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Prospectus: The Road to Autoimmune Disease

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

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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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 naïve, 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

xx Prospectus: The Road to Autoimmune Disease

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
naïve 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 naïve 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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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

Prospectus: The Road to Autoimmune Disease xxi

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)-a. 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.

Tissue

B. MAINTENANCE
DC interacts with T cells 

T cells interact with B cells

Germinal 

center 

reaction

C. TERMINATION
Lymphocytes enter tissue

Offending agent eliminated

A. INITIATION
Antigen  released

Uptake of antigen by DC

Activated T 

and B lymphocytes

Dendritic cell (DC)

Microbial or self-antigen

RLN

T cell 

Tissue

rich area

FIGURE 1 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. 
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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
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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 “naïve” 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.

III. 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
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TGF-b (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 naïve 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
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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
II 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
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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

TABLE 1 Defining criteria for autoimmune diseases*

Level of evidence Comments, caveats†

Level 1: Direct evidence
1. Transfer of disease with autoreactive serum

a. Person to person
Experimentally Autoimmune thrombocytopenic purpura is the classic example (42)
Naturally, transplacental transfer Thyrotoxicosis (35), myasthenia gravis (48), congenital heart block (71), and others

b. Transfer with human antisera to animals Pemphigus vulgaris (57), myasthenia gravis (48)
2. Autoantibody (aab) binding in vitro Autoimmune hemolytic anemia (41)
3. Transfer of disease with autoreactive lymphocytes Inadvertent transfer with bone marrow transplant (type 1 diabetes)

Level 2: Indirect evidence
1. Animal model replicating human counterpart

a. Spontaneous (genetic basis) NOD mouse, NZB mouse, BB-W rat, OS chicken, and others (26)
b. Experimentally induced

Immunization with culprit antigen Experimental autoimmune encephalomyelitis, thyroiditis, orchitis, etc; adjuvants 
usually required (26)

Neonatal thymectomy Gastritis, BALB/c mouse, illustrative of peripheral tolerance (39)
Genetic manipulation, transgenics, knock-outs Numerous examples (26)

c. T-cell transfer of disease in animals Type 1 diabetes in NOD mice (36), collagen-induced arthritis in mice

Level 3: Circumstantial evidence
1. Other causes excluded, particularly chronic infection Infection and autoimmunity may coexist!
2. Marker autoantibody (aab) to high titer The basic pointer, but sometimes aab specificity “incongruent” with site of disease, 

e.g. primary biliary cirrhosis (54)
3. Female bias (25) Some exceptions, e.g. type 1 diabetes, myocarditis
4. Disease clustering, within an individual or among family A long recognized feature (21)

members, clinical and/or serologic
5. Histopathology: lymphoid aggregates, germinal centers Seen in some chronic infections as well
6. Responsiveness to immunosuppression Characteristic featureæa diagnostic therapeutic! (76)
7. T-cell reactivity in vitro to putative autoantigen Assays remain difficult (73)
8. MHC (HLA) associations 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.
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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 Sjögren 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
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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

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.
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THE SEARCH FOR AUTOANTIBODIES

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 l’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

Horror Autotoxicus

4 Immunologic Basis of Autoimmunity

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 a. 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-a 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-a cell receptors on its cells.
Therefore, autoanti-a is formed. But the host also pos-
sesses the self-antigen a on its cells, with which the anti-
a may react to stimulate the formation of anti-anti-a.
(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
(Römer, 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, Römer 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.

Autoimmunity: A History of the Early Struggle for Recognition 5

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-

6 Immunologic Basis of Autoimmunity

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,

Ch001-P595961.qxd  1/27/06  7:53 PM  Page 6



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.

Autoimmunity: A History of the Early Struggle for Recognition 7

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.

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).
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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 

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 8–9 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. 
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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)-1b and tumor necrosis factor
(TNF)-a 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 b2 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,

12 Immunologic Basis of Autoimmunity

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 (MCTC) and those in the lung and
intestinal mucosa which do not contain chymase (MCT)
(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 I 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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infected or necrotic cells. The activated IDCs process the antigen to generate peptides that are presented by MHC mol-
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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 naïve 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 II
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
FcgRIIB 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 Küpffer 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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complement component C1q binds, followed by C1r and
C1s. This event initiates a series of enzymic reactions
leading to the generation of the classical pathway C3 con-
vertase, C4b

—
2a
—

. 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, C3b

——
Bb
—

. Both proteolysis
and thioester hydrolysis of C3 constitutively generate very
low levels of C3b. However, in the alternative pathway, it is
only when C3b

——
Bb
—

is generated that there is substantial split-
ting of C3 into C3a and C3b. Subsequently, a C5 conver-
tase, either C4b

——
2a3
—

b
—

(from the classical and lectin pathways)
or C3b

——
Bb
—

3b
—

(from the alternative pathway), is produced by
addition of C3b to the C3 convertase. This splits C5 into C5a
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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.

Ch002-P595961.qxd  1/27/06  7:55 PM  Page 14



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.
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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 ab or a gd 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 a, b, g, and d 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 ab TCR, initially the
TCR b chain gene segments are randomly rearranged and
coexpressed with a nonrearranging pre-T a chain (which
lacks a variable domain) to produce a preliminary version
of the TCR. Subsequently the TCR a chain gene segments
are randomly rearranged in order to generate the mature ab
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 CD8 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 I. 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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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
naïve T cells will be capable of recognizing foreign peptides
presented by self-MHC. 

Although gd 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 gd T cells may be thymic indepen-
dent (Carding and Egan, 2002).

Functional Activities of T Cells

The ab and gd TCRs are not themselves able to transmit
activation signals to the cell nucleus, this function being
assigned to the CD3 molecules (CD3g, CD3d, CD3e) and
the CD3-associated z chains (Figure 2.5). Receptor aggre-
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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 z 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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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
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the recognition occurs in the presence of costimulatory signals. See color plate section.
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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)-g, but not IL-4, IL-5, and
IL-6, are designated Th1 cells, while those secreting IL-4,
IL-5, IL-6, IL-10, and IL-13, but not IL-2 and IFN-g, are
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classified as Th2 cells (Mosmann and Sad, 1996). In 
general, cytokine production by Th1 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-g from Th1 cells downregulates Th2 activ-
ity, whereas IL-4 and IL-10 from Th2 cells downregulate
Th1 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 ab 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-g (Kronenberg and Gapin, 2002).

The antigen-specificity and functions of gd T cells is
much less well characterized than those of ab T cells, 
but some gd TCRs recognize native antigen directly or 
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recognize lipids, glycolipids, and lipopeptides presented by
CD1 (Brigl and Brenner, 2004). gd 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-g
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 m heavy chain generated by gene
rearrangement and a surrogate light chain encoded by two
nonrearranging genes termed VpreB and l5. 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 naïve 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), Igb (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 Iga
and Igb by the Src family kinases Lyn, Fyn or Blk, 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-a, TNF-b (lymphotoxin), transforming growth factor
(TGF)-b and granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Fitzgerald et al., 2001). Following their
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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 l isotype. The human antibody classes are IgG, IgA,
IgM, IgD, and IgE, with four IgG (IgG1–4) and two IgA
(IgA1, 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 (FcgR, FcaR 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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monocytes, macrophages or neutrophils bearing Fcg 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.
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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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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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cell undergoes further maturation the immunoglobulin light chain V and J gene segments (for simplicity not shown)
rearrange to produce a k or l light chain. This light chain replaces the surrogate light chain in order to produce a mature
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specific antibody, or into a memory B cell. The same general principles regarding the rearrangement process applies to
the generation of ab and gd T-cell receptor. See color plate section.
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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 naïve 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
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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 Cd). 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 IELs bear a gd 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 naïve 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 naïve 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
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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 FcgRIIB 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-b,
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-a 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.
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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.

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
(CD40 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 Cm constant region gene. This mRNA will encode a m heavy
chain which is placed on the surface of the pre-B-cell together with the surrogate light chain V pre-B l5. 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 k or l 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 Cm or Cd 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 ab and gd T-cell receptor.
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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 a 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.

Adapted from Koopman, et al., Arthritis and Allied Conditions, 15th 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, Behçet 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

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 II 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).
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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 II 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 (Bommhardt 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 naïve 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
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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-
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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
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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;
Bommhardt 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 naïve 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 naïve 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).
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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 naïve 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 naïve 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
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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+ (g 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 CD8 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 (TR1
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 Th1
cells is present in most autoimmune diseases. Because Th2
cells control the activation of Th1 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
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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-g
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
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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 naïve 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 naïve 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. 
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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 Sjögren 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 dendreon, 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 naïve 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-

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
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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 naïve 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
II 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
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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 CD11c+ 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-xL. 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-xL 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 CD11c promoter to express
MHC class II I-E molecules specifically on DCs of all
tissues (these mice will be referred to as B6CD11c-Ead).
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 Vb11+ T cells in
C57BL/6 control mice, B6-Ead mice (a transgenic line
expressing I-Ead under the control of a segment of the I-E
MHC class II promoter) or B6CD11c-Ead mice. In B6-Ead

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-Ea

d strain, sug-
gesting that the thymic DCs were the most potent cell type
in eliminating self-reactive T cells, and that MHC class II
expression on the epithelium or other bone marrow-derived
cells was not necessary for complete clonal elimination of
I-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
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(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 Th1. In contrast, repetitive stimulation of
naïve 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)-g-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-g 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, naïve 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 CD11c 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 I pathway. Subcutaneous injection 
of anti-DEC-205:OVA 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
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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. CD5 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. CD5hi T cells did 
not inhibit activation of naïve T cells to the same antigen 
in vivo and could not regulate naïve 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
CCR7 are inversely regulated during maturation, and CCR7
has been shown to direct maturing DCs to the T-cell zone of
lymphoid follicles which expresses MIP3b (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 H+/K+-ATPase in healthy mice (Scheinecker
et al., 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
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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
CD40) 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-
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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-g 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 CD8a+ 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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CD8a+ 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 CD8a+ DCs. This observation was the first evidence
for a tolerogenic function of DCs expressing a CD8aa
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 (P815AB) 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 CD8a+ DC subset
may produce elevated levels of IDO and display tolerogenic
properties (see above).

CD8a-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 Fcg 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 Fcg receptor
was confined to the CD8a-CD4+ subset, which supported
suppression of autoreactive T cells and reversal of EAE in
the FcgR-deficient mice (Legge et al., 2002).

CD11clow CD45Rbhigh Dendritic Cells

A population of DCs with specific expression of
CD45RB was identified that induced tolerance and Tr1 cell
differentiation in vivo. CD11clow CD45Rbhigh 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 CD11clow

CD45Rbhigh DC subset displayed plasmacytoid morphology
and an immature phenotype even after activation, and
secreted high levels of IL-10. Transfer of CD11clow

CD45Rbhigh 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 ¥

42 Immunologic Basis of Autoimmunity

105 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-b 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-b, 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-b 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 Th1-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 Th1 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+CD25hi T cells from peripheral
blood of patients with multiple sclerosis. These cells poorly
inhibited responder T-cell proliferation as well as IFN-g 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-g 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-
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10-dependent development and function of Tr1 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 Tr1; 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 b 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
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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-a 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 CXCR5. 

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 Tr1.

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

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.
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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, b2 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
a gene and one or more b genes, which together encode the
class II ab 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
II 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-a 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-

48 Immunologic Basis of Autoimmunity

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)-g-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 a-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-
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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 II
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
II 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 II 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 GAD65, 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-AbEa (aa52–68) mice in which the class
II I-Ea (52–68aa) peptide is covalently linked to the b chain
of the I-Ab heterodimers; APCs in these animals display I-
Ab where nearly all molecules contain the I-Ea (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 a 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
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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 naïve 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 ¥ 20 Å 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 a 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 CD8 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-
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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; 1998b).

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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have been described, CD4+CD25+ (TR), type 1 regulatory T
(Tr1) cells, and Th3 cells. Studies in mice have shown that
CD4+ TR, 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).
Tr1 and Th3 cells are thought to be peripherally derived and
exert their suppressive activity via IL-10 and transforming
growth factor (TGF)-b, 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+ TR, 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). 
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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 a
chains in transgenic mice and are severely decreased in
transgenic mice lacking TCRa 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-b
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 

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 Establishing an avidity threshold for regulatory T–cell maturation

Activation of Treg During antigen exposure in the periphery Treg require TCR signals for expression of their regulatory program

Homing of Treg During an ongoing immune response Requirement for MHC–antigen interaction directs Treg function
to specific sites

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

Induction of Treg Post-thymic development Provides for generation of Treg in the periphery, may aid in
controlling autoimmunity
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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-
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olds, which predispose to autoreactivity and autoimmunity.
Many different MHC genes are implicated in human
disease; e.g., several class II MHC molecules are associated
with the development of type 1 diabetes, with DRB1*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, DQB1*0602 is associated
with protection from disease (Baisch et al., 1990).
DRB1*0401 and DRB1*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 DRB1*0402 is 
associated with pemphigus vulgaris (Scharf et al., 1988).
DRB1*1501 and DRB5*0101 are highly associated with the
development of multiple sclerosis (Tiwari and Terasaki,
1985) and DQB1*0201 has been associated with celiac
disease (Sollid et al., 1989). HLA transgenic mice have been
successfully designated containing DR2, DR3, DR4, DQ6,
and DQ8, 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 a 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.

Adapted from Koopman, et al., Arthritis and Allied Conditions, 15th edition.
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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

subsets depending on their cytokine profiles (Th0, 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-
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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.

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,

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 II
a 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, DQA1, DQB1, DPA1, and DPB1; and K,
D, L, I-Aa, I-Ab, I-Ea and I-Eb) are highly polymorphic,
such that specific alleles at a given locus may be expressed
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in the context of several different alleles at most other loci.
The issues of transcomplementation, whereby a or b 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
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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-DR8 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 DQB1, DRB1, 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

Treg

Periphery

Cortical thymic epithelial cell

Cortical thymic epithelial cell

Medullary thymic epithelial cells and/or 
bone marrow-derived APCs

Positive selection Negative selection

Proautoimmune MHC

High-avidity thymocyte Positive selecting peptide

Highly expressed 
autoantigenic peptide

Poorly expressed autoantigenic
peptide

Cryptic or nonexpressed
autoantigen

Thymocyte restricted by non-self-MHC

Protective MHC

Tolerogenic peptide

Treg

Low-avidity thymocyte

D
FIGURE 6.1 (Continued) (D). The balance (in the peripheral T cell repertoire) between high- and low-avidity autore-
active clonotypes and regulatory T cells will determine the overall risk of the individual to a given autoimmune disor-
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.
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alleles encoding DRb molecules sharing key amino acids
between positions 67 and 74. Similar MHC class II–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-Abg7) in which the
histidine and aspartic acid located at positions 56 and 57 in
most murine I-Ab chains (the counterparts of human DQb
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 DQ8 molecules (positively
associated with T1D) were expressed in mice also express-
ing a costimulatory CD80 (B7.1) transgene in b 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 DQ8
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 b2 microglobulin (hb2M)
is coexpressed (in rats) or that the endogenous mb2M gene
is absent (in mice) (Taurog et al., 1999). Interestingly, HLA-
B27 molecules can form homodimers in the absence of b2M
(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
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with a particular MHC haplotype (H-2g7). Studies of con-
genic NOD mice expressing non-NOD MHC haplotypes,
and of NOD mice expressing I-Ead, I-Eak, I-Aak/I-Abk, 
I-Abd or modified I-Abg7 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-Ag7 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-Ab chain position 57 account for the ability of I-Ag7

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-Ag7 homozygous), undergo deletion
in NOD mice that coexpress antidiabetogenic MHC class II
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 II molecules, such as I-Ab, I-Ek and I-Ag7PD

(encoding proline and aspartic acid at positions 56 and 57,
respectively), did not trigger deletion of thymocytes
expressing another islet antigen-specific, I-Ag7-restricted
TCR (BDC2.5). Whereas I-Ag7PD 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-Ak 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-Ak

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 GAD65 epitopes, thymocytes expressing a trans-
genic GAD65-reactive TCR (GAD65286–300) 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 b chain
epitope (Alderuccio et al., 2000). In addition, whereas
MBP121–150-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
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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,
MBP1–11, which binds self-MHC with significantly lower
affinity than MBP121–150, did not delete TCR-transgenic thy-
mocytes in MBP-competent mice (Harrington et al., 1998;
Huseby et al., 2001b). However, when MBP1–11’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 IGRP206–214/Kd 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
IGRP206–214/Kd-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
IGRP206–214/Kd 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 MBP1–11,
MBP84–102, MBP121–150, and MOG35–55, 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
PLP139–151-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 H+/K+ ATPase b subunit epitope barely induced
autoimmune gastritis in TCR-transgenic BALB/c mice,
those recognizing an H+/K+ ATPase a subunit epitope 
were highly gastritogenic (McHugh et al., 2001). Another
example of incomplete correlation between autoreactivity
and pathogenicity comes from studies of b 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
GAD65-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 GAD65286–300-
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 MPB1–17 and MBP1–18,
and these peptides bind MHC molecules with high affinity
(Seamons et al., 2003). However, neither of these two pep-
tides is recognized well by MBP1–11-specific T cells. This
phenomenon may account for both the lack of tolerance and
the low incidence of disease in mice expressing MBP1–11-
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 b cells
in T1D). Initiation of T1D in both NOD mice and humans,
for example, is associated with autoreactive T- and B-cell
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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 6.1A–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 naïve 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; DiLorenzo 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
IGRP206–214/Kd-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 IGRP206–214/Kd-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 b 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
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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 naïve 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. Naïve 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)-g and TNF-a] or
anti-inflammatory (e.g., IL-4 and TGF-b). Depending on the
cytokines they produce, most CD4+ T cells can be subclas-
sified into Th1 and Th2 types (See Chapter 7). Th1 cells typ-
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ically produce IFN-g, TNF-a, and IL-2, whereas Th2 cells
generally produce IL-4, IL-5, and IL-13. Cytokines secreted
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
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paradoxical roles in autoimmunity, depending on the loca-
tion, timing, and magnitude of expression. 

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-g and
TNF-a (Brosnan and Raine, 1996; Balashov et al., 1999).
Peripheral T cells from both types of patients produce
increased levels of IFN-g, 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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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-g (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-g 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-g 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-g displayed an exacerbated clinical course (Panitch et
al., 1987). It should be noted, however, that, under certain
circumstances, IFN-g 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
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IFN-g 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-g blockade with antibodies
exacerbated the development of EAE in mice (Lublin et al.,
1993; Heremans et al., 1996). Although genetic elimination
of IFN-g 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-g or IFN-g 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-g 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-g) 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 
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(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 GAD65, 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 naïve 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;
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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-Ag7, 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 IL-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 a 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 a-galactosylceramide (a-
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-
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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 T1D 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 naïve 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
CD45RA-CD45RO+. 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
naïve 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 (TCM) cells, which migrate into secondary lymphoid
organs, and effector memory T (TEM) cells, which are
recruited to inflamed nonlymphoid tissues (Sallusto et al,
1999; Iezzi et al., 2001; Masopust et al., 2001; Reinhardt et
al, 2001). In humans, TCM cells express CCR7 and CD62L,
whereas TEM cells are mostly CCR7- and CD62L-negative.
TEM cells express chemokine receptors characteristic of Th1
and Th2 cells, including CCR5 and CCR6 for Th1 cells and
cytotoxic T lymphocytes, and CCR3 and CCR4 for both Th1
and Th2 cells. The expression pattern of chemokine recep-
tors on TEM cells parallels polarized cytokine profiles
retained from effector cells. Indeed, CD4+ TEM cells produce
Th1 or Th2 cytokines within hours of antigen stimulation,
and CD8+ TEM cells express a large amount of perforin,
allowing rapid effector function in response to antigen. TCM

cells proliferate vigorously and produce high levels of IL-2
in response to antigen, and differentiate into Th1- or Th2-
like effector cells capable of producing abundant IFN-g or
IL-4 on antigen stimulation (Sallusto et al., 2004). In the
absence of antigen, both TCM and TEM cells turn over, slowly,
mostly in response to homeostatic cytokines. Whereas TEM

cells provide immediate protection against infectious agents,
TCM cells proliferate and differentiate into TEM 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 TCM

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
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effector and TEM 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 g chain. Admin-
istration of a blocking anti-g 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+CD44high 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 naïve
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 (Th1 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)-g, 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-g
and TNF-b. Th cell responses characterized by the conjunct
production of Th1 and Th2 cytokines are commonly defined
as type 0 Th (Th0) responses (Mosmann and Coffman,
1989). The Th1/Th2 polarization is clear-cut in murine

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, Th1-polarized responses are highly protective
against infections by the majority of microbes, especially 
the intracellular parasites, because of the ability of Th1
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 Th1 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 situ 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 Th1 cells (Romagnani,
1997). Thus, the phagocyte-independent Th2 response is
usually less protective than the Th1 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 Th1 to Th2 may provide a
protective effect when the Th1 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, CCR8, and the chemoattractant receptor of Th2 cells
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(CRTH2) (Romagnani, 1997), whereas human Th1 cells
preferentially express the lymphocyte activation gene-3
(LAG-3), and the chemokine receptors CXCR3 and CCR5
(Romagnani, 1997). The chemoattractant receptors preva-
lently expressed on the surface of Th1 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
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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,
OX40/OX40L, 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-g, and IFN-a; 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 (g and a) 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 Th1-
inducing agent and its production is upregulated by both
CD40L–CD40 interaction and the production of IFN-g by
NK and Th1-polarized cells. Of interest, IFN-g, but not IFN-
a, promotes Th1 differentiation in mice, whereas both IFN-
g and IFN-a (which is also produced by a subset of DCs)
play an important role in humans; IFN-a 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 naïve
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 naïve Th cell that culminate
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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 naïve Th cell results in the activation
of STAT6 (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 Th1 cells. GATA3 inhibits the production of IFN-g,
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 Th1 differentiation,
because mice deficient for each of these factors lack Th1
cells. A substantial advance in elucidating Th1 lineage 
commitment and IFN-g 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
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T-bet expression strongly correlates with IFN-g 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-g promotor. Thus, a model for Th1/Th2
polarization that involves a balance between the Th1-
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-
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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 
Th1- 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 naïve Th cell induce STAT6-independent upregulation of
GATA3 and direct activation of the IL-4 gene. This early
production of IL-4 by the naïve 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 Th1 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 Th1- 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 Th1 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, Th1
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 (Tr1) cells, and CD4+CD25+ T cells. Th3 cells
mainly produce transforming growth factor (TGF)-b and
their regulatory function is due to a TGF-b-dependent mech-
anism, whereas Tr1 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-b (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
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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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? ?Natural regulators
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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
naïve 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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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 Th1 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
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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 Th1 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 Th1
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 infìl-
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 Th1-
mediated autoimmune response. Several studies have 
suggested a primary pathogenic role for TNF-a and IFN-g
in MS. First, high levels of TNF-a 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 Th1 profile (Brod et al., 1991; Benvenuto et al.,
1991; Correale et al., 1995). More recently, several Th1-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-a 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
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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 Th1-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 Th1-type
immune responses. Finally, a high number of chemokines,
such as CCL2, CCL3, CCL4, CCL5, CCL7, CXCL9, 
and CXCL10, 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; Sørensen et al.,
2001), and Th1 cells expressing CXCR3 have been detected
in the brain and CSF (Balashov et al., 1999; Sørenson et al.,
1999; Misu et al., 2001). 

However, there is evidence that cells other than classical
Th1 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 Th1-mediated dis-
order (Lassmann and Ransohoff, 2004). It probably also
includes a loss of functional suppression by CD4+CD25+

Tregs (Viglietta et al., 2004). 
A hypothetical 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

Ch007-P595961.qxd  1/27/06  8:01 PM  Page 89



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 infìltrating 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
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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 Th1
lymphokine profìle, with production of high TNF-a and
IFN-g concentrations, and exhibited strong cytolytic 
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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
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is shown as an illustrative autoantigen since it is operative in the experimental autoimmune encephalomyelitis (EAE)
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leukin; TNF, tumor necrosis factor.
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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 Th1-like (Watson et al., 1994) or a more hetero-
genous cytokine profìle (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-g. 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-g-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 Th1-
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, Th1 cells
produce IFN-g, which further stimulates the production of
CXCL10, 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 Th1 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-
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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 T1D 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 Th1 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 Th1 cytokines in the pathogenesis of T1D in NOD mice
is more complex than initially thought. Indeed, IFN-g can
have either a pathogenic or protective role for T1D 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-g (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 Th1 cytokine profile, while those from pre-
diabetic patients were of the Th2 subtype (Chang et al.,
1995). Moreover, overwhelming IFN-g production has been
found in high-risk first-degree relatives of children with
T1D, suggesting a Th1-like immune deviation in the pre-
diabetic phase (Karlsson et al., 2000). Likewise, serum con-
centrations of CXCL10, a chemokine induced by IFN-g 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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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 Th1 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-g can be detected
very early, whereas production of Th2 cytokines is sup-
pressed. Moreover, mice treated with IL-12 or IL-18, two
powerful Th1-polarizing agents, develop a more severe
disease. Finally, and most importantly, IL-12-deficient mice,
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as well as mice treated with an anti-IL-12 antibody, which
have an impaired Th1 response and reduced IFN-g 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 Th1 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-g 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 Th1 cytokines, while elevated mRNA
levels for IL-4 are present only in a few cases, which sup-
ports a predominant activation of Th1/Th0 cells (Schulze-
Koops et al., 1995). Finally, T-cell clones derived from RA
synovium produce predominantly IL-2 and IFN-g, which
suggests a Th1 profile (Miltenburg et al., 1992; Quayle 
et al., 1993). However, some rheumatoid inflammatory T-
cell clones also exhibit a Th0-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-g-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-1b
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 Th1
responses (Santiago-Schwartz et al., 2001). Increased
numbers of peripheral blood cells secreting IFN-g 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-g-secreting cells in early arthritis correlated with
disease activity, emphasizing the role of Th1 cells in the 
initiation of the disease (Kanik et al., 1998). Accordingly,
analysis of subcutaneous nodules in RA patients revealed a
classic Th1-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
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TNF receptors (both the 55- and 75-kDa receptors), IL-10,
and TGF-b 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-a and IL-1b (Katsikis et al., 1994).
Because IL-10 is a powerful inhibitor of both Th1 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.

Sjögren Syndrome

Sjögren 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 IqI/Jic mouse model of primary SS, where the expres-
sion of IL-12 and IFN-g 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-a,
and IFN-g were identifìed in defined parts of labial salivary
gland specimens (Rowe et al., 1987; Oxholm et al., 1992).
Increased serum levels of IL-6 and IFN-g have also been
reported (Al-Janadi et al., 1993). It has been suggested that
virus-induced IFN-g 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-g 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 Th1
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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 fìnding remains unclear
(Mcinnes et al., 1996). More recent data demonstrate the
existence of both Th1 and Th2 cytokines in labial salivary
glands (LSGs) of SS patients, with the balance between 
the two shifting in favor of Th1 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).
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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 Th1 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 Th1 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-4-/-

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-g, 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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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 Th1 and Th2 cells were
fìrst 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.

Th1-dominated responses are very effective at eradicat-
ing infectious agents, including those “hidden” within the
cell; however, if the Th1 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 suffìciently protective against the major-
ity of infectious agents, but they do provide an important
downregulatory mechanism for exaggerated and/or exces-
sively prolonged Th1 responses (Th1 to Th2 switch or
immune deviation from Th1 to Th2).

Studies of autoimmune disorders in the context of 
Th1 and Th2 T-cell responses suggest the existence of a
complex network of interactions that involves Th1
responses, counter-regulatory Th2 responses, and the defec-
tive intervention of Tregs. The majority of autoimmune 
diseases studied, especially organ-specifìc autoimmune 
diseases, appear mainly to be mediated by Th1-triggered
inflammatory processes, the two clearest examples being
MS and T1D. Interestingly, in these diseases, switching from
a Th1 to a Th2 response can prevent Th1-mediated destruc-
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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 Th1 response.
Taken together, these fìndings 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.

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-CD8- thymocytes (Figure 8.1). Following T-cell
receptor (TCR) b chain rearrangement, only thymocytes
expressing a functionally rearranged TCR b chain are
selected to continue maturation and upregulate both CD4
and CD8. At this CD4+CD8+ double-positive (DP) stage,
TCR a chain rearrangement is initiated and functionally
rearranged TCR a chains are expressed on the cell surface
with the TCR b 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 II 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). 
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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-
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Donald et al., 1988). This was first demonstrated by Kappler
et al. (1987) using a monoclonal antibody that recognized
the Vb17 segment of the TCR. They found expression of
Vb17 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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CD4−CD8− CD4+CD8+ Death by neglect
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CD4+ CD8+
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FIGURE 8.1 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.
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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 is, 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 Mls-1a in the bone marrow cells or
thymic stroma to study the effect on T cell development and
tolerance. If Mls-1a was expressed on bone marrow cells,
deletion of Vb6+ Mls-1a reactive T cells occurred. However,
if the host expressed Mls-1a and the donor bone marrow cells
did not, clonal deletion did not occur. Instead, nondeleted
mature Vb6+ T-cells were unresponsive to Mls-1a 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
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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
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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 
et al., 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; Oehen 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-1a into thymec-
tomized Mls-1b mice resulted in the expansion of Mls-1a

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 lpr 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-1a-
positive cells that were injected into Mls-1b mice. After the
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initial T-cell expansion and deletion of Mls-1a-specific Vb6+

T cells, a population of Vb6+ T cells remained. These 
cells were unable to proliferate in response to Mls-1a

(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

Anergy

Expansion 

Homeostatic 
maintenance

Deletion 

Naïve T cell

Naïve T cell

FIGURE 8.2 T-cell receptor (TCR) and peptide–MHC interactions
govern homeostasis and peripheral T-cell tolerance. Weak-affinity/-avidity
interactions with self-peptide–MHC are required for normal homeostatic T-
cell survival as T cells that fail to receive TCR signals undergo programmed
cell death. Strong-affinity/-avidity interactions with peptide–MHC on
immature antigen-presenting cells result in T-cell expansion, followed by
deletion of most of the clones, with the remaining ones being unresponsive
to TCR stimuli (anergic). 
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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-4-/- 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 (liCTLA-4) has
been found and characterized as a negative regulator of sig-
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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-
1-/- mice develop an autoimmune-like phenotype, although
with delayed onset compared to CTLA-4-/- mice, with
lupus-like glomerulonephritis and progressive arthritis asso-
ciated with a high level of IgG3 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 (LCMV) 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 (LCMV) 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)-b 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 naïve 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-
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rylation of the TCR z 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 g 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 bcl-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 (CD44hi and CD122hi) phenotype with enhanced
production of IFN-g 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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FIGURE 8.3 Potential mechanisms of autoimmunity. A, Weak interactions with self-peptide–MHC normally lead to
homeostatic maintenance of T cells. If this process is disturbed by altering T-cell survival this can result in splenomegaly
and lymphadenopathy. Over time, interactions between these partially activated T cells (dark cells) and B cells (light
cells) can lead to systemic autoimmunity characterized by autoantibody production. B, T cells that encounter high-
affinity/-avidity antigen on resting APCs would normally undergo a process of expansion followed by deletion or anergy.
However, defects in apoptosis might lead to defective peripheral tolerance induction, either to the inability to directly
delete the self-reactive cell or to the lack of cross-presentation of self-antigen, and result in autoimmunity. Alternatively,
interactions with hyperactivated mature APCs may promote full activation of self-antigen-specific T cells instead of tol-
erance, and predispose individuals towards autoimmunity. C, Activation by pathogens results in the activation of a variety
of T-cell clones specific for the foreign antigen. These clones proliferate and eliminate the pathogen. Weak cross-
reactivity of these activated T cells with self-peptides may result in transient or minimal autoimmunity, i.e., organ infil-
tration but no destruction. On the other hand, T cells strongly reactive against self-antigen will cause organ-specific
autoimmunity. It is not yet clear at which stage and by which of these mechanisms regulatory T cells act to prevent
autoimmunity.
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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. SOCS1-/- 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-g
(Alexander et al., 1999). T cells in SOCS1–/– 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 SOCS1-/-

Rag1-/- mice were used to determine if T cells would remain
naïve 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 SOCS1-
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
(PIP3), which regulates many cellular events, including 
cell survival, division, and migration (Fruman et al., 1998;
Scheid and Woodgett, 2001). The amount of PIP3 is regu-
lated by a lipid phosphatase known as PTEN (phosphatase
and tensin homolog found on chromosome 10). The pres-
ence of PIP3 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
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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. STAT3 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 naïve 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 Merkd 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-a, 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.,
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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 Qa1
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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 naïve 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

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+, Tr1, 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,
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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 naïve 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
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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-a 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 II 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 naïve 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+CD45RBlowCD25- 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-2Rb, 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

Regulatory T Cells 121

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-b 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-b plays a more general role in
immune homeostasis as TGF-b1-/- mice develop multiple
organ inflammatory disease early after birth (Shull et al.,
1992; Kulkarni et al., 1993). TGF-b 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

IL-10 TGF-b References

CD4+CD25+ Tregs
Gastritis 7✓ 7✓ Thornton and Shevach (1998), Suri-Payer and Cantor (2001), 

Piccirillo et al. (2002) 
Colitis

Prevention 3¥/7✓ 3¥ 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 3¥ Chen et al. (1994)
Va14+ natural killer T cells
Type 1 Diabetes 3¥ + IL-4 Sharif et al. (2001)
EAE 3¥ + 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-b can act directly on T cells to suppress their
effector function. CD4+CD25+ Tregs can express TGF-b 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 naïve peripheral T cells.

Induced CD4+ Regulatory T Cells

Naïve 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 Tr1 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). Tr1 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
Tr1-like cells can also develop during normal immune
responses to infectious agents, especially those that cause

Treg

Foxp3+

CD25+

Treg

THYMUS

CD8+  Treg

Tr1

PERIPHERY

NKT

nCD4+

CD25–

NKT

nCD8+

Naturally 
occurring Treg 

Inducible Treg 

Foxp3+

CD25+

Treg

Th3

High avidity

Low avidity 

SELECTIONPre  T

Naïve T

?

Foxp3+

CD25–

Treg

FIGURE 9.1 Major populations of regulatory T cells (Tregs). Naturally occurring Tregs (CD4+CD25+ T cells and
natural killer T cells) arise during normal thymic development and do not require further differentiation in the periph-
ery in order to mediate regulatory function. By contrast, inducible Tregs are exported from the thymus as naïve uncom-
mitted T cells and acquire Treg function following activation and differentiation in the periphery. The precise
interrelationships between the different Treg populations have not yet been fully defined.
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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.

CD8+ 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 
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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 (Va14-Ja18 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 Th1 [interferon (IFN)-g, 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 Va14-Ja18 transgene (Lehuen et al., 1998), or by
repeated administration of a-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-g 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+NK1.1- 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 Vb8.2 peptide derived from the
immunodominant MBP-reactive TCR, and were able to
drive the deletion of activated Vb8.2+ 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
CD5high fraction to BALB/c nude mice developed a wide
spectrum of organ-specific autoimmune diseases, including
gastritis, oophoritis, and thyroiditis. Similarly, transfer of
CD4+CD45RChigh cells to athymic nude rats in the absence
of the CD45RClow 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+CD45RBhigh 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+CD45RBlow cells, providing the first evi-
dence that Tregs also control immune pathologic responses
to environmental antigens (Morrissey et al., 1993; Powrie et
al., 1993).
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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 CD5high or CD45RBlow 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 CD45RBhigh-induced pathology in SCID mice and dia-
betes in ATX rats are also present in the CD45RB/ClowCD25-

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, CD80,
or blockade of CD80/CD86, accelerated the progression
from insulitis to overt diabetes (Salomon et al., 2000). Sim-
ilarly, delayed onset of diabetes induced by expression of
TNF-a 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-a 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
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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-10–/– 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
a 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 naïve
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). 

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
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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-2-/- background that expressed a TCR specific for
the peptide 107–119 of influenza hemagglutinin presented
by Ed MHC molecules in naïve 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
10-3 mg/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 naïve 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- naïve 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 naïve CD4+ T cells in
normal mice, emphasizing that the protocol was suitable for
generating suppressors from a small number of naïve 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
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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
CD4+25+ 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 
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 naïve or memory T cells do. Thus,
both suppressor T cells and naïve 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-g 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

IN VIVO
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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 Sjögren 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.

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 Æ pro-B cells Æ pre-B cells Æ 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, zTNF4, 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, naïve
(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). 
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T-Cell-Dependent Immune Responses:
Development of Memory Cells 

and Plasma Cells

The differentiation of mature naïve 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-
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dritic cells (DCs) and follicular dendritic cells (FDCs) (Liu
and Banchereau, 1996; Liu et al., 1996b) (see Chapters 2
and 12). Interaction of naïve 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,
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Ig V genes

m
m

m
m

Pre-B cell

D–J, V–DJ
rearrangement

Stem cell
Immature B cell

sIgM

Transitional B cell
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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 m 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.
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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 naïve 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 naïve 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;
Bm2 cells are activated Bm1 cells and, since both express
unmutated immunoglobulin V region genes, represent naïve
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
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(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, naïve B cells express sIgM,
IgD, and CD38, whereas GC B cells are CD38- and are
agglutinated by peanut agglutinin (PNA+). Differentiation of
naïve 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 CD138 (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: naïve 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 naïve B
cells and therefore facilitate their ability to rapidly respond
to antigen rechallenge (see Chapter 12). 

Localization Within Lymphoid Tissue

Naïve 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
naïve 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). Naïve 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 naïve and memory B cells has been
determined. Naïve 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 naïve 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

Naïve and memory B cells exhibit distinct responses fol-
lowing exposure to an activating stimulus. Memory B cells
differentiate into PCs more rapidly than naïve B cells, and
antigen-specific immunoglobulin was produced by human
memory, but not naïve, 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.,
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2004). In contrast to GC-derived PCs, the immunoglobulin
VH 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
CD40L, 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, CD86 

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 naïve 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-CXCR5, CCL19/CCL21-CCR7, and CXCL9/
CXCL10/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
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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 CXCR5, 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 CXCR5
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 a4b7 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 a4b7, 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
CXCL11), 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 ¥ 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, Sjögren 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 a and b 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 Sjögren syndrome
(Mackay et al., 2003). The lactogenic hormone prolactin is
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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 Sjögren-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
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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
et al., 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 Sjögren 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 Sjögren 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 Sjögren 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 naïve 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—Iga and Igb. 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 Iga and Igb, 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 Cg2 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:
FcgRIIb, 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). 
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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). FcgRIIb, activated by
antigen–antibody immune complexes, can also negatively
regulate BCR signaling. FcgRIIb-/- 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 FcgRII 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-
IgG2aj/a 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-lpr (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 IgG2aj/a 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
TLR9 signaling, in AM14BCR transgenic B cells prevented
their activation by IgG2aj/a–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-lpr back-
ground (Chan et al., 1999); however, when MRL-lpr 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-
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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),
Sjögren 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
lymphoid 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 Sjögren 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 (lymphoid) 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-1b, TNF-a, and IFN-g, 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
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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. Sjögren 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-a, IL-6, and
IL-10, while these cytokines, as well as lymphotoxin (LT)-
a/b, IL-1b 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-a 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
et al., 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
TNF, 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 CXCL13,
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-b
(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-b 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-a 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
CXCL13 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-
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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-a, 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-a 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-a 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-a
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 (a, 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-a/b
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-a (Craxton et al., 2003;
Litinskiy et al., 2002). It is possible that increased serum
levels of IL-10 and IFN-a 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-a 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-a by
DCs or vice versa. Thus, it is possible that the increased pro-
duction of BAFF by DCs stimulated with IL-10 or IFN-a 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-
a (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-a gene of NZW mice result in reduced produc-
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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.

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 naïve 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-
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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

158 Immunologic Basis of Autoimmunity

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 Naïve Helper T Cells 

In the regional lymph nodes, activated peptide–MHC II+

DCs sample the naïve Th-cell compartment for T-cell 
receptors (TCRs) above a threshold for affinity of
protein–MHC II binding (Malherbe et al., 2004). In the
absence of agonist peptides, intercellular connections
between antigen-presenting cells (APCs) and naïve 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 naïve 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 naïve 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, naïve 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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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 II: 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 CXCR5 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
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distinct from immune synapse I. The central focusing event
remains the TCR–protein–MHC II 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)-g, and tumor
growth factor (TGF)-b, 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

160 Immunologic Basis of Autoimmunity

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 III: 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 III: 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,

Memory B-Cell Development 161

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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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

162 Immunologic Basis of Autoimmunity

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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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-b 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
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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

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
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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

168 Immunologic Basis of Autoimmunity

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 TLR9 (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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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-
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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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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
from receiving signal 2 from Th cells.
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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 latter
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-
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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.

Mechanisms

The low frequency of antigen-specific B cells in the
normal repertoire (approximately 10-3–10-5) 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

De Novo
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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 Bürki, 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-
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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
affinity can also have their self-reactivity abolished by the
process of receptor editing (Gay et al., 1993; Tiegs et al.,
1993). Following engagement of BCR on immature B 
cells within the bone marrow, recombinase-activating genes
(RAG 1 and 2) can be re-expressed, resulting in new VJ
rearrangements at the immunoglobulin light chain loci. If a
new light chain is successfully produced and the revised
BCR loses self-reactivity, the B cell can then migrate to join
the mature lymphocyte pool (Figure 13.2). During the past
decade it has become apparent that receptor editing plays a
more significant role in shaping the immature B-cell reper-
toire than deletion per se. Thus, in a recent study of B cells
taken from patients with SLE, the relative contributions of
the two mechanisms were found to be approximately 4 : 1,
respectively (Wardemann et al., 2003).

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., FcgRIIb, Increase threshold of B-cell receptor (BCR) activation and reduce 
CD22 Signaling molecules, e.g., Lyn, CD19 B-cell expansion

B-cell extrinsic Idiotype network Neutralization of autoantibodies
Classical complement pathway Removal of apoptosing cells, guiding B cells to niches of negative 

selection
Regulatory T cells Reduce T-cell help for self-reactive B cells

*Operate mainly in peripheral lymphoid tissues.
ITIM, immunoreceptor tyrosine-based inhibition motif.
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FIGURE 13.2 B-cell self-tolerance is enforced at multiple checkpoints during bone marrow and peripheral B-cell
development. Self-reactive B cells are removed at three critical checkpoints during B-cell development: 1) following
B-cell receptor (BCR) expression in the bone marrow (deletion or receptor editing); 2) at the immature transitional stage
in the periphery (death of anergic B cells); and 3) following contact of mature B cells with antigen in the periphery
(death of previously ignorant B cells and B cells that acquire self-reactivity in the germinal center (GC). See text for
details. Ag, antigen; PALS, periarteriolar lymphatic sheath; SHM, somatic hypermutation.
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Anergy

The term anergy was originally coined by Nossal (Nossal
and Pike, 1980) to describe B cells which had not been
deleted but were functionally silenced following in vitro
cross-linking of BCR in the absence of second signals. Sub-
sequently, anergy was clearly demonstrated in vivo in the
HEL double transgenic model when transgenic B cells were
exposed to soluble rather than multivalent neo–self-antigen
(Goodnow et al., 1988). These anergic cells migrated from
bone marrow to the splenic follicle to join the mature B-cell
pool (Figure 13.2).

In the absence of competition from non-self-reactive B
cells, anergic B cells survive in the periphery for several
weeks. However, when normal levels of competition are
present, the lifespan of anergic B cells drops to 2–3 days,
effectively purging them from the mature B-cell pool. The
reason for this effect is thought to be that anergic B cells do
not compete efficiently for factor(s) required for B-cell sur-
vival and maturation. Recent studies using the HEL double
transgenic model indicate that the factor in question is the
B-cell survival factor, BAFF. Thus, anergic B cells respond
poorly to BAFF and can be rescued from their normal early
death when BAFF is overexpressed in vivo (Lesley et al.,
2004; Thien et al., 2004). Increased expression of BAFF, 
as reported in patients with Sjögren syndrome and SLE, may
therefore contribute to the pathogenesis of these autoim-
mune diseases by subverting the normal mechanisms of B-
cell self-tolerance [reviewed in Mackay and Tangye (2004)]
(See Chapter 11).

The principal biochemical lesion in anergic B cells is
inactivation of signaling through the BCR (Cooke et al.,
1994). In these cells there is a failure to activate the JNK
and NF-kB pathways [reviewed in Jun and Goodnow
(2003)] and to upregulate the costimulatory molecule CD86
required for antigen presentation to activated T cells,
meaning that signal 1 is effectively inactivated. When this
molecular lesion is taken in conjunction with the exclusion
of anergic B cells from the long-lived B-cell pool, the
outcome is a dramatic reduction in the risk of activation of
such self-reactive clones by antigen-dependent or polyclonal
stimuli (Phan et al., 2003).

Ignorance

Ignorance is not an active mechanism of self-tolerance;
rather it refers to self-reactive B cells which are not anergic
but persist in a potentially active state (Figure 13.2). This
situation occurs if the binding of self-antigen to BCR is
below a critical threshold (25–50% receptor occupancy)
(Goodnow et al., 1988) or if self-antigen is expressed in 
a tissue not normally accessed by developing B cells
(Akkaraju et al., 1997). The persistence of such cells poses
a relevant threat to the maintenance of self-tolerance. For
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example, B cells reactive against vitreous-associated ocular
antigens can produce autoantibodies if these normally inac-
cessible autoantigens leak into the circulation (Grisanti et
al., 1994).

Regulatory Mechanisms

Superimposed on the de novo mechanisms of B-cell self-
tolerance are a number of cellular and biochemical failsafe
stratagems designed to control the level of B-cell respon-
siveness in peripheral lymphoid tissue once an autoimmune
response has been initiated (Table 13.2). They can be divided
into B-cell intrinsic and extrinsic mechanisms. Among the
former are immunoreceptor tyrosine-based inhibitory motif
(ITIM) surface molecules, such as FcgRIIb and CD22, which
can reduce B-cell proliferation and/or raise the threshold of
BCR signaling (Doody et al., 1996; Bolland and Ravetch,
2000). B-cell extrinsic factors comprise antibodies, comple-
ment, and its receptors, regulatory T cells, and an absence of
T-cell help leading to “death by neglect.”

In addition to feedback inhibition via FcgRIIb, anti-
bodies may regulate ongoing B-cell responses through the 
idiotypic network, as originally proposed by Jerne (1971).
The effect of this network was originally thought to be
directed largely against B1 cells that produce polyreactive
“natural” autoantibodies against a range of self-antigens,
including nucleic acids, phospholipids, and cytoskeletal 
proteins (Casali et al., 1994). Recent work, however, has
revealed significant levels of IgG anti-idiotypic specificities
in normal human serum directed against pathologic as 
well as natural autoantibodies. Moreover, there is growing
support for the concept that one of the modes of action of
intravenous immunoglobulin (IVIG) in controlling autoim-
mune diseases like autoimmune thrombocytopenic purpura
is related to the presence of anti-idiotypic antibodies capable
of neutralizing the effects of antiplatelet autoantibodies
(Kazatchkine and Kaveri, 2001).

The classical complement pathway appears to play an
intriguing role in regulating autoimmunity by one of three
mechanisms. The first and best known is related to the
capacity of complement-binding immune complexes to be
removed from the circulation. Depending on their size and
charge, these complexes may either be rendered harmless,
e.g., in the liver, or be deposited in the tissues, thereby
causing damage. Secondly, complement fragments have
been shown to enhance uptake and clearance, not just of
soluble immune complexes but of apoptotic cells by phago-
cytes. The importance of this mechanism is related to the
fact that blebs on apoptosing cells are highly immunogenic
by virtue of their content of CpG-containing nuclear 
antigens. Thirdly, complement-containing self-antigen com-
plexes may contribute to B-cell self-tolerance by guiding
CD21/35+ B cells to their stromal cell niches in bone marrow
and spleen where negative selection normally takes place.
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This mechanism may explain the enhanced susceptibility of
C1q- and C4-deficient mice and humans to lupus, and of
transitional B cells to tolerance, since the CD21/35 receptor
complex is first expressed at this stage in B-cell differenti-
ation and influences the threshold of BCR signaling
[reviewed in Carroll (2004)]. 

Finally, T cells play an important role in the maintenance
of B-cell self-tolerance in one of three ways. First, B2 cells,
including those with antiself reactivity, have a finite lifespan
in the absence of T-cell help and “die by neglect” following
antigen encounter (Figure 13.1). Secondly, anergic self-
reactive B cells are eliminated by a Fas-dependent mecha-
nism should they be exposed to self-antigen and activated
Th cells (Rathmell et al., 1995). Thirdly, and probably of
greatest biologic significance for controlling antiself B cells
as well as T cells, is the mechanism of T-dependent regula-
tion (suppression). After 20 years in the wilderness, regula-
tory T cells have re-emerged as important cells in preventing
autoimmunity. Interestingly, B cells as well as T cells were
originally thought to be the direct target of these cells 
(Adelstein et al., 1990). The current view, however, is that
regulatory T cells appear to operate on B cells predomi-
nantly by interacting with other T cells, including CD4+ Th
cells, and are involved in the phenomenon of immune devi-
ation or “split tolerance” (Parish, 1972). Like the other
mechanisms in this category, regulatory T cells operate to
control both antiforeign and antiself T-dependent responses.

Multiple Checkpoints of B-Cell Self-Tolerance

The diversification of the B-cell repertoire in two stages
and at diverse anatomic sites highlights the necessity to 
have multiple “checkpoints” or filters for controlling self-
reactivity in the B-cell lineage (Goodnow et al., 1995). This
concept is illustrated in Figure 13.2. In brief, developing B-
lineage cells that successfully express a BCR following VDJ
recombination are subject to deletion or receptor editing in
the bone marrow if they recognize a strongly cross-linking
(e.g., cell surface) self-antigen (checkpoint 1). In conjunc-
tion with unsuccessful VDJ recombination, this results in 
the loss every day of approximately 75% of the 5 ¥ 107 B-
lineage cells generated by the mouse (Osmond, 1991). Of
the remaining 25%, a further 15% die in the periphery at the
sensitive transitional B-cell stage, including those recogniz-
ing more weakly cross-linking (e.g., soluble) self-antigens
(checkpoint 2). The 10% of B cells that survive to become
mature B cells again become susceptible to negative selec-
tion following exposure to antigens in the periphery (check-
point 3). This occurs either at the outer PALS for previously
“ignorant” self-reactive B cells due to lack of T-cell help, or
in GCs where antiforeign B cells undergo SHM and poten-
tially acquire self-reactivity for the first time. Superimposed
on these deletional checkpoints, regulatory mechanisms
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operate to reinforce negative selection and to control the
responsiveness of any residual B cells expressing antiself
BCR.

AUTOIMMUNITY: A BREAKDOWN
IN B-CELL SELF-TOLERANCE

A pool of self-reactive B cells comprising potentially
responsive and anergic cells exists in peripheral lymphoid
tissue (see above) with the capacity to generate pathogenic
autoimmune responses in the event of a failure in self-
tolerance. Broadly speaking, there are five situations that can
lead to activation of this pool of self-reactive B cells, which
are summarized here. Additional examples of autoimmunity
are provided in Chapter 11. 

In the first, T-cell self-tolerance is intact, but foreign
antigen-specific T cells may interact with residual nonto-
lerant self-reactive B cells. In other words, self-reactive
(ignorant) B cells may present cross-reactive epitopes
present on a foreign antigen (molecular mimicry) or a self-
antigen modified by exposure to drugs or viruses to such
antiforeign T cells [reviewed by Goodnow et al. (1990) and
Hodgkin and Basten (1995)]. Examples of the former situ-
ation include rheumatic fever following Group A strepto-
coccal infection and cold agglutinin disease following
mycoplasma infection, while a-methyldopa-induced auto-
immune hemolytic anemia and rubella virus-induced
autoimmune thrombocytopenic purpura may represent
instances of the latter [reviewed in Ebringer et al. (2003)].

Secondly, residual self-reactive B cells, even if they are
anergic, can be stimulated directly by T-independent ligands
such as lipopolysaccharide and DNA CpG motifs, which
interact with TLR 4 and 9 on the B-cell surface, respectively
[reviewed in Vinuesa and Goodnow (2002)]. Normally, 
such interactions lead to production of low-affinity IgM
autoantibodies of little pathogenic significance. However,
autoimmune-prone mice expressing large numbers of IgG2a
self-reactive B cells, for example, contain IgG2a complexed
with self-DNA or chromatin, which cross-link BCR with
TLR9, resulting in high levels of circulating rheumatoid
factor (Leadbetter et al., 2002). A similar mechanism may
explain the occurrence of rheumatoid factors as well as 
contribute to “epitope spreading” in patients with systemic
autoimmune diseases like rheumatoid arthritis, Sjögren syn-
drome, and mixed connective tissue disease.

In the third situation, T-cell tolerance is defective as 
it occurs, for example, in the autoimmune-polyendo-
crinopathy-candidiasis-ectodermal dystrophy (APECED)
syndrome, which is due to mutations in the AIRE gene
(Peterson et al., 2004). Since this gene regulates expression
of self-peptides in the thymus, self-reactive T cells escape
to the periphery where they can interact with nontolerant
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(ignorant) self-reactive B cells, leading to secretion of 
multiple autoantibodies associated with a range of organ-
specific diseases.

Fourthly, a primary defect may occur in self-reactive B
cells per se, resulting in a breakdown in self-tolerance. For
example, receptor editing is impaired in autoimmune-prone
MRL mice and in some patients with lupus (Wardemann 
et al., 2003). Moreover, defective negative selection at the
transitional stage of B-cell differentiation can also be a
feature of lupus, while a P227A polymorphism in CD40 has
been detected on B cells from members of several lupus
families (Grammer and Lipsky, 2003). Superimposed on
these B-cell-selective abnormalities are genetic defects 
in ITIMs, signaling pathways, and proapoptotic proteins,
which further predispose to a breakdown in self-tolerance,
often in T cells as well as B cells. The mouse models of
autoimmune disorders associated with dysregulation of
CD22 or FcgRIIb, lyn or CD19, and Bim, respectively, are
all examples of this group of mechanisms (Cornall et al.,
1998; see Chapter 11), as are the various types of human
autoimmune lymphoproliferative syndrome (ALPS) charac-
terized by mutations in Fas (or FasL) (Rieux–Laucat et al.,
2003) (see Chapters 11 and 19). Of particular interest here
is the recent finding that partial restoration of FcgRIIB levels
on B cells from lupus-prone mice restores the tolerant state
(McGaha et al., 2005) (See Chapter 70).

Finally, the defect may lie not in the primary but in the
secondary mechanisms of B-cell self-tolerance related to
complement-signaling pathways and regulatory T cells that
control the level of responsiveness in peripheral lymphoid
tissue (Table 13.2; see above). The association between
autoimmunity and primary or acquired immunodeficiency
states is one cogent piece of evidence supporting this possi-
bility. Thus, in addition to the well-recognized linkage of
SLE with primary complement deficiencies (Carroll, 2004)
and of autoantibody-mediated hemolytic anemia with B-cell
lymphomas, complicated by hypogammaglobulinemia, an
increasing number of clinical situations as well as experi-
mental models are being reported in which defective
immune regulation predisposes to autoimmunity involving
the B-cell lineage. Perhaps the most striking example is the
immune dysregulation, polyendocrinopathy, enteropathy, X-
linked (IPEX) syndrome. In this primary immune deficiency,
loss of function mutations in the FoxP3 gene expressed by
natural CD4+CD25+ regulatory T cells can lead to certain
organ-specific autoimmune diseases, inflammatory bowel
disease, and allergy [reviewed in Nieves et al. (2004); see
Chapter 9]. Moreover, about one-third of multiple sclero-
sis patients given the lymphocyte-depleting antibody,
CAMPATH-IH, develop autoimmune thyroid disease 
(Coles et al., 1999). Collectively these examples lend strong
support to the notion that immune dysregulation is of major
importance in the development of autoimmunity.
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This chapter focuses on the cellular strategy inherent in
the creation of the self-determinants that become involved
in autoreactivity. For an excellent and concise review of the
biochemistry of T-cell receptor (TCR)–major histocompa-
tibility complex (MHC)–antigen interaction, the reader is
referred to Krogsgaard and Davis (2005).

NATURE OF AUTOANTIGENIC
DETERMINANTS

Immunodominant, Subdominant, and
Cryptic Determinants

Two decades ago, when T-cell determinant structures 
of model antigens were first characterized, a surprising 
observation was made: only a few regions of the intact 
pro-tein could elicit immune responses (Katz et al., 1982;
Shimonkevitz et al., 1984). An initial theory to explain 
the unresponsiveness to other regions was simply that the 
T-cell repertoire was restricted and lacked receptors 
capable of responding to these other regions (i.e., holes
existed in the T-cell repertoire). While examples of holes in
the repertoire can be cited (Nanda et al., 1991; Moudgil 
et al., 1996), we favored the idea that a primary considera-
tion for immunodominance was the competitive nature of
the processing events within the antigen-presenting cell
(APC). 

The concept of dominance and crypticity was established
with the use of T-cell proliferation assays. Dominant deter-
minants were defined as regions of the protein molecule that
could recall a strong in vitro proliferative response after the
animal was primed with a whole-protein antigen. Cryptic
determinants were defined as regions unable to recall such
a response after the animal was primed with whole-protein
antigen, but potentially excellent inducers of a proliferative
response if used as the initial priming immunogen. Thus,
outside their molecular context they were perfectly capable
of initiating an immune response, but in the context of the
intact protein antigen they were “invisible” to the immune
system. It was hypothesized that dominant determinants
were regions of the protein molecule readily processed by
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the APC (Sercarz et al., 1993). In contrast, cryptic determi-
nants were hypothesized to be poorly displayed after pro-
cessing. However, certain cryptic determinants (“latent” or
“facultative” cryptics) can be efficiently displayed under
conditions of upregulated antigen processing and presenta-
tion (Lehmann et al., 1992; Moudgil and Sercarz, 1994;
Opdenakker and Van Damme, 1994). Finally, there are de-
terminants that fit between these extremes, “subdominant”
determinants, which induce a weak-to-moderate level of T-
cell response in comparison to the dominant determinants.

Thus, a determinant hierarchy exists on the surface of an
APC. Determinant display hierarchies have now been con-
firmed by direct elution experiments. Unanue and colleagues
(Viner et al., 1995) endogenously expressed hen-egg
lysozyme (HEL) and then eluted the processed peptides
from the surface of APCs, showing that relatively few
regions of the intact molecule are presented by the APC.
Since our original description of dominance and crypticity,
other reasons for crypticity have been described (Grewal 
et al., 1995; Viner et al., 1995; Moudgil et al., 1996; 1998),
and, although usually the case, there is not always a direct
correlation between determinant display and T-cell 
proliferation.

Immunogenic, Dominant Self-Determinants,
and the Self-Directed T-Cell Repertoire

Initially, it was thought that central and peripheral 
tolerance could effectively purge all self-reactive T cells.
Although certain strains of mice were known to be suscep-
tible to autoimmunity, self-reactive T cells were thought 
to be unique to these strains. It is now known, however, 
that all individuals harbor self-directed T cells capable of
causing autoimmunity (Shaw et al., 1992; Abromson-
Leeman et al., 1993; 1995). How do residual self-reactive
responses remain if central and peripheral tolerances are so
effective? Experimentally supported theories have arisen to
explain how a potentially autoreactive T cell avoids toler-
ance induction. Most are centered on the principle that if
presentation of a self-determinant in the thymus is too low
(Gammon and Sercarz, 1989; Liu et al., 1995), negative
selection will not occur and potentially autoreactive T cells
will escape to the periphery (see Chapters 6 and 8).

Two types of sequestration can deny a determinant 
reasonable access to an MHC groove. In geographic 
sequestration, a self-determinant can be expressed in an
immune-privileged site within the body (e.g., the eye) with
no expression in the thymus (Griffith et al., 1995; Klein 
et al., 2000). However, several “geographically sequestered
antigens” have now been shown to be expressed in the
thymus. For example, the retinal antigen IRBP is expressed
in the thymus at a low level, but consonant with inducing
functional tolerance (Avichezer et al., 2003).
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In fact, many other neuroproteins that had been thought
of as sequestered can be found in the thymus (Pribyl et al.,
1993; Feng et al., 2000; Klein et al., 2000). Interestingly,
SJL mice mount a vigorous T-cell response to the self-
peptide proteolipid protein (PLP) 139–151 due to a high
precursor frequency of 139–151-specific T cells. This intact
repertoire of self-reactive T cells exists because a splice
variant (DM20) of PLP, which lacks the 139–151 portion, is
the form of PLP expressed in the thymus. Thus, tolerance is
achieved to all potential determinants on PLP with the
exception of this region, leaving a 139–151 repertoire par-
ticularly poised to cause autoimmunity (Klein et al., 2000). 

A similar situation exists with respect to a principal
human HLA-DR2-restricted epitope, amino acids 85–99 
of myelin basic protein (MBP), the display of which 
is inversely related to the level of a cysteine protease,
asparaginyl endopeptidase (AEP). Since AEP is well ex-
pressed in the thymus, the presentation of 85–99 is low,
allowing 85–99-specific T cells to escape tolerance induc-
tion (Anderton et al., 2002; Manoury et al., 2002). Thymic
expression of self-antigens is also dependent in part on the
AIRE (autoimmune regulatory element) protein, which is a
transcription factor that promiscuously promotes expression
of genes that are otherwise unique to other tissues (pancre-
atic antigens, thyroid antigens, myelin antigens). Lack of
this factor results in multisystem autoimmunity (see Chapter
8). Nevertheless, as emphasized above, although many self-
antigens are displayed, only some determinants on each
antigen will become visible to ambient T cells.

In molecular sequestration, weakly displayed determi-
nants: 1) are poorly processed from the native molecule; 2)
have a poor binding affinity for the MHC molecules; 3) are
out-competed for binding to the MHC class II molecules by
a flanking determinant(s) (Maverakis et al., 2000b); or 4) are
degraded by exopeptidases as a result of residing too close
to another determinant that was successfully “captured” by
a different MHC molecule.

The theory of molecular sequestration is based on the
existence of hierarchies of determinant display for each self-
protein, established by the processing and presentation
mechanisms of the APCs’ MHC class II pathways (Sercarz
and Maverakis, 2003). It is essentially based on the affinity
of the MHC molecule for different determinants within the
protein and the location of these determinants with respect
to antigen-processing sites within the protein (Schneider et
al., 2000), and is subject to various secondary effects, such
as hindrance by flanking residues (Grewal et al., 1995;
Moudgil et al., 1996), competition by flanking determinants
(Maverakis et al., 2003; Seamons et al., 2003; Sercarz and
Maverakis, 2003), and effects contributed by the chaperone
H-2M and H-20 proteins (Nanda and Sant, 2000).

Self-reactive T cells specific to well-displayed self-
determinants are subject to the strongest tolerogenic 
pressures. With regard to well-displayed self-determinants,
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tolerance generally eliminates the highest-avidity self-
directed T cells, although with medium-to-poor determinant
display, as is the case with subdominant and cryptic deter-
minants, respectively, much of the available repertoire may
remain intact. Thus, the self-directed T-cell repertoire will
be deficient in high-affinity cells capable of responding to
well-expressed determinants (Cibotti et al., 1994; Maverakis
et al., 2000a), but will maintain a high-affinity repertoire to
the cryptic self because the presentation of these determi-
nants is insufficient to induce strong tolerance. The sub-
dominant self-directed repertoire will be comprised of cells
of intermediate affinity but should be deprived of most cells
of high affinity for MHC–antigen.

The relationship between determinant hierarchies and
tolerance induction has been supported experimentally. In
studies with the model antigen, hen egg-white lysozyme, it
was shown that B10.A (H-2a) mice, when immunized with
the intact protein, responded to certain codominant deter-
minants, including HEL peptide 46–61. When animals were
tolerized to whole HEL, responsiveness to the dominant
peptide disappeared, but peptide responses to subdominant
and cryptic determinants could still be elicited (Gammon
and Sercarz, 1989). More interestingly, the degree of respon-
siveness to these subdominant/cryptic determinants was 
proportional to the amount of antigen used in the tolerance
induction (Gammon and Sercarz, 1989). Likewise, when
BALB/c (H-2d) mice were made transgenic for HEL,
making HEL a neo-self-antigen, the T-cell repertoire
directed against the dominant I-Ed determinant, HEL:106–
116, was functionally neutralized (Cibotti et al., 1992). By
comparing the HEL-specific immune response of the HEL-
transgenic mice to that of the nontransgenic H-2d animals,
it was discovered that T cells directed toward well-displayed
“dominant” self-determinants are preferentially tolerized.
Interestingly, the degree of tolerance induction was again
found to be directly related to the amount of HEL expressed
in the HEL-transgenic animal (Cibotti et al., 1992). Thus,
although there was some residual responsiveness to HEL
determinants in the transgenic animals, the HEL-specific T-
cell repertoires of transgenic and wild-type animals were
quite different. Likewise, the MBP-specific T-cell responses
in MBP-deficient mice have been described as functionally
different from those seen in MBP-expressing animals 
(Harrington et al., 1998; Targoni and Lehmann, 1998;
Yoshizawa et al., 1998), as are self (mouse) lysozyme (ML)
– specific T cell responses in the wild type versus ML knock-
out mice (Sinha et al., 2004). 

PROCESSING CREATES THE SELF

Antigen Processing 

Antigen-processing events, both in the thymus and the
periphery, influence the spectrum of determinants available
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to T cells, through influencing the display of dominant 
determinants, which either positively or negatively select 
the available repertoire. In the class II MHC processing
program, both long and short peptides can bind to the open-
ended groove. Whole molecules can bind to class II mole-
cules, but some determinant(s) must be rendered available
for binding, either by endopeptidases and/or disulfide bond
reduction (Sercarz and Maverakis, 2003). The first endopep-
tidic cut provides mobility and availability to the stretches
of peptide flanking the cut, and therefore, a determinant in
this region is likely to be the first to bind to the MHC, and
if the binding is of relatively high affinity, to become a dom-
inant determinant on the antigen (Sercarz and Maverakis,
2003).

When a long peptide binds at a single site, the flanking
ends will presumably become radically shortened, owing to
exopeptidase action as well as some additional endopepti-
dase cuts, until peptide fragments of 13–22 amino acids are
the majority remaining, with ends protruding from the MHC
class II groove. Intriguing evidence for the binding of large
fragments of HEL (Castellino et al., 1998) showed that many
larger peptides with molecular weights between 3000 and
7000 Da could be eluted from either I-A or I-E molecules.
Furthermore, complexes of 120 kDa could be found in the
endocytic pathway, with a single HEL polypeptide chain of
about 70 amino acids bound to two different MHC class II
isotypes, I-A and I-E. This shows that binding of MHC class
II molecules can occur before excessive antigen processing
takes place.

Another set of experiments with HEL (Schneider et al.,
2000) tested the proposition that a cryptic determinant could
be rendered into a dominant one, if a processing site sus-
ceptible to an endopeptidase from the family of proprotein
convertases (Seidah and Chretien, 1997) could be created
adjacent to the determinant in question. This was accom-
plished by mutating a single residue on HEL to create a
dibasic target site. The mutant HEL, with the extra process-
ing site, induced a dominant response from a previously
cryptic determinant. The importance of reductases was
shown with the enzyme, interferon-g-inducible lysozomal
thiol reductase (GILT). A GILT knock-out mouse was able
to respond to determinants with a single cysteine residue,
but failed to respond to a tightly folded, double disulfide
bond region of HEL which was immunogenic in the wild-
type H-2k mouse. Interestingly, the presentation of the dom-
inant determinant of HEL, 46–61, was affected by GILT,
even though it does not contain a cysteine, because in the
absence of GILT there was a failure to reduce the nearby
disulfide bond, cys64–cys80, and a consequent lack of
response to 46–61 (Maric et al., 2001).

A final example with direct relevance for autoimmunity
concerns MBP. The enzyme AEP was identified as the
endopeptidase (Manoury et al., 1998) that could make the
first cut in various proteins at a motif containing a crucial
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asparagine. In the region between amino acids 89 and 101
of MBP, there are three overlapping determinants for the 
SJL mouse, MBP(89–94), MBP(92–98), and MBP(95–101),
each binding to the same MHC molecule, and therefore
subject to competition for the binding groove. In the absence
of AEP the central determinant was dominant; however, AEP
was shown to cleave MBP at position asn94, resulting in the
destruction of this determinant, which allowed the flanking
determinants to gain a degree of freedom from constraints
of molecular rigidity and seclusion (Anderton et al., 2002).
Accordingly, a flanking cryptic determinant indirectly
achieved dominance in this situation.

Another site that is consequential in the race to be dom-
inant concerns the removal of the invariant chain CLIP
peptide from its position guarding the MHC class II groove.
This is accomplished by two nonpolymorphic MHC mole-
cules, DM and DO, which are special agents that supervise
the occupation of the class II binding site. The DM/DO
chaperone molecules play a crucial role in fostering the
exchange for the CLIP peptide, and DM is also involved in
a peptide-editing function, acting to favor the presentation
of dominant epitopes and to disfavor recessive epitopes
(Nanda and Sant, 2000). In DM knock-out mutants in H-2d

and H-2k mouse strains, there is a selection away from dom-
inant epitopes and toward the appearance of responses to
novel epitopes (Nanda and Bikoff, 1995). There is also a
DM-independent pathway which simply involves removal
of Ii from MHC class II molecules (Wolf and Ploegh, 1995),
followed by the binding of various large multideterminant
fragments, which can be termed “prodeterminants” (Sercarz
et al., 1993). The binding to class I MHC molecules is
entirely different, following enzymatic activity by the pro-
teosome, which cleaves the antigen into much smaller pep-
tides, although these can be somewhat longer than the 8–10
amino acid length that fits snugly into the class I MHC,
close-ended groove. Interestingly, a cytosolic pathway for
MHC class II-restricted determinants has also been recently
discovered (Tewari et al., 2005). This process is proteosome
and transporter associated with antigen processing (TAP)
dependent. Since the pathway may be restricted to virally
infected dendritic cells (DCs), its role in the presentation of
self-determinants is still uncertain.

The interactions of processing enzymes are quite
complex, one example being the relative activities of cathep-
sin S and cathepsin L in controlling invariant chain degra-
dation. The latter is active in thymic epithelial cells and
kidney epithelium, but not in intestinal epithelium cells
(IEC), while cathepsin S predominates in MHC class II mat-
uration and presentation in vivo in professional as well as
some nonprofessional cell types, such as IEC. Despite the
dominance of cathepsin S in the IEC, cathepsin L is present,
but is inhibited by cystatin F (Beers et al., 2005). 

Thus, the nature of another hierarchy, that arising from
the competition between processing enzymes, will deter-
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mine the all important “first endopeptidic cut” that estab-
lishes in turn the hierarchy of peptide choice for the do-
minant determinant on the antigen. This determinant will 
be the one that, possibly among others, induces self-
tolerance and in that sense, establishes which are the “self-
determinants” (those which induce tolerance).

Influence of T-Cell and B-Cell Repertoires on
Determinant Dominance

The T-cell repertoire can have a commanding role in the
establishment of the dominant elements of a self-antigen. As
one illustrative example, the dominant determinant on MBP
in the B10.PL mouse strain is the N-terminal Ac1-9 or Ac1-
11. This is the case despite the fact that other determinants
on MBP (e.g., amino acids 7–16 or 121–140) bind with
much higher affinity to the I-Au MHC molecule. It is likely
that those determinants induce tolerance in the complemen-
tary T-cell repertoire, but the poorly binding Ac1-9 does not,
and because its neighboring, flanking determinants are of
higher binding affinity, Ac1-9 is probably unable to compete
at all for the I-Au binding groove (Maverakis et al., 2003;
Seamons et al., 2003). This permits the high-affinity clone,
172.10, to evade negative selection and to survive in the
periphery to become the dominant clone after the adminis-
tration of MBP. Accordingly, even though the MHC does
play a role in this affair, the high-affinity T cell that evades
tolerance is the direct agent that appears to contribute most
to the dominance of Ac1-9; in fact, such high-affinity
“escapees” are probably very influential in many auto-
immune diseases.

In the above example, the strong encephalitogenic type 1
helper T (Th1)-cell response of the 172.10 Ac1-9–specific 
T-cell clone is likely dictated in part by the cell’s high-
affinity TCR. The 172.10 receptor is encoded by a
Vb8.2Jb2.7 genetic recombination resulting in a CDR3
length of nine amino acids (Urban et al., 1988). This recep-
tor has been shown to have a high affinity for the Ac1-9–
I-Au complex and the T cell responds to Ac1-9 in a Th1
fashion (Garcia et al., 2001). Other experimental systems
have also investigated the role of the TCR in establishing a
Th1 versus Th2 response. Janeway and colleagues (Blander
et al., 2000) introduced a single amino acid substitution at a
peptide-contacting residue within a TCR. The altered TCR
had a 100-fold reduced affinity for the MHC peptide
complex and responded in a Th2 fashion to antigenic chal-
lenge. Similarly, other investigators have shown that Th1
and Th2 populations can differ with respect to their TCRs
(Foucras et al., 2000; Maverakis et al., 2000a). It is note-
worthy that the class of T-cell response, Th1 versus Th2, can
also be influenced by the antigen–MHC interactions. A very
high-affinity ligand leads to a dense array of specific com-
plexes on the APC surface, which favors a Th1 response.
Changing a single amino acid on the ligand, to greatly
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reduce its MHC-binding affinity, leads to a Th2 response
(Kumar et al., 1995). These results are in accord with the
idea that dense matrices and broad areas of contact between
T cells and APCs strongly influence responsiveness in a Th1 
direction.

The B-cell repertoire also can play a somewhat indirect
role in the dominance of certain T cells. In this case, the sce-
nario finds a rather predominant member of the B-cell reper-
toire directed against the self-antigen, which binds to the
native antigen at a particular point, which can be called W,
in the determinant sequence UVWXY. W, along with its
flanking ends, UV and XY, are taken up by the B cell in
question. The binding between the antigen and BCR can
then lead, for example, to the enhancement of the reactivity
of U or V, as well as the lessening of the reactivity of X or
Y with the TCR. Such cases have been elegantly described
by Watts and Lanzavecchia (1993), as well as in earlier
studies (Manca et al., 1985).

STRUCTURAL FEATURES
DETERMINING THE

IMMUNOGENICITY OF ANTIGENIC
DETERMINANTS 

In an effort to define the molecular basis of dominance
and crypticity of antigenic determinants, we have studied the
pattern of immunodominance of determinants within HEL
in mice of different MHC haplotypes, as well as in MHC-
congenic strains. Results from 19 mouse strains bearing 
11 different MHC haplotypes demonstrate that practically
every 14–16-mer region within HEL could harbor an
immunodominant determinant (Moudgil et al., 1997b). Fur-
thermore, in mice with identical non-MHC genes but dif-
ferent MHC haplotypes, the pattern of dominance was quite
different. These results suggest that despite presumably
identical antigen-processing machinery, the display of dom-
inant determinants within HEL was primarily determined by
the MHC of the host. Thus, there are no inherent structural
constraints in display of determinants in any region of HEL.
In an earlier study from another laboratory on the relation-
ship between MHC polymorphism and T-cell response to
determinants within bacteriophage l repressor protein, cI, it
was observed that cI-reactive hybridomas raised in mice of
different MHC haplotypes demonstrated reactivity to deter-
minants spread all over the molecule (Roy et al., 1989).
However, in most strains of mice, T-cell responses focused
on only a few determinants of cI. 

In a similar study, but based on self (mouse)-lysozyme
(ML), we have determined the pattern of crypticity of deter-
minants within ML in MHC-congenic mouse strains. Results
again indicated that crypticity is MHC-associated and that
there are no special structural features that render a deter-
minant cryptic (Moudgil and Sercarz, 1994). 
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The above results on the association between MHC hap-
lotype and dominance/crypticity of antigenic determinants
have important functional significance with regard to induc-
tion of autoimmunity. The importance of this association is
further underscored by the strong link between a particular
MHC allele and the susceptibility to an autoimmune disease
(see Chapters 5 and 20).

One of the chief prerequisites for initiation of a T-cell
response is the availability and accessibility of the appro-
priate determinant. Factors that could compromise the
immunogenicity of a potential determinant are described
below.

Hindering MHC Interaction with Antigen

The presence of hindering residues within a product of
processed native antigen was proposed by Brett et al. (1988)
in their study on equine myoglobin (Emb). It was suggested
that the flanking residues of an Emb determinant hindered
its interaction with the Ak molecule but not with the As mol-
ecule. Similar observations of either inhibition or stimula-
tion of T-cell reactivity by residue(s) flanking a minimal
determinant or even far away from it have also been reported
(Shastri et al., 1986; Bhayani et al., 1988; Vacchio et al.,
1989; Liu et al., 1991; Kim and Jang, 1992).

In the case of a determinant within region 46–61 of HEL,
we have observed that peptide 46–61 (p46–61) is immuno-
genic in C57BL/6 mice but only when the bulky C-terminal
arginine residue (R61) is either deleted or replaced by an
alanine residue (Grewal et al., 1995). Thus, p46–61 of HEL
is nonimmunogenic in B6 mice, whereas p46–60 and
p46–61(R61A) induce a good T-cell response in the same
mouse strain. However, T cells primed by p46–60 cannot 
be recruited by native HEL and vice versa, suggesting that
the immunogenic determinant within p46–60 is cryptic in
nature. Unlike other cryptic determinants that are usually
good immunogens in the peptide form, the cryptic determi-
nant within p46–61 could only be revealed by using p46–60
instead of p46–61. Upon further examination of the mecha-
nism of unresponsiveness of p46–61, we found that p46–61
did not bind at all to the Ab molecule, whereas p46–60 bound
quite well. Thus, R61 hindered the binding of p46–61 to Ab.
We have termed this determinant a “silent” cryptic determi-
nant because even within the context of the peptide p46–61,
it is cryptic in the C57BL/6 mouse. 

Interestingly, another H-2b strain, C3H.SW, could raise a
strong proliferative response to p46–61 as well as to p46–60
following immunization with HEL. Thus, in this strain, the
determinant within the region 46–61 behaved as a dominant
determinant. We further observed that, unlike B6 mice,
C3H.SW APCs could “fine-process” p46–61 to remove 
R61 and thereby display the immunogenic determinant.
Thus, the inability of B6 mice to fine-process p46–61, 
possibly owing to absence of a carboxypeptidase, rendered
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this determinant a nonimmunogenic, silent cryptic determi-
nant. Extrapolating this model antigenic determinant to an
autoimmune situation, it is conceivable that a defect in the
antigen-processing machinery would preempt the induction
and/or perpetuation of autoreactivity. On the contrary, if 
this determinant were involved in immune regulation, the
same defect would compromise the host’s ability to keep the
autoreactive T-cell response under control, and thereby 
the host could succumb to a chronic, autoimmune disease. 

Hindering MHC-Antigen Interaction with
Cell Receptor

In another experimental system, we observed that p46–61
of ML, which binds well to the Ak molecule (but not to the
Ek molecule), gave a strong proliferative T-cell response in
CBA/J and B10.A mice (both Ak, Ek), but was nonimmuno-
genic in B10.A(4R) mice (Ak, Eo) (Moudgil et al., 1996).
There are two arginine residues (R47, R61) in ML p46–61.
This peptide could be rendered immunogenic in B10.A(4R)
mice either by removal of arginine residues or by their sub-
stitution with alanine (or Phe, Leu, Lys, or Asn). Thus, in
fact, B10.A(4R) mice have the T-cell repertoire to respond
to the core residues between the arginine residues. From
these results, we concluded that bulky arginine residues,
flanking the core within ML p46–61, hindered the TCR-
Ak–p46–61 complex interaction (epitopic hindrance), and
thus, rendered this peptide nonimmunogenic in B10.A(4R)
mice. Additionally, B10.A and CBA/J mice circumvent this
hindrance by recruiting a subset of T cells whose TCRs can
accommodate arginine residues within p46–61 bound to the
Ak molecule. These T cells were presumably positively
selected on peptides from the Ek/Dd/Dk molecules encoded
within the MHC EkDk region that was deleted in B10.A(4R)
mice during the recombination event. 

In another study on staphylococcal nuclease (Nase), it
was similarly proposed that residues flanking a minimal
determinant within Nase might be responsible for interfer-
ing with the interaction between the TCR and its comple-
mentary MHC–peptide ligand (Liu et al., 1991). The above
results demonstrate that a self-/foreign determinant could be
rendered nonimmunogenic owing to hindering residues
flanking a minimal immunogenic determinant. In the context
of autoimmunity, these results predict that susceptibility or
resistance to induction of an autoreactive T-cell response
could be determined by the availability of appropriate T
cells, whose selection might be dependent on a particular
MHC haplotype. In this regard, a particular MHC molecule
would indirectly behave as a susceptibility allele. Further-
more, in the setting of inflammation, upregulated/altered
antigen processing might result in removal of a hindering
residue from an autoantigenic determinant, making the host
susceptible to autoimmunity.
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“Determinant Capture” During the Unfolding
of Native Antigen

Another mechanism that could result in a lack of response
to a potentially immunogenic determinant is based on pref-
erential, strong binding of a determinant to one of the MHC
molecules during unfolding of the native antigen, and con-
comitant, inadvertent capturing of the neighboring determi-
nant restricted to another MHC molecule (“determinant
capture”) (Cogswell et al., 1988; Deng et al., 1993). Thus,
the neighboring determinant is preempted from inducing 
a T-cell response. This concept of determinant capture is
based on the role of the MHC in guiding processing of deter-
minants within a multideterminant antigen (MHC-guided
processing) (Sercarz, 1986; Sercarz et al., 1993; Ojcius et
al., 1994a; 1994b; Sercarz and Maverakis, 2003). We gath-
ered evidence for this hypothesis in an experimental system
using nonobese diabetic (NOD) mice (I-Ag7, E0) (Deng et
al., 1993). We observed that NOD mice immunized with
native HEL raised proliferative T-cell responses to determi-
nants having the core sequences 14–20 (dominant determi-
nant) and 95–102 (subdominant determinant), whereas
BALB/c mice (Ad, Ed) responded to one immunodominant
determinant having the core sequence 108–116, which is Ed

restricted. Interestingly, (NOD ¥ BALB/c)F1 mice immu-
nized with HEL raised strong proliferative T-cell responses
to determinants 14-20/I-Ag7 and 108-116/I-Ad, whereas the
T-cell response to determinant 95–102/I-Ag7 was completely
lost. We hypothesized that in (NOD ¥ BALB/c)F1 mice, the
unfolding HEL molecule bound strongly to the Ed molecule
in the region 108–116. Consequently, the neighboring deter-
minant 95–102 was carried along with the determinant
108–116, and thus, was preempted from binding to the Ag7

molecule, presumably by exopeptidase trimming. 
We tested the above hypothesis by using the cyanogen

bromide (CNBr)-treated HEL molecule (Deng et al., 1993).
CNBr cleaves HEL at positions 12 and 105 and thus, by sep-
arating determinants 108–116 and 95–102, should provide
increased flexibility and availability for determinants near
the cleavage point. Strikingly, we found that F1 mice 
challenged with CNBr-treated HEL not only responded to
determinants 14–20 and 108–116, but also raised a potent
response to the determinant 95–102. Thus, cleavage of HEL
at position 105 allowed the neighboring determinant,
95–102, to bind freely to the Ag7 molecule and thereby to
induce a T-cell response that was much better in the F1 than
that in the NOD mouse itself!

The above results provide a conceptual basis to explain
the findings from several studies of protection from autoim-
mune diabetes in NOD mice by introducing an additional
class II MHC molecule (Nishimoto et al., 1987; Slattery 
et al., 1990), as well as to demonstrate how diabetes-
susceptibility/resistance alleles (Nepom, 1990a; 1990b;
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1990c) could exert their influence. Presumably, the newly
introduced MHC molecule could bind to the diabetogenic
autoantigen at a site in close proximity to a major patho-
genic determinant. As a consequence, a critical pathogenic
determinant would be captured in this process and rendered
unable to bind to the Ag7 molecule for induction of a T-cell
response. Projection of the above experimental observations
to the heterogeneous human population predicts that one
crucial factor in determining susceptibility or resistance to a
particular autoimmune disease would be the combination of
different MHC molecules expressed within the APCs of a
given individual. In this context, the mere presence of a
“susceptibility” allele might not be a real risk factor. Instead,
the presence or absence of a suitable “protective” allele,
operating through determinant capture, would determine the
final outcome of events. 

One mechanism underlying the association between
MHC haplotype and particular diseases was recently shown
in the case of two HLA-B27 subtypes, only one of which is
associated with ankylosing spondylitis. The subtypes differ
only at a single amino acid residue, position 116 in the
peptide-binding groove. The susceptible one, B*2705, but
not the resistant one, B*2709, can bind a disease-associated
self-peptide in two distinct conformations, one of which par-
ticularly selects a disease-initiating T-cell repertoire. Thus,
the differential binding pattern of a dangerous peptide to the
two subtypes has a crucial influence on susceptibility to an
autoimmune disease (Hulsmeyer et al., 2004).

PUBLIC AND PRIVATE T-CELL
REPERTOIRES AND DRIVER CLONES

Public and Private Repertoires

The HEL-specific immune response in the BALB/c
mouse is a classical example of T-cell determinant hierar-
chies and has proved to be an excellent model to character-
ize the antigen-specific T-cell repertoire. Kourilsky and
colleagues (Cibotti et al., 1994) coined the term “public”
clonotype to describe an expansion of T cells consisting of
a clonotype that can be isolated from all individuals of a par-
ticular MHC haplotype after identical antigenic challenge.
In contrast to the public response, a “private” repertoire is
not found in every animal. For example, adult BALB/c mice
immunized with HEL mount a T-cell response utilizing a
“public” Vb8.2Jb1.5 T-cell clone characterized by a CDR3
length of eight amino acids, GTGNNQAP (Cibotti et al.,
1994). [The complementary determining region 3 (CDR3)
is a region of the TCR involved in antigen recognition.] The
phenomenon of private and public responses has now been
observed for several other model antigens and has 
been shown to exist also in humans and rainbow trout
(Saubermann et al., 1999; Boudinot et al., 2001). Owing to
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the nature of junctional diversity, public responses, although
identical at the amino acid level, can differ at the genetic
level.

Concept of Driver Clones

The immune response to a particular determinant is
usually heterogeneous, with several different clones expand-
ing to a particular antigenic stimulus (Manca et al., 1984).
Despite this heterogeneous response, a minority clonotype
can play a role as a crucial “driver” in the initiation and prop-
agation of autoimmunity. Our laboratory has been studying
driver clones in the MBP B10.PL model of autoimmunity.
In this system, experimental autoimmune encephalomyelitis
(EAE) can be induced by immunizing B10.PL animals with
MBP or its immunodominant determinant Ac1-9. By com-
paring the peripheral self-directed Ac1-9-specific T cells to
those actually infiltrating the spinal cord, it was discovered
that some self-directed clones played a more important role
in the initiation and propagation of disease than others. For
example, some clones that were expanded in response to
Ac1-9 never infiltrated the spinal cord or did so only at very
late stages of disease. The encephalitogenic potential of the
driver response was suggested by: 1) their presence in the
spinal cord during the acute phase of disease; 2) their posi-
tive reactivity in each animal to the inducing antigen; 3) a
proinflammatory cytokine profile; and 4) the appearance of
spontaneous disease when their TCR is expressed as a trans-
gene (Menezes, J. et al., personal communication). Follow-
ing the public “driver” repertoire through the induction and
resolution of EAE demonstrates that during the natural
process of recovery, the “driver” portion of the self-directed
response is selectively purged, resulting in a repertoire shift
which leaves behind a set of self-directed, non-central
nervous system (CNS)-infiltrating T cells. During recovery,
other private myelin-specific T cells remain available for
antigen recognition, but they are unable to cause disease.
When magnetic beads were used to separate the IFN-
g–secreting cells, the public (Vb8.2Jb2.7) response was
exclusively found within the IFN-g–secreting population
(Menezes, J. et al., personal communication). Contrariwise,
private members could be found secreting either IFN-g or
IL-4. Interestingly, the majority of the IFN-g-secreting
private repertoire never entered the CNS. Thus, not all self-
reactive IFN-g-secreting T cells are pathogenic. 

We have identified public autoreactive T cells in other
models of autoimmunity as well, including the PLP SJL
model of EAE (A. Ametani, unpublished data) and the 
NOD model of type I diabetes (Quinn et al., personal com-
munication). In addition, in both the SJL and B10.PL mouse
models of autoimmunity, we have found self-directed public
responses that do not play key roles in the disease process:
self-reactive public T-cell clones are not always pathogenic.
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Likewise, we have not excluded the possibility that a private
response might play an accessory role in the induction and
propagation of autoimmunity, although to date we have not
found such an example.

In summary, of the vast number of self-reactive T cells,
only a small fraction comprise the pathogenic population. In
addition, recovery from an autoimmune episode correlates
with a repertoire shift in which the pathogenic members of
the self-reactive response are purged while a more benign
set of T cells remains. It is worth noting that those dominant
determinants, T cells specific for which have evaded nega-
tive selection, are often the inducers of driver clones.

MOLECULAR MIMICRY 
AND DEGENERACY

As pointed out earlier, there is a large repertoire in the
normal animal specific for self-determinants, which for-
tunately is rarely successfully engaged for a pathogenic
purpose. This repertoire can be activated following exposure
to antigens of a pathogen, provided the foreign determi-
nant mimics a self-determinant (molecular mimicry). This
margin of safety which reduces the danger of unexpected
mimicry might have been predicted because of the necessity
for any cross-reactive determinant on a viral or microbial
entity to be dominant so as to elicit a response in the first
place, and concomitantly, for the self-determinant to be
cryptic, so that a repertoire might still exist against it, and
not have been negatively selected. But in addition to these
ground rules, there is another overriding feature of immune
recognition that must be understood with respect to mimicry,
and that is degeneracy.

Within the past decade, it has become clear that T
lymphocyte recognition is degenerate. Degeneracy, in con-
temporary immunologic usage, describes the ability of a
single receptor to recognize and react to a heterogeneous
assortment of ligands, with each lymphocyte clone having
its own pattern of degeneracy (i.e., its own set of stimula-
tory ligands) (Bankovich et al., 2004; Christen and von
Herrath, 2004; Cohen et al., 2004; Cunningham, 2004; Fae
et al., 2004; Ford and Evavold, 2004; Fourneau et al., 2004;
Holler and Kranz, 2004; Im et al., 2004; Judkowski et al.,
2004; Nicholson and Wraith, 2004; Nino-Vasquez et al.,
2004; Nishimura et al., 2004; Olson et al., 2004; 
Parnes, 2004; Sercarz and Maverakis, 2004; Shih and Allen,
2004; Shukaliak Quandt et al., 2004; Singh, 2004; Wilson
et al., 2004; Wucherpfennig, 2004; Zhou and Hemmer,
2004). A reasonable estimate is that there may be 1018 such
epitopes that need to be distinguished by the immune
system. In a human, there is a finite number of lymphocytes,
about 1012, at any one time, so that each lymphocyte would
have to recognize 106 epitopes in order to cover the universe
of pathogenic epitopes (Mason, 2001). Current estimates,
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especially from combinatorial peptide libraries, suggest that
each T cell can probably recognize from 106 to 108 ligands
(Wilson et al., 1999). In the face of such a broad capacity
for recognition, why is there not much more molecular
mimicry and autoimmune disease? 

Two requirements additional to those mentioned above
can be suggested. First, it is far more difficult to activate a
naïve cell than a primed one, and this feature alone would
reduce the frequency of mimicry interactions. However, 
previous primings by other nonpathogenic cross-reactive
stimuli could increase the frequency (Christen et al., 2004).
Second, competition between the large number of T cells
uniquely specific for the mimicking ligand, and T cells spe-
cific for the self-ligand, which are cross-reactive with the
mimicking ligand (Maverakis personal communication),
will protect the organism in large measure.

Historically, considerations of the relatedness of the 
mimicking determinant and the self-determinant have
passed through three stages. In the first, it appeared that
mimicry could occur if stretches of identical amino acids
from the determinant on the mimic could be found on the
self-determinant (Fujinami and Oldstone, 1985). Later,
during the second stage, some studies showed that the deter-
minants need not be identical, but only similar or homolo-
gous in several residues. Using a panel of 129 peptides
derived from viral and bacterial antigens that matched a
molecular mimicry motif, Wucherpfennig and Strominger
(1995) showed cross-reactive recognition by MBP-specific
T-cell clones from multiple sclerosis patients. Overlapping
with this period, other experiments showed that there was
no need for any identity between the two determinants, and
emphasized the degeneracy of T-cell recognition (Bhardwaj
et al., 1993). Several interesting examples of mimicry
should be mentioned. Zhao et al. (1998) showed that the
inducing mimic actually was processed and a mutational
change in the mimic at the appropriate point eliminated the
mimicry. In other work, it was shown that two entirely 
different regions within the same protein, human a-1-
antitrypsin, could stimulate the same antigen-reactive T-cell
lines and clones (Hagerty and Allen, 1995). Finally, we
observed that a T-cell hybridoma directed against HEL could
also recognize a determinant on the unrelated antigen,
mouse albumin, as well as a third, but undefined, determi-
nant: in this case, three different MHC class II molecules
were involved, one for each antigen (H. Deng, unpublished
results). 

