury et al., 2002). Thus,
multiple factors alter the ability of self-peptides to be effec-
tively presented in the thymus, limiting the efficiency of
negative selection.

PERIPHERAL TOLERANCE

Because not all autoreactive thymocytes are deleted
during development, peripheral tolerance mechanisms have
been postulated to induce unresponsiveness in mature T
cells that are specific for peripheral self-antigens. Four main
mechanisms of peripheral tolerance play an important role
in maintaining self-tolerance and preventing autoimmunity:
deletion, anergy, ignorance, and regulatory cells.

Deletion

The mechanism of tolerance of mature T cells by clonal
elimination was demonstrated in vivo using different
approaches (Webb et al., 1990; Kawabe and Ochi, 1991;
Rocha and von Boehmer, 1991). In the first report, injection
of cells expressing the superantigen Mls-1* into thymec-
tomized Mls-1° mice resulted in the expansion of Mls-1*
reactive VB6'CD4* T cells, followed by deletion of these
cells (Webb et al., 1990).

The relevance of clonal deletion as a mechanism of
peripheral tolerance to tissue specific antigens was provided
using transgenic mouse models (Chen et al., 1995; Kurts et
al., 1996; Liblau et al., 1996). Kurts et al. (1996) utilized
mice that expressed a membrane-bound form of OVA in
the pancreas [rat insulin promotor (RIP)-OVA mice] and
kidneys. Adoptive transfer of OVA-specific CD8" T cells
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into RIP-OVA mice showed that in the lymph nodes drain-
ing the organs where the OVA antigen was expressed, the
OVA-specific T cells divided and displayed an activated
phenotype. The OVA-specific T cells detected antigen on
bone marrow-derived APCs that picked up antigen and pre-
sented it in the context of MHC class I via an exogenous
processing pathway. This activation and expansion in the
draining lymph nodes, however, was only transient and was
followed by deletion of the OVA-specific T cells (Kurts et
al., 1997).

The importance of deletion as a mechanism of peripheral
tolerance has also been suggested in mice deficient for genes
involved in apoptosis, such as Fas and FasL. The natural
mutant Ipr mouse (lymphoproliferative), which carries a
mutation in the TNF-family receptor Fas, and the FasL
mutant gld mouse (generalized lymphoproliferative
disorder), develop lymphadenopathy, splenomegaly, and
spontaneous autoimmunity (Watanabe-Fukunaga et al.,
1992; Takahashi et al., 1994). A similar phenotype and
autoimmunity is seen in autoimmune lymphoproliferative
syndrome (ALPS) patients (also known as Canale Smith
syndrome), most of whom have a mutation in Fas (Fisher et
al., 1995; Rieux-Laucat et al., 1995; Lenardo et al., 1999).
However, the role of Fas in peripheral clonal deletion and
autoimmunity remains controversial. While some studies
have pointed to a role for Fas/FasL in activation-induced cell
death of mature T cells but not thymocytes (Russell et al.,
1993; Singer and Abbas, 1994), others have found Fas to be
dispensable for peripheral deletion (Zhou et al., 1992; Sytwu
et al., 1996; Hildeman et al., 1999; Nguyen et al., 2000;
Reich et al., 2000). Numerous other examples exist of mol-
ecules involved in apoptosis whose dysregulation can result
in autoimmunity (Field et al., 1996; Murga et al., 2001,
Zhang et al., 2002).

T-Cell Inactivation

In some models, T-cell interaction with tolerizing antigen
results in transient activation and eventual deletion.
However, in some circumstances not all antigen-specific T
cells are deleted; instead they become functionally inacti-
vated, remaining alive for an extended period of time in a
hyporesponsive state referred to as anergy (Figure 8.2)
(Schwartz, 1990; 2003). Initial characterization showed that
anergic cells were unable to proliferate or produce inter-
leukin (IL)-2 upon stimulation.

The anergic state was first identified in vitro following
activation of T cells with chemically fixed APCs (Jenkins
and Schwartz, 1987; Mueller et al., 1989). Subsequently,
other models have shown anergy induction in vivo (Lo
et al., 1988; Burkly et al., 1989; Rammensee et al., 1989;
Rellahan et al., 1990). In vivo anergy was first clearly shown
by Rammensee et al. (1989) using superantigen Mls-1°%-
positive cells that were injected into Mls-1° mice. After the
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initial T-cell expansion and deletion of Mls-1*-specific V6™
T cells, a population of V6" T cells remained. These
cells were unable to proliferate in response to Mls-1?
(Rammensee et al., 1989). Using a TCR transgenic mouse
model, Rocha and von Boehmer (1991) have transferred H-
Y specific transgenic T cells into nude male mice. This led
to a rapid expansion and eventual deletion of the majority
of T cells. The remaining T cells failed to proliferate in
response to male cells and/or anti-TCR antibody.
Interestingly, there appears to be more than one type of
anergy. Schwartz (2003) suggests that the in vitro induced
clonal anergy is different from a state that is referred to as
adaptive in vivo induced tolerance (Schwartz, 2003).
Whereas clonal anergy can be reversed by the addition of
IL-2, adaptive anergy cannot. Furthermore, adaptive anergy
appears to depend on the continual presence of antigen. In
the Rocha experiments with H-Y-specific T cells, if the
anergic T cells were transferred into female mice that lacked
the antigen, they recovered their ability to proliferate to
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antigen (Rocha et al., 1993). This was also demonstrated in
other models (Ramsdell and Fowlkes 1992; Migita and Ochi
1993). Further models have suggested that T-cell activation
thresholds can be modulated; that is, the ability of T cells to
be activated by antigens is affected by interactions with self-
peptide—-MHC encountered during development or in the
periphery (Kawai and Ohashi, 1995; Sebzda et al., 1996;
Mariathasan et al., 1998; Grossman and Paul, 2001). In addi-
tion, Tregs are generally believed to be anergic (Sakaguchi,
2004). Therefore, it appears that T lymphocyte unrespon-
siveness or anergy can be induced in multiple ways.

T-Cell Peripheral Tolerance Versus Activation

If mature T cells expressing TCRs that recognize self-
peptide-MHC found in the periphery undergo clonal
deletion and anergy, how is normal T-cell activation pro-
grammed to occur? Traditional models have suggested that
T cells that are stimulated through the TCR (signal 1)
together with a costimulatory signal 2 become fully acti-
vated effector T cells. In contrast, stimulation of T cells
through the TCR in the absence of costimulation leads to the
induction of anergy (Bretscher and Cohn, 1970; Lafferty and
Cunningham, 1975; Schwartz, 1992). Costimulatory signals
such as CD80 (B7.1) and CD86 (B7.2) are received from
mature APCs. CD80 (B7.1) and CD86 (B7.2) bind to the
costimulatory molecule CD28 that is constitutively
expressed on the majority of T cells. Cytokines and
chemokines also provide important signals that promote T-
cell function and inflammation (Vella et al., 1997b;
Curtsinger et al., 2003). Current models propose that the
maturation state of the DC determines the outcome of
T-cell tolerance versus activation. TCR-specific interactions
between T cells and resting DCs result in tolerance (anergy
and/or deletion), while interactions with activated DCs
promote immunity (Steinman and Nussenzweig, 2002). Key
signals that promote DC maturation in vivo include signals
through Toll-like receptors (TLRs), which are triggered by
various structural components of pathogens (Janeway and
Medzhitov, 2002; Takeda et al., 2003).

T-cell function is also controlled through the actions of
inhibitory receptors such as CTLA-4 and PD-1 on T cells
(Greenwald et al., 2002). CTLA-4 is a molecule expressed
on T cells that binds to CD80 (B7.1) and CD86 (B7.2) and
is believed to be involved in the downregulation of T-cell
responses, counteracting CD28 costimulation. CTLA-4
could do this by outcompeting CD28 for B7 ligands, antag-
onizing CD28-mediated signals, and/or antagonizing TCR-
mediated signals; however, at this time the exact mechanism
is unclear. CTLA-47" mice develop severe lymphopro-
liferative disorders ultimately resulting in death (Tivol
et al. 1995; Waterhouse et al. 1995). Recently, a ligand-
independent splice variant form of CTLA-4 (1iCTLA-4) has
been found and characterized as a negative regulator of sig-

naling downstream of the TCR (Vijayakrishnan et al., 2004).
It is more potent than the full-length CTLA-4 in inhibiting
T-cell responses, and decreased levels of liCTLA-4 have
been linked to susceptibility to diabetes, Graves’ disease,
and autoimmune hypothyroidism (Ueda et al., 2003).

Similarly, PD-1 (programmed death gene-1), which inter-
acts with CD80/86 (B7) family members PD-L1 (B7-H1)
and PD-L2 (B7-DC), has negative regulatory functions. PD-
17" mice develop an autoimmune-like phenotype, although
with delayed onset compared to CTLA-47" mice, with
lupus-like glomerulonephritis and progressive arthritis asso-
ciated with a high level of IgG; deposition, and increased
numbers of myeloid and B cells (Nishimura et al., 1998;
1999). Thus, both the activation state of the APC and the
inhibitory receptors affect T-cell tolerance and function, and
regulate autoimmunity.

Ignorance

Many autoreactive T cells are not deleted or inactivated
in the thymus or in the periphery. If tissue-specific self-
antigens are not detectable by the immune system,
potentially self-reactive “ignorant” T cells remain in the
peripheral repertoire.

Ignorance was first demonstrated in an experimental
model of diabetes (Ohashi et al., 1991; Oldstone et al.,
1991). RIP-gp transgenic mice expressed the lymphocytic
choriomeningitis virus (LCMYV) glycoprotein under the
control of the RIP, resulting in expression in the B cells of
the pancreas. The LCMV-gp specific T cells from RIP-gp
mice were not tolerized and yet, RIP-gp mice did not
develop spontaneous diabetes. Lymphocytic choriomeningi-
tis virus (LCMYV) infection, however, resulted in the activa-
tion of gp-specific T cells that infiltrated and destroyed the
insulin-producing islet B cells. Numerous examples exist
where autoimmune diseases, such as experimental auto-
immune encephalomyelitis (EAE), can be induced by
immunizing animals with peptide in adjuvant, leading to the
activation of self-specific T cells (Kuchroo et al., 2002).
These studies suggest that T cells are not tolerized in the
presence of antigen; rather they remain “ignorant” of the
antigen expressed in the tissues.

Regulation by Other Cells

The existence of regulatory (suppressor) cells was pos-
tulated over 30 years ago following experiments using
thymectomized mice and rats. These animals developed
autoimmune destruction of the ovaries or thyroid gland,
respectively, which could be prevented by adoptive transfer
of normal CD4" cells (Nishizuka and Sakakura, 1969;
Penhale et al., 1973). Sakaguchi et al. (1995) showed that
the autoimmune disease induced by the transfer of
CD4"CD25™ T cells into athymic nude mice could be pre-
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vented by the cotransfer of CD4'CD25" T cells. These
CD4*CD25" T cells occur naturally and act by suppressing
immune responses. The molecular basis of CD25'CD4" sup-
pression remains controversial. In vivo studies with knock-
out mice and blocking antibodies suggested a role for the
cytokines IL-10 and transforming growth factor (TGF)- in
some models [reviewed in Sakaguchi (2004)]. In vitro sup-
pression requires direct cell-cell interactions but it is not
clear if this is also true in vivo (Read et al., 1998; Takahashi
et al. 1998; Thornton and Shevach, 1998). Interestingly,
CD4*CD25" T cells constitutively express CTLA-4 and its
blockade abrogates Treg function in vivo (Read et al. 2000;
Takahashi et al., 2000). Thus, it is possible that more than
one mechanism of suppression exists.

Further evidence for the importance of Tregs is provided
by both human and animal models. Immune dysregulation,
polyendocrinopathy, enteropathy, and X-linked (IPEX) syn-
drome is an X-linked immunodeficiency syndrome associ-
ated with autoimmunity in multiple organs. The Scurfy
strain of mice is an analogous disease model in mice dis-
playing hyperactivation of CD4" T cells and overproduction
of proinflammatory cytokines. The defective gene has been
identified as Foxp3, a member of the forkhead/winged-
helix family of transcription factors (Bennett et al., 2001;
Brunkow et al., 2001; Wildin et al., 2001). Further studies
have suggested a role for Foxp3 in the development and
function of natural CD4*CD25" Tregs (Fontenot et al., 2003;
Hori et al. 2003; Khattri et al., 2003). For example,
CD4*CD25™ T cells that were transduced with Foxp3 could
suppress proliferation by other T cells in vitro and inflam-
matory bowel disease in vivo (Hori et al., 2003). Thus, Tregs
appear to play an important role in the control of immune
responses and autoimmunity.

AUTOIMMUNITY

In spite of the different tolerance mechanisms that exist,
occasionally tolerance fails. This alone may not be sufficient
to cause autoimmunity, but a variety of background genes
may modulate disease susceptibility and contribute to the
onset of autoimmunity in different ways. In the following
section, we highlight potential mechanisms and discuss the
requirements for the induction of autoimmune disease
(Ohashi, 2002).

Aberrant T-Cell Homeostasis

T-cell homeostasis and survival in the periphery is con-
trolled by several signals. The recognition of self-MHC
ligand by naive T cells is required for survival and thus is
important in normal T-cell homeostasis (Figure 8.2) (Takeda
et al., 1996; Tanchot et al., 1997; Jameson, 2002). These rel-
atively weak interactions lead to partial tyrosine phospho-

rylation of the TCR { chain and upregulation of a subset of
T-cell activation or memory markers, such as CD44 and
CD122, respectively (Goldrath et al., 2002; Stefanova et al.,
2003). Cytokines also play a crucial role in T-cell survival
and homeostasis, particularly those that signal through the
common 7 chain. IL-4, IL-7, and IL-15 support homeostatic
T-cell expansion in vitro, although only IL-7 has been shown
to be crucial in vivo (Schluns et al., 2000; Goldrath et al.,
2002). We suggest that dysregulation of lymphocyte survival
may result in autoimmunity (Figure 8.3). Enhanced
lymphocyte survival may occur as a result of altered lym-
phocyte cell survival signals. Semi-activated T-lymphocytes
may constantly relay signals to APCs or B cells, promoting
increased cytokine production and leading to the accumula-
tion of lymphocytes in the secondary organs (splenomegaly
and lymphadenopathy) and the production of antiself
antibodies. Alternatively, enhanced TCR signaling could
also lead to aberrant homeostasis. Weak interactions with
self-peptide—MHC that normally lead to T-cell maintenance
may actually lead to limited proliferation of certain clones,
resulting in expansion and lymphoid hyperplasia (Figure
8.3).

Animal models have shown that altering the expression
or regulation of cytokines important in homeostatic survival
leads to autoimmunity. IL-7 functions as a crucial regulator
of peripheral T-cell homeostasis by modulating the
expansion of peripheral T-cell populations in lymphopenic
animals (Schluns et al., 2000; Tan et al., 2001). It functions
by increasing the proliferation of peripheral T cells in
response to both low- and high-affinity antigens, in effect
increasing peripheral homeostatic expansion. IL-7 potently
inhibits programmed cell death by the upregulation of anti-
apoptotic bel-2 family members (Vella et al., 1997a; Fry and
Mackall, 2001). Transgenic mice that expressed IL-7 under
the control of the MHC class II promotor had a 10-20-fold
increase in total T-cell numbers and CD8* T cells displayed
a memory (CD44" and CD122") phenotype with enhanced
production of IFN-y after stimulation (Mertsching et al.,
1995; Kieper et al., 2002). Some IL-7 transgenic lines devel-
oped dermatitis characterized by massive infiltration of
mononuclear cells (Uehira et al., 1993). IL-7 administration
also resulted in T-cell proliferation, although the upregula-
tion of activation markers was not detected (Geiselhart et al.,
2001).

IL-6 is a cytokine that regulates the immune response,
hematopoiesis, and inflammation (Teague et al., 1997;
Hirano, 1998). IL-6 transgenic mice developed a massive
polyclonal plasmacytosis with autoantibody production and
mesangial cell proliferative glomerulonephritis that resem-
bled the autoimmune disease observed in systemic lupus
erythematosus (SLE) patients (Suematsu et al., 1989).
Hypergammaglobulinemia was also observed in mice who
received a transplant of bone marrow cells infected with a
retroviral vector expressing murine IL-6 (Brandt et al.,
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1990). Furthermore, high levels of IL-6 have been associ-
ated with a number of autoimmune diseases, like diabetes,
inflammatory bowel disease, EAE, and rheumatoid arthritis
(Ishihara and Hirano, 2002).

Cells have evolved important mechanisms to prevent
excessive responses to cytokines. Suppressor of cytokine
signaling (SOCS) proteins inhibit components of the
cytokine signaling cascade via direct binding or by pre-
venting access to the signaling complex. There are eight
members of the SOCS family: CIS and SOCS1-SOCS7
(Alexander and Hilton, 2004). SOCS1 inhibits JAK-STAT
signaling by many cytokines, including IL-2, IL-6, IL-7, and
interferons. SOCS17~ mice die by 3 weeks of age with
monocytic infiltration, fatty necrosis of the liver, and inflam-
mation of the pancreas and heart (Starr et al., 1998). The
disease is thought to result from hypersensitivity to IFN-y
(Alexander et al., 1999). T cells in SOCS17 mice displayed
an activated phenotype with increased cell size and expres-
sion of activation markers CD44, CD25, and CD69 (Marine
et al., 1999). OT-I OVA-specific TCR transgenic SOCS17~
Rag1™ mice were used to determine if T cells would remain
naive in the absence of their antigen. These mice, however,
still succumbed to disease in early adulthood and their T
cells exhibited a blast-like activated phenotype with high
levels of CD44 on the cell surface (Cornish et al., 2003).
Studies by Hanada et al. (2003) examined the role of SOCS1
specifically in APCs by reintroducing SOCS1 as a transgene
in lymphocytes. They provided evidence that SOCSI-
deficient DCs are activated and promote autoimmunity.
These experiments outline an important role for SOCS1 in
directly regulating homeostasis of DCs, subsequently alter-
ing the homeostasis of lymphocytes.

Experimental evidence also suggests that altered T-cell
survival via the phosphatidylinositol-3-kinase (PI3K)
pathway can promote autoimmunity. Activation of PI3K
catalyzes the formation of phosphatidylinositol-3,4-
bisphosphate and phosphatidylinositol-3,4,5-triphosphate
(PIP;), which regulates many cellular events, including
cell survival, division, and migration (Fruman et al., 1998;
Scheid and Woodgett, 2001). The amount of PIP; is regu-
lated by a lipid phosphatase known as PTEN (phosphatase
and tensin homolog found on chromosome 10). The pres-
ence of PIP; on the membrane leads to recruitment and
activation of a serine threonine kinase, protein kinase B
(PKB/Akt). Perturbations in the activity of PI3K, PTEN or
PKB lead to an autoimmune phenotype in mice character-
ized by activated CD4" cells, lymphadenopathy, a defect in
Fas-mediated apopotosis, inflammation, and autoantibody
production (Di Cristofano et al., 1999; Borlado et al., 2000;
Parsons et al., 2001). Studies have shown that active PKB
prevents Fas-induced death by inhibiting the formation of
the death-inducing signaling complex, which is essential for
the induction of apoptosis (Jones et al., 2002). These and
other studies suggest that the primary role of Fas may be

associated with homeostasis and not peripheral deletion
(Markiewicz et al., 2003). Thus, evidence suggests that
events that alter homeostasis or survival of lymphocytes
may contribute to autoimmunity.

Defects in Peripheral T-Cell Tolerance

Strong stimulatory TCR signals that result from T-cell
encounter with self-antigen on resting APCs generally lead
to T-cell proliferation followed by deletion or anergy (Figure
8.2) (Kurts et al., 1997; Hawiger et al., 2001; Steinman et
al., 2003). As discussed above, if the deletion of autoreac-
tive clones is perturbed, autoimmunity might occur due to
the presence of autoreactive cells (Figure 8.3). Aberrant
peripheral tolerance may also occur if self-antigen is pre-
sented by activated APCs or if T cells circumvent the need
for activated APCs to be fully stimulated (Diehl et al., 1999;
Sotomayor et al., 1999; Garza et al., 2000).

Interaction of T cells with immature APCs normally
results in tolerance. However, examples from genetically
manipulated mice have shown that there are genes that influ-
ence the ability of APCs to induce tolerance versus activa-
tion. STAT?3 is one of a family of cytoplasmic transcription
factors that are key mediators of cytokine and growth factor
signaling pathways. Disruption of STAT3 in mice resulted
in generation of APCs that effectively primed rather than
tolerized naive T cells. Moreover, STAT3”~ DCs could
restore the unresponsiveness of anergic CD4" T cells (Cheng
et al., 2003). Studies have suggested that the absence of
STAT3 leads to a proinflammatory environment, promoting
inflammatory bowel disease (Takeda et al., 1999; Welte
et al., 2003).

Tyro 3, Axl, and Mer (TAM) are receptor tyrosine kinases
that are expressed by macrophages and DCs, but not T- or
B cells. Upon receptor engagement, the Src family kinases
are activated and signaling pathways downstream of Grb2
promote cell proliferation and protect against cell death
(Schwartzberg, 2001). The Tyro 3, Axl, and Mer triple
knockout mice contain large numbers of apoptotic cells in
many tissues and have features associated with autoimmu-
nity (Lu and Lemke, 2001). Beginning at 4 weeks of age,
the spleen and lymph nodes of these mice expanded by up
to 10 times those of wild-type mice. The aberrant growth of
peripheral lymphoid organs was primarily due to hyperpro-
liferation of B and T cells. All triple mutant TAM-deficient
mice developed autoimmune disorders displaying lympho-
cytic invasion of multiple organs, autoantibodies to dsDNA,
various collagens and phospholipids, as well as deposition
of immune complexes in tissues. The triple knockout mice,
as well as Mer* mutant mice that lack the cytoplasmic
region of the molecule, have delayed clearance of apoptotic
cells (Lu and Lemke, 2001; Scott et al., 2001; Cohen et al.,
2002). This may result in failed tolerance, since there may
be inefficient presentation of self-antigens from apoptotic
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cells. CD11c¢" cells (DCs) from the knockout mice have
upregulated levels of MHC II and CD86 (B7.2), markers of
APC activation, while macrophages in these mice release
larger amounts of TNF-o, a proinflammatory cytokine
(Camenisch et al., 1999; Lu and Lemke, 2001). Therefore,
the combination of an increase in tissue-specific T cells (due
to the lack of peripheral tolerance) together with increased
APC activation possibly results in autoimmunization and
autoimmunity in these mice.