“DETERMINANT SPREADING”
DURING THE COURSE 
OF AUTOIMMUNITY

A T-cell response to the dominant determinant, Ac1-
9/Ac1-11, following immunization with whole MBP
(Zamvil et al., 1986; Urban et al., 1988; Acha-Orbea et al.,
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1988; Lehmann et al., 1992) is crucial for initiation of
autoreactivity leading to induction of EAE in certain sus-
ceptible mouse strains like B10.PL, PL/J, and (B10.PL ¥
SJL)F1 mice. We observed that when (B10.PL ¥ SJL)F1
mice (Lehmann et al., 1992) were injected with this single
dominant peptide of a pathogenic autoimmunogen, spread-
ing of the T-cell response to previously cryptic determinants
of MBP occurred, to 35–47, 81–100, and 121–140 (“deter-
minant spreading”). This spreading was attributed to upreg-
ulated processing and presentation of MBP within the local
inflammatory milieu, leading to efficient display of previ-
ously cryptic determinants (Lehmann et al., 1992; 1993).
The above results are suggestive of a physiologic role of
cryptic self-determinants in the propagation of autoimmu-
nity induced by the dominant determinant of the same
autoantigen. 

Studies by the Miller laboratory (Weiner et al., 1994;
McRae et al., 1995) have shown that both inter- and intra-
molecular determinant spreading occurred during the course
of relapsing EAE. The phenomenon of recruitment of ad-
ditional T-cell specificities during the course of chronic,
relapsing EAE has also been reported by other investigators
(Cross et al., 1993; Perry and Barzaga, 1987; Perry et al.,
1991), although they initiated response with the native
protein, so that intermolecular spreading may have been due
to protein contamination. In another study by Tuohy and col-
leagues (Yu et al., 1996), a predictable, orderly determinant
spreading involving determinants within PLP, MBP, and
myelin oligodendrocyte glycoprotein (MOG) was observed
during the course of EAE in (SWR ¥ SJL)F1 mice. These
studies provided functional evidence for the role of deter-
minant spreading in the relapsing pathology of EAE. 

The above results on determinant spreading have impor-
tant implications for immunotherapeutic strategies in the
treatment of EAE. In the face of determinant spreading, 
therapeutic approaches based solely on controlling T-cell
responses to the initial disease-inducing determinant may
not succeed once spreading has occurred. The timing of
tolerization of the initial disease-inducing T cells is critical
(McRae et al., 1995; Yu et al., 1996). Furthermore, strate-
gies aimed at blocking the interaction between CD80 and
CD28 molecules have also been found to be successful in
blocking determinant spreading and thereby preventing
relapses during the course of EAE (Miller et al., 1995).

From the viewpoint of initiation of autoimmunity,
immunogenic, dominant, and subdominant determinants
within an antigen (e.g., Ac 1-9 determinant of MBP) (Zamvil
et al., 1986), which are responsible for the induction of
autoimmunity, are of utmost importance. Nevertheless,
latent cryptic determinants might play a critical role in the
broadening of the autoreactive T-cell response and thereby,
perpetuation of autoimmunity, e.g., in EAE (Lehmann et al.,
1992; 1993; Watts and Lanzavecchia, 1993; Moudgil and
Sercarz, 1994).
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Diabetes and Arthritis

In another T-cell-mediated autoimmune disease, type 1
diabetes in NOD mice, the disease is characterized by early,
spontaneous T-cell responsiveness to glutamic acid decar-
boxylase (GAD) (Kaufman et al., 1993; Tisch et al., 1993),
with the initial response directed against C-terminal deter-
minants. However, during the course of disease, there was
spreading of the T-cell response not only to other determi-
nants within GAD (intramolecular spreading), but also to
other antigens, namely a mycobacterial hsp65 peptide, car-
boxypeptidase H, insulin, and others (intermolecular spread-
ing). Interestingly, tolerization of GAD-reactive T cells 
in NOD mice successfully blocked the development of
autoimmunity to the above-mentioned antigens as well as
insulitis and clinical diabetes. This was not the case after
treatment with the hsp65 peptide. Thus, in this case, under-
standing of the temporal pattern of appearance of the T-cell
response to GAD and other b-cell antigens allowed devel-
opment of an appropriate therapeutic regimen for prevention
and treatment of diabetes. 

Using the rat adjuvant-induced arthritis (AA) model of
human rheumatoid arthritis (RA), we observed that arthritic
Lewis rats in the late phase of AA raised T-cell responses to
certain new determinants located at the C-terminus of
Bhsp65 (Moudgil et al., 1997a). Furthermore, pretreatment
of naïve Lewis rats with peptides comprising these C-
terminal epitopes afforded significant protection from 
subsequently induced AA. These results suggest that 
diversification and intramolecular spreading of the T-cell
response is involved in inducing natural remission or pro-
tection from AA (“regulatory diversification”) (Moudgil et
al., 1997a). Recently, we have shown that the C-terminal
epitopes of Bhsp65 involved in this diversification of
response are originally cryptic and cross-reactive with the
corresponding self-epitopes within rat hsp65 (Rhsp65)
(Durai et al., 2004a; 2004b); later, these regulatory determi-
nants become available owing to enhanced processing.
Interestingly, the self-homologs of the regulatory cryptic
Bhsp65 epitopes are dominant in nature (Durai et al.,
2004b). Our results suggest a model for epitope spreading
in AA involving the upregulation of the cryptic C-terminal
epitopes of Bhsp65, as well as enhanced cellular expression
of self-hsp65, leading to display of its dominant C-terminal
determinants during the acute phase of AA (Durai et al.,
2004a). 

CONCLUSION

In summary, there is no common structural characteristic
describing antigenic determinants involved in autoimmu-
nity. T lymphocytes directed against such determinants have
managed to escape negative selection, and their emergence

Ch014-P595961.qxd  1/27/06  8:14 PM  Page 187



into pathogenicity is contextual. The “dominant self ” that
does induce negative selection is created by the ordeal of
antigen-processing events. The residual self-reactive poten-
tial, inherent in the “cryptic self,” may erupt into auto-
immune attack when fortuitously cross-reactive, dominant
determinants are encountered, or upon interaction with envi-
ronmental agents that excite Toll-like receptors, or provide
unusual cell-activation stimuli (e.g., ultraviolet light). Defi-
ciencies in regulation at a variety of points can alternatively
unleash the available repertoire, largely directed against the
cryptic self.

As a final word, autoimmune disease is an outcome
dependent on a string of chance events, some genetically
underwritten and others related to a series of immunologic
events in the lifetime of the individual that prey upon the
residual self-reactive repertoire. How to efficiently regulate
these events is the goal of many current studies.
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Systemic autoimmune diseases are a heterogeneous
group of genetically complex diseases in which the immune
system targets a diverse, but very specific, group of mole-
cules. Each disease is associated with the production of
high-titer autoantibodies directed against a group of ubiqui-
tously expressed, but phenotype-specific, autoantigens (von
Muhlen and Tan, 1995; Hall et al., 2004). The autoantibody
response in patients and animals with autoimmune disease
exhibits clonal expansion, affinity maturation, and class
switching, and provides evidence that the immune responses
in these processes are antigen driven and T-cell dependent
(Diamond et al., 1992; Burlingame et al., 1993; Radic and
Weigert, 1995). Such studies have focused attention on the
autoantigens that drive these immune responses, and the 

circumstances in which these molecules might have satis-
fied the criteria for initiation and propagation of a T-cell-
dependent immune response. The most important criterion
for initiation of a primary T-cell response is that the mole-
cule targeted has not been previously presented in that form
during development of T-cell tolerance. 

Approximately a decade ago, we observed that the
autoantigens targeted in systemic autoimmune diseases are
unified by their clustering and concentration within surface
blebs on apoptotic cells, and we proposed that such mole-
cules were unified by their propensity to undergo structural
modifications during some forms of cell death, generating
novel structures not previously tolerized by the host 
(Casciola-Rosen et al., 1994a). Accumulating experimental
evidence indicates that most autoantigens are indeed unified
by their susceptibility to structural modification during 
cell death (Utz and Anderson, 1998; Rosen and 
Casciola-Rosen, 1999; Doyle and Mamula, 2002). Although
autoantigens have been demonstrated to undergo several
types of modification during cell death, we focus only on the
proteolytic cleavage of autoantigens, and the mechanisms
whereby such changes might lead to initiation of an
autoimmune response. 

APOPTOTIC CELLS MAY INDUCE
TOLERANCE OR IMMUNITY

Apoptosis [reviewed extensively by Hengartner (2000)]
is a sequence of morphologic and biochemical changes char-
acterized by nuclear condensation and membrane blebbing
(Kerr et al., 1972). During the apoptotic process, cleavage
and activation of a series of cysteine proteases (called 
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caspases) results in the activation of a proteolytic cascade
that cleaves downstream molecules that function in path-
ways essential to cell survival (Thornberry and Lazebnik,
1998; Green and Kroemer, 2004). Apoptotic cell death
occurs throughout development and during tissue homeo-
stasis; in these circumstances, the immune consequences are
predominantly noninflammatory and tolerance inducing
(Voll et al., 1997; Fadok et al., 1998; Gershov et al., 2000;
Huynh et al., 2002). Furthermore, apoptosis occurs with
great frequency during lymphocyte development and edu-
cation in the thymus and bone marrow (Surh and Sprent,
1994). Significant experimental evidence indicates that
apoptotic cells themselves constitute a prominent source of
toleragen in these settings (Cocca et al., 2001; Li et al.,
2003). A role of apoptotic cells in the establishment and
maintenance of tolerance to peripheral tissues has also been
established (Miller et al., 1998; Huang et al,. 2000; Belz et
al., 2002; Hugues et al., 2002; Liu et al., 2002; Steinman and
Nussenzweig, 2002), providing the immune system with the
appropriate forms of autoantigens that will likely be encoun-
tered during homeostatic cell death of self-tissues. Conse-
quently, abnormalities in the processes regulating clearance
of, and tolerance induction by, apoptotic cells play impor-
tant roles in rendering individuals susceptible to initiation of
systemic autoimmunity (Botto et al., 1998; Scott et al., 2001;
Cohen et al., 2002; Hanayama et al., 2004; Manderson et al.,
2004). Furthermore, the structural changes that autoantigens
undergo during various forms of non-tolerance-inducing cell
death may be particularly relevant in selecting the molecu-
lar targets of such autoimmunity. An excellent construct
within which to view such changes is that proposed by
Sercarz et al. (1993), in which altered autoantigen structure
modifies antigen processing and presentation such that pre-
viously cryptic epitopes are presented to the immune system
and activate autoreactive T cells. This paradigm is reviewed
in more detail below.

DOMINANCE AND CRYPTICITY

That the macromolecular structure of an antigen may
influence its subsequent processing and presentation by
MHC class II has become increasingly clear over the past
two decades (Streicher et al., 1984; Lipham et al., 1991;
Mamula et al., 1992; Mamula, 1993; Schneider et al., 2000).
Indeed, several studies have persuasively demonstrated this
for various model antigens (see below). In Sercarz’s con-
struct of immunologic dominance and crypticity (Lanza-
vecchia, 1995; Sercarz et al., 1993; Sercarz, 2002), not all
determinants on an intact protein antigen are equally
immunogenic. Due to certain structural features of the
antigen itself, specific determinants are preferentially pre-
sented. For a given antigen conformation and antigen-
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processing machinery, the processing pathway is relatively 
constant and predictable, and preferentially selects a few
determinants that are effectively loaded onto major histo-
compatibility complex (MHC) class II molecules (dominant
epitopes). Several recent studies demonstrating that intact
antigens are also the preferential substrates for cross-
priming suggest that a similar paradigm is possible for 
presentation of exogenous antigens on MHC class I
(Norbury et al., 2004; Wolkers et al., 2004). Naïve T cells
recognizing dominant epitopes of self-antigens in the
thymus or periphery are deleted. In contrast, cryptic epitopes
in self-antigens are not presented in significant amounts, and
potentially autoreactive T cells recognizing such cryptic epi-
topes are therefore not deleted. Since the products of antigen
processing are constant under homeostatic conditions,
cryptic epitopes are not revealed under most circumstances.
However, were they to be generated during some unusual
antigen-processing event, autoreactive T cells recognizing
these cryptic epitopes could conceivably be activated and
drive the autoimmune response (Sercarz et al., 1993).

The dominance or crypticity of an epitope may be 
influenced by many intrinsic and extrinsic properties. For
example, the sequence of unfolding and specific cleavage of
antigens along the endosome/lysozome pathway strikingly
influences which peptides finally get loaded onto a particu-
lar MHC molecule (Manoury et al., 1998; Antoniou et al.,
2000). Also, the intrinsic affinity of a peptide for MHC 
class II proteins, as well as the properties of neighboring
structural determinants, may influence the binding of this
peptide to the binding groove (Sercarz et al., 1993; Sercarz,
2002). Understanding how the structure and processing 
of self-antigens might be altered during different physio-
logic and pathologic states is therefore significant. Of 
particular importance are early proteolytic events (Mamula,
1993; Bockenstedt et al., 1995; Manoury et al., 2002) and
the effects of high-affinity binding of antibody or other 
molecules (Watts and Lanzavecchia, 1993; Salemi et al.,
1995; Simitsek et al., 1995) on subsequent antigen 
processing. 

Since potentially autoreactive T cells that recognize the
cryptic self abound in the immune repertoire, they provide
the capacity to respond to novel antigen forms generated
through non-standard processing pathways. Changes in
autoantigen structure that occur during cell death are 
therefore potentially of relevance.

MODIFICATION OF AUTOANTIGEN
STRUCTURE DURING APOPTOSIS

Autoantigens in systemic autoimmune diseases are clus-
tered and concentrated within the surface blebs on apoptotic
cells (Casciola-Rosen et al., 1994a; Rosen et al., 1995; Korb
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and Ahearn, 1997; Cocca et al., 2002; Caricchio et al., 2003).
Whether structure (and potentially antigen processing) of
naturally-selected autoantigens is altered during different
forms of cell death has been a subject of significant experi-
mental effort over the past several years. Such studies have
demonstrated a striking susceptibility of autoantigens to
structural modification, particularly specific proteolysis,
during cell death (Utz and Anderson, 1998; Rosen and 
Casciola-Rosen, 1999; Doyle and Mamula, 2001). Recent
studies have also demonstrated that membranes of cells
undergoing apoptosis contain increased levels of biologi-
cally active oxidized phospholipids, which activate endo-
thelial cells to induce monocyte adhesion. Furthermore,
immunization of mice with syngeneic apoptotic cells
induced high autoantibody titers to various oxidation-
specific epitopes of oxidized phospholipids (Chang et al.,
2004). Such structural changes during apoptotic cell death
might play a role in the induction of autoimmune responses
to apoptotic cells. The different forms of apoptotic proteo-
lysis and some potential mechanisms whereby these changes
may be relevant to human autoimmunity are reviewed
below.

Cleavage of Autoantigens by Aspartic 
Acid-Specific Apoptotic Proteases

Proteases play a critical role in the apoptotic process
through targeted cleavage of a limited group of downstream
substrates that are functionally important in the maintenance
of life (Nunez et al., 1998; Thornberry and Lazebnik, 1998).
The caspases, a family of cysteine proteases with an absolute
requirement for cleavage after aspartic acid, constitute the
most prominent apoptotic protease family (Thornberry and
Lazebnik, 1998; Boyce et al., 2004). In initial studies
looking for modification of autoantigen structure in apop-
totic cells, we and others noted that although caspases only
have a limited number of substrates during cell death
(perhaps a few hundred at maximum), autoantigens are
highly represented among these molecules (Casciola-Rosen
et al., 1994b; 1995; Casiano et al., 1996; Utz et al., 1998;
Rutjes et al., 1999; Ayukawa et al., 2000; Malmegrim de
Farias et al., 2003). In a minority of cases (e.g., NuMA,
CENP-C), the cleaved form of the antigen is better recog-
nized by patient autoantibodies than the intact protein, sug-
gesting that cleavage may alter accessibility of the relevant
epitopes (Schachna et al., 2002). There are also reports of
some autoantibodies to U1-70-kDa, which specifically re-
cognize the apoptotically modified form of this molecule.
The observation that such antibodies are associated with dis-
tinct clinical features suggests that caspase-mediated cleav-
age may play a role in driving the immune response to
U1-70-kDa in specific circumstances (Greidinger et al.,
2004). To date, no persuasive experiments directly address-
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ing the effects of caspase cleavage on immunogenicity of
naturally-selected autoantigens have been performed. While
it is possible that cleavage of autoantigens influences
immunogenicity, it is equally likely that the presence and
structural features of the cleavage site itself influence
antigen processing and epitope selection, and that different
mechanisms apply to different autoantigens. 

In this regard, a series of experiments using tetanus toxin
c fragment as a model antigen, which has demonstrated that
a hierarchy of antigen-processing events exists, is relevant
(Manoury et al., 1998; Antoniou et al., 2000). In these
studies, processing of tetanus toxin is initiated upon cleav-
age by a lysozomal enzyme, asparaginyl endopeptidase
(AEP), at a single defined site. There is an absolute require-
ment for this cleavage event, as elimination of the specific
processing sites through mutagenesis dramatically alters the
efficiency of epitope presentation to an antigen-specific T-
cell clone. As a result of a single conservative mutation 
at the enzyme cleavage site, novel epitopes are generated
during antigen processing. Inhibiting the AEP protease also
alters processing of the whole antigen, resulting in different
peptides being loaded onto MHC class II molecules. Thus,
in this example, antigen processing occurs in a stepwise
manner, with cleavage by a single, initial protease being nec-
essary for the subsequent processing steps that generate the
dominant T-cell epitopes. Subtle changes in antigen struc-
ture, which alter such key upstream processing sites, can
dramatically alter processing of the intact antigen. Where
such changes cause the revelation of epitopes not normally
seen by the immune system, the subsequent development of
an autoimmune response is enabled (Moudgil and Sercarz,
1993) (see Chapter 14).

Recent studies from Crow and colleagues (Chernysheva
et al., 2002) have demonstrated the importance of caspase-
dependent events in the initiation of an autologous mixed
lymphocyte reaction (AMLR). Incubation of apoptotic non-
T-cell stimulator cells with autologous T cells induces pro-
liferation of the T cells, an event that is enhanced when
apoptosis is promoted in the stimulator cell population by
treatment with either g-irradiation or staurosporine. This
proliferation is almost completely abrogated when a number
of different caspase inhibitors are preincubated with the
apoptotic stimulator cell population. In contrast, preincuba-
tion of the responder T cells with caspase inhibitors did not
alter T-cell proliferation, indicating that caspase activity is
required in the stimulator population to initiate a response
(Chernysheva et al., 2002). It remains unclear whether this
effect is due to caspase-mediated cleavage of autoantigens
themselves, or occurs indirectly, through pathways down-
stream of caspases that modify autoantigen structure (e.g.,
activation of kinases, nucleases) or otherwise enhance
autoantigen presentation (e.g., enhanced phagocytosis or
clearance). 
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Novel Autoantigen Structure 
during Cytotoxic Lymphocyte 

Granule-Induced Death

The initiation of a primary immune response is depen-
dent upon the generation of suprathreshold concentrations
of antigen with a structure not previously tolerized by the
host, occurring within a proinflammatory environment.
Since most forms of homeostatic apoptotic cell death are
profoundly tolerance inducing (Voll et al., 1997; Fadok et
al., 1998; Gershov et al., 2000; Huynh et al., 2002), it is
likely that initiation of autoimmunity is associated with a
more proinflammatory type of cell death. The killing of
virally-infected or transformed cells is of particular rele-
vance in this regard, both due to the proimmune context of
such killing, as well as to alterations in autoantigen expres-
sion, structure, and conformation in such settings. For
example, viral infection may directly alter the structure of
self-antigens (Dong et al., 1994; Duncan and Nakhasi,
1997). It is also possible that viral infection initiates
cytokine secretion and immune effector pathways that alter
the expression and/or structure of self-antigens. Similarly,
there is also significant evidence that autoantigen expression
and conformation may be strikingly altered in transformed
cells and tumors (Corradi et al., 1997; Zhang et al., 1999;
Ulanet et al., 2003). Interestingly, both virus-infected and
transformed cells are targets of similar immune effector
pathways unleashed by cytotoxic T cells and natural killer
(NK) cells (Russell and Ley, 2002; Trapani and Sutton,
2003). 

Cytotoxic Lymphocyte Granule-Induced
Death Pathways

Cytotoxic lymphocytes induce target cell death through
several different pathways, including ligation of the Fas
receptor on the surface of the target cell, as well as release
of proteases contained in lytic granules within the cytotoxic
cell (Andrade et al., 2004). Transduction of the Fas signal
occurs through multiple protein–protein interactions that
activate the caspase cascade by inducing processing of 
caspases-8 and -10 (Siegel et al., 2000). Thus, ligation of the
death receptor Fas (CD95) results in recruitment of the
adaptor molecule FADD. Death effector domains within
FADD recruit and induce oligomerization of group 3
caspase precursors, which undergo autocatalytic cleavage
and activation of the receptor complex known as DISC
(death-inducing signaling complex) (Tibbetts et al., 2003).
Cytolysis induced via the Fas pathway is thought to be pre-
dominantly associated with immune regulatory processes
(Lenardo, 2003). Granzyme-mediated killing utilizes several
granule components with unique activities. The most abun-
dant components present in cytotoxic granules are perforin
(a pore-forming protein) and a family of serine proteases
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termed granzymes (Henkart, 1994). Perforin has long been
considered crucial for the entry of granzymes into the target
cell, but the mechanisms underlying its activity remain con-
troversial (Russell and Ley, 2002). Following release into
the cytosol with the help of perforin, granzyme B (GrB), a
rapidly-acting apoptotic enzyme, catalyzes the cleavage and
activation of several downstream substrates, inducing apop-
totic changes in the target cell. Prominent among the
upstream mediators of the GrB effect are Bid and procas-
pases, which are directly cleaved by GrB to generate their
active forms. Thus, through the early cleavage and activa-
tion of Bid, GrB rapidly recruits the mitochondrial amplifi-
cation loop of caspase activation (Sutton et al., 2000; 
2003; Pinkoski et al., 2001). GrB similarly cleaves and acti-
vates effector caspases that further amplify the apoptotic
proteolytic cascade, resulting in cleavage of multiple down-
stream substrates, and generation of the apoptotic pheno-
type. In addition to the recruitment of caspase-dependent
pathways, GrB also directly cleaves several downstream 
signature death substrates, constituting an important
caspase-independent death pathway that can lead to cell
death even in the absence of caspase activity (Andrade et
al., 1998; Casciola-Rosen et al., 1999). For example, GrB
directly cleaves and activates the apoptotic nuclease
DFF45/ICAD; such cleavage is required for optimal
granzyme-induced target cell death (Thomas et al., 2000).
Additionally, autoantigens targeted in human autoimmune
diseases are highly represented among these substrates 
(Casciola-Rosen et al., 1994a; 1996; 1999; 2001; Mancini
et al., 2000; Nagaraju et al., 2001; Mahoney et al., 2002)
(see Figure 15.1 for examples).

Granzyme B Cleavage of Autoantigens

The number of autoantigens known to be cleaved by GrB
is steadily growing. The observation that many autoantigens
targeted across the spectrum of human autoimmune diseases
are directly and efficiently cleaved by GrB is remarkable for
several reasons: 1) susceptibility to cleavage by GrB is a
highly specific feature of autoantigens, and nonautoantigens
are not similarly susceptible to cleavage by GrB at sites not
cleaved by caspases (Casciola-Rosen et al., 1999); 2) a very
similar group of autoantigens is cleaved by caspases and
GrB, although at distinct sites, thus generating different
fragments (Andrade et al., 1998); 3) the cleavage sites in
autoantigens are uniquely suited to cleavage by GrB and are
resistant to cleavage by the upstream activating caspases
(caspases-8 and -9) due to the enrichment of residues in the
P2 and P3 substrate positions that are preferred by GrB but
not tolerated by caspases (Casciola-Rosen et al., 1999); 4)
GrB activation of caspases leads to significant amplification
of caspase cleavages, and when efficiency of cleavage of a
substrate by caspases and GrB is similar, products of caspase
cleavage generally predominate. Generation of GrB frag-
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ments is thus enhanced by inhibition of the caspase pathway
(Andrade et al., 1998; Casciola-Rosen et al., 1999). Also 
of particular note, GrB and other components of the lytic
granule pathway are not expressed in the thymus (Shresta 
et al., 1995), and cleavage products generated by such pro-
teases are therefore unlikely to have been tolerized. 

The striking association between susceptibility of a sub-
strate to cleavage by GrB and autoantigen status strongly
suggests that these properties are mechanistically related. As
noted for the caspases above, it remains unknown whether it
is the properties of the cleavage site or cleavage itself that
plays a role in selecting molecules against which autoim-
mune responses are generated. If cleavage is the important
parameter, the reciprocal relationship between caspase activ-
ity and generation of granzyme-specific autoantigen frag-
ments suggests that initial immunization occurs in a setting
in which caspases are under endogenous (e.g., inhibitors of
apoptosis (IAP) proteins) or exogenous inhibition (e.g., viral
caspases inhibitors) (Kobzik et al., 1994; Deveraux et al,.
1997; 1998; Roy et al., 1997; Li et al., 1998). 

The effect of autoantigen cleavage on recognition by
autoantibodies has been addressed in part using an
immunoblotting approach; however, there is, as yet, no
common feature that unifies all the antigens in terms of anti-
body recognition. Indeed, it is striking that GrB cleavage can
have various effects, described below, on recognition of 
different molecules by autoantibodies. For example,
although infrequently observed, GrB-generated fragments
of autoantigens may be recognized better by autoantibodies
than the intact molecule. A striking example of this is the
scleroderma autoantigen CENP-C (Schachna et al., 2002),
for which GrB cleavage greatly enhances autoantibody
recognition. Interestingly, such CENP-C fragment-preferen-
tial autoantibodies are particularly enriched in patients with
scleroderma and ischemic digital loss. Similar findings have
also been made for nuclear mitotic apparatus protein
(NuMA) (Andrade et al., 1998). Enhanced autoantibody
recognition of GrB-cleaved autoantigens may be indicative
of several things: 1) exposure of a neoepitope at the site of
granzyme cleavage; or 2) a conformational change at a site
more distant from the scissile bond, which improves anti-
body access to the epitope. Either way, these data indicate
that the intact cleavage site suppresses or restrains access to
the epitope, which becomes dominant in the autoantibody
response. How this relates to the driving T-cell response is
still unknown, but is of significant importance. There are
also clear examples where GrB cleavage of an autoantigen
greatly inhibits recognition by autoantibodies. For example,
Gershwin and colleagues (Matsumura et al., 2002) demon-
strated that autoantibodies recognizing the intact pyruvate
dehyrdrogenase E2 subunit (PDC-E2) fail to recognize the
GrB-cleaved form of PDC-E2. Since previous studies had
demonstrated that the dominant B- and T-cell epitopes in
PDC-E2 coincide, and include the GrB cleavage site, these

Apoptotic Cells as a Source of Autoantigens 197

data demonstrate that the intact cleavage site itself forms
part of the dominant B-cell epitope. Similar findings have
also been made for XRCC4 (Lee et al., 2002). Lastly, for
most autoantigens studied, cleavage by GrB has no effect on
recognition by autoantibodies.

The fact that cleavage can enhance or destroy recogni-
tion of some molecules by autoantibodies demonstrates that
the GrB cleavage site can either enhance or suppress acces-
sibility of epitopes, occasionally at the level of the auto-
antibody, but potentially more generally at the level of the
T cell. Although autoantibodies are excellent probes of 
the targets of the autoimmune response, they are less well
suited to defining the particular conformation of the antigen
that initiated the T-cell response. Interestingly, studies 
by Mamula et al. (1999) examining the generation of
autoimmune responses to an isoaspartyl-containing Sm-D 
or cytochrome c peptide have demonstrated that T cells 
recognize only the isoaspartyl form of the antigen, while
autoantibodies bind both modified and unmodified forms.
Defining the effects of the intact GrB cleavage site, and 
its destruction after proteolysis, on the processing and pre-
sentation of antigens to T cells therefore remains a major
priority. 

Cleavage of Tissue-Specific Autoantigens

Structural changes of autoantigens induced by post-
translational modification can alter the processing of self-
antigens and influence the ability to generate an immune
response against self. For example, studies have shown that
the neuronal glutamate receptor subunit 3 is an autoantigen
in patients with a severe form of pediatric epilepsy, Ras-
mussen encephalitis (Rogers et al., 1994). Autoantibodies
tend to be of low affinity, and many recognize a well-defined
extracellular epitope residing in the receptor-activating
epitope, which is aligned on the surface of the folded protein
(Twyman et al., 1995). Of note, the GrB cleavage site 
contains an asparagine that is normally N-glycosylated, 
and is found within a major epitope that is recognized by
autoantibodies in Rasmussen encephalitis (Gahring et al.,
2001). Interestingly, Gharing et al. (2001) showed that 
deglycosylated GluR3 is susceptible to cleavage by GrB,
whereas the glycosylated form of this receptor is poorly
cleaved, possibly because the N-linked sugar sterically
hinders the ability of GrB to bind to its substrate. The
authors postulate that inflammatory events may inhibit the
glycosylation of GluR3, thus rendering it susceptible to
cleavage by GrB, and potentially to initiation of GluR3-
directed autoimmunity. 

Novel Conformation of 
Disease-Specific Autoantigens

In spite of the fact that many autoantigens in systemic
autoimmune diseases are ubiquitously expressed, there is
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nevertheless a striking association of specific antibody
responses with unique clinical phenotypes. One 
potential explanation for this observation is that changes in
autoantigen structure may be limited to the relevant disease
microenvironment and may contribute to initiation of an
autoimmune response. As several autoantigens that are tar-
geted in systemic autoimmune diseases can also be targeted
in patients with hepatocellular carcinoma (HCC), we have
sought to define microenvironment-specific changes in
autoantigens in liver tissue of patients with HCC. Interest-
ingly, the nucleolar HCC autoantigen B23 exists in a trun-
cated form in HCC liver lacking six amino acids at the
N-terminus. While full-length B23 (expressed in all other
tissues) is very resistant to cleavage by GrB, HCC B23 is
strikingly sensitive to such cleavage (Ulanet et al., 2003).
Whether exposure of the GrB cleavage site or cleavage itself
plays a role in selecting B23 as an HCC antigen remains
unknown, but the striking restriction of this novel 
conformation to the likely site of immunization is of great
importance. 

Additional Post-Translational Modifications
that Affect Autoantigen Structure 

Although this chapter has focused on apoptosis-specific
proteolysis as a primary mechanism of structural change
during cell death, other post-translational changes (e.g.,
phosphorylation/dephosphorylation, isoaspartyl modifica-
tion, transglutamination, and deimination) occur frequently
during various death processes, and may profoundly affect
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antigen processing and presentation (Utz et al., 2000; Doyle
and Mamula, 2002). It should also be noted that autoanti-
gens may undergo novel proteolytic modifications distinct
from those observed during apoptosis during necrotic death
(Casiano et al., 1998).

MODEL OF ANTIGEN SELECTION
DURING CELL DEATH 

We propose that apoptotic cells are sources of cleaved
antigens that can either tolerize or activate lymphocytes,
depending on the type of cell death (homeostatic or pro-
immune), the species of aspartic acid-specific protease that
preferentially process the self-antigen, and the efficiency of
clearance of the apoptotic cell. Under normal homeostatic
circumstances, apoptotic cells are efficiently cleared and
actively induce tolerance (Figure 15.1A, left side). These
apoptotic cells are highly enriched in autoantigen fragments
generated by caspase cleavage. Such peptide fragments gen-
erated by caspases are likely the form of the autoantigen that
is tolerized during development and homeostasis. Where
apoptotic cells are efficiently cleared and captured by imma-
ture dendritic cells, tolerance to caspase-cleaved antigens 
is fully established, and autoreactive T cells recognizing
caspase-cleaved antigens are likely deleted. In contrast,
where clearance of, or tolerance induction by, apoptotic cells
is abnormal, establishment of tolerance to caspase-cleaved
antigens will be incomplete, and may later allow activation
of autoreactive T cells recognizing such caspase-generated
fragments during a major apoptosis-inducing event 
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Caspase-specific
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B
FIGURE 15.1 Model of antigen selection during cell death. A, Homeostatic death. The predominant form of the 
molecule tolerized during development and homeostasis is the caspase-induced form. Tolerance to caspase-cleaved
fragments results when apoptotic clearance is normal. B, Proimmune death. Certain proimmune circumstances allow
preferential activity of the granzyme (GrB) pathway, generating novel autoantigen fragments not previously tolerized
by the host. DC, dendritic cell.
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(Figure 15.1A, right side). Even where apoptotic cell clear-
ance is normal, and tolerance to the default caspase-induced
death pathways fully established, some proinflammatory
forms of cell death (e.g., cytotoxic lymphocyte granule
pathway-induced death of virus-infected or transformed
cells) may generate novel forms of autoantigens not usually
generated during tolerance induction (Figure 15.1B). This
will most likely occur under circumstances in which cas-
pases are under exogenous or endogenous inhibition, maxi-
mizing the generation of granzyme-induced fragments. Such
fragments may allow the activation of autoreactive T cells
recognizing nontolerized epitopes. Direct demonstration of
the differential immunogenicity of different forms of
caspase/granzyme-cleaved apoptosis is a major priority.
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Immune complex (IC) formation occurs in all immune
responses associated with antibody production, as long as
antigen is available. Such ICs principally occur in two
forms, either as antibodies bound to antigens that are part of
intact cells or tissues (including extracellular matrix), or as
antibodies bound to antigens that are freely diffusible mol-
ecules or subcellular particles. The ICs are involved in many
different diseases with very diverse clinical manifestations.
This is due both to the many different actions by ICs and
the actual constituents of the IC. In immune reactions
against various types of microorganisms, formation of ICs
is considered important in the pathogenesis of infections
(Mims et al., 2001). In many acute infections, ICs contribute
to inflammatory reactions, such as skin rashes and con-
junctivitis, which subside as production of microbial anti-
gens ceases and ICs are eliminated. In persistent infections,

such as hepatitis C virus, with long-term production of anti-
gens, ICs are continuously formed and may result in a
chronic inflammatory disease (Trendelenburg and Schifferli,
2003). 

In autoimmunity, antibodies to a vast number of autoanti-
gens have been described, and moreover, many of these anti-
gens are continuously available for binding autoantibodies.
This sometimes results in a very high load of ICs in autoim-
mune rheumatic diseases, such as circulating ICs in systemic
lupus erythematosus (SLE) (see Chapter 28) and ICs in the
joint compartment of patients with rheumatoid arthritis (RA)
(see Chapter 32; Jarvis et al., 1995). Such ICs contribute 
to clinical manifestations that resemble those in some 
infections, with IC deposits causing inflammatory changes
in organs and tissues, e.g., vasculitis in blood vessels 
and glomerulonephritis in kidneys. It is, however, important
to distinguish IC-mediated disease due to infections or to
autoimmunity, not least when appropriate treatment for a
certain condition is discussed.

The pathogenic effects of antibodies is often regarded in
the context of the original Coombs and Gell classification of
hypersensitivity reactions, where type II hypersensivity is
due to antibodies binding to cells, tissues, and organs, while
type III hypersensitivity is due to the effects of soluble ICs.
In both cases antibody and ICs can be inflammatory and
promote consumption and/or destruction of cells. However,
the actual underlying mechanisms behind inflammation and
tissue destruction are not always clear. Furthermore, it is less
well recognized that the combination of antigens and anti-
bodies, especially as soluble ICs, in addition can have 
profound immunoregulatory effects and in this way either
suppress or promote immune responses.
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EFFECTS OF ANTIBODIES ON LIVING
CELLS, TISSUES, AND ORGANS

Autoantibodies binding to cells can occasionally directly
affect cell function and viability, for instance, if they are
directed to molecules involved in Fas/CD95 activation or in
ion transport (see Chapter 17). Because of the fluidity of cell
membranes and the fact that many autoantibodies are
directed to separate epitopes on cell-surface autoantigens,
the latter can be cross-linked in cell membranes, resulting 
in clustering and capping of ICs (Latif et al., 2001;
Kwiatkowska et al., 2003). The antibodies in such cell-
associated ICs can in turn efficiently interact with Fc-
receptors (FcRs) that are present on many effector cells in
the immune system and can also activate the complement
system. The principal modes of action of these antibodies
are described in Figure 16.1. 

The properties and functions of both the FcRs and com-
plement receptors (CRs) have been extensively reviewed
(Ravetch and Bolland, 2001; Hogarth, 2002; Takai, 2002;
Monteiro and van de Winkel, 2003; Prodinger et al., 2003).
Several human FcRs are present (Table 16.1), and of par-
ticular relevance here are the FcgR, that is FcgRI (CD64),
FcgRIIa, b, and c (CD32), FcgRIIIa and b (CD16), as well
as the FceRI, FceRII, FcaRI (CD89), and Fca/mR. Table

204 Immunologic Basis of Autoimmunity

16.1 also indicates the affinities of FcRs for immunoglobulin
isotypes and subclasses and their expression on different
types of cells. Other FcRs include the neonatal FcR (FcRn)
that is involved in transport of immunoglobulins across the
placenta. The FcRn is also present on endothelial cells and
serves to prolong the lifespan of serum IgG (Ober et al.,
2004). The poly-IgR transports IgA and IgM across intesti-
nal epithelium (Monteiro and van de Winkel, 2003). 

When the extracellular parts of the a chains of FcR bind
to the Fc portions of immunoglobulin, cross-linking of FcR
can occur and signals are then generated by activation of
tyrosine kinases noncovalently interacting with intracellular
FcR domains. In all FcRs, except the FcgRII, FcgRIIIb,
FcRn, and poly-IgR, this is due to the activation of FcR-g
chains, present as disulfide-linked dimers. The g chains
contain the immunoreceptor tyrosine-based activation motif
(ITAM), also present in several other proteins in the immune
system that are associated with activation of cells, such as
the B-cell receptor (BCR) for antigen (Billadeau and
Leibson, 2002; Takai, 2002). The ITAM consists of a con-
served amino acid sequence and is also present in the a
chain of the single-chain FcgRIIa, an FcR present in man
and other primates but not in mice. Upon FcR cross-linking
ITAMs are tyrosine-phosphorylated by activation of Src-
family kinases, creating docking sites for the SH2 domain

iC3b

Effector cell

Target cell

C1q
CR3FcgR

MAC
(C5b-9)

C3a, C5a

ADCC
Phagocytosis

Complement-
dependent 
cytotoxicity and
inflammation

Autoantigens

Autoantibody

FIGURE 16.1 Basic mechanisms whereby autoantibodies bind to and damage cells or tissues. Autoantibodies bind
to cell-surface antigens and activate the complement system, with deposition of iC3b, generation of the inflammatory
split products C3a and C5a, and formation of the membrane attack complex (MAC). Effector cells, such as mono-
cytes/macrophages, neutrophils, and natural killer cells use the FcgR to bind to IgG autoantibodies and the complement
receptor 3 (CR3) to bind to iC3b on target cell membranes. This activates mechanisms involved in antibody-dependent
cellular cytotoxicity (ADCC). Alternatively, target cells can be phagocytosed. 
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of the cytosolic protein kinase Syk. The docking and 
activation of Syk kinases leads to the phosphorylation and
recruitment of several intracellular proteins, which results in
stimulation of, for instance, phospholipase Cg, phos-
phatidylinositol 3-kinase (PI3K), the Ras pathway with acti-
vation of, for example, MAP kinase and GTPases of the Rac
and Rho families (Takai, 2002). This results in activated
functions in different cells, including phagocytosis, produc-
tion of cytokines, an oxidative burst, degranulation of mast
cells, and antibody-dependent cellular cytotoxicity (ADCC).
This FcR-mediated activation can be achieved by antibodies
attached to cell surfaces or by soluble ICs.

The activating effects of FcR can be inhibited by the
FcgRIIb, which is present on B cells and most myeloid cells,
but absent in natural killer (NK) cells, T cells, and plasma-
cytoid dendritic cells (PDCs) (Ravetch and Bolland, 2001;
Båve et al., 2003). This is due to the presence of the
immunoreceptor tyrosine-based inhibitory motif (ITIM) in
the cytoplasmic domain of this single-chain FcR. Upon acti-
vation by coaggregation with, for example, BCR or other
FcR, Src-family kinases tyrosine-phosphorylate the ITIM,
which results in recruitment of SH2-domain contain-
ing phosphatases, primarily protein tyrosine phosphatase
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(SHP1, SHP2) and the inositol polyphosphate 5¢ phos-
phatase (SHIP). These enzymes, especially SHIP, inhibit the
pathways triggered by activating receptors, preventing, for
example, intracellular calcium mobilization, activation of
MAPK, and antiapoptotic signals. In addition, homoaggre-
gation of FcR produces ITIM-independent apoptotic signals.
Thus, the FcgRIIb can downregulate the many effects caused
by ITAM-containing FcR and other molecules, such as BCR
(Ravetch and Bolland, 2001; Takai, 2002). 

A number of functionally important polymorphisms have
been described in the genes encoding the low-affinity FcRs
in man (van Sorge et al., 2003; Reefman et al., 2003; 
Magnusson et al., 2004; Takai, 2005). The most investi-
gated FcgRIIa polymorphism is a point mutation affecting
the amino acid at position 131, coding for either arginine
(R131) or histidine (H131). The FcgRIIa-131R has been
shown to bind IgG in ICs less efficiently than the 131H
genotype, especially IgG2. The FcgRIIIa polymorphism,
which results in either valine (158V) or phenylalanine
(158F) in amino acid position 158, alters the ligand affinity.
Thus, the 158V genotype has higher affinity for IgG1 and
IgG3 than does the 158F genotype. The lower-affinity FcRs
allele 131R and 158F have both been associated with an

TABLE 16.1 Summary of human Fc receptors involved in inflammation and immunoregulation

Designation General Affinity for
(CD number) structure immunoglobulin Expression

FcgRI (CD64) a,g2 (ITAM) Medium (107–109/M) Monocytes/macrophages, dendritic cells (DCs), mast cells, neutrophils 
IgG1, 3 > 4 > 2 (inducible) 

FcgRIIa (CD32)* a (ITAM) Low (<107/M) Platelets, myeloid cells, DCs, plasmacytoid DCs (PDCs), B cells (?)
IgG3 > 1 >> 2, 4

FcgRIIb (CD32)*† a (ITIM) Low (<107/M) B cells, mast cells, basophils, eosinophils, neutrophils, DCs, macrophages
IgG3 > 1 > 4 > 2

FcgRIIc (CD32) a (ITAM) Low Macrophages, natural killer (NK) cells, neutrophils

FcgRIIIa (CD16)* a,g2 (ITAM) Medium (2 ¥ 107/M) NK cells, macrophages, mast cells
IgG1, 3 >> 2, 4

FcgRIIIb (CD16)* a (GPI) Low (<107/M) Neutrophils, eosinophils
IgG1, 3 >> 2, 4

FceRI a,g2,b (ITAM) High (1010/M) Monocytes, DCs, PDCs (no b chain). Mast cells, basophils, eosinophils
IgE

FceRII (CD23) Lectin-like trimer Low (£107/M) IgE Ubiquitous, platelets

FcaRI (CD89) a,g2,b (ITAM) Medium (2 ¥ 107/M) Macrophages, neutrophils, eosinophils
IgA

Fca/mR a Medium (108/M) Mesangial cells, B cells, macrophages
IgA, IgM

FcRn a,b2m IgG Placenta, endothelium, monocytes, intestine

Poly-IgR a High, transport of Epithelium in intestine and lung, liver
IgA dimers, IgM

GpI, Glycosylphosphatidylinositol-anchored; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibitory
motif; b2m, b2-microglobulin; a,g,b refer to the different chains; g2 dimer of g-chain.

*Allelic variants of FcgRIIa, FcgRIIb, FcgRIIIa, and FcgRIIIb exist and differ in their expression and/or function (see text).
†Alternative splicing of FcgRIIb results in FcR isoforms that differ with respect to function and expression in different cell types.
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increased risk to develop systemic lupus erythematosus
(SLE). At least three alleles of the FcgRIIIb gene have been
identified, designated NA1, NA2, and SH. The NA2 allele
appears to have lower capacity to mediate phagocytosis than
NA1 and has been reported to be associated with SLE in
Japanese and Spanish patients. Finally, polymorphisms
occur in both the coding and promotor regions of the
FcgRIIb gene, affect the function or expression of this
important inhibitory FcR, and have been reported to be 
associated with SLE (Takai, 2005).

Whenever autoantibodies bind to cell-surface autoanti-
gens, their Fc portions can interact with and activate FcR on
effector cells, such as NK cells, neutrophils, eosinophils, and
macrophages (Figure 16.1). All three FcgR types can be
involved, but in many human in vitro experimental systems,
FcgRIIIa, and to some extent FgRIIa, are important. The
FcgRI, which has the highest binding affinity for IgG, seems
to be less important, although it is expressed on mono-
cytes/macrophages. It is poorly expressed on granulocytes,
but the expression can be increased by exposure of cells 
to interferon (IFN)-g (Pan et al., 1990). The affinities of 
FcR for IgG subclasses differ, the IgG1 and IgG3 showing
higher affinity, while IgG2 and IgG4 have lower affinity. As
part of activation via FcRs, the effector cells secrete a variety
of mediators that differ depending on the type of cells, 
e.g., proinflammatory cytokines derived from monocytes/
macrophages (see below) and cytotoxic molecules, such as
perforin and granzyme B derived from NK cells (Russell
and Ley, 2002; Lieberman, 2003; Wagner et al., 2004). At
least NK cells also upregulate FasL, which can activate
apoptosis in Fas-expressing target cells (Eischen et al.,
1996). The killing of antibody-coated target cells by the dif-
ferent effector cells is termed antibody-dependent cellular
cytotoxicity (ADCC). Its relative importance in autoimmu-
nity in vivo needs to be clarified. Alternatively, cells coated
by autoantibodies can be phagocytosed, which should be
especially important with free cells, e.g. erythrocytes and
leukocytes. 

Depending on immunoglobulin isotype and IgG subclass,
autoantibodies bound to cells may activate the classical
pathway of the complement system (Figure 16.1) (Walport,
2001a; 2001b; Prodinger et al., 2003). Here, IgM, IgG1, and
IgG3 are efficient activators, while IgG2 and IgG4 are poor
activators. Cross-linking with resulting close proximity of
antibody molecules is important both for FcR-mediated acti-
vation of, for example, phagocytes, and for initiation of
complement activation upon binding of C1q to the antibod-
ies. The ensuing activation of factors C4, C2, and C3 results
in the formation of membrane attack complex (MAC) that
consists of C5-9, resulting in some damage to target cells.
The deposition of C3b and iC3b on cells sets them up for
interactions with CR present on a variety of cells, including
neutrophils and macrophages (Prodinger et al., 2003; 
Gelderman et al., 2004). Several membrane-bound comple-
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ment regulatory proteins (CD46, CD55, and CD59) and
soluble proteins inhibit activation and deposition of com-
plement factors on mammalian cells, thus reducing comple-
ment-mediated cytotoxicity. However, the interaction
between iC3b deposited on target cells and CR3 on effector
cells can enhance ADCC, although not causing cytotoxicity
alone (van Spriel et al., 2001; Gelderman et al., 2004; Salio
et al., 2004). Furthermore, activation of the complement
system results in the inflammatory split products C3a and
C5a that act via the complement receptors C3aR and C5aR,
present on many different types of cells (Drouin et al., 2001;
Prodinger et al., 2003).

Many autoantibodies are directed against intracellular
antigens, in which case they may be incapable of binding to
living cells. There are exceptions to this rule, because anti-
bodies to DNA can penetrate cells and even enter the nuclei,
where they might affect cellular functions (Portales-Perez 
et al., 1998; Ruiz-Arguelles et al., 2003). The situation is 
different with cells dying by apoptosis, because several
important intracellular autoantigens (e.g., RNA- and DNA-
binding proteins, calreticulin, heat-shock proteins) are con-
centrated in apoptotic blebs and/or are exposed on the cell
surface (Casciola-Rosen et al., 1994; Rosen and Casciola-
Rosen, 1999). To some extent these autoantigens are modi-
fied during the apoptotic process and autoantibodies can
recognize such modifications (see Chapter 15). 

FORMATION AND PROPERTIES OF
SOLUBLE IMMUNE COMPLEXES 

Many of the effects of soluble ICs in autoimmune dis-
eases are due to mechanisms that are also involved in the
direct effects of autoantibodies on cells. However, 
ICs present many unique features with regard to their
immunoregulatory and pathogenic effects. The properties of
ICs, including lattice size, depend on the relative concen-
trations and net charge of antigen and antibodies, the anti-
body affinity, and immunoglobulin isotype and subclass, as
well as on the size and number of epitopes of the antigen
(Doekes et al., 1984; Jarvis et al., 1995; 1999; Voice and
Lachmann, 1997). Obviously, IgM theoretically has the pos-
sibility to bind 10 antigen epitopes, secretory IgA binds four
epitopes, while, for instance, IgG only binds two epitopes.
However, IgG3 has been reported to self-associate and this
might increase the propensity to form ICs (Panka, 1997).
Antigen excess in combination with high concentrations of
high-affinity antibodies may result in the formation of very
large ICs. Such ICs are more easily trapped, or even pre-
cipitate, in tissues. Furthermore, ICs that contain anti-DNA
antibodies with cationic charge and DNA have much
increased propensity to bind to the polyanionic parts of
glomerular basal membranes, and are therefore more prone
to cause nephritis (Mohan and Datta, 1995). A special form
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of IC is the cryoglobulins, which are immunoglobulins 
precipitating at a temperature below 37∞C. Such ICs are
classified into types I, II or III, and usually contain IgM. 
The IgM in cryoglobulinemia type II and III show rheuma-
toid factor activity and are also in complex with IgG. Their
existence is associated with malignant, infectious, and
autoimmune diseases (Dammacco et al., 2001; see Chapter
65). 

The biologic activity of ICs is, however, a much more
complex issue, and to a large extent related to the ability of
IC-associated antibodies to interact with FcR and also to
activate the complement system. Also important is the
intrinsic ability of the antigen in ICs to interact with cellu-
lar receptors, such as Toll-like receptors (TLRs) (Takeda and
Akira, 2004). The principal functional parts of ICs are
shown in Figure 16.2A. The fact that the interaction between
TLR and soluble IC containing DNA or RNA actually
occurs in an endosomal/phagosomal compartment in B cells
(Figure 16.2B) and in PDCs (Figure 16.2C) is discussed
below. 

The major immunoglobulin isotype in soluble ICs is IgG
and the FcgRI (CD64), II (CD32), and III (CD16) are there-
fore important for the interaction of ICs with different cells,
resulting in activation or inhibition of various cell functions.
The low affinity of FcgRII and FcgRIII for Fc-portions of
IgG requires the multiple Fc portions present in IC for
binding. Thus, only IC can interact with these FcRs, which
are expressed on many different cell types (Table 16.1),
ensuring that only physiologically relevant ICs, and 
not monomeric immunoglobulin, activate the effector
responses. The FcgRI has in contrast a high affinity for 
the Fc portions of IgG and can therefore bind solitary
immunoglobulin molecules, but such FcRs must still be
cross-linked in order to become activated. Antibodies in ICs
can activate the classical pathway of the complement
system, and IgM, IgG1, and IgG3 are efficient at this, as
mentioned above. However, IgG2 also can activate the com-
plement system at higher epitope density; both this subclass
and IgA can activate the alternative complement pathway,
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FIGURE 16.2 Composition of immune complexes (ICs) and their inter-
action with cellular receptors. A, Principal components of ICs are auto-
antigens, autoantibodies (e.g., IgG isotype) that bind to Fc-receptors (e.g.,
FcgR), as well as complement components (e.g., C1q, C3, iC3b and C3d)
that bind to complement receptors (CR). Autoantigens can contain biolog-
ically active components, such as DNA or RNA that bind and activate Toll-
like receptors (e.g., TLR7-9). B, In B cells, autoantigens that contain DNA
or possibly RNA can be internalized by binding to the B-cell receptor
(BCR) for antigen and then activate TLR7-9. C, In immature plasmacytoid
dendritic cells (PDCs), also termed natural type I interferon-producing cells
(NIPCs), ICs consisting of autoantibodies (IgG isotype) and RNA/DNA-
containing autoantigens are internalized by the FcgRIIa and then activate
TLR7-9. The DNA/RNA and TLR interact in an intracellular endoplasmatic
reticulum–endosomal/phagosomal compartment.

and IgA can activate the lectin pathway (Endo et al., 1998;
Roos et al., 2001). Therefore, complement components C1q,
C4b, C3b, C3d, and iC3b are usually present in ICs and are
functionally relevant in several ways, via interactions with
the complement receptors C1qR and CR1-4 (Prodinger 
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et al., 2003). When ICs activate the complement system via
the classical pathway, the split products C3a and C5a form
and are highly inflammatory (Baumann et al., 2001). 

Antigen can contribute to the biologic activity of ICs 
in other ways than influencing IC size, charge, and number
of available Fc portions and complement factors. Thus, 
portions of the antigen can directly interact with receptors
on cells, including the TLR1-10, scavenger receptors, and
macrophage mannose receptors (Gordon, 2002). For
instance, when ICs contain DNA and DNA-binding proteins
(even nucleosomes) or RNA and RNA-binding proteins, the
nucleic acids can interact with TLRs (see below) (Akira and
Hemmi, 2003; Takeda and Akira, 2004). Furthermore, pro-
teins that include calreticulins, heat-shock proteins (hsp),
and high-mobility group 1 protein (HMGB1) may interact
with yet other receptors, e.g., HMGB1 with RAGE (Hut-
tunen and Rauvala, 2004), hsp with CD91 and TLR2/4
(Akira and Hemmi, 2003), and calreticulin with scavenger
receptor-A (Berwin et al., 2003). Consequently, an IC can
bind and activate different receptors on cells, e.g. FcR, CR,
and TLR, resulting in responses that vary depending on the
particular cell types and receptors engaged.

ELIMINATION OF IMMUNE
COMPLEXES

The inflammatory and immunostimulatory effects of ICs
(see below) are in part inhibited by systems that eliminate
ICs (Prodinger et al., 2003). Activation of the complement
system with deposition of C3b in ICs prevents precipitation
and maintains ICs in a soluble form. In primates, such ICs
can bind to the CR1 on erythrocytes and lysis of these cells
is prevented because of the presence of the complement reg-
ulatory protein CD59. The ICs are then transported to the
liver and spleen especially where they are released by the
degradation of C3b to iC3b and C3dg. The ICs subsequently
bind to CR3, CR4, and FcgRI-III on macrophages, are endo-
cytosed, and finally degraded. In the autoimmune disease
SLE, this function may be deficient (Manderson et al.,
2004). The low levels of CR1 and complement components
seen in SLE especially is probably secondary to the great
load of circulating ICs in this disease, but may still be of
pathogenic significance (Sturfelt et al., 2000). It is interest-
ing that there is a striking increase in the incidence of SLE
in individuals with hereditary deficiencies in the early com-
plement components C1, C4, and C2 (Manderson et al.,
2004). This may be due to decreased elimination of
immunostimulatory ICs (see below), but the early compo-
nents of the complement system, especially C1q, are also
involved in the elimination of apoptotic and perhaps also
necrotic cells. A reduced clearance of dead cells therefore
increases the amount of autoantigens that are available for
autoimmunization and IC formation.
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A special situation pertains with regard to IgA-
containing ICs, which can be transported across, for
example, intestinal epithelia by the poly-IgR. This may be
one way of eliminating antigens that otherwise may cause
local inflammation in the intestine and immunization of the
gut-associated lymphoid tissue especially (Monteiro and van
de Winkel, 2003). Also the FcRn has functions that suggest
involvement in some autoimmune diseases. This FcR pro-
longs the lifespan of serum IgG by preventing its uptake and
degradation in endothelial and perhaps other cells (Ober 
et al., 2004). In a murine autoimmune arthritis model, the
presence of FcRn afforded partial or complete protection
against disease (Akilesh et al., 2004). The relation of the
FcRn to ICs of different types remains to be evaluated.

INFLAMMATORY RESPONSES
CAUSED BY IMMUNE COMPLEXES 

The classical Arthus reaction was described as a dermal
inflammatory reaction due to local IC formation after
repeated subcutaneous or intradermal injections of foreign
antigens. It has served as a model for IC-induced inflam-
mation and the mechanism has been thought to involve acti-
vation of the complement system. Recent data indicate that,
at least in mice, complement plays no major part. Instead,
activation of FcgRIII by ICs is the essential trigger of the
Arthus reaction, while activation of FcgRIIb is inhibitory
(Ierino et al., 1993; Ravetch and Clynes, 1998; Ravetch,
2002). The complement system may still play an important
accessory role, because the inflammatory complement com-
ponent C5a acts by upregulating FcgRIII (Shushakova et al.,
2002). In humans, FcgRIIa is also relevant in IC-induced
inflammation (Tan Sardjono et al., 2003; Hart et al., 2004).
This activating FcgR is lacking in mice and is expressed on
many cells in the human immune system, including mono-
cytes/macrophages, DCs, neutrophils, and thrombocytes,
but not clearly on T and B cells. Importantly, mice trans-
genic for the human FcgRIIa can be made to display an
immune thrombocytopenia that resembles that in man
(McKenzie et al., 1999) and furthermore develop autoim-
mune diseases resembling human rheumatoid arthritis and
SLE (Tan Sardjono et al., 2003). 

ICs in the circulation, or formed in tissues, activate many
key cells in inflammatory processes (Figure 16.3). Endothe-
lial cells express FcgRIIa and become activated by ICs to
increase expression of cell-adhesion molecules, such as
VCAM-1 and E-selectin, and to produce several chemokines
(Groger et al., 1996; Norman et al., 2003; Christopherson
and Hromas, 2004). Thrombocytes can be directly activated
via FcgRIIa, resulting in their aggregation and adherence 
to the blood vessel wall, blood coagulation, and endothe-
lial cell proliferation. Granulocytes and monocytes/
macrophages express all three FcgR and can, via FcgRIIa or

Ch016-P595961.qxd  2/2/06  2:36 PM  Page 208



FcgRIIIa, be activated by ICs to produce a wide range of
proinflammatory cytokines and chemokines (see below).
Other cells that are involved in IC-mediated inflammation
are mast cells and basophilic granulocytes that, besides
being triggered by antigen via cross-linking of the FceRI-
associated IgE, also can become activated by IgG-
containing ICs via FcgRI or FcgRIIa (Takai, 2002; Tkaczyk
et al., 2004). Inflammatory cytokines and chemokines, and
expression of cell adhesion molecules on endothelial cells
and leukocytes, result in adhesion of the latter to blood
vessel walls and migration into tissues. Besides the cell
types mentioned so far, B and T cells, as well as type 1 DCs
(e.g., monocyte-derived DCs) and PDCs, express different
FcRs and are involved in the inflammatory process. B cells
mature into autoantibody-forming plasma cells that can give
rise to local formation of ICs that sustain the inflammatory
process. Thus, all cells that are considered important in the
development of inflammatory changes in blood vessels and
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tissues can interact with ICs and become activated in various
ways. 

IMMUNOINHIBITORY EFFECTS OF
IMMUNE COMPLEXES

Antibodies can regulate feedback their production, being
either suppressive or enhancing. A wealth of experimental
data, especially in mice, have revealed suppressions of 
more than 99% and enhancements of more than 100-fold
(Heyman, 2000; 2003). In both cases, IC formation appears
to be a prerequisite for these effects. Suppression of immune
responses to particulate antigens, often erythrocytes, has pri-
marily been seen with IgG antibodies, although IgM and IgE
antibodies can also suppress. Attempts to demonstrate
involvement of, for example, FcgR have failed and led to the
conclusion that the suppressive effects of antibodies are due
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FIGURE 16.3 Inflammation in blood vessels and tissues caused by immune complexes (ICs). The ICs can activate
the complement system, resulting in production of inflammatory C3a and C5a. The ICs can cause aggregation of platelets
on the endothelium and also trigger release of inflammatory and cytotoxic mediators from indicated effector cells (e.g.,
neutrophils, monocytes/macrophages and mast cells), as well as endothelial cells. Migration of blood leukocytes to
tissues occurs by chemokinesis, governed by induced expression of chemokines and cell-adhesion molecules. 
Migrating cells include B cells that, as plasma cells, produce autoantibodies, resulting in local IC formation, and den-
dritic cells that can be loaded with autoantigens and aid in the propagation of the autoimmune response.
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to masking of antigens. The situation appears different with
ICs containing soluble antigens. It seems that such ICs nor-
mally enhance antibody responses, but there is a simultane-
ous regulation of negative feedback that tends to restrict the
enhancement and which involves the FcgRIIb. Thus, greatly
increased antibody titers were seen in FcgRIIb knock-out
mice after injection with IgG1-, IgG2a- or IgG2b-
complexed antigens (Wernersson et al., 1999). This FcR 
is inhibitory in nature via its content of ITIM; is expressed
on B cells, for example; and inhibits BCR activation when
cross-linked with the BCR (Ravetch and Bolland, 2001).
The FcgRIIb is also expressed on many other cells, includ-
ing DCs and mast cells, and can inhibit the functions of 
such cells in immune responses (Kepley et al., 2003; 2004;
Tkaczyk et al., 2004). The observation that FcgRIIb knock-
out mice develop autoimmune diseases supports the con-
tention that ICs interacting with this FcR are involved in the
inhibition of autoimmune responses in vivo (Bolland and
Ravetch, 2000).

Another way by which ICs can inhibit immune responses
is via induction of interleukin (IL)-10 (see below). This
cytokine has potent inhibitory effects on the production of
proinflammatory cytokines, such as tumor necrosis factor
(TNF)-a, and immunostimulatory cytokines, such as IL-12
and IFN-a (Moore et al., 2001). For instance, experimental
IC-induced pulmonary disease in rats is aggravated upon
neutralization of endogenous IL-10 (Shanley et al., 1995). 

IMMUNOSTIMULATORY EFFECTS OF
IMMUNE COMPLEXES 

Immunostimulatory ICs can have an important role in the
normal immunizing process, because antibodies appear 
sufficiently early in the local environment of the lymphoid
organs to have a major effect on the early immune response
to exogenous antigens. In fact, preformed natural antibodies
may be important for the initiation of immune responses in
mice (Diaz de Stahl et al., 2003; Zinkernagel, 2003). Clas-
sical complement pathway activation and FcRs are also
important for normal primary immune responses, support-
ing a crucial role for ICs (Diaz de Stahl et al., 2003). Against
this background, it is likely that ICs should also have a major
impact on the immunization against autoantigens, and con-
sequently in autoimmune diseases. Regarding possible
mechanisms for this, the IC-mediated enhancement of anti-
body production is dependent on FcgR with respect to
murine IgG1 and IgG2, and CR for IgG3 and IgM (Heyman,
2003). On the other hand, the immunostimulatory effect of
IgE is due to the low-affinity FceRII (Getahun and Heyman,
2004). 

ICs consisting of aggregated immunoglobulin, or ICs
containing antibodies and proteins such as ovalbumin
(OVA), have at least two major effects on monocytes and
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DCs. They can trigger production of cytokines, such as IL-
10, IL-6, and TNF-a, by monocytes/macrophages and by
monocyte-derived DCs (Rönnelid et al., 2003; Radstake et
al., 2004). The IC-activated DCs produce IL-10 but not 
IL-12, despite findings that ICs induce DC maturation 
(Kalergis and Ravetch, 2002; Radstake et al., 2004). Con-
sequently, ICs have been suggested to promote type 2 helper
T (Th2)-cell responses and even tolerance. A further impor-
tant property of ICs is their ability to enhance uptake of
exogenous antigens for presentation not only by major his-
tocompatibility complex (MHC) class II molecules, but also
MHC class I molecules (Villinger et al., 2003; Gil-
Torregrosa et al., 2004). Maturation of DCs, together with
MHC class I- and II-associated presentation of antigen, sets
the stage for activation of Th1 cells and cytotoxic T lym-
phocytes (CTLs). However, this requires costimulation by
appropriate cytokines, such as IL-12 and/or IFN-a, the pro-
duction of which is not readily triggered by simple ICs. 

Another mechanism of action of ICs is their ability to
activate B cells via their content of C3b/d and antigen
(Carter and Barrington, 2004). This is achieved by cross-
linking the BCR and the B-cell coreceptor CD21(=CR2)–
CD19 complex, resulting in decrease in the threshold for 
B-cell activation of more than 1000-fold. This function of
ICs is at least in part exerted by follicular DCs (FDCs) that
reside in the primary and secondary follicles (germinal
centers) in lymphoid organs (Haberman and Shlomchik,
2003; Kosco-Vilbois, 2003). The FDCs trap ICs via FcgRII
and CR1/CR2, sequester antigen in the form of ICs for long
time periods, and present antigen to B cells that have hyper-
mutated and switched class. Recognition of the antigen has
been proposed to prevent apoptosis of B cells and to favor
survival and selection of memory B cells and pre-plasma
cells that produce antibodies with higher affinity for antigen.
This dogma has, however, been questioned, primarily
because affinity maturation of B cells and memory devel-
opment proceeds in the absence of FDCs in certain murine
experimental systems. 

FUNCTION OF IMMUNE COMPLEXES
CONTAINING DNA OR RNA

Nucleic acids, DNA or RNA, as part of autoantigens or
ICs may be important in the etiology and pathogenesis of
autoimmune diseases, because they can activate key cells in
the immune system, in particular B cells (Leadbetter et al.,
2002; Viglianti et al., 2003) and immature PDCs, also
termed natural IFN-producing cells (NIPC) (Vallin et al.,
1999a; 1999b). In order to be activating, the DNA usually
needs to contain nonmethylated CpG motifs in a certain base
context (Krieg, 2002), while the requirements for RNA are
less well studied, but may be dependent on GU-rich single-
stranded RNA (Diebold et al., 2004; Heil et al., 2004). The
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RNA probably activates cells via binding to TLR7 and
TLR8, and the DNA activates via TLR9. However, these
TLRs are intracellular in resting cells, and the RNA or DNA
must therefore enter cells in order to interact with them (Latz
et al., 2004). B cells can internalize nucleic acid complexed
with proteins via BCRs that recognize antigenic epitopes on
the complex (Figure 16.2B). The NIPCs/PDCs can internal-
ize ICs containing nucleic acids via interaction with FcgRIIa
(Figure 16.2C) (Båve et al., 2003). In fact, TLR7-9 appears
to react with DNA and RNA in the same endoplasmic retic-
ulum–endosomal/phagosomal compartment that is used to
load MHC class I molecules with peptides of an external
antigen (i.e., cross-presentation) in DCs (Latz et al., 2004;
Gil-Torregrosa et al., 2004). 

The findings that proliferation and immunoglobulin
secretion in B cells can be activated via dual engagement 
of BCR and TLR9, either by ICs that contain chromatin 
or CpG-rich dsDNA, has implications for autoimmunity
(Leadbetter et al., 2002; Viglianti et al., 2003). Thus, any
autoantigen that associates either with DNA that can acti-
vate TLR9, or with RNA that activates TLR7/TLR8, may
stimulate production of autoantibodies with specificity for
proteins or for associated DNA or RNA. Such autoantibod-
ies are in fact common, especially in systemic autoimmune
diseases. This T-cell-independent activation of B cells by
means of BCR and TLR9 presents an obvious danger, giving
rise to potentially pathogenic autoantibodies, and should be
efficiently controlled in order to maintain self-tolerance.
One such controlling mechanism may involve prevention of
the response to antigen and CpG-DNA in anergic B cells by
uncoupling the BCR-activated calcineurin-dependent NFkB
pathway, which inhibits their proliferation, as well as by
continuous stimulation of the ERK MAP kinase pathway,
which inhibits their differentiation to plasma cells (Rui 
et al., 2003). 

With regard to the NIPCs/PDCs, the activation of TLR7-
9 triggers the immediate production of cytokines and the
further maturation of these immature cells into efficient
antigen-presenting cells (APCs) (Coccia et al., 2004; Salio
et al., 2004). The NIPCs/PDCs are the principal and
extremely efficient producers of type I IFN (IFN-a, -b, -w,
-e, and -k), the 12 different IFN-a subtypes being dominant
(Fitzgerald-Bocarsly, 2002; Izaguirre et al., 2003). Besides
IFN-a, NIPCs/PDCs produce other cytokines under certain
conditions, including IL-6, IL-12, IP-10, MIP-1a, and IL-8.
During viral infections, the produced IFN-a directly inhibits
virus replication as part of the innate immunity, but also pro-
motes development of adaptive antiviral immunity and
sometimes also autoimmunity with production of autoanti-
bodies (Hunziker et al., 2003). In recent years, IFN-a has
been shown to have a variety of actions on cells in the
immune system that can be important in the promotion of
autoimmunity, e.g., inducing maturation of potent mono-
cyte-derived DCs; promoting survival, proliferation, and
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CD40-independent immunoglobulin class switching in B
cells; as well as preventing apoptosis and stimulating devel-
opment of Th1 cells and cytotoxic T cells (Rönnblom et al.,
2003). Autoantibodies with specificity for DNA or RNA or
associated proteins can form IFN-inducing (interferogenic)
ICs when combined with DNA/RNA-containing material
released by apoptotic or necrotic cells (Lövgren et al., 2004),
and act as endogenous IFN-a inducers that can result in 
continued triggering of the IFN-a production in NIPCs/
PDCs. In fact, small DNA-containing ICs with the capacity
to induce IFN-a production in NIPCs/PDCs have been 
identified in the circulation of SLE patients (Vallin et al.,
1999a). 

Several findings support the view that ongoing IFN-a
production driven by interferogenic ICs may have a pivotal
role in the etiology and pathogenesis of some autoimmune
diseases (Rönnblom and Alm, 2001; Rönnblom et al., 2003).
The latter include SLE, Sjögren syndrome, dermato-
myositis, type 1 diabetes, and psoriasis, which all have an
activated type I IFN system, and this, at least in SLE, 
correlates to disease activity and severity. The possible
etiopathogenic role for DNA/RNA-containing ICs in such
autoimmune diseases, notably SLE, is outlined in Figure
16.4. Initially, autoantibodies to antigens that contain RNA
or DNA are produced, perhaps as a result of a viral infec-
tion. These autoantibodies then form ICs that serve as
endogenous IFN-a inducers, activating NIPCs/PDCs via
FcgRIIa and TLR. The IFN-a produced stimulates the
immune system as outlined above, so as to promote an
autoimmune response. This action of IFN-a is made more
efficient by the fact that presentation of antigens and pro-
duction of type I IFNs occur in DCs that are similar, if not
identical, and located primarily in the lymphoid organs. B
cells are activated by T cells, but can also be stimulated
directly by chromatin–IgG complexes, which will favor 
production of antibodies that form IFN-a-inducing ICs. A
process that has the features of a vicious circle is thus 
established, which maintains the autoimmune process by
continuously exposing the immune system to endogenous
IFN-a inducers and to IFN-a produced by the NIPCs/PDCs
(Rönnblom and Alm, 2001; Rönnblom et al., 2003). This
process is facilitated by increased apoptosis and reduced
clearance of apoptotic material in SLE. Antibodies against
autoantigens that are not associated with material contain-
ing nucleic acids are expected to occur with time.

IMMUNE COMPLEXES 
AND DISEASES

The prototypic autoimmune IC-mediated disease is SLE
(see Chapters 27 and 28), but ICs are also involved in several
other rheumatic diseases. Among the most common is RA
(see Chapter 32), where IC formation can occur both in
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tissues (Jarvis et al., 1995) and in the circulation, the latter
especially in conjunction with extra-articular disease
(Zlabinger et al., 1990). Several of the vasculitides affecting
small vessels are IC mediated, and among these are Henöch-
Schönlein purpura, cryoglobulinemic vasculitis, and poly-
arteritis nodosa (see Chapter 65). It is also important 
to note that circulating ICs may not only cause dramatic 
diseases such as vasculitis, but may contribute to such a
common disease as atherosclerosis (see Chapters 64 and 71).
Here, ICs that contain antibodies against low-density
lipoprotein (LDL) and oxLDL can trigger cholesterol ester
accumulation in macrophages, activation of these cells,
inflammation, and plaque formation (Virella et al., 2002;
Wick et al., 2004). In several organ-specific autoimmune
diseases, ICs can be detected in affected tissues and/or in 
the circulation. Among these are type 1 diabetes mellitus
(Ahmed et al., 1999), Hashimoto’s thyroiditis (Nielsen et al.,
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2004), and pemphigus vulgaris (Wang et al., 2004). The
exact role of the ICs in the disease process is unclear, but
once formed they may play an important role in the perpet-
uation of the autoimmune reaction, as discussed above. 
Consequently, several procedures aimed at reducing the
levels of circulating ICs or their biologic effects have been
explored. Plasmapheresis or plasma exchange has thus been
used for many years with some benefit mainly in severe vas-
culitis (Braun-Moscovici and Furst, 2003b). To more specif-
ically remove IgG-containing ICs, a staphylococcus protein
A column has been developed and used, for example, in
severe refractory RA (Kunkel et al., 2002; Braun-Moscovici
and Furst, 2003b) and a C1q column in SLE (Hiepe et al.,
1999). Furthermore, high-dose intravenous IgG treatment
can inhibit FcR-mediated effects by ICs, and has been used
in several autoimmune diseases, such as autoimmune throm-
bocytopenic purpura, vasculitis, and SLE with glomeru-
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FIGURE 16.4 Role of DNA/RNA-containing immune complexes (ICs) in the induction and maintenance of auto-
immune disease. Apoptotic or necrotic cells release DNA- or RNA-containing autoantigens that can activate IgG auto-
antibody-producing B cells. Such autoantibodies can occur during viral infections, due to stimulatory effects on B cells
and induced type I interferon (IFN) production in immature plasmacytoid dendritic cells (NIPCs/PDCs). Autoantibod-
ies and DNA/RNA-containing autoantigens form ICs that act as endogenous inducers of type I IFN production in
NIPCs/PDCs. The type I IFN, especially IFN-a, has multiple immunostimulatory actions that include induced matura-
tion of monocyte-derived DCs (type 1 DCs), development of type 1 helper T (Th1) cells and cytotoxic T (Tc) cells, as
well as facilitation of B-cell activation. The resulting further autoantibody production causes formation of more IFN-
inducing ICs, IFN-a production, and IFN-mediated immunostimulation. The autoimmune process is consequently sus-
tained by a mechanism with the features of a vicious circle. IFNAR, denotes the type I IFN receptor. 
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lonephritis (Braun-Moscovici and Furst, 2003a). In future,
more specific inhibitors of IC actions and efficient methods
to eliminate detrimental ICs can be anticipated.
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FIGURE 16.4 Role of DNA/RNA-containing immune complexes (ICs) in the induction and maintenance of auto-
immune disease. Apoptotic or necrotic cells release DNA- or RNA-containing autoantigens that can activate IgG auto-
antibody-producing B cells. Such autoantibodies can occur during viral infections, due to stimulatory effects on B cells
and induced type I interferon (IFN) production in immature plasmacytoid dendritic cells (NIPCs/PDCs). Autoantibod-
ies and DNA/RNA-containing autoantigens form ICs that act as endogenous inducers of type I IFN production in
NIPCs/PDCs. The type I IFN, especially IFN-a, has multiple immunostimulatory actions that include induced matura-
tion of monocyte-derived DCs (type 1 DCs), development of type 1 helper T (Th1) cells and cytotoxic T (Tc) cells, as
well as facilitation of B-cell activation. The resulting further autoantibody production causes formation of more IFN-
inducing ICs, IFN-a production, and IFN-mediated immunostimulation. The autoimmune process is consequently sus-
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Functional autoantibodies may be defined as antibodies
that produce a pharmacologic-type effect on whole organs,
tissues or cells in vivo and in vitro, in the absence of acti-
vation of immune mechanisms. These antibodies recognize
extracellular epitopes, frequently on neurotransmitter recep-
tors or ion channels, and may contribute to the patho-
genesis of the autoimmune disease. They contrast with the
majority of classical autoantibodies, such as anticentromere
autoantibodies, which are useful as diagnostic markers, rec-
ognize intracellular epitopes, and are unlikely to contribute
to disease pathogenesis (Table 17.1). The first functional
autoantibodies to be characterized were anti-thyroid stimu-
lating hormone (TSH) receptor autoantibodies in the 1950s
(see Chapter 35; Adams and Purves, 1956; Lessof et al.,
1959), followed by autoantibodies to skeletal muscle nico-
tinic receptors in myasthenia gravis in the 1970s (see
Chapter 48; Almon et al., 1974; Lindstrom et al., 1976) and
autoantibodies to neuronal voltage-gated calcium channels

(VGCCs) in Lambert–Eaton myasthenic syndrome (LEMS)
in the 1980s (see Chapter 48; Prior et al., 1985; Lang et al.,
1987; Leys et al., 1989). Since then, new functional auto-
antibodies have been described in cardiac, endocrine, 
gastroenterologic, neurologic, and rheumatologic disorders
(Table 17.2); a better understanding of these autoantibodies
is likely to enhance greatly our ability to diagnose, monitor,
and treat the associated autoimmune diseases. 

GENERAL FEATURES OF
FUNCTIONAL AUTOANTIBODIES

Epitopes 

Most functional autoantibodies appear to recognize epi-
topes on large molecules that are either receptors or ion
channels (Figure 17.1) (see Chapter 48). These molecules
have complex conformations that alter depending, for
example, on ligand binding or changes in membrane poten-
tial. Thus, autoantibodies may bind only under highly spe-
cific conditions. This necessitates the development of new
strategies for studying and identifying functional antibodies. 

Neurotransmitter Receptors

The first major class of autoantibody target is the neuro-
transmitter receptors. These are classified as either meta-
botropic (usually with a seven-transmembrane domain
structure and coupled to intracellular second messenger
systems; Figure 17.1B) or ionotropic (containing an intrin-
sic ion channel and usually comprising multiple subunits;
Figure 17.1C). Neurotransmitters such as acetylcholine and
glutamate have both metabotropic and ionotropic receptors,
and in each case, functional autoantibodies exist to both the
metabotropic and ionotropic forms (Table 17.1). Nonpeptide

Functional Effects of Autoantibodies
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neurotransmitters that act at metabotropic receptors bind to
a complex binding pocket composed of multiple amino acids
from different transmembrane domains, but which includes
part of the second extracellular loop (Zeng and Wess, 1999;
Hulme et al., 2003). There has been variable success in
detecting functional autoantibodies using short peptides cor-
responding to the second extracellular loop (see below). In
vivo, this region of the receptor is linked by disulfide bonds
to the first extracellular loop, and may be involved in the
formation of receptor multimers (Zeng and Wess, 1999;
Figure 17.1B). Thus, linear peptides are unlikely to mimic
the conformation of the epitope in vivo. However, extract-
ing whole receptors in their native conformation for use in
detecting autoantibodies may be difficult, if not impossible,
due to the importance of associated molecules in retaining
the appropriate conformation of the receptor. Extraction of
lipid rafts containing the receptor may be a compromise
between using purified receptor and obtaining receptors in
the correct conformation. 

Ion Channels

The second major class of autoantibody target besides
receptors is ion channels (Figure 17.1A). To date, auto-
antibodies against VGCCs and voltage-gated potassium
channels (VGKCs) have been well described (Table 17.1).
VGCCs are composed of four major subunits: a1, b, a2d, and
in some regions, a g subunit. The a1 subunit is the pore-
forming subunit and spans the cell membrane. Several sub-
types of a1 subunit exist, each with different pharmacologic
and electrophysiologic properties, and each present in 
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different cell types (Jones, 1998). Neurotransmitter release
depends principally on calcium influx into nerve terminals
through a1A or a1B subunit-containing channels, and auto-
antibodies recognizing these subunits are present in LEMS,
where they inhibit transmitter release (Lang et al., 1987;
Motomura et al., 1997). Voltage-gated channels change con-
formation in response to membrane depolarization; thus, dif-
ferent epitopes may be present depending on the membrane
potential of the cell. The a1C subunit that forms the pore of
L-type VGCCs in smooth muscle has a binding site for the
dihydropyridine class of drugs. Dihydropyridine agonists
bind preferentially when the cell is depolarized and the
calcium channel is open, whereas the dihydropyridine antag-
onists bind preferentially to the closed channel at resting
membrane potential (Hockerman et al., 1997). Similarly,
functional autoantibodies in type 1 diabetes that mimic dihy-
dropyridine agonists may recognize only the depolarized
state of the a1C calcium channel subunit (Jackson et al.,
2004). Such specificity of binding is likely to explain why
some autoantibodies are difficult to detect using standard
techniques (see below). VGKCs have a similar structure to
that of calcium channels except that four pore-forming a
subunits form a complex with four intracellular b subunits
(Benatar, 2000). Autoantibodies in patients with neuromy-
otonia recognize one of the subtypes of a subunit: Kv1.1a,
Kv1.2 or Kv1.6 (Hart et al., 1997). 

A small group of functional autoantibodies recognizes
other structures, including gangliosides and membrane-
bound enzymes. Gangliosides are sialic acid-containing 
glycolipids present in the outer leaflet of cell membranes,
and are highly enriched in the nervous system. Bacterial

TABLE 17.1 Comparison of the features of functional versus classical autoantibodies

Functional autoantibodies Classical autoantibodies

Recognize extracellular epitopes such as neurotransmitter receptors and Recognize intracellular epitopes
ion channels

Very useful as diagnostic markers in some diseases, but simple assays remain Useful diagnostic markers
to be developed for some autoantibodies

Have a pharmacologic effect on cell function No detectable effect on cell function

Activation of immune mechanisms, such as complement is not required for May activate immune mechanisms or have no effect on function
autoantibody-mediated effect, but may occur

Mimic disease symptoms following passive transfer No effect on passive transfer, e.g. Sutton and Winer (2002)

Can be difficult to detect by standard immunochemical methods Detectable by standard immunochemical methods, including 
ELISA, immunoblot, immunofluorescence

Recognize conformational, fixation-sensitive epitopes Can recognize linear peptides

Detectable by functional assays and effective in passive transfer No effect on functional assays or by passive transfer

Examples include anticalcium channel antibodies in LEMS and Examples include anticentromere and anti-Sc170 antibodies in 
antimuscarinic receptor antibodies in Sjögren syndrome scleroderma, and anti-Hu and anti-Yo antibodies in paraneoplastic

syndromes

LEMS, Lambert–Eaton myasthenic syndrome.
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TABLE 17.2 Functional autoantibodies and their targets in autoimmune disease

Autoantibody target Disease Reference

N-type voltage-gated calcium channel (a1B subunit) Lambert–Eaton myasthenic syndrome Prior et al. (1985), Lang et al. (1987), Motomura et al.
(1997), Waterman et al. (1997)

P/Q-type voltage-gated calcium channel (a1A Lambert–Eaton myasthenic syndrome Prior et al. (1985), Lang et al. (1987), Motomura et al.
subunit) (1997), Waterman et al. (1997)

Paraneoplastic cerebellar Mason et al. (1997), Graus et al. (2002), Fukuda et al.
degeneration (2003)

Amyotrophic lateral sclerosis Llinas et al. (1993)
L-Type voltage-gated calcium channel (a1C Diabetes Jackson et al. (2004)

subunit, smooth muscle isoform)
L-Type voltage-gated calcium channel (a1S Amyotrophic lateral sclerosis Kimura et al. (1994)

subunit)
L-type voltage-gated calcium channel (a1C subunit, Neonatal lupus congenital heart block Xiao et al. (2001a)

cardiac isoform)
Voltage-gated potassium channel Neuromyotonia and immune- Shillito et al. (1995), Hart et al. (1997; 2002), Vernino 

mediated peripheral nerve and Lennon (2002)
hyperexcitability

Slow transit constipation Knowles et al. (2002)
Idiopathic epilepsy and epilepsy with Lang et al. (2001), Williams et al. (2001)

cerebral malaria
Morvan syndrome Lee et al. (1998), Barber et al. (2000), Liguori et al.

(2001)
Reversible limbic encephalitis Buckley et al. (2001), Pozo-Rosich et al. (2003),

Schott et al. (2003), Vincent et al. (2004)

Metabolic receptors
a1-Adrenoreceptor Hypertension Luther et al. (1997), Liao et al. (2002)
b1-Adrenoreceptor Idiopathic dilated cardiomyopathy Limas et al. (1991), Fu et al. (1993), Matsui et al. 

(with ventricular arrhythmia) (1995), Wallukat et al. (1995), Atger et al. (1999), 
Chiale et al. (2001), Christ et al. (2001)

Chagas’ disease (with ventricular Sterin-Borda and Borda (2000), Chiale et al. (2001)
arrhythmia)

b2-Adrenoreceptor Chagas’ disease Sterin-Borda and Borda (2000)
Angiotensin-1 receptor Pre-eclampsia Wallukat et al. (1999b)

Hypertension Fu et al. (2000), Liao et al. (2002)
Metabotropic glutamate GluR1a receptor Paraneoplastic cerebellar ataxia Sillevis Smitt et al. (2000), Cosesmans et al. (2003)
M1-Muscarinic receptor Congenital heart block Borda et al. (1999)

Sjögren syndrome Perez Leiros et al. (1999)
M2-Muscarinic receptor Idiopathic dilated cardiomyopathy Fu et al. (1993), Matsui et al. (1995), Wallukat et al.

(with sinus node dysfunction) (1999a), Chiale et al. (2001)
Chagas’ disease (with sinus node Goin et al. (1994a), Sterin-Borda and Borda (2000),

dysfunction) Chiale et al. (2001), Hernandez et al. (2003)
M3-Muscarinic receptor Primary and secondary Bacman et al. (1996),

Sjögren syndrome Waterman et al. (2000)
Scleroderma Goldblatt et al. (2002)

Melanin-concentrating hormone receptor 1 Vitiligo Kemp et al. (2002)
(MCHR1)

TSH receptor Graves’ disease Atger et al. (1999)

Ionotropic receptors
Glutamate GluR2 receptor* Cerebellar degeneration Gahring et al. (1997)
Glutamate GluR3 receptor* Rasmussen encephalitis Rogers et al. (1994), Wiendl et al. (2001), 

Mantegazza et al. (2002)
NMDA receptor (NR2 receptor) Neuropsychiatric lupus DeGiorgio et al. (2001)
Skeletal muscle nicotinic receptor Myasthenia gravis Appel et al. (1975), Lindstrom et al. (1976)
Neuronal nicotinic receptor Dysautonomia Vernino et al. (1998; 2000; 2001)

Other molecules
Cardiac troponin I Dilated cardiomyopathy Okazaki et al. (2003)
Gangliosides GQ1b, GM1 Guillain–Barré syndrome and McCombe et al. (1992), Roberts et al. (1994),

Fisher syndrome Schwerer (2002)
Lysoganglioside GM1 Sydenham chorea Kirvan et al. (2003)
Muscle-specific serine kinase (MuSK) Myasthenia gravis Hoch et al. (2001), Evoli et al. (2003), Sanders et al.

(2003)

*AMPA receptor.
NMDA, N-methyl-d-aspartate; TSH, thyroid-stimulating hormone.
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FIGURE 17.1 Structures of some channels and receptors targeted by functional autoantibodies. A, a Subunit of a voltage-gated calcium channel, with four repeats
(I–IV) each with six hydrophobic transmembrane segments (S1–6). The fourth transmembrane domain in each repeat contains the voltage sensor, and the S5-6 hairpin
regions form the lining of the channel pore and confer ion selectivity. B, Muscarinic receptor with seven transmembrane domains. The extracellular N-terminal has
a number of glycosylation sites (N). A disulfide bond (S–S) occurs between the first and second extracellular loops (e-1 and e-2). i-1-i-3, intracellular loops. C, One
subunit of an ionotropic glutamate receptor of the AMPA subtype, with its three transmembrane domains (M1, M3, and M4) and a cytoplasm-facing re-entrant 
membrane loop (M2). Each receptor is composed of four such subunits. S1 and S2 are ligand-binding domains. D, Muscle-specific tyrosine kinase (MuSK), with
its immunoglobulin-like domains indicated by filled ovals, an N-terminal signal sequence (filled rectangle), extracellular cysteine-rich domain (shaded), and an intra-
cellular kinase domain (hatched). 

Adapted from Muth et al. (2001), Smith (1996), Dingledine et al. (1999), and Hoch et al. (2001). 
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lipopolysaccharides can mimic gangliosides, and most func-
tional autoantibodies in this group of diseases have been
proposed to arise as a result of molecular mimicry. Thus,
autoantibodies to GM1 and GQ1b in Guillain–Barré syn-
drome and Miller–Fisher syndrome may arise following
infection by Campylobacter jejuni (Schwerer, 2002), and
antibodies to lysoganglioside GM1 in Sydenham chorea
may follow Streptococcus pyogenes infection (Kirvan et al.,
2003). 

Muscle-Specific Tyrosine Kinase

Recently, functional autoantibodies to muscle-specific
tyrosine kinase (MuSK) have been described in seronega-
tive myasthenia gravis (Hoch et al., 2001). MuSK is required
for agrin-induced clustering of skeletal muscle nicotinic
receptors. It has four extracellular immunoglobulin-like
domains at its N-terminus, to which autoantibodies bind
(Figure 17.1D; Hoch et al., 2001). Anti-MuSK antibodies
inhibit receptor clustering, thereby inhibiting skeletal 
neuromuscular transmission (Hoch et al., 2001). 

Tumor Cell Antigens

A significant number of diseases with functional auto-
antibodies occur as paraneoplastic syndromes. In these dis-
eases, the autoantigen has usually been identified in the
tumor cells. It has therefore been proposed that an immune
response initially directed against the tumor produces anti-
bodies that cross-react with receptors and ion channels in
normal tissues (Vincent, 2002). Myasthenia gravis can occur
in association with thymoma, and skeletal muscle nicotinic
receptors have been identified in thymoma cells (Newsom-
Davis, 1997a). Thymoma can also be present in patients 
with neuromyotonia (Hart et al., 2002), reversible limbic
encephalitis (Buckley et al., 2001) or Morvan syndrome
(Lee et al., 1998), all with anti-VGKC autoantibodies.
Whether these channels are expressed by thymoma cells is
not yet known. Small cell lung carcinoma cells have a neuro-
ectodermal origin and express many neuronal proteins,
including N-type and P/Q-type VGCCs, and the a3 subunit
of neuronal nicotinic receptors. Small cell lung carcinoma
occurs in association with LEMS and paraneoplastic cere-
bellar degeneration (with anti-P/Q–type VGCC autoanti-
bodies) (Vincent, 2002), and with autoimmune autonomic
neuropathy (with antineuronal nicotinic receptor autoanti-
bodies) (Vernino et al., 1998). Some patients with paraneo-
plastic cerebellar degeneration or paraneoplastic ataxia/
opsoclonus produce autoantibodies to ionotropic glutamate
receptors (GluR1, GluR4, and GluR6); in these particular
cases, the syndromes were associated with transitional cell
carcinoma of the bladder and breast cancer (Gahring et al.,
1995). It is not yet known whether these tumors express glu-
tamate receptors. 
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Detection of Functional Autoantibodies

Assay Characteristics

By definition, functional autoantibodies alter the activity
of another molecule and must therefore recognize con-
formational epitopes, sometimes even activity-dependent
epitopes, in vivo. Consequently, functional autoantibodies
can be difficult to detect by standard immunochemical
approaches in which molecules may be denatured, reduced
or fixed, or short peptides used. This is compounded by the
low serum levels of these autoantibodies and the require-
ment for high serum concentration, leading to an increase 
in background binding and low signal-to-noise ratios
(McLachlan and Rapoport, 1996). Functional autoantibody
detection ideally requires the use of sensitive physiologic
assays, as described below. Exceptions to this are the three
well-studied neurologic disorders in which highly sensitive
immunoprecipitation assays with radioiodinated toxins are
used diagnostically: myasthenia gravis (a-bungarotoxin-
labeled nicotinic receptors), LEMS (w-conotoxin MVIIC-
labeled P/Q-type calcium channels), and neuromyotonia
(a-dendrotoxin-labeled VGKCs) [reviewed in Vincent
(2002)]. However, it is not certain that autoantibodies
detected using these assays are capable of producing a 
functional effect, since binding to intracellular versus 
extracellular regions of the antigen is not distinguished.
Nevertheless, there is a generally good correlation between
disease severity and titer for individual patients with these
methods (Newsom-Davis et al., 1978; Shillito et al., 1995;
Motomura et al., 1997). 

Flow Cytometry

Alternative methods such as flow cytometry are needed
to demonstrate binding of autoantibody to extracellular epi-
topes (Nguyen et al., 2000), but antigens are frequently not
expressed at high enough density in native cell lines to
enable sufficiently sensitive analysis; transfected cell lines
are an alternative (see below; Vincent, 2002), although
receptors and channels are not necessarily expressed in their
native form in such systems. 