Although hyperactivated APCs can provide costimula-
tion to T cells and predispose animals towards auto-
immunity, studies have identified a genetic mutation that
circumvents the requirement for costimulatory signals for
full T-cell activation. Cbl, a family of E3 ubiquitin ligases,
directs the ubiquitination of tyrosine kinases involved in
signaling downstream of the TCR. Cbl-b-deficient mice
have enhanced IL-2 production after TCR stimulation
(Bachmaier et al., 2000; Chiang et al., 2000). The Penninger
group described autoimmunity in the absence of Cbl-b char-
acterized by multiorgan inflammation and autoantibody pro-
duction (Bachmaier et al., 2000). Gu and colleagues showed
that Cbl-b”~ mice were also more susceptible to antigen-
induced EAE (Chiang et al., 2000). Both groups suggested
that Cbl-b acts primarily by regulating the requirement
for CD28 costimulation. Further studies have shown that T
cells from Cbl-b-deficient animals cannot be anergized
(Heissmeyer et al., 2004). Interestingly, Yokoi et al. (2002)
mapped a diabetes-susceptibility locus in the Komeda rats
to Cbl-b. These rats had a nonsense mutation that resulted
in the transcription of a truncated form of the molecule.
Transgenic expression of a full-length Cbl-b prevented
diabetes in the rat model.

Other E3 ubiquitin ligases, such as Itch and Grail, have
also recently been shown to play a role in the induction of
T-cell tolerance. The expression of Itch, Cbl-b, and GRAIL
is upregulated in anergic T cells and is crucial for the induc-
tion of anergy, suggesting the importance of these molecules
in peripheral tolerance (Heissmeyer et al., 2004; Jeon et al.,

2004). Like mice lacking Cbl-b, those lacking Itch also
develop spontaneous autoimmunity characterized by inflam-
mation of numerous tissues (Perry et al., 1998; Fang et al.,
2002). Thus, in addition to Cbl-b, other E3 ubiquitin ligases
are also crucial for the induction of anergy and tolerance by
ubiquitinating downstream signaling molecules.
Collectively these studies suggest that the impaired
induction of anergy due to the absence of E3 ubiquitin
ligases, such as Cbl-b or Itch, promotes autoimmunity.

Molecular Mimicry

Potentially autoreactive T cells exist in the peripheral
T-cell repertoire, but are not usually activated because
APCs are normally not activated. Infections with pathogens
usually lead to the generation of an effective immune
response, because pathogens provide the necessary signals
for APC maturation. If pathogens express antigens that are
similar to host antigens, cross-reactive responses can lead to
the destruction of host tissues. This process is called mole-
cular mimicry and studies in various experimental models
have shown molecular mimicry as a mechanism triggering
autoimmunity (Damian, 1964; Fujinami and Oldstone,
1985; Ohashi et al., 1991; Oldstone et al., 1991; Jahnke et
al., 1995; Oldstone, 1998; Olson et al., 2001). Examples
of autoimmune diseases possibly induced by molecular
mimicry are shown in Table 8.1. Although a number
of studies suggest molecular mimicry as a mechanism for
clinical autoimmune disease, it is still unclear whether this
is a common way in which tolerance is broken (Benoist and
Mathis, 2001).

Pathogenic infections have been associated with auto-
immune diseases, which are believed to occur as a result of
molecular mimicry (Table 8.1). Lyme arthritis results from
an infection by the tick-borne spirochete Borrelia burgdor-
feri. In approximately 10% of patients with Lyme arthritis,
joint inflammation continues even after bacterial DNA can
no longer be detected in the joints of patients. The majority

TABLE 8.1 Autoimmune diseases that are associated with a pathogenic infection and where a
candidate mimic and/or self-protein have been identified
Disease Pathogen Mimic protein Self-protein Reference
Antibiotic-resistant Borrelia burgdorferi OspA hLFA-1 Gross et al. (1998)

Lyme arthritis
Herpes stromal Keratitis HSV-1 UL6

Unknown (eye protein) Zhao et al. (1998)

HTLV-1-associated HTLV-1 Unknown hnRNP-A1 Levin et al. (2002)

myelopathy/tropical

spastic paraparesis

Autoimmune gastritis Helicobacter pylori LPS biosynthesis protein H+K+-adenosine Amedei et al. (2003)
triphosphate

Reactive arthritis S. typhimurium GroEL presented by mHSP60 Lo et al. (2000)

class Ib molecule Qal
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of patients with Lyme arthritis has HLA-DRB1*0401 or
HLA-DRB1*#0101. Patients also show immune reactivity to
the outer surface protein A (OspA) of the spirochete. A study
by Huber and colleagues identified the immunodominant
HLA-DRB1*#0401-restricted peptide of OspA (Gross et al.,
1998). From this they identified human LFA-1 as a candi-
date autoantigen with homology to the OspA peptide. They
also showed that synovial fluid T cells could respond to both
the OspA and LFA-1 peptides that were identified. Although
Lyme arthritis links human autoimmunity and molecular
mimicry, whether molecular mimicry is truly the cause of
Lyme arthritis remains controversial (See Chapter 33). The
LFA-1 peptide acts only as a weak agonist in Lyme-
resistant arthritis patients, mainly producing the Th2
cytokine IL-13 (Trollmo et al., 2001). Furthermore, a
number of postulates have not been fulfilled to implicate
molecular mimicry as the true cause of Lyme arthritis
(Benoist and Mathis, 2001; Steere and Glickstein, 2004).

CONCLUDING REMARKS

Research over the past several decades has revealed a
detailed understanding of T-cell tolerance mechanisms in
the thymus and periphery. New insights into the mechanisms
of breaking tolerance and factors that contribute to the
induction of autoimmune disease are being unveiled with
the generation of many different gene-deficient strains of
mice. Ideally, the next few decades will bring a greater
understanding regarding the molecular pathways and
mechanisms that contribute to the different spectra of
autoimmune diseases. This should provide insights and
directions for specific therapy, targeting different auto-
immune diseases.
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Over the past three decades, advances in our under-
standing of how lymphocytes are activated at the molecular
level have contributed to the discovery of several essential
mechanisms involved in the maintenance of self-tolerance.
These include clonal deletion of self-reactive immature lym-
phocytes during their development in the thymus and bone
marrow (Kappler et al., 1987; von Boehmer, 1988; Cornall
et al., 1995), as well as the deletion or functional inactiva-
tion (clonal anergy) of naive lymphocytes in the periphery
(Goodnow et al., 1989; Russell et al., 1991; Schwartz,
2003). While these recessive mechanisms are efficient,
autoreactive T cells clearly constitute part of the normal T-
cell repertoire and the occurrence of autoimmune disease is
evidence of their pathogenic potential. More recently, it has
become clear that dominant suppressive mechanisms also
play an essential role in maintaining self-tolerance and con-
trolling immune pathology, and that specialized populations
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of regulatory T cells (Tregs) are responsible for this activity
(Piccirillo and Shevach, 2004; Sakaguchi, 2004). In this
chapter, we describe a number of regulatory T cell types
(CD4*CD25", Trl, Th3, NKT, and CD8") but with particu-
lar emphasis on CD4*CD25" Treg cells.

Although the concept of T-cell-mediated suppression
was first proposed over 30 years ago (Gershon and Kondo,
1970), it is only over the past decade that conclusive evi-
dence has emerged to confirm the existence of a distinct T-
cell phenotype. As will be discussed below, several
complementary findings triggered this renaissance in Treg
biology. Furthermore, reconstitution of immune-deficient
mice with populations of normal T cells that lacked Tregs
led to the development of a range of autoimmune and
inflammatory pathologies (Sakaguchi et al., 1985; Powrie
and Mason, 1990; Morrissey et al., 1993; Powrie et al.,
1993). Second, disease development in these models was
inhibited by reconstitution with Tregs from normal
animals—a population that functionally resides primarily
within the CD4'CD25" T-cell fraction—the “naturally
occurring” CD4*CD25" Tregs (Read et al., 2000; Sakaguchi
et al.,, 1995). Lastly, the identification of a transcription
factor, Foxp3, which is expressed specifically in
CD4*CD25" Tregs, has been shown to play an indispensable
role in their development (Fontenot et al., 2003; Hori et al.,
2003; Khattri et al., 2003). Mutations in the human Foxp3
gene were shown to be the underlying cause of an
X-linked immunodeficiency syndrome, the immune dysreg-
ulation, polyendocrinopathy, enteropathy, and X-linked
(IPEX) syndrome (Bennett et al., 2001; Wildin et al., 2001),
a fatal inflammatory disease characterized by multiple
autoimmune disorders, allergies, and inflammatory bowel
disease; the same spectrum of diseases is found in mice
lacking a functional Foxp3 gene and therefore CD4*CD25*
Tregs (Fontenot et al., 2003; Khattri et al., 2003). Together,

Copyright © 2006, Elsevier Inc.
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these studies demonstrate that expression of Foxp3 is criti-
cal for the development of the unique regulatory phenotype
of CD4*CD25* Tregs. As outlined below, these cells can
suppress a variety of experimental autoimmune diseases. In
fact, they have been shown to impact on almost every type
of effector immune response, from the suppression of
allograft rejection to impeding antitumor immunity, from
inhibiting the harmful immune pathology that accompanies
many antimicrobial responses to augmenting T-cell memory
in others [reviewed in Maloy and Powrie (2001), Sakaguchi
(2004), and Shevach (2002)].

In this chapter we focus primarily on naturally occurring
CD4"CD25" Tregs, as their nonredundant role in maintain-
ing self-tolerance has been the most clearly established.
However, it should be noted that several other populations
of CD4* T cells have been described to possess regulatory
activity and can be exploited therapeutically. These include
natural killer T (NKT) cells that also arise naturally during
development, as well as “induced” CD4" Tregs that develop
following stimulation of peripheral T cells. This chapter
will cover the role of these additional Treg populations
in autoimmunity; however, as the relationship between
CD4*'CD25" Tregs and other Treg populations is still
unclear, the reader is referred to more specialized reviews
for a full description of their biology (Roncarolo et al., 2003;
Godfrey and Kronenberg, 2004; Mills, 2004).

NATURALLY OCCURRING
REGULATORY T CELLS

Ontogeny

One important characteristic of CD4*CD25* Tregs is
that, in contrast to conventional naive CD4" T cells, they
complete their functional maturation within the thymus and
are exported as bona fide Tregs (Itoh et al., 1999). The
production of differentiated CD4'CD25" Tregs, which
control potentially pathogenic self-reactive T cells that
have escaped negative selection, has been described as the
third function of the thymus (Seddon and Mason, 2000;
Apostolou et al., 2002) (see Chapter 10). A number of
studies have shown that CD4*CD8 CD25" thymocytes
possess identical phenotypic and functional characteristics
to peripheral CD4"CD25" Tregs (Papiernik et al., 1998; Itoh
et al., 1999; Stephens and Mason, 2000), including high
levels of expression of the transcription factor Foxp3 (Hori
et al., 2003). CD4*CD25" Tregs do not develop in Foxp3-
deficient mice (Fontenot et al., 2003), and retroviral trans-
duction of Foxp3 into CD4'CD25™ T cells converts them
into functional CD4*CD25" Tregs (Hori et al., 2003).
Studies with transgenic mice have shed some light on the
unique thymic ontogeny of CD4"CD25" Tregs. For example,
enhanced development of CD4'CD25" Tregs has been
observed in transgenic mice expressing both a high-affinity

transgenic T-cell receptor (TCR) and the peptide ligand rec-
ognized by that TCR on thymic stromal cells (Jordan et al.,
2000; Kawahata et al., 2002). CD4"CD25" Tregs did not
develop when the affinity of the TCR was reduced or the
transgenic peptide was expressed at a very high level,
indicating that they are subject to positive and negative
selection processes. Furthermore, the development of
CD4"CD25" Tregs was dependent on the expression of
major histocompatibility complex (MHC) class II and the
agonist peptide by thymic cortical epithelial cells (Bensinger
et al.,, 2001). Taken together, these findings suggest that
CD4*CD25" Tregs develop as a result of a relatively high-
avidity interaction of the TCR with self-peptide-MHC II
complexes expressed by thymic cortical epithelial cells.

Further evidence that CD4'CD25* Tregs exhibit
enhanced self-reactivity was recently obtained through
analysis of TCR-o. gene rearrangements. This revealed
that the CD4'CD25" Treg subset possesses an equally
diverse, but largely distinct, TCR repertoire to that of the
CD4"CD25™ T cells, and that the former contains a high fre-
quency of TCRs with a higher avidity for self-peptide—
MHC 1II complexes (Hsieh et al., 2004). In addition to the
higher avidity of CD4*CD25" Tregs for self-peptide-MHCII
complexes, these cells are able to mediate suppression in
response to a lower concentration of agonist peptide than is
required for activation of conventional T cells (Takahashi
et al., 1998), thus providing a potent mechanism through
which dominant tolerance towards self-antigens may be
maintained.

While the thymus may be the primary site of Foxp3* Treg
development, there is evidence that CD4'CD25'Foxp3*
Tregs can develop from naive peripheral CD4*CD25™ T cells
(Thorstenson and Khoruts, 2001; Apostolou et al., 2002).
Such conversion has been achieved through prolonged sys-
temic infusion of agonist peptide in vivo (Apostolou and von
Boehmer, 2004), as well as by activation in the presence of
high levels of tumor growth factor (TGF)-B in vitro (Chen
et al., 2003). Although the physiologic significance of this
pathway remains to be established, it does offer the oppor-
tunity to generate antigen-specific Foxp3* Tregs that can be
used in therapeutic approaches for autoimmune and inflam-
matory disease.

Functional Characteristics
Markers

Naturally occurring Tregs are enriched within the 5-10%
of peripheral CD4"* T cells in mice and humans who express
CD25. Although a useful marker of Treg activity, CD25
expression is not specific, as many T cells upregulate CD25
following activation but do not express Foxp3. Conversely,
cells expressing Foxp3 mRNA can also be detected in the
CD4*CD45RB""CD25~ pool (Hori et al., 2003), which may
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explain the described Treg activity of this population
(Olivares-Villagomez et al., 2000; Stephens and Mason,
2000). Like CD25, several other activation-associated
surface molecules are expressed by Tregs, such as
glucocorticoid-induced TNFR family-related receptor
(GITR), CTLA4, and CD103, and these have been linked
with Treg function (Read et al., 2000; Takahashi et al., 2000;
Lehmann et al., 2002; Shimizu et al., 2002; Banz et al.,
2003; Stephens et al., 2004;). However, like CD25, expres-
sion is not restricted to Tregs and is probably more related
to the activation state of the cell. Currently, Foxp3 expres-
sion is used as the definitive marker of naturally occurring
Tregs; however, as its expression is confined to the nucleus,
it is of limited use for the isolation of Tregs. Identification
of cell-surface proteins whose expression is linked to Foxp3
may identify more specific markers of naturally arising
Tregs.

Activation and Costimulation

CD4"CD25" Tregs exhibit an anergic phenotype in vitro,
failing to proliferate or produce interleukin (IL)-2 following
polyclonal or antigen-specific stimulation, although they can
mount vigorous antigen-dependent proliferative responses
in vivo (Klein et al., 2003; Walker et al., 2003). The T-cell
growth factor IL-2 appears to play a crucial role in
CD4"CD25" Treg development and peripheral activity
(Furtado et al., 2002; Malek and Bayer, 2004). Mice genet-
ically deficient in IL-2, IL-2Ra or IL-2R[, have reduced
numbers of CD4*CD25" Tregs in the thymus and periphery,
and develop fatal autoimmune and inflammatory disease.
The inflammatory syndrome in these mice can be inhibited
by restoration of normal CD4'CD25" Treg numbers
(Almeida et al., 2002; Malek et al., 2002). In addition to
effects on the development and maintenance of CD4*CD25*
Tregs, IL-2 is also required for Treg cell activation and
clonal expansion (Thornton et al., 2004; Setoguchi et al.,
2005). The latter may play a key role in Treg function in
vivo as suppression of autoimmune and inflammatory
disease involves extensive proliferation of Tregs in the sec-
ondary lymphoid organs as well as locally in the inflamed
tissue (Mottet et al., 2003; Peng et al., 2004). Even in the
steady-state, a proportion of CD4*CD25" Tregs are contin-
ually proliferating (Fisson et al., 2003; Klein et al., 2003).
This physiologic proliferation, presumably in response to
self-antigens, may be a crucial part of CD4"CD25" Treg-
mediated dominant tolerance as treatment of normal mice
with a neutralizing anti-IL-2 monoclonal antibody (mAb)
prevents CD4"CD25" Treg proliferation, leading to a reduc-
tion in their number, and development of organ-specific
autoimmune disease (Setoguchi et al., 2005). IL-2 is pro-
duced primarily by activated CD4*CD25™ cells, suggesting
that CD4"CD25" Treg numbers may be linked to the level
of T-cell activation, providing a feedback mechanism that

ensures an appropriate balance of regulatory and effector
cell responses.

A reduction in CD28 signaling, either as a result of
CD28 or CD80 (B7) deficiency, also leads to reduced
numbers of CD4'CD25" Tregs both in the thymus and
periphery (Salomon et al., 2000). As CD28 costimulation
induces IL-2 secretion by CD4"CD25 cells, it is possible
that the effects of CD28 are mediated via IL-2. However,
high levels of CD28 costimulation abrogate suppression in
vitro (Takahashi et al., 1998; Thornton and Shevach, 1998),
suggesting that the level of CD28 signalling dictates
CD4*'CD25" Treg function. CTLA4, which negatively
regulates TCR/CD28-mediated signaling in T cells, is also
involved in CD4*CD25" Treg function as anti-CTLA4 mAb
inhibits Treg activity in vitro and in vivo (Takahashi et al.,
1998; Read et al., 2000). CTLA4 is expressed by a large
proportion of CD4*CD25" Tregs, as well as by activated
CD4*CD25 cells. As such, the effects of CTLA4 blockade
may be to enhance effector responses, rendering them more
resistant to suppression. Alternatively, CTLA4 signaling in
CD4"CD25" Tregs may play a functional role in their acti-
vation. Recently, CTLA4 binding to CD80 (B7) on dendritic
cells (DCs) has been shown to induce indoleamine 2,3-
dioxygenase, leading to local immune suppression as a
consequence of tryptophan depletion and production of
proapoptotic metabolites (Grohmann et al., 2002; Fallarino
et al., 2003; Mellor and Munn, 2004). These results raise the
possibility that CTLA4 acts as a direct mediator of
CD4*CD25" Treg suppression via the induction of an local
immune suppressive pathway in DCs.

Costimulatory signals may also influence the susceptibil-
ity of CD4"CD25™ cells to suppression. Anti-GITR mAb
abrogates CD4*CD25" Treg suppression in vitro and induces
organ-specific autoimmunity when administered to young
BALB/c mice (Shimizu et al., 2002). Like CTLA4, GITR is
expressed by a proportion of CD4*CD25* Tregs, as well as
by activated CD4"CD25™ T cells (McHugh et al., 2002;
Shimizu et al., 2002; Tone et al., 2003). More recent studies
suggest that anti-GITR mAb delivers a costimulatory signal
to the effector cells, rendering them resistant to suppression
(Stephens et al., 2004). CD4"CD25" Treg activity can also
be controlled by activation of the Toll-like receptor (TLR)
pathway, which is involved in the detection of microbial
infection and innate immune activation (Takeda et al., 2003).
TLR-induced IL-6 production by activated DCs renders T
cells resistant to suppression, providing a mechanism by
which infection can overcome dominant CD4*CD25* Treg
activity (Pasare and Medzhitov, 2003). It has also been
reported that CD4"CD25"* Tregs can express TLRs, raising
the possibility that they respond directly to infection
(Caramalho et al., 2003).

Together the data suggest that there is a dynamic equi-
librium between effector and regulatory T cells that is
dictated primarily by the activation status of the local
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antigen-presenting cell (APC) population. Such a mecha-
nism ensures that under physiologic conditions Treg
responses will dominate, preventing the activation of
low-affinity self-reactive T cells and development of auto-
immunity. However, following infection, raised levels of
costimulatory signals will override Treg activity, allowing
the development of protective immune responses to micro-
bial antigens.

Mechanism of Suppression

A cardinal feature of CD4*CD25* Tregs is their ability to
suppress a range of different responses mediated by both
innate and adaptive immune systems [reviewed in Maloy
and Powrie (2001), Sakaguchi (2004), and Shevach (2002)].
This activity is also apparent in vitro, as in co-cultures
CD4"CD25" Tregs suppress the activation of both CD4*
and CD8* T cells in a dose-dependent manner (Thornton
and Shevach, 1998; Takahashi et al., 2000; Piccirillo and
Shevach, 2001). Suppression requires direct contact
between responding and regulatory T cells, and leads to a
block in IL-2 synthesis by the target T cells. Induction of
suppression requires TCR-mediated activation and IL-2;
however, once triggered, suppression operates in an antigen
nonspecific manner allowing for bystander suppression
(Thornton and Shevach, 2000). The molecular mechanism
of in vitro suppression is poorly understood; there is
evidence that membrane-bound TGF-B may play a role,
although this is not an absolute requirement (Nakamura et
al., 2001; Piccirillo et al., 2002). Suppression of antigen-
specific T cells can also be visualized in vivo. In adoptive
transfer of mixtures of antigen-specific clonally-related
CD4*CD25" and CD4"CD25 cells, the former were found
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not to suppress the initial priming of the latter but did
prevent their subsequent clonal expansion (Klein et al.,
2003). These results suggest CD4*CD25" Tregs do not
prevent initial T-cell activation but act to inhibit a sustained
response.

In contrast to in vitro suppression, there is good evidence
that the immune regulatory cytokines IL-10 and TGF-J play
a role in CD4'CD25" Treg-mediated suppression in vivo.
However, the requirement for one or both of these cytokines
depends on the model system (Table 9.1). Thus, prevention
and cure of colitis is functionally dependent on both IL-10
and TGF-B (Read et al., 2000; Asseman et al., 2003; Mottet
et al., 2003). The latter also plays a role in the prevention of
diabetes (Belghith et al., 2003), but neither cytokine appears
to be required for suppression of gastritis (Thornton and
Shevach, 1998; Suri-Payer and Cantor, 2001; Piccirillo et
al., 2002). Together the data suggest that the nature and
anatomic location of the inflammatory response dictate the
mechanisms of Treg-mediated control. Thus, the require-
ment for IL-10 in Treg-mediated control of colitis may
reflect the need to suppress the innate immune response that
is a prominent feature of intestinal inflammation (Maloy
et al., 2003). Further evidence that control of the innate
immune response by IL-10 is important in intestinal homeo-
stasis comes from the finding that selective disruption of IL-
10 signaling in myeloid cells and neutrophils is sufficient to
trigger colitis (Takeda et al., 1999).