Limitations of Conventional Assays

For most other diseases in which functional autoantibod-
ies have been detected, functional assays have proved the
most sensitive and specific. Assays used successfully to
demonstrate functional effects of autoantibodies can employ
isolated cells through to tissues and whole organs undergo-
ing physiologic behaviors (see below). Functional assays 
are time consuming and not readily automated. A number 
of investigators have thus attempted to detect functional
autoantibodies using simpler techniques, including peptide-
based enzyme-linked immunosorbent assays (ELISAs).
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However, these may not detect autoantibodies that recog-
nize complex conformational epitopes. The most commonly
studied autoantibodies in this regard are to G-protein-
coupled (metabotropic) receptors; numerous studies have
used linear peptides corresponding to the second extracellu-
lar loop of the receptor in ELISAs to detect the autoanti-
bodies. However, in the majority of studies, the methods
were not sufficiently stringent to rule out nonspecific
binding of antibodies to peptides. Jahns et al. (1999)
reported that when significant reactivity with a peptide was
defined as a signal above the mean and two standard devia-
tions of healthy subjects, a large number of false-positive
anti-b1-adrenoceptor autoantibodies were detected in
patients with dilated cardiomyopathy when the peptide
ELISA results were not corrected for nonspecific binding.
Correcting for nonspecific binding reduced the apparent
prevalence of the autoantibodies from 51% to 34%.
However, only a subgroup of these autoantibodies, 26%,
also recognized native receptor in cell membranes and had
a functional effect on b1-adrenoceptor activity (Jahns et al.,
1999). Similarly, reports of autoantibodies binding to the
second extracellular loop peptide from 5-hydroxytrypta-
mine-4 (5-HT4) receptors in Sjögren syndrome and systemic
lupus erythematosus (SLE) (Eftekhari et al., 2000) could not
be confirmed (Buyon, 1996; Cavill et al., 2002a). Binding
of autoantibodies to second extracellular loop peptides from
M3- and M4-muscarinic receptors (Bacman et al., 1996;
1998) could also not be confirmed using ELISA (Cavill 
et al., 2002b). Furthermore, autoantibodies to M3- or M4-
muscarinic receptors could not be detected using
immunoblot, immunoprecipitation or immunofluorescence
techniques (Gordon et al., 2001; Cavill et al., 2002b) when
appropriate controls were included, but were detectable in
functional assays on colon or bladder smooth muscle
(Waterman et al., 2000; Goldblatt et al., 2002). Studies
detecting autoantibodies to second extracellular loop pep-
tides from M2-muscarinic receptors in Chagas disease (Goin
et al., 1997) and idiopathic dilated myopathy (Fu et al.,
1993) also need to be repeated using more stringent tech-
niques, since the autoantibody prevalence rates of 39% and
53%, respectively, are likely to include false positives. 

The limitations of traditional immunochemical ap-
proaches have no doubt hampered the discovery of new
functional autoantibodies. Future studies are most likely to
be successful if patient immunoglobulin is tested in func-
tional assays or by passive transfer techniques. Recently, for
example, autoantibodies that activate L-type VGCCs and
disrupt intestinal motor activity have been detected in
patients with type 1 diabetes (Jackson et al., 2004); these
autoantibodies were not detected when immunoblots of neu-
ronal or pancreatic islet tissues were screened with patient
sera or when tissue sections were screened immunohisto-
chemically. Antibodies to glutamate receptors similarly
could not be detected using Western blot or immunohisto-
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chemical approaches but could be detected immunocyto-
chemically using human embryonic kidney (HEK) cells
transfected with cDNA for the glutamate receptors, or elec-
trophysiologically using fetal mouse cortical neurons in
culture (Gahring et al., 1995). 

Effects on Cell, Tissue, and Organ Function

Cardiomyocytes

Functional autoantibodies have been proposed to con-
tribute to a number of cardiovascular disorders, including
dilated cardiomyopathy, Chagas disease, congenital heart
block, pre-eclampsia, and hypertension. Isolated cultured
neonatal rat myocytes have proved useful to demonstrate
functional effects of autoantibodies in these diseases on 
the spontaneous rate of myocyte beating. Cardiomyocytes
express M2-muscarinic receptors, b1-adrenoceptors, a1-
adrenoceptors, and angiotensin 1 (AT1) receptors, among
others. Autoantibodies from patients with dilated cardio-
myopathy or Chagas disease have an agonist effect at M2-
muscarinic receptors and slow the rate of myocyte beating
(Wallukat et al., 1999c, Chiale et al., 2001) in an atropine-
sensitive manner. Similarly, affinity-purified rabbit anti-
M2-muscarinic receptor antibodies have a negative
chronotropic effect (Fu et al., 1995). Anti-M2-muscarinic
receptor autoantibodies also increase phosphoinositol pro-
duction (Chiale et al., 2001). Conversely, antibodies that
have an agonist effect at b1-adrenoceptors, also found in
patients with dilated cardiomyopathy and Chagas disease,
have a positive chronotropic effect and increase cAMP
production in a propranolol-sensitive manner (Chiale 
et al., 2001). These biochemical findings have been repeated
in Chinese hamster fibroblasts transfected with b1-
adrenoceptors (Jahns et al., 1999) and COS-7 cells trans-
fected with b1-adrenoceptors or with M2-muscarinic 
receptors (Chiale et al., 2001). A subset of patients with
primary hypertension, particularly those who are refractory
to standard pharmacotherapy (Liao et al., 2002), produce
autoantibodies that act as agonists at the a1-adrenoceptor
(Luther et al., 1997); these autoantibodies have a positive
chronotropic effect on cultured neonatal rat cardiomyocytes
and the effect is reversed by the a1-adrenoceptor antagonist,
prazosin. Similarly, autoantibodies to the AT1 receptor have
an agonist-like effect and increase the rate of spontaneous
beating of neonatal rat cardiomyocytes; this effect is
reversed by the AT1 receptor antagonist, losartan (Wallukat
et al., 1999b). 

Autoantibodies that modify ion channel function can be
studied using patch clamp electrophysiology on single cells.
Immunoglobulin from babies born with congenital heart
block, or from their mothers, has been shown to reduce
whole cell and single-channel L-type VGCC currents in 

In Vitro
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isolated ventricular cardiomyocytes from rabbit and human
fetal hearts (Garcia et al., 1994; Boutjdir et al., 1997). 

Single-cell studies have limitations; epitopes that are not
exposed in vivo may be accessible to the autoantibody in 
isolated cells, and receptor and channel expression can be
altered by cell culturing. Thus, effects of autoantibodies on
single cells do not predict responses in intact, fresh tissue.
Some investigators have therefore also studied the effects of
autoantibodies on whole, beating heart preparations. Garcia
et al. (1994) made electrocardiographic recordings from
whole rabbit hearts, perfused using the Langendorff tech-
nique. Heart block occurred in one-third of hearts perfused
with anti-Ro/La-containing IgG from SLE patients but not
with anti-ribonucleoprotein-positive IgG or with healthy
control IgG. Similarly, affinity-purified anti-Ro52 IgG from
mothers of children with congenital heart block induced
complete atrioventricular block in human fetal hearts, per-
fused using the Langendorff technique (Boutjdir et al.,
1997). Serum and IgG from patients with Chagas’ disease,
cardiac arrhythmias, and anti-M2-muscarinic receptor
autoantibodies reduced heart rate and induced atrioventric-
ular conduction block in isolated perfused rabbit hearts in
an atropine-sensitive manner (de Oliveira et al., 1997); these
effects were prevented by preincubation of the patient’s IgG
with peptides corresponding to the second extracellular loop
of the M2-muscarinic receptor (Masuda et al., 1998). 

Smooth Muscle Myocytes 

Autonomic dysfunction is common in autoantibody-
mediated disorders, and smooth muscle-containing organs
are frequently affected. A number of recent studies have thus
investigated the effect of functional autoantibodies on neu-
ronally- or agonist-evoked smooth muscle contraction in
strips of tissue dissected from mouse intestine, bladder, and
vas deferens. Autoantibodies from patients with primary and
secondary Sjögren syndrome or with scleroderma specifi-
cally inhibit M3-muscarinic receptor-mediated contractions
in mouse bladder and colon but do not affect contractions
mediated by neurotransmitters at other receptors, including
P2X-purinoceptors in the bladder and vas deferens, neu-
rokinin-1 and neurokinin-2 receptors in the colon, and a1-
adrenoceptors in the vas deferens (Waterman et al., 2000;
Goldblatt et al., 2002; Ohlsson et al., 2002), thus also ruling
out effects of the autoantibodies on common ion channels
involved in mediating smooth muscle contraction, such as
the L-type VGCC. Smooth muscle preparations have proved
to be exquisitely sensitive to antibody-mediated effects
(Cavill et al., 2004), and are currently the gold standard
method for detecting autoantibodies to M3-muscarinic
receptors in systemic rheumatic diseases. As discussed
above, traditional immunochemical approaches have so far
failed to demonstrate consistently or convincingly these
autoantibodies. 
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While tissue strips have been used to detect some novel
autoantibodies, more physiologic approaches have also been
employed in which whole organs are studied while under-
going spontaneous activity in vitro. Migrating motor com-
plexes (MMCs) are a form of intestinal motility that still
occurs in segments of isolated colon maintained in physio-
logic solutions. This behavior involves the activity of many
different classes of neurons in the colon in highly organized
spatial and temporal patterns (Brierley et al., 2001), by con-
trast with the synchronous activation of all neurons, which
occurs in response to maximal electrical stimulation of
tissue strips (Waterman et al., 2000). Jackson et al. (2004)
used this approach to identify autoantibodies in patients with
type 1 diabetes and autonomic dysfunction that act as ago-
nists at the dihydropyridine-binding site on smooth muscle
L-type VGCCs and cause profound disruption of MMC
activity. The disruption was mimicked by the dihydropyri-
dine agonist, BayK 8644 and competitively inhibited by 
the dihydropyridine antagonist, nicardipine (Figure 17.2)
(Jackson et al., 2004). 

Skeletal Muscle Myocytes 

The best described autoimmune neurologic disorders
affect skeletal neuromuscular transmission, and the mouse
phrenic nerve/hemidiaphragm preparation has become a
standard method for testing the effect of functional autoan-
tibodies at the neuromuscular junction. The preparation is
usually set up for intracellular recording of electrical activ-
ity in the skeletal muscle fibers of the diaphragm, in which
spontaneous and evoked transmitter release are measured,
respectively, as miniature end-plate potentials (MEPPs) and
end-plate potentials (EPPs). EPP amplitudes are decreased
by anti-P/Q-type VGCC autoantibodies in LEMS (Lang et
al., 1983; Prior et al., 1985), whereas sera from patients with
amyotrophic lateral sclerosis (ALS), possibly containing
antibodies that activate P/Q-type calcium channels (Llinas
et al., 1993), cause an increase in MEPP frequency and in
EPP amplitude (Uchitel et al., 1988; Appel et al., 1991;
O’Shaughnessy et al., 1998). Autoantibodies to VGKCs in
patients with neuromyotonia also cause an increase in EPP
amplitude (Shillito et al., 1995). An initial increase in MEPP
frequency, followed by a decrease and then absence of
MEPPs, has been reported in response to sera containing
anti-GQ1b ganglioside antibodies from patients with the
Fisher syndrome (Roberts et al., 1994). 

Neurons and Neuron-Like Cell Lines

A growing number of neurologic diseases appear to
involve functional autoantibody-mediated effects (Vincent
et al., 1999), many of which have been characterized 
using cultured neurons, neuronal-like cell lines, or brain
slices. 
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Glutamate is the major excitatory neurotransmitter in the
central nervous system (CNS), and autoantibodies to both
ionotropic and metabotropic subtypes of glutamate receptor
have been described in neurologic disorders. Autoantibod-
ies to the ionotropic GluR3 receptor occur in various forms
of epilepsy, including Rasmussen encephalitis (RE) (Wiendl
et al., 2001; Mantegazza et al., 2002). Antibodies from RE
patients activate GluR3 receptors (Twyman et al., 1995).
Rabbit and murine antibodies to the GluR3B peptide simi-
larly activate the receptor ion channel and cause death of
cultured fetal mouse cortical neurons and of mouse
somatosensory cortical neurons in slices, mimicking the
excitotoxic effect of excess glutamate (Twyman et al., 1995;
Levite et al., 1999). Excitotoxic neuronal cell death is 
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also produced by agonistic anti-NR2 glutamate receptor
autoantibodies from patients with neuropsychiatric lupus
(DeGiorgio et al., 2001). Antibodies to GluR5 receptors
from a subset of patients with paraneoplastic neurologic 
syndromes increase glutamate-evoked currents in cultured
cortical neurons (Gahring et al., 1995). Metabotropic GluR1
receptors are inhibited by autoantibodies from some patients
with cerebellar ataxia. Autoantibodies from these patients
block induction of long-term depression in cultured cere-
bellar Purkinje neurons, a form of synaptic plasticity that
may be associated with cerebellar motor learning behavior
and is dependent on mGluR1 receptors, and also inhibit the
basal activity of Purkinje cells in slices of mouse cerebel-
lum (Coesmans et al., 2003). 

Anti-VGCC autoantibodies occur in both LEMS and
ALS. In LEMS, anti-VGCC autoantibodies cross-link and
cause internalization of the channels (Peers et al., 1993),
which over a period of hours, inhibits calcium flux and
calcium currents in small cell lung carcinoma cells (Roberts
et al., 1985; Viglione et al., 1993; 1995; Meriney et al.,
1996), the rat neuroblastoma ¥ glioma cell line (Peers et al.,
1990), adrenal chromaffin cells (Viglione et al., 1992), and
IMR32 neuroblastoma cells (Grassi et al., 1994). These
effects are predominantly due to cross-linking of the P/Q-
type VGCC (Motomura et al., 1997). The effect of ALS IgG
is controversial. In general, the autoantibodies appear to
enhance neurotransmitter release, and this has been demon-
strated for norepinephrine (noradrenaline) release from rat
brain cortical synaptosomes (Grassi et al., 1999), glutamate
release from cultured rat hippocampal neurons (Andjus et
al., 1997), and acetylcholine release from motor neurons in
mouse hemidiaphragm (O’Shaughnessy et al., 1998; Uchitel
et al., 1988). Release of each of these transmitters is depen-
dent on calcium influx through P/Q-type VGCCs (Andjus 
et al., 1996; Grassi et al., 1999; Fratantoni et al., 2000), and
increased calcium currents through P/Q-type channels in
cerebellar Purkinje cells has been reported (Llinas et al.,
1993). Conversely, ALS IgG has also been shown to inhibit
dopamine release from rat PC12 cells, a process dependent
on L-type VGCCs (Offen et al., 1998), and to inhibit calcium
currents through L-type VGCCs in isolated skeletal muscle
fibers (Delbono et al., 1993). Others, however, have reported
depression of calcium currents in isolated cerebellar granule
cells (Zhainazarov et al., 1994), which express P/Q-type
VGCCs, or no effect on calcium flux in rat cerebral cortical
synaptosomes (Thomas and Dunn, 1997).

Neuroblastoma cells have also been used to demonstrate
a functional effect of autoantibodies from patients with
Sydenham chorea; these autoantibodies recognize lysogan-
glioside GM1 and indirectly activate calcium-calmodulin
kinase II; preliminary evidence suggests they can also stim-
ulate transmitter release, although the mechanisms are
unknown (Kirvan et al., 2003). 
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FIGURE 17.2 Schematic representation of the various subunits and their
transmembrane organization in a smooth muscle L-type voltage-gated
calcium channel (VGCC). In the closed conformation, intracellular entry
of ions through the pore formed by the a1C subunit is restricted. A, Fol-
lowing membrane depolarization, the channel opens and Ca2+ enters the
cell. B, In type 1 diabetes, binding of autoantibodies to the a1C subunit
mimics the action of dihydropridine agonists and increases channel
opening, causing enhanced calcium influx and altering calcium-mediated
physiologic processes. 

Adapted from Striessnig (1999).
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Antigen-Transfected Cells

Although effects of functional autoantibodies have been
demonstrated on native cell lines, recent studies have capi-
talized on the specificity of transfected cell lines, and their
high expression levels of the putative autoantigen. The
majority of studies has measured binding of autoantibodies,
rather than their functional effects, however. 

Pinto et al. (2002) demonstrated that VGCC autoanti-
bodies from patients with LEMS inhibit calcium flux in
HEK cells expressing the a1A calcium channel subunit
(present in P/Q-type VGCCs), but not in cells expressing 
a1B or a1E subunits (present in N- and R-type VGCCs,
respectively). In Chinese hamster ovary (CHO) cells trans-
fected with the mGluR1a, but not the related mGluR5
receptor, autoantibodies from patients with cerebellar ataxia
blocked glutamate-evoked IP3 formation (Sillevis Smitt 
et al., 2000). 

Passive Transfer of Human Autoantibodies

Passive immunization of laboratory animals with human
functional autoantibodies is a crucial step in proving the
pathogenic role of autoantibodies in disease (Drachman,
2003; Vincent, 2004) and can demonstrate the importance
of a functional autoantibody, even if the precise target of the
autoantibody is unknown. Passive transfer with functional
effects has been achieved for relatively few diseases (Table
17.3). Typically, mice or rats are injected with purified IgG
or whole serum for a period of 2 or more days, up to several
weeks; the animals are then killed and tissues removed for
studies in vitro, as above, or measurements made in vivo.
Injection of mice with IgG from patients with LEMS for 
8 days, for example, reproduces the characteristic reduction
in neurotransmitter release from somatic motor nerve ter-
minals (Lang et al., 1987) and autonomic nerve terminals
(Waterman et al., 1997). After injection of IgG for only 
2 days, features of Sjögren syndrome, including sicca symp-
toms, and bladder and gastrointestinal dysfunction, can be
reproduced in mice (Robinson et al., 1998; Fang et al.,
2004). Daily injection of mice for 3 days to 2 weeks with
whole serum or immunoglobulin from patients with ALS
causes an increase in neurotransmitter release from the
skeletal neuromuscular junction (Uchitel et al., 1992;
O’Shaughnessy et al., 1998). 

Presumed autoantibody-mediated disorders of the CNS
present additional problems for passive transfer studies in
that the autoantibodies need to cross the blood–brain barrier.
In some CNS disorders, such as cerebellar ataxia, intra-
thecal synthesis of IgG has been demonstrated; in others,
autoantibodies are detectable in the cerebrospinal fluid
(CSF), although synthesized peripherally. The presence of
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intrathecal IgG has been modeled by injecting patient 
IgG-containing autoantibodies to mGluR1 receptors directly
into the cerebellar subarachnoid space of normal mice, pro-
ducing severe, reversible ataxia (Sillevis Smitt et al., 2000)
and reducing compensatory eye movements (Coesmans 
et al., 2003). An alternative approach has been to inject 
CSF containing GluR3 autoantibodies into rats via the
carotid artery, followed by a pulse of mannitol to open the
blood–brain barrier; this protocol produced a movement dis-
order within 24 h (Solaro et al., 2001). Intracerebral injec-
tion into mice of affinity-purified autoantibodies and of CSF
from patients with neuropsychiatric lupus and anti-NR2
receptor autoantibodies produced hippocampal cell death;
whether or not this altered significantly CNS function is
unknown (DeGiorgio et al., 2001). The presence or synthe-
sis of autoantibodies in CSF has also been demonstrated 
for anti-VGCC autoantibodies in paraneoplastic cerebellar
degeneration (Graus et al., 2002), anti-VGKC autoantibod-
ies in limbic encephalitis (Pozo-Rosich et al., 2003; Vincent
et al., 2004), in Morvan syndrome (Liguori et al., 2001), and
lysoganglioside GM1 antibodies in Sydenham chorea
(Kirvan et al., 2003). Passive transfer studies are needed to
test whether these autoantibodies have a functional effect in
the CNS. 

Whereas studies in vitro can detect short-term effects of
autoantibodies over minutes to hours, passive transfer in
vivo is valuable because this enables the longer-term effects
of autoantibodies to be studied, so reproducing more closely
the clinical situation. Furthermore, long-term exposure to
functional autoantibodies reveals additional compensatory
effects that take longer to develop and are not detectable in
short-term studies in vitro (see below). 

In general, functional autoantibodies appear to be present
in human serum at very low concentrations, and the avail-
ability of sufficient serum for passive transfer studies has
hampered progress. As an alternative, some investigators
have raised artificial antibodies that recognize the same
antigen as the human functional autoantibodies, and have
used these in passive transfer-type studies. Nguyen et al.
(2000) demonstrated that salivary secretion was inhibited 
72 h after a single injection of monoclonal anti-rat M3-
muscarinic receptor antibodies in nonobese diabetic
(NOD).scid mice; injection of monoclonal anti-La 
antibodies had no effect (Nguyen et al., 2000), thus provid-
ing evidence for anti-M3-muscarinic receptor autoantibody-
mediated secretory dysfunction in Sjögren syndrome. In 
a different disease, dilated cardiomyopathy, autoantibodies
to cardiac troponin I may be pathogenic: administration of
monoclonal anticardiac troponin I antibodies to normal
BALB/c mice over 11 weeks impaired ventricular function,
as assessed by a reduction in left ventricular ejection frac-
tion and decreased systolic pressure development (Okazaki
et al., 2003). 
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Active Immunization with Antigen

Where passive immunization with patient IgG has been
shown to reproduce pathophysiologic changes in animals,
induction of experimental disease by antigen can provide
additional evidence for the role of functional autoantibod-
ies. However, the induction of a syndrome following immu-
nization with a putative autoantigen is insufficient to prove
a role for functional autoantibodies in the absence of evi-
dence for their presence in patients and for a functional
effect following passive transfer. A lupus-like syndrome can
be produced in mice following immunization with a peptide
fragment corresponding to the second extracellular loop of
the 5-HT4 receptor (Eftekhari et al., 2001). However, auto-
antibodies to the 5-HT4 receptor could not be detected in
patients with SLE or Sjögren syndrome when more stringent
methods were used (Buyon et al., 2002; Cavill et al., 2002a).
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In the absence of other evidence, antibodies to the 5-HT4

receptor are, therefore, at present an experimental curiosity
and not of clinical relevance. 

Glutamate Receptor 3

Active immunization with either whole antigen or a
peptide fragment has been performed for a number of dis-
eases in which functional autoantibodies play a role. Immu-
nization of rabbits with GluR3 receptor peptides provided
some of the first evidence that RE may be mediated by
autoantibodies to these receptors. The rabbits developed
seizures and histopathology of the brain reminiscent of that
seen in patients with RE (Rogers et al., 1994). While mice
immunized with GluR3B peptides also developed anti-GluR
antibodies and significant inflammatory brain pathology,
they did not show signs of epilepsy, suggesting that addi-

TABLE 17.3 Passive and active transfer studies

Passive transfer studies Active transfer studies

Target Human autoantibodies Monoclonal antibodies Whole antigen Peptide fragment

b1-Adrenoceptor Matsui et al. (1997; 1999),
Iwata et al. (2001)

M2-Muscarinic receptor Fu et al. (1996), Matsui et al.
(1997; 1999)

M3-Muscarinic receptor Fang, et al., 2004 Nguyen et al. (2000)

TSH receptor Marion et al. (1994) Ohmori et al. (1992)

Metabotropic glutamate Sillevis Smitt et al. 
GluR1 receptor (2000), Coesmans 

et al. (2003)

Glutamate GluR3 receptor Rogers et al. (1994), Levite
and Hermelin (1999)

Neuronal nicotinic receptor Lennon et al. (2003)

Skeletal muscle nicotinic Toyka et al. (1997) Patrick and Lindstrom Lindstrom et al. (1978)
receptor (1973), Lennon et al.

(1975)

P/Q-type VGCCs LEMS: 
Fukunaga et al. (1983), 
Lang et al. (1987), 
Waterman et al. (1997)
ALS:
O’Shaughnessy et al. 
(1998)

L-type VGCC (a1C smooth Jackson et al. (2004)
muscle isoform)

L-type VGCC (a1C Boutjdir et al. (1997) Xiao et al. (2001b)
cardiac isoform) (Ro52)

VGKC Sinha et al. (1991), 
Shillito et al. (1995)

Cardiac troponin I Okazaki et al. (2003)

ALS, Amyotrophic lateral sclerosis, LEMS, Lambert–Eaton myasthenic syndrome; TSH, thyroid-stimulating hormone; VGCC, voltage-gated calcium
channel; VGKC, voltage-gated potassium channel.
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tional factors are required in some species for epilepsy to
occur (Levite and Hermelin, 1999). 

G-Protein-Coupled Receptors

Several investigators have reported that immunization 
of rabbits with second extracellular loop peptides from G-
protein-coupled receptors results in production of functional
autoantibodies to those receptors (Fu, 1995; 1999; Matsui 
et al., 1997; 1999; Iwata et al., 2001; Cavill et al., 2004).
These procedures produce pathologic changes correspond-
ing to those reported in patients (see below). Immunization
of rabbits with peptides from b1-adrenoceptors or M2-
muscarinic receptors altered receptor expression and sensi-
tivity, and resulted in dilated cardiomyopathy (Fu et al.,
1996; Matsui et al., 1997; Iwata et al., 2001). 

Ganglionic Nicotinic Acetylcholine Receptors

Autoantibodies to neuronal nicotinic receptors have been
described in autoimmune autonomic neuropathies (Vernino
et al., 1998; 2000; Balestra et al., 2000). Lennon et al. (2003)
gave rabbits a single injection of a recombinant protein cor-
responding to the extracellular N-terminal domain of the a3
subunit present on neuronal nicotinic receptors in autonomic
ganglia. The majority of rabbits produced antibodies to 
neuronal nicotinic receptors at serum levels of greater than
3 nM, and developed a dysautonomia syndrome reminiscent
of that in patients, affecting sympathetic, parasympathetic,
and enteric divisions of the autonomic nervous system.
Specifically, the rabbits had gastrointestinal hypomotility,
dilated pupils with impaired light response, ptosis, and
urinary retention. These changes were evident within 20
days of inoculation, and the severity of the symptoms cor-
related with antibody titer (Lennon et al., 2003). Passive
transfer of autonomic dysfunction to animals by the patient
autoantibodies has recently been reported (Vernino et al.,
2004).

Voltage-Gated Calcium Channels

VGCCs are targeted in several autoimmune conditions,
including LEMS, ALS, type 1 diabetes, and congenital heart
block; in each disease the epitopes appear to reside on a spe-
cific a1 subunit. These are very large molecules (see Figure
17.1A), and it has not been possible to inject animals with
whole subunits. Since the precise epitopes on the a1 subunits
are not yet known, there have been no obvious peptide
sequences to use in active immunization studies. To model
LEMS, Komai et al. (1999) chose to inject rats with a
peptide corresponding to the S5–S6 linker region from
domain III of the a1A subunit. This is an extracellular domain
known to be very important for the function of the P/Q-type
VGCC, although it had not previously been shown to be
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antigenic. The rats produced antibodies that bound P/Q-type
VGCCs and showed moderate weakness and a reduction in
quantal acetylcholine release at the skeletal neuromuscular
junction (Komai et al., 1999). Autonomic function in the rats
was not assessed. 

Antibodies recognizing the a1C subunit of L-type VGCCs
alter cardiac function in neonatal lupus congenital heart
block (Boutjdir, 2000). The antibodies responsible for this
effect have been reported to be the anti-Ro antibodies, and
there is some homology between the three-dimensional
structures of the L-type VGCC and Ro52 (Qu et al., 2001).
To produce an active immunization model of congenital
heart block, Xiao et al. (2001b) therefore chose to inject
female rabbits with Ro52, rather than with a peptide from
the a1C subunit of L-type VGCCs. Offspring born to the
immunized mothers had varying degrees of heart block and
a reduction in calcium channel density in the heart (Xiao et
al., 2001b). Sera and purified IgG from the mothers inhib-
ited calcium currents in oocytes expressing the a1C subunit
of L-type VGCCs (Xiao et al., 2001b). Immunization of
pregnant mice with recombinant Ro52 also resulted in the
production of anti-Ro autoantibodies that crossed the pla-
centa and correlated with atrioventricular conduction block
in the pup (Boutjdir et al., 1997). These data are consistent
with anti-Ro52 autoantibodies cross-reacting with L-type
VGCCs and blocking conduction in the atrioventricular
node. This hypothesis remains controversial, however, since
sera containing anti-Ro52 antibodies did not alter L-type
VGCC-dependent contractile responses of the vas deferens,
whose a1C pore-forming subunit shares 96% sequence sim-
ilarity with the cardiac a1C subunit isoform (Ohlsson et al.,
2002). 

PATHOPHYSIOLOGIC MECHANISMS
OF FUNCTIONAL AUTOANTIBODIES

The effects of functional autoantibodies can be consid-
ered to occur in three stages. First, is the primary pharma-
cologic effect of the autoantibody on its target, which occurs
within minutes to hours, and is reversible with time. This
may be followed by secondary, plastic changes that com-
pensate for the primary effect of the autoantibody. These
changes generally occur over a time course of days to weeks.
Lastly, the autoantibody may trigger chronic degenerative
changes that are irreversible. Immunotherapies need to be
administered prior to this phase of the disease if they are to
be effective. 

Primary Pharmacologic Effects 
of Autoantibodies

Primary pharmacologic effects of the autoantibodies 
are those that have been studied in detail in isolated 
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cells, tissues, and organs in vitro (see above). Functional
autoantibodies may act as agonists or antagonists at 
neurotransmitter receptors, as exemplified by agonistic anti-
b1-adrenoceptor autoantibodies in idiopathic dilated cardio-
myopathy and antagonistic anti-M3-muscarinic receptor
autoantibodies in Sjögren syndrome. The effects of these
autoantibodies are detectable within 30 min (Jahns et al.,
1999; Waterman et al., 2000), and mimic the effect of 
synthetic agonists and antagonists to the receptors by inter-
fering competitively or noncompetitively with ligand
binding. 

Agonists at G-protein-coupled receptors usually trigger
receptor internalization (Edwardson and Szekeres, 1999) 
via b-arrestin- and clathrin-dependent or -independent
mechanisms (Ferguson, 2001). Similarly, autoantibodies
with agonist-type effects can cause receptor sequestration.
Autoantibodies to M2-muscarinic receptors in Chagas
disease cause receptor desensitization and internalization
(Leiros et al., 1997) and anti-b1-adrenoceptor autoantibod-
ies in dilated cardiomyopathy cause receptor sequestration
and prevent receptor recycling (Limas et al., 1991). Not all
findings are consistent with this pattern, however. Other
investigators have reported that autoantibodies to M2-
muscarinic receptors (Wallukat et al., 1999a), to b1-adreno-
ceptors (Magnusson et al., 1994) in dilated cardiomyopathy,
and to a1-adrenoceptors in hypertension (Luther et al., 1997)
act as nondesensitizing agonists and do not cause receptor
internalization (Wallukat et al., 1999a). At least some anti-
M2-muscarinic receptor and anti-b1-adrenoceptor antibodies
act as only partial agonists, since they cannot evoke a full
agonist response (Goin et al., 1994b; Perez Leiros et al.,
1994; Staudt et al., 2001). This may account for the appar-
ent lack of receptor internalization since there is a correla-
tion between intrinsic activity of an agonist and its ability to
cause receptor internalization (Edwardson and Szekeres,
1999). However, the reasons for the differences between full
and partial agonist activity of autoantibodies and between
those causing nondesensitizing agonist effects (Wallukat et
al., 1999a) versus receptor desensitization and sequestration
(Limas et al., 1991) remain to be explained. 

Some functional autoantibodies do not produce a direct
pharmacologic blockade, but instead inhibit channel or
receptor function by causing cross-linking and internaliza-
tion of the target. Anti-VGCC autoantibodies in LEMS 
do not have any effect within 6 h, but inhibit transmitter
release after a longer period of incubation (Peers et al., 1993;
Houzen et al., 1998), corresponding with the time taken to
cause internalization of the calcium channels. A reduction in
calcium channel number in the brain also occurs in para-
neoplastic cerebellar degeneration in association with
LEMS (Fukuda et al., 2003). 

The acute effects of functional autoantibodies sometimes
require bivalent antibodies. This is the case in LEMS, for
example, suggesting that the autoantibodies cross-link the
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VGCCs and trigger their internalization (Peers et al., 1993).
Monovalent autoantibodies derived from LEMS IgG do not
have a functional effect (Peers et al., 1993). Similarly, a
monoclonal antibody to the M2-muscarinic receptor, which
mimics autoantibodies from patients with idiopathic dilated
cardiomyopathy, only altered the rate of cardiomyocyte
beating in its bivalent form (Elies et al., 1998). By contrast,
monovalent F(ab) fragments of antibodies to M3-muscarinic
receptors in Sjögren syndrome and scleroderma behave 
similarly to bivalent autoantibodies, and inhibit muscarinic
receptor-mediated smooth muscle contraction (Cavill et al.,
2003). Functional autoantibodies in myasthenia gravis 
and the Fisher syndrome also do not require antibody bi-
valency to exert their pathogenic effects (Sterz et al., 1986;
Buchwald et al., 1998). A more complex situation may 
exist in some disorders involving autoimmunity to G-
protein-coupled cardiovascular receptors. A monoclonal
antibody to the b2-adrenoceptor that mimics human auto-
antibodies has an agonist effect on rat cardiomyocytes;
however, monovalent fragments of this antibody have an
antagonist effect (Mijares et al., 2000). b2-Adrenoceptors,
like other G-protein-coupled receptors, are thought to exist
in an inactive monomeric form and an active dimeric form
(Hebert et al., 1996). The bivalent antibody may thus induce
the formation of an active dimer, enabling signal transduc-
tion and producing an agonist-like effect. The monovalent
antibody, however, may cause a conformational change in
the ligand-binding site, thereby inhibiting allosterically the
binding of agonists (Mijares et al., 2000). 

Secondary Effects

Studies of tissues obtained from patients with autoanti-
body-mediated disorders, and from animals passively immu-
nized with IgG from patients or actively immunized with
antigen, provide ample evidence for secondary changes in
receptor and channel expression. These compensatory
changes can result in the opposite clinical picture from 
that predicted on the basis only of the acute effect of the
autoantibody. 

While anti-M3-muscarinic receptors acutely inhibit
cholinergic responses and cause a functional denervation
(Waterman et al., 2000; Goldblatt et al., 2002), long-term
exposure to these antibodies is associated with an increase
in muscarinic receptor number. M3-muscarinic receptor
expression is increased in salivary gland biopsies of patients
with Sjögren syndrome (Beroukas et al., 2002) and in mice
passively immunized with IgG from a patient (Fang et al.,
2004). These changes are pathophysiologically significant,
resulting in cholinergic hyperresponsiveness and a charac-
teristic range of symptoms. Early in Sjögren syndrome, prior
to irreversible destruction of the salivary glands, sialorrhea
occurs (Mignogna et al., 2003). In the passive transfer model
of Sjögren syndrome, bladder smooth muscle shows hyper-
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responsiveness to cholinergic stimulation, resulting in
bladder detrusor instability (Fang et al., 2004), a feature also
reported in patients (Leppilahti et al., 2003; Walker et al.,
2003). Bronchial and gastrointestinal smooth muscle hyper-
responsiveness also occur in patients with Sjögren syndrome
(Tsianos et al., 1985; Gudbjornsson et al., 1991; La Corte et
al., 1991; Ludviksdottir et al., 2000; Rosztoczy et al., 2001;
Hocevar et al., 2003). The molecular mechanisms causing
the upregulation of muscarinic receptors in Sjögren syn-
drome are unknown, but their manipulation offers potential
therapeutic targets for the future. 

Changes also occur in cardiovascular receptor expression
and function in cardiomyopathy, and b-adrenoceptors have
been the most thoroughly studied. Iwata et al. (2001) found
a reduction in b1-adrenoceptor expression and receptor 
sensitivity in the hearts of rabbits immunized for 6 months
with b1-adrenoceptor peptides [however, see Matsui et al.
(1997)]. Incubation of isolated neonatal rat cardiomyocytes
with anti-b1-adrenoceptor autoantibodies for 72 h also
caused a decrease in b1-adrenoceptor expression (Podlowski
et al., 1998). These findings correspond with clinical data of
decreased adrenoceptor number and receptor sensitivity in
patients with dilated cardiomyopathy (Bristow et al., 1982;
Denniss et al., 1989). The receptor changes in rabbits and
isolated cardiomyocytes could be prevented by treatment
with the b1-selective antagonist bisoprolol, which has
inverse agonist activity (Podlowski et al., 1998; Iwata et al.,
2001). Similarly, the decreased sensitivity to catecholamines
and b-adrenoceptor density in human heart can be reversed
using the related drug, metoprolol (Heilbrunn et al., 1989).
Ventricular ectopy in patients with ventricular arrhythmias
and anti-b1-adrenoceptor antibodies can be suppressed 
using the b-adrenoceptor antagonist, nadolol (Chiale et al.,
2001). Functional anti-b1-adrenoceptor autoantibodies are
found only in a subpopulation of patients with dilated car-
diomyopathy (Jahns et al., 1999), so that other mechanisms
such as elevated norepinephrine levels must contribute to
altered receptor sensitivity and density in the remainder of
patients. 

Autoantibodies that stimulate M2-muscarinic receptors
also occur in some forms of cardiomyopathy, particularly
those associated with sinus node dysfunction (Chiale et al.,
2001). Muscarinic receptors are upregulated in the human
heart in dilated cardiomyopathy (Le Guludec et al., 1997),
but it is not known what proportion of these patients have
anti-M2-muscarinic receptor autoantibodies. In a model
based on active immunization of rabbits, upregulation of
M2-muscarinic receptors occurred after 6–12 months of
immunization with peptides corresponding to the second
extracellular loops of the receptor (Fu et al., 1996; Matsui
et al., 1997). The response to cholinergic stimulation of iso-
lated cardiomyocytes from the actively immunized animals
was unfortunately not measured, so it is not clear whether
there was any change in receptor sensitivity. Nevertheless,
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preliminary studies show that the muscarinic receptor 
antagonist, atropine, totally or partly corrects the cardiac
electrophysiologic abnormalities in patients with sinus node
dysfunction and anti-M2-muscarinic receptor autoanti-
bodies (Chiale et al., 2001). 

Alteration in receptor or channel expression is not always
restricted to the specific target of the autoantibody, but may
involve related receptors or ion channels. In LEMS, the
initial downregulation in P/Q-type VGCCs is followed by
an upregulation of N-type calcium channels in autonomic
nerve terminals (Waterman et al., 1997) and of L-type
calcium channels in motor nerve terminals (Xu et al., 1998;
Flink and Atchison, 2002). A similar upregulation of L-type
calcium channels at motor nerve terminals has been reported
following passive transfer of IgG from patients with ALS
(Fratantoni et al., 2000). These changes result in skeletal
neuromuscular transmission becoming sensitive to dihydro-
pyridine-type blockers. It is not clear whether similar
changes occur in vivo; if they do, extra care is warranted in
prescribing calcium channel blockers to these patients. 

Chronic Degenerative Changes

Long-term studies of actively and passively immunized
animals indicate that functional autoantibodies can cause
chronic degenerative changes that are irreversible. Such
changes are particularly evident in disorders of the CNS, in
which neuronal death occurs. 

Examination of a postmortem brain from a patient with
paraneoplastic cerebellar ataxia and autoantibodies that
block mGluR1 receptors showed a two-thirds reduction in
the number of cerebellar Purkinje cells in the absence of an
inflammatory cell infiltrate, consistent with autoantibody-
mediated damage (Coesmans et al., 2003). The mechanism
of this damage is unknown, but it is interesting to note that
mGluR1 receptor antagonists also cause degeneration of
Purkinje cells (Catania et al., 2001). 

Autoantibodies that activate ionotropic glutamate recep-
tors have been implicated in causing neuronal death through
excitotoxic mechanisms, i.e., by overactivation of the gluta-
mate receptor. Antibodies raised against GluR3 receptor
peptides caused apoptosis of cultured rat hippocampal
neurons in a complement-independent manner (Levite et al.,
1999). Cell death was prevented by coadministration of 
the glutamate/AMPA receptor antagonist, CNQX, or of the
GluR3 receptor peptide (Levite et al., 1999). Antibodies to
the NR2 subunit of the N-methyl-D-aspartate (NMDA)
receptor from patients with SLE are also able to kill neurons
within 2 days of intracerebral injection into mice; hippo-
campal cell death was prevented by coadministration of the
NMDA receptor antagonist, MK-801 (DeGiorgio et al.,
2001). Serum autoantibodies and CSF from a patient with
SLE and progressive cognitive decline also caused apopto-
sis of cultured human fetal neurons (DeGiorgio et al., 2001).
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Apoptotic cell death was complement independent, since it
also occurred when F(ab)¢2 fragments of the autoantibodies
were used (DeGiorgio et al., 2001). In some neurologic dis-
orders, complement-mediated mechanisms may also con-
tribute to neuronal death. Thus, anti-GluR3 autoantibodies
can trigger complement-mediated cell death; IgG from
rabbits immunized with GluR3 peptides caused comple-
ment-dependent death of cultured cortical neurons, and
GluR3 antibodies and complement were detected in the neo-
cortex and hippocampus of the immunized rabbits (He et al.,
1998). IgG and complement deposition also occur in the
cerebral cortex of a subset of patients with RE (He et al.,
1998; Whitney et al., 1999). 

Functional autoantibodies that activate VGCCs are able
to induce neuronal cell death by excitotoxic mechanisms.
Immunoglobulin from patients with ALS caused comple-
ment-independent death of cultured motor neurons within 2
days, and this was prevented by the addition of toxins that
block P/Q-type VGCCs (Smith et al., 1994). Furthermore,
injection into mice of IgG from a patient with ALS over 2
weeks caused axonal degeneration and denervation of skele-
tal muscle fibers, which was evident 2–10 weeks after the
treatment (Uchitel et al., 1992). 

Whereas cell death is an important degenerative change
in autoantibody-mediated neurologic disorders, fibrosis is
common in diseases affecting non-neuronal tissues. Idio-
pathic dilated cardiomyopathy is characterized by dilation
of the ventricles and thinning of the walls. These findings
have been replicated in active immunization of models of
dilated cardiomyopathy, using either M2-muscarinic recep-
tor or b1-adrenoceptor peptides as antigens over 12 months
(Matsui et al., 1997). At the light microscopic level, multi-
focal degeneration and necrosis of myocardiocytes was
evident, together with inflammatory cell infiltrates (Matsui
et al., 1997). Another study found myocardial hypertrophy
and interstitial fibrosis after 6 months’ immunization of
rabbits with b1-adrenoceptor peptides (Iwata et al., 2001).
Similarly, Fu et al. (1996) noted ultrastructural changes,
such as mitochondrial swelling and disruption of cisternae,
in rabbit heart after 6 months’ immunization with M2-
muscarinic receptor peptides. 

CONCLUDING REMARKS

The discovery of functional autoantibodies has provided
new insights into potential pathophysiologic mechanisms 
in numerous autoimmune diseases. Importantly, early 
detection of these autoantibodies and their removal by
immunotherapy (plasma exchange, intravenous immuno-
globulin) offers an additional approach to treatment that may
halt disease progression and prevent the chronic irreversible
changes that are typical of autoimmune disease. 
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There is likely to be a large family of functional auto-
antibodies. The earliest functional autoantibodies detected 
in the neurologic diseases myasthenia gravis, LEMS, and
neuromyotonia, have their parallel in naturally occur-
ring genetic disorders affecting the skeletal muscle 
nicotinic receptor (congenital myasthenia), P/Q-type
VGCCs (spinocerebellar ataxia), and VGKCs (episodic
ataxia/myokymia). It seems more than reasonable to assume
that autoimmune equivalents will also be detected for 
diseases affecting other ion channels or receptors. Indeed, 
hundreds of G-protein-coupled receptors have now been dis-
covered and sequenced, and these may represent vulnerable
targets for as yet unidentified functional autoantibodies. The
physiologic approaches and techniques described in this
chapter should facilitate the discovery of these and other
autoantibodies that have remained undetected using stan-
dard immunochemical approaches.

References

Adams, D.D. and Purves, H.D. (1956). The assessment of thyroid 
function by tracer tests with radioactive iodine. N. Z. Med. J. 55, 36–
41.

Almon, R.R., Andrew, C.G., and Appel, S.H. (1974). Serum globulin in
myasthenia gravis: inhibition of alpha-bungarotoxin binding to acetyl-
choline receptors. Science 186, 55–57.

Andjus, P.R., Khiroug, L., Nistri, A., and Cherubini, E. (1996). ALS IgGs
suppress [Ca2+]i rise through P/Q-type calcium channels in central neu-
rones in culture. Neuroreport 7, 1914–1916.

Andjus, P.R., Stevic-Marinkovic, Z., and Cherubini, E. (1997).
Immunoglobulins from motoneurone disease patients enhance gluta-
mate release from rat hippocampal neurones in culture. J. Physiol. 504,
103–112.

Andonopoulos, A.P., Christodoulou, J., Ballas, C., Bounas, A., and 
Alexopoulos, D. (1998). Autonomic cardiovascular neuropathy in
Sjögren’s syndrome. A controlled study. J. Rheumatol. 25, 2385–2388.

Andrews, P.I., Dichter, M.A., Berkovic, S.F., Newton, M.R., and 
McNamara, J.O. (1996). Plasmapheresis in Rasmussen’s encephalitis.
Neurology 46, 242–246.

Appel, S.H., Almon, R.R., and Levy, N. (1975). Acetylcholine receptor
antibodies in myasthenia gravis. N. Engl. J. Med. 293, 760–761.

Appel, S.H., Engelhardt, J.I., Garcia, J., and Stefani, E. (1991).
Immunoglobulins from animal models of motor neuron disease and
from human amyotrophic lateral sclerosis patients passively transfer
physiological abnormalities to the neuromuscular junction. Proc. Natl.
Acad. Sci. USA 88, 647–651.

Atger, M., Misrahi, M., Young, J., Jolivet, A., Orgiazzi, J., Schaison, G.,
and Milgrom, E. (1999). Autoantibodies interacting with purified native
thyrotropin receptor. Eur. J. Biochem. 265, 1022–1031.

Bacman, S., Perez Leiros, C., Sterin-Borda, L., Hubscher, O., Arana, R.,
and Borda, E. (1998). Autoantibodies against lacrimal gland M3 mus-
carinic acetylcholine receptors in patients with primary Sjögren’s syn-
drome. Invest. Ophthalmol. Vis. Sci. 39, 151–156.

Bacman, S., Sterin-Borda, L., Camusso, J.J., Arana, R., Hubscher, O., and
Borda, E. (1996). Circulating antibodies against rat parotid gland M3
muscarinic receptors in primary Sjögren’s syndrome. Clin. Exp.
Immunol. 104, 454–459.

Balestra, B., Moretti, M., Longhi, R., Mantegazza, R., Clementi, F., and
Gotti, C. (2000). Antibodies against neuronal nicotinic receptor sub-
types in neurological disorders. J. Neuroimmunol. 102, 89–97.

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 230



Barber, P.A., Anderson, N.E., and Vincent, A. (2000). Morvan’s syndrome
associated with voltage-gated K+ channel antibodies. Neurology 54,
771–772.

Benatar, M. (2000). Neurological potassium channelopathies. Q. J. Med.
93, 787–797.

Beroukas, D., Goodfellow, R., Hiscock, J., Jonsson, R., Gordon, T.P., and
Waterman, S.A. (2002). Up-regulation of M3-muscarinic receptors in
labial salivary gland acini in primary Sjögren’s syndrome. Lab. Invest.
82, 203–210.

Borda, E., Leiros, C.P., Bacman, S., Berra, A., and Sterin-Borda, L. (1999).
Sjögren autoantibodies modify neonatal cardiac function via M1 mus-
carinic acetylcholine receptor activation. Int. J. Cardiol. 70, 23–32.

Boutjdir, M. (2000). Molecular and ionic basis of congenital complete heart
block. Trends Cardiovasc. Med. 10, 114–122.

Boutjdir, M., Chen, L., Zhang, Z.H., Tseng, C.E., DiDonato, F., 
Rashbaum, W., Morris, A., el-Sherif, N., and Buyon, J.P. (1997).
Arrhythmogenicity of IgG and anti-52-kD SSA/Ro affinity-purified
antibodies from mothers of children with congenital heart block. Circ.
Res. 80, 354–362.

Brierley, S.M., Nichols, K., Grasby, D.J., and Waterman, S.A. (2001).
Neural mechanisms underlying migrating motor complex formation in
mouse isolated colon. Br. J. Pharmacol.132, 507–517.

Bristow, M.R., Ginsburg, R., Minobe, W., Cubicciotti, R.S., Sageman, W.S.,
Lurie, K., Billingham, M.E., Harrison, D.C., and Stinson, E.B. (1982).
Decreased catecholamine sensitivity and beta-adrenergic-receptor
density in failing human hearts. N. Engl. J. Med. 307, 205–211.

Buchwald, B., Ahangari, R., Weishaupt, A., and Toyka, K.V. (2002). Intra-
venous immunoglobulins neutralize blocking antibodies in Guillain-
Barré syndrome. Ann. Neurol. 51, 673–680.

Buchwald, B., Weishaupt, A., Toyka, K.V., and Dudel, J. (1998). Pre- and
postsynaptic blockade of neuromuscular transmission by Miller-Fisher
syndrome IgG at mouse motor nerve terminals. Eur. J. Neurosci. 10,
281–290.

Buckley, C., Oger, J., Clover, L., Tuzun, E., Carpenter, K., Jackson, M., and
Vincent, A. (2001). Potassium channel antibodies in two patients with
reversible limbic encephalitis. Ann. Neurol. 50, 73–78.

Buyon, J.P. (1996). Neonatal lupus. Curr. Opin. Rheumatol. 8, 485–
490.

Buyon, J.P., Clancy, R., Di Donato, F., Miranda-Carus, M.E., Askanase,
A.D., Garcia, J., Qu, Y., Hu, K., Yue, Y., Chan, E.K., and Boutjdir, 
M. (2002). Cardiac 5-HT(4) serotoninergic receptors, 52kD SSA/Ro
and autoimmune-associated congenital heart block. J. Autoimmun. 19,
79–86.

Catania, M.V., Bellomo, M., Di Giorgi-Gerevini, V., Seminara, G., 
Giuffrida, R., Romeo, R., De Blasi, A., and Nicoletti, F. (2001). Endoge-
nous activation of group-I metabotropic glutamate receptors is required
for differentiation and survival of cerebellar Purkinje cells. J. Neurosci.
21, 7664–7673.

Cavill, D., Waterman, S., and Gordon, T.P. (2002a). Failure to detect anti-
bodies to the second extracellular loop of the serotonin 5-HT4 receptor
in systemic lupus erythematosus and primary Sjögren’s syndrome.
Lupus 11, 197–198.

Cavill, D., Waterman, S.A., and Gordon, T.P. (2002b). Failure to detect anti-
bodies to extracellular loop peptides of the muscarinic M3 receptor in
primary Sjögren’s syndrome. J. Rheumatol. 29, 1342–1344.

Cavill, D., Waterman, S.A., and Gordon, T.P. (2003). Antiidiotypic anti-
bodies neutralize autoantibodies that inhibit cholinergic neurotransmis-
sion. Arthritis Rheum. 48, 3597–3602.

Cavill, D., Waterman, S.A., and Gordon, T.P. (2004). Antibodies raised
against the second extracellular loop of the human muscarinic M3
receptor mimic functional autoantibodies in Sjögren’s syndrome.
Scand. J. Immunol. 59, 261–266.

Chiale, P.A., Ferrari, I., Mahler, E., Vallazza, M.A., Elizari, M.V., 
Rosenbaum, M.B., and Levin, M.J. (2001). Differential profile and 

Functional Effects of Autoantibodies 231

biochemical effects of antiautonomic membrane receptor antibodies in
ventricular arrhythmias and sinus node dysfunction. Circulation 103,
1765–1771.

Christ, T., Wettwer, E., Dobrev, D., Adolph, E., Knaut, M., Wallukat, G.,
and Ravens, U. (2001). Autoantibodies against the beta1 adrenoceptor
from patients with dilated cardiomyopathy prolong action potential
duration and enhance contractility in isolated cardiomyocytes. J. Mol.
Cell. Cardiol. 33, 1515–1525.

Clouston, P.D., Saper, C.B., Arbizu, T., Johnston, I., Lang, B., Newsom-
Davis, J., and Posner, J.B. (1992). Paraneoplastic cerebellar degenera-
tion. III. Cerebellar degeneration, cancer, and the Lambert-Eaton
myasthenic syndrome. Neurology 42, 1944–1950.

Coesmans, M., Smitt, P.A., Linden, D.J., Shigemoto, R., Hirano, T.,
Yamakawa, Y., van Alphen, A.M., Luo, C., van der Geest, J.N., Kros,
J.M., Gaillard, C.A., Frens, M.A., and de Zeeuw, C.I. (2003). 
Mechanisms underlying cerebellar motor deficits due to mGluR1-
autoantibodies. Ann. Neurol. 53, 325–336.

Dalakas, M.C., Stein, D.P., Otero, C., Sekul, E., Cupler, E.J., and
McCrosky, S. (1994). Effect of high-dose intravenous immunoglobulin
on amyotrophic lateral sclerosis and multifocal motor neuropathy. Arch.
Neurol. 51, 861–864.

de Oliveira, S.F., Pedrosa, R.C., Nascimento, J.H., Campos de Carvalho,
A.C., and Masuda, M.O. (1997). Sera from chronic chagasic patients
with complex cardiac arrhythmias depress electrogenesis and conduc-
tion in isolated rabbit hearts. Circulation 96, 2031–2037.

DeGiorgio, L.A., Konstantinov, K.N., Lee, S.C., Hardin, J.A., Volpe, B.T.,
and Diamond, B. (2001). A subset of lupus anti-DNA antibodies cross-
reacts with the NR2 glutamate receptor in systemic lupus erythemato-
sus. Nat. Med. 7, 1189–1193.

Delbono, O., Magnelli, V., Sawada, T., Smith, R.G., Appel, S.H., and
Stefani, E. (1993). Fab fragments from amyotrophic lateral sclerosis
IgG affect calcium channels of skeletal muscle. Am. J. Physiol. 264,
C537–543.

Denniss, A.R., Marsh, J.D., Quigg, R.J., Gordon, J.B., and Colucci, 
W.S. (1989). Beta-adrenergic receptor number and adenylate cyclase
function in denervated transplanted and cardiomyopathic human hearts.
Circulation 79, 1028–1034.

Dingledine, R., Borges, K., Bowie, D., and Traynelis, S.F. (1999). The glu-
tamate receptor ion channels. Pharmacol. Rev. 51, 7–61.

Drachman, D.B. (2003). Autonomic “myasthenia”: the case for an auto-
immune pathogenesis. J. Clin. Invest. 111, 797–799.

Edwardson, J.M. and Szekeres, P.G. (1999). Endocytosis and recycling of
muscarinic receptors. Life Sci. 64, 487–494.

Eftekhari, P., Roegel, J.C., Lezoualc’h, F., Fischmeister, R., Imbs, J.L., and
Hoebeke, J. (2001). Induction of neonatal lupus in pups of mice immu-
nized with synthetic peptides derived from amino acid sequences of the
serotoninergic 5-HT4 receptor. Eur. J. Immunol. 31, 573–579.

Eftekhari, P., Salle, L., Lezoualc’h, F., Mialet, J., Gastineau, M., Briand, 
J.P., Isenberg, D.A., Fournie, G.J., Argibay, J., Fischmeister, R., Muller,
S., and Hoebeke, J. (2000). Anti-SSA/Ro52 autoantibodies blocking the
cardiac 5-HT4 serotoninergic receptor could explain neonatal lupus
congenital heart block. Eur. J. Immunol. 30, 2782–2790.

Elies, R., Fu, L.X., Eftekhari, P., Wallukat, G., Schulze, W., Granier, C.,
Hjalmarson, A., and Hoebeke, J. (1998). Immunochemical and func-
tional characterization of an agonist-like monoclonal antibody against
the M2 acetylcholine receptor. Eur. J. Biochem. 251, 659–666.

Evoli, A., Tonali, P.A., Padua, L., Monaco, M.L., Scuderi, F., Batocchi,
A.P., Marino, M., and Bartoccioni, E. (2003). Clinical correlates with
anti-MuSK antibodies in generalized seronegative myasthenia gravis.
Brain 126, 2304–2311.

Fang, W., Jackson, M.W., Maughan, V., Cavill, D., Smith, A.J., Waterman,
S.A., and Gordon T.P. (2004). Passive transfer of Sjögren’s syndrome
IgG produces the pathophysiology of overactive bladder. Arthritis
Rheum. 50, 3637–3645. 

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 231



Ferguson, S.S. (2001). Evolving concepts in G protein-coupled receptor
endocytosis: the role in receptor desensitization and signaling. Phar-
macol. Rev. 53, 1–24

Fletcher, C.F., Tottene, A., Lennon, V.A., Wilson, S.M., Dubel, S.J., Paylor,
R., Hosford, D.A., Tessarollo,L., McEnery, M.W., Pietrobon, D.,
Copeland, N.G., and Jenkins, N.A. (2001). Dystonia and cerebellar
atrophy in Cacna1a null mice lacking P/Q calcium channel activity.
FASEB J. 15, 1288–1290.

Flink, M.T. and Atchison, W.D. (2002). Passive transfer of Lambert-Eaton
syndrome to mice induces dihydropyridine sensitivity of neuromuscu-
lar transmission. J. Physiol. 543, 567–576.

Fratantoni, S.A., Weisz, G., Pardal, A.M., Reisin, R.C., and Uchitel, O.D.
(2000). Amyotrophic lateral sclerosis IgG-treated neuromuscular junc-
tions develop sensitivity to L-type calcium channel blocker. Muscle
Nerve 23, 543–550.

Fu, L.X., Magnusson, Y., Bergh, C.H., Liljeqvist, J.A., Waagstein, F., 
Hjalmarson, A., and Hoebeke, J. (1993). Localization of a functional
autoimmune epitope on the muscarinic acetylcholine receptor-2 in
patients with idiopathic dilated cardiomyopathy. J. Clin. Invest. 91,
1964–1968.

Fu, M.L. (1995). Anti-peptide antibodies against an autoimmune epitope
on human muscarinic receptor mimic functional autoantibodies against
the same epitope in patients with idiopathic dilated cardiomyopathy.
Eur. Heart. J. 16 (Suppl O), 89–91.

Fu, M.L., Herlitz, H., Schulze, W., Wallukat, G., Micke, P., Eftekhari, P.,
Sjogren, K.G., Hjalmarson, A., Muller-Esterl, W., and Hoebeke, J.
(2000). Autoantibodies against the angiotensin receptor (AT1) in
patients with hypertension. J. Hypertens. 18, 945–953.

Fu, M.L., Leung, P.S., Wallukat, G., Bergstrom, G., Fu, H., Schulze, W.,
and Herlitz, H. (1999). Agonist-like activity of antibodies to angiotensin
II receptor subtype 1 (AT1) from rats immunized with AT1 receptor
peptide. Blood Press. 8, 317–324.

Fu, M.L., Schulze, W., Wallukat, G., Hjalmarson, A., and Hoebeke, J.
(1995). Functional epitope analysis of the second extracellular loop 
of the human heart muscarinic acetylcholine receptor. J. Mol. Cell.
Cardiol. 27, 427–436

Fu, M.L., Schulze, W., Wallukat, G., Hjalmarson, A., and Hoebeke, J.
(1996). A synthetic peptide corresponding to the second extracellular
loop of the human M2 acetylcholine receptor induces pharmacological
and morphological changes in cardiomyocytes by active immunization
after 6 months in rabbits. Clin. Immunol. Immunopathol. 78, 203–
207.

Fukuda, T., Motomura, M., Nakao, Y., Shiraishi, H., Yoshimura, T.,
Iwanaga, K., Tsujihata, M., and Eguchi, K. (2003). Reduction of P/Q-
type calcium channels in the postmortem cerebellum of paraneoplastic
cerebellar degeneration with Lambert-Eaton myasthenic syndrome.
Ann. Neurol. 53, 21–28.

Fukunaga, H., Engel, A.G., Lang, B., Newsom-Davis, J., and Vincent, A.
(1983). Passive transfer of Lambert-Eaton myasthenic syndrome with
IgG from man to mouse depletes the presynaptic membrane active
zones. Proc. Natl. Acad. Sci. USA 80, 7636–7640.

Fukuoka, T., Engel, A.G., Lang, B., Newsom-Davis, J., Prior, C., and Wray,
D.W. (1987). Lambert-Eaton myasthenic syndrome: I. Early morpho-
logical effects of IgG on the presynaptic membrane active zones. Ann.
Neurol. 22, 193–199.

Gahring, L.C., Rogers, S.W., and Twyman, R.E. (1997). Autoantibodies to
glutamate receptor subunit GluR2 in nonfamilial olivopontocerebellar
degeneration. Neurology 48, 494–500.

Gahring, L.C., Twyman, R.E., Greenlee, J.E. and Roger, S.W. (1995).
Autoantibodies to neuronal glutamate receptors in patients with para-
neoplastic neurodegenerative syndrome enhance receptor activation.
Mol. Med. 1, 245–253

Garcia, S., Nascimento, J.H., Bonfa, E., Levy, R., Oliveira, S.F., 
Tavares, A.V., and de Carvalho, A.C. (1994). Cellular mechanism 

232 Immunologic Basis of Autoimmunity

of the conduction abnormalities induced by serum from anti-Ro/
SSA-positive patients in rabbit hearts. J. Clin. Invest. 93, 718–
724.

Goin, J.C., Borda, E., Leiros, C.P., Storino, R., and Sterin-Borda, L.
(1994a). Identification of antibodies with muscarinic cholinergic activ-
ity in human Chagas’ disease: pathological implications. J. Auton. Nerv.
Syst. 47, 45–52.

Goin, J.C., Leiros, C.P., Borda, E., and Sterin-Borda, L. (1997). Interaction
of human chagasic IgG with the second extracellular loop of the human
heart muscarinic acetylcholine receptor: functional and pathological
implications. FASEB J. 11, 77–83.

Goin, J.C., Perez Leiros, C., Borda, E., and Sterin-Borda, L. (1994b). Mod-
ification of cholinergic-mediated cellular transmembrane signals by the
interaction of human chagasic IgG with cardiac muscarinic receptors.
Neuroimmunomodulation 1, 284–291.

Goldblatt, F., Gordon, T.P., and Waterman, S.A. (2002). Antibody-
mediated gastrointestinal dysmotility in scleroderma. Gastroenterology
123, 1144–1150.

Gordon, T.P., Bolstad, A.I., Rischmueller, M., Jonsson, R., and Waterman,
S.A. (2001). Autoantibodies in primary Sjogren’s syndrome: new
insights into mechanisms of autoantibody diversification and disease
pathogenesis. Autoimmunity 34, 123–132.

Grassi, C., Magnelli, V., Carabelli, V., Sher, E., and Carbone, E. (1994).
Inhibition of low- and high-threshold Ca2+ channels of human neuro-
blastoma IMR32 cells by Lambert-Eaton myasthenic syndrome
(LEMS) IgGs. Neurosci. Lett. 181, 50–56.

Grassi, C., Martire, M., Altobelli, D., Azzena, G.B., and Preziosi, P. (1999).
Characterization of Ca(2+)-channels responsible for K(+)-evoked
[(3)H]norepinephrine release from rat brain cortex synaptosomes and
their response to amyotrophic lateral sclerosis IgGs. Exp. Neurol. 159,
520–527.

Graus, F., Lang, B., Pozo-Rosich, P., Saiz, A., Casamitjana, R., and Vincent,
A. (2002). P/Q type calcium-channel antibodies in paraneoplastic cere-
bellar degeneration with lung cancer. Neurology 59, 764–766.

Gudbjornsson, B., Hedenstrom, H., Stalenheim, G., and Hallgren, R.
(1991). Bronchial hyperresponsiveness to methacholine in patients with
primary Sjogren’s syndrome. Ann. Rheum. Dis. 50, 36–40.

Hart, I.K., Maddison, P., Newsom-Davis, J., Vincent, A., and Mills, K.R.
(2002). Phenotypic variants of autoimmune peripheral nerve hyper-
excitability. Brain 125, 1887–1895.

Hart, I.K., Waters, C., Vincent, A., Newland, C., Beeson, D., Pongs, O.,
Morris, C., and Newsom-Davis, J. (1997). Autoantibodies detected to
expressed K+ channels are implicated in neuromyotonia. Ann. Neurol.
41, 238–246.

He, X.P., Patel, M.S., Whitney, K.D., Janumpalli, S., Tenner, A.J., and
McNamara, J.O. (1998). Glutamate receptor GluR3 antibodies and
death of cortical cells. Neuron 20, 153–163.

Hebert, T.E., Moffett, S., Morello, J.P., Loisel, T.P., Bichet, D.G., Barret,
C., and Bouvier, M. (1996). A peptide derived from a beta2-adrenergic
receptor transmembrane domain inhibits both receptor dimerization and
activation. J Biol. Chem. 271, 16384–16392.

Heilbrunn, S.M., Shah, P., Bristow, M.R., Valantine, H.A., Ginsburg, R.,
and Fowler, M.B. (1989). Increased beta-receptor density and improved
hemodynamic response to catecholamine stimulation during long-term
metoprolol therapy in heart failure from dilated cardiomyopathy. 
Circulation 79, 483–490.

Hernandez, C.C., Barcellos, L.C., Gimenez, L.E., Cabarcas, R.A., Garcia,
S., Pedrosa, R.C., Nascimento, J.H., Kurtenbach, E., Masuda, M.O., and
Campos de Carvalho, A.C. (2003). Human chagasic IgGs bind to
cardiac muscarinic receptors and impair L-type Ca2+ currents. Cardio-
vasc. Res. 58, 55–65.

Hocevar, A., Tomsic, M., Praprotnik, S., Hojnik, M., Kveder, T., and
Rozman, B. (2003). Parasympathetic nervous system dysfunction in
primary Sjogren’s syndrome. Ann. Rheum. Dis. 62, 702–704.

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 232



Hoch, W., McConville, J., Helms, S., Newsom-Davis, J., Melms, A., and
Vincent, A. (2001). Auto-antibodies to the receptor tyrosine kinase
MuSK in patients with myasthenia gravis without acetylcholine recep-
tor antibodies. Nat. Med. 7, 365–368.

Hockerman, G.H., Peterson, B.Z., Johnson, B.D., and Catterall, W.A.
(1997). Molecular determinants of drug binding and action on 
L-type calcium channels. Annu. Rev. Pharmacol. Toxicol. 37, 361–
396.

Houzen, H., Hattori, Y., Kanno, M., Kikuchi, S., Tashiro, K., Motomura,
M., Nakao, Y., and Nakamura, T. (1998). Functional evaluation of inhi-
bition of autonomic transmitter release by autoantibody from Lambert-
Eaton myasthenic syndrome. Ann. Neurol. 43, 677–680.

Hulme, E.C., Lu, Z.L., Saldanha, J.W., and Bee, M.S. (2003). Structure and
activation of muscarinic acetylcholine receptors. Biochem. Soc. Trans.
31, 29–34.

Iwata, M., Yoshikawa, T., Baba, A., Anzai, T., Nakamura, I., Wainai, 
Y., Takahashi, T., and Ogawa, S. (2001). Autoimmunity against the
second extracellular loop of beta(1)-adrenergic receptors induces beta-
adrenergic receptor desensitization and myocardial hypertrophy in vivo.
Circ. Res. 88, 578–586.

Jackson, M.W., Gordon, T.P., and Waterman, S.A. (2004). Disruption of
intestinal motility by a calcium channel-stimulating autoantibody in
type 1 diabetes. Gastroenterology 126, 819–828.

Jahns, R., Boivin, V., Siegmund, C., Inselmann, G., Lohse, M.J., and Boege,
F. (1999). Autoantibodies activating human beta1-adrenergic receptors
are associated with reduced cardiac function in chronic heart failure.
Circulation 99, 649–654.

Jones, S.W. (1998). Overview of voltage-dependent calcium channels. J.
Bioenergetics Biomembranes 30, 299–312.

Kazatchkine, M.D. and Kaveri, S. (2001). Immunomodulation of auto-
immune and inflammatory diseases with intravenous immune globulin.
N. Engl. J. Med. 345, 747–755.

Kelemen, J., Hedlund, W., Orlin, J.B., Berkman, E.M., and Munsat, T.L.
(1983). Plasmapheresis with immunosuppression in amyotrophic lateral
sclerosis. Arch. Neurol. 40, 752–753.

Kemp, E.H., Waterman, E.A., Hawes, B.E., O’Neill, K., Gottumukkala,
R.V., Gawkrodger, D.J., Weetman, A.P., and Watson, P.F. (2002). The
melanin-concentrating hormone receptor 1, a novel target of autoanti-
body responses in vitiligo. J. Clin. Invest. 109, 923–930.

Kimura, F., Smith, R.G., Delbono, O., Nyormoi, O., Schneider, T., 
Nastainczyk, W., Hofmann, F., Stefani, E., and Appel, S.H. (1994).
Amyotrophic lateral sclerosis patient antibodies label Ca2+ channel
alpha 1 subunit. Ann. Neurol. 35, 164–171.

Kirvan, C.A., Swedo, S.E., Heuser, J.S., and Cunningham, M.W. (2003).
Mimicry and autoantibody-mediated neuronal cell signaling in 
Sydenham chorea. Nat. Med. 9, 914–920.

Knowles, C.H., Lang, B., Clover, L., Scott, S.M., Gotti, C., Vincent, A.,
and Martin, J.E. (2002). A role for autoantibodies in some cases of
acquired non-paraneoplastic gut dysmotility. Scand. J. Gastroenterol.
37, 166–170.

Komai, K., Iwasa, K., and Takamori, M. (1999). Calcium channel peptide
can cause an autoimmune-mediated model of Lambert-Eaton myas-
thenic syndrome in rats. J. Neurol. Sci. 166, 126–130.

La Corte, R., Potena, A., Bajocchi, G., Fabbri, L., and Trotta, F. (1991).
Increased bronchial responsiveness in primary Sjogren’s syndrome. A
sign of tracheobronchial involvement. Clin. Exp. Rheumatol. 9,
125–130.

Lang, B., Newsom-Davis, J., Peers, C., Prior, C., and Wray, D.W. (1987).
The effect of myasthenic syndrome antibody on presynaptic calcium
channels in the mouse. J. Physiol. 390, 257–270.

Lang, B., Newsom-Davis, J., Prior, C., and Wray, D. (1983). Antibodies 
to motor nerve terminals: an electrophysiological study of a human
myasthenic syndrome transferred to mouse. J. Physiol. 344, 335–
345.

Functional Effects of Autoantibodies 233

Lang, B., Williams, B., Bermudez, I., Cross, H., Hughes, E., Wroe, S., Hart,
Y., Vincent, A., and Palace, J. (2001). Autoantibodies in idiopathic
forms of epilepsy (abstract). J. Neuroimmunol. 118, 145.

Le Guludec, D., Cohen-Solal, A., Delforge, J., Delahaye, N., Syrota, A.,
and Merlet, P. (1997). Increased myocardial muscarinic receptor density
in idiopathic dilated cardiomyopathy: an in vivo PET study. Circulation
96, 3416–3422.

Lee, E.K., Maselli, R.A., Ellis, W.G., and Agius, M.A. (1998). Morvan’s
fibrillary chorea: a paraneoplastic manifestation of thymoma. J. Neurol.
Neurosurg. Psychiatry 65, 857–862.

Leiros, C.P., Sterin-Borda, L., Borda, E.S., Goin, J.C., and Hosey, M.M.
(1997). Desensitization and sequestration of human m2 muscarinic
acetylcholine receptors by autoantibodies from patients with Chagas’
disease. J. Biol. Chem. 272, 12989–12993.

Lennon, V.A., Ermilov, L.G., Szurszewski, J.H., and Vernino, S. (2003).
Immunization with neuronal nicotinic acetylcholine receptor induces
neurological autoimmune disease. J. Clin. Invest. 111, 907–913.

Lennon, V.A., Lindstrom, J.M., and Seybold, M.E. (1975). Experimental
autoimmune myasthenia: A model of myasthenia gravis in rats and
guinea pigs. J. Exp. Med. 141, 1365–1375.

Leppilahti, M., Tammela, T.L., Huhtala, H., Kiilholma, P., Leppilahti, K.,
and Auvinen, A. (2003). Interstitial cystitis-like urinary symptoms
among patients with Sjogren’s syndrome: a population-based study in
Finland. Am. J. Med. 115, 62–65.

Lessof, M.H., Crawford, H.J., and Wood, R.M. (1959). Antibody to thy-
roglobulin in patients with thyroid disease. Lancet 2, 1172–1173.

Levite, M., Fleidervish, I.A., Schwarz, A., Pelled, D., and Futerman, A.H.
(1999). Autoantibodies to the glutamate receptor kill neurons via acti-
vation of the receptor ion channel. J. Autoimmun. 13, 61–72.

Levite, M. and Hermelin, A. (1999). Autoimmunity to the glutamate recep-
tor in mice—a model for Rasmussen’s encephalitis? J. Autoimmun. 13,
73–82.

Leys, K., Lang, B., Vincent, A., and Newsom-Davis, J. (1989). Calcium
channel autoantibodies in Lambert-Eaton myasthenic syndrome. Lancet
2, 1107.

Liao, Y.H., Wei, Y.M., Wang, M., Wang, Z.H., Yuan, H.T., and Cheng, L.X.
(2002). Autoantibodies against AT1-receptor and alpha1-adrenergic
receptor in patients with hypertension. Hypertens. Res. 25, 641–646.

Liguori, R., Vincent, A., Clover, L., Avoni, P., Plazzi, G., Cortelli, P.,
Baruzzi, A., Carey, T., Gambetti, P., Lugaresi, E., and Montagna, P.
(2001). Morvan’s syndrome: peripheral and central nervous system and
cardiac involvement with antibodies to voltage-gated potassium chan-
nels. Brain 124, 2417–2426.

Limas, C.J., Goldenberg, I.F., and Limas, C. (1991). Effect of antireceptor
antibodies in dilated cardiomyopathy on the cycling of cardiac beta
receptors. Am. Heart J. 122, 108–114.

Lindstrom, J., Einarson, B., and Merlie, J. (1978). Immunization of rats
with polypeptide chains from torpedo acetylcholine receptor causes an
autoimmune response to receptors in rat muscle. Proc. Natl. Acad. Sci.
USA 75, 769–773.

Lindstrom, J.M., Seybold, M.E., Lennon, V.A., Whittingham, S., and
Duane, D.D. (1976). Antibody to acetylcholine receptor in myasthenia
gravis. Prevalence, clinical correlates and diagnostic value. Neurology
26, 1054–1059.

Llinas, R., Sugimori, M., Cherksey, B.D., Smith, R.G., Delbono, O.,
Stefani, E., and Appel, S. (1993). IgG from amyotrophic lateral sclero-
sis patients increases current through P-type calcium channels in mam-
malian cerebellar Purkinje cells and in isolated channel protein in lipid
bilayer. Proc. Natl. Acad. Sci. USA 90, 11743–11747.

Ludviksdottir, D., Janson, C., Bjornsson, E., Stalenheim, G., Boman, G.,
Hedenstrom, H., Venge, P., Gudbjornsson, B., and Valtysdottir, S.
(2000). Different airway responsiveness profiles in atopic asthma,
nonatopic asthma, and Sjogren’s syndrome. BHR Study Group.
Bronchial hyperresponsiveness. Allergy 55, 259–265.

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 233



Luther, H.P., Homuth, V., and Wallukat, G. (1997). Alpha 1-adrenergic
receptor antibodies in patients with primary hypertension. Hypertension
29, 678–682.

Madrid, A., Gil-Peralta, A., Gil-Neciga, E., Gonzalez, J.R., and Jarrin, S.
(1996). Morvan’s fibrillary chorea: remission after plasmapheresis. J.
Neurol. 243, 350–353.

Magnusson, Y., Wallukat, G., Waagstein, F., Hjalmarson, A., and Hoebeke,
J. (1994). Autoimmunity in idiopathic dilated cardiomyopathy. Char-
acterization of antibodies against the beta 1-adrenoceptor with positive
chronotropic effect. Circulation 89, 2760–2767.

Mantegazza, R., Bernasconi, P., Baggi, F., Spreafico, R., Ragona, F.,
Antozzi, C., Bernardi, G., Granata, T., and The Italian Rasmussen’s
Encephalitis Study Group (2002). Antibodies against GluR3 peptides
are not specific for Rasmussen’s encephalitis but are also present in
epilepsy patients with severe, early onset disease and intractable
seizures. J. Neuroimmunol. 131, 179–185.

Marion, S., Braun, J.M., Ropars, A., Kohn, L.D., and Charreire, J. (1994).
Induction of autoimmunity by immunization of mice with human 
thyrotropin receptor. Cell. Immunol. 158, 329–341.

Mason, W.P., Graus, F., Lang, B., Honnorat, J., Delattre, J.Y., 
Valldeoriola, F., Antoine, J.C., Rosenblum, M.K., Rosenfeld, M.R.,
Newsom-Davis, J., Posner, J.B., and Dalmau, J. (1997). Small-cell lung
cancer, paraneoplastic cerebellar degeneration and the Lambert-Eaton
myasthenic syndrome. Brain 120, 1279–1300.

Masuda, M.O., Levin, M., De Oliveira, S.F., Dos Santos Costa, P.C.,
Bergami, P.L., Dos Santos Almeida, N.A., Pedrosa, R.C., Ferrari, I.,
Hoebeke, J., and Campos de Carvalho, A.C. (1998). Functionally active
cardiac antibodies in chronic Chagas’ disease are specifically blocked
by Trypanosoma cruzi antigens. FASEB J. 12, 1551–1558.

Matsui, S., Fu, M.L., Hayase, M., Katsuda, S., Yamaguchi, N., Teraoka, K.,
Kurihara, T., and Takekoshi, N. (1999). Active immunization of com-
bined beta1-adrenoceptor and M2-muscarinic receptor peptides induces
cardiac hypertrophy in rabbits. J. Card. Failure 5, 246–254.

Matsui, S., Fu, M.L., Katsuda, S., Hayase, M., Yamaguchi, N., Teraoka, K.,
Kurihara, T., Takekoshi, N., Murakami, E., Hoebeke, J., and 
Hjalmarson, A. (1997). Peptides derived from cardiovascular G-
protein-coupled receptors induce morphological cardiomyopathic
changes in immunized rabbits. J. Mol. Cell. Cardiol. 29, 641–655.

Matsui, S., Fu, M.L., Shimizu, M., Fukuoka, T., Teraoka, K., Takekoshi,
N., Murakami, E., and Hjalmarson, A. (1995). Dilated cardiomyopathy
defines serum autoantibodies against G-protein-coupled cardiovascular
receptors. Autoimmunity 21, 85–88.

McCombe, P.A., Wilson, R., and Prentice, R.L. (1992). Anti-ganglioside
antibodies in peripheral neuropathy. Clin. Exp. Neurol. 29, 182–
188.

McLachlan, S.M. and Rapoport, B. (1996). Monoclonal human autoanti-
bodies to the TSH receptor — The holy grail and why are we looking
for it? J. Clin. Endocrinol. Metab. 81, 3152–3154.

Meriney, S.D., Hulsizer, S.C., Lennon, V.A., and Grinnell, A.D. (1996).
Lambert-Eaton myasthenic syndrome immunoglobulins react with 
multiple types of calcium channels in small-cell lung carcinoma. Ann.
Neurol. 40, 739–749.

Meucci, N., Nobile-Orazio, E., and Scarlato, G. (1996). Intravenous
immunoglobulin therapy in amyotrophic lateral sclerosis. J. Neurol.
243, 117–120

Mignogna, M.D., Fedele, S., Lo Russo, L., and Lo Muzio, L. (2003). 
Sialorrhoea as early oral clinical manifestation of primary Sjogren’s
syndrome? Rheumatology (Oxford) 42, 1113–1114.

Mijares, A., Lebesgue, D., Wallukat, G., and Hoebeke, J. (2000). From
agonist to antagonist: Fab fragments of an agonist-like monoclonal anti-
beta(2)-adrenoceptor antibody behave as antagonists. Mol. Pharmacol.
58, 373–379.

Motomura, M. (1999). The Lambert-Eaton myasthenic syndrome: a study
of 100 Japanese cases. Rinsho Shinkeigaku 39, 1237–1239.

234 Immunologic Basis of Autoimmunity

Motomura, M., Lang, B., Johnston, I., Palace, J., Vincent, A., and Newsom-
Davis, J. (1997). Incidence of serum anti-P/Q-type and anti-N-type
calcium channel autoantibodies in the Lambert-Eaton myasthenic 
syndrome. J. Neurol. Sci. 147, 35–42.

Muth, J.N., Varadi, G., and Schwartz, A. (2001). Use of transgenic mice to
study voltage-dependent Ca2+ channels. Trends Pharmacol. Sci. 22,
526–532.

Newsom-Davis, J. (1997a). Autoantibody-mediated channelopathies at the
neuromuscular junction. Prog. Clin. Neurosci. 3, 337–346.

Newsom-Davis, J. (1997b). Autoimmune neuromyotonia (Isaacs’ syn-
drome): an antibody-mediated potassium channelopathy. Ann. N. Y.
Acad. Sci. 835, 111–119.

Newsom-Davis, J., Pinching, A.J., Vincent, A., and Wilson, S.G. (1978).
Function of circulating antibody to acetylcholine receptor in myasthe-
nia gravis: investigation by plasma exchange. Neurology 28, 266–
272.

Nguyen, K.H., Brayer, J., Cha, S., Diggs, S., Yasunari, U., Hilal, G., Peck,
A.B., and Humphreys-Beher, M.G. (2000). Evidence for antimuscarinic
acetylcholine receptor antibody-mediated secretory dysfunction in
NOD mice. Arthritis Rheum. 43, 2297–2306.

Offen, D., Halevi, S., Orion, D., Mosberg, R., Stern-Goldberg, H.,
Melamed, E., and Atlas, D. (1998). Antibodies from ALS patients
inhibit dopamine release mediated by L-type calcium channels. 
Neurology 51, 1100–1103.

Ohlsson, M., Gordon, T.P., and Waterman, S.A. (2002). Role of anti-
calcium channel and anti-receptor autoantibodies in autonomic dys-
function in Sjogren’s syndrome. J. Neuroimmunol. 127, 127–133.

Ohmori, M., Endo, T., Ikeda, M., and Onaya, T. (1992). Immunization with
human thyrotrophin receptor peptide induces an increase in thyroid
hormone in rabbits. J. Endocrinol. 135, 479–484.

Okazaki, T., Tanaka, Y., Nishio, R., Mitsuiye, T., Mizoguchi, A., Wang, J.,
Ishida, M., Hiai, H., Matsumori, A., Minato, N., and Honjo, T. (2003).
Autoantibodies against cardiac troponin I are responsible for dilated
cardiomyopathy in PD-1-deficient mice. Nat. Med. 9, 1477–1483.

O’Neill, J.H., Murray, N.M., and Newsom-Davis, J. (1988). The Lambert-
Eaton myasthenic syndrome. A review of 50 cases. Brain 111, 577–
596.

O’Shaughnessy, T.J., Yan, H., Kim, J., Middlekauff, E.H., Lee, K.W.,
Phillips, L.H., and Kim, Y.I. (1998). Amyotrophic lateral sclerosis:
serum factors enhance spontaneous and evoked transmitter release at
the neuromuscular junction. Muscle Nerve 21, 81–90.

Pan, Z., Anderson, C.J., and Stafford, H.A. (1998). Anti-idiotypic antibod-
ies prevent the serologic detection of antiribosomal P autoantibodies in
healthy adults. J. Clin. Invest. 102, 215–222.

Patrick, J. and Lindstrom, J. (1973). Autoimmune response to acetylcholine
receptor. Science 180, 871–872.

Peers, C., Johnston, I., Lang, B., and Wray, D. (1993). Cross-linking of
presynaptic calcium channels: a mechanism of action for Lambert-
Eaton myasthenic syndrome antibodies at the mouse neuromuscular
junction. Neurosci. Lett. 153, 45–48.

Peers, C., Lang, B., Newsom-Davis, J., and Wray, D.W. (1990). Selective
action of myasthenic syndrome antibodies on calcium channels in a
rodent neuroblastoma ¥ glioma cell line. J. Physiol. 421, 293–308.

Perez Leiros, C., Goren, N., Sterin-Borda, L., Lustig, L., and Borda, E.
(1994). Alterations in cardiac muscarinic acetylcholine receptors in
mice with autoimmune myocarditis and association with circulating
muscarinic receptor-related autoantibodies. Clin. Auton. Res. 4,
249–255.

Perez Leiros, C., Sterin-Borda, L., Hubscher, O., Arana, R., and Borda, 
E.S. (1999). Activation of nitric oxide signaling through muscarinic
receptors in submandibular glands by primary Sjogren syndrome anti-
bodies. Clin. Immunol. 90, 190–195.

Pinto, A., Iwasa, K., Newland, C., Newsom-Davis, J., and Lang, B. (2002).
The action of Lambert-Eaton myasthenic syndrome immunoglobulin G

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 234



on cloned human voltage-gated calcium channels. Muscle Nerve 25,
715–724.

Podlowski, S., Luther, H.P., Morwinski, R., Muller, J., and Wallukat, G.
(1998). Agonistic anti-beta1-adrenergic receptor autoantibodies from
cardiomyopathy patients reduce the beta1-adrenergic receptor expres-
sion in neonatal rat cardiomyocytes. Circulation 98, 2470–2476.

Pozo-Rosich, P., Clover, L., Saiz, A., Vincent, A., and Graus, F. (2003).
Voltage-gated potassium channel antibodies in limbic encephalitis. Ann.
Neurol. 54, 530–533.

Press, R., Mata, S., Lolli, F., Zhu, J., Andersson, T., and Link, H. (2001).
Temporal profile of anti-ganglioside antibodies and their relation to
clinical parameters and treatment in Guillain-Barré syndrome. J.
Neurol. Sci. 190, 41–47.

Prior, C., Lang, B., Wray, D., and Newsom-Davis, J. (1985). Action of
Lambert-Eaton myasthenic syndrome IgG at mouse motor nerve ter-
minals. Ann. Neurol. 17, 587–592.

Qu, Y., Xiao, G.Q., Chen, L., and Boutjdir, M. (2001). Autoantibodies from
mothers of children with congenital heart block downregulate cardiac
L-type Ca channels. J. Mol. Cell. Cardiol. 33, 1153–1163.

Roberts, A., Perera, S., Lang, B., Vincent, A., and Newsom-Davis, J.
(1985). Paraneoplastic myasthenic syndrome IgG inhibits 45Ca2+ flux in
a human small cell carcinoma line. Nature 317, 737–739.

Roberts, M., Willison, H., Vincent, A., and Newsom-Davis, J. (1994).
Serum factor in Miller-Fisher variant of Guillain-Barré syndrome and
neurotransmitter release. Lancet 343, 454–455.

Robinson, C.P., Brayer, J., Yamachika, S., Esch, T.R., Peck, A.B., Stewart,
C.A., Peen, E., Jonsson, R., and Humphreys-Beher, M.G. (1998). Trans-
fer of human serum IgG to nonobese diabetic Igmu null mice reveals a
role for autoantibodies in the loss of secretory function of exocrine
tissues in Sjogren’s syndrome. Proc. Natl. Acad. Sci. USA 95,
7538–7543.

Rogers, S.W., Andrews, P.I., Gahring, L.C., Whisenand, T., Cauley, K.,
Crain, B., Hughes, T.E., Heinemann, S.F., and McNamara, J.O. (1994).
Autoantibodies to glutamate receptor GluR3 in Rasmussen’s encephali-
tis. Science 265, 648–651.

Rosztoczy, A., Kovacs, L., Wittmann, T., Lonovics, J., and Pokorny, G.
(2001). Manometric assessment of impaired esophageal motor function
in primary Sjogren’s syndrome. Clin. Exp. Rheumatol. 19, 147–152.

Sanders, D.B., El-Salem, K., Massey, J.M., McConville, J., and Vincent, A.
(2003). Clinical aspects of MuSK antibody positive seronegative MG.
Neurology 60, 1978–1980.

Schott, J.M., Harkness, K., Barnes, J., della Rocchetta, A.I., Vincent, A.,
and Rossor, M.N. (2003). Amnesia, cerebral atrophy, and autoimmu-
nity. Lancet 361, 1266.

Schwerer, B. (2002). Antibodies against gangliosides: a link between pre-
ceding infection and immunopathogenesis of Guillain-Barré syndrome.
Microbes Infect. 4, 373–384.

Shillito, P., Molenaar, P.C., Vincent, A., Leys, K., Zheng, W., van den Berg,
R.J., Plomp, J.J., Van Kempen, G.T.H., Chauplannaz, G., Wintzen,
A.R., van Dijk, J.G., and Newsom-Davis, J. (1995). Acquired neuro-
myotonia: Evidence for autoantibodies directed against K+ channels of
peripheral nerves. Ann. Neurol. 38, 714–722.

Sillevis Smitt, P., Kinoshita, A., De Leeuw, B., Moll, W., Coesmans, M.,
Jaarsma, D., Henzen-Logmans, S., Vecht, C., De Zeeuw, C., Sekiyama,
N., Nakanishi, S., and Shigemoto, R. (2000). Paraneoplastic cerebellar
ataxia due to autoantibodies against a glutamate receptor. N. Engl. J.
Med. 342, 21–27.

Sinha, S., Newsom-Davis, J., Mills, K., Byrne, N., Lang, B., and Vincent,
A. (1991). Autoimmune aetiology for acquired neuromyotonia (Isaacs’
syndrome). Lancet 338, 75–77.

Smith, C.U.M. (1996). Elements of Molecular Neurobiology. Chichester:
John Wiley.

Smith, R.G., Alexianu, M.E., Crawford, G., Nyormoi, O., Stefani, E., and
Appel, S.H. (1994). Cytotoxicity of immunoglobulins from amyo-

Functional Effects of Autoantibodies 235

trophic lateral sclerosis patients on a hybrid motoneuron cell line. Proc.
Natl. Acad. Sci. USA 91, 3393–3397.

Solaro, C., Mantegazza, R., Capello, E., Cilli, M., Cardellino, U., Giunti,
D., Roccatagliata, L., Giometto, B., Mancardi, G.L., and Uccelli, A.
(2001). Cerebral GvHD in a patient with Anti-GluR3 antibodies: a
passive transfer study (abstract). J. Neuroimmunol. 118, 147.

Staudt, A., Mobini, R., Fu, M., Grosse, Y., Stangl, V., Stangl, K., Thiele,
A., Baumann, G., and Felix, S.B. (2001). Beta(1)-adrenoceptor anti-
bodies induce positive inotropic response in isolated cardiomyocytes.
Eur. J. Pharmacol. 423, 115–119.

Sterin-Borda, L. and Borda, E. (2000). Role of neurotransmitter autoanti-
bodies in the pathogenesis of chagasic peripheral dysautonomia. Ann.
N. Y. Acad. Sci. 917, 273–280.

Sterz, R., Hohlfeld, R., Rajki, K., Kaul, M., Heininger, K., and Peper, K.
(1986). Effector mechanisms in myasthenia gravis: end-plate function
after passive transfer of IgG, Fab, and F(ab¢)2 hybrid molecules. Muscle
Nerve 9, 306–312.

Striessnig, J. (1999). Pharmacology, structure and function of cardiac L-
type Ca2+ channels. Cell Physiol. Biochem. 9, 242–269.

Sutton, I. and Winer, J.B. (2002). The immunopathogenesis of paraneo-
plastic neurological syndromes. Clin Sci (Lond.) 102, 475–486.

Swedo, S.E. (1994). Sydenham’s chorea. A model for childhood auto-
immune neuropsychiatric disorders. JAMA 272, 1788–1791.

Thomas, M.M. and Dunn, S.M. (1997). Amyotrophic lateral sclerosis
immunoglobulins are ineffective in altering calcium influx through
presynaptic voltage-sensitive calcium channels. Neurol. Res. 19, 129–
134.

Toyka, K.V., Drachman, D.B., Griffin, D.E., Pestronk, A., Winkelstein, J.A.,
Fishbeck, K.H. and Kao, I. (1977). Myasthenia gravis. Study of
humoral immune mechanisms by passive transfer to mice. N. Engl. J.
Med. 296, 125–131.

Tsianos, E.B., Chiras, C.D., Drosos, A.A. and Moutsopoulos, H.M. (1985).
Oesophageal dysfunction in patients with primary Sjögren’s syndrome.
Ann. Rheum. Dis. 44, 610–613.

Twyman, R.E., Gahring, L.C., Spiess, J., and Rogers, S.W. (1995). Gluta-
mate receptor antibodies activate a subset of receptors and reveal an
agonist binding site. Neuron 14, 755–762.

Uchitel, O.D., Appel, S.H., Crawford, F., and Sczcupak, L. (1988).
Immunoglobulins from amyotrophic lateral sclerosis patients enhance
spontaneous transmitter release from motor-nerve terminals. Proc. Natl.
Acad. Sci. USA 85, 7371–7374

Uchitel, O.D., Scornik, F., Protti, D.A., Fumberg, C.G., Alvarez, V., and
Appel, S.H. (1992). Long-term neuromuscular dysfunction produced by
passive transfer of amyotrophic lateral sclerosis immunoglobulins. Neu-
rology 42, 2175–2180.

Vernino, S., Adamski, J., Kryzer, T.J., Fealey, R.D., and Lennon, V.A.
(1998). Neuronal nicotinic ACh receptor antibody in subacute auto-
nomic neuropathy and cancer-related syndromes. Neurology 50,
1806–1813.

Vernino, S., Cheshire, W.P., and Lennon, V.A. (2001). Myasthenia gravis
with autoimmune autonomic neuropathy. Auton. Neurosci. 88,
187–192.

Vernino, S. and Lennon, V.A. (2002). Ion channel and striational antibod-
ies define a continuum of autoimmune neuromuscular hyperexcitabil-
ity. Muscle Nerve 26, 702–707.

Vernino, S., Low, P.A., Fealey, R.D., Stewart, J.D., Farrugia, G., and
Lennon, V.A. (2000). Autoantibodies to ganglionic acetylcholine recep-
tors in autoimmune autonomic neuropathies. N. Engl. J. Med. 343,
847–855.

Vernino, S., Ermilov, L.G., Sha, L., Szurszewski, J.H., Low, P.A., and
Lennon V.A. (2004). Passive transfer of autoimmune autonomic 
neuropathy to mice. J. Neurosci. 24, 7037–7042.

Viglione, M.P., Blandino, J.K., Kim, S.J., and Kim, Y.I. (1993). Effects of
Lambert-Eaton syndrome serum and IgG on calcium and sodium cur-

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 235



rents in small-cell lung cancer cells. Ann. N. Y. Acad. Sci. 681, 418–
421.