In contrast to IL-10, TGF-P plays a more general role in
immune homeostasis as TGF-B17~ mice develop multiple
organ inflammatory disease early after birth (Shull et al.,
1992; Kulkarni et al., 1993). TGF-3 may contribute to Treg
activity in several ways; in models of diabetes (Green et al.,
2003) and colitis (Fahlen et al., 2005), pathogenic T cells

TABLE 9.1 Requirement for cytokines in regulatory T-cell (Treg)-mediated suppression
of autoimmune disease
1L-10 TGF-B References
CD4*CD25" Tregs
Gastritis s s Thornton and Shevach (1998), Suri-Payer and Cantor (2001),
Piccirillo et al. (2002)

Colitis

Prevention 3X/T/ 3x Read et al. (2000), Annacker et al. (2003), Asseman et al. (2003)

Cure 3% 3% Liu et al. (2003), Mottet et al. (2003)
Type 1 Diabetes 3% Belghith et al. (2003)
Experimental autoimmune encephalomyelitis (EAE) 3% Zhang et al. (2004)
Tr1 cells
Colitis: prevention and cure 3% Foussat et al. (2003)
EAE 3% Barrat et al. (2002)
Th3 cells
EAE 3x Chen et al. (1994)
Val4* natural killer T cells
Type 1 Diabetes 3x + 1L-4 Sharif et al. (2001)
EAE 3x +IL-4 Singh et al. (2001)
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that express a dominant negative TGF-B receptor RII
(dnTGF-BRII) escape control by CD4*CD25" T cells, indi-
cating that TGF-[ can act directly on T cells to suppress their
effector function. CD4*CD25" Tregs can express TGF-§ on
their surface and may focus it for presentation to effector T
cells (Nakamura et al., 2001). However, there is conflicting
data on whether Treg activity is dependent on TGF-B1 syn-
thesis by CD4"CD25" Tregs themselves (Nakamura et al.,
2004; Fahlen et al., 2005). There is also emerging evidence
that TGF-B can mediate positive effects on CD4"CD25"
Tregs, leading to their accumulation upon stimulation in
vitro (Yamagiwa et al., 2001; Chen et al., 2003). This may
also occur in vivo, as transient expression of TGF-B in the
islets during diabetes inhibits disease through local expan-
sion of Foxp3-expressing CD4"CD25" Tregs (Peng et al.,
2004).

OTHER REGULATORY T-CELL TYPES

A number of other T-cell populations have been shown
to exhibit regulatory activity under some circumstances
(Figure 9.1). These include other cell types that arise natu-
rally during thymic development, like NKT cells, as well as
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several populations of inducible Tregs that are generated
from naive peripheral T cells.

Induced CD4" Regulatory T Cells

Naive T cells can also be induced to differentiate into
Tregs following encounter with antigen in the periphery.
These induced Tregs are distinct from CD4*CD25* Tregs in
that they do not express Foxp3 and act primarily by the pro-
duction of immune suppressive cytokines, such as IL-10 and
TGF-B (Vieira et al., 2004). Different subsets of induced
Tregs have been identified, including type 3 T-helper (Th3)
and Trl cells, which are distinguished by their production
of TGF-B and IL-10, respectively. Mucosal administration
of intact proteins can induce TGF-B-secreting Th3 cells
(Chen et al., 1994; Fuss et al., 2002). Trl cells were first
generated in vitro; however, there is now evidence that
antigen presentation by immature DCs and/or environments
where high levels of immune suppressive molecules are
present, such as at mucosal surfaces, can induce cells of a
similar phenotype in vivo (Groux et al., 1997; Burkhart
et al., 1999; Barrat et al., 2002; Cong et al., 2002). Induced
Trl-like cells can also develop during normal immune
responses to infectious agents, especially those that cause
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persistent infections, and probably represent a host mecha-
nism to limit pathology occurring as a consequence of
chronic immune stimulation (Belkaid et al., 2002; Kullberg
et al., 2002; Mills, 2004; Thompson and Powrie, 2004).

While the primary function of induced Tregs may not be
to maintain peripheral tolerance, there is good evidence that
they can be exploited therapeutically to prevent autoimmune
and inflammatory diseases, where they offer the possibility
of antigen-specific interventions. In autoimmune disease,
Tregs responding to self-antigen have been shown to home
specifically to sites where antigen is expressed and to sup-
press the inflammatory response via production of IL-10 and
TGF-B (Barrat et al., 2002; Foussat et al., 2003). Further-
more, it may not be necessary to generate Tregs responding
to all autoantigens targeted in a particular autoimmune
disease. Rather it may be sufficient to generate Tregs to a
single autoantigen as these cells should inhibit the response
to other antigens expressed at the inflammatory site by
bystander suppression.

Although the ontogeny of CD4"CD25" Tregs and induced
Tregs are different, their regulatory activity shares similar
features. Indeed, recent findings suggest that the activity of
these populations may be linked as CD4"CD25" Tregs were
able to induce the differentiation of cytokine-producing
Tregs from CD4*CD25™ progeny in vitro (Dieckmann et al.,
2002; Jonuleit et al., 2002; Zheng et al., 2004). While the
significance of this in vivo has yet to be established, it would
provide a mechanism to amplify the regulatory response.

CDS8' T Cells

Recent evidence suggests that CD8* T cells may also
mediate immune regulatory functions as several experimen-
tal systems have been described in which CD8" T cells can
acquire Treg function [reviewed in Filaci and Suciu-Foca
(2002) and Jiang and Chess (2000)]. These include repeti-
tive stimulation with allogeneic APCs (Dhodapkar and
Steinman, 2002; Gilliet and Liu, 2002) or presentation of
self-peptides by the nonclassical MHC molecule Qa-1
(HLA-E) (Jiang et al., 1998; Sarantopoulos et al., 2004).
CD8" Tregs have been implicated in the control of various
experimental pathologies, including experimental auto-
immune encephalomyelitis (EAE) (Jiang et al., 1992;
Madakamutil et al., 2003; Hu et al., 2004), airway inflam-
mation (Stock et al., 2004), and allograft rejection (Liu et
al., 2001; Suciu-Foca et al., 2003). Although less well under-
stood than their CD4" Treg counterparts, it appears that these
induced CD8" Tregs may also utilize a variety of mecha-
nisms to mediate suppression, including direct inhibition of
autoreactive T-cell clones through cytolysis or cytokines
(Jiang et al., 1998; Gilliet and Liu, 2002; Madakamutil et
al., 2003; Sarantopoulos et al., 2004), as well as suppression
of APC function via a cell-contact-dependent mechanism
(Chang et al., 2002). Thus, it seems that induced CD8* Tregs
may also contribute to immune regulation under certain

circumstances, although further studies are required to pre-
cisely define their role within the regulatory cell network.

Natural Killer T Cells

NKT cells represent a distinct lineage of T cells (<1% of
lymphocytes) usually identified by their expression of an
invariant TCR (Val4-Jol8 in mice, Va24 in human),
as well as characteristic NK cell markers. This invariant
TCR does not recognize peptides presented in association
with classical MHC molecules, but instead recognizes
glycolipids presented by the nonclassical CD1d molecule
(Jayawardena-Wolf and Bendelac, 2001; Godfrey and
Kronenberg, 2004). The few NKT cell antigenic ligands thus
far described include the synthetic glycolipid a-GalCer and
the lysosomal glycosphingolipid iGb3 (Zhou et al., 2004).

NKT cells are best considered as a naturally occurring
population of Tregs because, like CD4"'CD25"Foxp3*
Tregs, they are capable of immediate regulatory function
following TCR stimulation. However, in contrast to
CD4*'CD25"Foxp3*" Tregs, NKT cells are not always
inhibitory—they may also act to exacerbate immune
responses. This is due to their ability to rapidly produce both
proinflammatory Thl [interferon (IFN)-y, tumor necrosis
factor (TNF)] and/or Th2 (IL-4, IL-10) cytokines when
activated. The regulatory functions of NKT cells have been
most clearly demonstrated in studies of spontaneously dia-
betic nonobese diabetic (NOD) mice [reviewed in Godfrey
and Kronenberg (2004)]. NOD mice have reduced numbers
of NKT cells and increasing the size of this population by
adoptive transfer (Hammond et al., 1998), by introduction
of a Val4-Jal8 transgene (Lehuen et al., 1998), or by
repeated administration of o-GalCer (Hong et al., 2001;
Sharif et al., 2001; Wang et al., 2001), all delay the onset of
diabetes. Similarly, activation of NKT cells can prevent the
development of pathology in models of EAE (Jahng et al.,
2001; Singh et al., 2001; Furlan et al., 2003). However, it
should be noted that some studies have reported conflicting
results, with NKT-cell-derived IFN-y exacerbating this
disease (Jahng et al., 2001). Furthermore, a pathogenic role
has also been attributed to IL-13—secreting NKT cells in a
model of Th2-mediated colitis (Fuss et al., 2004; Heller et
al., 2002). Thus, while it is clear that NKT cells can modu-
late autoimmune pathology, this may be either beneficial or
detrimental for the host. The paradoxical functions of NKT
cells mean that a greater understanding of the molecular
signals that control their activation is necessary before their
therapeutic potential can be fully realized (Mars et al.,
2004).

Other Regulatory T-cell Populations

Additional minor subpopulations of cells with regulatory
activity have been described. These include a population of
CD4'DX5'NKI1.1" T cells that were required to inhibit
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diabetes in a transgenic model (Gonzalez et al., 2001), and
DX5* NK cells that could suppress the expansion of auto-
reactive cytotoxic T lymphocytes (CTLs) (Lee et al., 2004).
The spontaneous recovery from myelin basic protein (MBP)
immunization-induced EAE in B10.PL mice was associated
with the generation of CD4"VB14" Tregs. These cells
responded to a TCR V[8.2 peptide derived from the
immunodominant MBP-reactive TCR, and were able to
drive the deletion of activated V[8.2" MBP-reactive (patho-
genic) T cells (Kumar and Sercarz, 1993; Kumar et al., 1996;
Madakamutil et al., 2003). It is likely that under experi-
mental conditions many cell types capable of producing sup-
pressive cytokines or competing for survival factors may
exhibit regulatory activity (Barthlott et al., 2003); however,
they do not appear to be required for the maintenance of
self-tolerance and prevention of autoimmunity in normal
individuals.

CD4'CD25" REGULATORY T CELLS IN
AUTOIMMUNE DISEASE

Autoimmunity as a Consequence of a Lack
of Regulatory T Cells

The roots of current thinking on naturally occurring Tregs
go back to the 1960s and 1970s when two important obser-
vations were made. First, thymectomy at day 3 after birth
was found to induce autoimmune oophoritis in mice
(Nishizuka and Sakakura, 1969), and second, adult rats sub-
jected to thymectomy followed by sublethal irradiation
developed autoimmune thyroiditis (Penhale et al., 1973). In
both cases, the autoimmune disease could be inhibited by
infusion of normal lymphocytes, particularly CD4* T cells.
In the 1980s attempts were made to identify the phenotype
of these suppressive CD4" cells. Sakaguchi et al. (1985)
found that following transfer of CD4" T cells depleted of the
CD5"¢" fraction to BALB/c nude mice developed a wide
spectrum of organ-specific autoimmune diseases, including
gastritis, oophoritis, and thyroiditis. Similarly, transfer of
CD4*CD45RC"¢" cells to athymic nude rats in the absence
of the CD45RC"" population, induced a multiorgan inflam-
matory disease (Powrie and Mason, 1990). Again, in both
models, cotransfer of the depleted subpopulation was suffi-
cient to prevent immune pathology, indicating that T cells
capable of preventing destructive self-reactivity occur
naturally in the CD4" T-cell pool in rodents. Transfer of
CD4"CD45RB"" T cells into severe combined immune defi-
cient (SCID) mice induced an inflammatory bowel disease
(IBD)-like syndrome as a consequence of immune recogni-
tion of the normal intestinal flora. Colitis was inhibited by
infusion of CD4*CD45RB"" cells, providing the first evi-
dence that Tregs also control immune pathologic responses
to environmental antigens (Morrissey et al., 1993; Powrie et
al., 1993).

Pivotal studies by Sakaguchi et al. (1995) identified
CD25 as a more specific marker for Tregs, as removal of the
small number of CD25" cells from CD4* cells prior to their
transfer to nude mice led to a higher incidence of autoim-
mune disease with a wider spectrum of affected organs than
removal of CD5"" or CD45RB"" cells. Development of
disease was prevented by restoring the CD4*CD25" popula-
tion. Suppression of colitis in the T-cell transfer model also
enriches within the CD4*CD25* pool (Read et al., 2000).
However, it should be noted that Treg activity is not
restricted to CD4"CD25" cells as Tregs capable of inhibit-
ing CD45RB"¢"-induced pathology in SCID mice and dia-
betes in ATX rats are also present in the CD45RB/C°*CD25"
pool (Read et al., 2000; Stephens and Mason, 2000;
Annacker et al., 2001; Alyanakian et al., 2003). Indeed, this
may explain the observation that depletion of CD4*CD25*
Tregs in adult mice by administration of anti-CD25 mAb
does not result in spontaneous autoimmune disease. By con-
trast, administration of anti-IL-2 mAb, which inhibits the
functions of CD4"CD25" and CD4"CD25™ Tregs, induces
severe multiorgan autoimmune disease (Setoguchi et al.,
2005).

Transfer of CD4"CD25" Tregs also inhibits the develop-
ment of organ-specific autoimmunity following day 3
thymectomy (d3Tx) (Asano et al., 1996). In this model,
thymectomy between days 2 and 4 after birth is thought to
prevent export of CD4*CD25" Tregs from the thymus,
allowing activation of autoreactive T cells in the periphery.
However, a recent study has shown that adult d3Tx mice do
retain at least some functional Foxp3® CD4"CD25" Tregs
(Dujardin et al., 2004), which may explain the finding that
disease in these mice is considerably less severe than that in
Foxp3™ mice devoid of CD4*CD25" Tregs.

Together these experiments suggest that a deficiency of
Tregs is sufficient to allow activation of autoreactive T cells
and induce autoimmune disease under conditions where
there is presentation of physiologic amounts of self-antigen.
However, it is likely that the presence of lymphopenia facil-
itates the development of autoimmunity in both T-cell trans-
fer and d3Tx models by allowing the rapid expansion of
low-affinity autoreactive T cells in the absence of clonal
competition (King et al., 2004). As such, any cells that can
efficiently compete with these autoreactive T cells may
exhibit some suppressor function in these assays (Barthlott
et al., 2003).

Recent studies on the T-cell transfer model of colitis have
shown that infusion of CD4'CD25" Tregs to mice with
established colitis is sufficient to suppress the inflammatory
response with restoration of normal intestinal architecture.
The transferred Tregs homed to the site of inflammation and
to the draining lymph nodes where they inhibited the pro-
liferation of colitogenic effector T cells (Mottet et al., 2003).
The ability of CD4"'CD25"* Tregs to reverse an established
inflammatory response, characterized by an accumulation of
large numbers of activated effector T cells in the intestine,
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strongly argues against simple clonal competition as the
mechanism of suppression mediated by CD4"CD25"* Tregs.
This is further supported by the fact that cure of colitis by
Tregs is dependent on IL-10 and TGF-B (Liu et al., 2003;
Mottet et al., 2003), arguing that CD4*CD25"* Treg-mediated
suppression involves a functionally specialized response.

Furthermore, some studies suggest that protection from
organ-specific autoimmunity is tissue specific, and that
Tregs require continued exposure to tissue-specific antigens
to mediate suppression. Thus, peripheral CD4"* T cells iso-
lated from athyroid rats were unable to suppress thyroiditis
in susceptible rats, although they could prevent the devel-
opment of type 1 diabetes (Seddon and Mason, 1999). By
contrast, thymocytes obtained from athyroid rats could
inhibit the development of thyroiditis, suggesting that main-
tenance of peripheral Treg activity is dependent on the pres-
ence of specific autoantigens. Similarly, in orchidectomized
male mice, treatment with dihydrotestosterone induced not
only the de novo development of a mature prostate, but also
facilitated the concomitant development of CD4" T cells that
inhibited prostatitis after transfer into d3Tx mice (Taguchi
et al., 1994). Finally, using models of autoimmune ovarian
disease, Tung et al. (2001) demonstrated that CD4*CD25*
Tregs prevented this disease in d3Tx mice and that the con-
tinuous presence of physiologically expressed autoantigen
was required for the maintenance of self-tolerance in normal
female mice. These experiments, together with others
described below, suggest that CD4*CD25" Tregs behave in
a tissue-specific manner to prevent autoimmune disease.

Spontaneous Autoimmune Disease

Studies of the role of CD4*CD25" Tregs in spontaneous
autoimmune disease have complemented those in T-cell
transfer models. In NOD mice, the destruction of insulin-
producing B cells is preceded by insulitis, a nondestructive
leukocytic infiltration of the islets. Strategies that reduce
CD4"CD25" Treg numbers, such as a lack of CD28, CDS80,
or blockade of CD80/CDS86, accelerated the progression
from insulitis to overt diabetes (Salomon et al., 2000). Sim-
ilarly, delayed onset of diabetes induced by expression of
TNF-o in the islets was found to involve enhanced recruit-
ment of CD4"CD25" Tregs, both to the draining lymph node
and to the islets. Transfer of as few as 2000 CD4*CD25" T
cells from the pancreatic lymph node of protected mice was
sufficient to prevent diabetes following adoptive transfer
to young TNF-o transgenic NOD mice, providing direct
evidence that CD4"CD25" Tregs can inhibit spontaneous
autoimmune disease in a lymphocyte-replete setting.
CD4*CD25" Tregs from the draining lymph node were more
efficient than those from other lymph nodes, suggesting
some antigen specificity in the regulatory response (Green
et al., 2002). Antigen-specific CD4"CD25" Tregs isolated

from BDC2.5 TCR trangenic mice that recognize an islet
antigen have also been used both to prevent and cure dia-
betes in NOD mice. These cells were expanded in vitro using
either anti-CD3, anti-CD28, and IL-2, or a mimetope
peptide and activated DC. Importantly, CD4*CD25" Tregs
taken from NOD mice lacked the ability to inhibit disease,
again suggesting that Tregs of the appropriate specificity are
required (Tang et al., 2004; Tarbell et al., 2004).

Induced Autoimmune Disease

MBP-specific TCR transgenic mice on a RAG™ back-
ground develop spontaneous EAE, whereas those on a
RAG"™ background do not (Lafaille et al., 1994). The
protective effect of the RAG genes appears to involve the
development of Treg populations, as CD4*CD25" Tregs
from TCR transgenic RAG™ mice prevented the develop-
ment of disease when transferred to TCR transgenic RAG ™~
recipients. That Treg activity enriched within those
CD4*CD25" Tregs expressing the MBP-specific TCR pro-
vides further evidence for antigen specificity in the Treg
response (Hori et al., 2002). Transfer of CD4*CD25™ T cells
from TCR transgenic RAG™* mice also prevented EAE in
this model. In this case, suppression was found to be par-
tially dependent on IL-10 (Olivares-Villagomez et al., 2000;
Furtado et al., 2001).

A number of autoimmune diseases, including arthritis,
gastritis, and encephalomyelitis can be induced by immu-
nization with autoantigen in adjuvant. In each case, prior
depletion of CD25" Tregs, although only partial, resulted in
the development of significantly more severe pathology
(Laurie et al., 2002; McHugh and Shevach, 2002; Morgan
et al., 2003; Zhang et al., 2004). In EAE, these results
suggest that CD4*CD25" Treg activity may be involved
in the spontaneous remission characteristic of this model.
Consistent with this, transfer of CD4*CD25" Tregs from
normal mice into mice immunized with MBP was sufficient
to ameliorate central nervous system (CNS) disease (Zhang
et al., 2004). CD4*CD25" cells isolated from IL-107" mice
failed to provide any protective effect, suggesting that
IL-10 production by Tregs is required to resolve CNS
inflammation.

Human Autoimmune Disease

The finding that a reduction in CD4"CD25" Treg activity
is an important susceptibility factor for the development of
autoimmune and inflammatory diseases in mice raises the
possibility that alterations in this population, whether genet-
ically or environmentally induced, may also contribute to
polygenic autoimmune diseases in humans. In support of
this there have been reports of reduced Treg activity among
CD4*CD25" cells from patients with multiple sclerosis,
rheumatoid arthritis, and autoimmune polyglandular syn-
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drome type II (Ehrenstein et al., 2004; Kriegel et al., 2004;
Viglietta et al., 2004). Currently, it is not known whether
changes in the functional activity of CD4*CD25"* Tregs are
a primary cause of disease or a secondary effect. Further-
more, it cannot be excluded that the observed reduction in
Treg activity is a consequence of an increase in effector cells
within the activated CD4"'CD25" T-cell pool in patients with
autoimmune disease as opposed to a reduction in Treg func-
tion per cell. Intriguingly, the less severe, self-remitting form
of juvenile idiopathic arthritis, and in some cases remission
of Goodpasture syndrome, have been associated with
increases in CD4*CD25" Treg numbers (Salama et al., 2003;
de Kleer et al., 2004). Again, it is not clear whether this is
the primary cause of remission or a secondary effect.
However, this is an active area of interest and it is antici-
pated that answers to these questions will emerge with the
development of better tools to track naturally occurring and
other Treg population.

CONCLUDING REMARKS

During the past few years, interest in Tregs has reached
unparalleled levels, culminating in the identification of the
Foxp3 transcription factor that cements the link between
Treg function and self-tolerance. Furthermore, there is a
growing realization of the crucial physiologic role that Tregs
play in maintaining the delicate equilibrium between
immune responsiveness and immune pathology. Neverthe-
less, many important questions remain unresolved, includ-
ing their precise mechanisms of action, their peptide
specificities, and the interrelationships between the various
subsets of Tregs. The complexities and disparities encoun-
tered in the various systems utilized to analyze Treg
function are outweighed by the considerable therapeutic
potential of these cells. With respect to autoimmune disease,
key recent advances in mice at least include the characteri-
zation of Treg function in health and disease, the identifica-
tion of more precise protocols for the generation and
identification of Tregs, and the demonstration that Treg
therapy can ameliorate established disease. Together, these
findings strengthen the hope that continued study of Tregs
will facilitate the transition from merely understanding their
biology to exploiting their therapeutic potential in human
disease.
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Recent years have witnessed the revival of suppressor
T cells that control immunity by interfering with the gener-
ation of effector T-cell function in vivo. A major discovery
was the identification of suppressor cells that expressed the
o chain of the IL-2 receptor (CD25) on their surface and the
fact that CD25*CD4"* T cells were highly enriched in sup-
pressive activity (Sakaguchi et al., 1995). This enabled the
phenotypic and functional analysis of so-called natural
suppressor T cells. With regard to gene expression, it was
found that such cells had upregulated several activation
markers and downregulated proteins characteristic of naive
T cells (Sakaguchi et al., 2001; McHugh et al., 2002;
Shimuzu et al., 2002; Caramalho et al., 2003). Of great sig-
nificance was the observation that these cells express high
levels of the transcription factor FoxP3, which, when defec-
tive, leads to the early onset of fatal autoimmune diseases
(Fontenot et al., 2003; Hori et al., 2003; Khattri et al, 2003;
Walker et al., 2003a). Experiments on T-cell receptor (TCR)
transgenic mice revealed that coexpression of a class II
major histocompatibility complex (MHC)-restricted TCR
and its ligand drove the generation of suppressor T cells
(Jordan et al., 2000; 2001; Bensinger et al., 2001), and that
expression on thymic stroma was an effective (Bensinger et
al., 2001; Jordan et al., 2001; Apostolou et al., 2002), but
not exclusive, means of generating such cells (Apostolou et
al., 2002).
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In this chapter we are concerned with the generation of
CD25" suppressor cells by exogenous antigens in the fully
mature immune system, as well as with their in vivo stabil-
ity and function. Evidence suggests that CD25" suppressor
cells represent a suitable tool to induce antigen-specific
immunologic tolerance in the fully mature immune system
in the absence of general immune suppression, which often
has undesired side effects ranging from increased risk of
infection to development of life-threatening lymphoma.

GENERATING SUPPRESSOR CELLS BY
EXOGENOUS ANTIGENS

There has been a long history of attempts to induce spe-
cific in vivo immune suppression by delivering exogenous
antigens via the oral route, intranasally, intravenously or
subcutaneously (Thorstenson and Khoruts, 2001; Chai et al.,
2004; Nagler-Anderson et al., 2004), and thereby induce
and/or expand suppressor cells (Chen et al., 2003; Horwitz
et al., 2004; Tarbell et al., 2004; Zheng et al., 2004a; 2004b).
There is no doubt that some of these experiments worked,
but since the readout of most was immunosuppression rather
than the generation of a well-defined class of suppressor
cells, no consensus emerged on what might represent the
most useful approach to specifically prevent unwanted
immunity. “Chronic” antigenic stimulation could result in
CD4* T cells that produced mostly interleukin (IL)-10
(Bacchetta et al., 1994; Lanoue et al., 1997; Buer et al.,
1998). However, in some instances, these cells only sup-
pressed certain immune reactions and had a phenotype that
differed from the later described CD25" suppressor cells
(Bacchetta et al., 1994). Before the recognition of FoxP3
expression as a marker for suppressor T cells, findings were

Copyright © 2006, Elsevier Inc.
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reported that the subimmunogenic presentation of proteins
or peptides could result in the generation of CD25" T cells
that, at least in some assays, qualified as suppressor cells
(Chen et al., 1994; Weiner, 1997; Thorstenson and Khoruts,
2001; Sundstedt et al., 2003). Based on our own limited and
initial studies in this direction (Apostolou et al., 2002), we
pursued a larger study concerned with developing suitable
protocols for the extrathymic generation of CD25" sup-
pressors, and a comparative analysis of such peripherally-
generated cells versus intrathymically-generated CD25*
suppressor T cells (Apostolou and von Boehmer, 2004).

Initially, we attempted to mimic a situation that may
occur in vivo when cell-specific proteins are expressed at
low levels, broken down by proteases, and the peptides
presented by steady-state (mostly nonactivated) dendritic
cells. To this end we continuously infused relatively small
doses of peptides with the aid of mini-osmotic pumps that
were transplanted subcutaneously in mice, and monitored
the appearance of cells with different phenotypes over time.
Studies were first conducted in TCR-HA transgenic mice on
the RAG-27" background that expressed a TCR specific for
the peptide 107-119 of influenza hemagglutinin presented
by E¢ MHC molecules in naive T cells. To exclude any influ-
ence of the thymus, these mice were thymectomized prior
to implantation of the peptide-delivering osmotic pumps.
The continuous supply of peptides, even at doses as low as
107 pg/day, resulted in downregulation (endocytosis) of the
TCR on many T cells, as well as the appearance of CD25*
T cells with suppressive activity at day 14 of peptide
infusion in the absence of immunologic priming.

These experiments were then repeated by transferring
pretreated naive TCR-HA-expressing T cells into nu/nu
recipient mice and then implanting the peptide-delivering
pumps. The same result was obtained, arguing that it was
possible to generate CD25" cells with suppressive activity
de novo from CD25™ naive T cells in the absence of any
“tutoring” by other intrathymically-generated T cells, the
latter representing a phenomenon implicit in so-called
“infectious tolerance” (Waldmann et al., 2004).

Finally, a similar approach was used to generate sup-
pressors from small numbers of naive CD4" T cells in
normal mice, emphasizing that the protocol was suitable for
generating suppressors from a small number of naive T cells
in a normal environment. In transgenic as well as nontrans-
genic systems, the induced CD25" cells prevented the
development of antigen-specific effector T cell responses in
various in vivo readouts (Apostolou and von Boehmer,
2004). The latter setting was then used to analyze whether
continuous peptide infusion provided an advantage over
single-dose injection of peptides, and whether targeting of
peptide to steady-state dendritic cells (DCs) was suitable for
inducing such cells. This approach was used because pre-
vious experiments using the DEC-205 antibody to target
peptides to DCs had led to somewhat different outcomes in

different laboratories: while in some studies this mode of
peptide delivery resulted in moderate cellular expansion
followed by deletion and/or anergy (Hawiger et al., 2001;
2004), in at least one experimental setting it also resulted
in the generation of CD25" cells with suppressive activity
(Mahnke et al., 2003). Our results using this approach
showed that: 1) DEC-205 delivered peptide-induced dose-
dependent proliferation; 2) the cells that proliferated most
extensively did not acquire constitutive CD25 expression;
and 3) cells that went through only a few divisions converted
most efficiently into CD25" suppressor cells during 14
days from intraperitoneally delivery of the antibody—peptide
fusion protein. Thus, there was an inverse relationship
between cell division and CD25 conversion, but not in the
sense, as previously reported, that those cells that did not
divide at all converted best (Thorstenson and Khoruts,
2001). Instead, cells that were weakly activated and prolif-
erated to some extent showed a better conversion rate than
cells that had not divided at all.

Thus, in addition to intrathymic generation of CD25"
suppressor cells by “self”” agonist ligands of the TCR, recent
information can be exploited to generate cells that are
specific for exogenous antigens in the fully mature
immune system and in the absence of a functioning thymus
(Apostolou and von Boehmer, 2004). This opens new
avenues for inducing specific immune tolerance, an old
dream of immunologists that was experimentally addressed
decades ago but resulted in erratic results, most likely due
to the fact that protocols aiming to induce specific immuno-
suppression could not be optimized because the nature of
suppressor cells was poorly understood.

“LIFESTYLE” OF SUPPRESSOR
T CELLS

Naturally occurring suppressor T cells have been exten-
sively characterized in vitro. These cells: 1) are intrinsically
anergic, i.e., do not respond to antigenic stimulation with
proliferation; 2) suppress other cells through a specific T—
T-cell contact, resulting in inhibition of IL-2 gene transcrip-
tion; and 3) do not require the production of IL-10 for
their suppressive effect, whereas the involvement of tumor
growth factor (TGF)-B is debated (Piccirillo and Shevach,
2004).

These experiments could not provide information on the
question of whether CD25*CD4" FoxP3-expressing T cells
represent a lineage of irreversibly committed cells or an
effector T-cell population that has acquired a suppressor
phenotype when antigenically stimulated. This question was
addressed using the TCR-HA transgenic system by trans-
ferring CD4"25" T cells with a TCR of known antigen speci-
ficity into an antigen-free environment and following their
fate or that of induced CD4*25* cells of 14-day peptide-
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infused mice over prolonged time periods (Klein et al.,
2003). It was concluded that after their induction by cognate
antigen, CD4%25" suppressor cells could survive for long
periods of time in a normal lymphoid environment without
any requirement for antigenic stimulation by TCR agonist
ligands. The cells had an intermitotic lifespan that in murine
models lasted for months (Klein et al., 2003), an observa-
tion well compatible with the notion that some CD4%25*
cells in normal mice have an intermitotic lifespan of at least
70 days (Fisson et al., 2003). Whenever tested during the
observation period, the activation of these cells by cognate
antigen resulted in potent suppressor activity in vitro and
CD425" cells did not lose their anergic in vitro phenotype
when maintained for long time periods in an antigen-free
environment. Thus, by these criteria, CD4*25" suppressor T
cells represent a long-lived stable lineage of T cells com-
mitted to immunosuppression only.

DYNAMICS OF IN VIVO
SUPPRESSION

Contrary to in vitro readouts, the effect of suppression by
CD4"25" T cells on the immune response of CD4" or CD8*
cells in vivo is only observed at later stages when responses
begin with a relatively low frequency of suppressor T cells
and other T cells responding to antigenic challenge. In vivo
suppressor T cells are not anergic and respond to antigenic
challenge with strong proliferation (Cozzo et al., 2003;
Fisson et al., 2003; Klein et al, 2003; Walker et al., 2003b;
Yamazaki et al., 2003) as naive or memory T cells do. Thus,
both suppressor T cells and naive CD4* T cells will initially
expand in a similar fashion in antigen-draining lymph nodes
to which both suppressor T cells and CD4" T cells home with
similar efficacy. Later, the proliferation of CD4" T cells
is selectively diminished and their cytokine secretion is
suppressed, while the activated suppressor cells produce
predominantly IL-10 (Klein et al., 2003). IL-10 is, however,
not always essential for the observed suppression of CD4*
T cells and the effector mechanism of the in vivo suppres-
sion is unknown. It is also worth mentioning that under these
in vivo conditions, the commitment of CD4" T cells to
produce IL-2 or interferon-y is not prevented, i.e., these
cytokines are produced in increased amounts when the sup-
pressed CD4* T cells are separated from the suppressors and
antigenically stimulated (Martin et al., 2004).

The suppression of CD8" T cells in vivo does not affect
initially their proliferation, such that they accumulate at very
similar frequencies whether suppressors are present or not
(Lin et al, 2002). However, by about day 7 of a primary CD8
immune response in the presence of suppressors, the spe-
cific suppression of cytolytic activity of the expanded CD8*
T cells can be observed (Chen et al., 2005). It is of particu-
lar interest that in some instances control of CD8 responses

by suppressor cells was found to be entirely dependent on
TGF-B signaling by CD8* T cells, as the cytolytic activity
of CD8" T cells from mice expressing a dominant negative
TGF-B receptor makes them resistant to suppression by
CD4*25" suppressor cells (Green et al., 2003; Chen et al.,
2005). Thus, in this particular scenario, molecular pathways
are emerging of how suppressors interact with CD8* T cells,
but it is not clear whether under these circumstances TGF-
B must be produced by the suppressors themselves.

INTERLEUKIN-2 DEPENDENCE OF
SUPPRESSOR CELLS

It has become clear that IL-2- or IL-2-receptor-deficient
mice lack CD4"25" suppressor cells in their peripheral
lymphoid tissue (Papiernik et al., 1998), and are therefore
highly susceptible to autoimmune disease, which in IL-2-
receptor-deficient mice can be cured by giving IL-2-
receptor positive CD4*25" suppressor T cells (Malek et al.,
1991). Thus, these experiments challenge earlier notions that
autoimmune disease in IL-2- and IL-2-receptor-deficient
mice is due to a deficiency in activation-induced cell death
(Leonardo 1991; Van Parijs et al., 1997). When analyzed in
more detail, it became clear that the antigen-induced prolif-
eration of suppressors in vivo is not dependent on IL-2 [IL-
4 can substitute for IL-2 in vitro (Thornton et al., 2004)], but
that suppressors that are stimulated by antigen in the absence
of IL-2 lose their expression of CD25 and become less
potent suppressors (unpublished results), a scenario likely
to cause autoimmunity in IL-2- or IL-2-receptor-deficient
mice that generate CD4"25" cells in the thymus (Malek
et al., 2002).

CONCLUSION

The fact that CD4*25" FoxP3-expressing suppressor cells
have an essential role in preventing the early onset of
autoimmune disease in mammals, and the fact that these
cells can be artificially induced through subimmunogenic
presentation of TCR agonist ligands, opens new possibili-
ties to exploit these cells to induce specific tolerance in the
fully mature immune system. This may become a powerful
tool in the prevention of allergies and transplant rejection.
Inducing such cells by organ-specific antigens, such as
insulin or myelin basic protein peptides, may become an
effective means to prevent autoimmunity in patients at risk
of developing such diseases. Such attempts have had success
in animal models of disease (Daniel and Wegmann, 1996;
Tarbekk et al., 2004) but not in clinical trials (Diabetes Pre-
vention Trial-Type 1 Diabetes Study Group, 2002). There is
hope, however, that our acquisition of knowledge on the
“lifestyle” of suppressor T cells will help to develop more
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suitable procedures that may be exploited for the induction
of specific immunologic tolerance in the clinic without the
use of dangerous general immunosuppression.
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Systemic autoimmune diseases are debilitating condi-
tions that often require lifelong therapies. Many of these
conditions, such as systemic lupus erythematosus (SLE),
rheumatoid arthritis (RA), and Sjogren syndrome, are char-
acterized by the production of autoantibodies. Furthermore,
in recent times there has been much success in the treatment
of RA by ablating B cells. Together, these findings highlight
the significant contribution of B cells to the development
and pathogenesis of autoimmune diseases. In this chapter,
we detail recent advances in the understanding of B-cell dif-
ferentiation, both in normal individuals and in those with
autoimmune diseases, and the role of B-cell intrinsic and
extrinsic factors to the progression of autoimmune condi-
tions, and reveal how these findings have illuminated possi-
ble new therapies for improved treatment of such diseases.
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NORMAL B CELL DEVELOPMENT
AND FUNCTION

B Cell Development

B cell development occurs in two distinct stages: lym-
phopoiesis and immunopoiesis. Lymphopoiesis is initiated
in the fetal liver and adult bone marrow (BM), and is the
sequential differentiation of pluripotent hematopoietic stem
cells — pro-B cells — pre-B cells — immature B cells
(Figure 11.1) (Uckun, 1990; Banchereau and Rousset,
1992). Engagement of the B-cell antigen receptor (BCR) by
high-affinity or multivalent self-antigen results in the dele-
tion of potentially autoreactive B cell-clones in the BM. In
contrast, exposure to monovalent or low-affinity self-antigen
will result in the self-reactive B cells becoming recirculat-
ing anergic cells with a dramatically reduced half life
(Goodnow et al., 1995). Immature B cells leave the BM and
enter the spleen where they become transitional cells (Figure
11.1). Depending on the strength of the signals received
through the BCR, as well as the receptor for BAFF [B-cell
activating factor belonging to the tumor necrosis family
(TNF) family; also called BLyS, zZTNF4, TALL-1, THANK
and TNFSF13b], these cells will undergo stimulation or
deletion (Goodnow et al., 1995; Mackay et al., 2003). The
end result of “productive” lymphopoiesis is a mature, naive
(i.e., antigen-inexperienced), immunocompetent B cell
expressing a functional BCR (Banchereau and Rousset,
1992). Immunopoiesis continues in secondary organs and
represents the antigen-driven differentiation of mature B
cells into activated lymphoblasts, which further develop into
antigen-specific plasma cells and memory B cells (Figure
11.2; see below) (Banchereau and Rousset, 1992; Liu and
Banchereau, 1996).

Copyright © 2006, Elsevier Inc.
All rights reserved.
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FIGURE 11.1 B-cell development. B cells arise from pluripotent stem cells present in the fetal liver and adult bone
marrow. The stem cells progressively develop into pro-B cells, pre-B cells, and immature B cells, which are then exported
to the periphery as transitional B cells, primarily localizing to the spleen, and undergo further maturation. Thus, the final
product of this process is a mature B cell expressing a functional B-cell receptor. The different stages of B-cell devel-
opment can be resolved according to the status of the immunoglobulin (Ig) genes expressed by the developing cells.
Pro-B cells express unrearranged Ig genes that are in germline configuration, while D-J and V-DJ rearrangement occurs
at the pre-B-cell stage. Pre-B cells also express cytoplasmic Ig |1 heavy chains. Immature B cells express IgM on their
surface, while transitional (and mature) B cells express both surface IgM and IgD.
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FIGURE 11.2 T-cell-dependent B-cell activation. Antigen (Ag)-specific T cells and B cells interact within secondary
lymphoid tissues where, under the influence of additional signals provided by the lymphoid microenvironment in the
form of dendritic cells (DCs) and follicular DCs (FDCs), B cells become activated and can enter either the extrafollic-
ular reaction or seed a germinal center. The extrafollicular reaction yields short-lived plasma cells secreting predomi-
nantly low-affinity IgM. On the other hand, the germinal center (GC) generates long-lived cells responsible for long-term
serologic humoral immunity—high-affinity memory B cells and plasma cells. On exposure to the same immunizing
antigen, memory B cells can rapidly differentiate to become plasma cells. Memory B cells and plasma cells derived
from a GC reaction have undergone somatic hypermutation, which results in an increase in affinity for Ag, and
immunoglobulin (Ig) isotype switching, and thus express downstream Ig isotypes (IgG, A or E). However, some plasma
cells and memory B cells can continue to express IgM.

T-Cell-Dependent Immune Responses:
Development of Memory Cells
and Plasma Cells

The differentiation of mature naive B cells into effector
memory B cells or plasma cells (PCs) in response to T-cell-
dependent antigen is a complex procedure that occurs in
peripheral lymphoid tissues and involves antigen, antigen-
specific T cells, cytokines, and accessory cells, such as den-

dritic cells (DCs) and follicular dendritic cells (FDCs) (Liu
and Banchereau, 1996; Liu et al., 1996b) (see Chapters 2
and 12). Interaction of naive B cells with specific antigen in
the T-cell-rich areas of lymphoid tissue induces activation
and differentiation along one of two separate pathways.
Antigen-specific B cells can remain in the T-cell-rich areas
and rapidly differentiate to become PCs, and thus constitute
the initial wave of the primary humoral immune response
(the extrafollicular reaction; Figure 11.2). Alternatively,



B Cells and Autoimmunity 141

some antigen-specific B cells become germinal center (GC)
founder cells (MacLennan, 1994; Liu and Banchereau,
1996; Liu et al., 1996b).

Germinal Center Reaction

GCs are highly specialized immunologic microenviron-
ments present within peripheral lymphoid tissues, such as
lymph nodes, spleen, tonsil, and Peyer patches of the gut
(see Figure 2.7). Within GCs, activated naive B cells become
centroblasts and undergo vigorous proliferation, somatic
hypermutation (SHM) of the immunoglobulin V region
genes, and immunoglobulin isotype switching (Liu et al.,
1996a; 1996c¢). Histologically, proliferating GC B cells,
termed centroblasts, constitute the dark zone of the GC.
Centroblasts exit the dark zone and enter the FDC-rich light
zone where they become nondividing B cells—centrocytes
(MacLennan, 1994). It is within GCs that positive selection
of antigen-specific B cells and apoptosis-mediated deletion
of self-reactive or low-affinity B cells occurs. Specifically,
a centrocyte expressing a mutated immunoglobulin that rec-
ognizes antigen on the surface of FDCs will undergo selec-
tion if it receives appropriate survival signals: engagement
of the BCR by specific antigen, and of CD40 by CD40
ligand (CD40L), which is transiently expressed by antigen-
specific T cells (Liu and Banchereau, 1996; Liu et al.,
1996b). Centrocytes can then differentiate into either of two
different populations of effector B cells—a memory B cell
or a PC (Figure 11.2). PCs are terminally differentiated B
cells that produce protective and/or neutralizing antibodies,
and so maintain long-term serologic humoral immunity
(Slifka and Ahmed, 1998; Manz et al., 2002), whereas
memory B cells provide for an accelerated immune response
upon re-exposure to the immunizing antigen (Ahmed and
Gray, 1996; Rajewsky, 1996). Thus, the end product of GC
reactions are populations of effector B cells that express
high-affinity antigen-specific immunoglobulin and, occa-
sionally, isotype-switched immunoglobulin heavy chain iso-
types. GCs are therefore the major sites of production of
memory B cells and PCs (Figure 11.2).

Phenotypic Delineation of Differentiating B Cells

The transition of naive B cells into GC-derived effector
or memory B cells has been well studied. In human tonsil,
there are at least five identifiable distinct subpopulations of
mature B cells (Bm1-Bm5) (Pascual et al., 1994). Bm1 cells
are small resting B cells that express high levels of sIgD;
Bm?2 cells are activated Bm1 cells and, since both express
unmutated immunoglobulin V region genes, represent naive
B-cells. Bm3 cells have a high proliferative capacity and
have initiated the process of SHM, and thus represent cen-
troblasts; Bm4 cells are centrocytes that have differentiated
from Bm3 cells, and those with the greatest affinity for
antigen develop into Bm5 cells, which are memory B cells

(Liu et al.,, 1996a; Liu and Banchereau, 1996; Pascual
et al., 1994). PCs can also be detected in human secondary
lymphoid tissues and differ from other B cells by a
CD38"CD20* phenotype (Medina et al., 2002; Ellyard
et al., 2004). In murine spleen, naive B cells express sIgM,
IgD, and CD38, whereas GC B cells are CD38" and are
agglutinated by peanut agglutinin (PNA™). Differentiation of
naive to memory B cells is demonstrated by loss of sIgD,
expression of an antigen-specific IgG, and re-expression of
CD38, whereas PCs have downregulated expression of
several pan—B-cell molecules, such as B220, major histo-
compatibility complex (MHC) class II, and CD19, and
become CDI138 (Syndecan-1)" (Smith et al., 1996;
Ridderstad and Tarlinton, 1998; Shinall et al., 2000).

Traditionally, the memory B cell has been defined as a B
cell expressing a class-switched immunoglobulin isotype.
However, a more reliable marker for human memory B cells
is expression of CD27 (Klein et al., 1998; Tangye et al.,
1998). Among human lymphoid tissues, CD27 is first
expressed on B cells in the GC, and is retained by both
memory B cells and PCs (Klein et al., 1998; Tangye et al.,
1998; Jung et al., 2000; Ellyard et al., 2004). Thus, expres-
sion of CD27 by human B cells correlates with their involve-
ment in a GC reaction and, when used in combination with
other cell-surface markers, can accurately discriminate
between multiple B-cell subsets: naive B cells, GC B cells,
memory (IgM-expressing as well as immunoglobulin
isotype switched) B cells, and PCs.

Characteristics of Memory B Cells

Following the GC reaction, memory B cells acquire
several characteristics that distinguish them from naive B
cells and therefore facilitate their ability to rapidly respond
to antigen rechallenge (see Chapter 12).

Localization Within Lymphoid Tissue

Naive and memory B cells differ from one another with
respect to their anatomic distribution. In human tonsil,
memory B cells colonize the mucosal epithelium, while
naive B cells localize to the follicular areas (Liu et al., 1995).
In the spleens of humans and rodents, the white pulp is com-
prised of T-cell zones, B-cell follicles (the follicular zone),
and marginal zones (MZs) (Liu and Banchereau, 1996). The
splenic MZ surrounds the follicular zone and is adjacent to
the red pulp. Much of the blood that enters the spleen tra-
verses through the marginal sinus and MZ, and then into the
red pulp, before it exits the spleen to re-enter the circulation.
As a result, cells that are located in the MZ are exposed to
high concentrations of blood-borne antigens (Mebius and
Kraal, 2005; Pillai, 2005). Naive B cells reside in the folli-
cle while memory B cells colonize the MZ (Dunn-Walters
et al., 1995; Liu et al., 1988; Tangye et al., 1998). The posi-
tioning of resident memory B cells within antigen-draining
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sites of lymphoid tissue, especially the MZ, maximizes their
exposure to circulating antigen so that specific memory B
cells can rapidly respond to antigen. Similarly, circulating
memory B cells disseminate immunologic memory through-
out the secondary lymphoid tissues, providing a general sur-
veillance for any sites of pathogen invasion.