Viglione, M.P., Creutz, C., and Kim, Y.I. (1992). Lambert-Eaton syndrome:
antigen–antibody interaction and calcium current inhibition in chro-
maffin cells. Muscle Nerve 15, 1325–1333.

Viglione, M.P., O’Shaughnessy, T.J., and Kim, Y.I. (1995). Inhibition of
calcium currents and exocytosis by Lambert-Eaton syndrome anti-
bodies in human lung cancer cells. J. Physiol. (Lond.) 488, 303–317.

Villani, F., Spreafico, R., Farina, L., Giovagnoli, A.R., Bernasconi, P.,
Granata, T., and Avanzini, G. (2001). Positive response to immuno-
modulatory therapy in an adult patient with Rasmussen’s encephalitis.
Neurology 56, 248–250.

Vincent, A. (2002). Measuring and evaluating the significance of autoanti-
bodies in neurological disorders. Clin. Appl. Immunol. Rev. 3, 127–151.

Vincent, A. (2004). Encephalitis lethargica: part of a spectrum of post-strep-
tococcal autoimmune diseases? Brain 127, 2–3.

Vincent, A., Buckley, C., Schott, J.M., Baker, I., Dewar, B.K., Detert, N.,
Clover, L., Parkinson, A., Bien, C.G., Omer, S., Lang, B., Rossor, 
M.N., and Palace, J. (2004). Potassium channel antibody-associated
encephalopathy: a potentially immunotherapy-responsive form of
limbic encephalitis. Brain 127, 701–712.

Vincent, A., Lily, O., and Palace, J. (1999). Pathogenic autoantibodies to
neuronal proteins in neurologica disorders. J. Neuroimmunol. 100,
169–180.

Walker, J., Gordon, T., Lester, S., Downie-Doyle, S., McEvoy, D., Pile, K.,
Waterman, S., and Rischmueller, M. (2003). Increased severity of lower
urinary tract symptoms and daytime somnolence in primary Sjögren’s
syndrome. J. Rheumatol. 30, 2406–2412.

Wallukat, G., Fu, H.M., Matsui, S., Hjalmarson, A., and Fu, M.L. (1999a).
Autoantibodies against M2 muscarinic receptors in patients with 
cardiomyopathy display non-desensitized agonist-like effects. Life Sci.
64, 465–469.

Wallukat, G., Homuth, V., Fischer, T., Lindschau, C., Horstkamp, B.,
Jupner, A., Baur, E., Nissen, E., Vetter, K., Neichel, D., Dudenhausen,
J.W., Haller, H., and Luft, F.C. (1999b). Patients with preeclampsia
develop agonistic autoantibodies against the angiotensin AT1 receptor.
J. Clin. Invest. 103, 945–952.

Wallukat, G., Muller, J., Podlowski, S., Nissen, E., Morwinski, R., and
Hetzer, R. (1999c). Agonist-like beta-adrenoceptor antibodies in heart
failure. Am. J. Cardiol. 83, 75H–79H.

Wallukat, G., Wollenberger, A., Morwinski, R., and Pitschner, H.F. (1995).
Anti-beta 1-adrenoceptor autoantibodies with chronotropic activity
from the serum of patients with dilated cardiomyopathy: mapping of
epitopes in the first and second extracellular loops. J. Mol. Cell.
Cardiol. 27, 397–406.

236 Immunologic Basis of Autoimmunity

Waterman, S.A., Gordon, T.P., and Rischmueller, M. (2000). Inhibitory
effects of muscarinic receptor autoantibodies on parasympathetic 
neurotransmission in Sjögren’s syndrome. Arthritis Rheum. 43,
1647–1654.

Waterman, S.A., Lang, B., and Newsom-Davis, J. (1997). Effect of
Lambert-Eaton myasthenic syndrome antibodies on autonomic neurons
in the mouse. Ann. Neurol. 42, 147–156.

Whitney, K.D., Andrews, P.I., and McNamara, J.O. (1999). Immuno-
globulin G and complement immunoreactivity in the cerebral cortex of
patients with Rasmussen’s encephalitis. Neurology 53, 699–708.

Wiendl, H., Bien, C.G., Bernasconi, P., Fleckenstein, B., Elger, C.E., 
Dichgans, J., Mantegazza, R., and Melms, A. (2001). GluR3 antibodies:
prevalence in focal epilepsy but no specificity for Rasmussen’s
encephalitis. Neurology 57, 1511–1514.

Williams, G., Peshu, N., Newbold, C.I., Marsh, K., Newton, C.R.J.C., and
Lang, B. (2001). Autoantibodies against ion channels in children who
develop seizures following CNS infection (abstract). J. Neuroimmunol.
118, 148.

Wood, S.J. and Slater, C.R. (2001). Safety factor at the neuromuscular junc-
tion. Prog. Neurobiol. 64, 393–429.

Xiao, G.Q., Hu, K., and Boutjdir, M. (2001a). Direct inhibition of 
expressed cardiac L- and T-type calcium channels by IgG from mothers
whose children have congenital heart block. Circulation 103, 1599–
1604.

Xiao, G.Q., Qu, Y., Hu, K., and Boutjdir, M. (2001b). Down-regulation of
L-type calcium channel in pups born to 52 kDa SSA/Ro immunized
rabbits. FASEB J. 15, 1539–1545.

Xu, Y.F., Hewett, S.J., and Atchison, W.D. (1998). Passive transfer of
Lambert-Eaton myasthenic syndrome induces dihydropyridine sensi-
tivity of ICa in mouse motor nerve terminals. J. Neurophysiol. 80,
1056–1069.

Yuki, N., Ang, C.W., Koga, M., Jacobs, B.C., van Doorn, P.A., Hirata, K.,
and van der Meche, F.G. (2000). Clinical features and response to treat-
ment in Guillain-Barré syndrome associated with antibodies to GM1b
ganglioside. Ann. Neurol. 47, 314–321.

Yuki, N. and Miyagi, F. (1996). Possible mechanism of intravenous
immunoglobulin treatment on anti-GM1 antibody-mediated neu-
ropathies. J. Neurol. Sci. 139, 160–162.

Zeng, F.Y. and Wess, J. (1999). Identification and molecular characteriza-
tion of m3 muscarinic receptor dimers. J. Biol. Chem. 274, 19487–
19497.

Zhainazarov, A.B., Annunziata, P., Toneatto, S., Cherubini, E., and Nistri,
A. (1994). Serum fractions from amyotrophic lateral sclerosis patients
depress voltage-activated Ca2+ currents of rat cerebellar granule cells in
culture. Neurosci. Lett. 172, 111–114.

Ch017-P595961.qxd  1/27/06  8:15 PM  Page 236



C H A P T E R

18

MICROVASCULAR DETERMINANTS OF T-CELL
RECRUITMENT 237

ADHESION MOLECULES 240
CHEMOATTRACTANTS AND THEIR 

RECEPTORS 240
MULTISTEP ADHESION CASCADES 240
ORGANIZED LYMPHOID TISSUES: VENUES FOR

NAÏVE T-CELL HOMING AND DENDRITIC CELL
INTERACTIONS 243

EFFECTOR T-CELL MIGRATION 243
HOMING TO NON-LYMPHOID TISSUES 244
CLINICAL APPLICATIONS 244
FUTURE DIRECTIONS 244

Cell migration is fundamental to inflammatory processes.
The molecules that facilitate cell migration, such as adhe-
sion molecules and chemoattractant receptors, also represent
highly attractive targets for therapeutic intervention. More-
over, chemokine receptors and adhesion molecules have
proved to be excellent markers for distinguishing functional
subsets of T and B cells, since certain subsets need to be
placed in the appropriate place to perform their immuno-
logic roles. The discovery of numerous adhesion molecules
and chemokine receptors over the past 20 years has enabled
a more complete understanding of how specialized leuko-
cyte subsets are channeled to appropriate microenviron-
ments during an immune response. There is also an
appreciation that, under resting conditions, lymphocyte
migration is highly rationalized, with the existence of lym-
phoid versus non-lymphoid tissue migration streams, and
tissue-specific migration pathways through the skin and 
gut. Different types of immune response evoke different

subsets of leukocytes, which use different adhesion mole-
cules and chemoattractant receptors. Thus type 1 inflamma-
tory responses, which depend on type 1 helper T (Th1) cells
and macrophages, differ from type 2 responses, which
depend on Th2 cells and eosinophils, in the types of
chemokines and chemokine receptors used. This chapter
will concentrate on the adhesion, chemoattraction, and
migration of leukocytes, particularly T cells, that are asso-
ciated with autoimmune responses. Adhesion molecules and
chemoattractant receptors are particularly promising targets
for the development of new therapies to treat autoimmune
diseases, so a brief synopsis of the most promising targets
and the status of preclinical and clinical trials will be 
outlined. 

MICROVASCULAR DETERMINANTS
OF T-CELL RECRUITMENT

Specialized microvessels control T-cell migration from
blood into tissues. In most microvascular beds, except the
spleen, lung, and liver, postcapillary venules, but not arteri-
oles or capillaries, bind leukocytes. Because intravascular
leukocytes are subjected to extreme physical conditions
(sheer stress), cells use specialized adhesion receptors, the
selectins, which form stable bonds with counter-receptors in
the vascular wall (Table 18.1) (Carlos and Harlan, 1994;
Springer, 1994). Adhesion receptors on leukocytes and on
vascular endothelial cells also function as tissue-specific
recognition molecules. For example, the specialized high
endothelial venules (HEVs) in lymph nodes and Peyer
patches constitutively express vascular addressins, which
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TABLE 18.1 Selectins, integrins, and their ligands

Adhesion molecule Distribution Ligand(s), receptor(s) Role in T-cell migration

Selectins
L-selectin (CD62L) Most leukocytes PNAd, PSGL-1, MAdCAM-1, Homing to lymph nodes and Peyer patches

E-selectin, others

E-selectin (CD62E) Endothelial cells PSGL-1, ESL-1, CLA, sLeX+ Memory/effector cell homing to skin and sites 
glycol-proteins and -lipids of inflammation

P-selectin (CD62P) Endothelial cells, platelets PSGL-1, CD24, PNAd Memory/effector (Th1) cell homing to sites of 
inflammation; platelet-mediated interaction
with PNAd+ venules

Selectin ligands
Sialyl-LewisX (sCD15) Myeloid cells; some memory All selectins Function depends on presentation molecule

(Th1) cells; HEVs; other cell
types

PSGL-1 All leukocytes P-selectin; also binds L-/E- Effector cell homing to inflamed tissues
selectin

Peripheral node HEVs in LNs and inflamed L-selectin, P-selectin Naïve/central memory T-cell homing to LNs
addressin (PNAd) tissues

Cutaneous lymphocyte Skin-homing T cells, DCs, E-selectin Memory/effector T-cell homing to inflamed skin
antigen (CLA) granulocytes

b2 Integrins*
aLb2 (LFA-1, All leukocytes ICAM-1, -2, -3, -4 and -5 Homing; inflammation; adhesion to APCs
CD11a/CD18)

aMb2 (Mac-1, Myeloid cells, some ICAM-1, factor X, fibrinogen, Unknown
CD11b/CD18) activated T cells C3bi

aXb2 (p150/95, Dendritic cells Fibrinogen, C3bi Unknown
CD11c/CD18)

aDb2 Monocytes, macrophages, VCAM-1, ICAM-1 and -3 Unknown
(CD11d/CD18) eosinophils

a4 Integrins*
a4b1 (VLA-4) Most leukocytes except VCAM-1, fibronectin, a4 Memory/effector cell homing to inflamed 

neutrophils integrin tissues, esp. lung

a4b7 Lymphocytes, NK, mast MAdCAM-1, fibronectin, Homing to gut and associated lymphoid tissues
cells, basophils, monocytes weak binding to VCAM-1

Immunoglobulin superfamily
ICAM-1 (CD54) Most cell types LFA-1, Mac-1, fibrinogen Critical endothelial ligand for b2 integrins

ICAM-2 (CD102) Endothelial cells, platelets LFA-1 Unknown

VCAM-1 (CD106) Endothelial cells, BM a4b1, a4b7, aDb2 Memory/effector cell homing to inflamed tissues
stroma, FDC, osteoblasts,
mesothelium

MAdCAM-1 HEVs in gut-associated a4b7, L-selectin T-cell homing to gut-associated lymphoid tissues
lymphoid tissues; lamina 
propria

*The integrins are named according to the composition of their constituent a and b protein chains, which are each identified by a number or letter (e.g.,
a4b1 or aDb2), but some integrins are often referred to by alternative names, e.g., LFA-1, shown in parenthesis.

APC, antigen-presenting cell; BM, bone marrow; CD, cluster of differentiation; CLA, cutaneous lymphocyte antigen; ESL-1, E-selectin ligand-1; FucT-
VII, fucosyltransferase-VII; GlyCAM-1, glycosylation-dependent cell adhesion molecule-1; HEV, high endothelial venule; ICAM, intercellular cell adhesion
molecule; IL-1, interleukin-1; LFA-1, leukocyte function-associated antigen-1; LPS, lipopolysaccharide; Mac-1, macrophage antigen-1; MAdCAM-1,
mucosal addressin cell adhesion molecule-1; NK, natural killer cell; p150/95, protein with 150kDa and 95kDa subunits; PNAd, peripheral node addressin;
PSGL-1, P-selectin glycoprotein ligand-1; sgp200, sialylated glycoprotein of 200kD; sLeX, sialyl-LewisX; Th, T-helper; TNF-a, tumor necrosis factor a;
VCAM-1, vascular cell adhesion molecule-1; VLA-4, very late antigen-4.
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support a considerable rate of traffic of “resting” lympho-
cytes, i.e., naïve T and B cells and some memory T cells,
whereas endothelial cells elsewhere permit only minimal
leukocyte binding unless they are exposed to inflammatory
mediators. Thus, two vascular beds can be distinguished,
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which support fundamentally different types of leukocyte
traffic: those in lymphoid organs, which recruit lymphocytes
constitutively; and those in normal or inflamed tissues,
which typically recruit effector leukocytes whose job is to
combat pathogens (Figure 18.1).

Antigen

Normal tissue HEV

Postcapillary venule Inflamed venule

Inflamed tissue

Dendritic cell

lymph vessel

homing

Naïve T-cell memory T cell

(long lived)
-

-

- -

organ

(short lived)

recruitment

Differentiation

homing

Clonal expansion

FIGURE 18.1 Migratory routes of T cells. Naïve T cells home continuously from the blood to lymph nodes and other
secondary lymphoid tissues. Homing to lymph nodes occurs across high endothelial venules (HEVs), which express
traffic molecules for constitutive lymphocyte recruitment. Lymph nodes are percolated by lymph fluid that is channeled
to them from peripheral tissues, where dendritic cells (DCs) collect antigenic material. In inflamed tissues, DCs are
mobilized to carry antigen to lymph nodes, where they stimulate antigen-specific T cells. Upon stimulation, T cells pro-
liferate and differentiate into effector cells, which express receptors that enable them to migrate to sites of inflamma-
tion. While most effector cells are short lived, a few antigen-experienced cells survive for a long time. These memory
cells are subdivided into two populations based on their migratory ability (Sallusto et al., 1999): one subset is termed
effector memory T cells and is localized to peripheral tissues, and the other central memory T cells that express a similar
repertoire of homing molecules as do naïve T cells migrate preferentially to lymphoid organs. The traffic signals that
direct effector and memory cells to peripheral tissues are organ specific; for example, molecules required for migration
to the skin are different from those to the gut; they are modulated by inflammatory mediators and are distinct for 
different T-cell subsets, e.g., Th1 and Th2 cells show differences in their responses to various chemoattractants.

Reproduced from von Andrian and Mackay (2000), with permission.
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ADHESION MOLECULES

A central paradigm that underpins leukocyte extravasa-
tion is the multistep model of leukocyte binding to endo-
thelium (Springer, 1994). Leukocytes must engage several
sequential adhesion steps in order to leave the circulation
(Figure 18.2). Initially, tethers are formed by adhesion
receptors that are specialized to engage rapidly and with
high tensile strength. The most important initiators of adhe-
sion are the three selectins, expressed on leukocytes (L-
selectin), endothelial cells (P- and E-selectin), and activated
platelets (P-selectin) (Kansas, 1996). All selectins bind
oligosaccharides related to sialyl-LewisX. The most relevant
selectin-binding sugars are components of sialomucin-like
glycoproteins (Vestweber and Blanks, 1999). Selectin-
mediated binding of leukocytes to endothelium results in a
characteristic rolling motion. To stop rolling, cells must
engage additional (secondary) receptors (Lawrence and
Springer, 1991; von Andrian et al., 1991), members of the
integrin family, specifically LFA-1 (CD11a/CD18, aLb2),
and the two a4 integrins, a4b1 (VLA-4) and a4b7. a4 Inte-
grins can also mediate tethering and rolling, albeit less effi-
ciently than selectins (Alon et al., 1995; Berlin et al., 1995).

CHEMOATTRACTANTS AND 
THEIR RECEPTORS

While selectins are constitutively active, integrins are
activated by signals from chemoattractant receptors (Cyster,
1999; Kim and Broxmeyer, 1999). Just like adhesion mole-
cules, chemoattractant receptors can be upregulated or lost
as cells differentiate, allowing leukocytes to coordinate their
migratory routes with their immunologic function. The most
extensive family of chemoattractants, particularly for adap-
tive immune responses, are the chemokines (Table 18.2).
While some chemokines trigger intravascular adhesion
(Campbell et al., 1998), others direct leukocyte migration
into and within extravascular spaces. Since lymphocytes
must be positioned correctly to interact with other cells, the
pattern of chemokine receptors and the type and distribution
of chemokines in tissues critically influence immune
responses (Cyster, 1999; Sallusto et al., 1999; Syrbe et al.,
1999). Over 50 chemokines and 18 chemokine receptors
have been identified (Kim and Broxmeyer, 1999; Zlotnik
and Yoshie, 2000). It has been proposed that this multitude
ensures robust recruitment of inflammatory cells, even if
individual pathways are disabled by genetic defects or
through subversion by pathogens (Mantovani, 1999). Also,
the large number of chemokines may reflect the complex
nature of the mammalian immune system, the numerous
leukocyte cell types, and the distinct microenvironments
wherein migration must be regulated. For instance, neutro-
phils may use different chemoattractant receptors sequen-
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tially, to travel from A to B to C, in a process termed multi-
step navigation (Foxman et al., 1997).

Chemokines are divided into four subfamilies based on
the position of N-terminal cysteine residues. Chemokines
are also classified as inflammatory or lymphoid. Inflamma-
tory chemokines attract primarily neutrophils, monocytes,
and other effector leukocytes. The major sources of these
chemokines are activated endothelial cells, epithelial cells,
and leukocytes, although virtually any cell has the potential
to produce chemokines (and attract leukocytes) when stim-
ulated by lipopolysaccharides (endotoxin) or inflammatory
cytokines. Lymphoid chemokines are primarily produced 
in lymphoid tissues. They maintain constitutive leukocyte
traffic and compartmentalization in the lymphoid tissue
(Cyster, 1999; Jung and Littman, 1999). In addition to 
the chemokine receptors, the closely related “classical”
chemoattractant receptors, such as C5aR, serve similar roles,
particularly during inflammatory responses. The very large
number of chemokines, and patterns of chemokine receptor
expression on subsets of T cells, suggest that this system of
chemoattractants developed to meet the elaborate demands
of the adaptive immune system. 

MULTISTEP ADHESION CASCADES

One consideration for drug development is how selective
or broad-acting an antagonist should be. Chemokine and
chemokine-receptor redundancy, and the expression of 
multiple receptors by cell types such as monocytes, ques-
tions whether a single receptor antagonist will always be
effective. (Mayadas et al., 1993; Arbones et al., 1994;
Bullard et al., 1996; Frenette et al., 1996; Wagner et al.,
1996; Andrew et al., 1998; Berlin-Rufenach et al., 1999;
Forster et al., 1999; Robinson et al., 1999; Stein et al., 2000;
Warnock et al., 2000). Deficiencies in any one of the steps,
i.e., selectin binding, chemoattractant signaling or integrin
binding, can derail cell migration. The large number of
leukocyte adhesion receptors, endothelial counter-
receptor(s), chemokines, and chemokine receptors means
that there are hundreds of possible three-step combinations,
and thus great flexibility in the regulation of leukocyte
migration (Butcher, 1991; Springer, 1994). Indeed, several
multistep combinations occur uniquely in specialized tissues
and serve to attract very distinct subsets of blood-borne
leukocytes (Springer, 1994; Butcher and Picker, 1996;
Robert and Kupper, 1999; Stein et al., 2000; Warnock et al.,
2000). One consideration for drug development is, how
selective do inhibitors of cell migration need to be? Appar-
ent chemokine and chemokine receptor redundancy, for
instance, multiple receptor expression on monocytes, ques-
tions whether a single receptor antagonist will always be
effective. Nevertheless, studies in vivo using single-
receptor antagonists, or with antibodies to individual
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FIGURE 18.2 Essential molecular players in the multistep adhesion cascade. The top of this schematic diagram
depicts the four distinct adhesion steps that leukocytes must undergo to accumulate in a blood vessel. Also shown are
the predominant molecular determinants of each step with respect to leukocytes (middle of the diagram) and endothe-
lial cells (bottom). A number of molecules can interact with more than one partner, symbolized by arrows. Leukocytes
in the bloodstream (arrows at left symbolize the laminar flow profile) tether to endothelial cells and roll slowly down-
stream. Tethering is greatly facilitated by leukocyte receptors that occur at high density on the tips of microvillous
surface protrusions (L-selectin, PSGL-1, and a4 integrins), whereas subsequent rolling is not influenced by the topog-
raphy of adhesion receptors (Stein et al., 1999). The most efficient tethering molecules are L- and P-selectin. L-selectin
recognizes sulfated sialyl-LewisX (sLeX)-like sugars (PNAd) in high endothelial venules. It may also interact with other
ligands on inflamed endothelial cells (not shown) and with PSGL-1 on adherent leukocytes (broken arrow). PSGL-1
binding to L- and P-selectin requires decoration with an sLeX-like sugar in close vicinity to an N-terminal motif con-
taining three tyrosines (Y) that must be sulfated. E-selectin can also interact with PSGL-1, but does not require sulfa-
tion and also recognizes other sLeX-bearing glycoconjugates. E-selectin and the a4 integrins can tether some leukocytes,
but their predominant function is to reduce rolling velocities. Rolling leukocytes respond to chemoattractants on endothe-
lial cells because they express specific receptors with seven transmembrane domains (7TMR), which transmit intracel-
lular signals through G proteins. The activating signal induces rapid activation of b2 and/or a4 integrins, which bind to
endothelial immunoglobulin superfamily members. Note that a4 integrins can mediate activation-independent rolling
interactions as well as firm arrest. However, the latter function requires integrin activation, symbolized by the open con-
formation of the integrin heterodimer. For a list of abbreviations, see Table 18.1.
Reproduced from von Andrian and Mackay (2000), with permission.
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TABLE 18.2 Chemoattractant receptors and their
ligands in leukocyte migration

Chemoattractant
Biologic activity receptor(s) Predominant ligands*,†

Naïve T-cell migration
To LN and Peyer patch CCR7 CCL21 (SLC); CCL19 (Mip-3b)

Within lymphoid tissues CXCR4 CXCL12 (SDF-1a)

Memory T-cell migration
To lymphoid tissues CCR7 CCL21 (SLC); CCL19 (Mip-3b)

To the skin CCR4, CCL17 (TARC); CCL22 (MDC-1)
CCR10 CCL27 (CTACK)

To the gut CCR9 CCL25 (TECK)

To sites of inflammation CCR2 CCL2 (MCP-1)
CCR5 CCL5 (RANTES), CCL4 (MIP-1b)

Effector T-cell migration
Th1 cells CCR2 CCL2 (MCP-1)

CCR5 CCL5, CCL4 (MIP-1b)
CXCR3 CXCL9, 10, 11

Th2 cells CCR3 CCL11 (Eotaxin)
CCR4 CCL17 (TARC); CCL22 (MDC-1)
CCR8 CCL1 (I-309)
CXCR4 CXCL12 (SDF-1a)

B-cell migration CCR7 CCL21 (SLC); CCL19 (Mip-3b)
CXCR4 CXCL12 (SDF-1a)
CXCR5 CXCL13 (BLC)

Dendritic cell migration
To lymphoid tissues CCR7 CCL21 (SLC); CCL19 (Mip-3b)

To normal skin CCR6 CCL20 (MIP-3a)

To sites of inflammation CCR1 CCL5, CCL3
CCR2 CCL2 (MCP-1)
CCR5 CCL5, CCL4 (MIP-1b)
CXCR1 CXCL8 (IL-8)

Monocyte recruitment CCR1 CCL5, CCL3
CCR2 CCL2 (MCP-1)
CCR5 CCL5, CCL4 (MIP-1b)
CCR8 CCL1 (I-309)
CXCR1 CXCL8 (IL-8)
CX3CR1
C5aR C5a

Neutrophil recruitment CXCR1 CXCL8 (IL-8)
CXCR2 CXCL8 (IL-8); Groa, b, g
C5aR C5a
fmlpR fmlp

Eosinophil recruitment CCR3 CCL11 (Eotaxin)
C5aR C5a

*The physiologic function of several chemokine receptors are multiple, since CCR9 promotes pro-
thymocyte homing to the thymus, and T-cell migration to the gut; CXCR4 is widely expressed and appears
to have multiple roles.

†An established nomenclature for chemokines (Zlotnik and Yoshie, 2000) has superseded older and
in many cases duplicate names for a single chemokine. Frequently used alternative names are shown in
parenthesis.

CCR, receptor for CC chemokine; CXCR, receptor for CXC chemokine; LN, lymph node, Th, helper
T cell.
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chemokine ligands, have proved very effective in animal
models (Gong et al., 1997; Gonzalo et al., 1998; Ulbrich et
al., 2003; Szekanecz and Koch, 2004). However, there has
been considerable interest in targeting chemoattractant
receptor signaling pathways, where numerous receptors
would be affected: the phosphoinositide 3-kinases (PI3K)
are a good example (Ward, 2004). Mice lacking one of the
four isoforms, PI3Kg, are viable, but their neutrophils and
macrophages show impaired activation through chemoat-
tractant receptors (Hirsch et al., 2000; Li et al., 2000), and
poor chemotactic responses. 

ORGANIZED LYMPHOID TISSUES:
VENUES FOR NAÏVE T-CELL
HOMING AND DENDRITIC 

CELL INTERACTIONS 

The adhesion cascades that mediate homing of naïve T
cells to lymph nodes and Peyer patches are now well under-
stood (Bargatze et al., 1995; Warnock et al., 1998; Stein 
et al., 2000; Warnock et al., 2000). Circulating lymphocytes
gain access to both organs by crossing HEVs (Marchesi and
Gowans, 1964; Girard and Springer, 1995). A characteristic
feature of HEVs in lymph nodes is expression of the periph-
eral node addressin (PNAd), whereas HEVs in Peyer
patches express mucosal addressin cell adhesion molecule
(MAdCAM)-1. L-Selectin binds both of these addressins,
but it sustains rolling only on PNAd in lymph nodes,
whereas in Peyer patches additional binding of a4b7 
integrin to MAdCAM-1 is required (Bargatze et al., 1995;
Warnock et al., 1998). Cells expressing high levels of a4b7,
such as gut-homing effector T cells, tether directly to
MAdCAM-1, whereas naïve T cells first engage L-selectin
(Bargatze et al., 1995; Kunkel et al., 1998). The chemokines
and chemokine receptors important for lymphocyte entry to
lymphoid tissues are CCL19 and CCL21 binding to CCR7.
CCR7 is expressed at high levels by naïve T cells and central
memory T cells, but not effector memory T cells. CCR7 and
another chemokine receptor, CXCR4, are expressed in a 
reciprocal manner with inflammatory chemokine receptors,
such as CCR5 (Bleul et al., 1997), which marks mainly
effector memory T cells.

Naïve T cells are normally restricted in their migration to
lymphoid tissues. It is here where naïve T cells and other
cells necessary for a primary immune response must gather
and interact. Dendritic cells (DCs) in lymphoid tissues are
usually derived from monocytes, which enter tissues and
differentiate to “immature” DCs (see Chapter 4). Both
monocytes and immature DCs express receptors for inflam-
matory chemokines and other chemoattractants that are
released during inflammatory responses (Dieu et al., 1998;
Sallusto et al., 1998). A subset of DCs in skin, the Langer-
hans cells, also express CCR6, which may promote their
constitutive migration through normal skin. Immature DCs
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patrol tissues and engulf microorganisms, dead cells, and
cellular debris. Upon exposure to inflammatory stimuli, they
travel to regional lymph nodes via afferent lymph vessels,
lose their receptors for inflammatory chemokines, and
upregulate receptors for lymphoid chemokines (Sallusto and
Lanzavecchia, 1999). CCR7 expression allows maturing
DCs to home to the T-cell area of lymph nodes. While in
transit, DCs also alter their functional role to that of antigen
presentation, and begin producing chemokines that attract
subsets of T cells (Sallusto and Lanzavecchia, 1999). 

The rationale for naïve T cells being restricted in their
migration to lymphoid tissues is that the large-scale perco-
lation of naïve lymphocytes, all with different antigen recep-
tors, allows the very rare antigen-specific cell to encounter
its cognate antigen. Moreover, lymphoid tissues are the
venue for T-cell–DC interactions, T–B-cell interactions,
including the germinal center (GC) reaction, and are also a
place to which antigen drains and is captured and retained.
It is also possible that the restriction of naïve T cells to lym-
phoid tissues facilitates immune tolerance, by restricting
exposure of naïve T cells to peripheral self-antigens. 

EFFECTOR T-CELL MIGRATION

Naïve T cells differentiate to effector cells in lymphoid
organs (see Figure 18.1). However, the principal sites where
effector cells are needed are peripheral tissues, where
pathogens are encountered. Thus, effector cells upregulate
receptors for inflammation-induced endothelial adhesion
molecules and inflammatory chemoattractants (Butcher 
and Picker, 1996). However, different pathogens require 
different effector responses, e.g., by Th1 or Th2 cells, and
Th1 and Th2 cells express distinct receptors and obey 
different traffic signals (Syrbe et al., 1999). Distinctive
chemokine receptors on Th1 cells include CCR5 and
CXCR3 (Bonecchi et al., 1998; Sallusto et al., 1998), which
bind inflammatory chemokines (see Table 18.1). In rheuma-
toid arthritis and multiple sclerosis (both often thought of as
Th1 related), virtually all infiltrating T cells express CCR5
and CXCR3 (Qin et al., 1998). People with a homozygous
mutation that disrupts the CCR5 gene (Paxton and Kang,
1998) may also be less susceptible to some inflammatory
disorders, including rheumatoid arthritis (Gomez-Reino 
et al., 1999). Adhesion molecules also play a role; Th1 cells
express abundant selectin ligands. P- and E-selectin, which
occur on inflamed endothelium, and their ligand, PSGL-1,
are critical for Th1 cell migration to inflamed skin (Austrup
et al., 1997; Borges et al., 1997) and peritoneum (Xie et al.,
1999). Expression of fucosyltransferase-VII is necessary for
cells to synthesize selectin ligands (Maly et al., 1996). This
enzyme is induced by interleukin (IL)-12, which drives Th1
differentiation, whereas T-cell exposure to the Th2 cytokine
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IL-4 downmodulates selectin ligand expression (Wagers 
et al., 1998; Lim et al., 1999).

Th2 cells also express distinctive chemoattractant 
receptors, including CRTh2 and CCR3 (Sallusto et al., 
1997). Eotaxin, a ligand of CCR3, has been implicated 
in eosinophil recruitment into hyperreactive airways and 
is prominent in mucosal tissues undergoing allergic and
antiparasitic responses (Jose et al., 1994). Eotaxin produc-
tion is stimulated by Th2 cytokines, such as IL-4 or IL-13,
and is absent from Th1-mediated lesions (Ponath et al.,
1996). CCR3 is also expressed on basophils and mast cells,
which presumably allows these allergy-related leukocytes to
colocalize and interact at sites of allergic inflammation
(Gutierrez-Ramos et al., 1999). Other chemoattractant
receptors that are also preferentially, but not exclusively,
expressed on Th2 cells include CCR4, CCR8 and CXCR4
(Sallusto et al., 1998).

HOMING TO NON-LYMPHOID
TISSUES

Antigen-experienced T cells often display a bias in their
tissue migration patterns, which enhances their chances for
re-encountering antigen. T cells that respond to cutaneous
pathogens in skin-draining lymph nodes migrate preferen-
tially to the skin, whereas effector cells that arise in Peyer
patches in response to enteroviral infections migrate prefer-
entially to the gut (Butcher and Picker, 1996). Indeed, lym-
phocytes express different homing receptors when they
respond to orally administered antigen, compared to when
the same antigen is given parenterally (Kantele et al., 1999).
The best understood tissue-selective homing pathways are
in the skin and intestine (Butcher and Picker, 1996; Robert
and Kupper, 1999), but other selective migration streams
may well exist, such as to the lung, joints, and central
nervous system (Salmi et al., 1992). Thus, tissue-selective
migration streams offer the prospect of selectively inhibit-
ing cell migration through a diseased tissue, such as the gut,
and leaving other tissues unaffected. For instance, inhibitors
of a4b7 integrin have been trialed in patients with inflam-
matory bowel disease.

CLINICAL APPLICATIONS

Chemoattractant receptors and adhesion molecules are
highly promising targets for new anti-inflammatory thera-
pies (Carlos and Harlan, 1994; Strieter et al., 1996; 
Oppenheimer-Marks and Lipsky, 1998; Homey and Zlotnik,
1999; Mackay, 2001; von Andrian and Engelhardt, 2003;
Szekanecz and Koch, 2004), and the development of antag-
onists has been pursued aggressively by the biotechnology
and pharmaceutical industries (Table 18.3). Numerous anti-
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bodies, recombinant soluble adhesion molecules, receptor-
blocking mutant chemokines, and small molecules are being
tested for clinical application in multiple sclerosis, inflam-
matory bowel disease, arthritis, and psoriasis. In general,
studies on experimental animals have validated various
receptors or ligands in inflammatory disease models, includ-
ing asthma, rheumatoid arthritis, multiple sclerosis, sepsis,
and transplantation (Grant et al., 2002; Haskell et al., 2002;
Miller et al., 2003; von Andrian and Engelhardt, 2003). 
Subversion of immune responses by pathogens also pro-
vides a pointer to the best anti-inflammatory strategies. A
telling feature of many pathogens is their subversion of host
responses through the chemokine system (Alcami, 2003).
Chemoattractant receptors probably offer the most promise,
because the seven-transmembrane structure of these 
receptors lends itself to inhibition with organic small 
molecules. 

Potent small molecule antagonists have been developed
for a number of the chemoattractant receptors (see Table
18.3), especially CCR1, CCR3, CCR5, CXCR3, and
CXCR4 (Haringman et al., 2003; Szekanecz and Koch,
2004). Chemokine receptor antagonists have proved highly
efficacious in animal models, particularly in models of
rheumatoid arthritis [reviewed by Szekanecz and Koch
(2004)]. A noteworthy example is a small molecule antago-
nist of both CCR5 and CXCR3, termed TAK-779, which
inhibits ligand binding of these two Th1-type chemokine
receptors (Gao et al., 2003), and also inhibits the develop-
ment of arthritis by interfering with T-cell migration to joint
lesions (Yang et al., 2002). Effector T cells in the synovium
of patients with rheumatoid arthritis express high levels of
CCR5 and CXCR3 (Qin et al., 1998). It is highly likely that
some of these drugs will succeed in clinical trials and find
utility in the treatment of certain autoimmune diseases.
Interactions involving integrins or selectins are more diffi-
cult to inhibit with small molecules, but there have been
promising results with antagonists of a4b1–VCAM-1 and
LFA-1–ICAM-1 interactions (Kelly et al., 1999; Lin et al.,
1999). It is likely that cell-migration inhibitors will go far
towards alleviating the disabling effects of autoimmune
inflammation well before the basic nature of autoimmunity
is finally understood. 

FUTURE DIRECTIONS

The targeting of cell-migration pathways is an emerging
approach to treat inflammatory autoimmune diseases, with
promising disease applications being multiple sclerosis,
rheumatoid arthritis, and psoriasis, but there are likely many
others (see Chapter 76). Eventually, we must translate the
wealth of data on trafficking molecules into a clearer under-
standing of their physiologic and pathologic relevance to
human health and disease. This will require new experi-
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mental and therapeutic entities, such as antibodies, recom-
binant proteins, small molecule inhibitors, screening assays
and, not least, meaningful clinical trials. One pivotal ques-
tion is whether to treat autoimmune diseases with broad
inhibitors (the sledge hammer approach, using, for instance,
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an inhibitor of a common signaling pathway of chemo-
attractant receptors), or whether such diseases should be
treated with much more specific inhibitors, for instance,
inflammatory bowel disease with a CCR9 or a4b7 inhibitor?
Time will tell.

TABLE 18.3 Adhesion molecules and chemoattractant receptors as targets for the treatment of
inflammatory diseases

Involved in leukocyte or T-cell Potential clinical
Target pathway/receptor migration to these sites* applications† Comments, examples of drug development†

Adhesion pathways
a4b1–VCAM-1 Numerous inflamed tissues, Asthma, MS, vasculitis Promising phase II data in MS (Miller et al., 2003; 

Th2 lesions von Andrian and Engelhardt, 2003)

a4b7–MAdCAM-1 Nonpulmonary mucosal tissues IBD Promising mouse data, disappointing phase II data
using anti-a4b7 mAb

Mac-1–ICAM-1 Inflamed tissues? Ischemia–reperfusion Anti-ICAM mAb discontinued in phase III

LFA-1–ICAM-1 Most inflamed tissues, T-cell Numerous Promising phase III data with efazulimab for 
interactions with APCs psoriasis

Selectins–PSGL-1 Acute inflammation, Th1 Numerous Disappointing phase II data, mixed data with
lesions, esp. in the skin various antagonists (Ulbrich et al., 2003)

Fucosyltransferase-VII Acutely inflamed tissues, Th1 Numerous Requires intracellular inhibitors, none described
lesions

Chemokine receptors/ligands
CXCR1,2–numerous CXC Some inflamed tissues, esp. skin Psoriasis, RA, Efficacy of antagonists not determined in humans
chemokines reperfusion injuries

CCR1–CCL3, 5 Numerous inflamed tissues RA, others Promising phase Ib data (Haringman et al., 2003)

CCR2–CCL2 (MCP-1) Numerous inflamed tissues RA, MS Promising animal data (Gong et al., 1997)

CCR3–CCL11 (Eotaxin) Th2 lesions, allergic inflammation Asthma, allergies Promising phenotypes in knock-out mice, but 
possible redundancy issues

CCR4–CCL17, 22 Skin, Th2 lesions Asthma, psoriasis, Importance not established in vivo
atopic dermatitis

CCR5–CCL3, 4, 5 Th1 lesions RA, HIV infection Promising small molecule antagonists (Baba et al., 
1999; Gao et al., 2003)

CCR9–CCL25 Intestine IBD Importance not yet established in vivo

CXCR3–CXCL9, 10, 11 Th1 lesions RA, MS, Possible redundancy of Th1 chemokine pathways.
transplantation Promising data with CXCR3 knock-out mice

SDF-1a–CXCR4 Numerous tissues HIV infection Critical for embryogenesis; inhibitors may alter
hematopoiesis

Classical and other
chemoattractant receptors
C5aR–C5a Neutrophil, mast cells RA, sepsis, reperfusion Disappointing clinical trial data in RA

injuries

BLR–LTB4 Mast-cell initiated inflammatory RA, asthma Potent small molecule drugs developed, 
lesions effectiveness in autoimmune disease unclear

S1P receptors (esp. S1P1) Lymphocyte egress from tissues Numerous S1P receptor agonist drugs, i.e., FTY720, effective
in animal models of disease (Goetzl and Graler, 
2004; Ward, 2004)

*Most of these molecular pathways have been targeted with either small molecule antagonists or blocking mAbs, and are currently in clinical trials for
various indications. In addition, a substantial amount of animal experimentation has validated these pathways for various diseases.

†For reviews of adhesion molecule or chemoattractant receptor antagonists, and their use in preclinical and clinical trials, see Ulbrich et al. (2003) and
Szekanecz and Koch (2004).

APC, antigen-presenting cell; CCR, receptor for CC chemokine; CXCR, receptor for CXC chemokine; HIV, human immune deficiency virus; IBD, inflam-
matory bowel disease; ICAM-1, intercellular cell adhesion molecule-1; IL-8, interleukin-8; LAD, leukocyte adhesion deficiency syndrome; LFA-1, leuko-
cyte function-associated antigen-1; Mac-1, macrophage antigen-1; MAdCAM-1, mucosal addressin cell adhesion molecule-1; MS, multiple sclerosis; PSGL-1,
P-selectin glycoprotein ligand-1; RA, rheumatoid arthritis; Th, T-helper; VCAM-1, vascular cell adhesion molecule-1.
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FIGURE 18.1 Migratory routes of T cells. Naïve T cells home continuously from the blood to lymph nodes and other
secondary lymphoid tissues. Homing to lymph nodes occurs across high endothelial venules (HEVs), which express
traffic molecules for constitutive lymphocyte recruitment. Lymph nodes are percolated by lymph fluid that is channeled
to them from peripheral tissues, where dendritic cells (DCs) collect antigenic material. In inflamed tissues, DCs are
mobilized to carry antigen to lymph nodes, where they stimulate antigen-specific T cells. Upon stimulation, T cells pro-
liferate and differentiate into effector cells, which express receptors that enable them to migrate to sites of inflamma-
tion. While most effector cells are short lived, a few antigen-experienced cells survive for a long time. These memory
cells are subdivided into two populations based on their migratory ability (Sallusto et al., 1999): one subset is termed
effector memory T cells and is localized to peripheral tissues, and the other central memory T cells that express a similar
repertoire of homing molecules as do naïve T cells migrate preferentially to lymphoid organs. The traffic signals that
direct effector and memory cells to peripheral tissues are organ specific; for example, molecules required for migration
to the skin are different from those to the gut; they are modulated by inflammatory mediators and are distinct for 
different T-cell subsets, e.g., Th1 and Th2 cells show differences in their responses to various chemoattractants.

Reproduced from von Andrian and Mackay (2000), with permission.
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FIGURE 18.2 Essential molecular players in the multistep adhesion cascade. The top of this schematic diagram
depicts the four distinct adhesion steps that leukocytes must undergo to accumulate in a blood vessel. Also shown are
the predominant molecular determinants of each step with respect to leukocytes (middle of the diagram) and endothe-
lial cells (bottom). A number of molecules can interact with more than one partner, symbolized by arrows. Leukocytes
in the bloodstream (arrows at left symbolize the laminar flow profile) tether to endothelial cells and roll slowly down-
stream. Tethering is greatly facilitated by leukocyte receptors that occur at high density on the tips of microvillous
surface protrusions (L-selectin, PSGL-1, and a4 integrins), whereas subsequent rolling is not influenced by the topog-
raphy of adhesion receptors (Stein et al., 1999). The most efficient tethering molecules are L- and P-selectin. L-selectin
recognizes sulfated sialyl-LewisX (sLeX)-like sugars (PNAd) in high endothelial venules. It may also interact with other
ligands on inflamed endothelial cells (not shown) and with PSGL-1 on adherent leukocytes (broken arrow). PSGL-1
binding to L- and P-selectin requires decoration with an sLeX-like sugar in close vicinity to an N-terminal motif con-
taining three tyrosines (Y) that must be sulfated. E-selectin can also interact with PSGL-1, but does not require sulfa-
tion and also recognizes other sLeX-bearing glycoconjugates. E-selectin and the a4 integrins can tether some leukocytes,
but their predominant function is to reduce rolling velocities. Rolling leukocytes respond to chemoattractants on endothe-
lial cells because they express specific receptors with seven transmembrane domains (7TMR), which transmit intracel-
lular signals through G proteins. The activating signal induces rapid activation of b2 and/or a4 integrins, which bind to
endothelial immunoglobulin superfamily members. Note that a4 integrins can mediate activation-independent rolling
interactions as well as firm arrest. However, the latter function requires integrin activation, symbolized by the open con-
formation of the integrin heterodimer. For a list of abbreviations, see Table 18.1.

Reproduced from von Andrian and Mackay (2000), with permission.
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Most normal and aberrant immune responses require 
the coordinated activation of both the innate and adaptive
immune responses. The innate immune system responds to
patterns and contexts indicative of danger. The lack of speci-
ficity of the innate immune system allows it to respond
quickly and broadly to infectious organisms. Phylogenically,
the innate immune system is ancient. Indeed, the first de-
scriptions of the primary receptors and signaling pathways
of the innate immune system were made in invertebrates
amenable to genetic dissection. 

However, there are limitations to the innate immune
system. It does not learn from previous immunologic chal-
lenges. The innate immune system is invariant and does not

adapt to common pathogens in the environment. For the
innate immune system, every war is always the first war. To
circumvent these limitations, higher vertebrates have devel-
oped adaptive immunity. This system does not respond to
broad conserved patterns but to specific non-self-antigenic
epitopes restricted to the invading organism. The adaptive
and innate immune systems are highly interdependent and
rarely does one respond to an infection without the partici-
pation of the other. However, it is the adaptive immunity 
that allows the immune system to develop a memory of 
previous infections, and to respond quickly and effectively 
the next time a similar infection occurs. Exploitation of the
adaptive immune system, through the use of vaccines, has
been used with great success to rid humanity of many forms
of pestilence. Unfortunately, aberrant adaptive immune
responses are at the root of most autoimmune diseases. 

In this chapter we will review the structure and signaling
pathways regulated by two important receptors of the adap-
tive immune system, the T- and B-cell antigen receptors. 
We will also examine how signaling through important core-
ceptors determines cellular responses. By comparing and
contrasting these two receptor systems, we hope to illustrate
both common mechanisms of responding to antigen and
important differences. Understanding how the antigen
receptors function is of clear and direct importance to those
interested in the pathogenesis and treatment of autoimmune
diseases. As will be demonstrated, changes in how a 
lymphocyte responds to antigen can lead to the breaking of
tolerance and the development of autoimmune diseases.
Conversely, therapeutically targeting the signaling pathways
activated by the antigen receptors and their coreceptors
holds the promise of reinstating antigen-specific tolerance
and inducing drug-free remissions in patients afflicted with
autoimmunity. 
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COMMON AND DIVERGENT
THEMES IN RECEPTOR STRUCTURE 

All the antigen recognition receptors of the immune
system, including the B-cell receptor (BCR), the T-cell
receptor (TCR), and most Fc receptors have a common
general structure. Each contains an antigen recognition 
substructure noncovalently associated with a substructure
required for both surface expression and for the activation
of signaling pathways. In the case of lymphocytes, the
antigen-recognition substructures are clonotypic; specific
for one antigenic epitope. As covered in Chapter 2, speci-
ficity arises from recombination of the gene segments
encoding the variable regions. The TCR antigen recognition
substructure is comprised of two transmembrane polypep-
tide chains, named a and b (or g and d in a small subset of
T cells), which recognize antigenic peptides presented in the
context of either major histocompatibility complex (MHC)
class I or class II molecules. The associated signaling 
substructure is comprised of four different invariant chains,
CD3g, d, e, and TCRz2. Regarding TCR stoichiometry,
recent data have demonstrated that the majority of the com-
plexes contain a single TCRab heterodimer associated with
one CD3eg, one CD3ed, and one homodimer x2 (Figure
19.1). There are three basic (positively charged) residues in
the transmembrane region of the TCRab heterodimer and a
pair of acidic (negatively charged) residues in each of the
three signaling dimers. Each acidic residue pair binds a 
different basic TCRab residue to assemble a TCR in which
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TCRab is in the center surrounded by the signaling dimers
(Call et al., 2002).

The first evidence that the CD3g, d, e, and TCRz2 chains
are responsible for signal transduction was demonstrated
using a chimeric protein linking the extracellular and trans-
membrane domains of CD8 to the cytoplasmic domain of
the x chain (Weiss and Littman, 1994). Similar experiments
were used to examine the functional capacity of CD3e. Sub-
sequent genetic studies have demonstrated that the cyto-
plasmic tails of the various signaling subunits, especially
TCRz, are required for T-cell development (Shores and
Love, 1997). From these data, it is clear that each chain 
can independently signal and mediate biologic functions.
However, it is likely that each signaling chain of the TCR
also contributes unique signaling functions to the receptor
complex. 

The BCR is also comprised of separate antigen recogni-
tion and signaling substructures. Antigen is recognized 
by membrane-bound immunoglobulin (mIg) which is iden-
tical in specificity to the secreted immunoglobulin poten-
tially produced by each cell. The IgM and IgD isotypes 
have short cytosolic tails of only three amino acids, while
other isotypes, such as IgG, have larger cytosolic tails that
may influence signaling through the BCR (Wakabayashi et
al., 2002). The signaling substructure of the BCR is com-
posed of a single disulfide-linked heterodimer of Iga and
Igb noncovalently associated with mIg in a 1:1 stoichio-
metry (Wolfgang et al., 2000). Like the TCR, the trans-
membrane domains of mIg and Iga/Igb have charged amino

FIGURE 19.1 Schematic comparison of activated antigen receptor complexes. The antigen receptors are multimeric
complexes containing separate antigen recognition and signaling substructures. Following engagement by ligand, the
immunoreceptor tyrosine-based activation motif (ITAM) tyrosines in the signaling subunits of each receptor are phos-
phorylated, which serves to recruit either the tyrosine kinase ZAP-70 [T-cell receptor (TCR)] or Syk [B-cell receptor
(BCR)]. Scaffolding molecules are then phosphorylated by these kinases. In the case of the TCR, the scaffold consists
of LAT–GrpL–SLP-76 and with the BCR, BLNK. Other scaffolding molecules are likely to be involved, including LAB
and BAM32. These phosphorylated scaffolds then assemble and coordinate the activation of signaling effectors that 
initiate downstream signaling pathways.
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acids. Those in mIg have been demonstrated to be impor-
tant for receptor assembly. However, the overall structure 
of the BCR complex is still unknown. The Iga/Igb cytosolic
tails have also been studied extensively both in vitro
and in vivo. In general, the functions of Iga and Igb
appear to be more specialized than those of each TCR sig-
naling chain. The bulk of evidence indicates that Iga is the
major signaling chain of the complex (see below). Expres-
sion of both mIg and Iga are required for normal B cell
development and for maintaining B cells in the periphery
(Lam et al., 1997; Wang and Clark, 2003; Kraus et al., 2004).
In contrast, Igb is required for the maturation of peripheral
B cells (Reichlin et al., 2001) and for proper BCR-mediated
antigen processing and presentation to T cells (Clark et al.,
2004). 

RECOGNITION OF ANTIGEN 

In contrast to their similarities in overall receptor struc-
ture, the TCR and BCR recognize antigen in very different
ways. As described in Chapter 6, T cells recognize antigenic
peptides processed by antigen-presenting cells (APCs) and
presented in the context of either MHC class I or class II.
The affinity of a typical TCR for MHC class II/peptide
complex is low (Kd = 10-5) and is a compilation of TCR
binding to both MHC and peptide. Also, the TCR usually
recognizes MHC concurrently with binding of the corecep-
tors CD4 (MHC class II restricted) or CD8 (MHC class I).
Coreceptor engagement enhances binding affinity and, as
discussed below, is integral to the initiation of signaling. In
spite of such low affinities, productive engagement of a
single MHC class II–peptide complex can elicit a detectable
signaling response and as few as 10 engaged receptors can
initiate full signaling (Irvine et al., 2002). The exquisite sen-
sitivity of the TCR is probably due to several factors, includ-
ing the ability of engaged TCRs to recruit nonengaged TCRs
to the APC interface and the ability of a single MHC–peptide
complex to engage multiple TCRs. 

In contrast, the BCR usually recognizes native antigens
that have not undergone processing. The initial affinities of
antigen for receptor are often in the same range as that for
the TCR. However, because of the unique ability of the BCR
to undergo affinity maturation, affinities at the end of an
acute immune response can be 10-9 or greater. Although the
BCR can recognize monovalent antigens, such antigens are
unlikely to be encountered routinely during normal immune
responses and they do not lead to productive B-cell activa-
tion (see below). Normally, antigens are either presented to
B cells directly by infectious agents, which provide repeti-
tive epitope arrays, or by cells of the immune system, includ-
ing dendritic cells (DCs) which capture antigenic complexes
on their cell surface. The normal polyvalency of non-self-
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antigens induces BCR aggregation and the initiation of sig-
naling pathways that ultimately result in the activation and
differentiation of peripheral B cells. 

INITIATION OF SIGNALING 

Neither the TCR nor the BCR contain intrinsic catalytic
activity. Rather, upon receptor engagement, tyrosine 
kinases are recruited by each complex and these become the
primary enzymatic activities that mediate signal initiation.
The mechanisms by which this occurs have been studied in
great detail (Weiss and Littman, 1994; Campbell, 1999).
Within the cytosolic tails of Iga, Igb, TCRz, and the CD3
complex are one or more conserved signaling motifs known
as the immunoreceptor tyrosine-based activation motifs
(ITAMs). Each ITAM contains a pair of YXXL (where X
corresponds to a variable residue) spaced by six to eight
variable amino acids. In the case of the TCR, the ITAM
tyrosines become phosphorylated following coengagement
of MHC and CD4/8. The cytosolic tail of the latter is bound
to the Src-family tyrosine kinase (SFTK) Lck, which is the
primary kinase responsible for phosphorylating the CD3 
and TCRz ITAMs. Another SFTK, Fyn, can phosphorylate
the TCR ITAMs under some circumstances. The SFTKs
have several important structural features. First, their N-
terminal domains can be attached to various lipid moieties
(referred to as acetylation) that anchor them to the plasma
membrane where they can readily interact with the antigen
receptors. Second, besides their enzymatic activity, they 
can interact with other molecules of the signaling cascade,
via interactions through their Src homology-2 (SH2) and 
-3 (SH3) domains. SH2 domains bind phosphorylated
tyrosines in specific peptide contexts while SH3 domains
bind to proline-based motifs. Finally, the SFTKs have 
negative regulatory tyrosines in their C-terminal tails. 
Phosphorylation of this regulatory tyrosine by Csk (C-
terminal Src kinase) provides a binding site for its own SH2
domain, maintaining the SFTKs in a closed and inactive
conformation. Dephosphorylation of the C-terminal tyrosine
by the transmembrane tyrosine phosphatase CD45 allows
the SFTKs to adopt an open and active conformation 
(Hermiston et al., 2003) As discussed below, a dynamic
balance of tyrosine kinases and phosphatases determines
SFTK activity. 

The regulatory tyrosine kinase Csk contains an N-
terminal SH3 domain, an SH2 domain, and a catalytic kinase
domain. In contrast to the SFTKs, it is not modified by lipids
and therefore always resides in the cytosol. The Csk SH2
domain interacts with a transmembrane protein, known 
as Cbp/PAG (Csk-binding/phosphoprotein associated with 
glycosphingolipid-enriched microdomains), which resides
in lipid rafts where it is constituitively phosphorylated 
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by SFTKs. In addition to this SFTK inhibitory loop, the SH3
domain of Csk binds to cytoplasmic protein tyrosine 
phosphatases (PEP and PTP-PEST), which in turn dephos-
phorylate the SFTK catalytic domain tyrosine. Hence, the
coordinated activities of the tyrosine kinase Csk and the
phosphatases PEP and PTP-PEST suppress SFTK activity
within lipid rafts (Hermiston et al., 2002). 

CD45 is a transmembrane receptor-like phosphatase
expressed on all nucleated cells of hematopoietic origin.
There are a large number of CD45 isoforms expressed on
cells as a consequence of mRNA splicing of three exons that
encode portions of its extracellular domain (see below). As
with the majority of transmembrane phosphatases, CD45
contains two phosphatase homology domains in its cytoso-
lic region, although it appears that only the catalytic activ-
ity of the proximal domain is required for TCR signaling
(Desai et al., 1994). 

T cells lacking CD45 fail to proliferate or produce
cytokines in response to either antigen or TCR cross-linking.
Furthermore, patients with mutations in the CD45 gene have
severe combined immunodeficiency (Kung et al., 2000). It
is thought that CD45 is required for normal lymphocyte
development and peripheral function because it is the
primary phosphatase that dephosphorylates the C-terminal
negative regulatory site of the SKTKs (Mcfarland et al.,
1993).

The phosphatase activity of CD45 is inhibited by the 
formation of homodimers. This occurs when the catalytic
domain of one CD45 molecule binds to the highly conserved
juxtamembrane region of another. Mutations in this latter
inhibitory wedge prevent homodimerization and predispose
to autoimmunity (Majeti et al., 2000). Homodimerization is
also controlled by extracellular domain O-linked carbo-
hydrates present on specific CD45 isoforms. The smallest
isoform of CD45 (CD45RO), which is expressed on acti-
vated T cells, homodimerizes with the highest efficiency. 
In contrast, CD45RA+, which is expressed on naïve T cells,
homodimerizes poorly. By regulating homodimerization, 
the different CD45 isoforms determine basal CD45 phos-
phatase activity. This, in turn, allows for different TCR-
signaling thresholds on different T-cell subsets (Xu and
Weiss, 2002).

Once phosphorylated, the TCR ITAMs recruit the tyro-
sine kinase ZAP-70 (zeta-associated protein of 70 kDa).
ZAP-70 has two N-terminal SH2 domains and a C-terminal
tyrosine kinase domain. After both autophosphorylation 
and direct phosphorylation by Lck, ZAP-70 becomes the
primary kinase responsible for the activation of downstream
pathways. In humans, the absence of ZAP-70 is associated
with a severe combined immunodeficiency syndrome in
which CD8+ T cells fail to develop and TCR signaling in
CD4+ T cells is completely defective (Chan et al., 1994;
Elder et al., 1994). In mice, a spontaneous point mutation in
ZAP-70 causes defects in thymic selection that lead to
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chronic autoimmune arthritis that resembles rheumatoid
arthritis (Sakaguchi et al., 2003). 

The overall organization of BCR signal initiation is
similar; however, there are some important differences.
Several members of the SFTKs are expressed in B cells,
including Fyn, Blk, and Lyn, and they all are capable of
phosphorylating the Iga/Igb ITAM tyrosines. Unlike the
TCR, there is no coreceptor that recruits these SFTKs to the
receptor. It has been postulated that either the SFTKs are
preassembled in the resting receptor (Cambier et al., 1994)
or that movement of the BCR into specialized lipid
microdomains in the plasma membrane surface (lipid rafts)
provides access to the Src-family kinases. This latter possi-
bility will be discussed below. 

It is also controversial as to whether the Src-family
kinases are even required for BCR ITAM phosphorylation
(Saijo et al., 2003). Under some circumstances, this func-
tion can be performed by the ZAP-70 homolog in B cells,
Syk (Rolli et al., 2002). Furthermore, the Src-family kinases
may activate specific signaling pathways independently of
Syk (Saijo et al., 2003). Regardless of the specifics, in both
the TCR and BCR the coordinated activation of one or more
SFTKs and ZAP-70/Syk are required to activate down-
stream signaling pathways. 

PROPAGATION OF SIGNALING:
ASSEMBLY OF SIGNALOSOMES

The recruitment of ZAP-70/Syk to the antigen receptors
provides an activated kinase at the receptor complex. For
these kinases to activate signaling cascades, proximal sub-
strates must be brought into proximity. This is accomplished
by a series of linker molecules that have been identified over
the past several years. These molecules not only link enzyme
to substrate but they assemble divergent signaling molecules
together in arrays that ensure the efficient activation of
complex and important signaling pathways (see Figure
19.1).

T-Cell Receptor

Once activated, ZAP-70 phosphorylates two important
linkers for TCR signaling: LAT (linker for activation of 
T cells) and SLP-76 (SH2-domain containing leukocyte
protein of 76 kDa) (Tomlinson et al., 2000). LAT is a 36–
38 kDa protein expressed in T cells, natural killer (NK) cells,
and mast cells. The amino acid sequence of this protein
reveals 10 tyrosine residues in its cytosolic domain and two
cysteine residues in its juxtamembrane region. These cys-
teine residues are acylated and target LAT to lipid rafts. The
phosphorylation of the tyrosine residues creates binding
sites for SH2-domain-containing proteins, including phos-
pholipase Cg1 (PLCg1), Grb-2 (a regulator of Ras), Gads
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(also referred to as GrpL, or Mona), and the p85 subunit of
phosphoinositide 3-kinase (PI3K) (Zhang et al., 1998). 

SLP-76 contains three tyrosine residues in the N-
terminal region, a central proline-rich domain, and a SH2
domain in the C-terminus. Once phosphorylated, the three
phosphotyrosines provide docking sites for SH2-domain-
containing proteins, including Vav (a guanine-nucleotide-
exchange factor for the small GTPase Rac), the adaptor Nck,
and Itk, a Tec family tyrosine kinase that activates PLCg1.
The proline-rich region in SLP-76 constitutively binds the
SH3-domain Gads, which also contains an SH2 that binds
phospho-SLP76 (Law et al., 1999). In this way, Gads acts
as a bridge to assemble SLP-76 and LAT into a single 
activation platform (Jordan et al., 2003). 

B-Cell Receptor

The primary linker in B lymphocytes that couples the
BCR to most distal signaling pathways is BLNK (B-cell
linker protein, also termed SLP-65 or BASH) (Kurosaki and
Tsukada, 2000). This 65 kDa protein, which is a direct sub-
strate of Syk, contains a C-terminal SH2-domain, at least
five tyrosines that are phosphorylated following BCR liga-
tion, and multiple potential SH3-binding proline-rich motifs
(Chiu et al., 2002). Structurally, BLNK is very similar to
SLP-76. It binds to many of the same signaling molecules,
including Vav, Nck, Btk (the only Tec kinase expressed in
B cells), and Grb-2. Additionally, BLNK binds PLCg2, a
function attributed to LAT in T cells. Structurally and func-
tionally, BLNK is a composite of SLP-76 and LAT. A LAT
structural homolog has been described in B cells, LAB.
However, it is unclear if it is required for normal PLCg2 
activation. Furthermore, it does not detectably interact with
BLNK. Therefore, the available evidence indicates that
BLNK is the primary linker involved in initial BCR signal-
ing. However, it is not the only linker. In addition to 
LAB, BAM32 has been implicated in Erk activation and
cytoskeletal reorganization (Han et al., 2003). GrpL is also
expressed in B cells but apparently does not play a critical
role in BCR signaling.

In contrast to the relationship of the TCR with its primary
linkers, BLNK is directly recruited to the BCR complex
(Kabak et al., 2002). Following BCR engagement, a unique
conserved non-ITAM tyrosine in the cytosolic tail of Iga is
phosphorylated, and this directly binds the SH2 domain of
BLNK. BLNK is then rapidly phosphorylated and the next
level of signaling molecules are recruited and activated. 

ACTIVATION OF DOWNSTREAM
SIGNALING

Following assembly of the signalsomes in T and B cells,
there is a multitude of signaling processes that are activated
which ultimately regulate transcriptional programs. We will
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concentrate on the signaling pathways that regulate two of
the most important transcriptional factors, nuclear factor of
activated T cells (NFAT) and nuclear factor of k light chain
in B cells (NF-kB) (Figure 19.2). 

Intracellular Calcium and NFAT

One important molecule that participates in signal prop-
agation is PLCg (Kurosaki, 1999; Kurosaki et al., 2000).
There are at least 10 different isoforms of phospholipase,
with PLCg1 being the predominant isoform in T cells and
PLCg2 being the predominant isoform in B cells. Both
PLCgs have a similar structure with an N-terminal pleckstrin
homology (PH) domain that binds phosphatidylinositides,
followed by a catalytic domain, two tandem SH2-domains,
an SH3-domain, and then a second catalytic domain. PLCg
is recruited to either BLNK or SLP76/LAT after phospho-
rylation by Syk or ZAP-70, respectively. Recruitment brings
PLCg into proximity with the plasma membrane, which 
contains the phosphatidylinositols that are its substrate.
However, this is not sufficient for activation. Concurrent
with PLCg recruitment, a member of the Itk family of tyro-
sine kinases is also recruited to the linker complex. The Itk
[interleukin (IL)-2 tyrosine kinase] family member then
phosphorylates PLCg at several sites, enhancing its intrinsic
catalytic activity (Watanabe et al., 2001). In the case of T
cells, Itk or Rlk can serve this function, while in B cells, the
only Itk family member expressed is Btk (Bruton tyrosine
kinase). Illustrating the singular importance of Btk, muta-
tions in the molecule are associated with X-linked agamma-
globulinemia (Tsukada et al., 1993).

Once activated, PLCg cleaves phosphatidylinositol 
bisphosphate (PIP2) into inositol trisphosphate (IP3) and 
diacylglycerol (DAG). IP3 binds to specific receptors on 
specialized endoplasmic reticulum compartments, promot-
ing release of calcium into the cytosol. Increased intra-
cellular calcium activates a variety of signaling molecules,
including calcineurin, a serine/threonine phosphatase. This
enzyme dephosphorylates a transcription factor known as
NFAT (nuclear factor of activated T cells) (Shibasaki et al.,
1996), which is expressed in both T and B cells. Once
dephosphorylated, NFAT is released from the cytosol and
migrates to the nucleus, promoting the initiation of multiple
genes either directly or in partnership with other transcrip-
tional factors such as AP-1 (activator protein-1) (Hogan 
et al., 2003). Independently of calcineurin, intracellular
calcium activates other transcriptional factors, including
Nur77 and Nor1, which regulate the proapoptotic inhibitor
Bim. 

The NFAT pathway is important therapeutically because
drugs such as cyclosporine A and tacrolimus are selective
inhibitors of calcineurin (Shibasaki et al., 1997). They block
the translocation of NFAT to the nucleus, preventing the
transcription of genes required for lymphocyte survival.
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These drugs are used in the treatment of several autoimmune
diseases and in transplantation. Although quite successful in
suppressing the immune system, the use of these inhibitors
could theoretically impede the induction of anergy (see
below).

The other product that results from cleavage of phos-
phatidylinositol bisphosphate by PLCg is DAG. DAG
remains in the inner face of the membrane and together 
with elevated calcium levels activates the classical family 
of protein kinase Cs (PKC). Of these serine/threonine
kinases, PKCq in T cells and PKCb in B cells have recently
been implicated in the activation of the NF-kB (nuclear
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factor of kappa light chain in B cells) transcription factor
family.

Activation of NF-kB

NF-kB is regulated by a wide variety of receptors of the
immune system, including the TCR, BCR, tumor necrosis
factor (TNF) receptor family members, and the Toll-like
receptors (TLRs). NF-kB activation is central to the proin-
flammatory effect of these divergent receptors. Not surpris-
ingly, NF-kB is highly activated in a variety of inflammatory
diseases and is a major target for drug development in

FIGURE 19.2 Signaling pathways activated by the antigen receptors and their primary coreceptors. Following antigen
receptor aggregation, multiple molecules are organized on scaffolds that are in close proximity to the activated kinases
associated with each receptor. The coordinated recruitment of PLCg and Btk serves to activate PLCg and generate free
intracellular calcium and diacylglycerol (DAG). Full activation of PLCg is also dependent upon the activation of phos-
phoinositide 3-kinase (PI3K) and Vav. Increases in intracellular calcium activate calcineurin, which dephosphorylates
nuclear factor of activated T cells (NFAT), allowing it to translocate to the nucleus. ERK is downstream of both Grb2
and PLCg. Both calcium and DAG contribute to the activation of multiple protein kinase Cs (PKCs), including PKCq
in T cells and PKCb in B cells. These latter PKCs phosphorylate CARMA1, which leads to IKK activation, IkB degra-
dation, and, finally, the activation of NF-kB. The activation of NF-kB through the T-cell receptor (TCR) is also depen-
dent upon NIK, which can directly phosphorylate IKK. JNK is also downstream of CARMA1. Costimulation provides
for the efficient activation of NF-kB through multiple pathways, including CARMA1, NIK (CD40), and, in the case of
CD28, indirectly through Akt. Akt also activates multiple downstream pathways, including some which protect against
apoptosis. This schematic drawing is a simplified representation of some of the signaling pathways activated by the 
indicated receptors and has been drawn to emphasize common signaling themes.
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autoimmune diseases and transplantation. Extensive gene-
targeting experiments have demonstrated the importance of
the NF-kB pathway in regulating the transcription of genes
that control cellular proliferation and cell survival (Li and
Verma, 2002). 

There are five NF-kB subunits—NF-kB1 (p50), NF-kB2
(p52), RELA (p65), RELB, and c-REL. Active transcrip-
tional complexes contain heterodimers of p50 or p52 paired
with a REL transcription factor. NF-kB exists in the 
cytoplasm in its inactive form, associated with inhibitory
proteins that are known as inhibitors of NF-kB (IkB a, b,
e) (Li and Verma, 2002). Upon activation through a variety
of receptors, the IkB complex is phosphorylated, ubiquiti-
nated, and degraded, leaving NF-kB free to migrate to the
nucleus and initiate transcription. Optimal activation of NF-
kB by the antigen receptors usually requires concurrent
stimulation through the costimulatory receptors CD28 for T
cells or, in the case of B cells, CD40.

Recently, there has been substantial progress in defining
the signaling pathways linking the antigen receptors to IkB
phosphorylation (Lucas et al., 2004). Following antigen-
receptor ligation, PKCq in T cells and PKCb in B cells are
recruited into proximity of the activated antigen receptors
through mechanisms that are still unclear. These kinases
recruit the lymphoid-restricted adaptor CARMA1 (CARD
11), which, in turn, leads to the sequential recruitment of 
the Bcl10 and MALT1 adaptors. This complex then directly
regulates the serine-threonine kinase complex that phos-
phorylates IkB, IKK (IkB kinases). IKK is comprised of 
two catalytic subunits a and b, and a regulatory subunit,
g(NEMO). Bcl10 targets NEMO for ubiquitination, which
is necessary for NF-kB activation (Zhou et al., 2004). In 
addition to the CARMA1–Bcl10–MALT1 complex, NIK
(NF-kB inducing kinase), directly activates IKK and may be
required for normal NF-kB activation through the TCR.

The CARMA1 scaffold may provide lymphocytes with a
unique integration point for divergent signals that regulate
NF-kB (Jun and Goodnow, 2003). For example, in Bcl-
10-/- mice, NF-kB activation through the antigen and 
costimulatory receptors is impaired, but activation through
TLR4 is normal. Similarly, point mutations have been intro-
duced into CARMA1 that uncouple BCR and CD28, but not
TCR or TLR4, from NF-kB activation. These observations
have led to the idea that CARMA1–Bcl10–MALT1 may
function to integrate multiple environmental inputs and
translate them into a composite signal regulating NF-kB. 

LIPID RAFTS AND FORMATION OF
THE IMMUNOLOGIC SYNAPSE

The plasma membrane is not homogenous but contains
organized subdomains rich in sphingolipid and cholesterol
that are rich in acylated signaling molecules, such as the
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SFTKs, LAT, and Ras. These specialized microdomains are
referred to as lipid rafts or glycolipid-enrichedmicrodomains
(GEMs) (Dykstra et al., 2003). In resting cells, the antigen
receptors are located outside the lipid rafts. However, 
following receptor ligation there is a rapid translocation of
both the TCR and BCR into the lipid rafts. Despite intense
investigation, the exact role of lipid rafts in receptor func-
tion is still controversial. In immature B cells the BCR does
not segregate into lipid rafts and signaling is grossly intact.
Therefore, lipid rafts do not appear necessary for signal ini-
tiation. However, the concentration of important signaling
molecules in the lipid rafts in resting cells, and the recruit-
ment of additional signaling effectors following receptor 
ligation, suggest that lipid rafts may contribute to signal
propagation and amplification. 

Concurrent with lipid raft coalescence, productive 
presentation of antigen to T cells is associated with the 
organization of the TCR and costimulatory molecules into
supramolecular activation clusters (SMACs), which define
the immunologic synapse on T cells. Classically, the mature
immunologic synapse consists of a central SMAC (c-
SMAC) containing engaged TCRs and a peripheral SMAC
(p-SMAC) consisting of an encircling ring of adhesion 
molecules or integrins (Davis and Dustin, 2004). However,
variations in this structure have been reported to occur in
cytolytic T and NK-cells. As is the case with lipid rafts, 
there is still controversy as to what the SMACs do. Fur-
thermore, their exact relationship to lipid rafts is not clear.
However, formation of the SMAC requires active signaling
and a reorganization of the actin cytoskeleton, while simple
segregation to lipid rafts does not (Miletic et al., 2003).
There is evidence to support a role for SMACs in enhanc-
ing signaling and for integrating positive and negative
signals (Lee et al., 2003). Formation of the SMAC polarizes
the cell, allowing important cytokines or cytotoxic granules
to be secreted at the T-cell–APC interface. It has also been
postulated that they play a role in the degradation of the
receptor and signal termination (Lee et al., 2003). It is likely
that SMAC formation helps commit a cell to a particular 
biologic response. 

ROLE OF COSTIMULATION

Lymphocytes require two distinct signals to achieve full
activation. The first is antigen specific and involves the TCR
and BCR (signal 1). The second signal, also known as signal
2, is antigen independent and requires the participation of
costimulatory receptors. In T cells, antigen receptor signal-
ing without concurrent costimulation can result in anergy
and clonal deletion. In B cells, a lack of costimulation does
not necessarily lead to anergy but can result in develop-
mental arrest and cell death. 
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Costimulatory receptors cannot activate lymphocytes on
their own. Rather, they augment and complement signals
provided by the antigen receptor. Below we describe the
influence of two main costimulatory molecules in T and B
lymphocyte activation and the downstream pathways that
they regulate. 

CD28

CD28 is a 44-kDa disulfide-linked glycoprotein ex-
pressed constitutively in the majority of CD4+ and CD8+ T
cells. It binds to CD80 (B7.1) and CD86 (B7.2), expressed
on the surface of APCs. The interaction of CD28 with its
ligands promotes T-cell proliferation, IL-2 production, and
survival of naïve T cells. The latter effect may be related to
the fact that CD28 ligation upregulates the antiapoptotic
Bcl-2 family member, Bcl-XL (Alegre et al., 2001). Finally,
CD28 costimulation decreases the threshold of T-cell acti-
vation, possibly by promoting the formation of the immuno-
logic synapse. Much research has focused on the molecular
mechanisms coupling CD28 ligation to its downstream
events (Frauwirth and Thompson, 2002).

Like the TCR, CD28 lacks intrinsic kinase activity. The
cytoplasmic tail contains four tyrosine residues that are
phosphorylated by the SFTKs Lck and Fyn. One effector
that is recruited to these phosphotyrosines is PI3K. Once
activated, PI3K generates 3¢ phosphorylated inositol lipids,
which then recruit PH domain-containing proteins to the
plasma membrane. One of the best characterized is Akt 
(previously known as protein kinase B or PKB), which is a
serine/threonine kinase that activates NF-kB. The mecha-
nisms that link Akt to NF-kB pathway are not completely
understood but possibilities include the direct phosphoryla-
tion of IKKa by Akt, or indirect phosphorylation of the
IKKs through the activation of intermediate kinases, such as
Cot (a member of the mitogen-activated protein kinase
family) (Kane and Weiss, 2003). Recruitment of Vav also
occurs with CD28 costimulation, contributing to calcium
mobilization, cytoskeletal remodeling, and transcriptional
activation. 

Blockade of the CD28 pathway holds great promise in
the treatment of autoimmune diseases. CTLA4Ig is a soluble
fusion protein that binds to CD80 (B7.1) and CD86 (B7.2)
on APCs, acting as a competitive inhibitor of CD28.
CTLA4Ig has been used successfully in animal models of
diabetes and systemic lupus erythematosus (SLE). Further-
more, it was efficacious in preliminary clinical trials of 
psoriasis and rheumatoid arthritis (Dall’Era and Davis,
2004). Larger studies are ongoing in rheumatoid arthritis
(See Chapter 76).

CD40

CD40 is a 48-kDa transmembrane glycoprotein
expressed in B cells, DCs, macrophages, and epithelial cells.
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Its ligand is CD154, a membrane protein, expressed mainly
on activated T cells. Engagement of CD40 promotes B-cell
clonal expansion, germinal center formation, and isotype
switching. Engagement of CD40 initiates signaling path-
ways that activate mitogen-activated protein kinases and the
NF-kB pathway. This is accomplished through the recruit-
ment of adapter proteins known as TRAFs (TNF receptor-
associated factors) to the cytoplasmic tail of CD40 and the
formation of a multimeric signaling complex that includes
NIK. In DCs, the activation of the NF-kB pathway via CD40
is associated with upregulation of BCl-x and Bcl-2 (Quezada
et al., 2004).

Anti-CD154 has been used to block the CD40/CD154
pathway in many autoimmune disease models with success.
These animal models include, but are not limited to, autoim-
mune encephalomyelitis (EAE), collagen-induced arthritis,
diabetes, SLE, and thyroiditis. As with CTLA4Ig, clinical
trials will be needed to address the efficacy and safety of
CD40 blockade in humans (Quezada et al., 2004) (See
Chapter 76). 

DETERMINING RECEPTOR
THRESHOLD

The signaling threshold through the antigen receptors is
dependent upon the presence and activity of coreceptors and
regulatory molecules (Pritchard and Smith, 2003). This has
been best defined for the BCR in which both positive and
negative coreceptors have been defined. However, similar
regulatory mechanisms have been recently defined in T cells
(Chen, 2004). 

A primary negative regulator of the BCR is CD22, which
is constitutively associated with the resting BCR. Following
BCR stimulation, the cytosolic tail of CD22 is phosphoryl-
ated at a tyrosine within a conserved motif known as the
immmunoreceptor tyrosine-based inhibitiory motif (ITIM).
The ITIMs are found within a wide range of receptors,
including NK-cell receptors, PD1, FcgRIIb1, and others
involved in the negative regulation of lymphocytes (Ravetch
and Lanier, 2000). In the case of CD22, phosphorylation is
mediated by the Src-family tyrosine Lyn. In contrast to the
general redundancy of most SFTKs, only Lyn can phospho-
rylate the CD22 ITIM. The CD22 phospho-ITIM then
recruits SHP-1, which is an SH2-domain-containing tyro-
sine phosphatase. SHP-1 has a broad specificity and appears
to be able to dephosphorylate several proteins involved in
proximal BCR signaling (Cornall et al., 1998; Zhang et al.,
2000). The importance of CD22, SHP-1, and Lyn have been
defined in genetically targeted and naturally occurring
mutant mice (Yu et al., 2003). Deletion of CD22 results in
hyperproliferative peripheral B cells and antibodies to
dsDNA, while deletion of either Lyn or SHP-1 results in an
autoimmune disease similar to SLE. The phenotype of mice
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deficient in SHP-1 is the most severe, reflecting the 
negative regulatory role SHP-1 plays in a wide range of
immune receptors, including the TCR. 

Another negative regulatory receptor on B cells is
FcgRIIb1. Like CD22 it has an ITIM. However, the recep-
tor is not associated with the resting BCR and only becomes
phosphorylated if the BCR and FcgRIIb1 are coengaged
(Unkeless and Jin, 1997). This occurs when the BCR
engages immune complexes or when anti-idiotypic antibod-
ies are generated against the specificity of the BCR. These
are negative regulatory loops that inhibit further antibody
production. Coengagement of the BCR and FcgRIIb1 leads
to the phosphorylation of the FcgRIIb1 ITIM and the recruit-
ment of another negative regulatory molecule SHIP (SH2-
containing inositol phosphatase) which dephosphorylates
PIP3 (Ono et al., 1997). By counteracting the phosphokinase
activity of PI-3 kinase, there is less membrane recruitment
of molecules containing PH domains, such as PLCg and Btk.
Through this, and other mechanisms (Tamir et al., 2000),
coligation of the BCR and FcgRIIb1 attenuates intracellular
calcium responses and inhibits B-cell proliferation. 

While CD22 and FcgRIIb1 effectively raise receptor
threshold, coengagement of CD19 and the BCR dramati-
cally lowers it (Carter and Barrington, 2004). CD19 is the
signaling subunit of a receptor complex for the complement
cleavage product C3d [complement receptor 2 (CR2) also
containing CD21 and Tapa 81]. Coengagement of CR2 and
the BCR by opsonized immune complexes can enhance 
in vivo B-cell–mediated immune responses by up to a 
1000-fold (Carter and Fearon, 1992). Enhanced BCR
responsiveness is dependent upon SFTK-mediated phos-
phorylation of the CD19 cytosolic tail, which serves to
further amplify SFTK activation and recruit PI-3 kinase
(Kurosaki, 2002). Deletion of CD19 results in defects in
peripheral maturation and diminished immune responses
(Wang and Brooks, 2002). Conversely, transgenic overex-
pression of CD19 induces SLE-like manifestations (Tuscano
et al., 2003). 

SIGNALING AND TOLERANCE

Depending upon the nature and context of the ligand,
antigen-receptor engagement can result in cellular activa-
tion, cell death or tolerance. Each is an active process that
arises from the activation of different signaling programs.
The signaling pathways induced by activating ligands has
been described above. In contrast, anergizing ligands induce
only a subset of these signaling pathways and the biologic
responses are fundamentally different. In tolerant T cells, the
TCR is uncoupled from the ERK, JNK, and NF-kB path-
ways, while in tolerant B cells the BCR is uncoupled from
JNK and NF-kB (Jun and Goodnow, 2003). However, in
both cases low-magnitude calcium oscillations are sufficient

Signaling Pathways in T and B Lymphocytes 257

to activate NFAT. In T cells, costimulation through CD28
can prevent the induction of anergy, while stimulation of B
cells through either the lipopolysaccharide (LPS) receptor
(TLR4) or CD40 prevents it. It is likely that engaging 
coreceptors or TLRs prevents anergy by activating NF-kB
and JNK. 

Recently, it has become apparent that the processes reg-
ulating the degradation of antigen receptors and their down-
stream signaling pathways are important for determining
responses to antigen (Davis, 2004). Normal protein homeo-
stasis is regulated by poly-ubiquitination. Ubiquitin is an 8-
kDa molecular tag that targets proteins for degradation by
the proteosome. Ubiquitination has been demonstrated to
regulate TCR internalization and degradation, as well as the
steady-state levels of ZAP-70, Syk, PI-3 kinase, the Src-
family kinases, and BLNK. Ubiquitin-mediated degradation
of IkB is required for normal activation of NF-kB. There are
hundreds of ubiquitin ligases but two that have been demon-
strated to be important in antigen-receptor function are C-
cbl (Casitas B-lineage lymphoma) and Cbl-b (Zhang, 2004).
C-cbl is predominantly expressed in developing lympho-
cytes, while Cbl-b predominates in the periphery. Consistent
with their relative expression patterns, thymocytes from C-
cbl-/- mice have enhanced ZAP-70 activation and positive
selection. In contrast, Cbl-b-/- mice develop a lupus-like
disease with hyperproliferative T and B cells. Cbl-b 
deficiency complements CD28 deficiency, suggesting that
Cbl-b might be involved in responses to costimulation.
Interestingly, Cbl-b targets PKCq and is upregulated in
anergic T cells. Furthermore, Cbl-b-/--deficient mice are
resistant to anergy induction (Heissmeyer et al., 2004).
These and other data indicate that targeted degradation of
specific signaling molecules may be an important mecha-
nism controlling antigen-receptor responsiveness.

SUMMARY

In this overview, we have provided an outline of what 
is known about several pathways that regulate lymphocyte
activation and tolerance. The discussion is by no means
complete. Several important signaling processes were not
covered and we have simplified the signaling cascades of
others. This was done to provide the reader with an overall
concept of how antigen engagement is translated into cellu-
lar decisions. Furthermore, we have highlighted the signal-
ing processes that may contribute to autoimmunity and those
signaling pathways that hold the most promise for thera-
peutic intervention. 
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The human immune system has evolved over the cen-
turies to combat onslaughts of invading microorganisms.
The immune system operates via two ways—innate immu-
nity, a nonspecific first line of defense after infection, and
adaptive immunity, an acquired immunity against a specific
entity. The main feature of the adaptive immunity is its
diverse nature of immune response. The major players for
adaptive immunity are the genes of the major histocompat-
ibility complex (MHC). The MHC region encodes for poly-
morphic human leukocyte antigen (HLA) molecules that are
critical for differentiating self from nonself. Mature T cells
recognize foreign antigen when it is presented in the context
of self-MHC. The loss of self-tolerance of the immune

system against the body’s own tissues/antigens leads to
autoimmunity. The development of autoimmune diseases,
such as rheumatoid arthritis (RA), type 1 diabetes (T1D),
multiple sclerosis (MS) or myasthenia gravis (MG) is deter-
mined by both genetic and nongenetic factors. Among the
genetics factors, the MHC region is known to be the most
important. Within this region, certain HLA class II genes
confer the strongest susceptibility to the majority of MHC-
associated disorders. 

MAJOR HISTOCOMPATIBILITY
COMPLEX

Human MHC molecules are called HLAs, which are
homologous to the H-2 of mice. The MHC region is 
located on the short arm of chromosome 6 in humans and is
3500 kb long. It encodes for two types of HLA, designated
as class I and class II. HLA class I molecules contain one
heavy chain of 44 kDa and one non-MHC-encoded non-
polymorphic b2 microglobulin of 12 kDa. The heavy chain
consists of three extracellular domains of 90 residues each.
The polymorphic residues in class I molecules are located
on the a1 and a2 domains of the heavy chain. The products
of class I genes include HLA-A, HLA-B, and HLA-C, and
are expressed on all nucleated cells. Class I molecules 
can bind 8–10 amino acid-long peptides that have been
processed endogenously. 

HLA class II molecules are present as heterodimers on
the cell surface, consisting of an a chain (32–34 kDa) and
a b chain (29–32 kDa) each with two extracellular domains
of about 90 amino acid residues (a1, a2 and b1, b2). The b
chains of three class II genes, HLA-DR, DQ, and DP, 
are highly polymorphic, while the a chains are generally
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nonpolymorphic. The class II molecules are expressed on
antigen-presenting cells (APCs), like B lymphocytes,
macrophages, dendritic cells (DCs), and endothelial and
other organ-specific APCs. In general, class II molecules can
accommodate peptides of up to 10–25 residues. In humans,
DR, DQ, and DP are in linkage disequilibrium and are inher-
ited en bloc. MHC genes are expressed codominantly in
each individual. Crystal structures of DR and DQ have
shown that the MHC molecule has a single peptide-binding
cleft, which can accommodate a variety of peptides accord-
ing to their charge, stability, and binding affinity. 

MAJOR HISTOCOMPATIBILITY
COMPLEX AND AUTOIMMUNITY

Susceptibility to many diseases with an autoimmune eti-
ology is associated with HLA-DR and/or -DQ alleles. Table
20.1 gives some of the most significant associations between
HLA and diseases. Despite over 25 years of investigation,
the exact role of the HLA class II molecules in these disease
processes is unknown. However, class I genes have not 
been associated with any autoimmune disease with the
exception of HLA-B27, which is associated with a predis-
position to a group of diseases collectively named
“spondyloarthropathies” (see Chapter 33). 

The major function of MHC genes is to clear infection.
The cytotoxic T lymphocytes can lyse virus-infected targets
only in the context of MHC class I molecules. During evo-
lution, the HLA genes mutated to cope with the clearance of
new pathogens. The migration of populations from Africa
and Asia to other parts of the world exposed them to new
microenvironments. The survival of such populations
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depended on clearing infections. This led to mutations of
HLA genes and the generation of newer subtypes of a 
gene. The hypothesis we propose is that these mutations led
to selection of subtypes of a gene with flexible antigen-
binding sites so as to generate a strong immune response to
the pathogens. An inverse quantitative correlation exists
between the viral load in blood and T-cell responses to infec-
tion by the MHC. The HLA alleles that can generate effi-
cient immune response are selected. 

Unfortunately, even though these genes protect from
infection, they can present autoantigens in the periphery or
influence selection of autoreactive T cells in the thymus that
can lead to autoimmunity. In the thymus, T cells are selected
on the basis of their weak interaction with self-MHC mole-
cules expressed in the thymus. Thus, T cells reactive with
self-peptide that can bind with high affinity to MHC mole-
cules are negatively selected in the thymus, while those with
weak interactions with MHC may escape negative selection
(Figure 20.1; see Chapters 5, 6 and 8). Such a mechanism
may explain the selection of a T-cell repertoire that is pro-
tective or susceptible to autoreactivity. Elution of peptides
from HLA class II molecules suggests that some of these
peptides may indeed be derived from HLA molecules them-
selves (Chicz et al., 1994; Vogt et al., 1994). Thus HLA
molecules not only function in the thymus by presenting
peptides but also serve as donors of self-peptides. This intri-
cate relationship between MHC, self-peptides, and the T-cell
receptor (TCR) could determine the specificity of T cells in
the periphery. Thus, in the periphery T cells can recognize
non-self-antigens to clear infection, recognize self-antigens
to cause autoimmunity, or can become tolerant/anergic.
However, studies to resolve these issues in humans have
been hampered by the lack of knowledge of “culprit”

TABLE 20.1 Association of various autoimmune
diseases with HLA class II alleles and haplotypes

Disease Alleles Haplotypes

Rheumatoid arthritis DRB1*04, DQB1*0302 DRB1*04\DQB1*0302
DRB1*04\DQB1*0302
DRB1*10\DQB1*0501

Type 1 diabetes DRB1*03, DRB1*04 DRB1*04\DQB1*0302
DQB1*0302 DRB1*0301\DQB1*02

Multiple sclerosis DRB1*15 DRB1*15\DQB1*0601

Celiac disease DRB1*0301, DRB1*0701 DRB1*0301\DQB1*02
DQB1*0302 DRB1*0701\DQB1*02

DRB1*04\DQB1*0302

Graves’ disease DRB1*0301, DQB1*02 DRB1*0301\DQB1*02

Autoimmune thyroiditis DRB1*0301 DRB1*0301\ DQB1*02

Myasthenia gravis DRB1*03 DRB1*0301\ DQB1*02

Autoimmune adrenalitis DRB1*0301 DRB1*0301\DQB1*0201
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autoantigens and difficulty in obtaining samples from
affected organs. The other problem has been the linkage 
disequilibrium of HLA class II alleles, DR and DQ, which
makes it difficult to interpret the association of a disease
with a haplotype or specific allele. 

HLA-B27

There are 24 HLA-B27 alleles (subtypes), which seem to
have evolved from the most commonly observed subtype,
B*2705 (Ball and Khan, 2001). Differences in exons 2 and
3, which encode the a1 and a2 domains of the B27 mole-
cule distinguish the various subtypes. However, the natural
polymorphism of this molecule influences both peptide
specificity and its pathogenic role. Individuals carrying B27
are at lower risk of infection from the human immuno-
deficiency virus (HIV). B27 recognizes an immunodominant
epitope in a conserved part of the capsid protein of HIV
(McMichael and Klenerman, 2002). This leads to vigorous
cytotoxic T lymphocyte (CTL) responses, resulting in elim-
ination of the virus. Thus HLA-B27 carries out its natural
function very effectively. Because of the superiority of the
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B27 molecule in providing viral immunity, the B27 gene 
had an advantageous selection during evolution. This could
explain why B27 genes are found in almost all geographic
regions with such high frequency, and also why so many
subtypes of B27 were generated to eliminate new viral anti-
gens that evolve. 

HLA-B27 transgenic rats and mice have provided a
wealth of information regarding the HLA-B27-linked
spondyloarthropathies. Both rat and mouse models proved
that the HLA-B27 gene itself is involved in the disease
process, although an environmental trigger is required for
the onset of the disease (Hammer et al., 1990; Khare et al.,
1995). The disease primarily affected the male rodents,
similar to the human disease. However, the spontaneous
disease in transgenic rats required a high copy number of
HLA-B27 and the human b2-microglobulin (b2m) trans-
genes (Taurog et al., 1993). B27 transgenic mice also devel-
oped spontaneous inflammatory arthritis, but only in the
absence of mouse b2m or when human b2m was substituted.
Replacement of mouse b2m with human b2m led to 
several conformational changes in HLA-B27, as observed
by using several B27-specific monoclonal antibodies. Mice
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FIGURE 20.1 HLA molecules select the T-cell repertoire in the thymus by presenting peptides and also serving as
donors of self-peptides. T cells are selected on the basis of their weak interaction with self-MHC molecules expressed
in the thymus. Thus, T cells reactive with self-peptide binding with high affinity to MHC are negatively selected in the
thymus, while those with weak interactions may escape negative selection. Such a mechanism may explain the selec-
tion of an autoreactive T-cell repertoire. In the periphery, positively selected T cells can recognize nonself antigens and
clear infection. The autoreactive T cells that have escaped can recognize viral peptides that mimic self-antigen, or cryptic
epitopes that are exposed during infection, causing inflammation and autoimmunity. APC, antigen-presenting cell.

Ch020-P595961.qxd  1/27/06  8:18 PM  Page 263



expressing B27 and the human b2m transgene showed
normal expression of HLA-B27 molecules and b2m-free
heavy chains of HLA-B27 on the cell surface. It was spec-
ulated that b2m-free heavy chain expressed on the cell
surface may present extracellular/exogenous peptides, pos-
sibly from a bacterial source (Khare et al., 1996). In the
transgenic animal model, it was observed that two of the
three peptides derived from the third hypervariable region
of HLA-B27 can be presented by endogenous mouse class
II molecules to CD4+ T cells (Marker-Hermann et al., 1997).
However, MHC class II-deficient HLA-B27 transgenic mice
were susceptible to nail disease and arthritis, demonstrating
that MHC class II molecules are not involved in the disease
pathogenesis in the transgenic mouse model (Khare et al.,
1998). However, CD4–/– HLA-B27 transgenic mice do not
develop arthritis, suggesting that the disease requires CD4+

T cells for the onset of the disease mediated by the antigen-
binding pocket of the B27 molecule. 

Being an MHC class I molecule, HLA-B27 will be
expected to present endogenous antigens such as viral 
or cytosolic antigens. However, most human spondylo-
arthropathies have an onset after an infection with entero-
bacteria (exogenous antigens). Endogenous peptides are
transported to the endoplasmic reticulum with the help of
molecules involved in the transport of antigenic peptides
(Tap1–Tap2 heterodimer). Tap1 knock-out B27 transgenic
mice developed spontaneous arthritis and nail disease, indi-
cating that endogenous processing of antigens may not be
required in B27-linked diseases (Khare et al., 2001). 

Antigen Presentation

B27 presents antigen like class II molecules. Why is
HLA-B27, a class I molecule, linked to an autoimmune
disease? The B27 molecule turns out to be a unique class I
molecule which can form homodimers in the absence of
b2m (Allen et al., 1999b). This may be the reason why HLA-
B27 is the only class I molecule linked to a human auto-
immune disease. Experimental data from transgenic animals
are quite suggestive of the notion that the HLA-B27 mole-
cule is an arthritogenic-peptide-presenting molecule. A
b2m-free B27 heavy chain homodimer can form an unusual
conformation that probably resembles a class II molecule
with open ends and can be transported empty to the cell
surface. The dimer can be loaded and can present an exoge-
nous peptide longer than nine amino acids, which can go
through a class II antigen-processing pathway. The peptide
being presented by the heavy chain dimer could be a self-
peptide derived from cartilage antigens that could poten-
tially activate some of the autoreactive CD4+ T cells. There
are several bacteria with sequence similarities to joint-
derived antigens that can bind B27 (Scofield et al., 1995).
Data from studies on human cells have confirmed the mouse
studies. In humans it has also been shown that B27 dimers
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can be formed on the cell surface in patients with spondylo-
arthropathies (Kollnberger et al., 2002).

Molecular Basis for B27 Association

Even though the B27 molecule has a similar conforma-
tion to other class I molecules, the mutation in residue 9 
(histidine instead of tyrosine) of B27 could have selective
advantage during evolution. The crystal structure of class I
molecule shows that b2m binds residue 9 of class I (Madden
et al., 1992). This mutation could affect the stability of the
complex so that b2m can dissociate from heavy chains,
resulting in formation of free heavy chain dimers. Alterna-
tively, this mutation probably results in the faster assembly
of the B27 molecule and faster transport to the cell surface
than other class I molecules, to counter viral infection better.
B27-expressing individuals are slow progressors during
HIV infection compared with individuals expressing other
class I molecules (Goulder et al., 2001). The molecular basis
of B27 association can be explained by differences in amino
acids of various subtypes of B27 (Allen et al., 1999a;
Hulsmeyer et al., 2002). The critical residues involved in the
P2 pocket of peptide binding are Glu45 and Cys67. The
unpaired cysteine residue could be one potential source of
anomalies in the cellular function of B27. During evolution,
the HLA molecules would mutate to combat infection.
B2705 is the predominant subtype in most populations and
B2704 is the predominant subtype in the Asian population
(Khan and Ball, 2002). Most of the other alleles have arisen
by mutations and differ by two to seven residues in the a1
and a2 domains of B2705. Two B27 alleles that have been
reported to lack association with spondyloarthropathies are
B*2706 and B*2709. B2706 differs from B2705 at residues
77, 114, and 116, and B2709 differs at position 116 (His for
Asp). Residue 116 is involved in the formation of the F
pocket of the peptide-binding cleft that accommodates the
C-terminal residue of the peptide. The B and F pockets are
critical for peptide binding. The differences in residues of
the F pocket may account for differences in the peptides that
can bind and their association with disease. 

Predisposition to Autoimmunity by 
Class II Molecules

Similar to class I, there is a high polymorphism in class
II alleles; there are more than 370 alleles known for the
DRB1 locus and 55 for the DQB1 locus. However, autoim-
munity is associated with only a few haplotypes. DR2-DQ6,
DR3-DQ2, and DR4-DQ8 are the major haplotypes associ-
ated with various autoimmune diseases. Since the specificity
and affinity of peptide binding and T-cell recognition is
determined by polymorphism in the MHC, it is crucial to
study the presentation of putative causative agents for
various autoimmune diseases by HLA-DR and -DQ alleles.
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Genetic analyses of various autoimmune diseases show 
that such diseases are more often sporadic than familial, 
suggesting a multifactorial and multigenic basis. For most
organ-specific autoimmune disorders, many susceptibility
and resistance genes act in concert to modulate the clinical
phenotype; however, MHC is the known major factor, which
accounts for 50% of the genetic contribution. Most autoim-
mune diseases are thought to occur as a sequel to an infec-
tion or an unknown trigger, as discussed in other chapters in
this book. 

TRANSGENIC MICE AS MODELS 
FOR ROLE OF HLA CLASS II 

IN AUTOIMMUNITY

The advent of transgenic mice lacking endogenous class
II molecules (Abo) expressing human HLA-DR and HLA-
DQ genes has significantly advanced the understanding of
the role of individual HLA class II molecules (Taneja and
David, 1999). Introduction of an HLA class II transgene in
Abo mice led to the expression of a functional HLA class II
molecule and a reconstituted CD4 T-cell compartment, thus
resulting in CD4-restricted immune response to various pep-
tides. Thus, the HLA transgene in these mice is self. Exper-
imental data from various laboratories have shown that the
function of HLA class II molecules in these mice is similar
to that in humans. 

The first line of evidence came from in vivo and in vitro
studies with superantigens (SAgs) in HLA transgenic mice.
Bacterial SAgs have a lower affinity for mouse MHC class
II than for human MHC class II molecules. Because of this
biologic characteristic, SAg-induced toxicity is much lower
in mouse models than it is in humans. When immunized
with staphylococcal enterotoxin B (SEB), HLA-DR3-
transgenic mice responded to several log lower concentra-
tions of SEB and secreted higher levels of proinflammatory
cytokines than did wild-type mice (DaSilva et al., 2002).
The response to SAgs in transgenic mice can result in toxic
shock and is dependent on the polymorphism of class II
alleles. 

The second line of evidence comes from peptide presen-
tation by HLA transgenes in mice. HLA-transgenic mice
respond to similar epitopes as observed in humans. In a com-
parison study DR3.Abo mice recognized only one epitope
comprising of a 1–20 amino acid peptide of heat-shock
protein (hsp) 65 of Mycobacterium tuberculosis, as observed
with human DR3-restricted T cells (Geluk et al., 1998). The
response was specific in DR3 mice, as DQ8 mice did not
respond to this peptide. These studies suggest that process-
ing and presentation of the antigens in the context of class
II molecules is similar in transgenic mice and humans. 

The third line of evidence that the function of HLA
transgenes in mice is similar to that in humans comes from
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studies with experimental autoimmune myasthenia gravis
(EAMG) in DR3-transgenic mice (Infante et al., 2003). The
wild-type mice show a highly conserved TCRBV gene
usage and CDR3 sequences in response to acetylcholine
receptor (AChR), an autoantigen for myasthenia gravis.
However, DR3-restricted murine hybridomas generated
from DR3 mice immunized with AChR expressed a diverse
set of TCR B chains, which is similar to what is observed
in humans. The TCRBV sequences from human MG
patients were homologous to those of the DR3-restricted
murine clones, suggesting that humans and mice can recog-
nize similar epitopes and use similar CDR3 sequences for
the recognition of the same peptide–MHC complex. Thus,
HLA-transgenic mice can provide an important insight into
the peptide presentation by different class II alleles and the
ensuing disease pathogenesis. 

HLA-DQ Transgenic Mice as a Model for
Rheumatoid Arthritis

The first model of autoimmunity to determine the role 
of human class II molecules was established by using
DQA1*0301, DQB1*0302 (DQ8) transgenic mice. DQ8
occurs in linkage disequilibrium with DR4 and has been
shown to be associated with RA in certain ethnic groups
(Taneja et al., 1992; Yelamos et al., 1993). Collagen-induced
arthritis (CIA), an animal model for RA was studied in vivo
in Abo.DQ8 mice. Immunization of Abo.DQ8 mice with 
heterologous type II collagen (CII) led to a pathogenic auto-
immune CD4-mediated response and then severe arthritis
and antibodies to self-type II collagen (Nabozny et al.,
1996). This is the first model with production of rheumatoid
factor (RF), one of the major serologic features of patients
with RA (Taneja et al., 2002). In none of the previous models
of RA using wild-type mice was there production of RF,
resulting in uncertainty whether CIA could serve as a model
for RA. The scenario for the development of arthritis in
transgenic mice can be compared to that of RA in humans.
Both require presentation of an arthritogenic epitope by
HLA class II molecules to CD4 T cells, leading to a prolif-
eration of autoreactive cells and production of RF by B cells
and subsequent joint pathology. Further studies using CD4-
and CD8-deficient mice suggested that the disease was
mediated by CD4+ T cells while CD8+ T cells may act as
regulatory cells, since CD8-deficient mice transgenic for
DQ8 developed high amounts of autoantibodies, including
RF, antibodies to CII, and antinuclear antibodies (ANA). A
similar situation can be envisaged in RA where production
of autoantibodies like RF and ANA could be related to the
functional status of CD8 T cells. On the other hand, mice
expressing DQA1*0103,DQB1*0601 (DQ6) were resistant
to the development of CIA (Bradley et al., 1997). The double
transgenic mice expressing both DQ6 and DQ8 developed
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moderate CIA comparable with the severe arthritis observed
in DQ8 transgenic mice (Bradley et al., 1998), much like
patients with RA who bear both susceptible and nonsuscep-
tible HLA haplotypes. These observations have contributed
to the concept that polymorphism in DQ may be a major
contributing factor in human RA. 

Role of HLA-DR in rheumatoid arthritis

Predisposition to RA has been associated with the expres-
sion of some subtypes of HLA-DR4 in most human studies
ever since the first association of Dw4 and RA shown by
Stastny (1983). However, most of the studies in different
ethnic groups observed that only two alleles, DRB1*0401
and *0404 occur with increased frequency in RA. Further,
while DRB1*0401 and *0404 are associated with predispo-
sition, DRB1*0402 is associated with resistance or protec-
tion against RA. However, Abo.DRB1*0401 mice were 
not susceptible to CIA. This was puzzling, but could be
explained in at least two ways. First, that DR4 may not be
able to present many epitopes of CII. Studies in humans
have shown that RA-associated DR alleles bind only few
epitopes of CII, while DQ8 can present multiple epitopes of
CII (Matsushita et al, 1996). Secondly, Abo.DR4 mice
express both DR4 and mouse Eb molecules, and polymor-
phism in E has been shown to be protective in wild-type 
susceptible mice (Gonzalez-Gay et al., 1994). To determine 
the role of DR4 molecules in RA, DRB1*0401 mice were
generated in complete MHC knock-out mice (AEo).
DRB1*0401.AE-/- mice develop arthritis that mimics
human RA. AEo mice have a deletion of an 80-kb region of
class II such that none of the classical murine class II mol-
ecules is expressed. Human T cells differ from those of mice
in the expression of MHC class II molecules on their cell
surface. Interestingly, similar to humans, T cells from
AEo.DR-transgenic mice express HLA-DR molecules on
their cell surface, and can present peptide antigen. Thus, 
presentation of an antigen in the context of HLA by an 
activated T cell might also contribute to severity. 

To simulate human haplotypes, double transgenic mice
expressing autoimmune-associated DQ and DR alleles were
generated on an AEo background. DR4\DQ8.AEo mice
developed arthritis similar to DQ8 mice but also showed
gender differences. Gender differences in CIA were not
observed in DQ8 mice, suggesting modulation of DQ8-
restricted disease by the DR4 molecule. To understand 
modulation by DR polymorphism, DRB1*0402 mice were
studied for their influence on the development of CIA.
DRB1*0402 mice were not susceptible to CIA, similar 
to humans. Mice that expressed both susceptible and resis-
tant DR4 subtypes, 0401/0402, developed arthritis with
lower incidence than did DRB1*0401 mice (Taneja et al.,
2003a). 
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The experimental and human data led us to hypothesize
that DQ polymorphism may be responsible for susceptibil-
ity, while DR may be involved in the modulation of disease.
Thus, both DQ and DR alleles in a haplotype can influence
the development of disease. On the basis of observations in
transgenic mice, the following mechanisms can be sug-
gested. First, polymorphism in DRB1 alleles leads to mod-
ulation of DQ-mediated disease because of presentation of
hypervariable region 3 (HVR3)-derived peptides by RA-
associated DQ molecules (Zanelli et al., 1995). Thus, a high-
affinity binding DRB1 HVR3 peptide would negatively
select autoreactive T cells, while a low-affinity peptide
would positively select potential autoreactive T cells. Sec-
ondly, presentation of a peptide by a DR molecule might
enhance the autoantigenic immune response. From the
studies on DQ and DR transgenic mice, it can be extrapo-
lated that gene complementation or interaction between DQ
and DR molecules mediates susceptibility to RA in humans.
Depending on the haplotypes carried by an individual, they
could be susceptible to severe or mild disease. A homozy-
gous haplotype for predisposing DQ and permissive DR will
lead to severe disease. Also, heterozygous RA-susceptible
haplotypes (DQ and DR) will result in very severe disease
since there will be two predisposing DQ molecules.
However, one predisposing and one protective haplotype
should show less severity and low incidence.

Interaction of Class II in Experimental
Autoimmune Disease 

Similar to RA, susceptibility to relapsing polychondritis
(RP) is significantly associated with the presence of a class
II molecule, HLA-DR4 (Zeuner et al, 1997). The presence
of anti-CII-specific antibodies and cell-mediated immunity
to cartilage antigens observed in patients with RP indicate
that the autoimmune response to CII is important in the
pathogenesis (Foidart et al., 1978). In addition to type II 
collagen, there is also evidence suggesting involvement of
other collagens, type IX and type XI, in the pathogenesis of
RP (Alsalameh et al, 1993). 

When DQ8 and DQ6 mice are immunized with CII, DQ8
mice develop CIA without polychondritis, and DQ6 mice
are resistant to both. Mice expressing both DQ6 and DQ8
molecules develop experimental polychondritis, exhibiting
both polyarthritis and auricular chondritis (Bradley et al.,
1998). In this model, the role of hybrid molecules was sug-
gested in the development of chondritis. This would mean
that an a chain of one and a b chain of the other HLA mol-
ecule would form a heterodimer that can present unique pep-
tides, leading to pathogenesis. The postulated interaction of
DQ6 and DQ8 in generating a hybrid molecule and disease
association was strengthened by peptide mapping of type II
collagen in double transgenic mice. DQ6a/DQ8b mice
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responded to two unique peptides of human CII which did
not produce T-cell response in either DQ6 or DQ8 mice
(Krco et al., 1999). In vivo studies using a hybrid class II
molecule in transgenic mice provided support for this
hypothesis. However, auricular chondritis was seen in only
25% of the immunized animals and no other features asso-
ciated with RP were observed. This suggested a role of other
genes in disease initiation. 

Nonobese diabetic (NOD) mice are prone to autoimmu-
nity that involves multiple genes. DQ8.Abo mice were gen-
erated on the NOD and B10 background to determine the
role of other autoimmune genes. Transgenic mice express-
ing DQ8 on the NOD background, but lacking endogenous
class II molecules, develop auricular chondritis and poly-
arthritis with high levels of anti-CIX and anti-CII antibodies
following immunization with type II collagen (Taneja et al,
2003b). Conversely, CII-immunized B10.DQ8 mice do 
not develop auricular chondritis and make lower amounts 
of antibodies. Although CII is a putative autoantigen for 
both RP and RA, the cross-reactive response to other colla-
gen types expressed in the outer ear, such as type IX, appears
to differ in the two strains. NOD.DQ8 mice mounted a
strong response to type IX collagen, while in B10.DQ8 mice
no response was observed. This suggests that even though
DQ8 can select autoreactive cells in the thymus, non-MHC
genes or class I may also be important in susceptibility.
However, since disease does not occur in MHC-negative lit-
termates, HLA molecules constitute the major predisposing
factor for autoimmunity. These studies suggest that inter-
action between two class II or class II and other genes 
can lead to presentation of peptides not seen by either allele 
individually. 

PROTECTIVE ALLELE FOR ONE
DISEASE CAN PREDISPOSE TO

ANOTHER AUTOIMMUNE DISEASE

HLA-DR2 is associated with protection in RA while the
strongest association in MS is with HLA-DR2 haplotypes,
DRB1*1501, DRB5*0101, DQA1*0102, and DQB1*0602
(Hillert, 1994). Besides DR2, MS has also been associated
with HLA-DR3 and DR4 (Marrosu et al., 1998) and the
HLA DR3/DQ2 haplotypes have been shown to confer an
increased risk for relapsing remitting MS. The lack of a com-
plete association with a particular HLA allele suggests that
MS is a heterogeneous disease at the molecular genetic
level. MS is hypothesized (Steinman, 1996) to be mediated
by autoreactive T cells against a variety of myelin antigens,
including myelin basic protein (MBP), proteolipid protein
(PLP), and myelin oligodendrocytic glycoprotein (MOG).
Immunization of a susceptible strain of mice with auto-
antigens MBP, PLP or MOG, can lead to development of
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experimental autoimmune encephalomyelitis (EAE) (Ito et
al., 1996; Mangalam et al., 2004; Rich et al., 2004). We and
others have shown that HLA transgenic mice can develop
EAE using different myelin antigens or by infecting sus-
ceptible mice with Theiler virus. DR3 transgenic mice
lacking endogenous class II molecules when infected with
Theiler virus showed a significantly decreased severity of
demyelination, suggesting a DR3 association with benign
relapsing MS (Drescher et al., 1998). EAE induction with
recombinant MOG (rMOG) in DR2 mice (DRB1*1501,
DRB1*1502, and DRB1*1503) showed that all three strains
developed EAE; however, the disease incidence and sever-
ity was higher in DRB1*1501 transgenic mice. Almost all
the T-cell epitopes, identified in HLA transgenic mice using
overlapping peptides of MBP, PLP, and MOG, are similar to
those identified among MS patients (Kawamura et al., 2000;
Khare et al., 2003). Administration of PLP 91–110 peptide
induced severe EAE in DR3-transgenic mice (Mangalam et
al., 2004). However, disease induced by all the autoantigens
in transgenic mice was characterized by paralysis of limbs
with mild demyelination, whereas in humans demyelination
is the major feature of MS. CD4+ T cells have been shown
to infiltrate the central nervous system (CNS) and appear
responsible for inflammation and demyelination in MS. It is
speculated that class II molecules on T cells may present
myelin antigen in the CNS and exacerbate the disease
(Authors, unpublished observations). To replicate the human
disease, DR3.AEo transgenic mice were immunized for EAE
with PLP peptide. The brain and spinal cord pathology in
DR3.AEo transgenic mice was much more severe than in
Abo transgenic mice. The DR3.AEo mice had severe inflam-
mation and demyelination in the meningial, striatal, and
brainstem regions, a hallmark for human MS. Using
immunoflourescence staining, MHC class II expression was
detected in the CNS, especially on microglial cells. Thus,
these experiments suggest that new humanized HLA trans-
genic mice (AEo) simulate the human expression of class II
molecules and are a better model than Abo mice to study the
role of class II molecules in the induction of autoimmune
disease.

Data from HLA transgenic mice suggest a role of haplo-
types in disease expression. Most DR2/DQ8 double trans-
genic mice (90%) developed chronic progressive disease
with severe inflammatory and demyelinating lesions after
immunization with rMOG. DQB1*0601 is stated to be pro-
tective in MS (Amirzargar et al., 1998; Marrosu et al., 2001).
Disease observed in DR2/DQB1*0601 mice was less fre-
quent (30%) and milder. Neither DQB1*0601 nor DQ8
transgenic mice developed EAE after immunization with
rMOG and findings were similar using whole myelin and
human PLP peptide 91–110. Also, using whole myelin and
PLP peptide 91–110, we have observed that the presence of
1) the HLA-DQ6 or DQ8 molecule alone is not sufficient
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for disease induction; 2) disease-susceptible HLA-DR3
transgenic mice bearing HLA-DQ8 had an increased sever-
ity and incidence of disease; 3) DQ6 molecules had no effect
on disease onset or severity; and 4) transgenic DQ6 or DQ8
molecules on a disease-resistant background had no effect
on disease induction, since none of the HLA-DR2/DQ6,
DR2/DQ8 or DR4/DQ8 double transgenic mice developed
EAE. These data suggest that the presence of more than one
susceptibility allele, namely HLA DR2/DQ8 or DR3/DQ8,
likely resulted in additional selection and expansion of
potential autoreactive T cells, leading to enhanced severity
of disease in double transgenic mice. This study also pointed
to MS being a heterogeneous disease and to HLA associa-
tion being specific for various autoantigens that are pre-
sumably involved. 

REQUIREMENT OF OTHER
MOLECULES ALONG WITH MHC

FOR AUTOIMMUNE DIABETES

NOD mice develop spontaneous diabetes, which has
been linked to IAg7, the class II of the NOD strain. Even
though DQ8 is similar in structure to IAg7 of the NOD mice
(Wucherpfennig, 2003), DQ8 transgenic mice do not spon-
taneously develop diabetes as do NOD mice. However, DQ8
transgenic mice lose tolerance to self-GAD65 and potential
autoreactive T cells are found in the periphery and pancreas,
and cause insulitis but not progression to diabetes (Abraham
et al., 1999). As with DQ8 transgenic mice, the presence of
a predisposing type I diabetes MHC gene(s) in certain indi-
viduals could result in escape of autoreactive T cells against
pancreatic antigens. The onset of the disease may require a
second injury in the pancreas. This injury could come in the
form of a virus/bacterial infection, and/or overproduction of
a cytokine or overexpression of an accessory molecule 
or other genetically-determined variations in immune
homeostasis. To simulate such an insult in the pancreas, the
HLA-DQ8 (type I-predisposing) and the HLA-DQ6 
(diabetes-protective) transgenic mice expressing the costi-
mulatory molecule CD80 (B7.1) in islet b cells under 
the rat insulin promoter (RIP) were generated. HLA-
DQ8/RIP/B7.1 mice developed spontaneous diabetes, while
HLA-DQ6/RIP/B7.1 transgenic mice did not (Wen et al,
2000). These studies further confirmed that while HLA is
the major predisposing gene in most if not all autoimmune
diseases, the presence of the disease-associated HLA allele
alone is insufficient for development of autoimmunity in dis-
eased individuals. Further studies using double transgenic
mice expressing both DR4 or DR3 and DQ8 suggested that
DR4 and DR3 could regulate the diabetogenic effect of
DQ8, which in turn suggests interactions between various
MHC class II molecules are important in the disease process
(Wen et al., 2001; Rajagopalan et al., 2003). 
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MOLECULAR BASIS FOR 
DQ ASSOCIATION

Studies using molecular biology and the crystal structure
of HLA genes defining the peptide motifs have shown that
DQ genes can be important in conferring susceptibility to or
protection from diseases, including MG, MS, and T1D. DQ8
is associated with many autoimmune diseases like diabetes,
RA, and celiac disease. The crystal structure of the HLA-
DQ8 molecule shows that DQ8 differs from DR molecules
in the peptide side chain binding pockets for P1, P4 and P9
(Lee et al., 2001). In DQ8, a very polar P1 peptide side chain
pocket is observed; the P4 pocket is the largest pocket and
differs from that of DR molecules in shape and size. While
for DR molecules, P4 is a shallow pocket, the P4 pocket of
DQ8 is very deep. The P4 pocket of DQ6, which is associ-
ated with protection from diabetes, is similar to DQ8, sug-
gesting no correlation between P4 pocket and diabetes. The
major difference in the protecting allele and susceptibility
allele lies at residue 57 in the P9 pocket of the DQB1 
molecules. The protective DQ7 and DQ6 alleles encode
asparagine at position 57 while an alanine, valine or serine
at this position characterizes predisposing alleles. Thus, in
HLA-DQ8 molecules the presence of alanine at position 57
could interfere with the salt bridge formed between Asp57b
and Arg76a, which could potentially make DQ8 a more
open molecule and lead to an unstable peptide–MHC
complex. This would put fewer constraints on the peptide
binding to the DQ8 molecule (Wucherpfennig, 2003).
However, a contribution from the P9 pocket of DQ and the
P4 pocket of DR have been suggested in disease suscepti-
bility and resistance to T1D (Cucca et al., 2001). Studies in
humans and mice have shown that DQ8 is a promiscuous
molecule and can bind many more peptides than the DQ6
and DR molecules (Matsushita et al., 1996; Krco et al.,
1999; Stratmann et al,, 2000), making it a candidate mole-
cule that can predispose to autoreactivity. 

ROLE OF DQ AND DR 
IN AUTOIMMUNITY

The question arises as to why DQ8 can predispose to so
many autoimmune diseases and DR is the regulatory mole-
cule. The association of a particular HLA class II haplotype
with disease seems to depend on geographic locations as
well as the ethnic composition of the populations. Studies
using transgenic mice suggest that DR2-restricted autoim-
munity may be directed against MBP, MOG, and PLP, while
DR3-restricted autoimmunity may be directed against PLP
only. Further, DR2 and DR3 may present different epitopes
of MOG and PLP. Evolutionarily, DQ is a stable molecule
with less polymorphism than observed in DRB1 locus. The
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DQ8 molecule has not undergone many changes evolution-
arily and occurs with only three known subtypes. This could
be because DQ8 has the advantage of being able to bind 
and present multiple peptides. On the other hand, DR has
many subtypes. For example, DRB1*04 has at least 59 sub-
types which differ by one to three amino acids at the peptide-
binding groove. However, not all the subtypes are associated
with susceptibility to autoimmune diseases. We speculate
that DR4 polymorphism has increased to counteract the pre-
disposition to autoimmunity imposed by the DQ8 molecule.
Thus, multiple subtypes of DR4 lead to many possible
DR4\DQ8 haplotypes. Only those with an advantage of pre-
senting microbial antigens, and clearing infections, and with
the capacity to counter the autoimmune responses, may
eventually be selected. Thus, the variation in DR subtypes
in the peptide-binding region can be important for disease
pathogenesis and can be explained by the following 
proposals. 

First, various subtypes of an MHC allele may generate a
differential immune response, type 1 helper T cell (Th1) or
Th2, after binding similar peptides. For example, some pep-
tides can be bound by both DRB1*0401 and DRB1*0402
even though they differ in the HVR3 region by three pep-
tides and overall charge. The presentation of similar peptides
might generate a differential immune response, which 
would explain the association of DRB1*0401 with predis-
position to develop RA and/or the protection provided by
DRB1*0402.

Second, the DRB1 HVR3-derived peptides are presented
by the DQ molecule that shapes the T-cell repertoire in the
thymus; the DR subtypes that are associated with auto-
immunity when presented lead to positive selection of an
autoreactive TCR that can recognize a self-antigen in the
periphery. An infection or any other insult to the immune
system could result in exposure of that antigen to the
immune system, leading to expansion of T cells. 

CONCLUDING REMARKS

From various in vivo and in vitro studies, it has become
clear that MHC and non-MHC genetic components are
common elements for various autoimmune diseases and
their corresponding animal models. Thus, polymorphism in
MHC is an advantage for human survival, but autoimmunity
is the price that must be paid for combating infection effec-
tively and for survival. Evolutionarily, only those HLA
genes that can generate strong immune responses to infec-
tions are selected. The constant mutations observed might
be leading to the generation of new subtypes of an allele to
circumvent autoimmunity. Haplotypes but not single class II
alleles function in the selection of the T-cell repertoire and
susceptibility to disease.
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Autoimmune diseases are complex diseases in which sus-
ceptibility genes and environmental triggers act in concert
to initiate the autoimmune response. The paradigm that
genetic susceptibility plays a central role in the development
of autoimmune diseases is supported by solid epidemiologic
data, including family and twin studies. As discussed in

Chapters 3, 5 and 20, one of the major genes contributing
to the genetic etiology of many autoimmune diseases is 
the major histocompatiblity complex (MHC) (HLA) gene
complex, and in some diseases the HLA genes are believed
to contribute most of the genetic susceptibility [e.g., in type
1 diabetes (T1D) (Pociot and McDermott, 2002)]. However,
since in most autoimmune diseases the concordance rate for
HLA identical siblings is significantly lower than the con-
cordance rate for monozygotic (identical) twins (Stenszky et
al., 1985), it is clear that other non-HLA genes must play a
major role in the genetic etiology of autoimmune diseases.
In this chapter we will focus on the contribution of 
non-MHC genes to the genetic susceptibility to autoimmune 
diseases. 

FAMILIAL NATURE OF
AUTOIMMUNE DISEASES

Family Studies

The first clue that a complex disease has a genetic etiol-
ogy comes from the observation that the disease clusters in
families. Many autoimmune diseases have been reported to
show familial clustering. For example, in T1D, siblings and
offspring of T1D patients have a much higher frequency of
disease than the prevalence in the general population
(Melton et al., 1983; Warram et al., 1984). Interestingly, off-
spring of T1D fathers are at much higher risk for T1D than
are offspring of T1D mothers, suggesting that exposure to a
diabetic environment in utero may have a protective effect
on the offspring, perhaps by inducing immunologic toler-
ance (Warram et al., 1984; 1991). Similarly, familial clus-
tering has been reported in systemic lupus erythematosus
(SLE) (Tsao, 2003), rheumatoid arthritis (RA) (Gregersen,
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2003), Graves’ disease, Hashimoto’s thyroiditis (Tomer and
Davies, 2003), and multiple sclerosis (MS) (Hochberg,
1987), as well as other autoimmune conditions (Vyse and
Todd, 1996). The frequency of autoantibodies is also com-
monly increased in relatives of patients with autoimmune
diseases (Hall and Stanbury, 1967; Chopra et al., 1977;
Carey et al., 1980; Tamai et al., 1980; 1986; Burek et al.,
1982; Volpe, 1985).

Familial clustering of a disease does not necessarily mean
that the disease is genetic. It can be the result of random
chance, shared extrinsic (environmental) factors (Tomer and
Davies, 1993), shared intrinsic (genetic) factors, or a com-
bination of these. When nongenetic factors are the cause of
familial clustering of a disease, the distribution of affected
members in families would be random. However, when
genetic predisposition is the cause of the familial occurrence
of a disease, the distribution of affected members in 
families would follow a pattern consistent with genetic
inheritance (Figure 21.1). 

One way to test whether the familial clustering of a
disease is consistent with genetic inheritance is by perform-
ing a segregation analysis. In this analysis many families in
which the disease under study clusters are analyzed to 
see if the clustering occurs at random or demonstrates
Mendelian or a complex pattern of inheritance. Segregation
analyses have shown strong genetic influences in several
autoimmune diseases, including SLE (Tsao et al., 2002), MS
(Rigby et al., 1998; Seldin et al., 1999), RA (Sadovnick 
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et al., 1993), Graves’ disease (Villanueva et al., 2000), and
thyroid antibody diathesis (Pauls et al., 1993; Phillips et al.,
1990; 1991; Jaume et al., 1999). 

The clustering of autoimmune diseases in families is not
restricted to a single disease in the same family. Clustering
of several autoimmune diseases in the same family has been
reported for many autoimmune diseases (Burek et al., 1990;
Mumford et al., 1994; Vyse and Todd, 1996; McCanlies 
et al., 1998; Levin and Tomer, 2003; Tait et al., 2004). These
findings are of major importance because they imply that
certain genetic variants predispose to autoimmunity in
general and are not disease specific. Indeed, an analysis of
genetic studies in several autoimmune diseases has revealed
overlapping non-MHC susceptibility loci among several
autoimmune diseases (Becker et al., 1998).

Sibling Risk Ratio 

A very useful method to test the genetic contribution to
familial aggregation of a disease is to calculate the sibling
risk ratio (ls). The ls is the ratio of the prevalence of the
disease in siblings of affected individuals to the prevalence
of the disease in the general population (Risch, 1990). The
ls expresses the increased risk of developing the disease in
an individual who has a sibling with the disease and is a
quantitative measure of the genetic contribution to the
disease. An ls of �5 usually indicates a significant genetic
contribution to the pathogenesis of a disease (Vyse and
Todd, 1996). The ls was estimated to be 5–20 in SLE
(Hochberg, 1987; Tsao et al., 2002), 20 in MS (Risch, 1987),
17 in autoimmune thyroid disease (AITD) (Villanueva et al.,
2003), 15 in T1D (Wagener et al., 1982), and 5 in RA (Rigby
et al., 1998). These data support a strong genetic influence
on the development of autoimmune diseases.

Twin Studies 

Twin studies are the most powerful method for evaluat-
ing genetic predisposition to complex diseases. They are
based on comparison of the concordance (simultaneous
occurrence) of a given disease among monozygotic (MZ;
i.e., “identical”) twins with the concordance among dizy-
gotic (DZ; i.e., fraternal) twins. MZ twins have nearly iden-
tical genetic makeup, whereas DZ twins share 50% of their
genes (like siblings). Therefore, if the concordance is higher
in the MZ twins when compared to the DZ twins, it suggests
that the disease has an inherited component.

Several large twin studies have been reported in autoim-
mune diseases showing consistently higher concordance in
MZ twins compared to DZ twins (Jarvinen and Aho, 1994)
(Table 21.1). In RA the concordance rates for MZ and DZ
twins have been estimated to be 12–15% and 2–4%, respec-
tively (Seldin et al., 1999). In Graves’ disease the concor-
dance rates for MZ twins were higher (17–22%), with much

Family 1

Family 2

FIGURE 21.1 Clustering of a disease in families does not necessarily
mean that the disease has a genetic etiology. Shown are two families in
which diseases cluster. In family 1 the clustering is due to an environmen-
tal factor (e.g., viral gastroenteritis) and the clustering does not follow
Mendelian inheritance. In family 2 the clustering is due to genetic inheri-
tance of the disease and the vertical transmission suggests dominant inher-
itance (e.g., Huntington disease). In complex diseases, such as type 1
diabetes or systemic lupus erythematosus, the clustering of the disease in
families is due to the combined effects of genetic and environmental influ-
ences, and therefore, the pedigrees usually do not conform to any of the
“interpretable” patterns described above.
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lower concordance rates in DZ twins (2%) (Brix et al., 2001;
Ringold et al., 2002). Similar concordance rates have been
reported in MS: 25–30% in MZ twins compared to 0–5% in
DZ twins (Ebers et al., 1986; Heltberg, 1987; Kinnunen 
et al., 1988; Sadovnick et al., 1993; Mumford et al., 1994).
Even higher concordance rates were reported for SLE
among MZ twins (25–57%) and among DZ twins were
much lower (0–5%) (Block et al., 1975; Jarvinen et al.,
1992; Grennan et al., 1997). 

One of the difficulties in twins studies is that reports of
concordance rates can vary significantly depending on the
age of the proband and the follow-up time since proband
diagnosis. For example, cross-sectional twin studies in T1D
not taking into account proband age and length of follow-
up have shown concordance rates of 35%–70% for MZ
twins and approximately 10% for DZ twins (Kyvik et al.,
1995). Examination of the length of follow-up since proband
diagnosis has shown that the concordance rates were 43%
within 12 years of proband diagnosis and 50% within 40
years, demonstrating that the concordance increases as the
length of follow-up increases (Hawa et al., 1997). Age of
proband diagnosis is also crucial. Diabetes risk approaches
65% for the co-twin of an MZ proband diagnosed before 5
years of age (Kyvik et al., 1995; Redondo et al., 2001).
These data suggest that early-onset T1D may have a stronger
genetic component that late-onset T1D. 

Gender Effects

Most autoimmune diseases are more common in females
than in males (see Chapters 3 and 25). The increased female
preponderance of autoimmune diseases may be secondary
to sex steroid effects or X chromosome effects. Some data
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suggest that estrogens promote induction of autoimmunity.
Autoimmunity is most common in fertile women (Tunbridge
et al., 1977), and animal studies show induction of suscep-
tibility to autoimmunity in males by estrogens (Grossman 
et al., 1991; Paavonen, 1994; Van Griensven et al., 1997).
Another possibility is that the increased female susceptibil-
ity to autoimmunity is related to the X chromosome. One
possible mechanism whereby the X chromosome could
influence the development of AITD is probabilistic: females
are approximately twice as likely as males to inherit an
autoimmunity susceptibility gene since they have two X
chromosomes while males have one. Another mechanism is
related to the phenomenon of X chromosome inactivation.
Even though females have two X chromosomes, only one X
chromosome gene is expressed in female somatic cells due
to X chromosome inactivation. X chromosome inactivation
occurs early in embryonic life and, thereafter, in each cell,
either the maternal or paternal chromosome is inactivated.
This results in a tissue mosaic of paternally and maternally
expressed X chromosomal alleles. Therefore, a female who
is heterozygous for an X-linked gene encoding for a self-
antigen will have two classes of cells that differ in the tran-
scription of this X chromosome-encoded gene. If these two
cell classes extend to the thymic cells responsible for toler-
izing T cells in embryonic life, some lymphocytes may not
be tolerized to one of the two self-antigens encoded by the
X-chromosome. Such lymphocytes would be autoreactive to
that antigen and could induce an autoimmune response
(Stewart, 1998). Several X chromosome loci have been
shown to be linked with autoimmune disease (Barbesino 
et al., 1998; Imrie et al., 2001; Jawaheer et al., 2001; Zhou
et al., 2003), but, so far, no X chromosome susceptibility
gene for autoimmunity has been identified.

TABLE 21.1 Twin studies performed in autoimmune diseases

MZ twin DZ twin
concordance concordance

Disease (%) (%) References

Rheumatoid arthritis 12–15 2–4 Seldin et al. (1999)

Systemic lupus erythematosus 25–57 0–5 Block et al. (1975), Jarvinen et al. (1992), Grennan 
et al. (1997)

Multiple sclerosis 25–30 0–5 Ebers et al. (1986), Kinnunen et al. (1988), Sadovnick 
et al. (1993), Mumford et al. (1994)

Crohn’s disease 20–50 3–5 Thompson et al. (1996), Orholm et al. (2000)

Type 1 diabetes 35–70 10 Kyvik et al. (1995), Hawa et al. (1997), Redondo et al.
(2001)

Graves’ disease 17–22 2 Brix et al. (2001), Ringold et al. (2002)

Hashimoto’s thyroiditis 38 0 Brix et al. (2000)

Thyroid antibodies 60–80 23–40 Brix et al. (2000), Phillips et al. (2002)

DZ, dizygotic; MZ, monozygotic.
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TOOLS USED TO MAP 
AND IDENTIFY COMPLEX 

DISEASE GENES

The two basic tools used for mapping complex disease
genes are linkage and association studies. Linkage studies
look for cosegregation of markers and disease in families. If
a tested marker is close to a disease susceptibility gene, the
likelihood that a recombination will occur between them
during meiosis is low, and therefore, the marker’s alleles will
cosegregate with the disease in families (Figure 21.2). Asso-
ciation studies compare the frequency of marker disease
alleles in patients and controls. In general, linkage studies
are best for screening the whole genome for regions (loci)
harboring disease susceptibility genes, while association
studies are more powerful for fine mapping the genes in
these loci. These tools have been successful in mapping new
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autoimmune disease genes, e.g., in T1D (Davies et al., 1994)
and Crohn’s disease (Hugot et al., 2001). While different
strategies have been employed to identify complex disease
genes, one popular approach is outlined below (Glazier 
et al., 2002). This strategy is based on five steps:

1. Identifying linked loci. This is achieved by whole genome
screening using microsatellite markers at an average 
distance of <10 cM.

2. Confirming linked loci. A linked locus should be con-
firmed by finding evidence for linkage in two indepen-
dent datasets (Lander and Kruglyak, 1995). Confirmed
loci most likely harbor susceptibility genes, e.g., HLA in
T1D (Davies et al., 1994).

3. Fine mapping confirmed loci. Linked loci can be fine
mapped by linkage disequilibrium (LD) mapping. LD
mapping is based on association studies with markers
that saturate the region of interest. The marker that shows
the strongest association with the disease is probably
closest to the disease gene. This method can narrow down
the region of interest to a few hundred kilobases (Ueda
et al., 2003).

4. Testing genes in the linked region. After the linked region
has been fine mapped the genes in this region can be ana-
lyzed. Sequencing of the genes in the fine-mapped loci
will identify single nucleotide polymorphisms (SNPs)
which are then tested for association with the disease. If
a certain SNP shows a consistently significant associa-
tion with the disease, it may be the susceptibility allele
in the region, even though LD with another disease-
causing polymorphism cannot be ruled out.

5. Functional studies. To demonstrate that an associated
allele is a true susceptibility allele it is necessary to show
that it affects the function of the gene in a way that
increases the risk of developing disease. This provides
indirect evidence that it may be the actual susceptibility
allele for the disease.

NON-MHC IMMUNE REGULATORY
GENES PREDISPOSING 
TO AUTOIMMUNITY 

Several non-MHC immune regulatory genes have been
shown to be susceptibility genes for autoimmunity. As
expected these genes are not specific for one autoimmune
disease but predispose to several autoimmune conditions.
However, some variability does exist with certain immune
regulatory genes showing a much stronger association with
some autoimmune conditions than with others. For example,
the CTLA-4 (cytotoxic T-lymphocyte antigen-4) gene shows
the strongest association with Graves’ disease and a much
weaker association with Hashimoto’s disease and T1D
(Ueda et al., 2003).

G1 A1 B1

G2 A2 B2

G1 A1 B2

G2 A2 B1

Recombination

FIGURE 21.2 Principle of linkage. During meiosis, when homologous
chromosomes pair, they often break at identical points along their length
and switch the distal segments to the breaking point, exchanging identical
segments of DNA between two homologous chromosomes (recombina-
tion). The principle of linkage analysis is based on the fact that if a marker
(A) is close to a mutated gene (G) on a chromosome they will segregate
together during recombination, while a marker (B) that is far from the
mutated gene will not cosegregate with it. In the example shown, marker
allele A1 of marker A is close to the mutated gene (G1) and allele B1 of
marker B is far from the mutated gene (G1). Likewise, allele A2 of marker
A is close to the normal allele of the gene (G2) and allele B2 of marker B
is far from the normal allele of the gene (G2). After recombination, allele
A1 cosegregates with the mutated gene (G1), while allele B1 does not. As
a result, within a given family a certain allele of marker A (A2) will be seen
more frequently than expected by random chance in the affected individu-
als (i.e., those inheriting the mutated allele of the gene). The closer the
marker to the disease gene the stronger the linkage with the disease.

Adapted with permission from Tomer and Davies (2002). 
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CTLA-4 Gene

CTLA-4 is an important costimulatory molecule that
plays a key role in the interaction between T cells and
antigen-presenting cells (APCs). APCs activate T cells by
presenting to the T-cell receptor (TCR) an antigenic peptide
bound to an HLA class II protein on the cell surface.
However, a second signal is also required for T-cell activa-
tion, and these costimulatory signals may be provided by the
APCs themselves or other local cells (Reiser and Stadecker,
1996). The costimulatory signals are provided by a variety
of proteins that are expressed on the cell surface of APCs
(e.g., CD80 (B7-1), CD86 (B7-2), B7h, and CD40) and
interact with receptors (CD28, CTLA-4, and CD154
(CD40L)) on the surface of CD4+ T lymphocytes during
antigen presentation (Reiser and Stadecker, 1996). The
complex interaction between APC proteins and T-cell pro-
teins during antigen presentation is called the “immunologic
synapse” (Figure 21.3). Whereas the binding of CD80 (B7)
to CD28 on T cells costimulates T cell activation, CTLA-4,
which has a higher affinity for  CD80 (B7), downregulates
T-cell activation by competing for the binding of CD80 (B7)
to CD28, and by directly suppressing T-cell activation
(Brunner et al., 1999). Indeed, CTLA-4 knock-out mice
develop lymphoproliferative disease with multiorgan lym-
phocytic infiltration and tissue destruction, demonstrating
the crucial inhibitory role for CTLA-4 in T-cell activation.
The suppressive effects of CTLA-4 on T-cell activation have 
raised the possibility that mutations/polymorphisms causing
reduced CTLA-4 expression and/or function could result in
an exaggerated T-cell activation and lead to the development
of autoimmunity. 
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CTLA-4 Association Studies in Autoimmunity

Since the first description of an association between
CTLA-4 and Graves’ disease in 1995 (Yanagawa et al.,
1995) CTLA-4 has been shown to be associated with many
autoimmune conditions. This is not unexpected in view of
the critical role of CTLA-4 in the immunologic synapse.
CTLA-4 has been shown to be associated with both B-cell-
mediated autoimmune diseases such as Graves’ disease
(Donner et al., 1997b) (see below) and T-cell mediated
autoimmune diseases such as T1D (Marron et al., 1997) (see
below). Additionally, CTLA-4 was shown to be associated
with organ-specific autoimmune diseases, e.g., Graves’
disease and MS (Donner et al., 1997b), and systemic auto-
immune diseases (Ahmed et al., 2001). Thus, it seems that
CTLA-4 is a general autoimmunity gene. However, the 
relative risk conferred by CTLA-4 is low (1.1–1.5) (Ueda 
et al., 2003), demonstrating that other genes must play a role
in the development of autoimmunity, possibly by interac-
tions with CTLA-4 (see below). 

Initially, CTLA-4 was reported to be associated with
Graves’ disease (Yanagawa et al., 1995; Nistico et al., 1996;
Donner et al., 1997b; Kotsa et al., 1997; Villanueva et al.,
2000; Kouki et al., 2002; Nithiyananthan et al., 2002). The
association between Graves’ disease and the CTLA-4 3¢
untranslated (3¢UTR) microsatellite and A/G49 SNP has 
been consistent across populations of different ethnic back-
grounds, such as white populations (Yanagawa et al., 1995),
Japanese (Yanagawa et al., 1997; Akamizu et al., 2000), and
Koreans (Park et al., 2000). Later studies demonstrated asso-
ciations with Hashimoto thyroiditis, also in populations of
diverse ethnic origins, such as white populations (Donner et
al., 1997a; Kotsa et al., 1997; Nithiyananthan et al., 2002),
and Japanese (Sale et al., 1997; Akamizu et al., 2000). Many
other autoimmune diseases have also been shown to be asso-
ciated with CTLA-4, most notably T1D (Nistico et al., 1996;
Marron et al., 1997; Donner et al., 1997b), Addison disease
(Vaidya et al., 2000a; Blomhoff et al., 2004), myasthenia
gravis (Huang et al., 1998), SLE (Ahmed et al., 2001), MS
(Ligers et al., 2001), and primary biliary cirrhosis (Agarwal
et al., 2000). Taken together these data strongly support
CTLA-4 as a general autoimmunity susceptibility gene
(Kristiansen et al., 2000).

CTLA-4 and Antibody Production

Since CTLA-4 does not show disease specificity, it is
likely that it is a general autoimmunity gene. To test this
hypothesis we tested for linkage of the CTLA-4 locus 
with the presence of thyroid antibodies (TAbs) without 
clinical disease. Indeed, we have shown strong evidence for
linkage between the CTLA-4 gene region and the produc-
tion of thyroid antibodies with a maximum LOD score
(MLS) of 4.2 (Tomer et al., 2001). Further studies have 

APC T cell

B7-1

B7-2

CD28

CTLA-4

AntigenHLA T-cell receptor

B7h ICOS

CD40LCD40

FIGURE 21.3 Immunologic synapse. The antigen-presenting cell (APC)
presents a peptide antigen bound to HLA class II molecules, and the peptide
is recognized by the T-cell receptor. Engagement of CD80 (B7) molecules
with CD28 provides costimulation, while CTLA-4 binding to the CD80
(B7) molecules blocks CD28 activation and also directly suppresses T-cell
activation. Engagement of the inducible costimulator (ICOS) with B7h pro-
vides additional costimulatory signals. In addition, engagement of CD40
with CD40 ligand activates the APC, and if the APC is a B cell, will result
in B-cell proliferation, differentiation, and antibody secretion.

Ch021-P595961.qxd  2/2/06  2:39 PM  Page 277



confirmed these results (Ban et al., 2003a; Zaletel et al.,
2002).

Which CTLA-4 Polymorphism is the Causative One?

The fact that polymorphisms within or near the CTLA-4
gene showed linkage (Vaidya et al., 1999; Tomer et al., 2001)
and association (Nistico et al., 1996) with autoimmunity
does not necessarily mean that the CTLA-4 is the suscepti-
bility gene in this locus. It is possible that another gene close
by in linkage disequilibrium with CTLA-4 is the suscepti-
bility gene in this region. Indeed, the region on chromosome
2q33 containing the CTLA-4 gene is replete with candidate
immune regulatory genes for thyroid autoimmunity [e.g.,
CD28 and inducible costimulator (ICOS)], and it was first
unclear whether the CTLA-4 gene itself or another immune
regulatory gene in the region was involved in the genetic 
susceptibility to autoimmunity. Therefore, we (Ban et al.,
2003a) and others (Marron et al., 2000; Wood et al., 2002;
Ueda et al., 2003) fine mapped the region and have shown
that the strongest association was with the CTLA-4 gene,
suggesting that it was the susceptibility gene in this locus.
That still left the question of which CTLA-4 polymorphism
is the causative one. A recent large fine mapping study using
over 100 markers in the CTLA-4 region demonstrated that
the causative polymorphism is located in the 3¢ UTR of the
CTLA-4 gene (Ueda et al., 2003). However, several candi-
date polymorphisms in this 5-kb region still exist, including
a microsatellite marker and several SNPs (Ueda et al., 2003),
and additional functional studies are needed to identify
which of these polymorphism is the causative one (see
below). 

CD40 Gene

Using a whole genome linkage study we have identified
a locus on chromosome 20q11 showing strong evidence for
linkage with Graves’ disease with a maximum LOD score
of 3.5 (Tomer et al., 1998; 1999; 2003). This Graves’ disease
locus was not linked and associated with Hashimoto’s thy-
roiditis and MS, suggesting that this may be a locus that is
specific for Graves’ disease. Moreover, in families with indi-
viduals with Graves’ disease or Hashimoto’s thyroiditis, the
locus was linked only with Graves’ disease, demonstrating
its high specificity for Graves’ disease (Tomer et al., 1999).
This region was also tested by another group from the UK
and evidence was reported for linkage with Graves’ disease
in a subset of their families (Pearce et al., 1999). This further
supported the 20q11 locus as an important susceptibility
locus for Graves’ disease.

The CD40 gene, an important immune modulator, is
located within the linked region on chromosome 20q11 and,
therefore, it was a likely positional candidate gene for
Graves’ disease. CD40 is a transmembrane glycoprotein that
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is expressed predominantly on B cells, monocytes, dendritic
cells (DCs), epithelial cells, and other cells (Durie et al.,
1994). Binding of CD154 (CD40L) to CD40 induces B 
cells to proliferate and to undergo immunoglobulin isotype
switching (Banchereau et al., 1994). Moreover, in vivo
blockade of CD40 has been shown to suppress the induction
of experimental autoimmune diseases (Carayanniotis et al.,
1997; Schaub et al., 1999; Burkly, 2001; Homann et al.,
2002). Therefore, we tested whether CD40 could be the
Graves’ disease susceptibility gene on chromosome 20q11.
Sequencing of the CD40 gene revealed a C/T SNP in the
5¢UTR region of the gene. The SNP is located within a
segment of the 5¢UTR that controls the initiation of transla-
tion and is designated the Kozak sequence. Analysis of the
CD40 Kozak SNP showed an association between the CC
genotype and Graves’ disease, but with a low relative risk
of 1.6 (Tomer et al., 2002a). These results were confirmed
by other studies (Kim et al., 2003; Tomer et al., 2005), but
not by all studies (Houston et al., 2004). Since the Kozak
sequence influences the initiation of translation, we hypoth-
esized that the Kozak SNP might alter CD40 translation,
thereby influencing its expression. Expression studies 
confirmed this hypothesis (see below).

Protein Tyrosine Phosphatase Gene

The protein tyrosine phosphatase (PTPN22) gene is the
latest autoimmunity gene to be identified. Several recent
studies have shown that PTPN22 is associated with RA
(Begovich et al., 2004), SLE (Kyogoku et al., 2004), T1D
(Bottini et al., 2004; Smyth et al., 2004), and Graves’ disease
(Velaga et al., 2004). Thus, like CTLA-4, PTPN22 seems to
be a general autoimmunity gene that predisposes to both B-
and T-cell-mediated autoimmune diseases. PTPN22 is an
important regulator of TCR signaling in memory and effec-
tor T cells (Hasegawa et al., 2004). The mouse ortholog
(PEP) was shown to be a potent inhibitor of TCR-dependent
responses, albeit PEP knock-out mice have a very subtle
change in T-cell function. Therefore, additional studies are
needed to elucidate the role of PTPN22 in autoimmunity. 

Similar to CTLA-4 the relative risk conferred by PTPN22
is relatively low (approximately 2). Therefore, it seems 
that other autoimmunity genes must play a role in the devel-
opment of autoimmunity, and it is likely that many genes
with small effects (like CTLA-4 and PTPN22) cause pre-
disposition to autoimmunity, and not one or a few major
genes. 

TISSUE-SPECIFIC GENES IN
AUTOIMMUNE DISEASES

While immune regulatory genes may play an important
role in the general susceptibility to autoimmunity, it is 
likely that disease-specific non-immune regulatory genes
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contribute to the etiology of specific autoimmune condi-
tions. These disease-specific genes are likely to be expressed
in the tissues affected by the autoimmune response in organ-
specific autoimmune diseases. Indeed, at least three tissue-
specific genes have been identified to date: the insulin vari-
able number of tandem repeats (VNTR) polymorphism in
T1D, the NOD2 gene in Crohn’s disease, and the thyro-
globulin gene in AITD. 

Insulin VNTR Polymorphism in 
Type 1 Diabetes

The first locus, outside the HLA region, which was 
found to be consistently linked and associated with T1D was
the insulin gene region on chromosome 11q, designated
insulin-dependent diabetes mellitus (IDDM)-2 (Davies et
al., 1994; Hashimoto et al., 1994). This locus conferred a
risk that was independent of HLA genotype (Bell et al.,
1984; Bain et al., 1992; Lucassen et al., 1993; Van der
Auwera et al., 1993; Hashimoto et al., 1994). This locus was
estimated to contribute about 10% to disease susceptibility
(Davies et al., 1994). It is now known that the polymorphism
conferring the susceptibility to IDDM in this locus is the
VNTR polymorphism (Undlien et al., 1995). The VNTR is
located 365 base pairs upstream from the initiation of 
transcription of the insulin gene. The polymorphism arises
from a variable number of 14 base pair oligonucleotide
repeats. Based on the number of repeats, the length of the
VNTR can be divided into three classes: class I (approxi-
mately 570 bp), class II (approximately 1640 bp), and class
III (approximately 2400 bp) (Lucassen et al., 1993; Ahmed
et al., 1999). Homozygosity for short class I alleles confers
a two- to five-fold increased risk for T1D , while class III
alleles are dominantly protective (Nistico et al., 1996;
Bennett et al., 1995). 

NOD2/CARD15 Gene and Crohn’s Disease

The first whole genome scan demonstrating that a locus
on chromosome 16q showed strong evidence for linkage
with Crohn’s disease was reported in 1996 (Hugot et al.,
1996). This locus was designated IBD1 and the linkage 
evidence at IBD1 was replicated by several studies, most
notably by an International Genetics Consortium showing a
LOD score of 5.8 at IBD1 (Cavanaugh, 2001). Following
the mapping of the IBD1 locus, the region was fine mapped
and a novel gene, nucleotide-binding oligomerization
domain 2 (NOD2), also called caspase activation recruit-
ment domain 15 (CARD15), was identified to within this
locus and was shown to be the susceptibility gene at the
IBD1 locus (Hugot et al., 2001; Ogura et al., 2001).
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NOD2 Polymorphisms Associated with Crohn’s Disease

Several polymorphisms were identified within the coding
region of the NOD2 gene that showed strong association
with Crohn’s disease but not with ulcerative colitis (Hugot 
et al., 2001). The three most important NOD2 polymor-
phisms that were found to be associated with Crohn’s
disease are two missense SNPs (i.e., SNPs that change 
the amino acid sequence of the gene), Arg702Trp and
Gly907Arg, and one frameshift mutation (3040insC)
causing a premature stop codon (Hugot et al., 2001). The
relative risk of developing Crohn’s disease in an individual
with these polymorphisms ranges from 3 for simple 
heterozygotes to 38 in homozygotes for the susceptibility
allele (Hugot et al., 2001). Therefore, there seems to be a
gene dosage effect (McGovern et al., 2001).

Genotype–Phenotype Correlations

The NOD2 SNPs identified to date were found to be asso-
ciated with Crohn’s disease only in white patients but not in
Asian (Inoue et al., 2002) or African American patients
(Cho, 2004). In addition, the Cly908Arg SNP was found to
be more common in Ashkenazi Jewish patients (Sugimura
et al., 2003), and a new intronic variant (IVS+158, desig-
nated JW1) was reported to be specific for Ashkenazi Jewish
Crohn’s disease patients (Sugimura et al., 2003). Additional
correlations were found with earlier age of onset and ileal
disease (Cho, 2004). 

NOD2 Function and the Effects of the NOD2 Single
Nucleotide Polymorphisms

The NOD2 gene is expressed in peripheral blood mono-
cytes, macrophages, and intestinal epithelial cells (Cho,
2004). NOD2 has three domains: a C-terminal leucine-rich
repeat (LRR) domain, a nucleotide oligomerization domain,
and an N-terminal region that contains the CARD. The
CARD mediates activation of the NF-kB transcription
factors, which is a master regulator of inflammatory
responses (Watanabe et al., 2004). The C-terminal region of
NOD2 contains an LRR that serves as a pattern-recognition
receptor for many innate signals such as lipopolysaccharide
(Watanabe et al., 2004). Therefore, the LRR domain might
be involved in the recognition of microbial products
(O’Neill, 2004). Interestingly, the three major SNPs in
NOD2 that are associated with Crohn’s disease are located
in the LRR region of the gene (Cho, 2004). Originally, it
was thought that the NOD2 polymorphisms in the LRR
domain caused a decreased functional response of NOD2,
leading to decreased NF-kB activation (Ogura et al., 2001).
However, this model was inconsistent with data pointing to
a crucial role for NF-kB activation in the activation of type
1 helper T (Th1) cells and the inflammatory response in
Crohn’s disease (O’Neill, 2004). Recent data may help
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resolve this inconsistency by demonstrating that NOD2
inhibits the activation of the Toll-like receptor 2 (TLR2) by
peptidoglycan, and that NOD2 deficiency resulted in
increased TLR2-mediated activation of NF-kB (Watanabe et
al., 2004). Thus, NOD2 SNPs may predispose to Crohn’s
disease by decreasing NOD2 activity, which leads to
increased TLR2-mediated NF-kB activation and enhanced
Th1 inflammatory responses (Watanabe et al., 2004). 

Thyroglobulin Gene and Susceptibility to
Autoimmune Thyroid Disease

Thyroglobulin (Tg) is the major protein product synthe-
sized in the thyroid gland (Tomer, 1997). There is abundant
evidence that Tg plays an important role in the etiology of
AITD including: 1) anti-Tg antibodies are detected in most
patients with AITD, both Graves’ disease and Hashimoto’s
thyroiditis (Roitt et al., 1958; Ericsson et al., 1985), and
there is evidence that Tg antibodies of AITD patients are
restricted in their epitope specificity, in contrast to the poly-
clonal nature of Tg antibodies found in healthy individuals
(Kuppers et al., 1992); 2) immunization with Tg induces
autoimmune thyroiditis in experimental animals (Vladutiu
and Rose, 1971); and 3) spontaneous models of autoimmune
thyroiditis in the nonobese diabetic (NOD) mouse and
BB/W rat are also characterized by the development of 
anti-Tg antibodies (Allen et al., 1987; Braley-Mullen et al.,
1999). Therefore, Tg is a good candidate gene for thyroid
autoimmunity.

Two whole genome screens have shown strong evidence
for linkage of AITD with the chromosome 8q24 region
which contains the Tg gene (Sakai et al., 2001; Tomer et al.,
2002b) (see below). Since the Tg gene was located within
the linked region, we proceeded to analyze the Tg gene
directly. Analysis of microsatellite markers within intronic
regions of the Tg gene gave a significant LOD score of 2.9,
confirming that the Tg gene was linked with AITD (Tomer
et al., 2002b). Association studies showed an association of
Tg microsatellite markers with AITD (Tomer et al., 2002b;
Collins et al., 2003; Ban et al., 2004). 

The fact that markers within the Tg gene were linked and
associated with AITD strongly suggested that the Tg gene
was the AITD susceptibility gene on 8q24. Therefore, we
sequenced the Tg gene and identified 14 new Tg SNPs.
Case–control association studies demonstrated that one SNP
cluster in exons 10–12, in strong linkage disequilibrium, and
a SNP in exon 33 were significantly associated with AITD
(Ban et al., 2003b). Taken together these data suggest that
Tg is a major AITD susceptibility gene (Ban et al., 2003b).
It can be hypothesized that Tg sequence variants are
involved in the susceptibility to AITD; such variants may
act by modifying the interaction of Tg peptide profiles, pro-
duced by digestion of Tg by cathepsins in endosomes, with
HLA class II molecules. 
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WHOLE GENOME SCREENING IN
AUTOIMMUNE DISEASES

As discussed above, whole genome screening is a pow-
erful genetic tool with which to identify loci or genetic
regions that might be linked with disease. When a locus
which is linked with disease is identified, the region can be
fine mapped and the gene identified. This strategy has been
used successfully in a number of complex diseases, most
notably in the mapping and identification of NOD2 as a sus-
ceptibility gene for Crohn’s disease (Hugot et al., 2001;
Ogura et al., 2001). Numerous genome screens have been
performed in autoimmune diseases, resulting in a growing 
list of loci which might harbor susceptibility genes for
autoimmunity. 

Genome scans in SLE families identified several loci
showing evidence for linkage. Most notable are loci on 
chromosomes 1q23, 1q41, 2q35, 4p16, and 6p11 (Tsao,
2003). Similarly, loci on chromosomes 1q, 2q, 6p, 9q, 16q,
and 18p were identified for MS (Kenealy et al., 2004), loci
on chromosomes 1p and 18q were identified for RA
(Gregersen, 2003), and loci on chromosomes 2q, 6q, 10q,
12q 14q, and 20q were identified for AITD (Tomer and
Davies, 2003; Tomer et al., 2003). Interestingly, significant
overlap exists between loci identified for different auto-
immune diseases (Becker et al., 1998), suggesting the exis-
tence of a significant number of susceptibility genes that
predispose to autoimmunity in general and not to any spe-
cific autoimmune disease. One locus that was found to be
linked with several autoimmune diseases is the 18q locus.
The 18q locus was originally identified as a T1D locus but
it was later found to be linked with Graves’ disease (Vaidya
et al., 2000b), as well as MS and RA (Merriman et al., 2001).
However, additional studies are necessary to examine
whether the 18q locus contains an autoimmunity suscepti-
bility gene. In summary, linkage studies serve as the first
step in gene identification. As more linkage studies are being
performed it will be possible to examine which loci show
the highest level of replication between different centers.
These loci represent the best candidates for fine mapping
and gene identification.

MECHANISMS BY WHICH GENES
CAN INDUCE THYROID

AUTOIMMUNITY

General Principles

In classical monogenic diseases the genetic defect
changes the action of a gene by decreasing its effectiveness,
e.g., the Pendrin gene in Pendred syndrome (Everett et al.,
1997), or causing its overactivity, e.g. the RET proto-
oncogene in multiple endocrine neoplasia type 2 (Eng, 1996;
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Puxeddu and Fagin, 2001). However, in complex diseases,
such as the autoimmune diseases, the genetic defect may
cause subtle changes in the function of one or more genes
that, when combined, increase the risk for disease. There-
fore, even when a gene causing a common disease is
mapped, proving that the polymorphism is also biologically
meaningful can be difficult. Direct and indirect functional
studies have been performed for several autoimmunity sus-
ceptibility genes, and some of these are summarized below.

CTLA-4 Functional Studies

CTLA-4 gene polymorphisms have been studied exten-
sively for their effects on CTLA-4 function and/or expres-
sion. CTLA-4 is an important costimulatory molecule that
downregulates T-cell activation and induces tolerance (see
Figure 21.3). The suppressive effects of CTLA-4 on T-cell
activation have raised the possibility that the CTLA-4 
polymorphisms associated with AITD decrease its expres-
sion and/or function, thereby promoting the development of
autoimmunity. 

Several CTLA-4 polymorphisms have been shown to be
associated with AITD, including a 3¢UTR AT microsatellite
(Yanagawa et al., 1995), a 3¢UTR SNP (designated CT60)
(Ueda et al., 2003), and an A/G polymorphism in the leader
sequence of the gene (Donner et al., 1997b). These three
polymorphisms have been tested in both direct and indirect
functional studies for their effects on the function/expres-
sion of CTLA-4. The first functional study examined the
effects of the A and G alleles of the CTLA-4 A/G49 SNP on
the inhibitory function of CTLA-4 (Kouki et al., 2000). The
authors showed that blocking of CTLA-4 on T cells isolated
from individuals with the G allele had less effect on reduc-
ing the inhibitory function of CTLA-4 than blocking CTLA-
4 on T cells isolated from individuals with the A allele.
Similar results were obtained by our group using a slightly
different study design (Ban et al., 2003a). This could imply
that the A and G alleles of the CTLA-4 leader sequence
influence its function and/or expression. However, since this
was an indirect study it cannot rule out that another CTLA-
4 polymorphism in linkage disequilibrium with the A/G49

SNP is causing this observed effect on CTLA-4 function.
We have examined the effects of the CTLA-4 A/G49 SNP
using an in vitro assay by transfecting T-cell lines lacking
CTLA-4 with CTLA-4 cDNA having the A or the G allele:
no difference was seen in the expression and inhibitory func-
tion of CTLA-4 (Xu et al., 2002). Thus, this study demon-
strated that the A and G alleles of the CTLA-4 A/G49 SNP
did not directly influence its function. Other polymorphisms
must be responsible for the association of CTLA-4 with
AITD. The CT60 3¢UTR SNP was also tested by indirect
functional studies for its effects on the levels of a splice
variant of CTLA-4. The results demonstrated that the G
allele of the CT60 SNP allele that predisposes to auto-
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immunity was associated with reduced production of a
splice variant of CTLA-4, resulting in decreased soluble
CTLA-4 levels (Ueda et al., 2003). Studies of the 3¢UTR AT
microsatellite have demonstrated that the long repeats
(which predispose to autoimmunity) reduced inhibitory
function of CTLA-4 (Takara et al., 2003). Moreover, pre-
liminary data in myasthenia gravis showed that the long
repeats of the AT microsatellite at the 3¢UTR of the CTLA-
4 gene decreased the half life of the CTLA-4 mRNA (Huang
et al., 2000; Holopainen and Partanen, 2001). This could
provide an attractive explanation for the association be-
tween the long repeats of the 3¢UTR AT microsatellite and
autoimmunity, whereby the long repeats decrease the half
life of the CTLA-4 mRNA, causing reduced CTLA-4
expression and hyperactivation of T cells, and leading to
autoimmunity (Tomer, 2001). 

Insulin VNTR Gene

The insulin VNTR gene is located adjacent to regulatory
DNA sequences affecting insulin gene expression. There-
fore, it was postulated that the polymorphism influenced
disease disposition through influence on insulin gene
expression (Docherty, 1992). Indeed, the insulin VNTR was
shown to influence gene expression in vitro (Kennedy et al.,
1995) and in vivo (Bennett et al., 1995), with class I alleles
being associated with 1.5–3.0-fold increase in insulin gene
transcription in the pancreas. However, it was difficult to
reconcile lower insulin mRNA levels in the pancreas, asso-
ciated with class III alleles, with a protective effect on T1D
development. Several groups have since reported that class
III VNTR alleles are associated with significantly higher
insulin mRNA levels in the human fetal thymus (Vafiadis et
al., 1997; Puglise et al., 1997). These authors postulated that
higher levels of thymic insulin expression in individuals
with class III alleles promoted the negative selection of
insulin-specific T lymphocytes, thus facilitating immune
tolerance induction and protection from T1D. These find-
ings, if confirmed, may represent a general principle 
in autoimmunity and may apply to other autoimmune 
conditions.

CONCLUSIONS AND 
FUTURE DIRECTIONS

The autoimmune diseases are complex diseases believed
to be caused by the combined effects of multiple suscepti-
bility genes and environmental triggers. There are sufficient
epidemiologic data to support an important genetic contri-
bution to the development of autoimmunity, and in the past
few years several loci and genes have shown evidence for
linkage and/or association with autoimmune diseases. Thus,
the genetic susceptibility to autoimmunity seems to involve

Ch021-P595961.qxd  2/2/06  2:39 PM  Page 281



several genes with varying effects. With the completion of
the human genome project and the establishment of large
SNP databases, the identification of additional non-MHC
autoimmunity susceptibility genes will become more 
feasible.

The autoimmunity loci identified so far show that some
putative autoimmune susceptibility genes may be immune-
modifying genes that increase the susceptibility to autoim-
munity in general (e.g., CTLA-4 and PTPN22), while others
may be specific to a certain disease (e.g., insulin VNTR).
The next step in investigating the role of these genes in the
development of autoimmunity is by functional studies and
genotype–phenotype correlations. It is most likely that the
susceptibility loci for autoimmune diseases interact and that
their interactions may influence disease phenotype and
severity (Tomer et al., 1999). The molecular basis for the
interactions between susceptibility genes in complex dis-
eases is unknown. These interactions could represent the
cumulative effect of increased statistical risk, or alterna-
tively, there may be molecular interactions between the 
susceptibility genes or their products, which ultimately
determine disease phenotype. Another unresolved question
is how environmental factors interact with susceptibility
genes to modify the risk for disease, as well as the disease
phenotype. We are slowly progressing towards identification
of the autoimmunity susceptibility genes and once they are
identified we will begin to understand the underlying 
molecular mechanisms by which they induce systemic and
organ-specific autoimmunity. 
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In this chapter we review the evidence that some auto-
immune diseases are triggered by infections. While infec-
tion may not explain the complete pathophysiology of
autoimmunity, it could be important in a fair proportion of
autoimmune diseases, and therefore, have a great impact on
our thinking about prevention and treatment.

Long-term epidemiologic studies are essential to estab-
lish the role of infection in autoimmunity. While such
studies will take many years to produce results, collections
of sera or epidemiologic data, assembled for other reasons,
may be usable for such analyses of causes of autoimmunity.
We postulate that the encounter between infectious agents
and maternal antibodies acquired systematically via the 
placenta or via milk in the gastrointestinal tract is of major
importance in setting the overall host–infection balance for
later in life. Therefore, changing hygiene practices, vacci-
nations, and other epidemiologic parameters may be useful

in reversing the increasing predisposition to autoimmune
diseases in the developed and developing world.

There is no doubt that the immune system functions to
protect the species from infection (Mims, 1987). The spe-
cific, adaptive immune system is essentially complemented
by a wide range of innate resistance mechanisms, which are
probably responsible for greater than 95% of the general
resistance against infections. While we usually identify the
adaptive immune system with protection against cytopathic
acute infections, there is a cost to the system biology of the
immune system—as is always the case in biology—in the
form of rare immunopathology and even rarer autoimmune
disease. The beneficial aspects and strength of the system
provide 50–95% protection, but the cost for effective immu-
nity against infectious diseases, such as polio or measles, is
that immunity against noncytopathic agents may sometimes
produce more immunopathology than immunoprotection
(Zinkernagel, 1997). Nevertheless, in the present coevolu-
tionary equilibrium, this cost represents a small price com-
pared to the overall benefit. Similarly, autoimmunity by
autoantibodies or autoreactive T cells is part of the cost of
the specific reactivity patterns of the immune system to react
quickly and efficiently against acute cytopathic agents or
toxins. Responses are optimal but not maximal; otherwise
coevolutionary selection would not continue, since a genet-
ically fixed system will always be selected against. Thus,
immune protection by antibodies or T cells is essential for
the survival of the species and immunopathology represents
the cost of this. Immunopathology is most easily seen during
immune responses of immunocompetent hosts against non-
cytopathic and persistent infectious agents. If we do not rec-
ognize these responses, or do not know about an infection,
they eventually (in 1–20 years) cause an immunopathologic
disease, often called an “autoimmune” disease (Zinkernagel,
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1997). Of course, it is impossible to generalize to all auto-
immune diseases but, if only a certain percentage of auto-
immune diseases could be related to or even clearly
associated with infections, then prevention by avoidance or
vaccination, or early treatment of infection could at least be 
envisaged. 

While such etiopathophysiology of autoimmunity has
been envisaged for many years, concrete examples and
results have been slow in coming. But then who would have
thought 30 years ago that gastric ulcers are not caused by
stress but usually by infection? Or who would have pre-
dicted that some neurologic and psychiatric diseases are
associated with viral or bacterial infection, such as Borna
disease virus or Borrelia burgdorferi. While occult infection
explains only a few cases of autoimmunity today, many
more may be so explained tomorrow. 

IMPORTANT PARAMETERS OF 
THE IMMUNE SYSTEM 

Role of Antigen Dose, Time Kinetics, 
and Distribution 

T cells react against antigens that enter and remain in ini-
tially few of the secondary lymphoid organs for 3–10 days.
T cells ignore antigens that stay strictly outside of secondary
lymphatic organs. For example, papilloma virus infections
in skin or some peripheral solid tumors are ignored by T
cells as long as relevant antigens do not reach draining
lymph nodes or spleen. If antigens, infectious or self-
antigens, were always expressed in lymphoid organs and if
all T cells were then induced either very early in the thymus
or later in lymphatic organs, then all T cells would eventu-
ally be deleted or exhausted [reviewed by Zinkernagel
(1997; 2002b)]. If antigen remains systemically available,
new precursor T cells will be deleted immediately and non-
reactivity against such antigens will be maintained. T cells
engage in specific reactivity that, together with nonspecific
resistance mechanisms, including complement, cytokines,
and chemokines, will help to rid the host of infections. Anti-
body responses are called T-independent if the antigen can
trigger B cells directly, e.g., by cross-linking surface recep-
tors that are usually repetitive and identical on infectious
agents, or alternatively, when antigen is associated with
lipopolysacharides (LPS) or other Toll-like receptor (TLR)
ligands (reviewed by [Pitha, 2004]). 

Immune responses are regulated by various positive and
negative regulation mechanisms. These mechanisms are,
however, largely unclear and the word ‘regulation’ alone
does not solve this problem. On the other hand, there is little
argument that antigen itself, including its time of presence
and its localization, is a key regulator of the immune
response (Zinkernagel, 1997). If antigen is everywhere,
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including in all lymphatic organs, then no immune response
usually ensues. If antigen is strictly extralymphatic, it is
ignored. If antigen is temporarily within the lymphatic
system, it usually triggers an immune response and will
eventually be eliminated. This perhaps oversimplified view
can be illustrated with mice that lack the spleen, or all sec-
ondary lymphatic organs except the spleen, or have neither
spleen nor any secondary lymph nodes or Peyer patches
(Zinkernagel, 1997; 2002b). In the absence of draining
lymph nodes a subcutaneous infection with a noncytopathic
virus renders the host a carrier within a few days. Even
though the splenic response may be triggered initially, it 
will quickly collapse due to the generalized abundance of
antigen. The absence of a spleen renders the host more sus-
ceptible to generalized infections with encapsulated bacte-
ria. However, because the usual entry point of infections is
via skin or mucosa, the initial trigger of the immune
response is in the draining lymph nodes or Peyer patches,
so that an asplenic host can do well immunologically. 

Specificity of Humoral and 
Cell-Mediated Immunity

Classically T-cell-independent IgM is pentameric and
short-lived (1 day), and therefore provides early and imme-
diate protection. Because of its short half-life, IgM is usually
nonpathogenic as an autoantibody. In contrast, a switch of
T-cell responses to long-lived IgG (half life 7–21 days)
usually requires T-cell help, at least initially. As IgG has a
considerably longer half life, it provides longer protection
against infections, and can be transferred from mother to off-
spring by Fc receptors in the placenta, or in some species
via the gastrointestinal tract. A disadvantage, however, is
that the long-lived IgG autoantibodies may cause disease.
Therefore, a switch to IgG autoantibodies is efficiently 
prevented by the usual absence of autoreactive helper 
T cells.

Specificity of antibodies or T cells is best defined by the
discriminatory capacity of the immune response against
infections. Neutralizing antibodies that protect against polio
virus serotype I will not protect against infections with polio
virus II, and vice versa. Similarly cytotoxic T cells (CTLs)
specific for hepatitis C virus (HCV) will not protect against
hepatitis B virus (HBV) infections and vice versa. It is 
noteworthy that, in general, antibody or T-cell specificities
are imnmunologically defined by either enzyme-linked
immunosorbent assays (ELISAs) or T-cell proliferation
assays, but not by protection. While these parameters
usually correlate well with protection, often they do not. 

Antibody specificities defined by ELISAs or coprecipita-
tion assays detect lower avidity antibodies (10-5 to perhaps
10-7 M). In contrast, protective neutralizing antiviral anti-
bodies require binding affinities of the order of 10-8–10-10 M
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to be effective. Unfortunately, for most other biologic 
activities of antibodies, e.g., those involved in auto-
immune disease or in immune complex disease or other
immunopathologies, these parameters are often unknown. 

We have little knowledge about the binding qualities of
the T-cell receptor. The peptide specificity of T cells is
usually tested at 10-6 M, but probably is closer to 10-9–
10-10 M under physiologic conditions. These parameters
have been much less well determined, if at all, for T-cell
reactivity with bacterial toxins or parasitic antigens, such as
those of the malaria parasite. The various immunoglobulin
classes are distinctly regulated. As stated, IgM and IgG are
essentially controlling systemically distributed antigens,
whereas local mucosal IgA controls commensal flora and
local IgE controls ecto-parasitic infections. While the rules
of T-cell help for the IgM to IgG switch have been well 
analyzed, its conditions and parameters are much less clear
for IgA or IgE responses.

Immunologic Memory

Immunologic memory has been reviewed repeatedly in
the past 10 years (Mackay, 1993; Sprent, 1993; Ahmed and
Gray, 1996; Zinkernagel, 2002a) and discussed over the past
100 years. It is defined in textbooks as earlier and higher
responses in hosts that have had contact with the same
antigen earlier in life. The important question is whether this
quality actually corresponds to protection against disease
after reinfection? While most immunologists would answer
positively, the details of this question are largely unexplored.
In fact, all contemporary vaccines that provide excellent
protection are vaccines that induce neutralizing antibody
responses, whereas all the vaccines that we do not possess
yet will need to induce strong and lasting T-cell-mediated
immunity. A major and important reason for this discrepancy
is that, for coevolutionary reason, only antibodies can be
transferred from mother to immunoincompetent newborns,
whereas T cells cannot. Because of paternal major histo-
compatiblity complex (MHC) incompatibilities, a fetus is
always a foreign graft within the mother; it is not rejected
because of MHC-negative barriers and the immunoincom-
petence of the offspring. The adoptively acquired maternal
antibodies against all relevant infections are therefore 
essential to help the offspring survive long enough for its
own immune system to mature. Experiments with calves
deprived of colostral milk, and with mutant mice that lack
all antibodies, have clearly shown that without adoptively
transferred maternal antibodies the newborn is highly sus-
ceptible to many infections (Brambell, 1970). In contrast,
under the umbrella of maternal antibodies, any infection
encountered by the infant within the first few weeks of life
and even up to 1–2 years, will be attenuated by maternal
protective antibodies; this process means that these infec-
tions simulate a vaccine (Zinkernagel, 2001) by naturally
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attenuating the infection which can then activate the immune
system to produce a protective state.

T-CELL IMMUNOPATHOLOGY:
AUTOIMMUNITY

It is remarkable how inert the immune system can be in
general, particularly the T-cell component. The following
experiments illustrate this convincingly. Transgenic mice
that express the lymphocytic choriomeningitis virus glyco-
protein (LCMV-GP) under the rat insulin promoter (RIP)
express the LCMV-GP only in insulin producing b cells (see
Chapter 26). If these mice are left unchallenged, they do not
develop diabetes. However, when infected with a low dose
of LCMV, these same mice develop diabetes within 10 days
and do not recover (Ohashi et al., 1991; Oldstone et al.,
1991). Such experiments clearly show that a strictly extra-
lymphatic self-antigen is ignored by the immune system.
LCMV-GP-specific T cells are present but are not usually
positively induced to become effector cells to cause pathol-
ogy. However, this experiment also shows that such poten-
tially autoreactive T cells are neither deleted nor negatively
selected to establish tolerance. If a hitherto strictly extra-
lymphatic antigen were later to enter secondary lymphatic
organs for a few days, as would occur after infection of the
transgenic mice with the original “parental” LCMV, CTLs
are induced efficiently. These effector T cells will emigrate
to the islet b cells and destroy them under the experimental
conditions.

If these RIP-GP mice are infected with a recombinant
vaccinia virus expressing the same LCMV-GP (VACC-
GPLCMV) they do not develop diabetes despite the fact that
CTLs have been primed (Ohashi et al., 1993). In this model
the difference in the severity of autoimmunity caused by
LCMV infection versus VACC-GPLCMV infection indicates
that priming of CTL responses of itself does not auto-
matically cause autoimmune disease. Infection with intact
LCMV induces about a hundred to a thousand times more
effector CTLs over 14 days compared with the VACC-
GPLCMV infection. However, if RIP-GP mice also express
CD80 (B7.1) in their islet cells (Harlan et al., 1994) or, 
alternatively, a DbGP33-41-specific transgenic T-cell receptor
(TCR), VAC-GPLCMV does readily induce diabetes (Ehl et al.,
1998). Thus, inertia depends on a physiologically low level
of precursor T cells and the absence of so-called “second
signals” in the extralymphatic periphery. The threshold for
autoimmune disease via these induced T-cell responses is
therefore very high. 

Recently, we have extended these studies with RIP-GP
mice to evaluate the conditions under which CD8+ T cells
specific for a transgenic b islet antigen can induce disease
(Lang et al., 2005). In contrast to infection with a replicat-
ing LCMV, immunization with LCMV-GP peptide did not
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induce disease despite induction of large numbers of 
autoreactive CTLs. When this immunization protocol was
subsequently supplemented with the administration of 
TLR ligands, overt diabetes developed. This difference 
correlated with the interferonally triggered MHC class I
upregulation in the target organ. Thus, not only induction 
of immunopathologic immune responses, but also “target
quality” plays a major role in autoimmune disease develop-
ment (Lang et al., 2005). Within this framework “epitope
spreading” needs to be discussed (see Chapter 14). This
concept postulates that destruction or decay of cells that are
usually strictly extralymphatic may induce autoimmune T-
or B-cell responses, leading to autoimmunity involving
several of the autoantigens expressed in these cells. For
example, virus-infected islet cells may release self-antigen
in sufficient amounts and for a sufficient time period to
induce T cells not only against viral but also against self-
antigen. While such responses have been demonstrated
under model situations to be theoretically possible, they
have not been shown in human autoimmune disease directly,
either for T or B cells. Autoimmune responses either during
acute or (more likely) chronic infections may, however,
trigger such slowly developing disease. This discussion of
“epitope spreading,” as later for “mimicry,” is rendered so
difficult and nonsatisfying because of the following general
problems of analytic experimental investigations. Thus, in
immunology, it is virtually impossible to definitely exclude
postulated mechanisms, but we have to search for patho-
genetic principles that are important and frequent. From this
point of view, “epitope spreading,” which triggers pathol-
ogy, on the one hand may involve antigens that have been
immunologically ignored so far, and on the other hand must
be a rare process that usually only occurs after 25–30 years
of age. Overall, therefore, epitope spread may represent one
of the coevolutionary costs of immunity against acute or
chronic infections (Gammon et al., 1991; Vanderlugt and
Miller, 2002).

Recombinant vaccinia immunizations are considered
usually to be quite strong, and are used successfully to
immunize hosts against tumors. However, if the transgenic
islet b cells were to be considered as very small tumors, 
the above example illustrates that, to reject such strictly
extralymphatic small tumors, an enormous T-cell immune
response would be required. This was formally illustrated by
combining the RIP-GP model with a sarcoma expressing the
same model tumor antigen LCMV-GP (Ochsenbein et al.,
2001). A mouse transgenic for LCMV-GP in islet b cells car-
rying a tumor expressing the same GP tumor antigen was
treated with various vaccines, including recombinant vac-
cinia virus or dendritic cells expressing the relevant GP-
epitope, to assess whether the tumor could be rejected
without causing autoimmune diabetes. By means of careful
titrations, we found that within a factor of two or three there
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was no therapeutic window permitting tumor rejection (a
wanted result) without induction of autoimmunity causing
diabetes (an unwanted result) (Ludewig et al., 1998). From
these experiments we can conclude that a high threshold 
for T-cell induction and activation is an important basis for
prevention of autoimmunity or immunopathology against
strictly extralymphatic self-antigens, organs or cells. The
same threshold also applies to strictly extralymphatic
tumors, unfortunately. Overall these examples illustrate why
T-cell-mediated autoimmune disease is rare before the 
age of 25 (a necessity for survival of the human species),
and why induction and maintenance of an antiperipheral
solid tumor T-cell immune response is apparently very 
difficult.

B-CELL TOLERANCE 
AND AUTOANTIBODY 

(PLUS T-CELL)-DEPENDENT
AUTOIMMUNE DISEASES

While T-cell tolerance is relatively clearly defined, at
least for deletional forms where specific T cells are simply
absent, this is not true to the same extent for B-cell toler-
ance; there is still a debate as to whether true deletional B-
cell tolerance exists and to what level (Goodnow et al., 1989;
Nemazee and Buerki, 1989; Bachmann et al., 1993) (see
Chapters 11 and 13). This is particularly important because
the turnover and regeneration of B cells is more rapid than
that of T cells; probably about 10% of B cells are renewed
each day (Goldsby et al., 2000). Also, the question of
whether B cells are present or absent against intracellular
antigens differs according to whether these self-antigens are
extracellular and/or membrane expressed, and their densi-
ties. While autoantigen-specific B cells probably are present
against intracellular antigens, and probably also against rare
serum self-antigens, they may be deleted or at least be
largely absent against highly expressed membrane antigens.
This conclusion is based largely on experiments with anti-
body in mice carrying a transgene for lysozyme or an
alloantigen (Goodnow et al., 1989; Nemazee and Buerki,
1989). 

However, studies on mice expressing a virus glycopro-
tein probably at low density under various promoters have
shown that they can promptly respond with a neutralizing
antibody response against this particular new self-antigen
(Zinkernagel et al., 1990; Bachmann et al., 1993). In the
latter case, the IgM response is particularly interesting
because it is T-cell independent. In this model, therefore, the
question arose whether the B cells themselves were present
or absent or whether the absence of T cells was responsible
for the absent autoantibody response. Experiments showed
that transgenic mice expressing the vesicular stomatis virus
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glycoprotein (VSV-G) on host cells promptly responded first
with a T-cell-independent IgM response, and then a subse-
quent T-cell-dependent switched IgG response when immu-
nized with live or ultraviolet (UV)-inactivated VSV virus.
In contrast, these same mice did not respond with a neu-
tralizing antibody response if immunized with purified VSV-
G in various adjuvants. From these findings we concluded
that B cells did not respond to monomeric self-antigens, but
did promptly react against repetitive polymeric corpuscular
self-antigens, as would be expressed on a virus (Bachmann
et al., 1993). The switch to IgG was classically T-cell help
dependent. In this VSV-G example, T-cell help was nega-
tively selected against, or deleted, for specific T cells rec-
ognizing VSV-G, but of course was still inducible against
internal antigens present in replication-competent or UV-
inactivated virus. Therefore, it was concluded, as many
times previously, that autoantibody responses against self-
antigens that usually are available systemically within the
host as monomers or oligomers are very rare; this is because
T-cell help is deleted, and because T-cell help is obligatory
for induction of an IgM and IgG autoantibody response, 
particularly against monomeric antigen. If, however, self-
antigens were somehow to be linked to infectious agents,
e.g., on the surface of infected cells or cell fragments, then
such autoantibodies could well be induced by appropriate
cognate foreign antigen-specific T-cell help.

On the other hand, autoreactive B cells may be readily
induced to produce IgM by a highly repetitive antigen. Inter-
estingly, such polymeric highly repetitive self-structures 
are usually not accessible to B cells in the intact host. For
example, acetylcholine receptors expressed in a highly poly-
meric form in the motor neuronal endplate (Vincent et al.,
2003), or DNA or type 2 collagen (Holmdahl et al., 1990),
which express repetitive polymeric structures, are not acces-
sible to B cells under normal circumstances. If, however,
cells decay or aggregated acetylcholine receptors are
expressed without being covered by the endplate, as in thy-
momas, for example, such structures may become accessi-
ble to B cells. They may then induce an IgM response and
even get switched to IgG, particularly under circumstances
in which hitherto ignored self-antigens have induced helper
T cells.

A number of additional experiments support the notion
that B cells are probably not as solidly absent or tolerant as
T cells. Classical experiments in the 1970s showed that
polyclonal B-cell activators, such as lipopolysaccharides,
can regularly induce autoantibodies in mice (Moller, 1975).
Similarly, highly persistent viral infections in mice and
humans have been shown to induce hypergammaglobuline-
mia, which often includes autoantibody. IgM autoantibodies
may be induced, perhaps quite often, but without serious
consequences because of the short half life of IgM (1–2
days). In contrast, once the T-cell-help-dependent switch to
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IgG has occurred, the prolonged half life of IgG may have
serious pathologic consequences. 

Another important aspect, the binding characteristics of
autoantibodies necessary to cause pathology, is largely un-
known. As discussed above, for neutralizing antibodies that
protect against viral infections, it has been shown that rather
high avidities/affinities are necessary, of the order of 108-
1010 M-1. Since autoantibodies are usually measured by
ELISAs or immunohistology, then binding properties are
probably, or so we speculate, rather low, of the order of 
105-10-7 M-1. Direct and well-characterized evidence for
autoimmune disease caused by antibodies exists for myas-
thenia gravis (Vincent et al., 2003), and for a novel antibody-
dependent rheumatoid arthritis model (Monach et al., 2004).

ROLE OF ANTIGEN AND INFECTION 

As mentioned above, the structure of antigen plays a
major role in inducing B-cell responses; thus, highly repet-
itive structures induce T-cell-help-independent IgM but not
IgG responses, whereas monomeric antigens cannot induce
a B-cell response independent of T-cell help.

An additional hypothesis, that of mimicry, has been dis-
cussed repeatedly during the past 20 years (Oldstone, 1998),
and in many chapters in this volume. This concept proposes
that a self-antigen resembles antigens expressed or induced
by infectious agents. The streptococcal antigen that cross-
reacts with heart antigen provides a classical example (see
Chapter 62), but many others have been invoked. Of course,
such mimicry could be an important cause of autoimmune
disease and immunopathologies if the binding qualities and
the direct disease-causing correlations were clearly estab-
lished. However, mimicry is rarely, if ever, demonstrated in
the form of pathology. Often only ELISAs, or other anti-
body-binding assays, including histology, are used as proof.
As is often the case in biology, nothing is impossible and
mimicry sounds like a good idea, but whether this process
is really involved and can explain the role of infectious
disease in triggering and causing autoimmune disease, or
maintenance of disease, remains to be demonstrated directly.
If it does occur, it must be rare or coevolution of host and
parasites would not have been successful. What are the 
alternatives? 

It is likely that infections destroy cells that hitherto were
ignored immunologically, because self-antigens of those
cells did not reach the lymphohemopoeitic system at suffi-
cient levels to either induce an immune response or for the
reactive lymphocytes to be completely deleted. Infections of
such cells or organs could cause direct destruction of ignored
cells to release antigens, or could induce a T-cell-mediated
immune response that via immunopathology causes the
destruction of these extralymphatic cells. The released
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antigen will probably be picked up locally by macrophages
and dendritic cells that eventually become trapped in local
lymph nodes or the spleen. Antigen that so far had been
ignored thus reaches secondary lymphatic organs, usually in
association with MHC class II. Above a certain threshold 
it will induce CD4 T-cell-dependent help and antibody
responses. Substantial periods of time and quantities of anti-
gens are required to induce an immune response and to
maintain it. The impact of this view on so-called “epitope
spreading” is discussed above.

ROLE OF ORGANIZED 
LYMPHATIC TISSUES

Convincing experiments indicate that antigen must tran-
siently reach secondary lymphatic organs to induce any
immune response. If the reverse happens, i.e., secondary
lymphatic tissue is exported or newly formed in extralym-
phatic peripheral organs, an autoimmune response may be
maintained (Ludewig et al., 2000). When analyzed by
immunohistology, it is striking that many autoantibody-
dependent autoimmunities exhibit expression of secondary
lymphatic tissues within the diseased target organ. A classi-
cal example is Hashimoto’s thyroiditis (see Chapter 35), but
type 1 diabetes, rheumatoid arthritis, Sjögren syndrome, and
various other autoimmune diseases also follow this pattern.
To reiterate, there is basically no induction of an immune
(or autoimmune) response in the absence of secondary lym-
phatic organs. However, if secondary lymphatic organs do
become organized within a site hitherto immunologically
ignored, either islet cells, parotid gland or synovial tissue,
the self-antigen expressed there can maintain an autoanti-
body response for as long as autoantigen remains available
and the secondary lymphatic structure is intact. In fact, 
lymphatic structures may be seen during acute or chronic
autoimmune diseases but once all parenchymal cells have
been destroyed (“burned out”), these secondary lymphatic
structures also disappear.