Phenotype

By using the differential expression of switched
immunoglobulin isotypes, and more recently CD27, the
phenotype of human naive and memory B cells has been
determined. Naive B cells present in human tonsil and
spleen are morphologically small cells that express inter-
mediate levels of IgM and CD21, high levels of IgD and
CD23, and low to negligible levels of activation antigens
such as CD80, CD86, and CD95. In contrast, memory B
cells are larger cells, have downregulated IgD and CD23,
and upregulated expression of CD21, CD40, CD80, CD86,
and CD95 (Liu et al., 1995; Tangye et al., 1998; Ellyard et
al., 2004). The elevated expression of the costimulatory mol-
ecules CD80 and CD86 allows memory B cells to act as effi-
cient antigen-presenting cells (APCs) for CD4" T cells,
which is of importance for autoimmunity (Liu et al., 1995).
Similarly, increased expression of CD21 and CD40 on
memory B cells over naive B cells may provide them with
the ability to respond to lower levels of stimulation received
through immune complexes (CD21) and T-cell help (CD40).
Lastly, the cytoplasmic domains of IgG and IgA signifi-
cantly differ from that of IgM and are believed to facilitate
a more robust response by memory B cells (Tangye and
Hodgkin, 2004).

Differentiation to Plasma Cells

Naive and memory B cells exhibit distinct responses fol-
lowing exposure to an activating stimulus. Memory B cells
differentiate into PCs more rapidly than naive B cells, and
antigen-specific immunoglobulin was produced by human
memory, but not naive, B cells. Furthermore, this process
does not require the memory B cells to enter a GC reaction,
thus resulting in the rapid production of high-affinity
immunoglobulin (Liu et al.,, 1988; 1991; Tangye and
Hodgkin, 2004).

Characteristics of Plasma Cells

PCs are present in spleen, mucosal-associated lymphoid
tissues, BM, and, in cases of disease, peripheral blood
(Odendahl et al., 2000; Medina et al., 2002; Ellyard et al.,
2004). Although similar with respect to surface phenotype,
important differences have been noted between PCs isolated
from different anatomic locations. For instance, the pre-
dominant immunoglobulin isotype produced is distinct in
that IgM is secreted by splenic PCs, IgG by PCs in the BM,
tonsils, and peripheral blood, and IgA by PCs in the gut
(Merville et al., 1996; Medina et al., 2003; Ellyard et al.,

2004). In contrast to GC-derived PCs, the immunoglobulin
Vy genes of extrafollicular PCs typically remain in a
germline configuration, having not undergone significant
SHM. Furthermore, most extrafollicular PCs are short-lived,
and die by apoptosis in situ, whereas the majority of GC-
derived PCs are long-lived cells that migrate from the fol-
licular areas of the lymphoid tissue to distant sites, or remain
in the tissue of origin (Smith et al., 1996; McHeyzer-
Williams and Ahmed, 1999; Calame, 2001). PCs themselves
may not be intrinsically long lived, but rather depend on
factors provided by particular niches to ensure their
longevity (Sze et al., 2000). In other words, the local envi-
ronment harboring the PCs can support only the survival of
a finite number of effector cells (Sze et al., 2000). Mecha-
nisms to support the survival and function of PCs include
interactions with stromal cells within the BM or red pulp of
spleen, which provides prosurvival factors such as cytokine
[interleukin (IL)-6, chemokines (CXCL12), and cell-surface
molecules (VLA-4)] (Manz et al., 2002; Ellyard et al.,
2005).

Requirements for the Formation of Germinal Centers

Peripheral lymphoid tissues provide the appropriate envi-
ronment for the formation and maintenance of a GC reac-
tion. The microenvironment provided by DCs, FDCs, and T
cells is critical for the formation of GCs, as demonstrated
by the absence of GCs in mice deficient in T cells or FDCs
(Liu et al., 1996b). In addition, the formation of GCs, and
therefore the development of humoral immune responses to
T-cell-dependent antigen, requires the expression of various
cell-surface receptors, signaling molecules or transcription
factors (see below).

CD40/CD154

One of the most important cellular interactions is
between CD40, expressed on all B cells, and CD40L, tran-
siently expressed by activated CD4" T cells (Van Kooten and
Banchereau, 1996). GCs are absent from secondary lym-
phoid tissues of mice genetically deficient for CD40 or
CDA40L, as well as from patients with inactivating mutations
in CD40L, which results in the immunodeficiency X-linked
hyper-IgM syndrome (Van Kooten and Banchereau, 1996;
Gulino and Notarangelo, 2003). These mice and patients
fail to develop memory responses, with the lack of isotype
switching to IgG (Van Kooten and Banchereau, 1996).

CD28/CD80, CDS86

Another important receptor—ligand interaction for estab-
lishment of GCs is that between CD28, expressed by T cells,
and CD80 or CD86, expressed by APCs. When this inter-
action is disrupted, mice respond poorly to specific antigen,
with drastically reduced levels of specific immunoglobulin,
an absence of GCs, and impaired SHM of immunoglobulin
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V region genes of antigen-specific B cells (Han et al., 1995;
Ferguson et al., 1996; Borriello et al., 1997).

ICOS (Inducible Costimulator)

ICOS is a CD28-like molecule expressed on activated T
cells. Signaling through ICOS activates T cells and induces
them to proliferate and produce IL-10, a potent growth and
differentiation factor for human B cells. ICOS is expressed
mainly on CD4" T cells within the light zone of GCs, while
its ligand (ICOS-L) is on APCs, including B cells. Analysis
of mice deficient in ICOS or ICOS-L revealed an inability
to form GCs, undergo immunoglobulin isotype switching,
and impaired production of IL-4 and IL-10 by CD4* T cells.
ICOS-deficient humans develop common variable immuno-
deficiency and also fail to generate memory B cells and
undergo immunoglobulin isotype switching in vivo. Thus,
the ICOS/ICOS-L interaction, like CD28/CD80/86, is nec-
essary for the generation of humoral immune responses
(Grimbacher et al., 2003).

SAP (SLAM-Associated Protein)

SAP is encoded by the SH2D1A gene, which is mutated
in X-linked lymphoproliferative disease. Affected individu-
als exhibit defective generation of memory B cells and
hypogammaglobulinemia (Nichols et al., 2005). SAP-
deficient mice exhibit a similar phenotype: they do not form
GCs due to impaired CD4* T-cell help, and this results in a
failure to generate a long-term humoral immune response
following viral infection (Crotty et al., 2003).

Bcl-6

Bcl-6 is a transcriptional repressor expressed at the
highest level in GC B cells. Mice deficient for Bcl-6 fail to
form GCs (Calame et al., 2003). One function of Bcl-6 is to
prevent the differentiation of activated B cells into PCs; this
is achieved by the repression of the transcription factor
BLIMP-1, which has been proposed as being a master reg-
ulator of PC differentiation (Calame et al., 2003).

Migration and Positioning of B-Cell Subsets

The positioning of PCs, as well as naive and memory B
cells, within different anatomic sites is regulated by the
concerted actions of chemokines/chemokine receptors and
adhesion molecules (see Chapter 18).

Developing and Mature B Cells

Chemokines and their cognate receptors that contribute
to the localization of B cells are CXCL12-CXCR4,
CXCL13-CXCRS5, CCL19/CCL21-CCR7, and CXCL9/
CXCLI10/CXCL11-CXCR3. The responsiveness of B cells
to lymphoid chemokines increases during B-cell develop-
ment in both the spleen and BM, such that the greatest
proportion of B cells that undergo chemotaxis towards

CXCL12, CXCL13, CCL19, and CCL21 belong to the
mature B-cell subset, while the least responsive cells corre-
spond to pro- and immature B cells. This increased respon-
siveness correlated with the acquisition of expression of
specific chemokine receptors during discrete stages of B-cell
development (Bowman et al., 2000).

Plasma Cells

The majority of serum immunoglobulin is derived
from PCs present in BM, to which they migrate from sec-
ondary lymphoid tissues. PCs have migratory properties
distinct from mature B cells. Mature B cells migrate towards
CCL19/21, CXCL12, and CXCL13, while PCs exhibit
selective migration towards CXCL12 due to the downregu-
lation of CCR7 and CXCRS, but not CXCR4. It was pro-
posed that cells would home to particular lymphoid tissues
in response to the production of a specific chemotactic factor
by nonhematopoietic cells located within these tissues.
Indeed, CXCL12 is produced by BM and splenic stromal
cells, the latter being located in the red pulp (Ellyard et al.,
2005). On the other hand, chemokines recognizing CXCRS5
and CCR7 are produced by FDCs and DCs, respectively,
located in lymphoid follicles. Thus, the chemotactic gradi-
ent established by the production of CXCL12 by stromal
cells in the red pulp, and the inability of PCs to respond to
follicular chemokines, would allow the emigration of
antigen-specific PCs from the GC region to the red pulp.
CXCR4 also has a pivotal role in the transit of PCs from
lymphoid tissue to the BM. In the absence of CXCR4,
antigen-specific PCs accumulate in the blood and are
markedly reduced in number in the BM (Cyster, 2003;
Kunkel and Butcher, 2003).

PCs that are located in mucosal tissues predominantly
secrete IgA. This mucosal positioning appears to result from
the selective expression of the chemokine receptors CCR9
and CCR10, and the mucosal homing receptor 047 by IgA-
secreting PCs, and the production of CCL25 and CCL28
(which interact with CCR9 and CCR10), and expression of
MAdCAM-1, the counterstructure for a4fB7, by epithelial
and endothelial cells located in the small intestine. Thus,
expression of CCR9 and CCR10 on IgA-PCs appears to
mediate the migration of these cells to specific regions in
order to provide an appropriate mucosal immune response
(Cyster, 2003; Kunkel and Butcher, 2003). Several inflam-
matory chemokines may also participate in the movement
of PCs from their sites of generation to sites of inflamma-
tion. For instance, antigen-specific IgG-secreting PCs
migrate towards CXCR3 ligands (CXCL9, CXCL10, and
CXCLI11), which are abundantly expressed by inflamed
tissue resulting not only from a normal inflammatory
response, but also from autoimmunity. Thus, the localization
of PCs within inflamed sites may result from migration from
lymphoid tissue guided by the production of such
chemokines (Manz et al., 2002).
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B CELLS IN AUTOIMMUNITY

Animal Models

A number of inbred mouse strains (NZB, NZW, NZM
2410, BXSB, NOD, and MRL) develop autoimmunity asso-
ciated with the production of autoantibodies (Sakaguchi,
2000; see Chapter 26). Crosses of some of these mice, par-
ticularly the (NZB x NZW)F1 hybrids, are a classical model
of SLE (Mohan, 2001). Understanding B-cell autoimmunity,
even in these inbred models, has proven difficult due to
the highly polygenic nature of the autoimmune process,
since separate loci are responsible for separate aspects of
the disease (Mohan, 2001). Therefore, immunologists have
utilized induced and gene-specific models to understand
environmental and genetic influences leading to B-cell
autoimmunity.

Induced B-cell Autoimmunity

B-cell autoimmunity can be induced in mice in many
ways, by hormones, environmental agents or dyregulation
of various endogenous B-cell survival factors.

Hormones

Almost all B-cell-associated autoimmune disorders in
humans, such as SLE, Sjogren syndrome, and RA, are more
prevalent in women than men (Rider and Abdou, 2001),
suggesting that sex hormones influence the susceptibility of
women to autoimmunity (Castagnetta et al., 2002; see
Chapter 25). Estrogen and prolactin have been shown to
have pleiotropic effects on the immune system (Castagnetta
et al., 2002). Clinical features observed in patients with
autoimmune disorders during pregnancy also reinforced the
idea of a strong effect of hormones in B-cell function and
autoimmunity (McMurray, 2001). Recent work has provided
some insight into the molecular basis for these effects. The
functional estrogen receptors o and 3 are expressed on B
cells and protect immature transitional B cells from BCR-
mediated apoptosis (Grimaldi et al., 2002). As developing B
cells normally receive an apoptotic signal when their BCR
binds to self-antigen, abnormal production of estrogen at
this stage may prevent this purging mechanism and allow
the survival of autoreactive B cells. A role for excessive
estrogen production during maturation is also suggested by
the observation of an altered distribution of B-cell subsets,
with a diminished transitional population and an increase in
MZ B-cell numbers (Grimaldi et al., 2001). This picture is
very similar to mice transgenic for BAFF (Mackay et al.,
2003). BAFF transgenic mice have an altered distribution of
B-cell subsets, such as an enlarged MZ B-cell compartment
(Mackay et al., 2003). In addition, these mice develop severe
autoimmune disorders similar to SLE and Sjogren syndrome
(Mackay et al., 2003). The lactogenic hormone prolactin is

also an immunomodulator involved in lymphocyte survival,
activation, and proliferation (McMurray, 2001). Dysregu-
lated prolactin production has been associated with the
severity of B-cell-mediated autoimmune disorders, espe-
cially SLE (McMurray, 2001). Therefore, similar to BAFF,
estrogen and prolactin may influence B-cell tolerance during
maturation by altering the threshold of survival and activa-
tion of maturing B cells.

Heavy Metals

Heavy metals such as mercury are environmental pollu-
tants which, when accidentally ingested, can lead to autoim-
mune disorders (see Chapter 23). These agents act on many
cells, including B cells, and injection of mercuric chloride
in rats and mice has been used as a model of B-cell auto-
immunity leading to glomerulonephritis (Bagenstose et al.,
1999; Nielsen and Hultman, 2002). However, this model
only develops in susceptible rodent strains and is dependent
on T-cell function (Nielsen and Hultman, 2002). The main
feature of this model is the production of antinucleolar
autoantibodies, with fibrillarin being the identified nucleo-
lar reactant (Nielsen and Hultman, 2002). Modification of
self-fibrillarin by mercury is thought to trigger the auto-
reactive response (Nielsen and Hultman, 2002).

Mineral Oils

Mineral oils are not normally toxic and are used regularly
by humans. However, injection of hydrocarbon oil compo-
nents such as pristane in mice can induce autoimmune dis-
orders, notably arthritis in rats and lupus-like symptoms in
mice characterized by the production of various anticyto-
plasmic and antinuclear autoantibodies (Holmdahl et al.,
2001; Kuroda et al., 2004). Pristane has multiple effects on
the immune system, including the induction of cytokines
and lymphocyte activation. Pristane treatment leads to the
emergence of autoreactive T cells and a reduction in regu-
latory T cells (Yang et al., 2003). The role of pristane on B-
cell tolerance, however, is unclear. There is expansion of the
MZ B-cell compartment in pristane-treated mice, which
suggests a possible interference with B-cell tolerance during
lymphocyte maturation, as described above (Yang et al.,
2003).

Genetic Influences on B-Cell Tolerance
and Autoimmunity

B-cell homeostasis results from the very fine balance
between lymphocyte death and survival (Nemazee et al.,
2000). This process is precise and discriminates between
unwanted autoreactive cells that have to be eliminated and
useful B cells that have to be positively selected for survival.
Any defect of this process may either prevent the develop-
ment of B cells or, conversely, allow the survival of harmful
autoreactive B cells that are normally deleted. The immune
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system has in place several checkpoints designed to elimi-
nate or neutralize self-reactive B cells as they develop and
emerge in the periphery (Goodnow et al., 1995; see Chapter
13). The nature of the signal delivered to B cells via their
BCR is a critical factor controlling B-cell tolerance
(Nemazee et al., 2000; Hardy and Hayakawa, 2001). Gene-
targeting experiments have revealed numerous genes
involved in B-cell tolerance. B-cell abnormalities and
autoimmunity arising as the result of the absence or altered
expression of B-cell-specific genes are described below.

Bcl-2 Family of Prosurvival/Proapoptosis Molecules

The Bcl-2 family of pro- and anti-apoptotic molecules
plays an important role in the regulation of B-cell homeo-
stasis (Chao and Korsmeyer, 1998; Marsden and Strasser,
2003; Strasser and Bouillet, 2003). One particular protein
from this family, Bcl-2, is a central prosurvival molecule for
B cells (Chao and Korsmeyer, 1998). Survival signals trig-
gered by the BCR throughout the life of B cells are likely to
involve upregulation of Bcl-2 in these cells (Strasser and
Bouillet, 2003). Enforced Bcl-2 expression prolongs auto-
antibody responses and elicits autoimmune diseases
(Strasser et al., 1991). Bim, another molecule from this
family, has a proapoptotic function and has been shown to
interact with Bcl-2, inactivating its survival effect in B cells
(Bouillet et al., 1999). In the absence of Bim, mice have a
large number of B cells and PCs (Bouillet et al., 1999). Many
of these mice will die before 12 months of age from fatal
immune complex-mediated glomerulonephritis (Bouillet et
al., 1999). Therefore, molecules such as Bim play a critical
role in preventing B-cell-mediated autoimmunity.

B-Cell Survival Factor BAFF

Expression of prosurvival molecules such as Bcl-2 in B
cells can be triggered by prosurvival cytokines such as
BAFF (Mackay et al., 1999), which is produced by T cells,
monocytes/macrophages, neutrophils, and DCs, and is a
very powerful soluble modulator of B-cell biology (Mackay
and Browning, 2002; Mackay et al., 2003; Mackay and
Tangye, 2004). BAFF can bind three separate receptors:
BCMA (B-cell maturation antigen); BAFF receptor (BAFF-
R); and TACI (transmembrane activator and CAML-
interactor) (Mackay et al., 2003). BCMA is expressed at the
surface of immunoglobulin-producing cells and is probably
important for their survival in lymphoid tissues (Avery et al.,
2003) and BM (O’Connor et al., 2004). BAFF transgenic
mice have an excess of B lymphocytes in the periphery,
secrete various autoantibodies, and develop an SLE-like
condition marked by severe glomerulonephritis (Mackay et
al., 1999; Gross et al., 2000; Khare et al., 2000), as well as
a Sjogren-like syndrome characterized by the inflammation
of the salivary glands, acinar cell destruction, and reduced
saliva flow (Groom et al., 2002). Treatment of mice with

BAFF inhibitors suppresses immune responses (Yu et al.,
2000), reduces the lifespan of GCs (Rahman et al., 2003;
Vora et al., 2003), prevents proteinuria and prolongs the life
of mice with SLE-like disease (Gross et al., 2000). Such
treatment also prevents disease in a mouse model of RA
(Gross et al., 2001; Wang et al., 2001). These results suggest
that excessive BAFF production may be a key factor pro-
moting the development of autoimmunity. BAFF promotes
B-cell survival in vitro and in vivo (Batten et al., 2000), sug-
gesting a role for BAFF in peripheral B-cell homeostasis and
maturation. This hypothesis was confirmed with BAFF~
mice in which B-cell maturation is impaired beyond the
transitional B-cell stage (Gross et al., 2001; Schiemann
et al., 2001). Increased BAFF-mediated B-cell survival has
also been shown to enhance humoral immune responses (Do
etal., 2000). B cells in BAFF transgenic mice express higher
levels of the prosurvival molecule Bcl-2 (Mackay et al.,
1999). Combined, these findings suggested that abnormal
BAFF production may be a key event in certain types of
autoimmune diseases.

To best illustrate this, serum levels of BAFF are signifi-
cantly higher in some patients with SLE or RA, and are par-
ticularly high in patients with Sjogren syndrome (Mackay
and Tangye, 2004; Stohl, 2004), and levels of BAFF
detected in the synovial fluid of patients with RA often
exceed levels detected in the blood (Cheema et al., 2001).
This suggests that BAFF is produced in inflammatory
lesions in situ in response to inflammation and may further
skew B-cell maturation towards an autoimmune-prone state
by altering the threshold of B-cell survival, therefore feeding
the immune system with more arthritogenic autoimmune B
cells (Mackay and Mackay, 2002). The expanded MZ B-cell
compartment may play some role in the autoimmune fea-
tures of Sjogren syndrome because B cells with a MZ-like
phenotype have been detected in inflamed salivary gland of
BAFF transgenic mice (Groom et al., 2002), as well as
inflamed salivary glands of patients with Sjogren syndrome
(Hansen et al., 2002; Ochoa et al., 2001). The exact role
of MZ B cells in autoimmunity is, however, still unclear
(Lopes-Carvalho and Kearney, 2004). This population is
known to include autoreactive B cells and MZ B cells are
potent APCs for naive T cells ex vivo, two aspects which
may be important in autoimmunity in BAFF transgenic mice
(Lopes-Carvalho and Kearney, 2004). Interestingly, one of
the BAFF receptors, TACI, is a critical negative regulator of
B-cell activation (von Bulow et al., 2001; Yan et al., 2001;
Seshasayee et al., 2003). Lack of TACI leads to the expan-
sion of the B-cell compartment, hyperreactivity, auto-
antibody production, and SLE-like autoimmune features,
complicated by B-cell lymphomas as the mice age. Impor-
tantly, TACI is highly expressed on MZ B cells, suggesting
these cells are potentially harmful and their repression via
higher expression of TACI in normal animals is critical to
maintain immune tolerance (Ng et al., 2004). BAFF may
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promote B cell malignancies arising as a secondary problem
in autoimmune disorders, and is a potent survival factor for
malignant B-cells (Mackay and Tangye, 2004). Collectively,
these observations suggest a possible critical role for BAFF
in the pathogenesis of certain human autoimmune diseases,
and BAFF inhibitors are currently being developed for the
treatment of B-cell-mediated autoimmune pathologies
(Mackay and Tangye, 2004; Stohl, 2004).

B-Cell Receptor Signaling and B-Cell Autoimmunity

BAFF is not the only element required for B-cell survival
and development. Expression and signaling through the
BCR is equally as important for B-cell survival, and engi-
neered conditional suppression of BCR expression led to B-
cell apoptosis (Lam et al., 1997; Nemazee et al., 2000; Niiro
and Clark, 2002). Signaling through the BCR is very
complex (see Chapter 19) and, depending on the strength of
the stimuli and the stage of B-cell differentiation, the BCR
can induce survival, death, anergy or activation (Nemazee
et al., 2000). Signaling through the BCR is regulated by
several signaling molecules and defect in these lead to B-
cell autoimmunity (Yu et al., 2003).