HORMONAL INFLUENCE

There is roughly a 5 : 1 ratio of females-to-males in most
autoantibody-dependent autoimmune diseases. As previ-
ously argued, this may correlate with the evolutionary 
necessity for immune mothers to hand down protective anti-
bodies at optimal levels to their immunoincompetent off-
spring. Several studies indicate that antibody levels in mice
are regulated at least partially by female hormones. Whether
this alone is a sufficient explanation of the female bias
remains to be seen (see Chapter 25), but in experimental
animals, including mice, the preponderance of autoimmune
disease in females is striking. The question of hormonal
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influences on autoimmune diseases remains worthy of
further evaluation.

CONCLUSION

Analysis of immunity against infections provides good
insights into understanding immunologic tolerance and
specificity. While immune protection is the desired result,
there is no absolutely safe and entirely beneficial system
available in biology: there are always costs. Therefore, there
is a balance between protective and immunopathologic
aspects of immunity, but this is definitely on the beneficial
side for the host. However, the outcome of some ill-balanced
situations, which may lead to immunopathology and in some
cases to classical autoimmunity, reflects these coevolution-
ary costs. It is important to note that protection by the
immune system guarantees survival of a sufficient number
of hosts to assure procreation; for humans this means 
operationally 20–30 years of age. In fact, both immune 
reactivities causing autoimmunities and chronic immunopa-
thologies usually appear in patients older than 30, but the
inefficiencies of the immune system in dealing with strictly
peripheral solid tumors also reflect this similar age barrier.
If both the infectious agent and the characteristics of the
immune response that is directed against peripheral infec-
tions are known, such as cytomegalovirus (CMV), HBV,
leprosy, and human immunodeficiency virus (HIV), then an
unfavorable balance is called immunopathology and, as a
personal viewpoint, if we do not recognize infectious agents
associated with a chronic or slowly progressing, often called
idiopathic or degenerative, disease then we might tend to
call the ensuing immunopathology an autoimmune dis-
ease. Even if only a few cases of this category of idiopathic,
chronic degenerative autoimmune disease are caused by
infections, directly or indirectly, and possibly with very long
incubation times, it is worth our greatest efforts to define
such relationships, because they are potentially amenable to
beneficial actions, be it by avoidance or vaccination, or
antibacterial, antiviral or antiparasitic treatments.
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Although the mechanisms for the development of
autoimmune diseases remain obscure, accumulating evi-
dence suggests that these increasingly recognized disorders
result from environmental exposures in genetically suscep-
tible individuals (Luppi et al. 1995; Cooper et al., 1999;
Miller 1999). Despite the great progress that has been made
in understanding a number of major histocompatibility
complex (MHC) and non-MHC genetic risk factors for
autoimmune diseases (see Chapters 5, 20 and 21), relatively
little information is available regarding the role of specific
environmental agents in the development of these disorders.
This is partly due to the lack of validated exposure bio-
markers and environmental assessment tools; difficulties
inherent in defining which of the many environmental expo-
sures are related to disease; the little formal training in envi-
ronmental medicine; the few resources dedicated to this
area; and the lack of consensus approaches for the definition
of environmentally-associated diseases. As a result, in most

autoimmune conditions, the specific environmental triggers
remain unknown. 

Just as multiple genes are likely to be needed to induce
autoimmune disease, multiple environmental exposures may
need to occur in a particular sequence, or in tandem, to
provoke the chronic immune activation that leads to autoim-
munity. It is also possible that epigenetics, referring to mod-
ifications in gene expression that are controlled by heritable
but potentially reversible changes in DNA methylation
and/or chromatin structure, may be influenced by environ-
mental exposures. In this regard, many lessons might be
learned from studies and registries of cancers which, like
autoimmune diseases, are multifactorial disorders in which
multiple genetic and environmental risk factors must inter-
act in a correct sequence, with occasional long latencies,
before development of disease (Sarasin, 2003). Thus, in
some cases, a change induced by one exposure may be 
necessary before a subsequent exposure can have its effect.
Alternatively, mixtures of exposures, including possible
infectious and noninfectious agents, perhaps occurring
during critical windows when persons may be more sus-
ceptible to them (i.e., in utero, in childhood, during puberty,
pregnancy or lactation), may be necessary in order to over-
come tolerance. Other general principles from cancer that
might be relevant to autoimmunity include the pathogenetic
heterogeneity of currently defined disorders, the likely 
low effect sizes from many environmental exposures, and
the possible requirement for inducers, promoters, and sus-
tainers of disease at different points in the pathogenetic
process (Cooper et al., 2002). This is particularly borne 
out by investigations suggesting that autoantibodies precede
the development of clinical disease by months to years 
and are antigen driven (Miller et al., 1990; Leslie et al.,
2001; Arbuckle et al., 2003). This suggests that certain 
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environmental exposures may be necessary to overcome 
tolerance in genetically susceptible individuals and induce
autoantibody formation, while other agents may be neces-
sary to promote expression of clinical disease. 

If environmental agents are defined as everything outside
the genome, then the many exposures that have been sus-
pected of being involved in the pathogenesis of autoimmu-
nity may be divided into two general categories: infectious
and noninfectious agents. This chapter will focus on the 
evidence for the role of noninfectious environmental agents
in the pathogenesis of human autoimmune diseases, while
infectious agents are reviewed in Chapter 22.

EVIDENCE FOR THE ROLE OF
ENVIRONMENTAL AGENTS IN

AUTOIMMUNE DISEASE

Evidence for the role of environmental agents in auto-
immune disease comes from a variety of investigative
approaches (Box 23.1). Although many of these methods are
indirect, anecdotal, or may be only applicable to single
patients, taken together these diverse findings strongly
support the contention that most autoimmune diseases do
have an important environmental component (Cooper 
et al., 1999). 

One of the strongest lines of evidence for the role of the
environment is that, for autoimmune diseases studied to
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date, there is generally less than 50% disease concordance
in monozygotic twins (Leslie and Hawa, 1994; Cooper et al,
1999). While it has been suggested that this could be due 
to stochastic or other events, this consistent low level of
disease concordance in genetically identical persons among
all autoimmune disorders studied, argues against this. These
findings also hint that, even if all the genetic risk factors for
a given autoimmune disease could be fully identified, this
would not allow for disease to be predicted with any greater
accuracy than the flip of a coin without the incorporation of
environmental or other factors. 

For certain agents it can be relatively clear when a given
exposure is inducing a disease in an individual patient. The
definition of an environmental disease in an individual can
be accomplished by identifying a new clinical disorder,
which develops soon after a novel exposure, resolves when
the exposure is removed (dechallenge), and then recurs after
reintroduction of the same exposure (rechallenge). This
approach is most easily applied in case of exposures to
defined chemical entities, such as drugs, foods, and topical
or inhaled toxicants. Unfortunately, many xenobiotics
(compounds not naturally found in the body) cannot easily
be removed from an organism after exposure, and therefore,
for these agents this approach is not usually helpful. Expo-
sures in this category include inhaled silica, vaccines, fat-
soluble oils, and collagen or silicone implants. 

The nonrandom distribution in time and space of some
autoimmune illnesses also implies that nongenetic factors
are important in disease development. Studies in these areas
are preliminary, and sometimes have not been reproduced,
leading critics to posit that referral or other biases might
explain some of the findings. Nonetheless, intriguing inves-
tigations have suggested that certain autoimmune disorders
have a seasonal onset (Samuelsson and Carstensen, 2003) or
that there is a seasonal association with subsets of patients
based on disease-specific autoantibodies (Leff et al., 1991).
Furthermore, studies of type 1 diabetes have found signifi-
cant associations with birth dates (Ursic-Bratina et al., 
2001; Willis et al., 2002), implying that certain exposures 
at certain times of the year may alter the target tissues or
immune systems of fetuses or neonates, resulting in later
autoimmunity. While infectious agents are often presumed
to be the source of such seasonal or geographic associations,
the immune system, like other organ systems, appears to
have cyclic or rhythmic patterns (Haus and Smolensky,
1999), possibly related to light exposure and mediated by
melatonin or other neurohormones (Nelson and Drazen,
2000). Additionally, many occupational or other exposures
are seasonal, including exposures to certain pesticides,
chemicals in sunscreens, and some air or water pollutants,
so it is possible that noninfectious agents could account for
some of these data in ways that have not been accounted for.
Geographic clustering or gradients in disease prevalence or

Box 23.1
Lines of evidence supporting the role of

environmental agents in the development of
autoimmune disease

• Less than 50% disease concordance in monozygotic
twins

• Strong temporal associations with some environmen-
tal exposures and disease onset

• Dechallenge (disease resolution or improvement after
removal of the suspect agent)

• Rechallenge (disease recurrence or worsening after re-
exposure to the suspect agent)

• Seasonality in birth dates and disease onset
• Geographic clustering in disease incidence or preva-

lence
• Changes in the prevalence or incidence of disease over

time and when genetically similar cohorts move to dif-
ferent geographic locations 

• Strong biologic plausibility from animal models 
• Epidemiologic associations between particular expo-

sures and certain diseases 
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incidence have also been found for some autoimmune dis-
eases. These investigations have primarily shown associa-
tions with latitude, suggesting a role of ultraviolet (UV)
radiation in inducing disease, as may be the case for der-
matomyositis (Okada et al., 2003); altering mortality, as may
be the case in systemic lupus erythematosis (SLE) (Grant,
2004); or protecting from disease, as may be the case in mul-
tiple sclerosis and type 1 diabetes (Ponsonby et al., 2002).

Measurable increases or decreases in the incidence or
prevalence of disease over time imply a nongenetic etiology
given the slow rate of genetic change in a population.
Although data are limited in this area—and several studies
are possibly confounded as a result of improvements in the
ability to diagnose some conditions over time—it appears
that type 1 diabetes, multiple sclerosis, lupus, and myositis
are becoming increasingly prevalent, while rheumatoid
arthritis in adults and children may be decreasing in fre-
quency in some populations (Oddis et al., 1990; Onkamo et
al., 1999; Uramoto et al., 1999; Cooper and Stroehla, 2003).
Studies of genetically similar populations living under dif-
ferent conditions are also illuminating. The incidences of
both multiple sclerosis and type 1 diabetes have changed as
members of a population move to new regions (Dahlquist,
1998; Noseworthy et al., 2000).

Epidemiologic studies linking specific exposures to
autoimmunity are limited and usually consist of relatively
small, often underpowered investigations, resulting in low
effect sizes and large confidence limits. Much larger, well-
designed, multicentered, and sometimes international
studies, using appropriate controls and collecting adequate
information to minimize confounding, will be needed to
more fully define the specific environmental risk factors for
disease.
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IDENTIFYING AND DEFINING
ENVIRONMENTALLY-ASSOCIATED

AUTOIMMUNE DISEASES

One of the limitations in making progress toward identi-
fying and defining environmental triggers for autoimmune
disorders has been the lack of general consensus on the nec-
essary and sufficient evidence needed to define an environ-
mentally-associated condition. Medicolegal issues that
surround many environmental exposures have further com-
plicated this area. A group of experts in the field—who 
are members of the American College of Rheumatology
Environmentally Associated Rheumatic Disease Study
Group—have developed consensus on a general approach to
overcome this problem (Miller et al., 2000). In their scheme,
the overall process, from the identification of the first pos-
sible patient who develops a disease after an exposure, to
the refinement of classification criteria for the disease, is
divided into four stages (Table 23.1). 

The first stage begins with the identification of a single
case, or a series of cases, which are suspected of resulting
from a given exposure. The consensus proposal is that these
cases need to meet certain criteria to assure a minimum
number of attribution elements are present (Miller et al.,
2000). A total of at least four of the eight possible attribu-
tion elements need to be present, including at least three of
five primary elements. The five primary elements are: tem-
poral plausibility (taking into account the pharmacokinet-
ics/pharmacodynamics of the agent, minimum induction
time, and maximum latency); exclusion of other likely
causes for the syndrome; dechallenge (if possible); rechal-
lenge (if appropriate); and biologic plausibility. The addi-
tional three secondary elements are: identification of prior

TABLE 23.1 Proposed stages for identifying and defining environmentally-associated
autoimmune diseases*

Stage Description Nomenclature (example)

Stage 1—Proposing the association Case reports, defined by ascertainment criteria, Syndrome following exposure (rheumatoid arthritis 
propose a possible association of a specific following hepatitis B vaccination)
clinical syndrome with a given exposure

Stage 2—Testing the association After a number of such cases are reported, Cardinal signs, symptoms, and laboratory findings,
surveillance criteria are proposed and but without the putative exposure (eosinophilia
epidemiologic and laboratory studies test that myalgia syndrome)
hypothesis

Stage 3—Defining criteria for the If studies above are positive, then specific Exposure-associated disorder (l-tryptophan-associated 
condition preliminary classification and other criteria are eosinophilia myalgia syndrome)

defined for that specific environmental disease

Stage 4—Refining criteria for the Criteria are reassessed and refined as Exposure-induced disorder (hydralazine-induced
condition additional data are obtained about the disease lupus-like disorder)

Modified from Miller et al. (2000).
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reports of similar cases (analogy); identification of prior
reports of nearly identical cases (specificity); and evidence
for a dose–response effect. In addition to meeting these 
criteria, it is suggested that complete information regarding 
the history and examination, laboratory reports, core demo-
graphic data, family history, prior infections or physiology-
altering exposures, all prior diagnoses, and the type/route/
dose/duration of the exposure are detailed in the report. 

The second stage involves testing the possible associa-
tion. This should include epidemiologic studies, using sur-
veillance criteria, to evaluate the relationship between a
given exposure and a given syndrome. In vitro, in vivo, and
animal studies should also assess the biologic effects of the
agent and plausibility of the development of the syndrome.
Other approaches, such as clinical, laboratory or genetic risk
factor studies, could determine in case–control settings if
cases of environmental disease differ from those with
similar diseases without the exposure or from those simi-
larly exposed who do not develop disease.

If data from the second stage result in convincing 
evidence that the assocation is real, then the third stage 
will be the development of preliminary criteria for that 
environmentally-associated disease. Classification criteria
will define, with reasonable sensitivity and specificity,
groups of patients with one disorder from closely related 
diseases. Expert committee consensus, mathematical algo-
rithms or other approaches could develop these criteria.
Symptom, sign, and laboratory criteria should be expressed
in clinically sensible and practical formats with precise def-
initions of constituent elements. Diagnostic, prognostic, and
outcome criteria, and disease activity and damage indexes
should be considered when adequate data exist. The fourth
stage repeats the same processes used in the third stage if
new information is collected to warrant a redefinition of the
disease.

Although this proposed staging structure has limitations,
in that the decisions as to when to progress to the next stage
remain somewhat subjective, it nonetheless provides an
overall framework to plan for future studies, and it allows
the classification of the current environmental agents into
groups with different levels of evidence for their association
with specific syndromes. Unfortunately, most environmen-
tal agents suspected of being associated with autoimmune
diseases today remain in stages 1 or 2. 

SPECIFIC NONINFECTIOUS 
AGENTS ASSOCIATED WITH

AUTOIMMUNE DISEASES

Drugs

Of all the noninfectious environmental exposures associ-
ated with autoimmunity, drugs are the best recognized and
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most often reported (Table 23.2). This is partly due to their
widespread use and careful monitoring by clinicians, the
strict regulatory oversight and adverse event reporting
systems in many countries, and the ease of collection of
dechallenge and rechallenge evidence to make associations
in individual patients. Despite the fact that several hundred
drugs have been associated in case reports or case series with
a number of immune-mediated or autoimmune illnesses, few
of the publications have met the consensus criteria described

TABLE 23.2 Selected drugs associated in case reports or
case series with autoimmune disorders*

Drug Associated autoimmune disorder

a-Methyldopa Lupus-like syndrome, hemolytic anemia,
thrombocytopenia

Allopurinol Lupus-like syndrome, vasculitis
Bleomycin Scleroderma
Captopril Lupus-like syndrome, vasculitis, membranous

glomerulopathy
Chlorpromazine Lupus-like syndrome, hemolytic anemia
D-penicillamine Lupus-like syndrome, myositis,

hypothyroidism, Goodpasture syndrome
Erythromycins Lupus-like syndrome, myositis, hepatitis
Estrogens Lupus-like syndrome, myositis
Gold salts Lupus-like syndrome, membranous

glomerulopathy
Halothane Hepatitis
Hydralazines Lupus-like syndrome, vasculitis, hepatitis
Interferon-a Lupus-like syndrome, antiphospholipid

syndrome, arthritis, hemolytic anemia,
thrombocytopenia, hepatitis,
hypothyroidism

Interferon-g Lupus-like syndrome, myositis, arthritis,
hypothyroidism

Interleukin-2 Scleroderma, antiphospholipid syndrome,
arthritis, hypothyroidism

Iodine Hypothyroidism
Isoniazid Lupus-like syndrome, arthritis, hepatitis,

vasculitis, hypothyroidism
L-trytophan Eosinophilia myalgia syndrome, scleroderma,

myositis, neuropathies
Lipid-lowering agents Lupus-like syndrome, myositis, hepatitis
Penicillins Anemia, lupus-like syndrome, hepatitis
Phenytoin Scleroderma, lupus-like syndrome, hepatitis,

thrombocytopenia
Procainamide Lupus-like syndrome
Propylthiouracil Lupus-like syndrome, ANCA vasculitis,

myositis
Quinidine Lupus-like syndrome, arthritis,

thrombocytopenia
Rifampicin Thrombocytopenia, vasculitis
Sulfonamides Lupus-like syndrome, vasculitis
Tetracyclines Lupus-like syndrome, arthritis, vasculitis

*Reviewed in Love and Miller (1993), Mackay (1999), Bigazzi (1997),
D’Cruz (2000), Hess (2002), and Liu and Kaplowitz (2002).

ANCA, antineutrophil cytoplasmic antibodies.
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above to allow exclusion of confounding factors, and few
have been studied in epidemiologic investigations. Chemi-
cal agents have been the most often reported drugs preced-
ing the development of autoimmunity, although in recent
years, with their increasing use, there has been more focus
on biologic agents. 

The most commonly recognized drug-related syndromes
are lupus-like disorders (Hess, 1991). These are character-
ized by autoantibodies to histones and single-stranded DNA,
rather than autoantibodies to double-stranded DNA as are
found more often in idiopathic lupus. Drug-related SLE also
differs from idiopathic SLE in having more frequent arthri-
tis and less frequent neurologic and renal involvement, as
well as having possibly different genetic risk factors. Virtu-
ally all of the 80 or more autoimmune diseases have been
anecdotally reported to be associated with one or more
drugs. In some of these cases drug-linked disorders differ
from the idiopathic forms in clinical, serologic or genetic
features, while in other cases they do not. 

It is noteworthy that although some drugs appear to be
associated with a number of autoimmune conditions (Table
23.2), they do not consistently share common structures,
mechanisms of action, metabolites or other features, which
would allow toxicity to be predicted or an understanding to
be gained of the pathogenesis of these syndromes. The chal-
lenge is to begin to decipher the genetic and other risk
factors that interact with exposure to these drugs and result
in disease, so that disease can be predicted and prevented.
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Occupational Exposures

Limited but growing epidemiologic and experimental
data have linked a number of occupational exposures to
autoimmune diseases (Table 23.3). The most studied of
these include silica, solvents, pesticides, and UV radiation
(Cooper et al., 2002). One of the first occupationally-
associated rheumatic diseases identified was Caplan syn-
drome, which is seropositive rheumatoid arthritis associated
with a specific form of pneumoconiosis that develops in
anthracite coal miners and in persons exposed to silica and
asbestos (Williams, 1991). The strongest occupational asso-
ciations with autoimmune disease (i.e., relative risks of 3.0
and higher) have been documented in investigations of silica
dust and rheumatoid arthritis, SLE, scleroderma, and anti-
neutrophil cytoplasmic autoantibody (ANCA)-associated
glomerulonephritis (Parks et al., 1999; Khuder et al., 2002).
Weaker associations are seen, however, for solvent expo-
sures (in systemic sclerosis (SSc), undifferentiated connec-
tive tissue disease, and multiple sclerosis) and for farming
or pesticide exposures (in rheumatoid arthritis). Vinyl chlo-
ride has been linked to the development of a scleroderma-
like disease characterized by skin thickening, Raynaud
phenomenon, acroosteolysis, and pulmonary involvement.
This observation, and the publication of several case reports,
stimulated research into associations between SSc and other
chlorinated solvents (e.g., trichloroethylene and trichloroe-
thane) with varying results (Cooper et al., 2002).

TABLE 23.3 Occupational exposures associated with autoimmune diseases in 
epidemiologic studies*

Exposure Disease Summary of results

Silica Systemic sclerosis 3-fold increased risk in four occupational cohort studies; mixed results in five population-
based case-control studies

Rheumatoid arthritis 3-fold (or higher) increased risk in five occupational cohort studies
SLE >10-fold increased risk in three occupational cohort studies
ANCA vasculitis 4-fold increased risk in three case-control studies

Solvents Systemic sclerosis Mixed results, but some evidence of 2–3-fold increased risk with specific solvents (e.g., paint
thinners and removers, trichloroethylene) and with “any” solvent

Undifferentiated connective 2-fold increased risk with paint thinners and removers, mineral spirits; 3-fold increased risk 
tissue disease with specific solvent-related occupations

Rheumatoid arthritis Weak or no association with specific solvents, but 2-fold increased risk among spray painters 
and lacquer workers

Multiple sclerosis 2–3-fold increased risk with solvent exposures in most studies

Pesticides Rheumatoid arthritis Weak associations (relative risks <2.0) seen with pesticide exposure and in farmers and 
horticultural workers

Ultraviolet radiation Multiple sclerosis Reduced risk (OR 0.74) of multiple sclerosis and mortality with increased occupational 
exposure to sunlight

Dermatomyositis Positive correlation of the proportion of dermatomyositis with global surface sunlight intensity 
at 15 referral centers on four continents

*Modified from Cooper et al. (2002).
ANCA, antineutrophil cytoplasmic antibodies; OR, odds ratio.
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There are many difficulties in assessing the role of occu-
pational exposures in disease. First, there are few biomark-
ers for such exposures and essentially none that allows an
estimate of lifetime cumulative exposure. Secondly, there
are few validated occupational exposure questionnaires and
those that do exist are awkward and costly to apply. Thirdly,
most studies in this area have been underpowered given the
rarity of the diseases and the occupations of interest, result-
ing in imprecise risk estimates. Finally, there is possible con-
founding from multiple exposures that makes it difficult to
ascertain whether different effects can be attributed to dif-
ferent chemicals. Thus, it may not be surprising that in some
cases discrepancies exist in different investigations, making
it difficult to assess the true overall risks of most occupa-
tional exposures. 

Other Exposures

A wide variety of other exposures with greatly different
properties have been proposed to be associated with auto-
immune diseases (Table 23.4). The evidence supporting 
these proposed associations range from case reports to 
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epidemiologic studies and many are speculative at this time.
These are listed below under the major categories into which
they may be classified.

Foods

Foods represent some of the better examples of environ-
mental agents associated with autoimmune diseases. The
best example is celiac disease (see Chapter 51), which is 
characterized by an immune response to ingested wheat
gluten and related proteins of rye and barley, which leads 
to autoantibodies to transglutaminase and inflammation,
villous atrophy, and crypt hyperplasia in the intestine 
(Alaedini and Green, 2005). These is also good evidence for
gene–environment interaction in celiac disease with human
leukocyte antigens DQ2 and DQ8 being the major known
genetic risk factors. Celiac disease is one of the few medical
conditions for which dietary intervention is the main treat-
ment modality and a gluten-free diet markedly decreases
symptoms in most individuals. Although there is less sup-
port for an autoimmune etiology of other food-associated
inflammatory disorders, including the L-tryptophan-

TABLE 23.4 Other exposures proposed as possible risk factors for autoimmune diseases

Exposure Disease Comments (reference)

Foods (gluten) Celiac disease Celiac disease develops after ingestion of foods containing gluten and related proteins in 
some genetically susceptible persons (Alaedini and Green, 2005)

Cigarette smoking Rheumatoid arthritis Studies suggest relative risks of 1.5–3 with a greater effect in men and seropositive 
disease (Krishnan, 2003; Stolt et al., 2003)

Autoimmune thyroid disease Meta-analyses suggest 2–3 fold increased risks of Graves’ and Hashimoto’s 
(Vestergaard, 2002)

Inflammatory bowel disease Smoking increases risks for Crohn’s disease but decreases risks for ulcerative colitis 
(Timmer, 2003)

Heavy metals Multiple syndromes “Pink disease” (acrodynia) and glomerulopathy from mercury toxicity; related 
syndromes with elements of autoimmunity from cadmium and gold salt toxicity; 
granulomatous pneumonitis from beryllium exposure; support for genetic risk factors 
in animal models (Bigazzi, 1994; Dally, 1997; Fontenot and Kotzin, 2003)

Microchimerism SSc, SLE, primary biliary Fetal cells detected in maternal blood or target tissue specimens years after 
cirrhosis, autoimmune pregnancy—not all findings have been reproduced, possibly due to different 
thyroid disease methodologies with different sensitivities to detect rare microchimeric cells (Sarkar 

and Miller, 2004)
Juvenile myositis Maternal cells detected in children who developed myositis (Artlett et al., 2000)

Vaccines Multiple syndromes Arthritis after rubella virus vaccines; thrombocytopenia after measles vaccines;
Guillain–Barré syndrome after swine flu vaccine and tetanus; controversy remains over 

others (Wraith et al., 2003)

Collagen implants Myositis In one study, OR = 5.05; 95% CI = 2.31–9.59 for all forms of myositis (Cukier et al., 
1993)

Silicone implants Multiple syndromes Most studies do not find associations with common autoimmune diseases (Janowsky 
et al., 2000; Tugwell et al., 2001); rare or atypical connective tissue disease and
fibromyalgia remain inadequately studied (Brown et al., 1998; Brown 2002)

Stress Graves’ disease Stressful life events in the 12 months preceding the diagnosis were significantly higher 
than controls (OR = 6.3, CI = 2.7–14.7 (Winsa et al., 1991); other diseases poorly 
studied

ANCA, antineutrophil cytoplasmic antibodies; CI, 95% confidence interval; OR, odds ratio.
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associated eosinophilia myalgia syndrome (Sullivan et al.,
1996) and the contaminated rapeseed oil-associated toxic oil
syndrome (Gelpi et al., 2002), it is possible that some of
these represent cases of food-associated autoimmunity. 

Tobacco Smoke

Tobacco smoke has been associated epidemiologically
with an increased risk of rheumatoid arthritis, autoimmune
thyroid disease, and Crohn’s disease in several studies, but
inconsistent results were found in studies of smoking and
systemic lupus erythematosus (SLE). Smoking may be asso-
ciated with a reduced risk of ulcerative colitis, an inflam-
matory bowel disease, implying that the complex mix of
chemicals in tobacco smoke may have different effects in
different genetic backgrounds. 

Heavy Metals

Exposures to heavy metals, including mercury, cadmium,
gold salts, and beryllium have been associated with a variety
of pathologic syndromes, some of which have features of
autoimmunity. A recent study of communities in Amazon-
ian Brazil with well-characterized exposures to mercury was
the first to document immunologic changes, indicative of
autoimmune dysfunction, in persons exposed to mercury
(Silva et al., 2004). Additionally, many animal models have
documented inflammatory, and sometimes highly specific,
autoimmune responses to heavy metals, even at subtoxic
doses, and which appear to differ in different genetic back-
grounds (Bagenstose et al., 1999). The mechanisms for these
many effects remain unclear, but possibilities include chang-
ing the response repertoire by direct and indirect means via
changes in cytokine profiles, influencing expression of new
antigens, new peptides, and/or antigen presentation by 
modifying the antigen-presenting complex (Rowley and
Monestier, 2005). 

Microchimerism

Microchimerism is the persistence of a low level of
nonhost stem cells or their progeny in an individual. A pos-
sible role of microchimerism in the pathogenesis of some
(systemic sclerosis, SLE, primary biliary cirrhosis, autoim-
mune thyroid diseases, and juvenile myositis), but not all,
autoimmune diseases has been suggested by recent studies
(Sarkar and Miller, 2004). The initial impetus to explore this
exposure was that many of the diseases associated with
microchimerism have features that are shared with graft-
versus-host disease, suggesting a possible mechanism.
Although an appealing hypothesis, controversy in the area
continues due to the lack of reproducible studies and the lack
of proof of the role of microchimeric cells in the patho-
genesis of these disorders. That cells of multiple origins and
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different genetic backgrounds may combine to result in
functional organ systems, both in mothers and their off-
spring, requires a re-evaluation of many current paradigms.
It is possible that such chimeric mixtures play a role in
autoimmunity, tissue repair, and other areas. Further
research—using standardized, sensitive, and validated
methods—is needed to address the many questions that the
early findings in this field have raised. 

Vaccines

Because vaccines are foreign proteins often injected with
adjuvants into muscle to induce immune responses, it may
not be surprising that immune-mediated adverse events 
have been reported after a wide variety of immunizations.
Although a number of autoimmune diseases have been
found to develop following vaccinations, in the US only a
few have been deemed associated with disease by the Advi-
sory Committee on Immunization Practices (1996) and are
now compensated by the National Vaccine Injury Compen-
sation Program (http://www.hrsa.gov/osp/vicp/INDEX.
HTM). These include cases of arthritis after rubella virus
vaccines, thrombocytopenic purpura after measles vaccines,
and Guillain–Barré syndrome after swine flu or tetanus 
vaccines. There remains significant controversy over other
illnesses possibly caused by immunizations, but most epi-
demiologic studies in this area have not shown significant
associations (Wraith et al., 2003) (See Chapter 24).

Implants

Bovine collagen implants are biomaterials used for the
correction of dermal contour deformities. The use of bovine
collagen implants in patients with a personal history of
autoimmune diseases is contraindicated by the manufacturer
due to concerns that they may induce adverse immune
responses, since anticollagen autoantibodies are present 
in some patients with connective tissue diseases. Few 
epidemiologic studies have been performed in this area,
although one study has evaluated the development of myosi-
tis in nine patients following collagen implants (Cukier 
et al., 1993). Eight of the nine patients had a delayed-type
hypersensitivity response at the test or treatment sites, and
five of six patients tested were found to have increased
serum antibodies to collagen. Compared with the general
population, the incidence of dermatomyositis or poly-
myositis among collagen-treated patients was significantly
increased. 

Silicone implants remain some of the most controversial
environmental agents proposed to be associated with con-
nective tissue disorders. Studies in this area have been ham-
pered by the extensive litigation involved in adverse events
following silicone breast implants and the lack of adequate
regulatory review prior to their initial use. Most studies have
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not found associations with common autoimmune diseases
(Janowsky et al., 2000; Tugwell et al., 2001); however, some
investigators believe that rare or atypical connective tissue
diseases and fibromyalgia remain inadequately studied
(Brown et al., 1998; Brown, 2002). Of interest, women who
develop myositis after silicone implants appear to be an
immunogenetically distinct subgroup with allelic associa-
tions different from those seen in women who develop
myositis without implants (O’Hanlon et al., 2004).

Stress

Anecdotes have been reported that stressful life events
have preceded the development of many autoimmune 
diseases. A large population-based, case–control study of
Graves’ disease showed that patients had more negative life
events in the 12 months preceding the diagnosis of Graves’,
and negative life-event scores were also significantly higher
(Winsa et al., 1991). Other diseases have not been ade-
quately studied. Although the mechanisms by which stress
may play a role remain unclear, it has been hypothesized
that, under certain conditions, stress hormones may boost
immune responses through induction of tumor necrosis
factor (TNF)-a, interleukin (IL)-1, and IL-8, and by inhibit-
ing TGF-b production (Elenkov and Chrousos, 1999).
Therefore, conditions that are associated with significant
changes in stress system activity may modulate the neu-
roendocrine–immune axis and perturb systemic cytokine
balances, resulting in proinflammatory changes and disease
induction.

POSSIBLE MECHANISMS BY WHICH
ENVIRONMENTAL AGENTS MAY

INDUCE AUTOIMMUNE DISEASES

Although the mechanisms for the development of
autoimmune diseases associated with noninfectious agent
exposures remain poorly understood, a variety of theories
have been postulated to explain how xenobiotics may induce
disease (Box 23.2). The wide range of these theories empha-
sizes the lack of understanding of mechanisms even for the
most carefully defined environmentally-associated diseases.
This also suggests that different pathogenic mechanisms are
likely at work in different syndromes.

Whatever the specific mechanisms for the development
of an autoimmune disease, it has been suggested that an
overall framework should include the concept of hetero-
geneity within the currently defined diseases. A working
hypothesis that addresses this issue has been termed the
“elemental disorder hypothesis,” which posits that each
autoimmune disease as currently recognized contains many
elemental disorders (Shamim and Miller, 2000). In this 
scenario, an elemental disorder is defined as a unique
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sign–symptom–laboratory complex (syndrome) that results
from a distinct pathogenesis as a result of the interaction of
the necessary and sufficient genetic and environmental risk
factors (Figure 23.1). If this concept is true, elemental dis-
orders are likely confounding most studies of disease by
inducing “comparisons of apples and oranges.” If identified,
elemental disorders should greatly increase the homogeneity
of populations under study and thus decrease the numbers
of individuals needed for genetic, environmental, and ther-
apeutic studies. In the future, elemental disorder identifica-
tion could allow for the prevention of some illnesses by
avoidance of environmental risk factors or via gene therapy
to correct deleterious genetic risk factors.

SUMMARY AND FUTURE
DIRECTIONS

The multifactorial nature of autoimmune diseases has
inhibited understanding of the mechanisms that initiate and
sustain them. Autoimmune syndromes are believed to arise,
however, from a complex and ill-understood interplay of
predisposing genetic and environmental risk factors. While
some progress is being made in defining the genetic risk
factors, we are in our infancy in the identification of the
environmental risk factors for autoimmune illnesses. 
Understanding the interactions of those elements that are
necessary for disease development offers the promise of
preventing or treating autoimmune diseases in novel ways.
But before that can be accomplished, important questions
remain to be answered. Which specific gene–environment
interactions lead to which specific clinical syndromes? What
are the pathogenic mechanisms involved? Is every auto-
immune disease, as currently understood, actually composed

Box 23.2 
Possible mechanisms by which environmental
agents may induce autoimmunity and promote 

and sustain autoimmune diseases (possible 
examples in parentheses)*

• Alteration of target tissue autoantigen structure
(bystander drugs, heavy metals)

• Upregulation or altered locations of normally
sequestered autoantigens (UV radiation)

• Cytotoxic, inhibitory or stimulatory effects on compo-
nents of the immune system (interferons, interleukins)

• Molecular mimicry—structures shared between envi-
ronmental agent and self (infectious agents)

• Other effects and combinations of the above 

*Initiators of autoimmunity may differ in action from
promoters and sustainers of autoimmune disease.
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of many subsets or “elemental disorders,” each of which
may be defined by a unique pathogenesis resulting from
interactions of the necessary and sufficient risk factors? Can
selected autoimmune diseases be better treated, cured, or
even prevented through answers to some of the above 
questions? 

We live in an increasingly complex sea of xenobiotics,
which complicates exposure assessments. More than 80,000
chemicals are registered for use in commerce in the US, and
an estimated 2000 new ones are introduced annually to be
included in our foods, personal care products, drugs, house-
hold cleaners, and a host of industrial processes. The long-
term effects of most of these chemicals on human health are
unknown, yet we may be exposed to them during the 
manufacture, distribution, use, and disposal of products or
as pollutants in our air, water, or soil. As a result, none of
us knows the full range of environmental agents we are
exposed to on a daily basis.
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Many challenges have prevented further understanding
of the environmental risk factors that might trigger autoim-
mune diseases in genetically susceptible individuals. These
include: inadequate validated exposure assessment tools and
bioassays; poor training in the evaluation of environmental
exposures; the lack of population-based incidence, preva-
lence, demographic information and databases or reposito-
ries for most diseases; inadequate funding; and the lack of
accepted and standardized approaches for defining the
minimal criteria for an environmental disease. A number of
coordinated initiatives may be useful in overcoming these
obstacles and making more progress in the future (Box
23.3). Central to all these efforts are greater attention to and
funding for understanding the essential environmental expo-
sures that initiate, promote or sustain autoimmune disorders.
Such investments are likely very cost-effective since they
would have important clinical and financial implications for
improving the public health.

FIGURE 23.1 Possible mechanisms by which autoimmune diseases may arise—the elemental disorder hypothesis.
In this view, every autoimmune disease, as currently classified, is a heterogeneous collection of clinical signs, symp-
toms, and laboratory findings, and is composed of many elemental disorders. Elemental disorders are defined as unique
clusters of signs, symptoms, and laboratory features that result from a distinct pathology induced by the interaction of
necessary and sufficient environmental and genetic risk factors for that elemental disorder. IIM, idiopathic inflamma-
tory myopathies; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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FIGURE 23.1 Possible mechanisms by which autoimmune diseases may arise—the elemental disorder hypothesis.
In this view, every autoimmune disease, as currently classified, is a heterogeneous collection of clinical signs, symp-
toms, and laboratory findings, and is composed of many elemental disorders. Elemental disorders are defined as unique
clusters of signs, symptoms, and laboratory features that result from a distinct pathology induced by the interaction of
necessary and sufficient environmental and genetic risk factors for that elemental disorder. IIM, idiopathic inflamma-
tory myopathies; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus.
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Autoimmune diseases affect approximately 5–10% of the
population in Europe and North America. Although the
overall prevalence of most autoimmune diseases is quite
low, the individual incidence of several such diseases has
been steadily increasing in recent years, as documented for
type 1 diabetes and multiple sclerosis (Wynn et al., 1990;
EURODIAB ACE Study Group, 2000). Some autoimmune
disorders occur in age groups for which vaccination pro-
grams are required. Therefore, the question of a connection
between vaccination and autoimmune occurrences is of
importance.

The history of vaccination started with Jenner’s inocula-
tion of humans with cow serum as a means of immunization

against smallpox. Pasteur further developed the technique
and added new vaccines. Vaccination is clearly one of med-
icine’s greatest achievements and a cornerstone of disease
prevention, significantly reducing mortality and morbidity.
The vaccines contain either a live generally attenuated infec-
tious agent, an inactivated infectious agent, or sometimes
products obtained by genetic recombination. Usually vac-
cines contain not just the specific infectious antigens but also
adjuvants such as aluminum salts or carrier proteins. The
purpose of vaccination is to induce immunization, a process
by which the immune system provides the host with pro-
tection against disease.

Nevertheless, since the mid-1990s, reports have accumu-
lated on various side effects of vaccines that had not been
observed previously, or perhaps not acknowledged (Cohen
and Shoenfeld, 1996; Shoenfeld and Aharon-Maor, 2000;
Shoenfeld et al., 2000). These effects include autoimmune
expressions as well as actual autoimmune disease. The asso-
ciation between vaccination and autoimmunity has stimu-
lated debate as to whether autoimmune diseases could be
triggered by a vaccine. In this chapter the possibility of a
link between infection, vaccination and autoimmunity will
be discussed.

PATHOGENESIS OF VACCINE-
RELATED AUTOIMMUNITY

The autoimmune process in the human being is a result
of complex interactions between environmental factors,
genetic background, hormones and immunologic defects,
thus forming the “mosaic of autoimmunity” (Shoenfeld and
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Isenberg, 1989). Autoimmune responses are not usually fol-
lowed by any clinical manifestation unless additional factors
cause disease expression. A key role in the occurrence of
immune responses is played by infectious agents. Today
there is solid evidence that infections can either prevent, or
more commonly initiate, autoimmune disorders (Bach,
2002; Shoenfeld and Rose, in press).

An infection can initiate autoimmune disease by antigen-
specific or non–antigen-specific pathways: these mecha-
nisms can operate in the host either singly or together. The
disease itself will be manifested only in an individual who
is genetically predisposed. A popular and appealing possi-
bility for the initiation of autoimmunity by an infectious
agent is molecular mimicry (Wucherpfennig, 2001). Accord-
ing to this process, antigenic determinants of the micro-
organisms are recognized by the host’s immune system as
similar to its own antigenic determinants (Albert and Inman,
1999) and, because of the structural resemblance, antibodies
and autoreactive T cells not only destroy the invading
pathogen but can react with host tissues as well. Molecular
mimicry is exemplified by infections with microorganisms
that express sugar structures, thus leading to antibody-
mediated neuropathies (Willison and Yuki, 2002). This
theory is well represented by the Guillain–Barré syndrome
(GBS) in which approximately one third of cases are pre-
ceded by Campylobacter jejuni infection (Carpo et al., 1999)
(see Chapter 47). This bacterium expresses a lipopolysac-
charide molecule that mimics various gangliosides pre-
sented in high concentration in peripheral nerves. Thus, in
sera taken from GBS patients in the acute phase of the
disease, antibodies against gangliosides are present. Fur-
thermore, the specificity of these antiganglioside antibodies
is closely related to the nature of the infection preceding
GBS. There is also a relationship between the specificity of
the antibodies and the pattern of clinical features in these
patients (Ang et al., 2004).

Molecular mimicry becomes more complex when T cells
are involved. In order to serve as a molecular mimic for an
autoreactive T cell, a microbial antigen must copy the shape
of a self-antigenic epitope bound to an appropriate major
histocompatibility complex (MHC) molecule. This type of
T-cell mimicry has been documented in an experimental
multiple sclerosis (MS) model in which a hepatitis-B virus
polymerase peptide caused histologically proven autoim-
mune encephalitis in rabbits (Theophilopoulos et al., 2001).
According to the mimicry hypothesis, it is possible that 
any microorganism that expresses an epitope which could
serve as a molecular mimic for an autoantigen could 
induce autoimmune disease. In the model of the experi-
mental antiphospholipid syndrome (APS), bacterial peptides
homologous with beta-2 glycoprotein I (GPI) induced path-
ogenic anti beta-2 GPI antibodies along with APS manifes-
tations in mice (Blank et al., 2002). Recent progress in our
understanding of the interface between T-cell receptor
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(TCR) and peptide/MHC (pMHC) complexes has revealed
the potential for degenerate recognition of numerous struc-
turally similar pMHC complexes by each T lymphocyte.
Experimental findings have shown that each TCR can rec-
ognize a broad range of epitopes, including peptides with
totally different sequences (Hemmer et al., 2000). Due to
this flexibility of the TCR moieties in contacting pMHC and
the degeneracy of MHC binding motifs, very limited direct
sequence identity between mimetic peptides is sufficient for
T-cell cross-recognition. Thus, theoretically, the likelihood
of T-cell cross-reactivity is very high, and induction of
autoimmune disease by infection should not be an uncom-
mon occurrence (Fourneau et al., 2004).

The second mechanism by which a microorganism might
induce autoimmune disease involves bystander activation in
a non-antigen-specific mechanism. In this case, microbial
infection causes tissue damage, which leads to the release
of self-antigens or stimulation of the innate immune
response, thus activating the antigen presenting cell that
expresses self-antigen (see Chapter 15). The engaging of
Toll-like receptors on antigen-presenting cells by microbial
molecules results in upregulation of MHC and costimula-
tory molecule expression, leading to secretion of various
cytokines, local inflammation, and recruitment of additional
autoreactive lymphocytes (Panoutsakopouilou et al., 2001).
The high probability that microbial antigens can cross-react
with self antigens together with the innate immune response
to microorganisms increases the chance of provoking
autoimmune disease following infection. The same mecha-
nisms that act in infectious invasion of the host could apply
equally to the host’s response to vaccination (i.e., an antigen
of a recombinant vaccine or of a live attenuated virus may
resemble a host antigen and so trigger autoimmunity). Some
of the molecules presumably involved in these processes are
a group of proteins called “stress proteins” (Winfield, 1989).
These substances, which have been well conserved among
species in the course of evolution, are involved in reactions
occurring in the body during stress. The stress proteins—
one of which is the heat-shock protein 65 kDa of Mycobac-
terium tuberculosis, the organism that causes tuberculosis
(TB)—have a remarkable structural similarity among dif-
ferent species: viruses, microbes, and mammals. As infec-
tions do not cause overt autoimmune disease in most
individuals, the interplay of several factors is needed for the
development of autoimmunity. Hence, patients with genetic
predisposition for autoimmunity probably also have an
increased risk for post-vaccination autoimmune disease.
Theoretically, the more complex a vaccine and the more
varied the array of its antigens, the more likely it would be
to trigger an autoimmune response that may eventually turn
into an established autoimmune disease.
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AUTOIMMUNE DISEASES 
AND VACCINATION

Measurable laboratory signs of autoimmunity can appear
following infection or vaccination. The medical literature 
is replete with claims and counter claims with respect to the
risk of developing autoimmune disease as a consequence of
vaccination (Wraith et al., 2003). The accumulating reports
in the literature concerning neurologic manifestations, artic-
ular disease, and other autoimmune expressions following
various vaccines have troubled both professional and lay
communities, leading to the appointment of national inves-
tigational committees both in Europe and in the United
States (Aharon-Maor and Shoenfeld, 2000). The wide spec-
trum of disorders claimed to be connected temporally and/or
causally with vaccination, many of them autoimmune, are
listed in Table 24.1.

GUILLAIN–BARRÉ SYNDROME

Guillain–Barré syndrome is a transient neurologic dis-
order characterized by a reflex motor paralysis, infrequent
involvement of cranial nerves, with only mild sensory dis-
turbances (see Chapter 47). Although its exact etiology is
unclear, it is likely to be an immune-mediated disease affect-
ing both the myelin sheath and the axons. Guillain–Barré
syndrome is a monophasic disease with an acute course that

Vaccines and Autoimmunity 311

can involve respiratory muscles, and spontaneous recovery
occurs in most cases; the mortality in acute care units ranges
between 3% and 7% (Hughes and Rees, 1997). Prior viral
infections are often associated with GBS, particularly 
herpes virus, Epstein–Barr virus (EBV), cytomegalovirus,
measles and others (Ropper, 1992). Furthermore, approxi-
mately 30% of GBS cases are preceded by C. jejuni
infection. Autoantibodies to various myelin-associated gly-
coconjugates (gangliosides), which are a major constituent
of the nerve cell membrane, have been detected (Willison
and Yuki, 2002). The specificity of these antiganglioside
antibodies is closely related to the nature of the preceding
infection. The presence of microbe-specific antibodies and
T cells with cross-reactivity to various nerve sheath compo-
nents probably initiates a demyelinating process with 
shedding of peripheral-nerve autoantigens (Terryberry et al.,
1995). Vaccines that contain live attenuated or killed
microorganisms can presumably induce an autoimmune
reaction. Although a temporal association of GBS with
several vaccines has been reported, the firmest data are those
for influenza vaccine.

The first report on the association of GBS with influenza
vaccine was published in 1977 after a mass inoculation
program in the United States in which 45 million adults
received the “swine-flu” virus vaccine. While the estimated
risk of GBS in the adult population was less than one case
per 100,000 vaccinations, the occurrence of GBS in the
“swine-flu” vaccinated population within 5 weeks after 

TABLE 24.1 Status of autoimmune diseases reported after vaccination

Disease Type of vaccine References Comments

Systemic lupus erythematosus HBV, tetanus, anthrax Tudela et al., 1992; Guiserix, 1996; Finierz Scattered case reports
et al., 1998

Rheumatoid arthritis HBV, tetanus, typhoid/paratyphoid, Grasland & Vinceneux, 1994; Gross et al., Scattered case reports
MMR 1995; Pope et al., 1998

Multiple sclerosis HBV Tourbah et al., 1999; Ascherio et al., 2001; Conflicting results
Confavreux et al., 2001

Reactive arthritis BCG, typhoid, DPT, MMR, HBV, Benjamin et al., 1992; Grasland & Vinceneux, Scattered case reports
influenza 1994; Gross et al., 1995; Mitchell et al., 

1998; Aharon-Maor & Shoenfeld, 2000; 
Tishler, 2004

Polymyositis/dermatomyositis BCG, smallpox, diphtheria, DPT Aharon-Maor & Shoenfeld, 2000; Yanai-Berar Scattered case reports
et al., 2002

Polyarteritis nodosa Influenza, pertussis, HBV Bishop et al., 1966; LeHello et al., 1999; Scattered case reports
De Keyser et al., 2000; Yanai-Berar et al., 
2002

Guillain–Barré syndrome Influenza, polio, tetanus Hugges et al., 1996; Shonberger et al., 1979; Established connection 
Lasky et al., 1998 (only for influenza)

Diabetes mellitus—type I HiB Classen & Classen, 1999b; Karvonen et al., Conflicting results
1999; Sipetic et al., 2003

Autoimmune MMR, HBV, influenza Casoli et al., 1989; Miller et al., 2001 Scattered case reports
thrombocytopenia

BCG, Bacillus Calmette–Guerin; DPT, Diphtheria-tetanus; HBV, Hepatitis B virus; HiB, Hemophilus influenza B; MMR, Measles-mumps-rubella.
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vaccination was 7.6 times greater (Shonberger et al., 1979).
Subsequent studies in the following years found only a slight
increase in GBS incidence (1–2 additional cases per million
vaccinated persons) after the 1990–1993 and 1993–1999
vaccination programs (Lasky et al., 1998). Later studies
found that the influenza vaccines were safe and concluded
that the risk of developing GBS after vaccination is lower
than the risk for severe influenza and/or influenza-related
complications (Chen et al., 2001). However, a recent study
has again raised the issue of influenza vaccination and GBS.
In this report, which analyzed the database of the Vaccine
Adverse Events Reporting System (VAERS), GBS inci-
dence following influenza vaccination was compared with
that of an adult diphtheria-tetanus vaccine (DPT) control
group (Geier et al., 2003). The authors found that in the
years 1991–1999, a total of 382 cases of GBS were reported
to the VAERS. The median onset of GBS following
influenza vaccination was 12 days, and the relative risk for
acute GBS was 4.3 compared with the adult DPT control
group. They found that the maximal incidence of GBS fol-
lowing influenza vaccination occurred in the years 1993,
1996, and 1998, and that there were statistically significant
variations in the incidence of GBS among influenza vaccines
from different manufacturers. This important issue led the
Center for Disease Control and Prevention to assess once
again the trends of reports to VAERS of GBS following
influenza vaccination in adults. The authors analyzed the
reports to VAERS from 1990 to 2003 and conducted also an
active follow-up from 1994 to verify the diagnosis of GBS.
They concluded that that there is a possible causal associa-
tion between GBS and influenza vaccine, although the
annual reporting rate decreased four-fold from a high of 0.17
per 100,000 vaccinated in 1993–1994 to 0.04 in 2002–2003
(Haber et al. 2004). To date there are no studies that specif-
ically address the question of the risk of relapse in GBS
patients after influenza vaccination, although a threat of
relapse has been reported following tetanus toxoid vaccina-
tion (Hugges et al., 1996).

These data suggest that, although in most cases influenza
vaccination is safe, the chance still exists that in the future
another serotype of influenza virus that becomes included in
a vaccine might induce autoimmune expression as previ-
ously observed.

MULTIPLE SCLEROSIS

Multiple sclerosis is a disease characterized by a central
nervous system (CNS) demyelinating process associated
with clinical progressive paralysis (see Chapter 46). This
disease is considered to be an autoimmune disorder, and
autoantibodies specific for CNS myelin/oligodendrocyte
glycoprotein have been identified (O’Connor et al., 2003).
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These autoantibodies were specifically bound to the disinte-
grating myelin around axons in lesions of acute MS. The
possibility of an association between MS and hepatitis B
virus (HBV) vaccination was first suggested in France fol-
lowing a report of 35 cases of demyelinating disease occur-
ring within 8 weeks of recombinant hepatitis B vaccination
(Tourbah et al., 1999). The neurologic manifestations were
similar to those of MS. Inflammatory changes in the cerebro-
spinal fluid and specific lesions detected on magnetic 
resonance (MR) images were compatible with definite MS 
in 50% of affected patients. Most patients diagnosed as
having MS were in a high-risk group, i.e. a preponderance
of women, a higher presentation of HLA-DR2, and a family
history for MS. Following this report, more than 600 cases
of illness, most of them with MS-like symptoms, were iden-
tified in France from 1993 to 1999 after recombinant HBV
vaccination. Subsequently, several large-scale studies tried
to solve this enigma, but most did not have the statistical
power to do so. However, two large-scale studies have
shown no significant association between HBV vaccination
and the occurrence of MS. The first study looked at patients
included in the European Database for Multiple Sclerosis
who had a relapse of their disease between 1993 and 1997;
no increase in the specific short-term risk of relapse could
be found in association with HBV vaccination (Confavreux
et al., 2001). The second analyzed the Nurses’ Health Study
in the USA; which has followed up 121,700 nurses since
1976; in this study, the relative risk of MS associated with
exposure to HBV vaccine at any time before the onset of the
disease was 0.9 (Ascherio et al., 2001).

Due to the discrepancy in the results, two recent studies
tried to solve this complicated issue. The first study was a
nested case-control study using the General Practice Data
Base in the United Kingdom, which used data of MS diag-
nosis recorded between 1993 and 2000. The analysis, which
included 163 cases of MS and 1604 controls, revealed a 
3.1-fold risk of MS following HBV vaccination while no
increased risk of MS was recorded following tetanus or
influenza vaccination (Hernan et al., 2004). Another study
analyzing the VAERS found that HBV vaccination was asso-
ciated with a number of serious conditions including arthri-
tis, myelitis, systemic lupus erythematosus (SLE), GBS,
glomerulonephritis, thrombocytopenia, and MS. In some 
of these cases a positive re-challenge was reported with 
an overall median onset of disease of 1 day (Geier and 
Geier, 2004). Nevertheless, it should be noted that some
changes that had been made to the vaccines by the manu-
facturers in the mid 1990s could have changed their toxic
effect. In contrast to several other viruses including
Epstein–Barr virus that have been postulated to cause MS,
HBV has not been discussed as causing MS, therefore, it is
unclear how a vaccine that contains purified HbsAg, a
portion of the HBV, could trigger an immunologic process
leading to MS.
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Although the data are conflicting, the large-scale 
studies support the safety of the vaccines against HBV used
nowadays.

TYPE I DIABETES MELLITUS

The fact that the incidence of type I diabetes (T1D) is
increasing rapidly in children in many developed countries
throughout the world has raised a serious question about the
role of vaccination as a factor contributing to this. A case-
control study conducted in the mid-1980s in Sweden did not
reveal any effect of vaccination against tuberculosis, per-
tussis, or rubella on the children’s risk of developing dia-
betes mellitus (DM) (Blom et al., 1991). Another study that
followed 100,000 Finnish children who received Hemo-
philus influenza type B (HiB) vaccine for 10 years also sup-
ported these findings (Karvonen et al., 1999). Results of this
study showed no increased risk of diabetes when children
who had received four doses of HiB vaccine at ages 3, 4, 6
and 18 months were compared with those receiving only one
dose at the age of 2 years. On the other hand, there are
several studies that show opposite results. A group from The
Netherlands has shown that the timing of vaccination in
childhood is an important factor in the development of T1D.
While immunization in the first month of life was associated
with a decline in the incidence of T1D, vaccination with HiB
vaccine given at age 2 months or older can increase the 
risk (Classen and Classen, 1999a, 1999b). Another recently
published study of a cohort of 4400 babies from south-
east Sweden investigated the induction of diabetes-related
autoantibodies following HiB vaccination, and found that
HiB vaccination stimulated the immune system. Vaccination
with HiB appeared to be a risk factor for the production of
tyrosine phosphatase antibodies (1A-2A) and glutamic acid
decarboxylase antibodies (GADA) which may be of impor-
tance under special circumstances when the pancreatic b
cell-related immune response is activated by other mecha-
nisms (Wahrberg et al., 2003). Conflicting results were
found in a controlled study conducted in Belgrade between
1994 and 1997 wherein children with recent onset diabetes
were compared with controls matched by age, sex, and place
of residence. The results of this study showed that infections
during the 6 months preceding the onset of T1D increased
the risk of developing the disease 4.5-fold, while regular
vaccination decreased that risk significantly (Sipetic et al.,
2003). A recently published study evaluating the develop-
ment of T1D in a cohort of all children born in Denmark
from January 1, 1990, through December 31, 2000, supplies
more solid evidence for this issue. The results of this com-
prehensive study disclosed that the rate ratio for T1D in chil-
dren who received at least one dose of vaccine compared
with unvaccinated children was 0.91. These results were
also true for each of the specific vaccines evaluated in this
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study: HiB, DPT, inactivated polio virus, whole-cell pertus-
sis, and measles, mumps, rubella (MMR) vaccines (Hviid et
al., 2004).The advantage of this study is that it was able to
evaluate the association of T1D and vaccination in a nation-
wide cohort with longitudinal information. The conclusion
of the authors excludes any relation between childhood 
vaccination and T1D. Although there are conflicting results,
most of the well-conducted studies do not support such a
causal relationship.

VACCINATION AND AUTISM

Autism is a behavioral syndrome in children identified by
neuropsychiatric manifestations, such as lack of imaginative
and language skills; self-injurious behavior; and abnormal
responses to people, sensations, or triggering. The etiology
of this syndrome is obscure, yet an autoimmune hypothesis
has been suggested as a possible pathogenic mechanism
(Weizman et al., 1982). The findings of slightly higher titers
of measles IgG in autistic children compared with normal
controls, which were associated with brain autoantibodies,
raised the hypothesis that the measles component of the
MMR vaccine can be implicated in the etiology of this syn-
drome (Lee et al., 1998). In the late 1990s, it was suggested
that there was a connection between gastrointestinal findings
of lymphoid nodular hyperplasia, MMR vaccine and autism
(Wakenfield et al., 1998), but other epidemiologic studies
failed to demonstrate such a connection (Taylor et al., 1999).
The lack of association between MMR vaccine and autism
has lately received support from the authors of the original
article connecting these two who retracted their initial inter-
pretation of the data presented in 1998 (Murch et al., 2004).

To date we can be sure that no relationship exists between
autism and MMR vaccine, and it can be used safely.

ARTHRITIS

Arthritis and the Measles, Mumps, 
Rubella Vaccines

Arthritis, a common complication of rubella virus infec-
tion in adults, occurs less often in children. In most cases,
this type of arthritis resolves completely without any per-
manent sequelae; only in rare cases does a systemic chronic
polyarthritis resembling rheumatoid arthritis (RA) develop.
There is only one large study that assessed joint manifesta-
tions in children 6 weeks after MMR vaccination. In this
study of 5000 children, there was an increased occurrence
of joint symptoms—arthralgia and/or arthritis—in the
immunized children, although the incidence of frank arthri-
tis was lower than that after natural rubella infection 
(Benjamin et al., 1992). The risk of developing joint 
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manifestations was examined in 1998 in 283 women receiv-
ing rubella vaccination post partum in relation to HLA-DR
(Mitchell et al., 1998). The conclusion of this study based
on statistical analysis was that the risk for developing arthri-
tis in this group of women was 1.9 times greater compared
with placebo. The risk of arthropathy was also influenced by
DR, since individuals with both DR1 and DR4 had an odds
ratio of 8:1 of developing post-vaccination arthropathy.

Arthritis and Hepatitus B Virus Vaccine

Only a few cases of arthritis following HBV vaccination
have been reported. One study describes three cases of
seronegative arthritis showing a pattern resembling reactive
arthritis with a slowly remitting course (Gross et al., 1995).
An additional series of 11 otherwise healthy patients who
developed polyarthritis after HBV inoculation is described
(Pope et al., 1998). All of them developed persistent arthri-
tis fulfilling the American College of Rheumatology criteria
for RA, and five expressed the HLA-DR4 antigen.

Arthritis and 
Vaccine

Arthritis secondary to intravesical Bacillus Calmette–
Guerin (BCG) administration for bladder cancer is a rare
and poorly documented side effect. BCG-induced arthritis
has been reported only as case reports, with no more than
30 cases published thus far. It is manifested by oligo- or
polyarthritis affecting the large joints of the lower limbs,
associated with low back pain. Approximately 50% of the
cases are HLA-B27 positive and most cases resolve 
completely without sequelae with nonsteroidal anti-
inflammatory drug (NSAID) treatment only (Tishler, 2004).

Arthritis and Other Vaccines

There are several case series of healthy people who had been
immunized against a variety of microorganisms (tetanus,
typhoid, paratyphoid, mumps, diphtheria, polio, smallpox)
and developed either a transient elevation in rheumatoid
factor or some form of arthritis (Grasland and Vinceneux,
1994).

The pattern of arthritis following various types of vacci-
nation is not clear since the numbers involved are too small
to reach a firm decision. There is no doubt that major inves-
tigations are required before conclusions can be drawn.

OTHER AUTOIMMUNE DISORDERS

A variety of additional autoimmune manifestations 
have been described in relation to vaccination. Systemic
lupus erythematosus following HBV vaccination has been

Calmette–Guerin
Bacillus
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described in some case reports (Tudela et al., 1992; 
Guiserix, 1996; Finierz et al., 1998). Autoimmune thrombo-
cytopenic purpura has been documented following either
MMR vaccination or HBV vaccination (Finierz et al., 1998;
Miller et al., 2001).There are also isolated reports linking
influenza vaccine with both development and relapse 
of autoimmune thrombocytopenic purpura (Casoli and
Tumiati, 1989). Systemic vasculitis resembling polyarthritis
nodosa with gastrointestinal, respiratory and kidney involve-
ment with histologic evidence of glomerulonephritis has
been described in some case reports following vaccination
against HBV (LeHello et al., 1999, De Keyser et al., 2000),
pertussis (Bishop et al., 1966), and influenza (Yanai-Berar
et al., 2002). Recently an immune form of perimyocarditis
was documented in more than 20 patients following mass
smallpox vaccination of USA military personnel before the
second war in Iraq (Halsell et al., 2003). A recent report from
Switzerland found a strong association between inactivated
intranasal influenza vaccine used during the 2000–2001
season and Bell’s palsy. In contrast to parenteral vaccine the
intranasal vaccine increased the risk of Bell’s palsy 19-fold
(Mutsch et al., 2004).

VACCINATION OF PATIENTS WITH
KNOWN AUTOIMMUNE DISEASE

The question of tolerance to vaccination by patients
already suffering from autoimmune diseases was addressed
in a number of studies over the years. Studies on influenza
vaccination in patients with MS and in patients with SLE
did not reveal any worsening of these diseases and the rates
of systemic adverse effects were similar to those after 
vaccination of the general population (Williams et al., 1978;
Salvetti et al., 1995). However, the immune response to
influenza vaccine in SLE patients was lower than that seen
in adults in the general population (Abu-Shaakra et al.,
2002). A similar kind of reduced response to vaccination was
observed in RA patients in whom influenza vaccination did
not cause a flare in their disease (Cimmino et al., 1995). 
Furthermore, HBV vaccination in patients with RA was not
associated with deterioration of any laboratory or clinical
indicators of the disease and antibodies were produced by
68% of patients (Elkayam et al., 2002). It seems that vacci-
nation in patients with autoimmune diseases is safe, and 
the infection against which the vaccine is given itself 
poses danger to these patients which is greater than that of
vaccination.

EXPERIMENTAL MODELS

The first and, to our knowledge, only controlled experi-
mental model to test the effects of vaccination on the
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immune system was performed in dogs in 1999 (Hogenesch
et al., 1999). The purpose of this study was to investigate
the effect of vaccination in young dogs that had not been
immunized previously. A marked increase in titers of auto-
antibodies directed against fibronectin and laminin was
observed. Both these antibodies have been found in humans
with a variety of autoimmune diseases: SLE, RA, and vas-
culitis. Although there was an elevation in autoantibody
titers, no evidence of autoimmune disease was found in any
of the immunized animals.

CONCLUSIONS

1. Vaccination has greatly improved the quality and length
of life by reducing morbidity and mortality, especially in
children but also in the adult population. The available
epidemiologic data are reassuring although we must stay
vigilant particularly with some of the newer vaccines to
which there are no long-term post-marketing data.

2. There are clear data that vaccination can potentially
induce autoimmune effects but, fortunately, most of them
do not cause a frank autoimmune disease.

3. The only case in which there is almost a complete agree-
ment that vaccination can cause an autoimmune disease
is induction of GBS after influenza vaccination. Never-
theless, even in this case the incidence is low and has
been declining in the last few years.

4. We are as yet unable to identify those who are prone to
develop these complications. It is apparent that suscepti-
bility to vaccine-induced autoimmunity would be deter-
mined by genetic predisposition, which further illustrates
the concept of “the mosaic of autoimmunity.”

5. Although surveillance systems in many countries watch
carefully the data concerning the safety of vaccinations,
investigations are required to reach firmer decisions,
especially since it is surprising that simple subunit vac-
cines have been proposed as a cause for such auto-
immune effects.
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Sex hormones have a major role in the manifestation of
autoimmune disease. Sex steroids affect the phenotype of
the individual and have a major role to play in biological
development of the brain and the immune system. In the
early part of this chapter, the role of sex steroids on immune
function in general will be detailed, and the role such 
hormones have on the expression of human disease will be
discussed. The role of sex steroids in the pregnant patient
with autoimmune disease will then be explored.

SEX HORMONES AND
AUTOIMMUNITY

Androgen Effects on Immune Function

Androgens have many effects on immune function
(Grossman, 1984). They are considered immunosuppressive
hormones because of in vitro observations of their effects on
normal lymphocytes and because of their effects on the
disease manifestations of inbred autoimmune mice (Ahmed
et al., 1985).

Androgens are more suppressive than estrogens—and
this may be one reason why females have an increased 
incidence of autoimmunity.

Testosterone suppresses DNA antibody production in
peripheral blood mononuclear cells from patients with 
systemic lupus erythematosus (SLE) (Blank et al., 1990) 
and also inhibits pokeweed mitogen stimulation of B-cell 
differentiation (Sthoeger et al., 1988). This suppression
involves downregulation of interleukin 6 (IL-6) and the inhi-
bition of B-cell activity. Graft rejection in rodents is delayed
by the injection of testosterone (Weinstein and Berkovich,
1981). Resistance to certain viral infections can be reduced
but in some cases enhanced when androgens are given at
certain doses (Yohn 1973; Jungers et al., 1982; Lahita et al.,
1987). A consistent effect of androgens in the chicken is
immunosuppression through retardation of the function and
development of the bursa of fabricius (Meyer et al 1959;
Hirota et al., 1976; Hirota, Suzuki and Bito, 1980; Verheul
et al., 1986). Androgens accelerate the proliferation and dif-
ferentiation of pluripotent stem cells from bone marrow into
compartments of cells that include lymphoid elements
(Dunkel et al., 1985).
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Importantly, receptors for estrogen and dihydrotestos-
terone, a 5a-reduced metabolite of testosterone, exist in 
the thymus (Sholitan et al., 1980; Grossman et al., 1982;
Grossman et al., 1989) and these receptors are functional
and present on thymocytes (Grossman, 1989). Lymphocytes,
specifically CD8+ T cells, have androgen receptors as well,
but the data are inconsistent (Raveche et al., 1980; Cohen 
et al., 1983). Androgens inhibit B- and T-cell maturation,
reduce B-cell synthesis of immunoglobulins, and suppress
the phytohemagglutinin-induced blast transformation of
lymphocytes (Weinstein and Isakov, 1983; Dunkel et al.,
1985). These male hormones are also implicated as modi-
fiers of regulatory genes that influence the function of 
structural genes (Lubahn et al., 1988), and this may be their
principal mode of action. Inhibition of thymocyte function
depends on androgen receptors on thymic stroma, and such
receptors need to be expressed for atrophy to occur. Andro-
gens induce apoptosis via the tumor necrosis factor recep-
tor (TNFR). Of interest, guinea pig mammary epithelial
major histocompatibility (MHC) antigens are increased 
in number through the effects of estrogens and prolactin, 
and these MHC antigens are decreased by testosterone
(Klareskog et al., 1980). Yet, despite these findings, male
and female mice have equivalent numbers of MHC antigens.
The wide range of effects that testosterone has on immune
function might be due to variable androgen sensitivity of
certain cell groups and the in vivo conversion of androgens
to estrogens through well-recognized pathways.

In the presence of estrogen, the thymus gland does not
atrophy. On the contrary, it enlarges, whereas androgens
cause apoptosis of thymic cells (Olsen et al., 2001). Some
investigators have described an age-dependent change in
thymic maturation in the presence of estrogens (Forsberg,
1996).

Androgen Metabolism and 
Autoimmune Disease

Studies of the levels and metabolism of androgens in
certain autoimmune diseases are of interest (Folomeev et al.,
1992; Lahita 1992). The occasional male with autoimmune
disease defies explanation when sex hormone levels are
examined. For example, SLE in males is not merely the
result of too little androgen, although there are recent data
that might support this; thus men with hypogonadism and
testicular dysfunction have a higher incidence of auto-
immune disease (Lahita, unpublished observation). An early
reason proposed for SLE in the male was the result of too
little androgen and too much estrogen (Inman et al., 1982;
Bhardwaj et al., 1989). Actual studies have shown no hor-
monal differences between men with and men without SLE
(Chang et al., 1999). Men with SLE have normal hormone
levels and estrogen: androgen ratios are not altered in the
majority of patients. None of the hormonal data from the
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studies of patients with SLE explain the large number of
females who predominate with the disease. Females with
SLE differ from males in the overall metabolism of andro-
gens, but it is unclear whether these findings are reason
enough for the female predilection for SLE. The oxidation
of testosterone at C17 in females with SLE is increased in
comparison with males, who have both normal oxidations
of testosterone and normal plasma androgen levels (Lahita
et al., 1983). Females with active SLE had decreased plasma
levels of androgen (Folomeev et al., 1992; Lahita, 1992) and
these values were from patients who did not take corticos-
teroid, an independent reason for low levels (Jungers et al.,
1980). This observation is also found in Klinefelter patients
(XXY) but not in men (Lahita and Bradlow, 1987). Low
plasma androgens in women with SLE form the basis for
androgen replacement therapy in this disease (Lahita 
et al., 1983). Clinical studies involving the use of dehydro-
epiandrosterone (DHEA) as a therapy (Van et al., 1995) for
SLE are also a result of this observation (Van and McGuire,
1996).

The end products of androgen metabolism in a normal
male or female are the same, but the total amount of testos-
terone in the male is very high compared with the female.
Testosterone from either sex is oxidized to androstenedione,
converted to DHEA and then sulfated. Both testosterone and
androstenedione can be metabolized to estrone and estradiol.
After the male hormones are aromatized to estrogens they
can then enter the pathways for estrone hydroxylation. Spe-
cific cytokine levels change with levels of the sex steroids
(van Vollenhoven et al., 1994; Soffer et al., 1982; McMurray
et al., 1997). By this mechanism, certain sex steroid levels
affect the T-cell populations and may determine anti-
inflammatory versus proinflammatory cytokine profiles.

Estrogens and their Effects on 
Immune Mechanisms

The early work on the effects of sex hormones on
autoimmune diseases involved careful studies with murine
strains that were genetically prone to the acquisition of SLE.
In some strains females were more likely to die sooner than
males, with this effect being linked to estrogen (Roubinian
et al., 1977; Roubinian et al., 1979; Siiteri et al., 1980; Talal,
1981; Ahmed et al., 1985). Furthermore, female mice made
more antibodies to foreign antigens than males (Terres et al.,
1968). In another study, after injection of humans with the
antigen flagellin, men produced significantly lower titers of
antibody than women. This may be due to the fact that
women have higher levels of serum IgM than men, but the
men produced less IgG and IgM antibody (Rowley and
Mackay, 1969). Paradoxically, however, estrogens, depend-
ing on dose and condition, were both immunosuppressors
and immunostimulants. The steroid 17b-estradiol prolongs
first and second set skin grafts in mice after X-irradiation
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and inhibits corneal graft acceptance in preimmunized
rabbits (Thompson et al., 1957).

The overall effects of estrogen on various immune para-
meters begin early in the life of the animal. Skin allograft
rejection is naturally more likely in females than in males
(Graff et al., 1969; Waltman et al., 1971), and estrogens 
regulate immunity by causing thymic atrophy in rodents
(Golsteyn and Fritzler, 1987) and decreasing the overall
thymic population. Castrated male and certain female mice
display enlarged thymus and hyperplastic spleens after chal-
lenge with thymic-dependent antigens, indicating an effect
of the estrogens on T-cell activity (Shirai et al., 1972; Mc
Cruden and Stimson, 1980; Smith et al., 1989). Estradiol and
diethylstilbestrol (in concentrations of 10–50 mg/mL) are
known to reduce the phytohemagglutinin and concanavalin-
A response of lymphocytes in vitro (Wyle and Kent, 1977),
although the mixed lymphocyte reaction (MLR) may be
enhanced by estradiol. For example, during normal menses
(Bjune, 1979), pregnancy, and during the use of oral con-
traceptives (Satoh et al., 1977), the immune response may
be heightened. Moreover, castration of males leads to accel-
erated allograft rejection through a mechanism that involves
an increase in the levels of T cells. T cells from such mice
proliferate more vigorously to T-cell receptor (TCR)- and
CD28-mediated costimulation, as well as antigen-specific
activation (Roden et al., 2004). Syngeneic grafts of ovaries
in males and grafts of testes in females have no significant
effect on allograft rejection (Graff et al., 1969; Sasson and
Mayer, 1981). Estrogen given prior to bone marrow trans-
plantation results in increased graft failure; however, with
regard to renal transplants, there is essentially no difference
in graft survival with regard to gender over a long period of
time. Females have a higher incidence of acute rejection
while chronic allograft failure in the female is decreased
(Meier-Kriesche et al., 2001). Sustained levels of estrogens
in mice lead to a marked reduction in natural killer cell activ-
ity (Seaman et al., 1978; Tuo et al., 1993). In other studies,
estrogens depress cell-mediated immunity, natural killer cell
function, and cancer cell immune surveillance. Estrogens
prevent monocytes from responding to various chemokines
and also prevent the secretion of specific chemokines like
IP-10, CXCR3 and CCR5 (Aronica et al., 2004). This sup-
pression of the monocytes may be interpreted as a decrease
in the overall process of immune surveillance associated
with estrogens (Janis et al., 2004). This effect can be spe-
cific to CD8+ T cells (Effros, 2004). When given in exces-
sive amounts, estrogens also deplete thymic hormones and
are known to produce a relative lymphopenia (Olsen et al.,
1991; Olsen et al., 1993).

The effects of estrogens on disease depend on the spe-
cific diagnosis. Estrogens increase the severity of SLE but
appear to have no effect or a salutary effect on rheumatoid
arthritis (RA) by different mechanisms (Lahita, 1985).
Tamoxifen and antiestradiol antibody have beneficial effects
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on experimental SLE, and the mechanism may be 
via cytokine regulation (Dayan et al., 1997). Men with
prostate cancer who are given diethylstilbestrol have
markedly depressed cell-mediated immunity. The use 
of gonadotropin-releasing hormone (GnRH) to suppress
prostate cancer is also based in part on immunosuppression
(Hurwitz et al., 2003; Roden et al., 2004). Using normal
lymphocytes, estradiol treatment of pokeweed mitogen-
treated B cells shows an increase in plaque-forming cells (in
vitro) (Paavonen et al., 1981; Paavonen et al., 1991; Dayan
et al., 1997). Estrogen receptors are found on CD8+ and
CD4+ T lymphocytes in some studies from both mice and
men (Cohen et al., 1983; Danel et al., 1983; Arthreya et al.,
1989; Kassi et al., 2001). In that regard, there are studies to
show that CD4+ helper T cells increase after estrogen
therapy (Stimson, 1988), while other studies show estrogen
as an inhibitor of CD8+ suppressor T cells. Consequently,
estrogen would increase helper T cells, which would result
in enhanced polyclonal B-cell immunoglobulin production.
Estradiol inhibits apoptosis in vitro, using peripheral blood
mononuclear cells from women with normal menses (Evans
et al., 1997). Estradiol decreases production of TNF-a by
blood mononuclear cells in SLE but not those from 
unaffected people (Evans et al., 1997). This would suggest
that flares of SLE might occur through the inhibition of
TNF-a in the SLE patient (Gomez et al., 2004).

Estrogen Metabolism and Autoimmunity

Estradiol is quickly converted to estrone, which can be
metabolized in one of two ways. Estrone can enter one
pathway, a very feminizing pathway, by being hydroxylated
to 16a-hydroxyestrone or estriol. Alternatively, the estrone
can be metabolized to one of the catechol estrogens, 2-
hydroxy or 2-methoxy estrone, which are less feminizing
hormones (Lahita et al., 1981; Lahita, 1986). The change
appears to have some importance for the normal physiology
of the individual, and the amount of the products depends
on the substrate amounts of estradiol. In the female the
metabolism is likely to have profound effects, whereas in
the male the overall effects of the lesser amounts of estra-
diol are unknown. An elevation of the 16-hydroxylated
estrogens in the male results in adverse effects such as
gynecomastia or decreased libido. Any significant change 
of estrone hydroxylation toward the catechol estrogens in
the female will result in oligomenorrhea or osteoporosis.
Factors such as smoking, diet, and the normal changes 
of pregnancy affect the direction of estrone metabolism
(Fishman and Martucci, 1980; Michnovicz and Bradlow,
1991). Whereas smoking and dietary change might increase
the metabolism of estrone toward the 2-hydroxylated com-
pounds, pregnancy shifts the hydroxylation of estrone
toward the very feminizing compounds.
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One estrogen, 16a-hydroxyestrone, is feminizing, highly
uterotropic, and modestly bound to cytosol receptors and
testosterone/estradiol-binding globulin (TEBG) in con-
tradistinction to compounds like 17b-estradiol (Fishman 
and Martucci, 1980). A radioimmunoassay, however, failed
to show uniformly elevated levels of 16a-hydroxyestrone in
all active SLE patients (Ikegawa et al., 1983). This sug-
gested either that a conjugated form of this steroid was
active or that there are other metabolites of importance to
SLE that are not apparent. Enzymatic systems in certain
animals might favor the formation of such compounds,
although nothing is known about SLE mice with regard to
the metabolism of estrone.

Clinical studies on the steroid 16a-hydroxyestrone show
interesting properties in vivo that might explain its possible
role in disease; these include covalent binding of this steroid
to erythrocytes and lymphocytes via a Heyn’s rearrangement
in vivo, and the possibility that this covalent binding might
occur at the level of the estrogen receptor or the TCR and
result in an alteration of immune function (Bucala et al.,
1982, 1984a, 1984b, 1987). Studies of family members of
SLE patients indicated that elevated hydroxylation of estra-
diol was commonly observed in non-affected first-degree
relatives as well as patients (Lahita et al., 1982) suggesting
a genetic basis for this metabolic pathway.

Unaffected women who ingest oral contraceptives have
enhanced binding of l6a-hydroxyestrone to various cell 
proteins (Bucala et al., 1987). Specific antiestrogen–protein
adduct immunoglobulins are isolated from unaffected
women and SLE patients ingesting oral contraceptives,
which means that these adducts are common. This finding
suggested a common pathway to adduct formation in all
women who ingest large amounts of estradiol or for one
reason or another have an endogenous high estrogen level
(Bucala et al., 1987). Males with SLE were also reported to
have hormone–protein adduct-specific IgG in their sera
(Bucala et al., 1982)

Progestogens

Progesterone, like other steroids, has been considered as
a therapeutic agent in diseases like SLE because it plays
such a prominent role during pregnancy, a time of careful
immunosuppression. This is because progesterone is an
immunosuppressive agent (Clemens et al., 1979; Holdstock
et al., 1982; Ashworth et al., 1990; Keisler et al., 1990), and
its levels rise during pregnancy when the placenta assumes
an active role in its synthesis and secretion. This steroid 
at concentrations of 10–15mg/mL reduces lymphocyte
responses to phytohemagglutinin and to concanavalin A in
vitro. Other analogs such as 20a-hydroxyprogesterone have
similar effects (Mori et al., 1977). Progesterone has been
known to increase the relative amounts of CD8+ suppressor
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T cells in humans and to decrease them in mice. In addition,
progesterone has been invoked to explain many of the sup-
pressive effects found in the sera of pregnant females (Van
Vollenhoven and McGuire, 1994). A logical consequence of
all these suppressive effects would be to facilitate accep-
tance of the fetal “graft.”

Gonadotrophins

Prolactin is an immunomodulatory pituitary hormone and
could be considered a cytokine itself. In the human, pro-
lactin elevations have been observed in SLE juveniles and
correlated with both disease activity and CNS manifesta-
tions (El-Garf et al., 1996). This finding is supported by 
in-vitro work showing IgG- and IgM-induced anti-DNA
antibodies by both normal and SLE lymphocytes in the pres-
ence of high levels of prolactin. Lectins did not produce this
effect (Gutierrez et al., 1996). One study correlates elevated
prolactin levels with elevated cortisol levels (Neidhart,
1997; Dostal et al., 2002).

Women who are pregnant have higher serum prolactin
levels if they have SLE (Jara-Quezada et al., 1991). More-
over, some investigators have associated the decline in
serum testosterone during pregnancy in SLE patients with
hyperprolactinemia. Perhaps, however, the most significant
descriptions of hyperprolactinemia have been in men with
SLE (Lavalle et al., 1987). This is of particular interest since
hyperprolactinemia is readily treated with bromocriptine;
however, studies using bromocriptine to treat SLE are not
routine and data have been inconclusive (McMurray et al.,
1995).

Many studies refute the significance of prolactin in
human SLE (Buskila et al., 1996; Mok and Lau, 1996;
Ostendorf et al., 1996). In a detailed study of a Chinese
cohort of patients with SLE, Mok et al. (1997) found no cor-
relation of clinical activity with levels of prolactin in 72 SLE
patients. A look at autoantibodies in patients with SLE found
no association of prolactin levels with specific SLE auto-
antibodies (Kozakova et al., 2000). One particular study
suggests that prolactin is complexed with IgG but remains
biologically active in the SLE patient (Leanos-Miranda et
al., 2001a, 2001b). This binding of prolactin (a specific 23-
kDa nonglycosylated form) to IgG is not covalent. Delayed
clearance of this complex due to its high molecular weight
is the proposed reason for the activity of the prolactin in
most patients with SLE.

Many investigators associate prolactin with disease activ-
ity (Pacilio et al., 2001). In one study, 61.9% of patients with
hyperprolactinemia had active disease. However, elevated
prolactin levels are found in only 20–30% of patients with
SLE in most clinics (Jara et al., 2001). The Systemic Lupus
Erythematosus Disease Activity Index (SLEDAI) correlated
with the levels of prolactin in these patients as well when
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prolactin levels were measured whether by tests of
immunoreactivity or biological activity. Another series
noted an association of hyperprolactinemia in the serum and
urine of patients with severe renal disease (Miranda et al.,
1998). The weak statistical power of most of these prolactin
studies could explain the lack of consistency between
research laboratories. One study suggests that the published
results are contradictory due to the weakness of the statisti-
cal power of the studies. In fact, the authors reviewed five
studies and found that two of the studies did not have the
statistical power to conclude an association with SLE activ-
ity and prolactin levels, while the other three studies did
suggest an association (Blanco-Favela et al., 1999). In addi-
tion to the suggestion that prolactin is itself a cytokine that
provokes the synthesis of immunoglobulins by lymphocytes
(Jacobi et al., 2001b), German investigators found using
lymphocytes from SLE patients and measuring clinical
activity with the European activity measure (ECLAM), that
SLE patients have lymphocytes that are sensitive to normal
levels of prolactin and likely to be activated by normal
plasma concentrations (Jacobi et al., 2001a). These data are
supported by the findings that T lymphocytes from SLE
patients secrete more prolactin than controls, suggesting a
difference in regulation of genes responsible for control of
this cytokine. In fact, single nucleotide polymorphisms in
the upstream promoter regions of both pituitary and non-
pituitary prolactin secretion exist. Such polymorphisms that
are specific could have affected prolactin transcription and
possibly disease association in a cohort of SLE patients; this
was the case in a study where patients had an increased fre-
quency of the prolactin-1149G allele compared with control
subjects (Stevens et al., 2001). Whether prolactin is a
cytokine or is itself increased by cytokines common in
certain active SLE patients requires major investigation.

Finally, prolactin levels of women who were pregnant or
breastfeeding and had SLE were studied as reproductive risk
factors for the development of disease (Cooper et al., 2002).
Surprisingly, breastfeeding was associated with a decreas-
ing risk of developing SLE. In addition, the numbers of
pregnancies or live births with SLE activity showed no rela-
tionship to levels of prolactin. These authors found no asso-
ciation of elevated prolactin levels with an increased risk of
SLE.

Sex Chromosomal Abnormalities 
and Autoimmunity

Autoimmunity is not common in patients with Klinefelter
syndrome. In fact it is not correct to say that autoimmunity
is more common in men who have the extra X chromosome
(Fam et al., 1980; Lahita and Bradlow 1987; Gilliland and
Stashower, 2000; Oktenli et al., 2002). There is a report of
monosomy X in patients with primary biliary cirrhosis, and
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it is suggested that haploinsufficiency of specific X-linked
genes leads to female susceptibility for primary biliary cir-
rhosis (Invernizzi et al., 2004).

SPECIFIC DISEASES AND THE
EFFECTS OF SEX STEROIDS

Systemic Lupus Erythematosus

Sex steroids affect the severity of SLE (but they are 
also important in fibromyalgia or Hashimoto’s thyroiditis),
but a direct relationship between both androgen and estro-
gen metabolites with the severity of the disease, the pro-
duction of antibodies, or the appearance of certain clinical
signs in SLE has never been established. It is widely
accepted, however, that estrogen does increase the severity
of this disease (Petri et al., 1991). The basic observations
found in SLE patients involve the hydroxylation of estrone
and the oxidation of testosterone as mentioned above.

Rheumatoid Arthritis

Rheumatoid arthritis is also associated with hormone
changes. As is the case with SLE, RA patients have low
androgen levels (Cutolo et al., 1988). In many cases of RA,
the signs and symptoms of disease coincide with the men-
strual cycle (Latman, 1983), an observation that has also
been made anecdotally in SLE patients. Exacerbations of
RA occur during certain times in the menstrual cycle. This
disease, multiple sclerosis, and thyroiditis are illnesses
where this observation is made (Kim et al., 2004). Several
observations about RA are not clear, namely the remission
of RA in the pregnant woman and also the response of many
patients and animal models to estrogen (Bijllsma et al.,
1987; Spector et al., 1991).

Sjögren Syndrome, Antiphospholipid
Syndrome, and Other Conditions

There are data from Sjögren syndrome to show that the
levels of androgens in the tears of patients with the disease
are low (Sullivan et al., 1990). The significance of this
finding is not known.

New data from animals indicates that the withdrawal 
of estrogen promotes the infiltration of both kidney and 
salivary glands in mouse models and the development 
of a Sjögren-like syndrome. Experiments with aromatase-
knockout mice show that those exposed to an estrogen-
containing diet have no Sjögren-like changes or anti-fodrin
antibodies (Shim et al., 2004).

The antiphospholipid syndrome, an autoimmune disease
that produces a procoagulant condition, has no apparent
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predilection for sex, although the secondary form of the
disease affects more women than men.

AUTOIMMUNE DISEASE 
AND PREGNANCY

In pregnancy a semi-allograft is allowed to flourish for 9
months because of certain events that involve the immune
system. Some aspects of pregnancy, fertility, and fetal health
are dependent on normal immune function. This section 
will examine the role of pregnancy and autoimmunity. The
immunology of pregnancy will be considered, followed by
a review of the effects that the mother’s immune system has
on the fetus and the effects that the pregnancy has on the
mother’s autoimmune disease.

Immunology and Pregnancy

Neither spermatozoa nor the embryonic trophoblast
express MHC class I or class II molecules (Johnson, 1993).
This allows the trophoblast to avoid the immune system in
the development of the fetus and also allows spermatozoa
to gain easy entry into a charged ovarian milieu of cytokines
and protective antibodies. Certain seminal proteins includ-
ing transforming growth factor-b (TGF-b) act to suppress
the immune response locally, while animal studies indicate
that this cytokine increases the endometrial inflammatory
response (Robertson et al., 1997). This inflammatory res-
ponse could be responsible for the shift of cytokines from
Th1 to Th2 in the pregnant state. This shift has theoretical
and practical implications for both the mother and the fetus,
since many of the autoimmune diseases like SLE are of Th2
cytokine character and RA or MS are predominantly Th1 ill-
nesses (Raghupathy, 1997; Lim et al., 1998). The tro-
phoblast is not without genetic identity since it expresses a
unique MHC marker called HLA-G. This antigen is respon-
sible for the protection of the trophoblast (VanVoorhis and
Stovall, 1997). There is a population of natural killer cells
within the reproductive tract that would easily destroy the
trophoblast, were it not for the HLA-G MHC as well as the
new cytokine milieu induced by TGF-b (Kovats et al., 1990;
Carosella et al., 1996).

Other relevant immune functions such as apoptosis are
essential to the normal pregnancy. The Fas ligand (FAS-L)
is a part of the protective network for the fetus. The expres-
sion of this ligand allows for apoptosis of the mother’s 
Fas-positive T cells, which in turn protects the fetus 
from total destruction by the mother’s immune system
(Makrigiannakis et al., 2001).

The role of complement in the pregnancy process is very
important. There are complement regulation proteins that
are expressed by the trophoblast that limit the activation of
complement (Holmes and Simpson, 1992). In animals that
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lack these proteins, there is enhanced fetal loss. In animal
models of the antiphospholipid syndrome (APS), comple-
ment is essential for fetal loss. In recent work, C3 is
deposited in the placentas of affected APS animals whereas
mice deficient in C3 were resistant to the lethal effects of
APS (Xu et al., 2000).

As one might suspect, the Th1 cytokines are lethal to the
pregnant female since Th2 cytokine profiles are the natural
milieu for a normal pregnancy; for example, TNF-a induces
apoptosis of the cells of the trophoblast (Yui et al., 1994).
Besides the previously mentioned effects of TGF-b on
induction of Th2 cytokines, both progesterone and PGE2
suppress Th1 cytokine production. This may be the reason
for remission of disease in patients with RA (Hench, 1938).
The role of the adhesins, such as annexin, are also 
important during pregnancy (Rand et al., 1998; Rand 2000).
Specifically, annexin V, thought to be another target antigen
for the antiphospholipid antibodies, shields the trophoblast
from harm in the normal state. There are doubtless other 
glycoproteins within this family of adhesins that have
importance (Aarli and Matre, 1998).

Infertility and Fetal Loss

Autoimmunity is intimately tied together with fetal loss
and infertility (Wilson et al., 1975; Taylor et al., 1989). In
fact, there is evidence that infertility is common in patients
with autoimmune diseases (Roussex et al., 1996). One
disease that is common to patients with infertility and is a
harbinger of autoimmune disease is thyroiditis. Studies have
shown that the thyroid peroxidase antibodies are commonly
found in infertile women, and this may be the way that
autoimmunity is defined in this population. Endometriosis
and polycystic ovarian disease are two diseases of the
gonads that have been associated with autoimmune phe-
nomena (Gleicher et al., 1987; Gleicher and El-Roeiy, 1988;
Gleicher et al., 1989; Gleicher, 1992). Endometriosis has
been thought to be itself an autoimmune disease (Odukoya
et al., 1995). Both of these illnesses are associated with
autoimmune disorders. Interestingly, infertility is more
common with organ-specific diseases like thyroiditis and
less common in patients with diseases like SLE and RA,
which are more systemic (Gerhard et al., 1991; Krassas,
2000).

Fetal loss is a common feature of both systemic and
organ-specific autoimmune disease. However, RA, one of
the most common autoimmune disease, is not associated
with fetal loss. Patients with APS and SLE have more fetal
loss than any other subgroup. Much of it depends on the
activity of the disease in the mother at the time of concep-
tion. Growth retardation, pre-eclampsia, and multiple mis-
carriages are common with these two entities. The presence
of antiphospholipid antibody leads to placental infarction,
the suppression of annexin V, and has other direct effects on
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the placental health; it is largely responsible for the fetal
demise syndrome. Much of the latter pathology related to
infarction has been obviated with anticoagulation during
gestation; however, there are still other reasons for this
increased fetal loss that await elucidation.

Disease activity in SLE is the principal cause of fetal
demise in this group if they do not have secondary APS
(Fraga et al., 1974; Petri et al., 1992; Petri, 1997). Parke 
suggests 6 months of disease remission prior to attempting
conception (Parke, 1992).

Among those who have SLE and Sjogren syndrome,
there are patients who have anti-Ro and anti-La antibodies
that can be passed transplacentally to the fetus. Such anti-
bodies can result in conditions such as neonatal heart block
and transient neonatal lupus syndrome in offspring of
mothers with these antibodies (Reed et al., 1983; Alexander
et al., 1992; Buyon, 1992; Buyon et al., 1995) (See Chapter
71). In other conditions such as scleroderma, Graves’
disease, and polymyositis in the mother, there will be a slight
increase of infertility and fetal loss.

Effect of Pregnancy on the Mother’s Disease

One of the most interesting aspects of autoimmune
disease is the effect of pregnancy on conditions like multi-
ple sclerosis and RA, where patients achieve a complete
remission. Some 80% of patients who have RA and are preg-
nant have remission of their illness (Allebeck et al., 1984;
Del Junco et al., 1985; Bijllsma et al., 1987; Berczi et al.,
1989; Cutolo and Accardo, 1991). Early explanations for
this remission suggested that estrogens like estriol were
responsible for this remission. This was especially suggested
by the fact that RA seemed to decrease in incidence with the
widespread use of estrogen-containing oral contraceptives
(Allebeck et al., 1984; Rook et al., 1990). This was not a
long-lived hypothesis, however, and most experts note that
the remission continues into the postpartum period, when
the hormone surges observed during the pregnancy are no
longer applicable. The epidemiologic effects of this protec-
tive effect are difficult to prove. Exposure to oral contra-
ceptives but not hormone replacement therapy reduces the
risk of developing RA. This is particularly true if the expo-
sure to the hormones occurs in a woman’s early years (Doran
et al., 2004). The Th1 cytokines have been suggested as
reasons for this remission; however, no definitive data on
this exist (Wingrave and Kay, 1978; Kanik and Wilder,
2000; Weidler et al., 2004).

Another condition that remits during pregnancy is
Graves’ disease which, as with all other autoimmune 
diseases, can return with a vengeance after parturition 
(Kung and Jones, 1998; Badenhoop, 2004). Moreover,
thyroiditis is common in women with autoimmune disease
and can occur after parturition and cause hypothyroidism.
This hypothyroid state can become permanent. Multiple
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sclerosis might also remit with pregnancy, but like RA can
recur after parturition. Interestingly, there are new data to
suggest that in mice estradiol might cause remission of the
model disease experimental autoimmune encephalomyelitis
(Polanczyk et al., 2003). This remission is dependent on a
form of the estrogen receptor, estrogen receptor-a, and indi-
cates a real role for sex steroids. The suggested reason for
this improvement is the effect of the estriol on the down-
regulatory cytokine IL-10.

There is much controversy over the effects of pregnancy
on SLE. Petri and Ruiz-Iraslorza (Ruiz-Irastorza et al.,
1996) indicate that the flare rates of the disease in patients
who are pregnant are significantly higher than control
patients with SLE who are not pregnant. This is supported
by data from others as well (Khamashta et al., 1997; Cooper
et al., 2002). Patients who have SLE require immunosup-
pression if their disease becomes active during gestation.
Patients who have secondary APS associated with SLE must
also be considered for anticoagulation to prevent fetal loss,
as well as continued immunosuppression.

Microchimerism and Autoimmune Disease

There is a phenomenon called microchimerism, which is
associated with the onset of SLE, scleroderma, and thyroid
disease (Nelson, 1996). It is included here under pregnancy
and autoimmune disease because it has relevance to the
mother, and includes the fetus and gestation. This is essen-
tially the presence in the circulation of women who have
autoimmune disease of cells that belong to an offspring
(Galliard et al., 1997). The interesting aspect of this condi-
tion is that the offspring could have been born many 
years before the onset of the mother’s illness, meaning that
the fetal cells persist for many years in the mother’s circu-
lation. Similar conditions have been proposed for host-
versus-graft disease in both animals (Feikje et al., 1982;
Kuppers et al., 1988) and recipients of allogeneic bone
marrow transplants.

Chimerism is normally linked to host-graft tolerance
induction. It can induce autoimmunity, however, as in early
mouse models of the disease. There is now evidence that the
presence of fetal cells in the mother induces a host-versus-
graft, and this in turn induces autoimmune disease (Johnson
et al., 2001).

SUMMARY AND CONCLUSION

Both sex hormones and pregnancy greatly affect the
immune system in many ways. Androgens, estrogens, and
gonadotropins have effects on antigen presentation, the 
synthesis of cytokines and chemokines, and, consequently,
the function of various cell types within the immune 
system.
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The fundamental answers about why women predomi-
nate with diseases of the immune system are not known.
However, much insight comes from both animal and clini-
cal models of disease.

References

Aarli, A. and Matre, R. (1998). Suppression of immunoglobulin secretion
by soluble annexin II. Scand. J. Immunol. 48, 522–526.

Ahmed, S.A., Dauphinee, M., and Talal, N. (1985). Effects of short term
administration of sex hormones on normal and autoimmune mice. 
J. Immunol. 134, 204–210.

Alexander, E., Buyon, J.P., Provost, T.T., and Guarnieri, T. (1992). Anti-
Ro/SS-A antibodies in the pathophysiology of congenital heart block in
neonatal lupus syndrome, an experimental model. In vitro electro-
physiologic and immunocytochemical studies. Arthritis Rheum. 35,
176–189.

Allebeck, P., Ahlboom, A., Ljungstrom, K., and Allander, E. (1984). Do
oral contraceptives reduce the incidence of rheumatoid arthritis? Scand.
J. Rheumatol. 13, 140–146.

Aronica, S.M., Fanti, P., Kaminskaya, K., Gibbs, K., Raiber, L., Nazareth,
M., Bucelli, R., Mineo, M., Gryzbek, K., Kumin, M., Poppenberg, K.,
Schwach, C., and Janis, K. (2004). Estrogen disrupts chemokine medi-
ated chemokine release from mammary cells: implications for the inter-
play between estrogen and IP-10 in the regulation of mammary tumor
formation. Breast Cancer Res. Treat. 84, 235–245.

Arthreya, B., Moore, W.C., Wadsworth, S.A., Gupta, C., and Goldman, S.
(1989) Estrogen receptor levels in a murine model of systemic lupus
erythematosus. Clin. Exp. Rheumatol. 7, 589–593.

Ashworth, C.J., Fliss, M.F., and Bazer, F.W. (1990). Evidence for steroid
control of a putative angiogenic factor in the porcine uterus. J.
Endocrinol. 125, 15–19.

Badenhoop, K. (2004). Intrathyroidal microchimerism in Graves’ disease
or Hashimoto’s thyroiditis: regulation of tolerance or alloimmunity 
by fetal-maternal immune interactions? Eur. J. Endocrinol. 150(4),
421–423.

Berczi, I., Cosby, H., Hunter, T., Baragar, F., McNeilly, A.S., and Friesen,
H.G. (1989). Decreased bioactivity of circulating prolactin in patients
with rheumatoid arthritis. Unpublished work.

Bhardwaj, N., Santhanam, U., Lau, L.L., Tatter, S.B., Ghrayeb, J., Rivelis,
M., Steinman, R. M., Sehgal, P.R., and May, L.T. (1989). Il-6/IFN-b2

in synovial effusions of patients with rheumatoid arthritis and other
arthritides. J. Immunol. 143, 2153–2159.

Bijllsma, J.W.J., Huber-Bruning, O., and Thijssen, J.H.H. (1987). Effect of
estrogen treatment on clinical and laboratory manifestation of rheuma-
toid arthritis. Ann Rheum Disease, 46, 777–779.

Bjune, G. (1979). In vitro lymphocyte responses to PHA show co-variation
with the menstrual cycle. Tenth Scandinavian congress, Immunol. Abstr.
51.

Blanco-Favela, F., Quintal-Alvarez, G., and Leanos-Miranda, A. (1999).
Association between prolactin and disease activity in systemic lupus
erythematosus. Influence of statistical power. J. Rheumatol. 26, 55–
59.

Blank, M., Mendlovic, S., Fricke, H., Mozes, E., Talal, N., and Shoenfeld,
Y. (1990). Sex hormone involvement in the induction of experimental
systemic lupus erythematosus by a pathogenic anti-DNA idiotype in
naive mice. J. Rheumatol. 17, 311–317.

Bucala, R., Fishman, J., and Cerami, A. (1982). Formation of covalent
adducts between cortisol and 16-alpha-hydroxyestrone and protein,
possible role in pathogenesis of cortisol toxicity and SLE. Proc. Natl
Acad. Sci. U.S.A. 79, 3320.

324 Immunologic Basis of Autoimmunity

Bucala, R., Fishman, J., and Cerami, A. (1984a). The reaction of 16-a
hydroxyestrone with erythrocytes in vitro and in vivo. Eur. J. Biochem.
140, 593–598.

Bucala, R., Lahita, R.G., Fishman, J., and Cerami, A. (1984b). Nonenzy-
matic modification of red cell and lymphocyte membrane proteins by
16-alpha hydroxyestrone in patients with systemic lupus erythemato-
sus. Arthritis Rheum. 27, s40.

Bucala, R., Lahita, R.G., Fishman, J., and Cerami, A. (1987). Anti-
estrogen antibodies in users of oral contraceptives and in patients with
systemic lupus erythematosus [abstract]. Clin. Exp. Immunol. 67,
167–175.

Buskila, D., Lorber, M., Neumann, L., Flusser, D., and Shoenfeld, Y.
(1996). No correlation between prolactin levels and clinical activity 
in patients with systemic lupus erythematosus [see comments]. J.
Rheumatol. 23, 629–632.

Buyon, J., Waltuck, J., and Klein, C. (1995). In utero identification and
therapy of congenital heart block. Lupus 4, 116.

Buyon, J.P. (1992) Neonatal lupus syndromes. In R.G. Lahita (ed.), 
Systemic Lupus Erythematosus, 2nd ed. (p. 419). New York: Churchill
Livingstone.

Carosella, E.D., Dausset, J., and Kirzem, B. (1996). HLA-G revisited.
Immunol. Today 17, 407–409.

Chang, D.M., Chang, C.C., Kuo, S.Y., Chu, S.J., and Chang, M.L. (1999).
Hormonal profiles and immunological studies of male lupus in Taiwan.
Clin. Rheumatol. 18, 158–162.

Clemens, L.E., Siiteri, P.K., and Stites, D.P. (1979). Mechanisms of
immunosuppression of progesterone on maternal lymphocyte activation
during pregnancy. J. Immunol.122, 1978–1985.

Cohen, J.H.M., Danel, L., Cordier, G., Saez, S., and Revillard, J. (1983).
Sex steroid receptors in peripheral T cells: absence of androgen recep-
tors and restriction of estrogen receptors to OKT8 positive cells
[abstract]. J. Immunol. 131, 2767–2771.

Cooper, G.S., Dooley, M.A., Treadwell, E.L., St Clair, E.W., and Gilkeson,
G.S. (2002). Hormonal and reproductive risk factors for development
of systemic lupus erythematosus: results of a population-based, case-
control study. Arthritis Rheum. 46, 1830–1839.

Cutolo, M. and Accardo, S. (1991). Sex hormones and rheumatoid arthri-
tis. Clin. Exp. Rheumatol. 9, 641–646.

Cutolo, M., Balleari, E., Giusti, M., Monachesi, M., and Accardo, S. (1988).
Sex hormone status of male patients with rheumatoid arthritis: evidence
of low serum concentrations of testosterone at baseline and after human
chorionic gonadotropin stimulation. Arthritis Rheum. 31, 1314–1317.

Danel, L., Sovweine, G., Monier, J.C., and Saez, S. (1983). Specific estro-
gen binding sites in human lymphoid cells and thymic cells. J. Steroid
Biochem. 18, 559.

Dayan, M., Zinger, H., Kalush, F., Mor, G., Amir-Zaltzman, Y., Kohen, F.,
Sthoeger, Z., and Mozes, E. (1997). The beneficial effects of treatment
with tamoxifen and anti-oestradiol antibody on experimental systemic
lupus erythematosus are associated with cytokine modulations.
Immunology 90, 101–108.

Del Junco, D.J., Annegers, J.F., and Luthra, H.S. (1985). Do oral contra-
ceptives prevent rheumatoid arthritis? J. Am. Med. Assoc. 254,
1938–1941.

Doran, M.F., Crowson, C.S., O’Fallon, W.M., and Gabriel, S. (2004). The
effect of oral contraceptives and estrogen replacement therapy on the
risk of rheumatoid arthritis: a population based study. J. Rheumatol. 31,
207–213.

Dostal, C., Marek, J., Moszkorzova, L., Lacinova, Z., Musilova, L., and
Zvarova, J. (2002). Effects of stress on serum prolactin levels in patients
with systemic lupus erythematosus. Ann. N.Y. Acad. Sci. 966, 247–
251.

Dunkel, L., Taino, V.M., Savilahti, E., and Eskola, J. (1985). Effect 
of endogenous androgens on lymphocyte subpopulations. Lancet
440–441.

Ch025-P595961.qxd  2/2/06  3:00 PM  Page 324



Effros, R.B. (2004). Replicative senescence of CD8 T cells: potential
effects on cancer immune surveillance and immunotherapy. Cancer
Immunol. Immunother. 53, 925–933.

El-Garf, A., Salah, S., Shaarawy, M., Zaki, S., and Anwer, S. (1996). Pro-
lactin hormone in juvenile systemic lupus erythematosus: a possible
relationship to disease activity and CNS manifestations. J. Rheumatol.
23, 374–377.

Evans, M.J., MacLaughlin, S., Marvin, R.D., and Abdou, N.I. (1997).
Estrogen decreases in vitro apoptosis of peripheral blood mononuclear
cells from women with normal menstrual cycles and decreases TNF-
alpha production in SLE but not in normal cultures. Clin. Immunol.
Immunopathol. 82, 258–262.

Fam, A., Izsak, M., and Saiphoo, C. (1980) SLE and Klinefelter’s syn-
drome. Arthritis Rheum. 23, 124.

Feikje, M., van der Veen, R., Rolink, A.G., and Gleichmann, E. (1982). Dis-
eases caused by reactions of T lymphocytes towards incompatible 
structures of the major histocompatibility complex. J. Exp. Med. 155,
1555.

Fishman, J. and Martucci, C. (1980). Biological properties of 16-alpha
hydroxyestrone: implicationso in estrogen physiology and pathophysi-
ology. J. Clin. Endocrinol. Metab. 51, 611–615.

Folomeev, M., Dougados, M., Beaune, J., Kouyoumdjian, J.C., Nahoul, K.,
Amor, B., and Alekberova, Z. (1992). Plasma sex hormones and aro-
matase activity in tissues of patients with systemic lupus erythemato-
sus. Lupus 1, 191–195.

Forsberg, J.G. (1996). The different responses of the female mouse thymus
to estrogen after treatment of neonatal, prepubertal, and adult animals.
Acta Anat. (Basel), 157, 275–290.

Fraga, A., Mintz, G., and Orozco, J. (1974). Sterility and fertility rates, 
fetal wastage and maternal morbidity in SLE. J. Rheumatol. 1, 293–
298.

Galliard, M.C., Ouvre, E., and Liegeois, A. (1997). The concentration of
fetal cells in maternal hematopoetic organs during pregnancy, an 
experimental study in mice. J. Gynecol. Obstet. Biol. Reprod. (Paris)
7, 1043–1050.

Gerhard, I., Becker, T., and Eggert-Kruse, W. (1991). Thyroid and ovarian
function in infertile women. Hum. Reprod. 6, 338–345.

Gilliland, W.R. and Stashower, M.E. (2000). Klinefelter’s syndrome and
systemic lupus erythematosus. Clin. Exp. Rheumatol. 18(1), 107–109.

Gleicher, N. (1992) Autoantibodies in normal and abnormal pregnancy. 
Am. J. Reprod. Immunol. 28, 269–273.

Gleicher, N. and El-Roeiy, A. (1988). The reproductive autoimmune failure
syndrome. American J. Obstet. Gynecol. 159, 223–227.

Gleicher, N., El-Roeiy, A., and Confino, E. (1989). Reproductive failure
because of autoantibodies: unexplained infertility and pregnancy
wastage. Am. J. Obstet. Gynecol. 160, 1376–1385.

Gleicher, N., El-Roeiy, A., and Confino, E. (1987). Abnormal antibodies 
in endometriosis: Is endometriosis an autoimmune disease? Obstet.
Gynecol. 70, 115–122.

Golsteyn, E.J. and Fritzler, M.J. (1987). The role of the thymus-
hypothalamus-pituitary-gonadal axis in normal immune processes and
autoimmunity. J. Rheumatol. 14, 982–990.

Gomez, D., Correa, P.A., Gomez, L.M., Cadena, J., Molina, J.F., and Anaya,
J.M. (2004). TH1/TH2 cytokines in patients with systemic lupus ery-
thematosus: is tumor necrosis factor alpha protective? Semin. Arthritis
Rheum. 33, 404–413.

Graff, R.J., Lappe, M.A., and Snell, G.D. (1969). The influence of the
gonads and the adrenal glands on the immune response to skin grafts.
Transplantation 7, 105.

Grossman, C. (1989). Possible underlying mechanisms of sexual dimor-
phism in the immune response, fact and hypothesis. J. Steroid Biochem.
34, 241–251.

Grossman, C.J. (1984) Regulation of the immune system by sex steroids.
Endocr. Rev. 5, 435–455.

Sex, Pregnancy, and Autoimmunity 325

Grossman, C.J., Sholitan, L.J., Blaha, G.C., and Nathan, P. (1989). Rat
thymic estrogen receptor II. Physiologic properties. J. Steroid Biochem.
11, 1241.

Grossman, C.J., Sholitan, L.J., and Roselle, G. (1982). Estradiol regulation
of thymic lymphocyte function in the rat: mediation by serum thymic
factors. J. Steroid Biochem. 16, 683–690.

Gutierrez, M.A., Molina, J.F., Jara, L.J., Garcia, C., Gutierrez-Urena, S.,
Cuellar, M.L., Gharavi, A., and Espinoza, L.R. (1996). Prolactin-
induced immunoglobulin and autoantibody production by peripheral
blood mononuclear cells from systemic lupus erythematosus and
normal individuals. Int. Arch. Allergy Immunol. 109, 229–235.

Hench, P.S. (1938). The ameliorating effect of pregnancy on chronic
atrophic (infectious rheumatoid) arthritis, fibrositis, and intermittent
hydrarthrosis. Mayo Clinic Proc. 13, 161–167.

Hirota, Y., Suzuki, T., and Bito, Y. (1980). The B-cell development inde-
pendent of bursa of Fabricius but dependent upon the thymus in chick-
ens treated with testosterone propionate. Immunology 39, 37–46.

Hirota, Y., Suzuki, T., Chazono, Y., and Bito, Y. (1976). Humoral immune
responses characteristics of testosterone propionate treated chickens.
Immunology 30, 341.

Holdstock, G., Chastenay, B.F., and Krawitt, E.L. (1982). Effects of testos-
terone, estradiol and progesterone on immune regulation. Clin. Exp.
Immunol. 47, 449.

Holmes, C.H. and Simpson, K.L. (1992). Complement and pregnancy. New
insights into the immunobiology of the feto maternal relationship. 
Ballières Clin. Obstet. Gynecol. 6, 439–460.

Hurwitz, A.A., Yanover, P., Markowitz, M., Allison, J.P., and Kwon, E.D.
(2003). Prostate cancer: advances in immunotherapy. BioDrugs, 17,
131–138.

Ikegawa, S., Lahita, R.G., and Fishman, J. (1983). Concentration of 16
alpha hydroxyestrone in human plasma as measured by a specific RIA.
J. Steroid Biochem. 18, 329–332.

Inman, R.D., Jovanovic, L., and Markenson, J.A. (1982). Systemic lupus
erythematosus in men: genetic and endocrine features. Arch. Intern.
Med. 142, 1813–1815.

Invernizzi, P., Miozzo, M., Battezzati, P.M., Bianchi, I., Grati, F., Simoni,
G., Selmi, G., Watnick, M., Gershwin, M.E., and Podda, M. (2004).
Frequency of monosomy X in women with primary biliary cirrhosis.
Lancet 363, 533–534.

Jacobi, A.M., Rohde, W., Ventz, M., Riemekasten, G., Burmester, G.R., and
Hiepe, F. (2001a). Enhanced serum prolactin (PRL) in patients with 
systemic lupus erythematosus: PRL levels are related to the disease
activity. Lupus 10, 554–561.

Jacobi, A.M., Rohde, W., Volk, H.D., Dorner, T., Burmester, G.R., and
Hiepe, F. (2001b). Prolactin enhances the in vitro production of IgG in
peripheral blood mononuclear cells from patients with systemic lupus
erythematosus but not from healthy controls. Ann. Rheum. Dis. 60,
242–247.

Janis, K., Hoeltke, J., Nazareth, M., Fanti, P., Poppenberg, K., and Aronica,
S.M. (2004). Estrogen decreases expression of chemokine receptors and
suppresses chemokine bioactivity in murine monocytes. Am. J. Reprod.
Immunol. 51, 22–31.

Jara, L.J., Vera-Lastra, O., Miranda, J.M., Alcala, M., and Alvarez-
Nemegyei, J. (2001). Prolactin in human systemic lupus erythemato-
sus. Lupus 10, 748–756.

Jara-Quezada, L., Graef, A., and Lavalle, C. (1991). Prolactin and gonadal
hormones during pregnancy in systemic lupus erythematosus. J.
Rheum. 18, 349–353.

Johnson, K.L., McAlindon, T.E., Mulcahy, E., and Bianchi, D.W. (2001).
Microchimerism in a female patient with systemic lupus erythemato-
sus. Arthritis Rheum. 44, 2107–2111.

Johnson, P.M. (1993). Reproductive and maternofetal relations. In P.G.H.
Gell and R.R.A. Coombs (eds) Clinical Aspects of Immunology. (pp.
755–767). Oxford: Blackwell.

Ch025-P595961.qxd  2/2/06  3:00 PM  Page 325



Jungers, P., Nahoul, K., and Pelissier, C. (1982). Low plasma androgens 
in women with active or quiescent SLE. Arthritis Rheum. 25, 454–
457.

Jungers, P., Pelissier, C., Bach, J.F., and Nahoul, K. (1980). Les androgenes
plasmatiques chez les femmes atteintes de lupus erythemateux dissem-
ine (LED). Pathologie Biologie 28, 391–392.

Kanik, K.S. and Wilder, R.L. (2000). Hormonal alterations in rheumatoid
arthritis. Rheum. Dis. Clin. N. Am. 26, 805–823.

Kassi, E.N., Vlachoyiannopoulos, P.G., Moutsopoulos, H.M., Sekeris, C.E.,
and Moutsatsou, P. (2001). Molecular analysis of estrogen receptor
alpha and beta in lupus patients. Eur. J. Clin. Invest. 31, 86–93.

Keisler, L.W., Kier, A.B., and Walker, S. (1990). Therapeutic benefits of
the synthetic progestogens, norethindrone and norgestrel, in long term
therapy of autoimmune disease in NZB/NZW mice: comparison with
medroxyprogesterone and ethinyl estradiol. Unpublished Work.

Khamashta, M.A., Ruiz-Irastorza, G., and Hughes, G.R. (1997). Systemic
lupus erythematosus flares during pregnancy. Rheum. Dis. Clin. N. Am.
23, 15–30.

Kim, S., Liva, S.M., and Dalal, M.A. (2004). Estriol ameliorates auto-
immune demyelinating disease: implications for multiple sclerosis.
Neurology 52, 1230–1238.

Klareskog, L., Forsum, U., and Peterson, P.A. (1980). Hormonal regulation
of the expression of Ia antigens on mammary gland epithelia. Eur. J.
Immunol. 10, 958–963.

Kovats, S., Main, E.K., and Librack, C. (1990). Class I antigen HLA-g
expressed in human trophoblasts. Science 248, 220–223.

Kozakova, D., Rovensky, J., Cebecauer, L., Bosak, V., Jahnova, E., and
Vigas, M. (2000). Prolactin levels and autoantibodies in female patients
with systemic lupus erythematosus. Z Rheumatol. 59, II/80–II/84.

Krassas, G.E. (2000). Thyroid disease and female reproduction. Fertility
and Sterility, 74, 1063–1070.

Kung, A.W.C. and Jones, B.M. (1998). A change from stimulatory to block-
ing antibody activity in Graves disease during pregnancy. J. Clin.
Endocrinol. Metab. 83, 514–518.

Kuppers, R.C., Suiter, T., Gleichman, E., and Rose, N.R. (1988). The induc-
tion of organ-specific antibodies during the graft-vs-host reaction. Eur.
J. Immunol. 18, 161–166.

Lahita, R.G. (1985). Sex steroids and the rheumatic diseases. Arthritis
Rheum. 28, 121–126.

Lahita, R.G. (1986). The influence of sex hormones on the disease systemic
lupus erythematosus. Springer Semin. Immunopathol. 9, 305–314.

Lahita, R.G. (1992). Sex steroids and SLE: metabolism of androgens to
estrogens [editorial]. Lupus 1, 125–127.

Lahita, R.G. and Bradlow, H.L. (1987). Klinefelter’s syndrome: hormone
metabolism in hypogonadal males with systemic lupus erythematosus.
J Rheumatol. 14(Suppl 13), 154–157.

Lahita, R.G., Bradlow, H.L., Fishman, J., and Kunkel, H.G. (1982). Estro-
gen metabolism in systemic lupus erythematosus: patients and family
members. Arthritis Rheum. 25, 843–846.

Lahita, R.G., Bradlow, H.L., Ginzler, E., Pang, S., and New, M. (1987).
Low plasma androgens in women with systemic lupus erythematosus.
Arthritis Rheum. 30, 241–248.

Lahita, R.G., Bradlow, H.L., Kunkel, H.G., and Fishman, J. (1981).
Increased 16 alpha hydroxylation of estradiol in systemic lupus ery-
thematosus. J. Clin. Endocrinol. Metab. 53, 174–178.

Lahita, R.G., Bradlow, H.L., Kunkel, H.G., and Fishman, J. (1983).
Increased oxidation of testosterone in systemic lupus erythematosus.
Arthritis Rheum. 26, 1517–1521.

Latman, N. (1983). Relation of menstrual cycle to the symptoms of rheuma-
toid arthritis. Am. J. Med. 74, 957–960.

Lavalle, C., Loyo, E., Paniagua, R., Bermudez, J.A., Herrera, J., Graef, A.,
Gonzalez-Barcena, D., and Fraga, A. (1987). Correlation study between
prolactin and androgens in male patients with systemic lupus erythe-
matosus. J. Rheumatol. 14, 268–272.

326 Immunologic Basis of Autoimmunity

Leanos-Miranda, A., Chavez-Rueda, K.A., and Blanco-Favela, F. (2001a).
Biologic activity and plasma clearance of prolactin-IgG complex in
patients with systemic lupus erythematosus. Arthritis Rheum. 44,
866–875.

Leanos-Miranda, A., Pascoe-Lira, D., Chavez-Rueda, K.A., and 
Blanco-Favela, F. (2001b). Antiprolactin autoantibodies in systemic
lupus erythematosus: frequency and correlation with prolactinemia and
disease activity. J. Rheumatol. 28, 1546–1553.

Lim, K.J.H., Odukoya, O.A., and Ajjan, R.A. (1998). Profile of cytokine
mRNA expression in peri-implantation human endometrium. Mol.
Hum. Reprod. 4, 77–81.

Lubahn, D.B., Joseph, D.R., Sar, M., Tan, J., Higgs, H.N., Larson, R.E.,
French, F.S., and Wilson, E. M. (1988). The human androgen receptor:
complementary deoxyribonucleic acid cloning, sequence analysis and
gene expression in prostate. Mol. Endocrinol. 2, 1265–1275.

Makrigiannakis, A., Zoumakis, E., and Kalantaridou, S. (2001). Corti-
cotropin-releasing hormone promotes blastocyst implantation and early
maternal tolerance. Natl Immunol. 2, 1018–1024.

Mc Cruden, A.B. and Stimson, W.H. (1980). Androgen and other sex
steroids cytosol receptors in the rat thymus. J. Endocrinol. 85, P47.

McMurray, R.W., Hoffman, R.W., Nelson, W., and Walker, S.E. (1997).
Cytokine mRNA expression in the B/W mouse model of systemic lupus
erythematosus—analyses of strain, gender, and age effects. Clin.
Immunol. Immunopathol. 84, 260–268.

McMurray, R.W., Weidensaul, D., Allen, S.H., and Walker, S.E. (1995).
Efficacy of bromocriptine in an open label therapeutic trial for systemic
lupus erythematosus. J. Rheumatol. 22, 2084–2091.

Meier-Kriesche, H.U., Ojo, A.O., Leavey, S.F., Hanson, J.A., Leichtman,
A.B., Magee, J.C., Cibrik, D.M., and Kaplan, B. (2001). Gender dif-
ferences in the risk for chronic renal allograft failure. Transplantation
71, 429–432.

Meyer, R.K., Rao, M.A., and Aspinall, R.L. (1959). Inhibition of the devel-
opment of the bursa of Fabricius in the embryos of the common fowl
by 19-nortestosterone. Endocrinology, 64, 890.

Michnovicz, J.J. and Bradlow, H.L. (1991). Altered estrogen metabolism
and excretion in humans following consumption of indole-3-carbinol.
Nutr. Cancer 16, 59–66.

Miranda, J.M., Prieto, R.E., Paniagua, R., Garcia, G., Amato, D., Barile,
L., and Jara, L.J. (1998). Clinical significance of serum and urine pro-
lactin levels in lupus glomerulonephritis. Lupus 7, 387–391.

Mok, C.C. and Lau, C.S. (1996). Lack of association between prolactin
levels and clinical activity in patients with systemic lupus erythemato-
sus [letter; comment]. J. Rheumatol. 23, 2185–2186.

Mok, C.C., Lau, C.S., and Tam, S.C. (1997). Prolactin profile in a cohort
of Chinese systemic lupus erythematosus patients. Br. J. Rheumatol. 36,
986–989.

Mori, T., Kobayashi, H., and Nishimoto, H. (1977). Inhibitory effect of
progesterone and 20-hydroxy-pregn-4-en-3-one on the phytohemag-
glutinin-induced transformation of human lymphocytes. Am. J. Obstet.
Gynecol. 127, 151.

Neidhart, M. (1997). Bromocriptine has little direct effect on murine 
lymphocytes, the immunomodulatory effect being mediated by the 
suppression of prolactin secretion. Biomed. Pharmacother. 51, 118–
125.

Nelson, J.L. (1996). Maternal fetal immunology and autoimmune 
disease, is some autoimmune disease auto-alloimmune or allo-
autoautoimmune? Arthritis Rheum. 39, 191–194.

Odukoya, O.A., Wheatcroft, N., and Weetman, A.P. (1995). The prevalence
of endometrial immunoglobulin G antiobdies in patients with
endometriosis. Hum. Reprod. 10, 1214–1219.

Oktenli, C., Yesilova, Z., Kocar, I.H., Musabak, U., Ozata, M., Inai, A.,
Gul, D., and Sanisoglu, Y. (2002). Study of autoimmunity in Klinefel-
ter’s syndrome and idiopathic hypogonadotrpohic hypogonadism. J.
Clin. Immunol. 22, 137–143.

Ch025-P595961.qxd  2/2/06  3:00 PM  Page 326



Olsen, N.J., Olson, G., Viselli, S.M., Gu, X., and Kovacs, W.J. (2001).
Androgen receptors in thymic epithelium modulate thymus size and
thymocyte development. Endocrinology 142, 1278–1283.

Olsen, N.J., Watson, M.B., Henderson, G. S., and Kovacs, W.J. (1991).
Androgen deprivation induces phenotypic and functional changes in the
thymus of adult male mice. Endocrinology 129, 2471–2476.

Olsen, N.J., Zhou, P., Ong, H., and Kovacs, W.J. (1993). Testosterone
induces expression of transforming growth factor-beta in the murine
thymus. J. Steroid Biochem. Mol. Biol. 45, 327–332.

Ostendorf, B., Fischer, R., Santen, R., Schmitz-Linneweber, B., Specker,
C., and Schneider, M. (1996). Hyperprolactinemia in systemic lupus
erythematosus? Scand. J. Rheumatol. 25, 97–102.

Paavonen, T., Anderson, L.C., and Adlercreutz, H. (1981). Sex hormone
regulation of in vitro immune response. Estradiol enhances human B
cell maturation via inhibition of suppressor T cells in pokeweed
mitogen-stimulated cultures. J. Exp. Med. 154, 1935–1945.

Paavonen, T., Aronen, H., Pyrhonen, S., Hajba, A., and Andersson, L.C.
(1991). The effects of anti-estrogen therapy on lymphocyte functions in
breast cancer patients. Acta Pathol. Microbiol. Immunol. Scand. 99,
163–170.

Pacilio, M., Migliaresi, S., Meli, R., Ambrosone, L., Bigliardo, B., and Di
Carlo, R. (2001) Elevated bioactive prolactin levels in systemic lupus
erythematosus—association with disease activity. J. Rheumatol. 28,
2216–2221.

Parke, A.L. (1992). Pregnancy and systemic lupus erythematosus. In R. G.
Lahita (ed.), Systemic Lupus Erythematosus, 2nd ed. (p. 543). New
York: Churchill Livingstone.

Petri, M. (1997). Hopkins Lupus Pregnancy Center 1987–1996. Rheum.
Dis. Clin. N.h Am. 23, 1–13.

Petri, M., Howard, D., and Repke, J. (1991). Frequency of lupus flare in
pregnancy: The Hopkins lupus pregnancy center experience. Arthritis
Rheum. 34, 1538–1545.

Petri, M., Howard, D., and Repke, J. (1992). The Hopkins Lupus Pregnancy
Center 1987–1991. update. Am. J. Reprod. Immunol. 28, 188–191.

Polanczyk, M., Zamora, A., Subramanian, S., Matejuk, A., Hess, D.L.,
Blakenhorn, E.P., Teuscher, C., Vandenbark, A. A., and Offner, H.
(2003). The protective effect of 17b-estradiol on experimental auto-
immune encephalomyelitis is mediated through estrogen receptor-a.
Am. J. Pathol. 163, 1599–1605.

Raghupathy, R. (1997). Th–1 type immunity is incompatible with success-
ful pregnancy. Immunol. Today, 18, 478–482.

Rand, J.H. (2000). Antiphospholipid antibody mediated disruption of the
annexin V antithrombotic shield: A thrombogenic mechanism for the
aPL syndrome. J Autoimmun. 15, 111.

Rand, J.H., Wu, X.X., and Andree, H.A.M. (1998). Antiphospholipid anti-
bodies accelerate plasma coagulation by inhibiting annexin V binding
to phospholipids: A lupus procoagulant phenomenon. Blood 92,
1652–1660.

Raveche, E.S., Vigersky, R.A., Rice, M.K., and Steinberg, A.D. (1980).
Murine thymic androgen receptors. J. Immunopharmacol. 2, 425.

Reed, B.R., Lee, L.A., and Harmon, C. (1983). Autoantibodies to SSA/Ro
in infants with congenital heart block. J. Pedia. 103, 889–891.

Robertson, S.A., Mau, J.A., and Hudson, S.N. (1997). Cytokine-leukocyte
networks and the establishment of pregnancy. Am. J. Reprod. Immunol.
37, 438–442.

Roden, A.C., Moser, M.T., Tri, S.D., Mercader, M., Kuntz, S.M., Dong, H.,
Hurwitz, A.A., McKean, D.J., Celis, E., Leibovich, B.C., Allison, J.P.,
and Kwon, E.D. (2004). Augmentation of T cell levels and responses
induced by androgen deprivation. J. Immunol. 173, 6098–6108.

Rook, G.A.W., Steele, J., Brealey, R., Whyte, A., Isenberg, D., Sumar, N.,
Nelson, J.L., Bodhan, K.B., Young, A., and Roitt, I.M. (1991). Changes
in IgG glycoform levels may be relevant to remission of arthritis during
pregnancy. J. Autoimmun. 4, 779–794.

Sex, Pregnancy, and Autoimmunity 327

Roubinian, J.R., Papoian, R., and Talal, N. (1977). Androgenic hormones
modulate autoantibody reponses and improve survival in murine lupus.
J. Clin. Invest. 59, 1066–1070.

Roubinian, J.R., Talal, N., and Greenspan, J.S. (1979). Sex hormone 
modulation of autoimmunity in NZB/NZW mice. Arthritis Rheum. 22,
1162–1169.

Roussex, R.G., Kaider, B.D., and Price, D.E. (1996). Laboratory evalua-
tion of women experiencing reproductive failure. Am. J. Reprod.
Immunol. 35, 415–420.

Rowley, M.J. and Mackay, I.R. (1969). Measurement of antibody produc-
ing capacity in man. Clin. Exp. Immunol. 5, 407.

Ruiz-Irastorza, G., Lima, F., and Alves, J. (1996). Increased rate of lupus
flare during pregnancy and the puerperium. Br. J. Rheumatol. 35,
133–138.

Sasson, S. and Mayer, M. (1981). Effect of androgenic steroids on rat
thymus and thymocytes in suspension. J. Steroid Biochem. 14, 509–518.

Satoh, P.S., Fleming, W.E., Johnstone, K.A., and Ozmun, J.M. (1977).
Active E rosette formation in women taking oral contraceptives. N.
Engl. J. Med. 296, 54.

Seaman, W.E., Blackman, M.A., and Gindlast, T.D. (1978). Beta-estradiol
reduced natural killer cells in mice. J. Immunol. 121, 2193.

Shim, G.J., Warner, M., Kim, H.J., Andersson, S., Liu, L., Ekman, J.,
Imamov, O., Jones, M.E., Simpson, E.R., and Gustafsson, J.A. (2004).
Aromatase-deficient mice spontaneously develop lymphoproliferative
autoimmune disease resembling Sjogren’s syndrome. Proc. National
Acad. Sci. U.S.A. 101, 12628–12633.

Shirai, T., Yashiki, T., and Mellors, R.C. (1972). Age decrease of cells sen-
sitive to an autoantibody-specific for thymocytes and thymus dependent
lymphocytes in NZB mice. Clin. Exp. Immunol. 12, 455.

Sholitan, L.J., Grossman, C.J., and Taylor, B.B. (1980). Rat thymic
homogenates convert testosterone to androgenic metabolites. J. Steroid
Biochem. 13, 1365.

Siiteri, P.K., Jones, L.A., Roubinian, J., and Talal, N. (1980). Sex steroids
and the immune system – I. Sex difference in autoimmune disease in
NZB/NZW hybrid mice. J. Steroid Biochem. 12, 425–432.

Smith, H., Chen, I.M., Kubo, R., and Tung, K. (1989). Neonatal thymec-
tomy results in a repertoire enriched in T cells deleted in adult thymus.
Science 245, 749–752.

Soffer, Y., Caspi, E., Peller, S., and Weinstein, Y. (1982) Modulation of
endometrial lymphocyte response in menstrual cycle of fertile women.
Am. J. Reprod. Immunol. 2, 18–22.

Spector, T.D., Brennan, P., Harris, P., Studd, J.W.W., and Silman, A.J.
(1991). Does estrogen replacement therapy protect against rheumatoid
arthritis? J. Rheumatol. 18, 1473–1476.

Stevens, A., Ray, D.W., Worthington, J., and Davis, J.R. (2001). Polymor-
phisms of the human prolactin gene—implications for production of
lymphocyte prolactin and systemic lupus erythematosus. Lupus 10,
676–683.

Sthoeger, Z.M., Chiorazzi, N., and Lahita, R.G. (1988). Regulation of the
immune response by sex hormones. I. In vivo effects of estradiol and
testosterone on pokeweed mitogen-induced B-cell differentiation. 
J. Immunol. 141, 91.

Stimson, W.H. (1988). Estrogen and human T lymphocytes: presence of
specific receptors in the T-suppressor/cytotoxic subset. Scand. J.
Immunol. 28, 345–350.

Sullivan, D.A., Kelleher, R.S., Vaerman, J.P., and Hann, L.E. (1990).
Androgen regulation of secretory component synthesis by lachrymal
gland acinar cells in vitro. J. Immunol. 145, 4238–4244.

Talal, N. (1981). Sex steroid hormones and systemic lupus erythematosus.
Arthritis Rheum. 24, 1054.

Taylor, P.V., Campbell, J.M., and Scott, J.S. (1989). Presence of auto-
antibodies in women with unexplained infertility. Am. J. Obstet.
Gynecol. 161, 377–379.

Ch025-P595961.qxd  2/2/06  3:00 PM  Page 327



Terres, G., Morrison, S.L., and Habicht, G.L. (1968). A quantitative differ-
ence in the immune response between male and female mice. Proc. Soc.
Ex. Biol. Me. 27, 664.

Thompson, J.S., Crawford, M.K., Reilly, R., and Stevenson, C. (1957).
Estrogenic hormones in immune responses in normal and X irradiated
mice. J. Immunol. 98, 331.

Tuo, W., Ott, T.L., and Bazer, F.W. (1993). Natural killer cell activity of
lymphocytes exposed to ovine, type I, trophoblast interferon. Am. J.
Reprod. Immunol. 29, 26–34.

Van Vollenhoven, R.F. and McGuire, J.L. (1994). Estrogen, progesterone,
and testosterone: can they be used to treat autoimmune diseases? Cleve.
Clin. J. Med. 61, 276–284.

Van Vollenhoven, Engleman, E.G., and McGuire, J.L. (1995). Dehy-
droepiandrosterone in systemic lupus erythematosus. Results of a
double-blind, placebo-controlled, randomized clinical trial. Arthritis
Rheum. 38, 1826–1831.

Van Vollenhoven, and McGuire, J.L. (1996). Studies of dehydroepiandros-
terone (DHEA) as a therapeutic agent in systemic lupus erythematosus.
Ann. Med. Interne (Paris.) 147, 290–296.

vanVollenhoven, R., Engleman, E.G., and McGuire, J.L. (1994). An open
study of dehydroepiandrosterone in systemic lupus erythematosus.
Arthritis Rheum. 37, 1305–1310.

VanVoorhis, B.J. and Stovall, D.W. (1997). Autoantibodies and fertility: a
review of the literature. J. Reprod. Immunol. 33, 239–256.

Verheul, H.A., Tittes, E.V., Kelder, J., and Schuurs, A.H. (1986). Effects of
steroids with different endocrine profiles on the development, mor-
phology and function of the bursa of Fabricius in chickens. J. Steroid
Biochem. 25, 665–675.

328 Immunologic Basis of Autoimmunity

Waltman, S.R., Brude, R.M., and Benios, J. (1971). Prevention of corneal
rejection by estrogens. Transplantation 11, 194.

Weidler, C., Harle, P., Schedel, J., Schmidt, M., Scholmerich, J., and Straub,
R. (2004). Patients with rheumatoid arthritis and systemic lupus 
erythematosus have increased renal excretin of mitogenic estrogens in
relation to endogenous antiestrogens. J. Rheumatol. 31, 489–494.

Weinstein, Y. and Berkovich, Z. (1981). Testosterone effect on bone
marrow, thymus and suppressor T cells in NZB ¥ NZW F1 mice: its
relevance to autoimmunity. J. Immunol. 126, 998–1002.

Weinstein, Y. and Isakov, Y. (1983). Effects of testosterone metabolites and
of anabolic androgens on the bone marrow and thymus in castrated
female mice. Immunopharmacology 5, 229–237.

Wilson, C., Eade, O.E., and Elstein, M. (1975). Smooth muscle antibodies
in infertility. Lancet 1, 238–239.

Wingrave, S.J. and Kay, S.R. (1978). Reduction in incidence of rheuma-
toid arthritis associated with oral contraceptives. Lancet 1, 569–
571.

Wyle, F.A. and Kent, J.R. (1977). Immunosuppression by sex steroid 
hormones. I. The effect upon PHA- and PPD-stimulated lymphocytes.
Clin. Exp. Immunol. 27, 407–415.

Xu, C., Mao, D., and Holers, V.M. (2000). A critical role for the murine
complement regulator Crry in feto maternal tolerance. Science 287,
498–501.

Yohn, D.S. (1973). Sex related resistance in hamsters to adenovirus onco-
genesis. Prog. Exp. Tumor Res. 18, 138.

Yui, J., Garcia Lloret, M., and Wegmann, T.G. (1994). Cytotoxicity of
tumor necrosis factor alpha and g-interferon against primary human 
placental trophoblasts. Placenta 15, 819–835.

Ch025-P595961.qxd  2/2/06  3:00 PM  Page 328



C H A P T E R

26

BACKGROUND 329
Emerging Knowledge Gaps in Understanding the

Pathogenesis of Autoimmunity 329
Animal Models—Advantages and Disadvantages 330

ANIMAL MODELS FOR ORGAN-SPECIFIC
AUTOIMMUNE DISEASES 331
Animal Models of Spontaneous Organ-Specific

Autoimmunity 331
Genetic Engineered Animal Models for Organ-Specific

Autoimmunity 332
Animal Models for Induced Organ-Specific

Autoimmune Diseases 332
How Do Animal Models Compare to Human Organ-

Specific Autoimmune Disorders? 335
ANIMAL MODELS FOR SYSTEMIC AUTOIMMUNE

DISEASES 335
Spontaneous Models of Systemic Autoimmunity 335
Genetically Manipulated Models of Systemic

Autoimmunity 337
Induced Models of Systemic Autoimmunity 341
How Do Animal Models of Systemic Autoimmunity

Resemble Human Disease? 342
CONCLUSIONS 342

BACKGROUND

Emerging Knowledge Gaps in
Understanding the Pathogenesis 

of Autoimmunity

Despite intensive research over the past decades, there
are some crucial elements in human and animal autoimmu-

nity that we do not comprehend yet. One major one is the
nature of the initiating autoantigens and precipitating events
(Bach et al., 1998) and for most major autoimmune diseases
we cannot precisely define the targets of the initial auto-
immune response, exceptions being gluten hypersensitivity
(Lundin et al., 1993) and pemphigus vulgaris (Veldman et
al., 2004). However, difficulties in defining the primary ini-
tiating autoantigen(s) pertain not only to human disease but
also to animal models of autoimmunity, such as the non-
obese diabetic (NOD) mouse where we can readily access
the target organs (Bach et al., 1998, Horwitz et al., 2002).
Novel approaches to identify instigating autoantigens and
the nature of the early autoimmune response may require
novel high-throughput technologies. Identifying autoaggres-
sive T-cell specificities on an individual basis will be crucial.
The heterogeneity in individual T- and B-cell repertoires
even in inbred mice is likely responsible for the fact that
only very rarely do all individuals of a given inbred mouse
strain exhibit the same course and severity of disease
(Sercarz, 2000). Deciphering of underlying heterogeneity 
in autoreactive repertoires will be key to understanding and
predicting development of autoimmune diseases. Real-time
imaging and selective detection technologies, potentially
relying on high-throughput proteomic approaches, are being
developed to overcome this impasse (Robinson et al., 2003).
Thus, heterogeneity in individual repertoires might result in
differential recognition patterns of autoantigens, which
impede the recognition of autoantigens that are always 
targeted. However, we have defined a relatively large
number of self-antigens for many diseases, which has been
possible by analyzing specificities of autoantibodies and,
more recently, by using knockout technology (Eisenbarth et
al., 2002; Greeley et al., 2002; Moriyama et al., 2003;
Robinson et al., 2003; Mantegazza et al., 2004).
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An additional factor that interferes with the identification
of the initiating autoantigens is antigenic spreading that
occurs during disease progression. Both human and animal
studies indicate that once an autoimmune process has been
initiated, there is a rather rapid increase in the number of
autoantigenic targets (Katz-Levy et al., 1999; Croxford et
al., 2002). It is unclear whether tolerizing “driver” clones
would be sufficient to reverse an ongoing autoimmune
process and have therapeutic value. Restricted T-cell recep-
tor (TCR) usage in pancreatic-draining lymph nodes of dia-
betic individuals must be investigated to understand whether
a few clonally expanded T cells can cause destruction of the
pancreatic islets. Recent investigations suggest a striking
oligoclonality, which might make deletional immunotherapy
using one or a few autoantigenic determinants feasible
(Hafler et al., 2005). This concept is supported by the fact
that only a few antigen-specific cytotoxic T cells (2/100
islet-infiltrating CD8+ lymphocytes) are required to initiate
diabetes to a defined autoantigen expressed in b cells in a
transgenic diabetes model (Christen et al., 2004).

In the immunogenetic arena, animal models have pro-
vided useful insights. For diseases that are determined by
one or a few genes, and where no major epigenetic factors
are involved, we have learnt much from immunodeficient
animals as well as humans. However, in some cases the res-
pective human immunodeficiency will yield a different phe-
notype than the genetic knockout mouse, i.e., ICOS, IRAK
(Medzhitov et al., 1998; Dong et al., 2001; Grimbacher et
al., 2003; Puel et al., 2004), illustrating differences between
men and mice that are likely linked to epigenetic and envi-
ronmental factors. For example, ICOS deficiency in humans
has immunologic consequences that are found in some
patients with common variable immunodeficiency. In con-
trast, the ICOS-deficient mouse has a rather uniform phe-
notype involving immune deviation of T-cell responses and
their cytokine production, as well as effects on B-cell func-
tion. Overall, comparison between mouse models and the
humans deficient in respective genes greatly contributes to
our understanding of autoimmunity (AIRE, fox-P3, CD25)
(Sakaguchi et al., 1982; Anderson, 2002; Ramsdell and
Ziegler, 2003), even if complete phenotypic homology
between knockout mice and the respective human genetic
deficiency is lacking. Unfortunately, we can be certain that
one single genetic defect or polymorphism will not be the
cause for most human autoimmune disorders. We have
learnt recently that the far more common scenario is a sub-
stantial degree of polygenic complexity involving many pro-
tective and predisposing genes that act in concert, leading 
to disease manifestation in a fraction of their bearers. For
example, in addition to major histocompatibility complex
(MHC) class II molecules that are found in significant asso-
ciation with several autoimmune diseases in mouse models
and humans i.e. multiple sclerosis (MS), type 1 diabetes
(T1D), rheumatoid arthritis (RA), systemic lupus erythe-
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matosus (SLE), other genetic factors with rather low LOD-
scores (McDevitt, 1998; Todd and Wicker, 2001; Weber et
al., 2003; Bielekova et al., 2004) contribute to the expres-
sion of autoimmune disease. Frequently, these associations
are weak enough to allow for the possibility that environ-
mental factors in addition to genetic ones determine pene-
trance of disease (Bielekova et al., 2004). In addition,
frequently the genes or regions that are connected more
weakly with a given disease functionally point towards
immunologic mediators that are already known and whose
effect on pathogenesis has been well studied, i.e. the inter-
leukin 2 (IL-2) locus and polymorphism in cytotoxic T-
lymphocyte-associated antigen 4 (CTLA-4) genes that are
associated with T1D (Lyons and Wicker, 1999; Hill et al.,
2000; Ueda et al., 2003; Tabeta et al., 2004). Therefore,
immunogenetics in animal models is at an important cross-
roads: seeking direct relevance to the human disorder
becomes very important, and the assumption that there is a
necessity to identify genetic defects in animal models in
order to obtain the best pathways to cure human disease may
not be correct. Indeed, in today’s medicine, there is little 
evidence that the optimal treatment for a given disease is
always the elimination of its cause. Immunogenetics in
animal models might still help the adoption of novel pre-
dictive strategies and subclassifications for autoimmune 
diseases, which might in the future allow for more individ-
ualized treatments. However, genetic studies carried out in
humans become of paramount importance. Future promis-
ing strategies involve large-scale haplotype mapping initia-
tives in humans (van Heel et al., 2004). In addition, reverse
genetic approaches carried out in animals can define novel
genetic causes for diseases, since this approach is a pheno-
type- rather than a genotype-driven screening approach
(Tabeta et al., 2004).

Animal models have helped us understand the complex-
ity of biologic processes and be cautious in predicting the
limitations of therapeutic interventions in humans. For
example, in T1D, there are many different pathways to kill
b cells. If one of them is inactivated (i.e., perforin or inter-
feron-g knockout), others will take over. The consequence is
that it will be very difficult to engineer a “death-defying” b
cell that could be used for islet transplantations, since too
many death pathways have to be eliminated in order to
achieve resistance to immune destruction (Thomas and Kay,
2001).

Animal Models—Advantages 
and Disadvantages

As illustrated in Box 26.1, there are several areas of
investigation, where we have learned much from animal
models. The first is investigation of immune responses at
different locations. This is particularly important for under-
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standing autoimmune diseases that frequently affect certain
sites, cell types, or organs. Second, it is difficult to establish
proof of concept in humans. Lastly, of course, the use of
animal experimentation is at this point frequently indis-
pensable to defining dose ranges and regimens for
immunotherapies.

How far reaching should the conclusions that we draw
from observations in a given animal model be? The pre-
vailing attitude is still that once a discovery has been made
in one of the animal models thought to faithfully represent
the human disease (i.e., the NOD mouse for diabetes, EAE
model for MS or NZB mouse for SLE) there is no urgent
need to look at this issue in other model systems. If the same
result is found, it is considered “confirmatory”, if a differ-
ent result is discovered, the “secondary” model is frequently
labeled as not-as-good or even flawed, for which then
various reasons are cited. This, we believe, can be treacher-
ous and may hamper translation of research performed in
animal models, because our pathogenetic insight into human
diseases is often still rather limited due to ethical constraints.
For example, only about 10% of patients with T1D exhibit
the same clinical features as the NOD diabetic mouse, which
is characterized by a polyglandular autoimmune syndrome
affecting thyroid, salivary glands, and testes (Atkinson and
Leiter, 1999; Roep et al. Nature Reviews Immunology
2004). However, there are also striking similarities between
NOD and human diabetes, for example, the occurrence 
of autoantibodies that precedes the development of 
clinical disease in NOD mice and humans (Pietropaolo and
Eisenbarth, 2001). Another caveat in directly applying 
scenarios from animal models to humans is the MRL-
lymphoproliferation (lpr) mouse. The lpr mutation in the
MRL mouse results in autoimmunity that is perfectly cor-
rectable by transfer of the Fas gene. Yet, defects in Fas
expression and Fas-mediated signaling leads to autoimmune
lymphoproliferative syndrome (ALPS) in humans (Silvestris
et al., 1996; see also Chapter 70). Similarly, the generalized
lymphoproliferative disease (gld) mutation (defective FasL
expression) in mice leads to systemic autoimmunity, yet
only very rare patients with SLE have a mutation in the FasL
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gene (Lin et al., 2004). It follows that we should elevate the
importance of validation of crucial findings in other model
settings.

ANIMAL MODELS 
FOR ORGAN-SPECIFIC

AUTOIMMUNE DISEASES

Animal Models of Spontaneous 
Organ-Specific Autoimmunity

The widely utilized NOD mouse expresses multiple
autoimmune features in various organs—sialitis, T1D,
orchitis, thyroiditis (Atkinson and Leiter, 1999)—and is
prone to develop other autoimmune disorders including
autoimmune hepatitis in NOD congenics (Ridgway et al.,
1999), EAE (Winer et al., 2001; 2003), neuritis in NOD 86
(B7.2) deficient strains (Salomon et al., 2001). It was 
discovered in Japan and exhibits spontaneous diabetes 
penetrance of 20–100% depending on the environment (see
Chapter 36). In addition, females develop diabetes about
four times as frequently as males. In contrast to most
patients with diabetes, the NOD mouse develops multiglan-
dular and other organ-specific autoimmunity. The immuno-
logic causes for diabetes development are uncertain, but the
genetics of the NOD has been studied extensively and is
strikingly similar to the genetics of human T1D (Lyons and
Wicker, 1999), particularly in MHC class II molecules
linked to disease expression (McDevitt, 2002). In addition,
susceptibility loci that contain, among others, the genes for
IL-2 and CTLA-4 have been linked to disease or protection.
In the case for CTLA-4, polymorphisms have been
described in the NOD mouse that might play a similar 
role in the human disease. However, in both humans and
NOD mice, environmental factors strongly influence disease
expression. Monozygotic twins exhibit discordance in T1D
penetrance, and NOD mice do not develop diabetes unless
they are kept under specific pathogen-free (SPF) conditions.
Current investigations indicate that viral infections can have
both enhancing and protective effects in T1D animal models
(Christen et al., 2004) and a large-scale investigation to
define potential associations with infectious events or their
absence is under way in humans (Graves et al., 2003).

Immunologically, it is still unclear to what degree NOD
mice and humans with T1D are similar. The appearance 
of autoantibodies predicts the risk to develop islet auto-
immunity and, in many cases, T1D on an individual basis; 
the antigens targeted, however, differ that for NOD 
mice autoantibodies almost exclusively recognize insulin,
whereas anti-GAD and anti-IA2 are present in humans
(Eisenbarth, 2003). T lymphocytes with a Th1-like profile
correlate with destructive insulitis in the NOD and, as
reported more recently using a panel of pro-insulin peptides,
also in humans (Arif et al., 2004). However, the question of

Box 26.1
What can animal models teach us that we cannot

learn otherwise?

• In vivo immune kinetics at sites that are difficult to
access in humans.

• Proof of concept using techniques that cannot be used
in humans, i.e., adoptive transfers, genetic knockouts,
conditional knockouts, etc.

• Large-scale assessment of dose range, toxicity, and
immunization sites in drug and vaccine development.

• In vivo events that would never have been anticipated.
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which features characterize an “optimal” autoaggressive T
cell is not resolved. Transfer studies in the NOD model have
shown that Th1 as well as Th2 cells can cause disease 
in immunodeficient NOD/SCID or NOD/RAG hosts, 
when sufficient cell numbers are transferred (Pakala et al.,
1997). There may be a determining factor that will always
correlate with autoaggression, or the destructive immune
response may be adaptable and able to use multiple path-
ways to destroy b cells, which seems the more likely answer
(Kay et al., 2003). The situation is not that different for the
responses of regulatory T cells (Tregs). Regulatory T cells
are thought to control most immune responses and can be
antigen-induced (adaptive) or spontaneous (likely autoanti-
gen specific and mostly characterized by constitutive CD25
expression). In NOD mice, such cells can protect from dia-
betes, but until now only when cotransferred into immun-
odeficient recipients together with diabetogenic T cells. This
is not the case in other animal models and their antigen-
specific induction and transfer in immune competent hosts
has been described (see below). In human T1D, lympho-
cytes with increased IL-10 production in response to
autoantigens have been found in healthy but not prediabetic
or diabetic individuals, indicating the possibility of auto-
reactive regulatory or beneficial responses (Peakman et al.,
2001). Indeed, such physiological autoreactivity might be
essential to maintain self-tolerance in healthy individuals.
Overall, the predisposition to autoimmunity in the NOD
mouse could also be linked to defective thymic selection
and/or presentation of autoantigens in the thymus (Sprent
and Surh, 2003; Stratmann et al., 2003). Here, mechanisti-
cally, the predisposing MHC class II allele may also play a
role by possibly insufficiently presenting self-peptides,
resulting in suboptimal elimination of a variety of auto-
reactive T-cell specificities. Indeed, autoantigens and their 
variants that are targeted by the aggressive organ-specific
response might be characterized by insufficient expression
in the thymus, which has been observed in several animal
models as well as humans (Pietropaolo et al., 2002).

Genetic Engineered Animal Models for
Organ-Specific Autoimmunity

Genetic engineered defects involving the systemic defi-
ciency or overexpression of a distinct molecule will rarely
result in a disease that is limited merely to one or a few target
organs. Systemic knockouts that “take the brakes off” the
immune system such as foxp3 (defective Tregs), AIRE
(defective thymic negative selection), Cbl-b (defective 
signaling), lpr (defective lymphocyte elimination), TGF-b
(defective regulation) usually result in disease affecting mul-
tiple organs and are, therefore, discussed under the respec-
tive section in systemic autoimmune diseases (Anderson et
al., 2002; Gorelik and Flavell, 2002; Walker et al., 2003;
Liu, 2004). There are, however, a few exceptions, one being
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the CD86-(B7.2)-deficient NOD strain (Salomon et al.,
2001). The autoimmunity that is usually directed towards the
pancreatic islets in the NOD was redirected to attack periph-
eral nerves, resulting in neuritis. The reason may be altered
local regulation of costimulatory molecules as well as defec-
tive thymic selection, resulting in higher levels of naïve T
cells that can recognize neuronal antigens.

In summary, although systemic immune defects will
more likely lead to more severe autoimmunity affecting
multiple organs, there are exceptions to the rule. In humans,
a combination of genetic factors leads to an overall predis-
position state, yet not to actual clinical disease. Then, man-
ifestation of organ-specific autoimmunity may occur after 
a local inflammatory insult, either a virus infection (Von
Herrath et al., 2003) or other events that could lead to expan-
sion of autoaggressive T cells (Von Herrath, 1996).

Animal Models for Induced Organ-Specific
Autoimmune Diseases

Among many antigen-specific models for diabetes and
other organ-specific autoimmune disorders are those based
on transgenic technology to express a defined autoantigen
under the control of a tissue-specific promoter—e.g., the rat
insulin promoter (RIP) to direct expression to b cells (von
Herrath et al., 1994); the keratin promoter to direct expres-
sion to the skin (McGargill et al., 2002); myelin basic
protein (MBP), neural-specific enolase (NSE), or glial-fibril
acidic protein (GFAP) promoters to achieve expression in
the brain, liver, or eye (de la Torre et al., 1993; Rall et al.,
1995; Evans et al., 1996). For diabetes, examples include the
mouse models RIP-Tag (large T-antigen from SV40 virus),
RIP-Ova (ovalbumin), RIP-HA (influenza hemagluttinin)
and RIP-LCMV (lymphocytic choriomeningitis virus-
derived proteins) (Ohashi et al., 1991; von Herrath et al.,
1994; Forster et al., 1995; Kurts et al., 1996; Murtaza et al.,
2001). Such antigen-specific models have the advantage that
the initiation of the autoaggressive response can be defined
precisely, and at least the initial autoaggressive “driver” T
cell is known. Notably, immunization with the protein
antigen does not lead to diabetes in any of the RIP-antigen
models. In some models, infection with a virus expressing
the self-protein (transgene) or immunization in conjunction
with Toll-like receptor (TLR) stimuli leads to T1D reliably
(RIP-LCMV mice), whereas in other situations, tolerance
cannot even be broken by viral infection (RIP-HA). In 
these cases, adoptive transfer of activated T cells is neces-
sary to elicit disease (T1D), which works well in RIP-HA
and Rat insulin promoter transgenic mice that express 
membrane-bound Ova under control of the rat insulin pro-
moter (RIP-mOva). Overall, these antigen-induced diabetes
models have been very useful to address a variety of defined
questions.

Ch026-P595961.qxd  2/28/06  3:51 PM  Page 332



1. Breaking tolerance to an autoantigen is a “numbers
game” and CD8+ cytotoxic T lymphocytes (CTLs) can
eliminate target cells such as keratinocytes or islet b cells,
when activated and able to enter the organ in sufficient
numbers (Figure 26.1). Interesting differences emerge
here for different target organs that express the same
antigen: the pancreas and skin more readily show clini-
cal signs of autoimmunity, but the brain appears to be
capable of suppressing activated autoaggressive T cells,
even after they cross the blood–brain barrier, as evi-
denced by mild disease in MBP-LCMV-Ag transgenic
mice despite intracerebral infiltration (Evans et al.,
1996). CD4+ help and local expression of the costimula-
tory CD80 (B7.1) can both reduce the requirement of
CD8+ cells to elicit disease, as can immunomodulatory
approaches that either dampen regulatory components or
enhance the lifespan (i.e., decrease apoptosis) of auto-
aggressive CD8+ lymphocytes (von Herrath et al., 1994;
1995; Christen et al., 2001b; 2004). These rules appear
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generally applicable to various models. Thus, induction
of organ-specific autoimmunity can be expected to
follow quantitative rules and reduction of autoaggressive
T cells beyond a certain threshold level will abrogate
disease development.

2. Inflammation within any specific target organ (e.g., the
pancreas, brain, eye or skin) induced by means of a local
viral infection (von Herrath and Holz, 1997; Horwitz et
al., 2002) can activate macrophages and “set the stage”
for further development of disease. Thus, breaking of 
tolerance might require the association with localized
specific or non-specific inflammatory processes that
could have, in addition to viral infections, a variety of
other causes. In some models it was demonstrated that
viral recombinants that express autoantigenic mimics 
can aggravate disease in an antigen-specific direct way
(Olson et al., 2001). In other situations, there may be acti-
vation of antigen-presenting cells that then increasingly
present autoantigens (Horwitz et al., 1998). However,
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FIGURE 26.1 Pathogenesis of organ specific autoimmunity. For organ-specific autoimmunity one can assume that
the initiating events might be antigen non-specific or specific. (1) A combination of genetic and environmental factors
might lead to the breaking of self-tolerance and activation of autoreactive T cells. (2) Further inflammation might attract
more such cells, for example, if a virus persists or autoantigens are being presented in a chronic manner. Certainly, acti-
vation of T-cell receptors and antigen-presenting cells will serve to propagate disease. (3) The ultimate outcome is deter-
mined by the magnitude and class of the autoreactive response. Many aggressive T cells, such as cytotoxic T cells and
Th1 lymphocytes, will enhance progression, whereas the presence of (autoreactive) regulatory T cells (Tregs) will
dampen inflammation. (4) Penetrance of clinical disease is directly correlated with the amount of target cell (organ)
destruction and is determined by this balance of Tregs to aggressive T cells. Ag, antigen; IFNg, interferon g; Teff, effec-
tor T cell. See color plate section.
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viral infections can under certain conditions even protect
from autoimmunity. Infection of prediabetic RIP-LCMV
and NOD mice with Coxsackie virus or LCMV prevents
disease in most scenarios. Hence, the autoimmune
response can be redirected through an inflammatory in-
sult, which is at least in part due to recruiting aggressive
lymphocytes away from the islets (Christen et al., 
2004).

3. Regulatory cells can prevent autoimmune disease. Using
antigen-specific models one can clearly delineate the
concept of bystander suppression, namely that a Treg
with one antigenic specificity can downmodulate aggres-
sive T cells with other antigenic specificities (Figure
26.2). This concept will, in our opinion, be instrumental
in antigen-specific immunotherapy (Homann et al.,
1999). The route of self-antigen administration to induce
bystander suppressor autoreactive Tregs appears impor-
tant. Oral or nasal routes induce regulatory cells more
readily in various models. In this context, it is important
to distinguish between direct elimination of aggressive T
cells specific to the antigen used for immunization, and
the induction of autoreactive regulators that can then act
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as bystander suppressors of a variety of antigen 
specific responses. Strategies that aim at eliminating or
tolerizing autoaggressive T cells with specificity for one
single antigenic epitope include high-dose tolerance 
(Vandenbark et al., 2000), the injection of 1-ethyl-3-
(3-dimethylaminoproypl)-carbodiimide (ECDI)-coupled
splenocytes (currently being investigated in clinical
trials), and the coupling of toxic molecules to MHC
tetramers or dimers. These strategies will be effective, if
autoimmunity in a given individual is caused only by one
or a few autoaggressive driver clones (Sercarz, 2000), or
antigenic spreading has not progressed far (early in pre-
clinical autoimmunity). In contrast, there will be a need
for bystander suppression when T-cell populations with
multiple autoaggressive specificities act in concert, and
it might be necessary to dampen many to see an effect.
At this point, it is not clear yet whether autoimmune
processes are driven by a few or many specificities.

4. Death of the target cells (see also point 3). A close look
at many of the antigen-specific autoimmune models sug-
gests that the destruction of the attacked cell type or
organ can occur via a variety of pathways that are not
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FIGURE 26.2 Regulation in autoimmunity: bystander suppression and the “drivers” of regulatory cells (Treg) and
effector cells (Teff). Bystander suppression proposes that an autoreactive Treg with one specificity (Ag 1) can down-
modulate autoaggressive Teff with different antigenic specificities (Ag 2, 3 . . . etc). Perhaps immature dendritic cells
(DCs) favor Treg activation, whereas fully matured DCs favor Teff activation (see Chapter 4). In addition, Tregs might
be set at different numeric levels in vivo varying in different disease stages and adaptive regulatory (Treg) function
should be viewed in the context of the pathogenesis of the disease. Thus, each organ-specific autoimmune disease might
have an optimal antigen-induced Treg, which is defined by the precise profile of effector cytokine or chemokine mole-
cules secreted. Ag, antigen; APC, antigen-presenting cell; IL, interleukin; TGF-b, transforming growth factor-b.
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mutually exclusive. In addition, the autoaggressive
response exhibits plasticity in the sense that blocking of
one specific effector arm, e.g., killing of CTL by Fas 
or perforin or inflammatory cytokines, will result in the
emergence of alternative pathways.

How Do Animal Models Compare to Human
Organ-Specific Autoimmune Disorders?

Every model will reflect certain aspects of the human
disease and for this reason will be suited for some but not
all of the scientific questions. Two examples of this are T1D
and MS.

Type 1 Diabetes

One has to acknowledge that there is no conclusive proof
that the cause for T1D in humans is (always) autoimmune,
because autoantibodies found in almost all patients seem 
not to be necessary for disease development as evidenced
by earlier plasmapheresis experiments, and the disease can
occur in the absence of B lymphocytes (Martin et al., 2001).
In addition, there is no association between maternal autoan-
tibodies to islet antigens and diabetes incidence in offspring,
unlike in the NOD model (Greeley et al., 2002; Ziegler et
al., 2002). Therefore, perhaps the initiating events in human
T1D and also major parts of the pathogenesis are not auto-
immune in nature. Certain MHC class II alleles predispose
to T1D, but genetic predisposition cannot alone explain
development of disease (although it might fully explain
autoimmunity), and other environmental factors have to be
present as well (Gale, 2002) including viral infections and
other, possibly epigenetic, factors. So, the NOD model
resembles human T1D in many but not all aspects. In 
addition, it probably exhibits insufficient stringency to vig-
orously test immune-based interventions: some 190 inter-
ventions can prevent T1D in the NOD mouse when given
early enough, but many have been unsuccessful in humans.
Consequently, we should experimentally increase the strin-
gency of the animal model test, and evaluate potential can-
didate interventions, both in NOD mice with recent-onset
diabetes and in other diabetes models (see Chapter 75).

Multiple Sclerosis

In striking similarity to the NOD model for T1D, more
than 90% of research on MS utilizes the EAE model. Just
as virally-induced models are claimed to not reflect human
disease faithfully, since we are not certain that a virus causes
MS, we can be certain that immunization with myelin
extract or peptides in conjunction with pertussis toxin and
Freund’s adjuvant does not cause human MS. Thus, we need
a more open attitude towards alternative models that might
highlight different and potentially important aspects of the
human disease.
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ANIMAL MODELS FOR SYSTEMIC
AUTOIMMUNE DISEASES

Animal models have greatly facilitated the study of 
systemic autoimmune diseases, notably SLE and RA, and
helped to develop rational new treatments (Figure 26.3).

Spontaneous Models of 
Systemic Autoimmunity

Murine models that develop spontaneously SLE have
generated significant information on the role of hormones 
in the expression of autoimmunity (Fernandes and 
Talal, 1986; see Chapter 25); the contribution of aberrant
immune regulation (Theofilopoulos and Dixon, 1985); the
role of cytokines, chemokines, and adhesion molecules
(Handwerger et al., 1994) in the expression of the disease;
and, lastly, they have been used to identify loci that con-
tribute to the genetic pool required for the development 
of disease (Drake et al., 1995; Choubey and Kotzin, 
2002; Theofilopoulos and Kono, 2002; see Chapters 20 and
21). Gene complementation studies have shed light on the
epistatic interactions of genes (Wakeland et al., 1997; Morel
and Wakeland, 1998). Candidate genes have been identified
including those of the CD2 family, the interferon (IFN)-
inducible genes (Rozzo et al., 2001) and the complement
receptor gene Cr2 (Boackle et al., 2001). These results have
shown that introduction of an IFN-a/b receptor null gene
into the NZB mouse results in decreased production of anti-
erythrocytic antibodies (Santiago-Raber et al., 2003). Since
IFN-a has been found to be increased in patients with SLE
and to promote dendritic cell maturation (Blanco et al.,
2001), a case can be made for the construction of biologics
to limit the action of type 1 IFNs in systemic autoimmunity.
Moreover, identification of contributing genes and loci in
animal models has guided the search for orthologs in
humans with systemic autoimmune diseases (Tsao et al.,
1997; 2002; Gaffney et al., 1998; 2000; Harley et al., 1998;
Moser et al., 1999).

The NZB (H-2d) mouse develops anemia due to anti-
erythrocytic antibodies. When crossed to the NZW (H-2z),
systemic autoimmunity ensues with anti-DNA antibodies
and severe glomerulonephritis. The decreased average lifes-
pan of these mice is 8 months for females and 13 months
for males (Vyse et al., 1998; Ibnou-Zekri et al., 1999).

The MRL mouse, which has two doses of the lpr muta-
tion and develops accelerated autoimmune disease, has
allowed identification of genes whose products are central
to expression of systemic disease. For example, while dele-
tion of the cyclin-dependent kinase inhibitor p21 does not
lead to autoimmunity (Lawson et al., 2002), transfer of 
the p21 null gene into the MRLlpr/lpr mouse results in 
reduced autoimmune disease by allowing T-cell death and
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decreasing the accumulation of G0/G1 arrested cells
(Lawson et al., 2004).

Male only BXSB mice develop severe glomerulonephri-
tis and autoantibodies. The genetic locus responsible for the
expression of the disease is located in the Y chromosome
and is known as Yaa (Y-chromosome accelerated autoim-
munity). The disease is heavily dependent on the presence
of the H-2b allele, because its replacement with the H-2d

allele results in prolonged survival. Of interest, the BXSB ¥
NZW F1 mouse develops thrombocytopenia and coronary
artery disease accompanied by the presence of antiphos-
pholipid antibodies (Kono and Theofilopoulos, 2002).

Palmerston North (PN) mice develop spontaneously
autoimmunity manifested by the production of multiple
autoantibodies, vasculitis and glomerulonephritis. PN ¥
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NZB F1 mice develop more severe disease (Luzina et al.,
1999, Handwerger et al., 1999).

Mice homozygous for the ank mutation. ank/ank mice
develop early-onset joint ankylosis in the spine and periph-
eral joints resembling spondyloarthropathies (Krug et al.,
1989).

K/BxN T-cell receptor mice, a spontaneous mouse model
of autoimmune arthritis, generated fortuitously by crossing
a TCR transgenic line with the NOD strain (Monach et al.,
2004), all spontaneously develop an autoimmune disease
with most (although not all) of the clinical, histologic, and
immunologic features of RA in humans. The murine disease
is critically dependent on both T and B cells and is joint spe-
cific, but it is initiated and perpetuated by T- and B-cell
autoreactivity to a ubiquitously expressed antigen, glucose
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phosphate isomerase (GPI). Transfer of serum (or purified
anti-GPI immunoglobulins) from arthritic K/BxN mice into
healthy animals regularly provokes arthritis within a few
days, even when recipients are devoid of lymphocytes.
Complement components, Fc receptors, and mast cells are
important for the expression of the disease. The relevance
of the K/BxN model to human RA is supported by one report
showing that serum from almost two-thirds of patients with
RA contain anti-GPI antibodies, which are absent from
serum of normal individuals or of patients with Lyme arthri-
tis or Sjögren syndrome (Matsumoto et al., 2003). However,
not all investigators agree. The K/BxN model has been 
particularly useful in illustrating the role of immune-
inflammatory components in the development of arthritis
and notably the characterization of the role of mast cells
(Lee et al., 2002); yet, this model offers little evidence that
autoantibodies are involved in the pathogenesis of RA.

There is a new murine model of spontaneous, T-cell
mediated arthritis, SKG, due to a mutation of the gene
encoding an Src homology 2 (SH2) domain of z-associated
protein of 70 kDa (ZAP-70), a key signal transduction mol-
ecule in T cells. The disturbance in the thymic T-cell selec-
tion that results from absence of ZAP-70 results in the
generation of arthritogenic T cells. Besides synovitis, SKG
mice develop extra-articular lesions, including pneumonitis
and vasculitis. Serologically, they develop high levels of
rheumatoid factor (RF) and autoantibodies specific for type
II collagen (Sakaguchi et al., 2003). A molecule termed syn-
oviolin/Hrd1 was found to play a key role in the develop-
ment of synovitis. This represents an E3 ubiquitin ligase,
which, by promoting the growth of synoviocytes, facilitates
the development of arthritis. Mice lacking synoviolin are
resistant to arthritis (Amano et al., 2003).

Mice that develop spontaneous autoimmunity have
helped our understanding of hormonal and immunoregula-
tory influences in autoimmunity, but obvious restraints limit
direct transfer of this information to human disease. As for
T1D in the NOD mouse model, some hundreds of measures
are curative for SLE in these mice; yet, we are still left with
just three (aspirin, prednisone and plaquenil) that are
approved by the Food and Drug Administration (FDA) for
the treatment of human SLE! Treatment of humans with 
hormones, cytotoxic drugs, and rational biologics (including
anti-CD154 (CD40) ligand, tolerizing small DNA tetramers,
and others) has had limited success or elicited serious side
effects. However, some monoclonal antibody treatments
such as tumor necrosis factor (TNF) blockade and anti-
CD20 are promising (See Chapter 76). Perhaps, each of the
models may only reflect a proportion of SLE patients, which
may account for the failure to develop effective therapeutics
so far. Further, human disease develops in individuals with
a permissive genetic background in conjunction with envi-
ronmental and stressful factors, possibly acting over a long
period. Clinical researchers can study the disease only in
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patients in whom significant pathogenetic processes have
occurred and tissue injury has begun. We may have to 
accept that it will be more difficult to alter pathogenic path-
ways that have already been set into motion and focus our
attention on understanding and limiting the tissue injury-
mediating processes.

Genetically Manipulated Models of 
Systemic Autoimmunity

The advent of genetic manipulation has led to develop-
ment of numerous single-gene modified strains that develop
autoantibodies and other features of SLE. These mice have
provided great insights into the mechanisms that govern 
tolerance and autoimmunity and suggested novel rational
treatments.

Defects in Signaling Molecules

Human SLE T cells are known to express less TCR-z
chain (Liossis et al., 1998) and to use alternative signaling
though the FcR-g chain (Enyedy et al., 2001). Mice that 
lack TCR-z chain develop autoimmune manifestations and
display disturbed positive and negative thymic selection
(Yamazaki et al., 1997), and the phenotype can be rescued
successfully by introducing the FcR-g chain (Shores and
Love, 1997). The pathophysiology for the murine and
human phenotypes may well differ and, although in mice
lack of the z chain may lead to autoimmunity by altering
early thymic events that limit the export of autoimmune T
cells, in humans the rewiring of the TCR with the newly
upregulated FcR-g chain will lead to increased TCR-
mediated signaling processes (Tsokos et al., 2003).

The B7-CD28/CTLA-4 costimulatory pathway is pivotal
for T-cell activation. Signaling through this pathway is
complex due to the presence of at least two B7 family
members, CD80 (B7-1) and CD86 (B7-2), and two counter-
receptors, CD28 and CTLA-4. CTLA-4-deficient mice
rapidly develop lymphoproliferative disease with multi-
organ lymphocytic infiltration and tissue destruction, with
particularly severe myocarditis and pancreatitis, and die by
3–4 weeks of age (Tivol et al., 1995). CTLA4-Ig limits
effectively murine lupus (Finck et al., 1994) and the use of
CTLA-4-Ig biologics has helped patients with RA (Kremer
et al., 2003) and psoriatic arthritis (Abrams et al., 2000).

Program death-1 (PD1) is a member of the CD28 family
of receptors and its intracytoplasmic domain defines an
immunoreceptor tyrosine-based inhibition motif (ITIM),
and when engaged it delivers a negative signal. Strains of
mice lacking the PD1 gene develop either cardiomyopathy
(Okazaki et al., 2003) or lupus glomerulonephritis
(Nishimura et al., 1999). PD1 polymorphisms have been
identified among SLE patients (Prokunina et al., 2004).

Ch026-P595961.qxd  2/28/06  3:51 PM  Page 337



Src homology 2-containing phosphatase 1 (SHP1) is one
of the best-characterized protein tyrosine phosphatases
(PTPase). The homozygous loss in mice leads to the “moth-
eaten” phenotype characterized by spotty hair loss and
abnormalities in the immune system that lead to systemic
autoimmunity and skin inflammation (Kozlowski et al.,
1993; Tsui et al., 1993; Bignon and Siminovitch, 1994). T
lymphocytes from these mice are hyper-responsive to TCR
stimulation (Pani et al., 1996). Since neutrophils from
“moth-eaten” mice demonstrate increased oxidant produc-
tion, surface expression of CD18, and adhesion to protein-
coated plastic, the autoimmune phenotype in these mice may
not directly reflect lymphocyte aberrations (Kruger et al.,
2000).

Other lines of research suggest T cells from lupus prone
mice (MRL/lpr) that are transgenic for a specific receptor
have decreased antigen-initiated T-cell stimulation thresh-
olds (Vratsanos et al., 2001; Bouzahzah et al., 2003). A
similar concept of an “over-excitable” antigen-initiated
proximal lymphocyte signaling phenotype has been pro-
posed for human SLE (Tsokos et al., 2003). There is no
information on the levels and function of phosphatases in
spontaneous models of autoimmunity or in human SLE and
this appears a promising area of study.

Mice with N-acetylglucosaminyltransferase deficiency
show decreased glycosylation of T-cell membrane proteins,
which prevents galectin binding and thereby disrupts the
galectin-glycoprotein lattice leading to increased clustering
of TCR (Demetriou et al., 2001). Increased TCR clustering
in these autoimmune mice provides a phenotype compara-
ble with human SLE, involving lowered T-cell activation
thresholds and increased TCR signaling. In human SLE T
cells, increased association of the TCR-z chain with lipid-
rafts, as well as membrane clustering, are claimed to lead to
decreased tolerance and abnormal signaling (Nambiar et al.,
2002). Thus, defects in the expression and function of gly-
cosylation processes may predispose to autoimmunity and,
along the same lines, glycosylation of the transcription
factor Elf-1, which enables the 80-kDa form to transform to
the DNA-binding 98-kDa form, is defective in human SLE
T cells (Juang et al., 2002).

A state of B lymphocyte hyperactivity resembling SLE is
seen in mice lacking the src-family kinase Lyn (Chan et al.,
1997). Lyn is not required to initiate B-cell antigen receptor
(BCR) signaling, but is an essential inhibitory component.
Lyn-/- B cells have a delayed but increased calcium flux and
exaggerated negative selection responses in the presence of
antigen, and spontaneous hyperactivity in the absence of
antigen. B cells in human SLE have a similar phenotype by
displaying increased calcium responses following BCR
stimulation and they appear to have decreased levels of Lyn
kinase protein and mRNA (Liossis et al., 2001). On the other
hand, Lyn deficiency causes increased tolerance of IgHEL B
cells to soluble hen-egg lysozyme (HEL) (Cornall et al.,
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1998). Sustained activation of Lyn in vivo using a targeted
gain-of-function mutation (Lynup/up mice) led to the devel-
opment of autoantibodies and lethal autoimmune glomeru-
lonephritis. Interestingly, B cells show a heightened calcium
flux in response to BCR stimulation (Hibbs et al., 2002).
These data in humans and mice suggest that mechanisms
that lead to sustained BCR signaling may override control
mechanisms and lead to autoimmunity.

CD22 is a B lineage-specific protein member of the
sialoadhesin family with a still unknown ligand. The intra-
cytoplasmic domain defines three immunoreceptor tyrosine-
based inhibitory motifs (ITIM), which provide anchors for
inhibitory downstream molecules. The BCR-stimulated
calcium fluxes are increased in B cells from CD22-/- mice,
and one line of such mice develops autoimmune features
(O’Keefe et al., 1999).

Toll-like receptors recognize bacterial components and
they share MyD88 to process signaling following the
engagement of proper ligands. The AM14 transgenic mouse
expresses a heavy chain that is a component of a rheuma-
toid-factor heavy chain that recognizes IgG2a and cor-
responding immune complexes (Wang and Shlomchik,
1997). The use of MyD88-deficient mice has enabled the
molecular characterization of the role of infectious agents 
in the expression of autoimmunity, since B cells from
AM14/MyD88-/- animals fail to respond to IgG2a immune
complexes containing chromatin (Leadbetter et al., 2002).
Use of the already available TLR (1 through 9) knockout
mice in this and other systems should help to delineate the
mechanisms whereby infectious agents influence the expres-
sion of autoimmunity at the molecular level. It is known that
patients with SLE experience a flare after an infection.

Increased levels of DNA/anti-DNA immune complexes
can initiate tissue inflammation and also may provide posi-
tive feedback to B cells through cognate recognition of
nuclear antigens by the BCR, and costimulation through
TLR9. Mice defective in DNAse1 develop systemic autoim-
munity (Napirei et al., 2000). In addition, there are reports
of two patients with SLE with defects at DNAse1 locus
(Yasutomo et al., 2001). These findings reinforce the
concept that complement proteins clear nuclear material
from the circulation, and suggest that it may be useful to
focus on novel treatments to lower circulating DNA levels
in SLE.

Antigen presented in the context of immune complexes
engages not only the BCR but also the FcgRIIb, which
results in the phosphorylation of the ITIM defined by its
intracytoplasmic domain. Recruitment of the phosphatases
SHIP (Src homology 2 domain-containing inositol-5-
phosphatase) and SHP1 suppresses signaling. Introduction
of the FcgRIIb null phenotype into the C57BL/6 background
caused production of autoantibodies and glomerulonephritis
(Bolland and Ravetch, 2000). Yet the same null phenotype
on the BALB/c background did not result in autoimmunity.

Ch026-P595961.qxd  2/28/06  3:51 PM  Page 338



Although SHIP is considered responsible for FcgRIIb-
mediated suppression, the SHIP null phenotype does not
result in autoimmunity (Helgason et al., 2000). In humans,
polymorphisms of the Fc receptors have been associated
with systemic autoimmunity and particularly SLE and
Wegener’s granulomatosis (Kimberly et al., 1995; Gibson et
al., 1999). The therapeutic effect of many biologics that
contain IgG Fc components could be determined by the FcR
polymorphism expressed by the treated subject.

Complement Protein Knockout Mice

The B6/lpr mouse develops minor autoimmune features.
Introduction of the CR1/CR2 deficiency into this strain
permits development of intense autoimmune features
(Boackle and Holers, 2003) indicating that complement
receptors are important in the elimination of B cells that
display reactivity with self antigens. This explanation
assumes that self antigens initiate a strong B-cell signal,
which leads to B-cell death and the absence of the CR2-
mediated enhancement of the signal permits their survival
(Tsokos et al., 1990; Dempsey et al., 1996). When the com-
plement receptor deficiency was introduced into the HEL
double transgenic mouse model for cell tolerance, the
paucity of production of anti-HEL antibodies was not
reversed; yet, the numbers of circulating B cells increased,
and they responded normally to stimulation (Fischer et al.,
1998; Prodeus et al., 1998) indicating that there is some
effect on B-cell biology, but not enough to break tolerance.
These two sets of experiments suggest a relative role for
CR2 in the maintenance of tolerance for self antigens—that
is, the absence of CR2 can cause autoimmune disease only
when there is genetic predisposition to autoimmunity. Also,
evidence for the involvement of Cr2 in systemic autoim-
munity comes from the NZM2410 mouse. A major murine
SLE susceptibility locus, Sle1, which corresponds to three
loci independently affecting loss of tolerance to chromatin,
has been identified in this congenic mouse. The congenic
interval corresponding to Sle1c contains Cr2, which encodes
CR1/CR2 (CD35/CD21). NZM2410/NZW Cr2 exhibits a
single nucleotide polymorphism that introduces a novel 
glycosylation site, resulting in higher molecular weight 
proteins. This polymorphism, located in the C3d binding
domain, reduces ligand binding and receptor-mediated cell
signaling. Molecular modeling based on the recently solved
CR2 structure in complex with C3d has revealed that this
glycosylation interferes with receptor dimerization (Boackle
et al., 2001).

In contrast to these experiments, when Cr2-/- mice were
immunized with myosin, they failed to develop the expected
myocarditis (Kaya et al., 2001). Regardless of the claimed
role of CR2 on the surface of T cells as part of an activated
T-cell phenotype, the role of complement in this inducible
model of autoimmune disease must be different from that 
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in the spontaneous models of autoimmunity. This implies
distinct functions for complement as an effector of 
tissue pathology and regulator of positive and negative
selection.

C1q deficiency alone is sufficient to cause autoimmunity
in humans, whereas in mice a genetic lack of C1q does not
suffice, since there was no evidence of autoimmunity in
C1q-deficient C57BL/6 and C57BL/6lpr/lpr mice. However, in
C1q-deficient MRL/Mp+/+ mice, there was an acceleration of
both the onset and the magnitude of antinuclear antibodies
(ANA) and of glomerulonephritis, particularly in females,
which developed severe crescentic glomerulonephritis.
Thus, the expression of autoimmunity in C1q-deficient mice
is strongly influenced by other background genes (Botto and
Walport, 2002; Moldenhauer et al., 1987).

Since disruption of the C1q, C4 and CR1/CR2 leads 
to reduced selection against autoreactive B cells and to
impaired humoral responses, C1 and C4 could act through
CR1/CR2 to enhance humoral immunity and suppress
autoimmunity, but each complement component appears to
act independently (Chen et al., 2000). High titers of sponta-
neous ANA and “SLE-like” autoimmunity developed in all
C4-/- females and most male animals but not in Cr2-/-

animals. The fact that the clearance of circulating immune
complexes was impaired in pre-autoimmune C4-/-, but not
Cr2-/- mice favors the role of nuclear antigen-ANA immune
complexes in the development of autoimmune disease.

Membranoproliferative glomerulonephritis (MPGN)
occurs in factor H-deficient humans and pigs. Pickering 
et al. (2002) showed that mice deficient in factor H 
(Cfh-/- mice) develop MPGN spontaneously and are predis-
posed to renal injury caused by immune complexes. The
contribution of complement activation was confirmed,
because, after a second mutation in the gene encoding com-
plement factor B was introduced which prevents C3
turnover in vivo, the phenotype of Cfh-/- was not expressed
any more. Thus, uncontrolled C3 activation in vivo is essen-
tial for the development of MPGN due to deficiency of
factor H. The mechanism can include a direct effect of C5b-
9 on mesangial cell proliferations (Niculescu et al., 1997) or
through the production of C5a. Thus, in patients with sys-
temic autoimmunity, tissue injury is not caused not only by
circulating immune complexes but also through the action
of complement-activation products.

Glomerular deposition of C3 is quite typical for glomeru-
lonephritis in both humans and mice. However, some
humans with C3 deficiency have been found to develop
glomerulonephritis, whereas C3- and C4-deficient mice
were protected from the development of anti-glomerular
basement membrane (GBM)-mediated nephritis (Sheerin et
al., 1997). In B6/lpr mice that produce low titer anti-DNA
antibodies without developing glomerular disease, C4 
deficiency enhances autoantibody production and prolifera-
tive glomerulitis occurs. C3 deficiency, however, neither
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influenced antibody production nor led to renal disease
(Prodeus et al., 1998). In MRL/lpr mice, C3 deficiency had
minimal to no effect on skin disease, spleen size, B-cell or
T-cell numbers, B-cell activation, pathologic renal scores, or
production of autoantibodies. C3 deficiency did, however,
result in significantly greater albuminuria and glomerular
IgG deposition compared with wild-type C3-producing lit-
termates (Sekine et al., 2001). Therefore, C3 may actually
not be needed for the development of glomerulonephritis,
and its role could be protective: it may serve either in the
facilitation of clearance of immune complexes, or indirectly
control autoreactive cells during their expansion.

The experiments discussed above point to a dichotomous
effect of complement in immunopathology: one effect is on
the negative and positive selection of the immune cell reper-
toire and the other is on effector processes.

Tumor Necrosis Factor/Tumor Necrosis Factor
Receptor Family

The TNR/TNFR system acts on the homeostasis of the
immune system in different ways. Tumor necrosis factor is
produced in response to many stimuli, and after binding to
TNFR1 (p55) or TNFR2 (p75) it may result in cell death or
cell survival, respectively. The role of TNF in the expres-
sion of human and murine autoimmunity is complex and
anti-TNF treatment of some autoimmune disease, with the
exception of RA, was limited by side effects. HLA-DR3+

patients with SLE, and lpr/lpr and BXSB mice, produce high
levels of TNF whereas HLADR2+ SLE patients and NZB ¥
NZWF1 mice produce less TNF. Transgenic mice express-
ing wild-type p75TNFR develop a severe inflammatory syn-
drome (Douni and Kollias, 1998; Kollias and Kontoyiannis,
2002; Kollias et al., 2002). Accordingly, the lpr phenotype
is accelerated in p55-/-lpr/lpr mice (Zhou et al., 1996), and
TNF-/-gld/gld mice have less autoimmune disease (Korner
et al., 2000). These excerpts from the vast literature indicate
the complexity of the effects of cytokines coupled with the
major role of the genetic background in the expression of
the clinical phenotype. It also points to the complexities and
unpredictability of the use of some biologics in the modu-
lation of human disease.

Tumor Necrosis Factor Overexpression 
and Autoimmunity

The successful clinical introduction of treatment with
anti-TNF confirmed the biologic relevance of TNF function
in chronic inflammatory diseases, particularly RA and
Crohn’s disease (see Chapters 32 and 52). The introduction
of a modified human TNF-globin hybrid transgene in mice
was the first demonstration in animal models that TNF has
arthritogenic properties. These mice (tg 197) spontaneously
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develop (with 100% penetrance and a predictable time of
onset) a chronic, erosive, inflammatory polyarthritis with
histologic lesions resembling human RA (Kontoyiannis 
et al., 1999). AU-rich elements (AREs) are important for
TNF mRNA destabilization and translational repression 
in hematopoietic and stromal cells. Development of two 
specific pathologies in mutant mice—chronic inflammatory
arthritis and colitis akin to Crohn’s disease—suggests that a
defective function of AREs may participate in the patho-
genesis of analogous human pathologies. These mice have
proven quite informative in dissecting the pleiotropic effects
of TNF on the immune response and on the expression of
various forms of autoimmune pathology.