Cell-surface BCR is formed of immunoglobulin heavy
and light chains and is associated with two signaling mole-
cules—Igo and IgP. Following BCR ligation by antigen, the
protein tyrosine kinase (PTK) Syk and the SRC-family PTK
Lyn are activated [reviewed in Niiro and Clark (2002) and
Chapter 19]. Lyn shares its function with other SRC kinases,
Blk and Fyn. Lyn phosphorylates the immunoreceptor tyro-
sine-based activation motifs (ITAMs) in the cytoplasmic tail
of Igow and IgP, which serve as docking sites for the recruit-
ment and activation of Syk and the TEC-family PTK Btk.
Syk and Btk are then central in the activation of phospho-
lipase Cy2 and phosphatidylinositol 3-kinase (PI3K), two
crucial enzymes in the BCR signaling pathway [reviewed in
(Niiro and Clark (2002)]. However, Lyn has an important
inhibitory feedback function that controls signaling through
the BCR to prevent B-cell autoimmunity. Lyn™ B cells are
hyperresponsive to BCR cross-linking, and Lyn™ mice
develop SLE-like symptoms characterized by splenomegaly,
high levels of serum immunoglobulin, antinuclear auto-
antibodies, and glomerulonephritis (Hibbs et al., 1995;
Nishizumi et al., 1995; Chan et al., 1997). Several molecules
participate in Lyn-mediated inhibition of BCR signaling:
FcyRIIb, paired immunoglobulin-like receptor B (PIR-B),
CD72, and CD22, which have immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) in their cytoplasmic
domains (Smith et al., 1998; Pan et al., 1999; Ravetch and
Lanier, 2000; Niiro and Clark, 2002). ITIMs can recruit
the phosphatases SH2-domain-containing protein tyrosine
phosphatase 1 and 2 (SHP-1, SHP-2) and SH2-domain-
containing inositol 5" phosphatase (SHIP), which can inhibit
activation initiated through the BCR (Ravetch and Lanier,
2000; Niiro and Clark, 2002).

Surprisingly, while an absence of Lyn augments BCR sig-
naling, this defect did not prevent anergy of B cells in
various transgenic models (Cornall et al., 1998). Additional
experiments suggest that, depending on the developmental
stage of B cells and the anatomic site, Lyn may have dif-
ferent and opposite effects on BCR signaling (Cornall et al.,
1998). CD19 and Btk play an important role in BCR
signaling, and lack of CD19 or Btk in Lyn™ mice has
been shown to reverse the autoimmune phenotype seen in
Lyn‘/‘ mice (Hasegawa et al., 2001). FcyRIIb, activated by
antigen—antibody immune complexes, can also negatively
regulate BCR signaling. FcyRIIb™" mice develop B-cell-
dependent autoimmune symptoms (Yu et al., 2003), but this
effect appears to be strain specific, suggesting that additional
factors contribute to the autoimmune-prone state created by
the absence of FcyRII expression (Bolland and Ravetch,
2000).

CD95/CD95L Death Mechanism

CD95L is another member of the TNF family that binds
to CD95 and induces apoptosis in a variety of cells, includ-
ing lymphocytes (Mizuno et al., 2003; Moulian and Berrih-
Aknin, 1998). CD95 appears to play a critical role in
activation-induced cell death (Siegel et al., 2000). Impaired
apoptosis in autoimmunity is described in detail in Chapters
15 and 70.

CD40/CD154 System and B-Cell Autoimmunity

The CD40/CD154 system is essential for B-cell activa-
tion, isotype switching, GC formation, and affinity matura-
tion of B cells (Van Kooten and Banchereau, 1996). CD154
is transiently expressed on activated T cells but is also
detectable and functional on the surface of B cells in human
SLE (Banchereau et al., 2004). In transgenic mice, expres-
sion of CD154 on B cells correlated with the production of
various autoantibodies and the development of nephritis
(Higuchi et al., 2002). Treatment with anti-CD154-blocking
antibodies is an effective way to prevent the development of
disease in both mouse models of lupus (Kalled et al., 2001),
and humans with SLE (Grammer et al., 2003).

Role of Complement and Toll-Like Receptors in Activating
Autoreactive B Cells

Complement receptors expressed on B cells are critical
for the generation of normal antibody responses, but they
also help maintain B-cell tolerance (Boackle and Holers,
2003). Deficiencies of complement receptor 1 (CR1) and
CR2 have been associated with SLE (Ahearn et al., 1996;
Croix et al., 1996; Molina et al., 1996). Using the hen-egg
lysozyme (HEL) transgenic model for B-cell tolerance, defi-
ciency in CR1/CR2 led to impaired immune tolerance of
HEL-specific transgenic B cells and the emergence of B
cells responding to the self-antigen (Prodeus et al., 1998).
CR1/CR2 may, therefore, participate in lowering the
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threshold for negative selection of autoreactive B cells.
Defects in complement receptors and complement compo-
nents may also result in autoimmunity because of impaired
clearance of apoptotic cells and immune complexes, as well
as the inability to generate C3-coated autoantigens for
CR1/CR2 (Korb and Ahearn, 1997; Boackle and Holers,
2003). Impaired expression of CR1/CR2 alone has mild
effects on B-cell immune tolerance, but combined with other
disease-susceptibility genes, defects in this system may
contribute to severe autoimmune disorders such as SLE
(Boackle and Holers, 2003).

Toll-like receptors (TLR) and DNA-autoantibody
immune complexes participate in the activation of auto-
reactive B cells (Leadbetter et al., 2003). Low-affinity
autoreactive B cells can be detected in the periphery of
normal individuals, however, they are often anergic
(Souroujon et al., 1988; Wardemann et al., 2003). This
observation was recently explored in detail using
AM14BCR transgenic mice in which B cells recognize self-
IgG2a" and produce rheumatoid factors (RFs) against this
particular isotype (Boackle and Holers, 2003). RF* B cells
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develop normally despite the presence of the self-antigen
and are not deleted or rendered anergic. Interestingly, these
RF" B cells become activated if AM14BCR transgenic mice
are back-crossed onto an autoimmune-prone background,
such as MRL-Ipr (Wang and Shlomchik, 1999). Further
studies showed that RF* B cells from AM14BCR transgenic
mice were in fact activated by immune complexes formed
by antinucleosome IgG2a”™ antibodies and chromatin
(Leadbetter et al., 2002). In addition, coactivation of TLR9
on B cells with the nucleic acid present in these immune
complexes was required for the activation of the autoreac-
tive RF" B cells, as lack of MyD88, which is required for
TLRY signaling, in AM14BCR transgenic B cells prevented
their activation by IgG2a’—chromatin immune complexes
(Leadbetter et al., 2002). Activation of TLR9 also induces
BAFF expression by DCs, potentially contributing to further
survival of autoreactive B-cells (Boule et al., 2004). This
mechanism of autoreactive B-cell activation may be
particularly important when clearance of chromatin from
apoptotic cells is impaired, as may occur in particular auto-
immune conditions (Figure 11.3; see Chapters 15 and 18).
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FIGURE 11.3 Mechanisms for the generation of autoreactive B cells and the development of autoimmunity. B-cells
develop in the bone marrow and undergo further maturation in the spleen. Autoreactive B cells are censored at these
stages either by deletion, receptor editing or anergy. If autoreactive B cells escape these checkpoints they can become
activated in the periphery by aberrant signals delivered through the B-cell receptor (BCR), Toll-like receptor (TLR), or
death receptor. As a result, autoreactive pathogenic antibodies will be produced. APC, antigen-presenting cell.
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Pathogenicity of B cells in Autoimmunity

Over many years, scientists have questioned ways in
which B cells trigger autoimmune disorders, and whether
autoantibodies detected in the blood in various diseases
have any pathogenic role. In human RA and SLE, levels of
autoantibodies detected in the serum may correlate only
weakly with disease severity and alternative pathogenic
roles for B cells have been sought. Among the explanations,
current diagnostic assays may not necessarily be detecting
the “right” autoantibody in these patients, or truly relevant
antibodies may be absorbed in vivo by the target tissue.
However, recent studies in the mouse have shown that some
autoreactive B cells do indeed secrete pathogenic autoanti-
bodies, which alone can cause tissue destruction. This is cer-
tainly the case for arthritis in mice, illustrated by the K/BxN
model developed by Mathis et al. (Kouskoff et al., 1996;
Korganow et al., 1999) and to some extent in the collagen-
induced arthritis model in mice. The K/BxN model resulted
from mating a TCR-transgenic mouse onto a nonobese
diabetic (NOD) background. The resulting progeny rapidly
developed spontaneous and severe polyarthritis resembling
human RA (Kouskoff et al., 1996). The autoreactive B cells
in these mice secrete autoantibodies to glucose phosphate
isomerase which, upon passive transfer, induce joint inflam-
mation and destruction within 2-3 days (Korganow et al.,
1999; Maccioni et al., 2002). These effects depended in part
on mast cells and the C5a/C5a receptor complement system
(Ji et al., 2001; Lee et al., 2002). This work shows that, in
models of RA, damage to joint tissues can be caused solely
by pathogenic autoantibodies. This may also be the case for
SLE where immune complexes between DNA and anti-
DNA autoantibodies can aberrantly activate autoreactive B
cells via coactivation of the BCR and TLRs (Leadbetter et
al., 2003).

However, in other diseases, including SLE, there is
another role for autoreactive B cells. Here, B cells are
required for the development of SLE on the MRL-Ipr back-
ground (Chan et al., 1999); however, when MRL-Ipr mice
were engineered to produce B cells unable to secrete
immunoglobulin, the mice still developed glomerulonephri-
tis. Hence, B cells themselves, in the absence of autoanti-
bodies, must have a pathogenic effect in this model (Chan
et al., 1999). Finally, aside from producing autoanti-
bodies, B cells can serve as APCs for T cells (Lanzavecchia,
1985; Roosnek and Lanzavecchia, 1991; Mamula et al.,
1994; Liu et al., 1995; Attanavanich and Kearney, 2004).
The MZ and memory B-cell subsets seem to be particu-
larly efficient as APCs when compared to other B-cell
subsets (Liu et al., 1995; Attanavanich and Kearney, 2004).
As mentioned above, MZ B cells may play a role in auto-
immunity and their autoimmune characteristics associated
with their ability to activate T cells may be the key combi-

nation driving autoimmunity in some circumstances
(Figure 11.3).

In summary, very few autoreactive B cells are present in
normal mice and when they are, they are usually located
away from T-cell help and are not normally activated.
Increased B-cell survival may allow the emergence of
autoreactive B cells and modified conditions of B-cell acti-
vation, including impaired clearance of apoptotic cells and
hyperresponsive BCR signaling. Whether this participation
occurs via the secretion of pathogenic autoantibodies and/or
the indirect activation of self-reactive pathogenic T cells
remains to be determined and may differ depending on the
autoimmune condition.

Formation of Ectopic Lymphoid Tissue and
Germinal Centers

In human autoimmune disease, the affected tissues are
usually of nonlymphoid origin, and are thus devoid of
immune cells. However, it has been known for over 40 years
that the inflamed tissues of patients with diseases such as
RA (synovial tissue), reactive arthritis (synovial tissue),
Sjogren syndrome (salivary glands), myasthenia gravis
(thymus) and Hashimoto’s thyroiditis (thyroid) contain large
numbers of infiltrating, and usually activated, lymphocytes
(Berek and Kim, 1997). More recently, such structures have
been detected in the cerebrospinal fluid (CSF) of patients
with multiple sclerosis (MS), as well as in animal models of
this disease, and this is often accompanied by the presence
of oligoclonal antibodies in the CSF (Corcione et al., 2004;
Magliozzi et al., 2004; Serafini et al., 2004). In RA patients,
three distinct patterns of cellular infiltrates could be
resolved: 1) diffuse infiltrates containing T cells, B cells,
macrophages, and DCs (approximately 50% of patients); 2)
T-B-cell aggregates (approximately 25%); or 3) B cells,
T cells, DCs, and FDCs, which form GC-like structures
(approximately 25%) (Berek and Kim, 1997; Takemura et
al., 2001a). In these latter patients, the environment of the
affected tissues could support the formation of GCs. Indeed,
the concentration of ectopic follicle-like structures corre-
lated with the levels of autoantibody in RA patients, sug-
gesting that formation of GCs in inflamed tissues directly
contributes to the levels of autoantibody (Weyand and
Goronzy, 2003). PCs could also be detected within the
affected tissues, and these were positioned surrounding the
follicle-like structure formed by the infiltrating lympho-
cytes, rather than within the cluster (Kim et al., 1999). This
parallels the exit of PCs from GCs formed within secondary
Iymphoid tissues. The detection of these ectopic GCs raises
the possibility that production of inflammatory chemokines
may retain PCs within these tissues rather than allowing
their migration to other sites. Interestingly, synoviocytes
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generated from synovial tissue have been found to support
the survival and immunoglobulin production by activated B
cells (Dechanet et al., 1995). This led to the proposal that
synoviocytes within inflamed tissues could maintain PCs
present within synovial tissue, analogous to stromal cells
present in spleen and BM (Ellyard et al., 2005), and thus
contribute to the accumulation of PCs within this tissue
(Dechanet et al., 1995).

Examination of B cells in these nonlymphoid sites
revealed them to be of GC origin, i.e., memory B cells and
long-lived PCs. Similarly, B cells with a phenotype corre-
sponding to predominantly memory cells, GC cells, and PCs
were detected within the CSF, but not in peripheral blood,
of MS patients (Corcione et al., 2004). Clonally-related
immunoglobulin V region sequences were detected within
these ectopic GCs in synovial tissue and salivary glands of
patients with RA and Sjogren syndrome, respectively. The
patterns of mutation within the memory B cells and PCs
were characteristic of antigen selection (Berek and Kim,
1997, Stott et al., 1998; Kim et al., 1999). Furthermore, clon-
ally-related sequences encoding TCR B chain V genes were
microdissected from distinct follicles within the synovial
tissue of the same patient, suggesting that these clonotypic
cells may recognize the same (auto) antigen (Takemura
et al., 2001b). Hence, antigen-driven B-cell diversification
is occurring within these ectopic GCs, and the accumulation
of B cells within the tissue is not simply due to migration
of such cells formed at other (Ilymphoid) sites. Thus, it is
likely that differentiation of (auto) antigen-specific B cells
into memory B cells and PCs takes place within the GCs of
inflamed tissues.

A xenogeneic animal model of RA was developed by
transplanting human synovial tissue containing inflamma-
tory infiltrates into NOD.scid mouse (“RA.scid mice”). This
model has facilitated examination of the role played by B
cells in the development and severity of RA. These studies
suggested that B cells within the inflamed tissue may not
only be responsible for secreting pathogenic or arthritogenic
immunoglobulin, but also for maintaining the population of
activated T cells by acting as efficient APCs. It was found
that when T-cell clones were transferred into RA.scid
mice they elicited production of increased levels of pro-
inflammatory cytokines IL-1f, TNF-c, and IFN-y, demon-
strating that these CD4" T cells are important effector cells
in the inflammatory process observed in RA. Strikingly,
when B-cell-depleted synovial tissue was transplanted into
SCID mice, the cotransferred synovial CD4" T cells did not
become activated. Similarly, when RA.scid mice were estab-
lished using GC-containing synovial tissue, and treated
with depleting anti-CD20 monoclonal antibody, the ability
of CD4" T cells to induce generation of inflammatory
cytokines was reduced by up to 80—-100% (Takemura et al.,
2001b). These results indicated that activation of T cells in

RA is B-cell dependent, and highlights the critical role of
B cells in the pathogenesis of autoimmunity.

Disturbances to B-Cell Homeostasis

Several perturbations to B-cell homeostasis have been
recognized in human autoimmune diseases. Sjogren syn-
drome patients have reduced numbers of -circulating
memory B cells, perhaps resulting from the retention or
accumulation of these cells in the inflamed salivary glands
(Bohnhorst et al., 2001; Hansen et al., 2002). Although SLE
patients are typically lymphopenic, there is a striking
increase in the number of circulating plasmablasts, as well
as cells with a phenotype of pre-GC cells (Odendahl et al.,
2000; 2003; Arce et al., 2001; Grammer et al., 2003), and
there is a correlation between the number of circulating plas-
mablasts and the severity and duration of SLE (Jacobi et al.,
2003). Lastly, the majority of B cells in peripheral blood
mononuclear cells (PBMC) of RA patients are memory
B cells and plasmablasts/cells (Lindenau et al., 2003).
Together, these findings suggest that the presence of
increased numbers of cells that are normally restricted to
lymphoid tissue suggests further dysregulated control of the
GC in autoantibody-mediated autoimmunity, and this may
contribute to the generation of effector B cells with patho-
genic autoantigen specificity.

Altered Cytokine and Chemokine
Production: Relationship to Lymphoid
Neogenesis and Exacerbated B-Cell Function

Elevated levels of some cytokines have been observed in
both the serum and inflamed tissue of autoimmune patients.
This has been most pronounced for serum TNF-o., IL-6, and
IL-10, while these cytokines, as well as lymphotoxin (LT)-
o/, IL-1P and type 1 interferons (IFNs), have been detected
at elevated levels in synovial tissue of RA patients (Brennan
and Feldmann, 1996; Feldmann et al., 1996) and CSF of MS
patients (Corcione et al., 2004). High serum levels of
CD154, as well as expression on circulating pre-GC B cells,
have been observed in SLE (Banchereau et al., 2004). These
cytokines could contribute to the chronic inflammation
observed in, and subsequent destruction of, the tissues
affected by autoimmune diseases. Indeed, in RA, TNF-a
appears to be the dominant cytokine that sustains inflam-
mation, because in vitro culture of synoviocytes from RA
patients in the presence of neutralizing TNF-o antibody
reduced the spontaneous production of IL-1, granulocyte-
macrophage colony-stimulating factor (GM-CSF), and IL-
6, while blocking IL-1-reduced production of IL-6, but had
no effect on TNF (Brennan and Feldmann, 1996; Feldmann
etal., 1996; Feldmann and Maini, 2001). In addition to being
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involved in the inflammatory response, some of these
cytokines may contribute to the disease by facilitating and
supporting the generation of ectopic lymphoid tissue, as well
as by having a direct effect on the pathogenic B cells.

Lymphoid Neogenesis

TNF-a and LT are not only proinflammatory cytokines
but also have fundamental roles in lymphoid neogenesis.
Gene-targeting studies demonstrated that mice deficient in
TNEF, LT or their corresponding receptors have structural and
functional defects in their secondary lymphoid organs (Fu
and Chaplin, 1999). The mechanism by which TNF and LT
mediate organogenesis is in part through regulating produc-
tion of the lymphoid homeostatic chemokines CXCLI13,
CCL19, and CCL21(Ngo et al., 1999). Consistent with this,
a correlation was observed between the level of expression
of LT-a,, LT-B, CXCL13, and CCL21, and the presence
of FDCs and GCs within synovial tissue (Shi et al., 2001;
Takemura et al., 2001a). Expression of these soluble medi-
ators and the level of organization of the lymphoid cells in
the synovium in RA suggested that the formation of GC was
dependent on the concentrations of both CXCL13 and LT-8
(Takemura et al., 2001a). CXCL13 is usually produced by
FDCs in secondary lymphoid tissues. However, in RA,
CXCL13-producing cells were identified as FDCs and also
vascular endothelium and synoviocytes (Shi et al., 2001;
Takemura et al., 2001a). Similar to normal lymphoid tissues,
the predominant source of LT-p was the infiltrating B cells
(Takemura et al., 2001a). Thus, within inflamed tissue, it
could be that TNF-a produced by infiltrating inflammatory
cells induces production of CXCL13 by vascular endothe-
lium and synoviocytes. CXCL13 then recruits circulating B
cells, and induces the expression of LT-B. LT-expressing B
cells are required for the development of FDCs, which, once
developed, would support the formation of GCs by acting
as a repository for antigen. This model is consistent with the
findings that treatment of RA patients with TNF-o. antago-
nists resulted in reduced trafficking of leukocytes into, and
reduced angiogenesis in, inflamed synovial joints (Feldmann
and Maini, 2001). This model is also supported by the find-
ings that transgenic expression of CXCL13 in murine pan-
creatic B cells causes infiltration of B cells, T cells, and DCs
into the pancreas. Furthermore, pancreatic expression of
CXCLI13 resulted in the development of structures reminis-
cent of lymph nodes, and expression of CCL21, which prob-
ably mediates the recruitment of DCs and the majority of
the T cells (Luther et al., 2000). B cells appear to be required
for the establishment of pancreatic follicles, longevity of
ectopic GCs, and lymphoid neogenesis because none of
these features was observed in CXCL13 transgenic mice that
were B-cell deficient (Luther et al., 2000). Thus, lymphoid
neogenesis is secondary to the recruitment of B cells, con-
sistent with the previous findings documenting the require-

ment for B cells in the development of follicles in secondary
lymphoid tissues (Fu and Chaplin, 1999). The requirement
for B cells in this process corresponds to the requirement for
B cells in inducing activation of putative autoantigen-
specific CD4" T cells in RA.scid mice, and suggests that in
this animal model T-cell activation may be mediated by B-
cell-dependent recruitment of T cells to the inflamed syn-
ovial tissue, or by B cells acting as potent APCs for
pathogenic CD4" T cells (Takemura et al., 2001b).

It is of interest that lymphoid-like structures were demon-
strable within the CNS of MS patients, and that there were
high levels of CXCL12, CXCL13, LT-o, and BAFF within
these structures (Corcione et al., 2004; Magliozzi et al.,
2004; Serafini et al., 2004). Thus, in autoimmune disease of
the CNS, LT-o. and CXCL13 may contribute to the recruit-
ment of B cells, and BAFF—produced by astrocytes
(Krumbholz et al., 2005)—promotes the survival of B cells
in these ectopic lymphoid tissues.

B-Cell Behavior

Cytokines such as IL-6, IL-10, IFN-o. and CD40L are
also elevated in the serum of patients with autoimmune
diseases, and serum levels of IL-10 correlate with disease
activity (Banchereau et al., 2004; Beebe et al., 2002;
Llorente and Richaud-Patin, 2003). Notably, these have
potent effects on the survival, growth, and differentiation of
human B cells (Banchereau and Rousset, 1992; Banchereau
et al., 2004).

IL-10

IL-10 may have a specific role in SLE. First, the cell
types responsible for the production of IL-10 are B cells and
monocytes, while T cells from SLE patients do not sponta-
neously produce significant levels of IL-10 (Beebe et al.,
2002; Llorente and Richaud-Patin, 2003). Second, the
increased levels of human IgG, as well as anti-dsDNA anti-
body, in the serum of SCID mice, observed following trans-
fer of PBMC from SLE patients, was dramatically reduced
in the presence of neutralizing anti-IL-10 monoclonal anti-
body (Llorente et al., 1995). Third, treatment of patients with
anti-IL-10 monoclonal antibody resulted in a significant
decrease in the SLE disease activity index for up to 6
months, as well as a reduced requirement for immunosup-
pression with corticosteroid drugs (Llorente et al., 2000).
Similarly, using a pharmacologic approach, it was found that
“lupus-like” symptoms of SCID mice reconstituted with
mononuclear cells from patients with SLE and lupus-prone
NZB/WF1 mice were ameliorated following treatment with
the immunomodulatory drug AS101, whose effect is
achieved by its ability to dramatically reduce production of
IL-10 by SLE MNC (Kalechman et al., 1997). IL-10 is not
only a powerful growth and differentiation factor for human
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B cells, but it is also capable of protecting GCs B cells from
apoptosis by increasing expression of Bcl-2 (Beebe et al.,
2002). This may explain the increased number of GC-like B
cells detected among PBL of SLE patients (Arce et al., 2001;
Grammer et al., 2003). Thus, it is likely that IL-10 plays a
complex role in SLE, rather than simply promoting the acti-
vation of autoantibody-producing B cells.

IFN-«

Another cytokine capable of inducing B-cell activation
and differentiation that is overexpressed in SLE is IFN-a
(Banchereau et al., 2004). Type 1 IFNs (o, B) are secreted
in large quantities by plasmacytoid DCs (PDCs) activated
through TLRs either by viruses or nucleic acid complexes
(Banchereau et al., 2004). In SLE, these could take the form
of immune complexes containing DNA or RNA. IFN-o/f3
can mediate the differentiation of activated human B cells
into plasmablasts, which further develop into PCs in the
presence of IL-6, another product of PDCs (Banchereau
et al., 2004). In vitro studies have demonstrated that pro-
duction of BAFF by DCs is increased in the presence of
either exogenous IL-10 or IFN-o (Craxton et al., 2003;
Litinskiy et al., 2002). It is possible that increased serum
levels of IL-10 and IFN-o. may act not only on the patho-
genic B cell, but also on other effector cells, specifically
DCs, by increasing their release of BAFF. Thus, neutraliza-
tion of IL-10 and/or IFN-o. may improve SLE by initially
reducing circulating levels of these cytokines, and subse-
quently by reducing serum BAFF levels. It is presently
unknown whether IL-10 induces the production of IFN-o by
DCs or vice versa. Thus, it is possible that the increased pro-
duction of BAFF by DCs stimulated with IL-10 or IFN-o is
an indirect effect of each cytokine inducing the production
the other.

DIFFERENT CYTOKINES—DIFFERENT
AUTOIMMUNE DISEASES

Treatment of RA by neutralizing TNF-a has yielded great
results. However, one notable side effect of this treatment
has been the development of anti-DNA antibody in approx-
imately 15% of patients (Feldmann and Maini, 2001). Inter-
estingly, anti-TNF therapy is ineffective in SLE (and most
other autoimmune diseases), suggesting that TNF has no
role in the development and/or pathogenesis of such dis-
eases (Banchereau et al., 2004). On the other hand, the
immunomodulatory drug AS101 was found not only to
decrease IL-10 production by mononuclear cells from
patients with SLE, but also to increase production of TNF-
o (Kalechman et al., 1997). These changes in serum
cytokine levels of treated SCID mice were associated with
reduced SLE-like pathology. Interestingly, polymorphisms
in the TNF-o gene of NZW mice result in reduced produc-

tion of TNF-a and increased susceptibility to the develop-
ment of SLE-like disease (Jacob and McDevitt, 1988). Thus,
reduced TNF-a production, or reductions in the relative
amount of this cytokine due to either intrinsic or extrinsic
regulatory mechanisms, may predispose individuals to
autoimmune diseases such as SLE.

CONCLUDING REMARKS

Clinicians have long pondered over the association of
evident B-cell overactivity and the genesis of autoimmune
disease. One main reason for this is the frequently weak cor-
relation between levels of autoantibodies and the severity of
disease. However, current diagnostics may measure only a
limited set of autoantibodies of which not all participate in
pathologic processes. However, recent work on mice and
humans has clearly identified pathogenic autoantibodies,
which alone can cause tissue damage or adverse functional
effects. In fact, these are probably the tip of an iceberg and
tissue damage is likely triggered by several, if not different,
autoantibodies, from patient to patient, with the challenge
being to identify pathways by which they act. These ideas
are fortified by the increasing range of autoimmune diseases
alleviated by therapy with intravenous immunoglobulin for
which the primary benefit depends on blocking of antibody-
mediated effects (see Chapter 16). Immune cells clearly do
not act alone and a mistake in the past has been to draw con-
clusions about autoimmune pathologies based on data from
isolated subsets of lymphocytes, whether they be T cells, B
cells or macrophages. Autoimmunity is a conspiracy involv-
ing the concerted misbehavior of many immune cell types.
B cells play a major disruptive role in this plot as APCs and
cytokine producers which, when inappropriately activated,
will support the activation of harmful T cells and other cell
types. The impressive efficacy of B-cell-depleting therapies
in RA (e.g., anti-CD20 monoclonal antibody), which clearly
spare PCs, is a strong indication that B cells as accessory
cells are key elements driving autoimmunity. The challenge
we face is to determine whether all B cell subsets are equal
in that function and whether refined therapies targeting
pathogenic B-cell subsets could be developed, sparing
innocuous B cells, preventing toxicity and side effects due
to prolonged and general B-cell deficiency.
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Immune memory is a systemic phenomenon generated
through the propagation and selective preservation of
antigen-experienced memory cells in response to primary
antigen exposure. Adaptive immunity to most foreign pro-
teins requires the helper T (Th)-cell-regulated development
of antigen-specific effector and memory B cells. This
ordered cascade of cellular events progresses through
multiple developmental checkpoints that serve to regulate
immune function and limit self-reactivity. This chapter will
outline what is currently understood of the temporally and
spatially regulated development of antigen-specific memory
B cells in vivo.
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An adaptive immune response is a directed cellular
program of development that progresses through distin-
guishable phases of change in vivo. The inflammatory
context of initial antigen exposure primes the innate immune
system to recruit naive antigen-specific Th cells (phase I).
Expanded effector Th cells prime antigen-experienced B
cells to produce short-lived plasma cells and initiate
secondary follicle formation (phase II). Secondary follicles
are the microenvironmental precursors of the germinal
center (GC) reaction, a cycle of somatic diversification and
clonal selection that underpins affinity maturation and
memory B-cell development (phase III). Multiple subsets of
memory Th cells and memory B cells persist following
primary antigen clearance in readiness for antigen rechal-
lenge (phase IV). The cellular response to antigen rechal-
lenge is substantially accelerated, resulting in the rapid and
exaggerated production of memory response plasma cells
and high-affinity antibody. This chapter will emphasize
murine models of adaptive immunity to exemplify the
emergent response to defined protein antigen. The extensive
work that has been undertaken in humans is reviewed in
Chapter 11.

During the primary immune response, expansion of self-
reactive Th-cell or B-cell clonotypes and their differen-
tiation into effector cells would reveal acute signs of
autoimmunity. In contrast, the development and preserva-
tion of self-reactive clonotypes into the long-lived memory
compartment assures a continued and self-replenishing
cellular focus for chronic autoimmunity. Hence, avoiding
the development of self-reactive memory is a fundamental
property of the adaptive immune response to foreign
antigen.

Exaggerated reactivity to antigen recall is the central
defining characteristic of adaptive immunity (Burnet and
Fenner, 1949). As early as 1957, Talmage (1957) and
Burnet’s (1957) postulates of clonal selection focused atten-

Copyright © 2006, Elsevier Inc.
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tion on the cellular organization of adaptive immunity. This
powerful conceptual framework indicated that the cells of
the immune system were the fundamental units of selection
(Burnet, 1958). Early identification of cells that produced
antibodies by Fragraeus (1948), and the assay of specificity
with single-cell resolution by Nossal (1959), provided the
initial experimental support for this model. Studies by Miller
(1961) and Claman (1966) clearly indicated that mixtures of
different cells were needed for efficient adaptive immunity.
A series of transfer studies by Miller and Mitchell (1967)
established that bone marrow produced the plasma cell pre-
cursors while the thymus-derived cells enhanced the anti-
body response. Subsequent studies of the hapten-carrier
effect (Paul et al., 1966; Katz et al., 1970; Mitchison, 1971)
began to probe the molecular basis of T-B-cell collabora-
tion (Rajewsky et al., 1969). These classical studies also
provide the experimental animal models so instrumental to
our current appreciation of the cellular and molecular regu-
lation of adaptive immunity.

PHASE I: RECRUITING SPECIFIC
LYMPHOCYTES

Activating Innate Immunity

Local administration of oligovalent protein antigens
without inflammatory stimuli will induce tolerance, largely
due to inadequate costimulation of the adaptive system
(Jenkins et al., 2001). Immune adjuvants provide the in-
flammatory stimulus necessary for effective protein vacci-
nation strategies (Janeway and Medzhitov, 2002). Most
adjuvants trigger cell activation through pattern-recognition
receptors (PRRs), such as those of the interleukin (IL)-
1R/Toll-like receptor (TLR) family (Aderem and Ulevitch,
2000). PRRs recognize conserved pathogen motifs, such
as bacterial lipopolysaccharide (TLR4) or stretches of
unmethylated DNA typically present in bacteria (TLR9).
Dendritic cells (DCs) are uniquely efficient at protein
antigen uptake and processing, and presentation of pep-
tide major histocompatibility complexes (MHCs) in vivo
(Banchereau and Steinman, 1998). At homeostasis, there are
multiple varieties of DC resident in secondary lymphoid
organs or trafficking there from regional tissue (Shortman
and Liu, 2002). Upon vaccination, DCs at the site of
injection produce large amounts of inflammatory che-
mokines, upregulate chemokine receptors and costimulatory
molecules, and then relocate to the T-cell zones of regional
draining lymph nodes (McHeyzer-Williams and McHeyzer-
Williams, 2005) (Figure 12.1).

At sites of inflammation there will be concomitant local
tissue damage. Hence, self-protein can also be processed and
presented by the same activated DC population. Therefore,
self-protein—-MHC complexes will now be presented in the

draining lymph node with adequate costimulation, provid-
ing a mechanism to activate and expand self-reactive T cells.

Immune Synapse I: Activated Antigen-
Presenting Cells and Naive Helper T Cells

In the regional lymph nodes, activated peptide-MHC II*
DCs sample the naive Th-cell compartment for T-cell
receptors (TCRs) above a threshold for affinity of
protein—-MHC 1II binding (Malherbe et al., 2004). In the
absence of agonist peptides, intercellular connections
between antigen-presenting cells (APCs) and naive Th cells
are transient (Bromley et al., 2001). In contrast, immune
synapse formation requires specific protein-MHC II recog-
nition (Monks et al., 1998). TCR—protein-MHC II interac-
tions, coreceptors, and intracellular signaling complexes
focus centrally at the interface, surrounded by complemen-
tary adhesion molecule interactions. Exclusion of potentially
negative signals, such as the receptor phosphatase CD45 or
the large sialoprotein CD43, also appears to be part of the
molecular rearrangement associated with immune synapsis.
Longer-term immune synapsis can be visualized directly in
vivo (Mempel et al., 2004), also requires TCR specificity
(Huppa et al., 2003), and appears important for commitment
to proliferation (Lee et al., 2002) and most likely differen-
tiation of cell function.

Immune synapsis between an antigen-experienced
protein-MHC II* DC and a naive protein-MHC II-specific
Th cell acts as the first critical developmental checkpoint in
antiprotein immune responses (see Figure 12.1, phase I).
Multiple DC subsets can be involved at this checkpoint,
together with a variety of maturation states based on
the quality of inflammation (Shortman and Liu, 2002;
Pulendran, 2004). The route of immunization will influence
the regional mix of DCs that can participate in this early
phase of the response (Itano and Jenkins, 2003; Itano et al.,
2003). Dose of antigen influences density of specific
protein—-MHC II complexes per cell, which may in turn
influence Th-cell fate. We have also recently demonstrated
a preexisting divide in the naive Th-cell compartment based
on differential Ly6C expression, which also divides the Th-
cell repertoire and immune function (McHeyzer-Williams
and McHeyzer-Williams, 2004). Hence, combinations of
different cell types on either side of the immune synapse I
can substantially impact Th-cell fate and function in vivo.

Activating Specific B Cells

To receive cognate T-cell help, naive B cells must have
first encountered a specific antigen. The epitope specificity
of the two lymphocytes may differ; however, the antigen-
experienced B cells must process and express the
protein-MHC II complex specific for the Th cells. The B-
cell receptor (BCR) can certainly recognize soluble antigen,
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synapse I between antigen-experienced APC and naive antigen-specific helper T (Th) cells is the first major develop-
mental checkpoint in this pathway. Th cell clonal expansion and migration towards the T-B-cell borders initiates the
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ment ensues with isotype switch and plasma cell differentiation or secondary follicle formation. Ag, antigen; DC, den-

dritic cell.

Reproduced from McHeyzer-Williams and McHeyzer-Williams (2005), with permission.

although the efficiency of B-cell responsiveness to APC-
associated antigen can be 1000-fold higher (Batista et al.,
2001). This cell-associated presentation has been demon-
strated for Th-cell-independent B-cell responses to bacteria
in vivo (Balazs et al., 2002), but may also be operative for
protein antigens. Nevertheless, B cells must be primed with
antigen prior to cognate Th-cell interactions.

PHASE II: REGULATING B-CELL FATE

Immune Synapse lI: Effector Helper T Cells
and Antigen-Primed B Cells

Clonal expansion precedes effector Th-cell differentia-
tion and the delivery of cognate T-cell help to B cells
(Malherbe et al., 2004). Temporal separation of these events
serves to amplify low antigen-specific Th-cell precursors,
increasing the probability of antigen-specific Th—B-cell
contact. Upon activation and expansion, Th cells also pro-
gressively decrease CCR7 and increase CXCRS expression
as a means to relocate towards the B-cell-rich follicular
regions (Ansel et al., 1999). Effector Th-cell function is
delivered to B cells in a cognate manner, constituting the
second major checkpoint in this emergent developmental
pathway (see Figure 12.1, phase II). Immune synapse II
between protein-MHC II-specific effector Th cells and
antigen-primed B cells is qualitatively and quantitatively

distinct from immune synapse 1. The central focusing event
remains the TCR—protein-MHC 1I interactions; however,
the expression of secondary molecules capable of modify-
ing cell fate at this juncture has substantially changed.
Diversity of effector Th-cell function in its micro-
environmental context in vivo remains poorly resolved.
Many cell-surface molecule pairs, such as CD154 (CD40L)/
CD40 (Armitage et al., 1992) and ICOS/ICOSL (Dong et
al., 2001; McAdam et al., 2001; Tafuri et al., 2001), play
critical early roles in the delivery and reception of T-cell help
to B cells. Antibody isotype switch and the GC reaction
fail to develop in the absence of these key costimulator
molecules. Many other members of these tumor necrosis
factor (TNF)/TNF receptor (TNFR) and CD28/CD80 (B7)
families have the capa-city to modify immune response
outcomes (Bishop and Hostager, 2001). The production of
cytokines, such as IL-4, interferon (IFN)-y, and tumor
growth factor (TGF)-, by Th cells also have a major impact
on B-cell fate by influencing isotype switch recombination
(IgG1, IgG2a, and IgA, respectively) (Snapper and Paul,
1987; Cazac and Roes, 2000). Other cytokines, such as
IL-5, IL-6, and IL-10, are thought to exert their influence
more generally on survival and propagation of antigen-
experienced B cells. Interestingly, the frequency of specific
Th cells that express mRNA for any one cytokine in vivo is
surprisingly low, with little change between primary
and memory response (Panus et al., 2000). Nevertheless, the
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diversity of effector Th cells serves to define a range of
immune synapse II interactions that impact alternate B-cell
fates in vivo.

The presentation of peptides from intracellular sources
of self-protein in MHC II is inefficient. B cells are also poor
phagocytes, thus non-BCR uptake of self-proteins is un-
likely. Furthermore, if self-reactive B cells take up self-
proteins and express self-protein-MHC II complexes, they
still require cognate T-cell help before they can expand and
differentiate into plasma cells. Low self-reactive B-cell
precursor frequencies and the concomitant expansion of
protein-MHC II effector Th cells for the same self-protein
is another highly unlikely event. Hence, there are multiple
practical barriers at the cellular, molecular, and biochemical
levels that restrict exaggerated self-reactivity at this stage of
the primary response.

Short-lived Plasma Cells and Secondary
Follicle Formation

There is a major bifurcation in B-cell development fol-
lowing immune synapse II interactions during this first week
after initial antigen exposure (MacLennan and Gray, 1986).
Antigen-primed B cells that have received the requisite T-
cell help either expand and differentiate into plasma cells or
initiate secondary follicles (see Figure 12.1) (Jacob et al.,
1991a). These alternate cell fates proceed separately in the
T-cell zones and B-cell follicles, respectively. The early
response plasma cells are characteristically short-lived with
3-5 day half lives (Ho et al., 1986) and express germline-
encoded antibodies with no evidence of somatic diversifica-
tion (Jacob et al., 1991b). Clonal expansion precedes plasma
cell differentiation, which is considered to be the terminal
event in this effector B-cell pathway. In contrast, some of
the Th-cell-primed B-cell clonotypes move to the follicular
area and expand rapidly. This cellular relocation, focal
expansion, and regional exclusion of follicular B cells in the
process establishes the secondary follicle as a dynamic new
microenvironmental niche (MacLennan, 1994). These sec-
ondary follicles give rise to the GC reaction, providing the
pathway to memory B-cell development.

BCR-based selection may drive this developmental deci-
sion with some evidence for the differential assortment of
B-cell clonotypes into these two pathways (McHeyzer-
Williams et al., 1993). Signature changes in transcription
factor expression accompany differentiation to plasma cells.
Transcriptional repression by Blimp-1 (Calame et al., 2003)
and an XBP-1 requirement for antibody secretion (Reimold
et al., 2001) are examples of these more intrinsic changes.
Cognate Th-cell signals also clearly play a role in this devel-
opmental decision. Th signals that drive isotype switch in
both pathways are also thought to originate at immune
synapse II (Jacob et al., 1991a; McHeyzer-Williams, 2004).
Combinations of Th-cell-expressed surface molecules and

cytokines differentially regulate these key effector func-
tions; however, it takes multiple cell divisions to reveal these
cell fates in vivo. Thus, immune synapse II is the second
pivotal checkpoint, controlling the quality of effector B-cell
function and initiating memory B-cell development.

PHASE Ill: DEVELOPING
B-CELL MEMORY

Germinal Center Reaction

Following initial clonal expansion, secondary follicles
polarize. Continued expansion is relegated to the dark zone,
always proximal to the T-cell areas, by antigen-specific GC
B cells, now called centroblasts (MacLennan, 1994). The
light zone at the opposite pole comprises many non-cycling
GC B cells, now called centrocytes, dense processes of fol-
licular DCs (FDCs) (non-bone marrow-derived stromal
cells) (Szakal et al., 1988; Tew et al., 1990), and antigen-
specific GC Th cells (Gulbranson-Judge and MacLennan,
1996; Zheng et al., 1996; Mikszta et al., 1999). This spe-
cialized microenvironment hosts a cycle of activity that
underpins affinity maturation and the production of B-cell
memory. As depicted in Figure 12.2, clonal expansion is
accompanied by diversification of the antibody variable
region genes by somatic hypermutation (SHM) (Rajewsky,
1996). The recent identification of activation-induced cyti-
dine deaminase (AID) as an enzyme required for SHM pro-
vides a major breakthrough in understanding this multistep
diversification mechanism (Honjo et al., 2002). Typically,
one mutation is introduced per cell division, and cell cycle
arrest then marks entry into the light zone and expression
of the variant BCR (Kelsoe, 1996). Centrocytes are then
selected for high-affinity BCRs and are filtered against self-
reactivity (Linton et al., 1991). Although antibody produc-
tion is not required for selection (Hannum et al., 2000), the
FDCs and GC Th cells are thought to play a role in this
critical selection event.

Immune Synapse Ill: Germinal Center Helper
T Cells and B Cells

Positive selection in the GC cycle results in either re-
entry into the dark zone or exit into the long-lived memory
B-cell compartment. Reiterative cycles of diversification
and subsequent positive selection is the most conservative
means to progressively mature the BCR affinity of the
memory B-cell compartment. The precise role of the GC Th
cell remains unclear; however, these cellular interactions
most likely occur in a cognate manner and hence define
a third and significant developmental checkpoint in the
antiprotein adaptive response (Figure 12.3). Immune syn-
apse III regulates the cellular outcome of the GC reaction
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and thus controls the quality and quantity of the memory B-
cell compartment.

Klinman (Linton et al., 1991) introduced the second
window of tolerance to emphasize the capacity of the GC
reaction to propagate self-reactivity. As SHM is random, if
selection were inadvertently based on self-antigen, there
would exist the potential to immortalize high-affinity neo-
self-reactivity into the memory B-cell compartment. Flood-
ing the system with soluble foreign antigen at the peak of
the GC reaction interfered with normal GC development,
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BETENTION

DIVERSIEICATION
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FIGURE 12.2 Germinal center (GC) cycle of activity. Antigen-specific
B cells enter the follicular area and rapidly expand into secondary follicles
that polarize into the light and dark zones of the GC reaction. Clonal expan-
sion is accompanied by somatic diversification of the antibody variable
region genes in the dark zone. Exit from the cell cycle and expression of
variant B-cell receptors allows for antigen-specific selection of centrocytes
in the light zones. Negative selection leads to apoptosis while positive
selection of high-affinity variants results in GC cycle re-entry or exit from
the GC into the memory B-cell compartment.
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providing some evidence that a protective mechanism
was in place (Pulendran et al., 1995; Shokat and Goodnow,
1995). Importantly, the requisite self-reactive Th-cell com-
partment would also have to develop and be present in the
GC reaction. Hence, a requirement for cognate GC Th-cell
control in this process also provides a practical barrier to the
development of self-reactive B-cell memory.

Memory B-Cell Subsets

Exit from the GC reaction is thought to signify entry into
a long-lived memory B cell compartment (see Figure 12.3).
Non-secreting precursors for the memory response and
long-lived plasma cells are two separate subtypes of high
affinity antigen-specific memory B cells that persist in vivo
(McHeyzer-Williams et al., 2000). We have recently divided
memory response precursors into two further subsets based
on phenotype (6B2* versus 6B2~ based on expression of a
glycosylation variant of CD45), localization (6B2~ prefer-
entially home to BM) and capacity to produce antigen-
specific plasma cells after adoptive transfer and antigen
recall (6B2~ have a greater propensity) (McHeyzer-
Williams et al., 2000, Driver et al., 2001). We refer to these
subsets as post-GC memory B cells and pre-plasma memory
B cells in accordance with a proposed linear relationship
in their development. Analysis of Blimp-1 conditional
knockout animals (Shapiro-Shelef et al., 2003) indicates a
novel requirement for Blimp-1 in memory B cell develop-
ment. These genetic studies support a linear model of
memory B cell development in vivo as outlined in Figure
12.3.

There is also evidence for continued antigen-based selec-
tion after the decline of the primary response GC reaction
(Takahashi et al., 1998). This ongoing positive selection
appears to be based on clonal competition with no further
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FIGURE 12.3 Memory B-cell subsets. Multiple subsets of memory B cells emerge from the germinal center (GC)
reaction of the primary immune response. We propose that 6B2* post-GC memory B cells are the first cellular product
to exit the GC. These cells can give rise to 6B2~ preplasma memory B cells that are phenotypically and functionally
distinct nonsecreting memory response precursors. The 6B2™ pre-plasma memory B cells are the immediate cellular pre-
cursors of long-lived plasma cells that are a terminally differentiated antibody-secreting memory B cell compartment.
Both PPM B cells and the long-lived plasma cells preferentially home to the bone marrow.

Reproduced from McHeyzer-Williams and McHeyzer-Williams (2005), with permission.
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BCR diversification. Further, upon exit from the GC,
memory B-cell survival is independent of BCR specificity
(Maruyama et al., 2000). Individual memory B cells may not
be long lived; however, the compartment persists even in the
absence of the antigen-specific BCRs.

PHASE IV: RESPONDING TO
ANTIGEN RECALL

Immune Synapse IV: Memory Helper T Cells
and Memory B Cells

All three subsets of memory B cells persist without
further antigen challenge (McHeyzer-Williams et al., 2000).
The long-lived plasma cells preferentially home to the bone
marrow and are the source of specific high-affinity serum
antibody (McHeyzer-Williams and Ahmed, 1999). Upon
antigen rechallenge, both subsets of memory response
precursors expand rapidly in a Th-cell-dependent manner
(McHeyzer-Williams et al., 2000). This memory response
can manifest with minute quantities of soluble antigen in
the absence of adjuvant. Hence, the innate system can be
bypassed in the memory response. Nevertheless, effective
antigen presentation and cognate Th-cell involvement are
necessary for the memory response. The simplest model
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places the memory B-cell compartment as the APC and the
elevated numbers of memory Th cells as the cognate regu-
lators (Figure 12.4). Thus, immune synapse IV is the major
developmental checkpoint for memory responses with
exchanges of molecular information between memory Th
cells and memory B cells.

The existence of memory Th cells and memory B cells
to the same self-protein has disastrous consequences. In this
scenario, inflammation would not be required to activate
effector cell differentiation. There would be a potentially
unlimited supply of antigen to trigger responsiveness to self.
Finally, the self-replenishing characteristic of the memory
compartment would broadly assure a continued supply of
the precursors to damaging self-reactive effector cells.
Hence, self-reactive memory is the true harbinger of
unrelenting chronic autoimmunity.

Replenishment of the Memory Compartment

The number of persisting antigen-specific memory B
cells of all subtypes increases following clearance of the
secondary antigen challenge. The level of serum antibody
specific for the antigen also increases with the secondary
boost. Thus, replenishment of the memory compartment is
a basic characteristic of the memory response (Traggiai et
al., 2003). Self-replenishment allows continuance of
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FIGURE 12.4 Response to antigen recall. Low-dose soluble antigen in the absence of adjuvant can induce a rapid
and exaggerated humoral immune response. Hence, antigen-specific B cells are the most likely antigen-presenting cell
(APC) for protein-MHC II complexes as immune synapse IV interactions between memory helper T (Th) cells and
memory B cells are the critical developmental checkpoint for the memory response. Memory cell expansion is vigor-
ous and produces large numbers of high-affinity memory response plasma cells as the dominant cellular outcome. Sec-
ondary germinal center (GC) reactions are also part of the memory response, although more a minor outcome than the

primary response.
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particular reactivity, but also heightens the basic capacity of
the memory compartment to respond in the future.

Isotype-Specific Memory Cells

The spectrum of antibody isotype is the most clearly
identifiable and differential functional characteristic of B-
cell immunity. There is some information on the effector Th-
cell control of isotype switch during the initial priming
response, which has been discussed above. However, very
little is known of the differential regulation of isotype-
specific memory B cells into the memory response to
antigen rechallenge. While IL-4 is a switch factor for some
IgG1 and most or all IgE in B-cell responses (Snapper et al.,
1988), it is not clear what IgG1* or IgE" memory B cells
require for re-entry into the memory response. The distinct
behavior of memory B cells expressing different isotypes in
vivo has not been carefully studied. It seems likely that IgA
memory B cells relocate to mucosal surfaces; however, it
seems unlikely that TGF-f is required for their continued
survival or re-entry into a memory response (Cazac and
Roes, 2000). Hence, the developmental experience, resultant
gene expression pattern, and intrinsic program of cellular
behavior define memory B cells of different isotypes.

We have proposed the existence of functionally distinct
memory Th-cell subsets that support the reactivation of
isotype-specific memory B cells as one reasonable model of
memory Th-cell organization. Unfortunately, the develop-
ment of Th-cell memory itself remains poorly understood.
How, where or even when Th-cell memory is developed
during the primary responses is not clear. Direct experi-
mental access to antigen-specific Th cells in vivo will help
to resolve these issues (Altman et al., 1996); however, fre-
quencies of responders remain quite low, even at the peak
of the primary response, making functional assessment of
effector and memory Th cells technically challenging. This
is not the only organization proposed for Th-cell memory
(see Chapter 6). Nevertheless, understanding functional
diversity and developmental control of antigen-specific Th
cells will be necessary to fully understand the control of
antigen-specific B-cell memory.

CONCLUSION

The development and propagation of self-specific B-cell
memory underpins many pathologic elements of auto-
immune disease. The murine model provides access to the
emergent properties of a developing adaptive response in
secondary lymphoid organs that have been difficult to
monitor in humans. The strategies that have been discussed
in this chapter offer the means to analyze more directly the
extent of antigen-specific immunity in humans. These strate-
gies can potentially use peripheral blood to access memory

lymphocytes and to quantify frequencies and qualify cel-
lular diversity therein. Isolation and characterization of
self-specific memory B cells and their memory Th-cell
counterparts promise unique targets for immunotherapeutics
at both the cellular and molecular levels.
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GROUND RULES FOR B-CELL
SELF-TOLERANCE

Tolerance and memory constitute the two pillars on
which the adaptive (specific) immune system is based. For
self-antigens, tolerance or immunologic unresponsiveness
is the appropriate outcome, whereas for foreign antigens,
immunity and long-term memory are required.

The concept of self-tolerance can be traced back to the
early 20th century when Ehrlich and Morgenroth [cited in
Ehrlich and Morgenroth (1957)] described the production of
hemolytic antibodies in goats following immunization with
erythrocytes obtained from other goats, whereas autologous
red cells failed to elicit a response. This and other findings
on alloantisera led them to conclude that autoimmune
responses ‘“‘constitute a danger threatening the organism
more frequently and more severely than all exogenous
injuries.” The fact that collectively autoimmune diseases are
relatively uncommon is an indication of how effective the

The Autoimmune Diseases, edited by Noel R. Rose and lan R. Mackay.
ISBN-13: 978-0-12-595961-2 ISBN-10: 0-12-595961-3

immune system normally is in distinguishing between self
and nonself, or as Matzinger (1994) put it in her “danger”
model, between harmless and dangerous entities.

Tolerance, like immunity, was shown early on to be
somatically acquired as a result of exposure to antigen rather
than being genetically pre-programmed into the germline
[reviewed in Schwartz (1993)]. The simplest way of explain-
ing how these two phenomena might be distinguished was
on the basis of differences in the structure and properties
of self- and foreign antigens. This proposition, however,
was shown to be false by Traub (1938), Owen (1945), and
Billingham et al. (1953) in their classic experiments demon-
strating induction of tolerance to normally foreign antigens
when introduced antenatally. Thus, the timing of antigen
exposure appeared to be more important than the origin
of the antigen per se. Based on these observations, Burnet
(1959) encapsulated the concept of immunity and tolerance
in his clonal selection theory, which states that: “self-not-
self recognition means simply that all those clones which
would recognize (that is produce antibody against) a self
component have been eliminated in embryonic life. All the
rest are retained.” Thus every individual is born with a reper-
toire of “immunocytes,” as Burnet called them, purged of
self-reactive cells but still capable of mounting responses to
foreign antigens. Clonal selection therefore paved the way
for the concepts of positive and negative selection of cells
recognizing nonself and self, respectively, although this
thinking came to be applied more to the thymus than bone
marrow.

Shortly afterwards, Lederberg (1959), while working in
Burnet’s laboratory, came to appreciate that tolerance could
be imposed on developing lymphocytes, not just antenatally
but throughout life, as they differentiate from precursor cells
into mature immunocompetent cells. This line of reasoning

Copyright © 2006, Elsevier Inc.
All rights reserved.
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served to focus attention on primary lymphoid tissues
(thymus and bone marrow) as the major sites for clonal elim-
ination (deletion). In the event of a failure in self-tolerance,
it was envisaged that a “forbidden clone” could emerge from
these sites, resulting in onset of autoimmunity.

Cell-Cell Interactions and the
Two-Signal Hypothesis

During the 20 years following promulgation of the clonal
selection theory by Burnet, the immunologic function of the
thymus was discovered (Miller, 1961), the lymphocyte was
identified as the antigen-specific immunocyte (Gowans and
Knight, 1964), the two-cell system of T and B lymphocytes
was defined (Mitchell and Miller, 1968), and the phenome-
non of major histocompatibility complex (MHC) restriction
was described (Zinkernagel and Doherty, 1974). The picture
of the immune system to emerge from these findings was
one of an intricate set of cell-cell interactions initiated
by exposure to antigen and regulated by multiple positive
and negative signals derived from lymphocytes, antigen-
presenting cells (APCs), and stromal cells located in primary
and secondary lymphoid tissue. Thus, tolerance and immu-
nity were no longer considered to be totally discrete entities,
but rather the poles of a continuum of immune responsive-
ness, the former appropriate to self- and the latter to foreign
antigens.

The ground rules for analyzing tolerance and immunity
within this framework were first articulated by Bretscher and
Cohn (1970) in their two-signal hypothesis. As originally
applied to a generic antigen-responsive cell, the hypothesis
envisaged that an immune response required associative
recognition of two determinants (signal 1 and signal 2) on a
given antigen, by two different cells. On the other hand, if
the first recognition event (signal 1) occurred alone, then tol-
erance would ensue. For self-antigens, to which the immune
system is exposed early in life, tolerance would be the
most likely outcome since the frequency of cells with speci-
ficity for such antigens would be very low indeed and their
chances of meeting remote. For foreign antigens, which are
not continually present, precursors specific for multiple
epitopes could accumulate prior to contact with antigen, thus
allowing a cooperative immune response to proceed. Sub-
sequently the two-signal paradigm was modified to accom-
modate collaborative interactions between T cells, B cells,
and APCs (Lafferty and Cunningham, 1975; Schwartz,
1993).

For B-cell responses, the current thinking may be sum-
marized as follows: signal 1 is provided by antigen binding
to the B-cell receptor (BCR) (Figure 13.1). In the case of
T-dependent antibody responses, B cells present antigenic
peptides to adjacent activated helper T (Th) cells. These cells
express cell-surface CD40L and release B-cell stimulatory
cytokines like interleukin (IL)-4, and the binding of these
ligands to their specific receptors collectively delivers signal

2 to the B cell (Hodgkin and Basten, 1995) (Figure 13.1).
The efficacy of the interaction is enhanced by pairs
of costimulatory molecules, like CD28/CD86 and ICOS/
ICOSL, present on the surface of T and B cells, respectively.
In the case of T-independent antibody responses, direct
interaction of antigen with B cells can provide signal 2 as
well as signal 1. For example, some antigens (signal 1) can
form complexes with DNA-derived CpG motifs, thereby
leading to cross-linking of BCR with TLRO (signal 2) and a
productive antibody response (Leadbetter et al., 2002). Also,
certain multivalent antigens, such as polymerized flagellin
(Basten and Miller, 1974), or complement-fixing polysac-
charides, such as Ficoll and dextran (Thyphronitis et al.,
1991), can not only bind to the BCR (signal 1) but costim-
ulate the B cell through interaction with the complement
receptor, CD21 (signal 2). A corollary to the two-signal
hypothesis is that the immunogenicity of antigen, i.e.,
whether it is “strong” or “weak,” influences the decision
between tolerance and immunity; weak antigens are those
that cross-link the BCR poorly and/or fail to generate a
second signal, e.g., deaggregated immunoglobulin or anti-
Fab, and tend to be tolerogenic. Strong antigens, on the
other hand, cross-link the BCR and recruit second signals
efficiently. Examples include viruses and bacteria that
elicit T-dependent responses as well as the multivalent T-
independent antigens mentioned above.

In addition to the nature of the antigen, the decision
between tolerance and immunity may be influenced by the
duration of antigen exposure and its timing during B-cell
development. Immature (including transitional) B cells as
opposed to mature B cells are thought to be hardwired to
undergo tolerance (negative selection) on exposure to anti-
gen, possibly due to differences in the balance between pro-
and anti-apopotic molecules of the Bcl-2 family (Marsden
and Strasser, 2002). Such a scenario can explain why con-
genital rubella is associated with a failure by the fetus to
eliminate the virus. On the other hand, intrauterine infec-
tions other than rubella can elicit a positive immune
response (Nossal, 1957; Buchmeier et al., 1980) and toler-
ance can be readily imposed on mature B cells (see below).
The key factor in some instances may therefore be the dura-
tion of antigen exposure rather than its timing. Thus, per-
sistent BCR stimulation by low levels of antigen appears to
favor tolerance, whereas immunity would be the outcome of
sudden BCR engagement, as proposed in the danger hypoth-
esis (Matzinger, 1994; Jun and Goodnow, 2003). Thus, the
latter rather than the former scenario is more likely to be
associated with rapid delivery of signal 2.

Requirement for Tolerance in B-Cell and
T-Cell Repertoires
The B-cell repertoire is generated in two waves by dis-

tinct mechanisms that shape and modify the genes encoding
the antigen-binding site of immunoglobulin molecules. The
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FIGURE 13.1 Two-signal hypothesis as it applies to B cells. Binding of antigen to the B-cell receptor (BCR)
(signal 1) leads to primary activation. The B cell then has a finite amount of time to find a source of a second (costim-
ulatory) signal. If it does, a productive response ensues. If it fails to do so, the cell will become tolerant and die. The
time available for receipt of signal 2 is inversely proportional to the strength of signal 1. The case of a T-dependent B-
cell response is shown here, where signal 2 is delivered collectively by multiple molecules expressed by activated T
helper (Th) cells, such as cell-surface CD40L and the soluble cytokines IL-4 and IL-5. Effective collaboration with Th
cells requires the B cell to both present peptide fragments of the antigen on class II MHC and to upregulate the
costimulatory molecule CD86. Anergic B cells cannot upregulate CD86 in response to signal 1, which prevents them

TOLERANCE

from receiving signal 2 from Th cells.

first is the process of VDJ gene recombination, which oc-
curs in B-cell precursors within fetal liver and adult bone
marrow. This process combines germline V, D, and J gene
segments to form rearranged immunoglobulin heavy (VDJ)
and light chain (VJ) genes. The products of these rearranged
genes then combine to produce the nascent BCRs expressed
on immature B cells and thus shape the primary B-cell reper-
toire. The second mechanism by which the B-cell repertoire
is shaped is somatic hypermutation (SHM) of immunoglob-
ulin variable region genes. This occurs largely in germinal
centers (GCs) following B-cell activation and collaboration
with Th cells, and generates what is referred to as the sec-

ondary B-cell repertoire. While the principal aim of both
VDJ recombination and SHM is to diversify the B-cell
repertoire in order to best deal with invading foreign anti-
gens, the essentially random nature of both processes
inevitably generates self-reactive B cells with the potential
to produce pathogenic autoantibodies. The mechanisms
whereby such clones are normally excluded from produc-
tive antibody responses represent the central issue in B-cell
self-tolerance.

Following the discovery of the two-cell system and the
demonstration of a helper function for T cells in antibody
production by B cells in the late 1960s, it became apparent
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that tolerance could be imposed on both T cells and B cells,
although the threshold for its induction was lower in T cells
(Chiller et al., 1970). This was accompanied by the notion
of “low” and “high” zone tolerance in which small amounts
of antigen led to T-cell unresponsiveness, whereas larger
doses tolerized B cells as well as T cells. Moreover, the dif-
ference in the threshold of tolerance induction between T
cells and B cells led Miller (1971) to suggest: “It may in fact
turn out that tolerance to self components is a property con-
fined exclusively to the T-cell population, tolerance in B
cells being merely a laboratory artifice.”

However, there are several reasons why an unpurged B-
cell repertoire could pose a threat to the host. First, residual
self-reactive B cells can be triggered by T-independent
stimuli, such as the polyclonal activator CpG (type I T-
independent antigen) or highly repetitive complement-fixing
polysaccharides like those present on many capsulated
bacteria (type II T-independent antigens). Moreover, self-
reactive B cells play diverse roles in autoimmune responses;
thus, the minority B1-cell subset is a major source of IgM
autoantibodies with specificity for intracellular self-antigens
(Casali et al., 1994), while class-switching B2 cells con-
tribute to T-dependent autoimmune responses, either by
secreting pathogenic IgG autoantibodies or by presenting
self-antigens to activated CD4" T cells, which can then in-
duce damage in target tissues. In nonobese diabetic (NOD)
mice, for example, that spontaneously develop autoimmune
(type 1) diabetes, B cells appear to play a direct role in
disease pathogenesis, predominantly through the Ilatter
rather than the former mechanism (Silveira et al., 2004).
There is also some evidence from animal models of rheuma-
toid arthritis that B cells may be directly pathogenic in
joints. This may explain the efficacy of anti-CD20 mono-
clonal antibodies in treating this disease (Edwards et al.,
2004).

Another reason why tolerance needs to be imposed on the
B-cell as well as the T-cell repertoire is the situation where
a self-reactive B cell may also recognize (cross-react with)
a foreign antigen. Even if it is argued that T-cell self-
tolerance alone would prevent self-reactive B cells from
responding to endogenous antigens, cross-reactivity of such
B cells with an epitope on an invading foreign antigen would
effectively bypass T-cell self-tolerance by facilitating col-
laboration with nontolerant antiforeign T cells. A similar
situation can arise when non-self-reactive B cells recognize
a foreign antigen, collaborate with antiforeign T cells and
undergo SHM of their immunoglobulin variable region
genes in the GC. Because the nature of SHM is essentially
random, B cells with new antiself specificities or increased
affinity for self-antigens can appear in the GC and, if they
still recognize the original immunogen, continue to receive
T-cell help. The absence of self-tolerance mechanisms
within either the primary or secondary B-cell repertoires
would therefore significantly increase the potential for path-

ogenic autoantibody responses driven by antiforeign T cells.
For all these reasons it is desirable for self-tolerance to be
imposed on the B-cell as well as the T-cell repertoire.

MECHANISMS OF B-CELL
SELF-TOLERANCE

Classification

Deletion as initially described by Burnet (1959) is not
the only mechanism responsible for preventing auto-
immunity. Rather self-tolerance has come to be regarded
as a syndrome in which multiple mechanisms operate to
polarize the immune response towards a negative outcome
(Nossal, 1983). In addition to the landmarks in the evolu-
tion of the phenomenon of tolerance already mentioned, the
past 30 years have seen the introduction of the idiotype reg-
ulation concept (Jerne, 1971), receptor editing (Gay et al.,
1993; Tiegs et al., 1993), and the use of B-cell transgenic
models for analyzing underlying mechanisms (see below).
For convenience these mechanisms can be classified into
de novo and regulatory (Tables 13.1 and 13.2). The former
includes deletion and anergy, which operate throughout B-
cell differentiation and contribute to the shaping of the reper-
toire, whereas regulatory mechanisms control the level of
responsiveness in the mature B-cell pool without exerting a
major effect on repertoire selection.

De Novo Mechanisms

The low frequency of antigen-specific B cells in the
normal repertoire (approximately 107-107°) made it diffi-
cult in the past to determine the relative importance of the
various primary mechanisms of self-tolerance in the intact
host. Although in vitro use of the surrogate antigen anti-
immunoglobulin provided some clues about the normal fate
of self-reactive B cells [reviewed in Nossal (1983; 1992)],
definitive answers had to await the advent of transgenesis in
the 1980s. By introducing transgene-encoded prearranged
immunoglobulin heavy and light chain genes, mice were
generated in which the majority of B cells expressed BCRs
with a single defined specificity. These cells could therefore
be tracked in vivo by flow cytometry using antiallotypic or
anti-idiotype antibodies recognizing the transgenic BCR.
Antigen-related as well as cellular variables in self-tolerance
could therefore be studied by creating double transgenic
mice consisting of a BCR transgenic line crossed with a
second line expressing the corresponding self- or neo—
self-antigen endogenously.

The overall conclusion from experiments in many such
models is that B-cell self-tolerance is indeed mediated by a
range of different mechanisms (Table 13.1). Among the
most flexible and widely used double transgenic system is
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TABLE 13.1 Primary mechanisms of B-cell self-tolerance
Site
Mechanism Central Peripheral Antigenic properties Mode of action
Deletion* + + Multivalent high affinity Activation of proapoptotic Bcl-2 family molecules
Receptor Editing* + - Mulitivalent Revised B-cell receptors (BCRs) with nonself specificities
Anergy* + + Paucivalent soluble BCR desensitization
Lack of access to BAFF
Ignorance’ + + Low affinity No BCR recognition

Low concentration

Poor access

*Result in exclusion of self-reactive B cells from mature B-cell pool.
"Self-reactive B cells present in mature B-cell pool.

TABLE 13.2 Secondary mechanisms of B-cell self-tolerance*

Mechanism Examples

Mode of action

B-cell intrinsic ITIM-containing motifs, e.g., FcyRIIb,

CD22 Signaling molecules, e.g., Lyn, CD19

B-cell extrinsic Idiotype network

Classical complement pathway

Regulatory T cells

Increase threshold of B-cell receptor (BCR) activation and reduce
B-cell expansion

Neutralization of autoantibodies

Removal of apoptosing cells, guiding B cells to niches of negative
selection

Reduce T-cell help for self-reactive B cells

*Operate mainly in peripheral lymphoid tissues.
ITIM, immunoreceptor tyrosine-based inhibition motif.

the hen-egg lysozyme (HEL)/anti-HEL BCR model origi-
nally developed by Goodnow et al. (1988) and recently mod-
ified such that the B cells can undergo switching from IgM
to downstream isotypes (Phan et al., 2003). This, and other
models where relevant, will be used to illustrate the various
primary mechanisms of B-cell self-tolerance.

Deletion

Self-reactive B cells undergo negative selection on expo-
sure to antigen at both immature and mature stages in their
development within the bone marrow and peripheral lym-
phoid tissue, including the outer periarteriolar lymphatic
sheath (PALS) of the T-cell zone and GCs (Russell et al.,
1991, reviewed in Goodnow et al. 1995). Self-antigen in
multivalent form favors deletion in the absence of signal 2,
provided that a critical threshold of avidity is attained
(Nemazee and Biirki, 1989; Hartley et al., 1991) (Figures
13.1 and 13.2). B1 cells as well as B2 cells are susceptible
to deletion (Murakami et al., 1992). The molecular basis of
B-cell deletion has yet to be fully worked out. However, the
balance between pro- and anti-apoptotic members of the
Bcl-2 family of molecules belonging to the classical mito-

chondrial pathway appears to be important for negative
selection of B cells in the bone marrow and deletion of
mature antigen-activated B cells in the periphery (Marsden
and Strasser, 2002).

Receptor Editing

Self-reactive B-cell-expressing BCRs of medium to high
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