Interleukin-2 and its Receptors

Mice that are deficient in IL-2 and IL-2Ra have dis-
rupted immunologic homeostasis that eventually leads to
fatal autoimmune manifestations (Nelson, 2002). Specifi-
cally, these mice develop autoimmune hemolytic anemia
and colitis. IL-2Rb-/- mice likewise develop anemia,
splenomegaly, and lymphadenopathy, but not colitis. In
humans, IL-2 deficiency is clinically manifested as severe
combined immunodeficiency, whereas a patient lacking 
IL-2Ra is immunocompromised, and several organs are
infiltrated with inflammatory cells (Sharfe et al., 1997). The
autoimmune manifestations depend on the presence of both
T and B cells and environmental antigens since, if the mice
are kept under pathogen-free conditions, they do not develop
autoimmunity. Activation-induced cell death (AICD) is
central for the elimination of activated autoreactive cells,
and this depends on IL-2 signaling. Defective AICD obvi-
ously plays a role in the development of autoimmunity.
Humans with SLE have defective AICD that appears to be
multifactorial: defective TNF-a (Kovacs et al., 1996) and
IL-2 production (Tsokos et al., 1996) or increased cyclooxy-
genase-2 (COX-2) expression (Xu et al., 2004). COX-2-/-

mice do not have significantly increased AICD. It could be
helpful to know whether correction of IL-2 production alters
the severity of autoimmune disease in the MRL-lpr/lpr
mouse that produces limited amounts of IL-2 (Theofilopou-
los and Dixon, 1985), as this may represent a form of treat-
ment for patients with SLE. It is of interest that when the
IL-2-/- locus is crossed into the MRL-lpr/lpr mouse, both
autoimmune syndromes are corrected (Xiao et al., 2003), an
observation calling for consideration of gene subtraction
rather than gene supplementation in the treatment of auto-
immune disease.

Ubiquitination-Protein Ligases

Ubiquitination-protein ligases (Casitas B-lineage lym-
phoma [cbl]-family of proteins) are important in the signal-
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ing transduction process and as determinants of energy and
activation (Liu, 2004). Cbl-b is considered a negative regu-
lator of T-cell activation, and Cbl-b-/- T cells proliferate and
produce more IL-2 following TCR stimulation (Rudd and
Schneider, 2000). Cbl-b-deficient mice display massive
mononuclear cell infiltration of many organs and peripheral
T cells express activation markers (Bachmaier et al., 2000).
One intriguing disease model is Cbl-b deficiency in T1D
(Yoko et al. Nature Genetics 2000), but a human counter-
part for Cbl-b deficiency has not yet been described.

Apoptosis-Related Genes

The lpr mutation represents a CD95(Fas), CD152(FasL)
gene mutation and its presence limits apoptosis of T cells.
The lpr mutation is recessive and greatly accelerates disease
in autoimmune-prone strains such as MRL and BXSB.
When present in C57BL/6 mice, it results in the production
of autoanti-bodies and limited glomerulonephritis (Kono
and Theofilopoulos, 1999). Heterozygous mutations in
CD95, CD95 ligand or caspase-10 in humans underlie 
most cases of autoimmune lymphoproliferative syndrome
(ALPS), a human disorder that is characterized by defective
lymphocyte apoptosis, lymphadenopathy, splenomegaly,
and autoimmunity (Chun and Lenardo, 2001; see Chapter
70). In contrast, mutations in caspase-8 lead to immuno-
deficiency (Chun et al., 2002).

In a similar fashion the gld mutation accelerates autoim-
munity in predisposed mouse strains and leads to milder
disease in non-autoimmune prone strains. A patient with
SLE has been described with a mutation in the CD178
(FasL) gene (Wu et al., 1996). On the other hand, the expres-
sion of CD178 (FasL) is increased in T cells from SLE
patients (Tsokos et al., 1996; Kovacs et al., 1997) and this
may reflect resistance of autoimmune T cells to killing.

The association of CD95/CD178 (Fas/FasL) defects with
“lupus-like disease” susceptibility strongly suggests that
mutations of other genes whose products are involved in the
apopto-sis signaling cascade should similarly contribute to
such expressions. Indeed, overexpression of the apoptosis
inhibitor Bcl-2 leads to mild autoimmunity (Strasser et al.,
1990; 1991), and patients with SLE have been reported to
have higher levels of Bcl-2 protein (Aringer et al., 1994).
Similarly, overexpression of Bcl-2 in C57BL/6-lpr mice
leads to accelerated autoimmune disease (Reap et al., 1995)
as does the overexpression of another apoptosis inhibitor,
the cytoplasmic serine/threonine kinase Pim-1 (Moroy et al.,
1993).

Mice lacking the membrane tyrosine kinase c-mer have
impaired clearance of infused apoptotic cells, and develop
progressive lupus-like autoimmunity, with antibodies to
chromatin, DNA, and IgG. Since they have minimal poly-
clonal B-cell activation, the development of autoimmunity
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in these mice favors the concept that autoantigens present in
apoptotic debris can enhance systemic autoimmunity (Scott
et al., 2001; see Chapter 15).

Induced Models of Systemic Autoimmunity

Information has been acquired over many years from
study of models based on induction of autoimmunity,
including immunoregulatory events that lead to the expres-
sion of clinical disease and proximal events associated with
triggering of autoimmune disease.

The isoprenoid alkane pristane induces autoantibodies
characteristic of SLE, including anti-Sm, anti-dsDNA, and
anti-ribosomal P in BALB/c and SJL/J mice (Richards et al.,
1999) and CD1d deficiency exacerbates lupus nephritis
induced by pristane (Yang et al., 2003). For unexplained
reasons, the lpr and gld mutations protect mice from the pro-
duction of antibodies routinely induced by pristane (Satoh
et al., 2000).

Graft-versus-host induced models of systemic autoim-
munity involve the injection of parent cells into F1 offspring
and clarified early events in the induction of autoimmunity.
Donor CD4+ cells are stimulated by recipient F1 MHC class
II cells, which presumably present a chromatin-associated
nuclear antigen and produce initially IL-2 and later on IL-4
and IL-10. Anti-DNA antibodies are produced, while the
generation of CD8+ CTL cells is silenced (Via and Shearer,
1988).

Intraperitoneal injection of cell walls from varying 
types of bacteria results in a biphasic inflammatory 
arthritis. Initially, there is an acute inflammatory arthritis
over 1–2 weeks followed by a month-long chronic arthritis
(Cromartie et al., 1977). This model of arthritis has led to
the characterization of cell, cytokine, and chemokine factors
that are responsible for the synovial inflammation and the
destruction of diarthrodial joints and, in parallel, to estab-
lishing the efficacy of various anticytokine treatments in
arthritis.

Injection of allogeneic collagen type II (CII) or certain
peptides of this protein in complete or incomplete Freund’s
adjuvant into susceptible strains of rats or mice results in
collagen-induced arthritis (CIA) resembling RA. The role of
MHC in the expression of CIA is indicated, only in H-2q

mice after injection of chicken CII, whereas H-2r mice are
susceptible to pig CII (Stuart et al., 1983; Watson et al.,
1987). CD4+ cells and various cytokines including IL-1 and
TNF-a, as well as antibody to CII, have been shown to par-
ticipate in the expression of CIA.

Immunization of BALB/c mice with partially deglycosyl-
ated human aggrecan induces chronic progressive 
polyarthritis and spondylitis (Glant et al., 2003). This pro-
teoglycan (aggrecan)-induced arthritis (PGIA) resembles
RA (as judged by clinical assessments, laboratory tests, 
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radiography, and histopathology of the peripheral joints).
Occurrence of PGIA depends on development of cross-
reactive T- and B-cell responses between the immunizing
human and self (mouse) cartilage aggrecan.

How Do Animal Models of Systemic
Autoimmunity Resemble Human Disease?

Animal models of systemic human autoimmune disease
have served us well for understanding autoimmunity. Given
the facts that human systemic autoimmune disease is highly
heterogeneous and its origins and pathogenetic processes are
multiple and highly complicated, each model will likely
mimic pathogenesis of disease just in a small proportion 
of patients. Therefore, some therapies that are highly suc-
cessful in animal models have only limited utility in 
humans. However, many false hypotheses have been dis-
pelled by proper manipulation of animal models. For
example, although B cells are needed for the development
of glomerulonephritis, antibody production is not mandatory
(Chan et al., 1999). Wakeland and colleagues (Wakeland et
al., 1997; Mohan et al., 1999) have solidified the concept
that several genetic loci have to act in concert for expres-
sion of autoimmunity and even more are needed for expres-
sion of disease. This explains the clinical experience that the
presence of autoantibodies alone does not necessarily herald
an upcoming disease. In addition, mutation of a gene often
leads to disparate diseases in humans and mice, e.g., the Fas
and FasL mutations that promote autoimmunity in mice and
ALPS in humans (discussed above). In other situations, mice
and humans can develop very similar autoimmune disease,
e.g., when the DNAse1 gene is mutated (discussed above).
Therefore, experiments should be designed to address spe-
cific questions that arise from the close study of human
disease, but for which no answer is available from in vivo
or ex vivo experiments in humans.

CONCLUSIONS

Our message is that a given animal model is only as good
as the question it is used to answer, and particular models
are well-suited for some but not all questions. Consequently,
a careful choice is needed in advance. Inbred mouse strains
that are used to limit variability of in vivo studies will essen-
tially tell the story of just one or a few human patients—for
translating findings in animal models to human therapy, this
is a particularly important realization—and a much higher
degree of variation can be expected in human populations.
In addition, it follows that each model will only reflect
certain aspects of a given autoimmune disease accurately
and, therefore, immunotherapeutic approaches should be
validated in more than one model if possible. Nevertheless,
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the numerous animal models that are available to us are
indispensable tools to study in vivo pathogenesis and treat-
ments, and are a crucial step when moving from the bench
to the bedside.
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SYSTEMIC LUPUS ERYTHEMATOSUS

Epidemiology

Systemic lupus erythematosus (SLE) is the classic multi-
system autoimmune disease. It occurs more frequently in
women, with a 9 : 1 ratio, and is more common in African-
Americans, Asian-Americans, and Hispanic-Americans than
in whites. Its incidence may have tripled since the 1960s 
and 70s (Uramoto et al., 1999). The incidence is approxi-
mately 4 in 100,000 in most countries, with an especially
high incidence of 8.7 in 100,000 in Brazil (Vilar and Sato,
2002).

There is a genetic predisposition to SLE, but only 2% of
children of affected women develop SLE. The genetic pre-
disposition may involve over 100 different genes. Recent
work has found that an “interferon signature” characterizes
many genes that are activated in SLE (Baechler et al., 2003).
Identified predisposing genes include HLA DR and DQ
alleles that are associated with the production of specific

autoantibodies (Arnett et al., 1991; Olsen et al., 1993). Both
complement deficiency states and certain Fc-g receptor
alleles predispose to SLE, and affect clearance of immune
complexes (see Chapter 16).

Multiple environmental factors contribute to the patho-
genesis of SLE. Ultraviolet radiation is the best understood,
leading to the exposure of Ro on the surface of ker-
atinocytes. Other environmental triggers of SLE include
certain drugs. For idiopathic lupus, echinacea and sulfon-
amide antibiotics can trigger SLE or SLE flares. For drug-
induced lupus, isoniazid, hydralazine, procainamide,
minocycline, and anti-tumor necrosis factor (TNF) biolog-
ics have been identified. Infections including Epstein–Barr
virus (James et al., 2001) and parvovirus are associated with
SLE. A recently identified toxic exposure that increases risk
of SLE is silica (Parks et al., 2002). Smoking is a risk factor
for SLE (Costenbader et al., 2004) and, in addition, in
patients with established SLE, smoking increases the risk of
discoid lupus.

The hormonal milieu is important in the gender ratio and
timing of SLE. In children, the gender ratio is equal. In
women, SLE usually develops after puberty. Women with
SLE tend to be “super women,” in that they preferentially
employ hydroxylation pathways that lead to the production
of more feminizing metabolites of estradiol (Lahita et al.,
2004) (see Chapter 25). In women with SLE, levels of the
adrenal hormone dehydroepiandrosterone (DHEA) are
usually low, and drop even lower if the patient is treated with
prednisone.

Immunopathogenesis

The hallmark of SLE is the production of autoanti-
bodies by B cells. However, there is also ample evidence for 
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abnormal T-cell function (Tsokos, 2001) and abnormal reti-
culoendothelial system function. One of the most important
discoveries in SLE was the finding that the proteins to which
SLE patients make autoantibodies are exposed in nuclear
blebs during apoptosis (Casciola-Rosen et al., 1994). This
has led to the “waste disposal” theory of SLE, namely that
ineffective clearance of apoptotic bodies leads to the initial
break in self-tolerance (Manderson et al., 2004) (see 
Chapter 15).

Clinical Presentation

The most common organ system presentations are cuta-
neous, musculoskeletal, and renal. Cutaneous involvement
includes photosensitivity, malar rash, discoid rash, nasal
and/or oral ulcers, and cutaneous vasculitis. Cutaneous
lupus often first presents after ultraviolet light exposure,
with a maculopapular rash in sun-exposed areas. Musculo-
skeletal features consist of polyarthralgias or polyarthritis,
and, more rarely, myositis. Lupus arthritis affects the small
joints of the hand (posterior interphalangeal [PIP] and
metacarpophalangeal [MCP] joints) and wrists. It may be
initially confused with rheumatoid arthritis. Unlike rheuma-
toid arthritis, however, it is rarely erosive. Instead, over time,
it may lead to reducible deformities, secondary to tendon
and ligament laxity, called Jaccoud arthropathy. Renal lupus
presents as proteinuria, hematuria, and/or red blood cell
casts.

Almost any organ can be involved. Hematologic abnor-
malities include leukopenia, lymphopenia, thrombocytope-
nia, and hemolytic anemia. Serositis manifests as pleurisy
or pleural effusion, pericarditis with or without effusion, and
rarely as abdominal pain or ascites. Neurologic lupus runs
the gamut from cognitive impairment (common) to rare 
features such as seizures, psychosis, transverse myelitis,
cranial or peripheral neuropathy, mononeuritis multiplex,
encephalopathy, and stroke.

Almost 50% of SLE patients make antiphospholipid 
antibodies (lupus anticoagulant, anticardiolipin, or anti-b2
glycoprotein 1), which lead to hypercoagulability. The
antiphospholipid syndrome is defined as arterial or venous
thrombosis or vasculopathy or pregnancy morbidity (early
losses, late fetal loss, or severe pre-eclampsia or placental
insufficiency) (Wilson et al., 1999) (see Chapter 30). Lupus
nephritis is described in Chapter 59.

Diagnosis

The American College of Rheumatology has devised
classification criteria that require the presence of four of the
following eleven to “classify” SLE: malar rash, discoid rash,
photosensitivity, oral ulcers, arthritis, serositis, renal dis-
order, neurologic disorder (psychosis or seizures), hemato-
logic disorder (hemolytic anemia, leucopenia, lymphopenia
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or thrombocytopenia), immunologic disorder (anti-DNA,
anti-Sm, or antiphospholipid antibodies) and positive anti-
nuclear antibodies (ANA) (Tan et al., 1982).

However, the clinical diagnosis of SLE can be made
without four criteria. Alopecia and Raynaud’s phenomenon
occur frequently in SLE. Several other autoantibodies may
be helpful, although not specific for SLE, including anti-
ribonuclear protein (anti-RNP), anti-Ro, or anti-La. Low
complement (C3, C4, or CH50) is very common in SLE.
Several neurologic manifestations, including encephalopa-
thy, mononeuritis multiplex, and transverse myelitis may
lead to the consideration of SLE.

Autoantibodies

Of all the autoantibodies associated with SLE, ANA is
one of the least helpful in diagnosis. A negative ANA makes
the diagnosis of SLE unlikely. A positive ANA, especially
at lower titers, can occur in 20% of normal young women,
in localized autoimmune disorders, in other multisystem
autoimmune diseases, in vasculitis, in infections, in ageing,
with many drugs, and in malignancy.

Anti-dsDNA is specific for SLE, especially if the assay
used is immunofluoresence on Crithidia. Low titers of anti-
DNA in enzyme-linked immunosorbant assay (ELISA) may
not be specific for SLE. Patients with SLE and anti-dsDNA
are at greater risk of renal disease. Anti-Sm is also specific
for SLE, but is less frequent than anti-dsDNA. Patients with
SLE who are positive for anti-Sm are also at greater risk for
renal disease.

Anti-Ro and anti-La are classically considered to be
Sjögren syndrome antibodies. In SLE, secondary Sjögren
syndrome can occur with or without these autoantibodies.
Patients with anti-Ro are more likely to be photosensitive.
Anti-Ro and anti-La increase the risk of congenital heart
block during pregnancy (see Chapter 71).

Anti-RNP can also occur in rheumatoid arthritis and in
mixed connective tissue disease. Patients with SLE who are
positive for anti-RNP are more likely to have Raynaud’s 
phenomenon or myositis.

Differential Diagnosis

Early symptoms, including low-grade fever, fatigue,
malaise, mild hair loss, and arthralgias, are not specific for
SLE. Often there is a delay of several years before a diag-
nosis of SLE is made. Other multisystem autoimmune 
diseases that share features with SLE include Sjögren 
syndrome, rheumatoid arthritis, and systemic sclerosis. 
Vasculitis, especially hypocomplementemic urticarial 
vasculitis, overlaps with SLE. Other vasculitides, including
Wegener’s granulomatosis, polyarteritis nodosa, vasculitis
secondary to hepatitis B or hepatitis C, and lymphomatoid
granulomatosis need to be considered. Sarcoidosis can share
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some features with SLE, including fever, lymphadenopathy,
and polyarthritis. Several viral infections, including
cytolomegalovirus, parvovirus, human imunodeficiency
virus (HIV), and hepatitis B can cause polyarthritis, and,
sometimes, autoantibodies. Malignancy can lead to pol-
yarthritis, vasculitis, and autoantibodies including ANA.

Disease Course

The classic pattern of SLE is a relapsing-remitting, or
“flare” pattern, but some patients have chronic activity.
Periods of long quiescence can occur, but are rare (Barr et
al., 1999). Lack of flares (Swaak et al., 1989) and lack of
organ damage (Rahman et al., 2001) are associated with
normal survival. However, more than 50% of SLE patients
have one or more organs that are chronically damaged.
Some organs are damaged by the disease itself, such as renal
insufficiency (or renal failure), but a large component of
organ damage in SLE is also due to chronic treatment with
corticosteroids. Corticosteroid-induced damage includes
osteoporotic fractures, osteonecrosis, cataracts, and diabetes
mellitus.

Osteopenia or osteoporosis occurs in the majority of SLE
patients on chronic corticosteroids. Bone loss from corti-
costeroids occurs early. If corticosteroids are stopped, some
bone loss may be reversible. However, there is also evidence
that SLE itself is a risk factor for osteoporosis, likely due to
inflammatory cytokines such as interleukin 6 (IL-6). Other
risk factors for osteoporosis include post-menopausal status,
being white, smoking, and sedentary lifestyle. All women
with SLE should be on calcium and vitamin D supplemen-
tation. Those with osteoporosis should start bisphosphonate
therapy, unless there is a contraindication such as renal
insufficiency/failure or plans for a future pregnancy.

Osteonecrosis (or avascular necrosis of bone) is a com-
plication of high-dose corticosteroid use, usually greater
than 30 mg prednisone (or equivalent) daily. The patho-
genesis is poorly understood, but it is thought that corticos-
teroids lead to fat replacement in the marrow, increased
intraosseous pressure, and necrosis of bone. Hypercoagula-
bility may further increase the risk (Mont et al., 1997a). If
detected early, core decompression of the affected joint may
allow growth of new bone (Mont et al., 1997b). Hips are
most frequently involved, followed by knees and shoulders.
Joint involvement is almost always bilateral. Most patients
eventually require total joint replacement. Prevention is
avoidance of high-dose corticosteroids. There is interest in
calcium-channel blockers, which may reduce the intraos-
seous pressure (Barbosa et al., 1995).

Both cataracts and glaucoma are increased in SLE
patients treated with corticosteroids. Both high-dose daily
prednisone and chronic low-dose (<7.5 mg/day) prednisone
increase the risk of posterior subcapsular cataracts.
Hydroxychloroquine is rarely associated with retinopathy,
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which is nearly always reversible (Rynes and Bernstein,
1993). The dose of hydroxychloroquine should be reduced
in renal insufficiency.

Diabetes mellitus is increased in SLE patients on corti-
costeroids, especially in those with a positive family history
or who have gained weight. Weight gain is one of the most
common complications of chronic corticosteroid treatment
of SLE.

The major cause of late death in SLE is actually cardio-
vascular disease (Urowitz et al., 1976). The rate of myocar-
dial infarction in young women with SLE is 50 times higher
than Framingham offspring controls (Manzi et al., 1997).
The increased risk of cardiovascular disease remains even
after adjustment for traditional cardiovascular risk factors
(Esdaile et al., 2001).

Surprisingly, the SLE patients at risk for angina pectoris
and myocardial infarction are not those who clinically have
the most severe disease (Zonana-Nacach et al., 1995). The
patients at greatest risk are those chronically on corticos-
teroids, usually low-dose. Similarly, SLE patients with ath-
erosclerosis detected by noninvasive means are those on less
treatment and with less autoantibodies (Roman et al., 2003).
Thus, the “lupus factor” associated with atherosclerosis
cannot be identified using clinical indices of disease 
activity or serologic markers such as anti-dsDNA or low 
complement.

Traditional cardiovascular risk factors predictive of later
myocardial infarction in SLE include age, male sex, hyper-
tension, diabetes mellitus, renal insufficiency, homocys-
teine, and the lupus anticoagulant. Homocysteine is a risk
factor for later stroke (or any arterial thrombotic event)
(Petri et al., 1996). Reduction in and control of traditional
cardiovascular risk factors is an essential part of the man-
agement of SLE.

Infection is a major cause of both morbidity and mortal-
ity in SLE. The disease itself is associated with infection;
the risk increases with the use of corticosteroids and
immunosuppressive drugs (Petri, 1998). Patients with SLE
are especially susceptible to certain bacterial infections
(pneumococcus, meningococcus, salmonella), and viral
(cytomegalovirus, herpes zoster, warts) infections.

Malignancy is increased with the use of cytotoxic drugs
such as cyclophosphamide. Recent studies suggest SLE
itself is associated with malignancy, including lymphoma
(Sweeney et al., 1995) (see Chapter 69). Cervical dysplasia
and cervical cancer are increased in SLE (Blumenfeld et al.,
1994).

Treatment

Treatment is determined by organ involvement. Photo-
sensitive rashes are treated by sun avoidance, sun block, 
and by hydroxychloroquine, an antimalarial drug with 
an immunomodulating effect. Arthritis is managed with 
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nonsteroidal anti-inflammatory drugs (NSAIDs) and with
hydroxychloroquine; severe cases may require immunosup-
pressive drugs, including methotrexate or leflunomide. Anti-
TNF biologic agents, approved for rheumatoid arthritis, are
generally avoided in SLE arthritis, because they have been
associated with rare cases of drug-induced lupus and with
the development of anticardiolipin and anti-dsDNA anti-
bodies. Mild serositis may be controlled with NSAIDs,
whereas severe cases may require initial high-dose corti-
costeroid therapy (often given as a 3-day methylpred-
nisolone “pulse”) followed by taper of oral prednisone. A
severe pericardial effusion that leads to pericardial tampon-
ade may require a pericardial window. Mild hematologic
lupus often requires no treatment, but severe hemolytic
anemia or thrombocytopenia is treated with corticosteroids
and/or intravenous immunoglobulin. Recalcitrant hemato-
logic lupus may require splenectomy. Granulocyte colony-
stimulating factor (G-CSF), which is used to treat
neutropenia (including neutropenia from cyclophos-
phamide) is associated with SLE flares (Euler et al., 1997).

Severe internal organ involvement will require immuno-
suppressive regimens. Lupus nephritis occurs in mild
(mesangial, focal) and severe (diffuse proliferative) forms,
as well as in the form of membranous nephritis. Myco-
phenolate mofetil is appropriate initial therapy, along with 
corticosteroids (Chan et al., 2000; Contreras et al., 2004).
Rapidly progressive nephritis may require intravenous
cyclophosphamide, usually given monthly for six months as
“induction therapy” (Boumpas et al., 1992), followed by a
maintenance regimen of mycophenolate mofetil, azathio-
prine, or quarterly cyclophosphamide. Angiotensin convert-
ing enzyme (ACE) inhibitor therapy is given to most
nephritis patients to retard renal sclerosis, and may reduce
proteinuria in membranous nephritis.

Encephalopathy mononeuritis multiplex and transverse
myelitis are treated by high-dose corticosteroids, often 
with the addition of intravenous “pulse” cyclophosphamide.
Seizures due to active lupus are treated with both corticos-
teroids and anti-epileptics. Psychosis can be caused by both
SLE and by high-dose corticosteroids. Cognitive impair-
ment occurs in 80% of SLE patients within 10 years of diag-
nosis. Early detection is difficult, given lack of access to
cognitive function testing. In some studies, antiphospholipid
positivity appears to be associated with progression (Hanly
et al., 1999; Menon et al., 1999).

New approaches are being developed for life-threatening
SLE, recalcitrant to current regimens. Both high-dose
cyclophosphamide alone (Petri et al., 2003) and high-dose
cyclophosphamide followed by stem-cell rescue (Burt et al.,
1998) have shown long-term benefit, but, over time, relapses
are frequent. New approaches that target B cells include 
rituximab (Leandro et al., 2002) and monoclonals directed
against the B lymphocyte stimulator protein (Stohl et al.,
2003) (see Chapter 76).
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CHRONIC CUTANEOUS LUPUS

Lupus also occurs in a form limited to the skin, usually
as discoid lupus. Over time, only 5% of patients presenting
as chronic cutaneous lupus evolve to the systemic form.
Initial clues to the subgroup, which may progress to SLE,
include discoid lesions above and below the neck, or the
presence of polyarthralgias. Other rare forms of chronic
cutaneous lupus include hypertrophic (verrucous) lupus,
lupus panniculitis, mucosal lupus, tumid lupus, chilblains
lupus, and discoid lupus/lichen planus overlap. Subacute
cutaneous lupus is an exception to the rule, in that as many
as 50% may have SLE.

Chronic cutaneous lupus is treated with topical corticos-
teroids, corticosteroid injections, antimalarial drugs includ-
ing hydroxychloroquine and quinacrine, thalidomide, and
mycophenolate mofetil.

MIXED CONNECTIVE 
TISSUE DISEASE

Mixed connective tissue disease (MCTD) is defined in
patients with high-titer RNP and features of SLE, sclero-
derma, and myositis, including arthritis, Raynaud phenom-
enon, esophageal dysmotility, decreased carbon monoxide
diffusion opacity in the lung (DLCO) and myositis (Sharp
et al., 1976). However, this utility of the diagnosis over time
has been questioned, because of a high rate of progression
to SLE or systemic sclerosis (Isenburg and Black, 1999).

UNDIFFERENTIATED CONNECTIVE
TISSUE DISEASES

About 5% of women have symptoms or signs of auto-
immune disease without meeting classification criteria for
SLE, rheumatoid arthritis, systemic sclerosis, myositis, or
vasculitis. Onset is typically in women in their thirties.
Arthralgias/arthritis, cutaneous, and Raynaud phenomenon
are the most frequent symptoms and signs (Danieli et al,
1999). Ten to thirty-five percent of patients with undiffer-
entiated multisystem autoimmune diseases progress to a
classifiable autoimmune disease over five years or longer of
follow-up (Danieli et al, 1999; Williams et al., 1999; Mosca
et al., 2002; Bodolay et al., 2003). Progression to a defined
illness usually occurs within the first 2 years after onset.
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Systemic lupus erythematosus (SLE) is unique among
autoimmune illnesses in its breadth of clinical manifesta-
tions, in the variability of disease progression, and in the
nature of its underlying immunologic abnormalities 
(Vratsanos et al., 2001a). The hallmark of lupus is the pres-
ence of serum antibodies directed against nuclear antigens
(antinuclear antibodies or ANA) (Friou, 1957; Holman and
Kunkel, 1957; Deicher et al., 1959) that indicate the break-
down of tolerance to self-antigens. Such an event is sec-
ondary to complex genetic and environmental interactions
that lead to the activation of autoantibody-producing B 
cells. We have previously reviewed these interactions 
(Vratsanos et al., 2001a), and they are recounted and updated
below. In this review, we have used the terms SLE and lupus
interchangeably, identifying the same systemic disease.

AUTOANTIBODIES

Autoantibodies against chromatin and ribonucleopro-
teins, in addition to being serologic hallmarks for SLE (Tan,
1989) appear to have a pathogenic role in lupus (Shlomchik
et al., 2001). The deposition of immune complexes of these
autoantibodies with their respective autoantigens in target
organs, such as the kidney, leads to activation of comple-
ment and Fc receptor binding with subsequent tissue injury

(Lefkowith and Gilkeson, 1996; Clynes et al., 1998). Pre-
sumably, similar mechanisms account for tissue inflamma-
tion in other organs, such as the skin and joints.

Evidence of the pathogenicity of certain autoantibodies
comes from studies of human polyclonal anti-dsDNA and
murine monoclonal anti-dsDNA or anti-nucleosome (anti-
chromatin) IgG antibodies. The passive transfer of these
antibodies into non-autoimmune mice induces glomerular
pathology that is similar to that seen in human lupus (Raz
et al., 1989; Vlahakos et al., 1992). Mice that transgenically
express immunoglobulin genes coding for anti-dsDNA
antibodies also develop immune complex-mediated pro-
liferative glomerulonephritis (Roark et al., 1995a; 1995b).
In addition, genetic disruption of the ability of B cells to
produce (auto)antibodies results in markedly diminished
glomerular pathology in lupus-prone mice (Shlomchik et al.,
1994; Chan et al., 1999). In humans, increases in serum titer
often precede, or are coincident with, worsening of renal
disease (Koffler et al., 1967; Hecht et al., 1976). Autoanti-
bodies other than those directed against chromatin may also
incite immune complex renal disease, and end-organ injury
may also result from non-antibody dependent mechanisms
(Chan and Shlomchik, 1998; Chan et al., 1999; Shlomchik
et al., 2001).

The precise site of interactions between autoantibody and
autoantigen is unclear. Three hypotheses have been pro-
posed to explain the process by which immune complexes
containing anti-chromatin antibodies are formed (reviewed
in Gilkeson, 1999). The first proposes that the interaction
between these autoantibodies and antigen occurs exclusively
in the serum, with subsequent deposition in tissues. This
explanation now appears unlikely since multiple attempts 
to detect immune complexes containing DNA in the serum
of lupus patients have failed (Izui et al., 1977; Sano and 
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Morimoto, 1981). Further, the passive transfer of preformed
complexes containing anti-DNA antibodies in mice has not
resulted in glomerular inflammation (Emlen and Mannik,
1982). A second postulates that anti-chromatin or anti-DNA
antibodies may cross-react with antigens, such as laminin or
actin, in the glomerulus to form immune complexes (Jacob
et al., 1985; Faaber et al., 1986; Madaio et al., 1987; Raz 
et al., 1993; Mostoslavsky et al., 2001; Deocharan et al.,
2002; Mason et al., 2004; Zhao et al., 2005), and/or that a
subset of autoantibodies directly binds glomerular structures
(Liang et al., 2004). An alternative possibility is that circu-
lating antigen is trapped in situ within the kidney and sub-
sequently binds anti-dsDNA antibodies. Evidence for the
latter hypothesis comes from the observation that circulat-
ing nucleosomes, normally generated during the process of
apoptosis (Bell et al., 1990; Emlen et al., 1994; Tax et al.,
1995), can bind to proteins within the glomerular basement
membrane, particularly type IV collagen (Izui et al., 1976;
Schmiedeke et al., 1989; Bernstein et al., 1995; Di Valerio
et al., 1995). Regardless of the precise mechanism(s)
involved, immune complexes that are located within the
kidney can induce inflammation and tissue destruction by
activating phagocytic cells bearing Fc and complement
receptors (Clynes et al., 1998).

Properties of autoantibodies influence pathogenicity.
These properties include the net charge of the antigen-
binding region, isotype, and avidity of the antibody for
DNA. Cationic antibodies are more likely to be pathogenic
(Lefkowith et al., 1996; Liang et al., 2004), presumably due
to increased avidity for negatively charged antigens such 
as DNA, and preferentially bind in the kidney (Dang and
Harbeck, 1984). Isotypes that bind complement well
(IgG2a) are more pathogenic in murine models than other
isotypes (IgG1). Some studies have found no striking dif-
ference in the variable (V) gene segment usage of heavy or
light immunoglobulin chains found between lupus-prone
and non-autoimmune mice, or in studies of human lupus
patients (Gilkeson, 1999), suggesting that germline gene
segment rearrangement does not affect the pathogenicity of
anti-dsDNA antibodies; however, ANA isolated from lupus-
prone mice do have increased utilization of certain gene
families, compared with non-ANA binding antibodies
(Liang et al., 2004).

Anti-dsDNA antibodies may also induce tissue injury in
the brain. Recent studies have demonstrated that a subset of
anti-dsDNA antibodies in the mouse can cross-react with N-
methyl-D-aspartate (NMDA) receptors in the brain, with the
functional capacity to induce excitotoxic neuronal cell
death, providing a putative mechanism for induction of
pathologic responses in central nervous system (CNS) lupus
(DeGiorgio et al., 2001). More recent work by these inves-
tigators has shed light on this issue, with the demonstration
that lipopolysaccharide (LPS), a ligand for Toll-like recep-
tor (TLR) 4, can accentuate autoantibody-mediated brain
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injury in a peptide-induced lupus model (Kowal et al.,
2004). Given the capacity of LPS to induce a breach in the
blood–brain barrier (BBB) (Xaio et al., 2001), this work 
suggests an initiating mechanism whereby autoantibodies
produced in the periphery in SLE can enter the brain.

ABNORMALITIES OF 
B-CELL ACTIVATION

Experimental evidence from murine and human lupus has
consistently suggested that there is an intrinsic abnormality
in lupus B cells that leads to dysregulated production of
autoantibodies. Work done over a decade ago supported this
conclusion with the demonstration that pre-B cells isolated
from the fetal liver of lupus-prone NZB ¥ NZW F1 mice
(NZB/W), transferred into scid mice, led to IgM and IgG
hyperglobulinemia, production of antinuclear antibodies,
and, in some mice, lupus-like deposition of IgG in the
kidney with significant proteinuria (Reininger et al., 1992).
The transfer of pre-B cells from non-autoimmune mice did
not lead to these characteristic signs of autoimmunity. B
cells from lupus-prone mice are also more sensitive to stim-
ulation from T cells (Jongstra-Bilen et al., 1997). These data
are consistent with studies in human lupus that demonstrate
that B cells are hyperproliferative and produce more anti-
bodies spontaneously, including autoantibodies (Blaese 
et al., 1980).

The mechanism(s) responsible for this hyper-effector
phenotype of lupus B cells remains largely unknown. Such
alterations can be secondary to changes in B-cell subsets,
cytokine production, expression of effector molecules,
and/or cell signaling pathways. An expansion of the early
plasma cells (CD38+ CD19+ CD10- CD20- CD21+ CD24-

CD39+ CD5- VLA-4+ VLA-5- MPC-1- and surface mem-
brane IgM-) has been noticed in peripheral blood of lupus
patients (Harada et al., 1996). Others have confirmed these
results by showing an increased frequency and absolute
number of plasmablasts and plasma cells (CD19+ CD27high

B cells) in lupus patients (Odendahl et al., 2000; Arce et al.,
2001). Correlation between circulating CD27high plasma
cells and disease activity in patients with SLE is also found
(Jacobi et al., 2003).

Abnormal cytokine production and expression of effec-
tor molecules on the cell surface have been investigated in
both human and murine lupus. B cells and monocytes from
lupus patients produce more interleukin 10 (IL-10) and are
more sensitive to IL-10 stimulation (Llorente et al., 1993;
1994; 1995; Csiszar et al., 2000). Further, B cells from lupus
patients with active disease abnormally express CD40
ligand, compared with those isolated from patients in remis-
sion or from healthy controls (Desai-Mehta et al., 1995).
Expression of CD40L could be induced on B cells from
lupus patients in remission but not on control B cells, 
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supporting the idea of an intrinsic difference in lupus B-cell
phenotype. Indeed, a short course of anti-CD40L antibody
has improved serologic activity and hematuria in lupus
patients with nephritis (Boumpas et al., 2003). Such treat-
ment has reduced the frequency of IgG and IgG anti-
DNA antibody-producing B cells (Huang et al., 2002) and
eliminated CD38 (bright) Ig-secreting cells that are found 
in lupus patients, in particular those with active disease
(Grammer et al., 2003). Taken together, these findings
demonstrate that, in lupus, opportunities for T/B interaction
exist that do not exist in unaffected individuals. It seems
likely that aberrant production of cytokines (such as IL-10)
and expression of surface effector molecules such as CD154
(CD40L) sets up a self-perpetuating cycle of lymphocyte
activation that ultimately enhances disease progression.

Evidence suggests that signal transduction in B cells is
abnormal in lupus. Abnormalities in both positive and neg-
ative regulation of B-cell receptor (BCR) signaling have
been described. For example, in human lupus, B cells differ
in their biochemical imprint after BCR stimulation, having
greater protein tyrosine phosphorylation and free calcium
release than control B cells after BCR stimulation (Liossis
et al., 1996). The reasons for these differences are unclear,
although genetic studies from mice indicate that deficiencies
in molecules that down-regulate B-cell activation lead to a
lupus phenotype. For example, CD22 is a B-cell specific
transmembrane glycoprotein, which is phosphorylated after
BCR signaling and assists in the recruitment of SHP-1 phos-
phatase into the BCR signaling complex. It, therefore, serves
as an important downregulator of B-cell activation (O’Keefe
et al., 1996). B cells from mice deficient in CD22 (through
targeted gene knockout) are also hyper-responsive after
BCR stimulation and develop high titers of IgG anti-dsDNA
antibodies (O’Keefe et al., 1996; 1999). Similarly, genetic
disruption of other negative signaling molecules in mouse B
cells, for example the inhibitory receptor FcgRIIB, also lead
to a lupus-like phenotype, depending upon the background
murine strain (Bolland and Ravetch, 2000; Fukuyama et al.,
2005). The role of CD22, inhibitory Fc receptors, and other
B-cell receptor-associated proteins, such as CD21, in regu-
lating B-cell activity in human lupus is unknown and is an
important area for investigation.

The role of B cells as antigen-presenting cells (APCs)
also appears important to the development of lupus. Lupus-
prone MRL/Faslpr mice genetically deficient in B cells had
a significantly reduced number of activated and memory T
cells with a shift towards a naïve phenotype, when compared
with B-cell intact animals (Chan and Shlomchik, 1998). As
a consequence, T-cell infiltration of the skin and kidney was
markedly reduced.

In summary, lupus B cells appear to be intrinsically
abnormal in terms of BCR signaling, with enhanced pro-
duction of, and sensitivity to, cytokines tropic to B cells as
well as aberrant expression of effector molecules. These
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abnormalities result in dysregulation of antibody production
and may also lead to inappropriate activation of T cells and
abnormal T/B collaboration.

The conclusions that autoantibodies against chromatin
and other nucleoproteins are central to the pathogenesis of
lupus, and that B-cell abnormalities exist in disease, assume
even greater significance in view of emerging evidence from
several laboratories that TLR stimulation by endogenous
ligands such as chromatin may play an important role in the
pathogenesis of SLE. Toll-like receptors are pattern recog-
nition receptors that recognize various pathogen-associated
molecular structures including LPS, dsRNA, ssRNA and
hypomethylated cytosine and guanosine sequence (CpG)
DNA (Iwasaki and Medzhitov, 2004). Signals from TLR9
upon engagement by chromatin, presumably released from
apoptotic cells, may potentiate autoimmune responses in
lupus (Leadbetter et al., 2002). TLR9, as well as TLR3, 
recognize ligands not restricted to pathogens, unmethylated
DNA present in mammalian chromatin (Viglianti et al.,
2003), and dsRNA, respectively (for review, see Pasare and
Medzhitov, 2003). In the former example, DNA upon direct
engagement of anti-DNA-specific surface Ig, even in the
absence of immune complexes, can initiate TLR9 signaling
and sequential autoreactive B-cell activation (Viglianti et al.,
2003); i.e., chromatin engaged by surface anti-DNA Ig 
may be delivered to intracellular TLR9 after endocytosis
(Ahmad-Nejad et al., 2002). Such a scenario may be likely
in SLE with its apparent abnormalities in the signaling
threshold for B cells (Liossis et al., 1996), enabling them to
bypass the normal anergic signals induced via surface Ig in
contact with continually present self-antigen (Rui et al.,
2003), and allowing them to garner help from available self-
reactive, chromatin-specific, CD4+ T cells (Mohan et al.,
1993) (Figure 28.1).

T CELLS ARE REQUIRED FOR
AUTOANTIBODY GENESIS 

AND DISEASE

The production of antibodies against chromatin and
ribonucleoproteins is an antigen-driven process that is
dependent on T-cell help (see Figure 28.1). This conclusion
is based upon two essential lines of evidence. First, genetic
analyses of high affinity, pathogenic murine and human IgG
anti-DNA autoantibodies has revealed clonal selection and
somatic mutation (Shlomchik et al., 1987; 1990; Davidson
et al., 1990; Marion et al., 1990; O’Keefe et al., 1990).
Apparent antigen selection and somatic hypermutation of
autoantibodies suggests that autoreactive B cells in lupus
require autoantigen-specific cognate and contact-dependent
ab T-cell help (reviewed in Craft et al., 1999), given the
requirement of ab T cells for immunoglobulin somatic
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hypermutation and isotype switching in secondary lymphoid
organs.

Second, early work demonstrating that neonatal thymec-
tomy of lupus-prone mice led to abrogation of IgG anti-
dsDNA synthesis and glomerulonephritis, and to improved
mortality, indicated the T-cell dependence of autoantibody
production (Steinberg et al., 1980). Similar results were
obtained after treatment of these animals with antibodies
that depleted Thy1+ cells (Wofsy et al., 1985) or CD4+ cells
(Santoro et al., 1988). Genetic studies targeting CD4+ T cells
(Jevnikar et al., 1994; Koh et al., 1995) or ab T-cell recep-
tors (Peng et al., 1996b) in lupus-prone mice have provided
further evidence for the T-cell dependence of disease in
lupus. Furthermore, T cells have been isolated from (NZB
¥ NZW)F1 and from (SWR ¥ NZB)F1 (SNF1) lupus-prone
mice that help anti-DNA production in vitro and accelerated
disease when transferred to pre-nephritic mice in vivo
(Ando et al., 1987; Mohan et al., 1993; Singh et al., 1995;
Kaliyaperumal et al., 1996). Presumably similar pathways
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exist in SLE that account for the production of pathogenic
autoantibodies by chromatin-peptide specific autoreactive 
T cells (Lu et al., 1999).

T cells that are reactive with lupus nuclear antigens
including DNA-histones and small nuclear ribonucleopro-
teins have been isolated from peripheral blood of lupus
patients (Rajagopalan et al., 1990; Crow et al., 1994; Desai-
Mehta et al., 1995; Hoffman, 2004). These cells are typi-
cally CD4+ and can provide help to B cells in producing
anti-DNA and antihistone antibodies, supporting the idea
that T cells that promote autoantibody generation are auto-
reactive. In fact, lupus-prone mice with transgenic T cells 
recognizing foreign antigens failed to promote the develop-
ment of lymphadenopathy or pathogenic immune-complex
disease, as assayed by cutaneous, renal, and salivary gland
lesions (Peng et al., 1996a).

As in a normal immune response, ab T-cell help in lupus
is an MHC-restricted interaction between an ab T-cell and
B-cell recognizing epitopes derived from the same antigen.

Autoantibodies

TLR 3,7,8,9CpG DNA,
ss and dsRNA

Immune complexes
Containing CpG DNA,

ss and dsRNA

Cytokines

CD40

CD40L
MHC TCR

Ag

Ag

Co-stimulatory molecules

Cytokines
Immune complexes

Complement activation

Self-protein

TLR 3,7,8,9

B cell

Defective immune complex removal

Apoptotic cell

Dendritic cell

Tissue damage

CD4+
T cell

FIGURE 28.1 Immunologic pathogenesis of systemic lupus erythematosus (SLE). The figure depicts potential
immunologic mechanisms involved in the development of SLE. These include defects in immune complex removal,
apoptosis, and antigen presentations by antigen presenting cells (APCs) such as dendritic cells, as well as altered T- and
B-cell interactions and their cytokine and autoantibody production. Nucleic acids (CpG DNA and ssRNA) from self and
from microorganisms can also participate in stimulating APCs and B cells through Toll-like receptors (TLRs). Ag,
antigen; ds, double stranded; MHC, major histocompatibility complex; ss, single stranded; TCR, T-cell receptor.
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This interaction is dependent upon binding of CD154
(CD40L) on the activated T cells to CD40 on the B-cell
surface. Interruption of either CD154-CD40 or the CD28
CD80/86 (B7.1/B7.2) ligand pair interactions in lupus-prone
mice by antibodies, fusion protein (CTLA-4Ig), or genetic
knockout results in diminished autoantibody synthesis and
end-organ disease (Finck et al., 1994; Mohan et al., 1995;
Early et al., 1996; Ma et al., 1996; Daikh et al., 1997; Peng
et al., 1997; Kalled et al., 1998). In addition, soluble CD154,
cleaved from the cell membrane by matrix metallopro-
teinases, may serve as an additional pathway to activation
of both cognate and non-cognate APCs (Kato et al., 1999;
Vakkalanka et al., 1999). In fact, soluble CD154 levels are
elevated in lupus patients, particularly in those with active
disease (Kato et al., 1999; Vakkalanka et al., 1999).

ABNORMALITIES OF T CELLS

In human and murine lupus, ab T cells are necessary for
full penetrance of autoantibody production and disease. It
appears that activation of such cells in lupus is a conse-
quence of peripheral tolerance abrogation, as central toler-
ance appears intact to conventional peptide antigens (Singer
and Abbas, 1994; Fatenejad et al., 1998), with the subse-
quent development of autoantigen-reactive T cells (Hoffman
et al., 1993; Yan and Mamula, 2002). The events that lead
to this are largely unknown. The potential mechanisms for
the loss of T-cell tolerance to autoantigens in lupus include
exposure to cryptic or self-antigens during apoptosis 
(Lanzavecchia, 1995; Doyle and Mamula, 2001), an abnor-
mal activation threshold (Tsokos et al., 2003), excess 
costimulation (Desai-Mehta et al., 1996; Crow and Kirou,
2001), or inappropriate control by regulatory T cells
(Shevach, 2000; Powrie and Maloy, 2003).

Regarding these possibilities, evidence suggests that
lupus T cells may have intrinsic (genetic) defects that render
them more susceptible to activation through their T-cell
receptor (TCR)–CD3 complex after contact with self-
peptides. This hypothesis stems from several observations.
First, T cells from humans with SLE appear to have 
abnormalities in TCR signaling (Kammer et al., 1996; 
Vassilopoulos et al., 1995; Wong et al., 1999; Tsokos et al.,
2003), anergy avoidance (Yi et al., 2000; Xu et al., 2004)
and apoptosis (Elkon, 1994; Kovacs et al., 1996; Budagyan
et al., 1998), as well as in expression of effector molecules,
including CD40 ligand (CD154) (Desai-Mehta et al., 1996;
Koshy et al., 1996; Kato et al., 1999; Vakkalanka et al.,
1999). Second, lupus-prone mice have increased numbers of
activated T cells (Rozzo et al., 1994; Sabzevari et al., 1997;
Ishikawa et al., 1998) as well as enhanced responsiveness to
TCR triggering in vitro and in vivo (Vratsanos et al., 2001b;
Bouzahzah et al., 2003; Zielinski et al., 2005). Moreover,
initial B-cell help and follicular migration in lupus appears
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to depend upon polyclonally activated T cells, rather than
merely upon monoclonal or oligoclonal populations (Busser
et al., 2003), adding credence to the notion that polyclonal
activation is critical for disease initiation. Third, a genetic
locus on chromosome 7 from lupus-prone New Zealand
mice (NZM; New Zealand mixed) contributes to a height-
ened threshold of T-cell activation and a lower threshold for
apoptotic death (Morel et al., 1997; Mohan et al., 1999)
although these latter defects may be secondary to APC
abnormalities (Sobel et al., 2002).

A series of defects in intracellular signaling have been
identified in human lupus T cells (Kammer, 2005). Such 
T cells appear hyper-responsive after TCR engagement, with
exaggerated intracellular calcium concentration and
increased cytoplasmic protein tyrosine phosphorylation 
following anti-CD3 antibody stimulation (Liossis et al.,
1998; Tsokos et al., 2003). In addition, lupus T cells have
decreased TCR/CD3z expression, with upregulated FcRg
chain that replaces the TCR/CD3z chain (Enyedy et al.,
2001). FcRg forms a complex with Syk kinase, which is
known to signal 100 times more effectively than z-ZAP-70
complex. This rewiring of T-cell signaling in lupus could be
responsible for abnormally increased T-cell responses
(Tsokos et al., 2003), and may be a consequence of abnor-
mal lipid raft formation observed in T cells from patients
(Jury et al., 2004; Krishnan et al., 2004). In addition to 
these proximal defects in TCR-mediated signal transduction,
more distal signaling abnormalities also have been identi-
fied, with the ultimate activation of the Ca2+-calmodulin
kinase IV signaling cascade and downregulation of IL-2
gene transcription (Elliott et al., 2004; Juang et al., 2005)
(reviewed in Kammer et al., 2002; Kammer, 2005). Given
the role of IL-2 in tolerance maintenance, these signaling
events could lead to aberrant T-cell function in SLE
(Kammer, 2005).

Coincident with the above explanation are the several
studies that have reported abnormalities in T-cell activation-
induced cell death in lupus (Kovacs et al., 1996; Budagyan
et al., 1998; Xu et al., 2004). For example, a recent study
has demonstrated that activated T cells of lupus patients
resist anergy and apoptosis by markedly upregulating and
sustaining cyclooxygenase-2 (COX-2) expression (Xu et al.,
2004). Inhibition of COX-2 induced apoptosis of the anergy-
resistant lupus T cells by augmenting Fas signaling and
markedly decreasing the survival molecule c-FLIP (cellular
homolog of viral FLICE inhibitory protein). Of interest, the
gene encoding COX-2 is located in a lupus-susceptibility
region on chromosome 1, which supports the notion of
genetic (intrinsic) T-cell defects in lupus.

T cells expressing CD4+CD25+ are regulatory T cells that
suppress immune responses and maintain self-tolerance
(Shevach, 2000). A decreased frequency of regulatory T
cells has been reported in peripheral blood of lupus patients
during active disease, when compared with healthy controls
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(Liu et al., 2004). However, the result of this study is com-
plicated by the fact that activated T cells also express CD25,
the a chain of the IL-2 receptor. It will be useful to employ
an additional marker such as forkhead box P3 (FOXP3) for
better understanding of the role of regulatory T cells in lupus
(Coffer and Burgering, 2004; Mills, 2004).

Abnormalities in T-cell-mediated cytotoxic activity also
have been reported in lupus patients. T cells from lupus
patients have impaired mitogen-induced cytotoxicity (Stohl,
1995; Warrington and Rutherford, 1990) and decreased
cytotoxic response against allogeneic or xenogeneic targets
(Charpentier et al., 1979; Tsokos et al., 1985). However, 
the effect of such abnormalities on controlling of pathogens
was not known. Recently, Kang and colleagues demon-
strated that lupus patients have increased Epstein–Barr virus
(EBV) viral loads in peripheral blood cells that likely stems
from inadequate CD8+ T-cell responses against EBV (Kang
et al., 2004). However, these patients can mount appropri-
ate EBV-specific CD4+ T-cell responses that account for lack
of the development of EBV-associated lymphoproliferative
diseases. The results of this study support the notion that
lupus patients have abnormal CD8+ T-cell function that can
potentially affect the control of pathogens.

T-cell cytokines have been extensively studied in lupus
patients. For example, spontaneous production of IL-10, a
Th2 cytokine, from peripheral blood cells is significantly
higher in lupus patients compared with controls (Llorente et
al., 1993; 1994). This result is further validated by the find-
ings of increased IL-10 mRNA expression in peripheral
blood cells (Csiszar et al., 2000) and increased serum IL-
10 levels in lupus patients (Houssiau et al., 1995). Such
increased IL-10 production in lupus may have a pathogenic
role since this cytokine is a potent stimulator of B-cell pro-
liferation and differentiation. In fact, serum IL-10 levels cor-
relate with disease activity and anti-dsDNA antibody titers
(Houssiau et al., 1995; Park et al., 1998; Tyrrell-Price et al.,
2001). Although T cells produce IL-10, the predominant
source of IL-10 in lupus appears to be non-T cells such as
B cells and monocytes (Llorente et al., 1993; 1994; Csiszar
et al., 2000). In fact, a recent study has demonstrated that
immune complexes in SLE sera stimulate IL-10 production
from peripheral blood mononuclear cells (PBMC) possibly
acting through FcgRII expressed by CD14+ monocytes
(Ronnelid et al., 2003).

INNATE IMMUNITY AND LUPUS

The potential role of interferon-a (IFN-a) in the patho-
genesis of lupus was suggested in the late 1970s by a study
reporting increased serum levels of IFN-a in lupus patients
(Hooks et al., 1979). This notion has been recently revived
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by several groups that have demonstrated increased expres-
sion of interferon-induced genes in peripheral blood cells
from lupus patients, using microarray analyses (Baechler et
al., 2003; Bennett et al., 2003). The role of IFN-a in lupus
is further supported by the clinical findings that some
patients receiving IFN-a for the treatment of viral hepatitis
and malignancy develop drug-induced lupus and other
autoimmune diseases (Baechler et al., 2004; Crow and
Kirou, 2004).

Interferon-a can affect innate and adaptive immune cell
function. It has antiproliferative effects on T cells (Petricoin
et al., 1997) and enhances immunoglobulin isotype switch-
ing by stimulating dendritic cells (Doyle and Mamula,
2001). Interferon-a induces maturation of dendritic cells and
drives monocytes to become more effective in stimulating
allogeneic T cells (Radvanyi et al., 1999; Blanco et al., 
2001; Dalod et al., 2003). In addition, IFN-a can regulate
the production of cytokines such as IL-10 and IL-12 by
monocytes in response to bacterial stimulation (Hermann et
al., 1998). The results of murine lupus studies also provide
evidence for the role of IFN-a in the development of 
lupus. Administration of poly(inosine-cytosine), a synthetic
dsRNA and strong IFN-a inducer, accelerated development
of disease in (NZB ¥ NZW) F1 mice (Reeves et al., 1981).
Lupus-prone mice lacking receptors for type I interferons
including IFN-a had reduced anti-dsDNA antibodies and
disease activity (Santiago-Raber et al., 2003).

The mechanisms of induction of IFN-a in lupus patients
are not clear yet. Obviously, viral infection is a strong
inducer of IFN-a. However, there is no convincing data yet
showing that lupus patients have chronic active viral infec-
tion that causes increased IFN-a production. Of interest,
Rönnblom and Alm have demonstrated that immune com-
plexes in lupus serum containing autoantibodies associated
with apoptotic fragments, DNA, or RNA can stimulate 
plasmacytoid dendritic cells (PDCs) to produce IFN-a
(Rönnblom and Alm, 2001a; 2001b). Such events can be
mediated by TLRs (Baechler et al., 2004; Crow and Kirou,
2004). Plasmacytoid dendritic cells express TLR9, which
recognize CpG DNA (Iwasaki and Medzhitov, 2004). Thus,
immune complexes in lupus serum containing CpG DNA
and anti-DNA antibodies can stimulate PDC to produce
IFN-a (see Figure 28.1). This notion is supported, as dis-
cussed above, by two studies showing that murine B-cell
hybridomas with specificity to rheumatoid factor or DNA
activate B cells by engaging both immunoglobulin receptors
and TLR9 (Leadbetter et al., 2002; Viglianti et al., 2003). A
similar concept has been raised by recent studies demon-
strating the role of TLR7 and TLR8 in cellular responses to
ssRNA (Diebold et al., 2004; Heil et al., 2004) since anti-
bodies against small nuclear RNA and protein complexes are
often found in lupus patients (Baechler et al., 2004; Crow
and Kirou, 2004).
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SUMMARY AND 
FUTURE DIRECTIONS

The immunopathogenesis of SLE involves the broad
spectrum of the immune system from innate to adaptive
immunity. In the latter, both T and B cells are critical for the
development of clinical disease, with autoantibodies against
chromatin and ribonucleoproteins as serologic hallmarks
(Shlomchik et al., 2001). B and T cells in SLE appear to be
intrinsically abnormal in terms of antigen–receptor mediated
activation, events likely related to genetic abnormalities
(Shlomchik et al., 2001; Vratsanos et al., 2001a). Recently,
sizeable data supporting a role for aberrant innate immune
responses in SLE have accumulated, based on the studies
demonstrating upregulation of IFN-a inducible genes in
peripheral blood cells of patients, and activation of PDCs
with IFN-a production in response to the immune com-
plexes containing DNA and RNA via TLRs (reviewed in
Crow and Kirou, 2004). However, there are still a number
of missing links in these observations. We do not know the
initial event(s) leading to the development of SLE and the
characteristic pathogenic autoantibodies, and whether such
an event is continuously required for the maintenance of
autoantibody production and clinical disease. Although there
is a potential link between innate and adaptive immunity as
suggested by DC and IFN-a studies, it is unclear how IFN-
a affects the function of adaptive immune cells like B- and
T cells. Furthermore, fuller identification of the potential
genetic alterations responsible for intrinsic B- and T-cell
abnormalities and the immunologic consequences of such
abnormalities are needed in human lupus. The results of
these investigations will provide new diagnostic and thera-
peutic insights in SLE.
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FIGURE 28.1 Immunologic pathogenesis of systemic lupus erythematosus (SLE). The figure depicts potential
immunologic mechanisms involved in the development of SLE. These include defects in immune complex removal,
apoptosis, and antigen presentations by antigen presenting cells (APCs) such as dendritic cells, as well as altered T- and
B-cell interactions and their cytokine and autoantibody production. Nucleic acids (CpG DNA and ssRNA) from self and
from microorganisms can also participate in stimulating APCs and B cells through Toll-like receptors (TLRs). Ag,
antigen; ds, double stranded; MHC, major histocompatibility complex; ss, single stranded; TCR, T-cell receptor.

FIGURE 32.1 Rheumatoid arthritis with nailfold vasculitis.
FIGURE 32.2 Rheumatoid nodule on extensor aspect of forearm.
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The first convincing description of systemic sclerosis
(SSc) was a report of Carlo Curzio in 1753, although the
term scleroderma was not applied until a century later
(Gintrac, 1847). These early cases focused upon the diffuse
cutaneous subset, recognition of limited cutaneous SSc was
much later, with the definition of CREST (Calcinosis,
Raynaud phenomenon, Esophageal involvement, Sclero-
dactyly, Telangiectasis) syndrome by Winterbauer in 1964.
As outlined below, the terms CREST and progressive 
systemic sclerosis (PSS) are generally avoided as they are
potentially misleading. Patients with CREST represent a
subset of cases of limited cutaneous SSc, and other compli-
cations such as lung fibrosis, gut disease, and pulmonary
hypertension are not highlighted. Progressive SSc is mis-
leading as not all cases of diffuse cutaneous SSc are pro-
gressive. Regression of skin involvement for example is
common.

Systemic sclerosis, although uncommon, has the highest
case-specific mortality of any of the autoimmune rheumatic
diseases. This is largely as a consequence of organ-based
vascular and fibrotic complications. In fact SSc can be
regarded as a prototypic fibrotic disease and serves as a
reminder that much of the morbidity of autoimmune and
inflammatory disease occurs due to fibrosis, or scarring.
Autoimmunity is nevertheless a hallmark of the condition;
evidenced by the near universal occurrence of antinuclear
antibodies (ANA) and the association of a number of hall-
mark ANA reactivities with SSc. In addition, there is 
evidence of immunologic reactivity to extracellular matrix
components and early-stage skin and lung involvement is
characterized by a T-lymphocyte-rich mononuclear inflam-
matory cell infiltrate.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical Features

Systemic sclerosis is a multisystem disease, and the clin-
ical features can be divided into those that are generally
present in all cases, to a greater or lesser degree, and the 
features only present in a minority of affected individuals
(Figure 29.1). The former include skin and musculoskeletal
involvement leading to sclerodactyly; Raynaud phenome-
non, the absence of which in established SSc should lead to
the diagnosis being questioned, and esophageal dysmotility
and reflux. Changes in the skin usually proceed through
three phases: early, established, and late. The early stage can
be difficult to diagnose, and a high level of suspicion is
needed in the edematous phase when the only feature may
be puffiness of the hands and feet, most marked in the morn-
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ings. Edema may be dependent and can lead to symptoms
of neural compression including carpal tunnel syndrome.
The face may feel slightly taut at this stage and Raynaud
phenomenon may be present. On examination there is a non-
pitting edema with intact epidermal and dermal appendages.
The subsequent, often abrupt, development of firm, taut,
hidebound skin proximal to the metacarpophalangeal joints,
adherent to deeper structures such as tendons and joints,
causing limitation of their movement and subsequent con-
tractures, permits a definitive diagnosis in over 90% of
patients. The skin may be coarse, pigmented, and dry at this
stage. The epidermis thins, hair growth ceases, sweating is
impaired, and skin creases disappear.

A consensus classification for scleroderma spectrum 
disorders has been developed that separates localized from
systemic disease (Table 29.1). Localized scleroderma
encompasses the various forms of morphea and linear scle-
roderma occurring in adults or children. In its classical
forms, it is not associated with internal-organ disease. The
traditional boundaries between different clinical subgroups
of the scleroderma spectrum are being blurred although the
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basic principles of classification remain (Anonymous,
1980). It is now appreciated that there are some cases of SSc
that develop one or more areas of localized scleroderma,
generally plaque morphea, and conversely it is reported that
some patients with typical localized scleroderma develop
serologic features of systemic disease or other autoimmune
rheumatic disorders such as systemic lupus erythematosus
(SLE). Also, a subset of patients with clinical features of iso-
lated Raynaud phenomenon have evidence of microvascu-
lopathy based upon nailfold capillaroscopy, or have serum
autoantibodies against nuclear antigens. Such cases may
progress to develop a defined multisystem autoimmune
disease, with best estimates suggesting between 10 and 
15% of cases evolving in this way within 5 years of pre-
sentation. Also, presence of scleroderma-related capillaro-
scopic findings or ANAs against hallmark scleroderma
antigens may identify a subset of patients who will develop
features of limited cutaneous SSc. Based upon the absence
of skin changes at presentation, the term “limited systemic
sclerosis” has been proposed for this group (LeRoy et al.,
2001). Further, there is a small number of patients who have

A B

C

D
FIGURE 29.1 Clinical features of scleroderma. Skin involvement is widespread in diffuse cutaneous systemic scle-
rosis (A,B) but much more restricted in limited cutaneous systemic sclerosis (C). Digital loss from severe vascular disease
is common. D, Morphea plaque: although histologically similar to systemic sclerosis, skin involvement in localized scle-
roderma has a distinctive clinical appearance and distribution. See color plate section.
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vascular and serologic features of diffuse cutaneous SSc
(dcSSc) but lack significant skin sclerosis, designated as 
systemic sclerosis sine scleroderma (Poomoghim et al.,
2000).

Pathologic Features

In the early phase, there are collections of mononuclear
cells in the dermis, particularly around blood vessels. The
soluble products of these monocytes and lymphocytes may
have pathogenetic significance in the disease process. 
Later, fibrosis replaces the cellular infiltrate and may extend
deep into the connective tissue to surround tendons, nerves,
muscle bundles, and joint capsules. In the final stage, the
fibrosis may be less evident, with epidermal thinning and
loss of appendages a prominent feature.

The pathology of SSc involves vascular change with
endothelial cell activation and microvascular damage. Later,
there is an inflammatory phase with mononuclear cell infil-
tration. Overexpression of a number of key growth factors
and cytokines is common to both pathologies including
transforming growth factor-b (TGF-b) isoforms and 
connective tissue growth factor. Later, the sclerotic phase of
localized scleroderma resembles the established fibrotic
lesion of SSc, and activated fibroblasts and myofibroblasts
predominate. There are serologic features in common be-
tween the two conditions, including the presence of ANA
reactivity or the hallmark scleroderma autoantibodies
(Marzano et al., 2003) (and see later). In addition, minor
reactivities against extracellular matrix components includ-
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ing fibrillin 1 have been demonstrated in localized as well
as systemic forms of scleroderma (Tan et al., 1999). These
shared features suggest that there are similar pathogenic
mechanisms for these diseases and that genetic or environ-
mental predisposition in common may underlie them.

Epidemiologic Features

Scleroderma is an uncommon disorder and most of the
descriptive epidemiology is derived from retrospective or
prospective reviews of patients attending hospitals or insti-
tutions serving a defined denominator population: there is
only one true population-based study (Maricq et al., 1989).
Although there are apparently different disease frequencies
between populations, some of these may be accounted for
by methodologic factors. Interestingly, although the preva-
lence in the UK was previously estimated in a large West
Midlands population as several-fold lower than in the study
of Maricq (1989), a smaller but thorough examination has
recently been reported (Allcock et al., 2004) that finds
higher frequency, in line with that in North America (Mayes
et al., 2003) and Australia (Roberts-Thomson et al., 2001).
Currently, the best estimate for UK prevalence overall is
approximately 12 in 100,000 of the population (Allcock 
et al., 2004), which is lower than reported for North
America, but not the order of magnitude lower that was sug-
gested in earlier work. The demographic conclusions that
may be drawn from these data are that the disease is rare in
childhood, and that its incidence increases steadily with age
among adults. Its rarity suggests that the genetic and/or 

TABLE 29.1 Classification of Scleroderma and Systemic Sclerosis

Classification Description

Localized scleroderma
Plaque morphea Fewer than four patches of localized scleroderma not following a linear distribution. Face generally spared.

Generalized morphea More than four  patches of localized scleroderma. May be very extensive but spares the hands, and
Raynaud usually absent.

Linear scleroderma Localized scleroderma in a linear distribution. Often affects the face and scalp. Usually asymmetrical even
when bilateral. Most common form of childhood-onset scleroderma. Can lead to major growth deficit of
underlying connective tissues. Variants include en coup de sabre and hemifacial atrophy.

Systemic sclerosis
Diffuse cutaneous systemic sclerosis Skin involvement proximal to knees, elbows or neck. Approximately 30% of SSc cases. Inflammatory

features prominent in first 3 years of disease. Renal and interstitial lung involvement more common.
Raynaud phenomenon may not be the first manifestation.

Limited cutaneous systemic sclerosis Distal skin involvement. Prominent vascular rather than inflammatory features. Raynaud phenomenon
invariably the first manifestation. Around 60% of SSc cases. Severe bowel involvement and isolated
pulmonary hypertension are common. Lung fibrosis and renal involvement also occur.

Overlap syndromes Cases of SSc but also manifestations of another rheumatic disease such as SLE, myositis, or polyarthritis.
Approximately 15–20% cases of SSc have overlap features.

Systemic sclerosis sine scleroderma Vascular, serologic, and organ-based manifestations of SSc but without definite skin sclerosis. A rare
subset, less than 5% of cases.

SLE, systemic lupus erythematosus; SSc, systemic sclerosis.
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environmental exposures necessary for disease susceptibil-
ity occur infrequently in the population. Systemic sclerosis
is a disorder with a female to male excess (4:1 male to
female overall).

A number of geographical clusters of SSc have been
reported, including clustering close to international airports
in the UK (Silman, 1995). A cluster of patients with a variety
of autoimmune rheumatic diseases is reported from The
Republic of Georgia (Freni-Titulaer, 1989), and a clearer
cluster of SSc in a region of Italy close to Rome (Valesini,
1993). In North America a high prevalence has been
observed among Choctaw Native Americans in Oklahoma.
There is increasing evidence for a genetic basis for this high
prevalence and on-going studies are defining this in detail
(Tan and Arnett, 2000). Finally, in common with some other
autoimmune rheumatic diseases, various environmental
agents have been implicated in SSc, including increased
silica exposure.

AUTOIMMUNE FEATURES

Some of the clinical and immunologic features of SSc
resemble those of other autoimmune disorders such as SLE,
dermatomyositis, and rheumatoid arthritis, and there are also
patients who have overlap syndromes or who have sequen-
tial development of more than one autoimmune rheumatic
disease. Cases of familial SSc and familial associations of
SSc with other autoimmune diseases such as rheumatoid
arthritis and SLE occur and have already been mentioned.
Abnormalities in both humoral and cell-mediated immunity
occur in SSc, although the importance of these immunologic
events in the pathogenesis remains uncertain. The lack of a
generalized immune dysfunction in SSc suggests that the
derangement of immune-cell dysfunction may be specific to
certain antigens or cell types (Lupoli et al., 1990).

T-Cell Abnormalities

The association of SSc with particular HLA alleles and
the close association of certain HLA alleles with SSc-spe-
cific antibodies is indirect evidence for T-cell involvement
in SSc. Evidence for T-cell activation in SSc includes an
increased ratio of circulating CD4+:CD8+ cells, reflecting an
increased number of CD4+ and/or a reduced number of CD8+

lymphocytes. A particular role for gd T-cells has been sug-
gested (White, 1994; Tiev et al., 2005), including a poten-
tial predisposition to microchimerism (Giacomelli et al.,
2004), and others have reported increased numbers of 
lymphokine-activated killer and natural killer cells in 
blood samples from patients with SSc. Furthermore, several
studies have found increased soluble interleukin 2 (IL-2)
receptor in serum in SSc, sometimes appearing to correlate
with disease activity. Support for the possibility that acti-
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vated T-cells are important in pathogenesis is provided by
the presence of infiltrates in lesions of ab T-cells that 
are CD3+, CD4+, CD450+, interleukin 2-producing, HLA-
DR+, and leukocyte function-associated antigen-1-positive
(Prescott et al., 1992). Also, in humans, chronic graft-
versus-host disease (GvHD) shows several histologic and
clinical similarities with SSc, and is known to be a T-cell-
mediated process. Although circulating immune complexes
have been reported in SSc, most studies have not found
functional complement abnormalities, probably because
most SSc-associated autoantibodies do not activate the com-
plement cascade (White, 1994).

B-Cell Abnormalities

Humoral abnormalities in SSc are most clearly reflected
by the presence of autoantibodies with well-defined target
specificities. Autoantibody production is an early and almost
universal feature of SSc, and the number of autoantibody
targets identified in SSc continues to increase. The major
reactants are topoisomerase 1, centromeric proteins, and
RNA polymerases I, II, and III. Virtually all patients have
antinuclear antibodies when HEp-2 lines are used in indirect
immunofluorescence (IIF) tests. Characteristic staining pat-
terns for ANAs within the nuclear structures are relatively
specific and can be confirmed by more refined tests 
such as counterimmunoelectrophoresis (CIE) and Western
immunoblotting. A diffusely grainy pattern of ANA staining
is associated with the presence of antibodies to topoiso-
merase 1 (Topo 1, Scl-70), a nuclear enzyme required for
the unwinding of DNA for replication and RNA transcrip-
tion. Topo 1 to Scl-70 occur in up to 40% of patients with
diffuse SSc and 15% of those with limited disease (Bunn
and Black, 1999). The frequency of occurrence of this anti-
body in SSc varies between laboratories; the immunoblot
technique is more sensitive than CIE and by this technique
the positivity rate is 30–40% in dcSSc.

Anticentromere staining by IIF occurs in some 80% of
patients with the limited form of SSc, although it is also
sometimes present in other diseases including primary
biliary cirrhosis and in otherwise healthy subjects. The anti-
gens recognized by positive sera are CENP-A, CENP-B, and
CENP-C, with molecular weights of 19, 80, and 140 kDa,
respectively (Earnshaw et al., 1986). Since a correlation has
been shown (Jabs et al., 1993) between anticentromere anti-
bodies and aneuploidy in patients with SSc, anticentromere
antibodies could disrupt centromere function and allow
chromosomes to segregate inappropriately during mitosis,
leading to a high rate of chromosomal breakage and sister
chromatid exchange. However, this would assume that anti-
body can penetrate cells and, to date, no correlation has been
found between the presence of anticentromere antibody and
chromosomal changes.

Antibodies against RNA polymerase (RNAP) occur
mainly in patients with diffuse disease, and antibodies
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against RNAPI, II, and III have been described (Bunn et al.,
1998). The RNAPs are multiprotein complexes and are 
components of the transcription complex (Reeves et al.,
1994). Each RNAP is composed of collections of smaller
proteins shared by other RNAPs and two large distinct 
proteins: RNAPI synthesizes ribosomal RNA precursors in
nucleoli, whereas RNAPs II and III are found in nuclei. 
Most of the small nuclear RNAs found in ribonucleoprotein
particles that mediate pre-mRNA splicing and synthesize
precursors of mRNA are synthesized by RNAPII, and
RNAPIII synthesizes small RNAs including single-strand
ribosomal RNA and transfer RNA. Anti-RNAP antibodies
target both the smaller shared subunits and the larger dis-
tinct proteins, which explains antibody reactivity against
several RNAPs in one serum sample. Radioprecip-
itation assays are currently the only way of identifying 
anti-RNAPs, and require the facilities of specialized labora-
tories. Autoantibodies associated with SSc are detailed in
Table 29.2.

Anti-fibrillarin (U3-RNP) antibodies produce a typical
clumpy nucleolar staining pattern by IIF with coilin bodies
appearing as bright nuclear dots. Several studies have asso-
ciated this reactivity with a poor outcome, particularly in
dcSSc (Tormey et al., 2001). Initial reports suggested a high
frequency of isolated pulmonary hypertension, myositis, and
cardiac disease in African-American SSc patients (Arnett 
et al., 1996).

The antinuclear antibody response is not as clear-cut in
the juvenile as in the adult form of SSc, although some
trends are emerging. Serum ANAs have been reported in
25–55% of juveniles (onset under 16 years of age) with
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localized scleroderma, the association being most marked in
the linear group and in patients with extensive cutaneous
lesions. Antibodies to single-stranded DNA also appear to
be correlated with the extent of localized disease, whereas
antibodies to double-stranded DNA are rarely found.
Notably, in the generalized form of childhood scleroderma,
anticentromere antibodies have not been reported, even in
those children with disease identical to that found in the
adult.

A direct pathogenetic role for various autoantibodies in
SSc has long been sought. There are defined epitopes for
several of the autoantibodies (Bunn and Black, 1999) and
recent work has shown homology between target autoanti-
gens in SSc and retroviral proteins (Prokop et al., 2004),
suggesting molecular mimicry, which may have significance
in disease pathogenesis. There are reports that some of the
antibodies present in SSc are also able to enter intracellular
compartments (Ma et al., 1991) and, thereby, to mediate
intracellular events, such as the reported ability of anti-
centromeric antibodies to disrupt the centromere, although
this remains very controversial. In addition, autoantibodies
might be able to activate cells that bear the target autoanti-
gens; for example, patients with SSc produce antibodies that
bind FcgRI (CD64), FcgRII (CD32: activating), and FcgRIII
(CD16: inhibitory) (Boros et al., 1993). It has been sug-
gested that some of the autoantibodies in serum from SSc
may mediate antibody-dependent cytotoxicity, and potential
effector cells have been found in the skin of some 
patients (White et al., 1994). Another speculation is that
these antibodies might contribute to the pathology if 
they mediated complement-dependent cellular lysis or

TABLE 29.2 Autoantibodies Associated with Systemic Sclerosis

Antigen Frequency Immunofluorescence pattern Clinical association*

Centromere 60% lcSSc up to 25% in Centromere Almost restricted to lcSSc subset. These patients are at risk of
primary biliary cirrhosis, isolated pulmonary hypertension and severe gut disease but
often with features of relatively protected from lung fibrosis
lcSSc

Topoisomerase 1 35% dcSSc Nuclear (diffuse fine speckles) Associated with diffuse skin involvement and especially with
(Scl 70) 10–15% lcSSc lung fibrosis in both subsets of SSc

RNA polymerases I 20% dcSSc Nucleolar (punctate) Associated with diffuse skin involvement and especially with
and III renal involvement in both subsets

Fibrillarin 5% Nucleolar (clumpy) staining Occurs in both major subsets. Associated with poor outcome 
of coilin bodies in dcSSc with cardiac disease, pulmonary hypertension, renal

involvement, and myositis

Polymyositis- 3% Nucleolar (homogeneous) High frequency of myositis. In childhood may associate with
scleroderma PM-Scl milder disease but renal involvement increased in adult SSc

U1 RNP 10% SSc Speckled antinuclear Higher frequency in black patients with SSc. Associated with 
5% dcSSc joint involvement and lung fibrosis in SSc. Also frequent in 

14% lcSSc overlap syndromes

*For further details see Bunn et al., 1998; Bunn and Black 1999; Tormey et al., 2001.
dcSSc, diffuse cutaneous systemic sclerosis; lcSSc, limited cutaneous systemic sclerosis; RNP, ribonuclear protein; SSc, systemic sclerosis.
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phagocytosis. However, these ideas must be kept in per-
spective balanced against the lack of correlation of antibody
titer with disease duration or activity.

Other Autoantibodies

Anti-endothelial cell antibodies (AECA) have been rec-
ognized in SSc sera for many years, but their significance
remains uncertain. Cross-reactivity with viral antigens has
been reported, and this may provide a clue concerning the
origin of these antibodies and possibly implicate viral infec-
tion in endothelial cells as a pathogenic mechanism in SSc
(Lunardi et al., 2000). More recently, functional effects of
AECA in SSc have been explored in detail and the ability
of AECA to induce endothelial cell apoptosis has been
demonstrated (Worda et al., 2003). It has been demonstrated
that AECA may also react with other cell types, including
fibroblasts (Renaudineau et al., 2001) and that some AECA
recognize hallmark SSc-associated antigens (Garcia de la
Pena-Lefebvre et al., 2004).

Other autoantibodies have also been detected in SSc 
as well as localized scleroderma, such as those reacting
against the microfibrillar protein fibrillin 1 and antibodies
against a number of different cytokines (White, 1994). These
reactivities appear more likely to be related to abnormal
protein expression or processing for these antigens and 
may provide insight into the biochemical processes that are
perturbed in scleroderma spectrum disorders, although it
seems unlikely that they are directly involved in disease
pathogenesis.

Circulating antibodies to the extracellular matrix pro-
teins, collagens I, III, IV and VI, and laminin and fibrillin
have also been found in SSc, but their role is undetermined
(Mackel et al., 1982; Tan et al., 1999).

GENETIC FEATURES

Certain of the SSc autoantibodies are closely related to
particular HLA alleles. For example, the class II major his-
tocompatibility complex (MHC) haplotype is an important
factor determining in vitro responsiveness to topoisomerase
antigen, both in patients with SSc and in healthy control
individuals (Kuwana et al., 1995). Moreover, there may be
racial differences in HLA associations for the various
autoantibodies. These antibodies not only mark out certain
subsets of patients with SSc but are of increasing importance
in defining that subgroup of patients with isolated Raynaud
phenomenon likely to develop SSc.

It is likely that new approaches to SSc genetics will 
identify additional susceptibility and severity genes. For
example, gene-profiling experiments that have been fruitful
in identifying over- or underexpressed genes that are asso-
ciated with lesional SSc skin or fibroblasts. Interestingly,
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many of these genes are regulated by TGF-b, providing
additional evidence that this is a key cytokine in pathogen-
esis of SSc (Kissin and Korn, 2002). Association studies
have also been performed including a recent genome-wide
screen of Choctaw Native American patients (Zhou et al.,
2003). There has been recent interest in comparing gene
expression in non-involved skin sites with healthy controls
to determine potential susceptibility loci (Whitfield et al.,
2003). Recent reports have highlighted several genes that
may underlie fibroblast dysfunction in SSc through genetic
linkage or association studies, and by differential display
methodologies including cDNA based transcriptional profil-
ing and polymerase chain reaction (PCR) based subtractive
hybridization methods. Candidate genes include protease
nexin 1 (Strehlow et al., 1999), connective tissue growth
factor (Shi-wen et al., 2000), TGF-b2, -b3, and TIMP1
(Susol et al., 2000). A major challenge arising from such
studies is confirmation that overexpression of these genes
leads to fibrosis.

ENVIRONMENTAL INFLUENCES

A range of agents can induce a SSc-like disease and
certain chemically induced SSc-like disorders tend to be
associated with males, partly due to an occupational bias. It
is almost certain that sporadic cases can follow certain occu-
pational exposures, but that both the absolute and attribut-
able risks are low (see Chapter 23). There are some MHC
associations with the environmentally induced cases, for
example, toxic oil syndrome is characterized by a raised
incidence of HLA-DR4, while vinyl chloride disease is pri-
marily associated with HLA-DR5 and HLA-DR3 being a
marker of severity. Another environmentally induced, SSc-
like condition is the eosinophilic-myalgic syndrome associ-
ated with the oral ingestion of certain preparations of the
essential amino acid L-tryptophan. Although there has been
much speculation about a possible association of silicone-
containing cosmetic prostheses and the development of 
multisystem autoimmune disease, several well-conducted
studies and reviews have failed to show any statistically sig-
nificant association between these and SSc. Much of the
work in this area has been generated by the need to obtain
accurate data because of considerable litigation, particularly
in the United States. Hochberg (1994) has carefully
reviewed the epidemiologic aspects of the literature and has
reasonably concluded that none of the available studies has
demonstrated a statistical association between augmentation
mammoplasty with silicone gel-filled prostheses and SSc.

ANIMAL MODELS

There are several established animal models for sclero-
derma, each demonstrating some features of the disease
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(Christner and Jimenez, 2004). The early vascular events 
of scleroderma, including endothelial cell apoptosis, are
demonstrated in the UCD2000 tight-skin chicken model.
Fibrosis in this condition remains localized although 
scleroderma-associated hallmark autoantibodies have been
reported at later stages. The two tight-skin mouse models for
scleroderma, types 1 and 2 designated Tsk1 and Tsk2,
respectively, are both genetically determined. Tsk1 is a spon-
taneous mutant strain demonstrating fibrosis in the skin and
some internal organs (though not the lungs) from around 10
days old. It has been mapped to a partial reduplication at the
fibrillin 1 gene locus on chromosome 2. This leads to secre-
tion of a larger-than-normal fibrillin 1 protein although the
mechanism by which this leads to generalized connective
tissue fibrosis is unclear. Recent association of human SSc
with microsatellite marker haplotypes near the fibrillin 1
locus, and detection of anti-fibrillin autoantibodies in 
scleroderma-spectrum disorders have revived interest in the
Tsk1 model. In contrast, the precise genetic basis for Tsk2
has not yet been determined, although it has been mapped
to a 25 kb region of chromosome 1. There are reports that
an inflammatory cell infiltrate may precede the development
of skin fibrosis and the induced nature of this strain by an
environmental mutagen (ethylnitrosourea) similar to some
agents associated with development of human disease, and
in these respects it is possible that Tsk2 is a more complete,
though less well-characterized animal model.

Chronic murine GvHD occurs after bone marrow engraft-
ment in susceptible strains across certain H-2 differences.
This model is clearly immunologically determined and has
prominent mononuclear cell infiltrates in the skin and
viscera. It has been shown to be treatable using agents that
neutralize TGF-b. Other models that have recently been
described include induction of skin sclerosis by bleomycin
in certain mouse strains that are resistant to lung disease.
This process has also been demonstrated to be TGF-b depen-
dent, as it is absent in Smad3-deficient animals. A hybrid
mouse strain in which the IFN-g receptor knockout line is
back-crossed with a pro-inflammatory line has also been
described. Other genetically modified mice are now being
characterized, which may further illuminate pathogenic
processes in vivo and allow the role of key pathways and
gene products in the development of scleroderma to be
assessed.

Lineage-specific gene expression can be used to develop
novel genetic models for SSc (Denton et al., 2003). For
example, transgenic mice expressing a mutant kinase-
deficient type II TGF-b receptor provide an exciting and
novel genetically determined model for SSc. Paradoxically,
although this construct sometimes operates as a dominant
negative inhibitor of TGF-b signaling, in vivo under the
control of a fibroblast-specific expression cassette this 
construct appears to result in facilitation of basal TGF-b
signaling activity. Transgenic mice develop dermal and 
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sporadic pulmonary fibrosis, recapitulating two of the key
pathologic features of SSc (Denton and Abraham, 2004).

PATHOGENIC MECHANISMS

There have been intensive efforts over the past two
decades to define the key pathogenetic components that
drive the scleroderma process. These efforts have been ham-
pered by disease heterogeneity, which implies that some
events occur to a different extent in the two major subsets,
and also by the necessity to explain different patterns of
organ-based disease. As with many complex diseases, it is
accepted that there are important host (genetic) and envi-
ronmental factors involved in pathogenesis, and for many
patients it seems likely that a triggering event occurring in
the context of a susceptible host is a key process.

Macrophages, mast cells, eosinophils, and basophils are
found in increased numbers and in an activated state in
tissues of patients with SSc. These cells are capable of pro-
ducing soluble mediators and can thereby modify endothe-
lial and fibroblast function; for example, mast cells produce
histamine, which stimulates both proliferation and matrix
synthesis by fibroblasts and causes retraction of endothelial
cells.

The initiating stimulus in idiopathic scleroderma is
unknown, although the identification of chemical precipi-
tants for environmentally induced SSc as discussed above
(e.g., vinyl chloride and epoxy resin) may provide some
clues to the processes involved, particularly in view of the
similar immunogenetic associations for both idiopathic and
chemically induced disease (Black et al., 1983). The most
obvious major targets for the immune response in SSc are
endothelial cells and fibroblasts. Stimulation of collagen
synthesis could involve an increasing number of cytokines
known to modulate the properties of fibroblasts. It is possi-
ble that cascades of such cytokines or autocrine/paracrine
loops stimulate or maintain the disease process. It is now
appreciated that the repertoire of mediators and cytokines
produced by immune cells, fibroblasts, and endothelial cells
is large. It is possible that the aberrant properties of con-
nective tissue cells (e.g., excess synthesis of collagen,
fibronectin, and glycosaminoglycans) and the endothelial-
cell damage and vasculopathy, are consequences of the
immunological events in SSc.

The ultimate effector cell of scleroderma is a matrix syn-
thesizing fibroblastic cell. These cells often express markers
and phenotypic properties of myofibroblasts (Kissin and
Korn, 2002). There may well be phenotypic fluidity between
fibroblasts and myofibroblasts and also between components
of the vasculature such as microvascular pericytes. It has
also been suggested that circulating progenitor cells may be
deposited at sites of fibrosis; in line with this, there are recent
reports of circulating endothelial cells in SSc (Del Papa 
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et al., 2004). Embryonically defined regulatory elements
within extracellular matrix genes have recently been identi-
fied as potential targets for activation in a mouse model of
scleroderma (see earlier), and these elements are also pre-
sent in human matrix genes. A persistent population of cells
in which embryonic regulatory pathways of gene regulation
are active and susceptible to upregulation is intriguing. 

It suggests that there may be a resident population of
progenitor fibroblasts that can be activated in fibrosis
(Denton et al., 2001).

There has been recent interest in the potential role of
microchimerism in the pathogenesis of SSc (Evans et al.,
1999). The observation that fetal cells and even naked fetal
DNA may persist in the maternal circulation after pregnancy
has fueled the hypothesis that some of these fetal cells may
become reactivated, and that scleroderma could represent a
graft-versus-host disease. Indeed it has even been suggested
that maternal cells passed to the fetus may persist, allowing
an alloreactive process to be implicated in male patients with
scleroderma. Although the concept is attractive, there is only
weak evidence to support it and recent data have suggested
that differences between scleroderma and control levels of
foreign DNA are at most quantitative (Jimenez and Artlett,
2005).

There is considerable evidence that oxidant stress may
play a role in pathogenesis of SSc. It is potentially involved
in the fragmentation of autoantigens to expose cryptic epi-
topes and facilitate the development of autoantibodies (see
Chapter 15). This has been shown for RNA polymerases and
topoisomerase 1 and may be catalyzed by heavy metal ions.
There are some data to support an additional association
between heavy metal exposure and the development of
autoantibodies. The combination of an appropriate HLA
haplotype and exposure to appropriate immunogenic epi-
topes offers a unifying hypothesis to link different hallmark
events in scleroderma. Since tissue hypoxia may occur 
secondary to Raynaud phenomenon and the vasculopathy of
scleroderma, perhaps in concert with the relative tissue
hypoxia of the established lesional tissue, it is possible that
oxidant stress may promote disease development. Moreover,
there is additional evidence that oxidative modification of
proteins may also facilitate the development of scleroderma.
Antioxidant strategies for therapy offer an exciting possi-
bility for treatment and are being pursued.

IMMUNOLOGIC MARKERS 
IN DISEASE

Serologic associations are now much better understood.
It has been clearly shown that the ability of an individual to
respond to immunogenic determinants of hallmark sclero-
derma autoantigens is associated with certain class II HLA
alleles. This is consistent with current understanding of
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antigen presentation and accessory/costimulatory signals. It
is less certain whether such associations are held across dif-
ferent ethnic or geographic boundaries, although an ongoing
study in three different North American groups can be
expected to specifically address this (Reveille et al., 2001).
Intriguingly, the hallmark autoantibodies associated with
SSc have proven to be associated with different patterns of
disease (Bunn et al., 1998; Tormey et al., 2001). This sug-
gests that the antibodies themselves, or more likely the host
factors that determine the development of these antibodies,
influence the interplay between other key events in disease
progression. Within single center cohorts, associations are
now well established and are listed in Table 29.2. It appears
that anti-RNA polymerase I or III reactivity is an indepen-
dent risk factor for scleroderma renal crisis although anti-
topoisomerase 1 is not. There is increased frequency of
anti-topoisomerase 1 with interstitial pulmonary fibrosis.
Pulmonary hypertension occurs commonly in SSc, and is
associated with anticentromere antibody reactivity and also
with anti-U3-RNP reactivity. In the latter case, it occurs typi-
cally in the absence of major lung fibrosis. Ultimately, sero-
logically defined subsets may be helpful in risk stratification,
used in conjunction with other clinical features so that 
protocols for investigation, monitoring, and treating SSc
patients can be individualized. Eventually, genetic markers
and other soluble serum factors are likely to be used in a
similar way.

TREATMENT AND OUTCOME

The principles of effective management of these diseases
include establishment of a robust diagnosis, determining the
clinical subset and stage of SSc, and confirming the pres-
ence or absence of overlap features that might require 
specific therapy such as arthritis or myositis. In dcSSc it is
generally considered appropriate to attempt to treat active
skin disease, whereas vascular therapy is the major focus for
limited cutaneous SSc (lcSSc). In all SSc it is critical that
internal organ involvement is identified early and managed
appropriately.

Many treatments for skin involvement have been
assessed and, although a number of studies have been
encouraging, none of the major controlled trials has 
been positive. This is important since the extent and sever-
ity of skin involvement has been shown in these same trials
to associate with outcome and the occurrence of major
organ-based complications. It has, therefore, been suggested
that if a treatment was developed that modified skin
involvement it could be expected, based upon a common
pathogenic process, to influence other disease outcome and
might be defined a true disease-modifying therapy. At
present, many strategies are under evaluation or suggested
ranging from oral tolerization to type I collagen to targeted
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biological therapies aimed at putative key cytokines driving
the disease. Intensive immunosuppression with autologous
peripheral stem cell rescue has also been used in a number
of centers and is the focus of two major international con-
trolled trials (Binks et al., 2001; Farge et al., 2002).

There are many potential treatments for SSc, and it
should no longer be regarded as untreatable even if a 
cure is certainly not possible. Our approach is to treat the
vascular and inflammatory components of dcSSc and 
enroll patients vigorously into controlled trials or the
ongoing observational study of protocolized therapy. In this
way, treatments shown to be ineffective can be avoided and
much more information obtained about clinical progression
and potential response to current best practice treatment.
Early dcSSc is treated with immunosuppression generally
using cyclophosphamide, mycophenolate mofetil or anti-
thymocyte globulin. Other possible agents include azathio-
prine or methotrexate. The rationale and experience of these
agents is reviewed elsewhere (Denton and Black, 2004). 
All dcSSc cases should be closely followed and screened 
for major complications. Vascular treatments including
vasodilators for Raynaud phenomenon and drugs such as
bosartan with potential remodeling effects are used. There
are clinical trials underway to examine whether endothelin
receptor blockade with bosentan, an ET-A and ET-B recep-
tor blocking drug, may have beneficial effects on SSc vas-
culopathy. Initial data suggest a possible beneficial effect 
for bosentan treatment in preventing new ischemic digital
ulceration (Korn et al., 2004). Since there is some evidence
implicating endothelin 1 as a mediator of fibrosis in SSc,
there is also interest in the potential beneficial effect of
bosentan in lung fibrosis in SSc and clinical trials are cur-
rently underway. Intermittent prostacyclin may be beneficial
and undoubtedly benefits digital ulceration and Raynaud
phenomenon. There are studies ongoing to evaluate biolog-
ical therapies for dcSSc. These include evaluation of anti-
TNF-a strategies as well as agents targeting other potential
mediators. One of the most exciting approaches has been the
development of fully human recombinant antibodies specific
for TGF-b isoforms. So far only one study has been reported
in dcSSc. Antibodies specific for TGF-b1 were shown to be
safe and well tolerated in a study cohort of early stage dcSSc
cases (Denton et al., 2004). No data regarding efficacy of
such novel treatments are yet available.

CONCLUDING REMARKS—
FUTURE PROSPECTS

Systemic sclerosis has an increasingly high profile as a
result of advances in the understanding of organ-based
disease and an appreciation of the importance of regular
follow-up and screening for treatable complications.
However, progress is hampered by its relative rarity and the
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clinical heterogeneity. Strong clinical and research collabo-
rative links are being established internationally and a
number of data collection initiatives across centers are
underway. These should provide the tools for future clinical
trials and epidemiological studies that will shed light upon
this challenging autoimmune rheumatic disease.
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The antiphospholipid syndrome (APS) is the association
of autoantibodies having an apparent specificity for anionic

phospholipids with one or more clinical manifestations that
include venous and arterial thrombosis and pregnancy loss
and morbidity.

HISTORICAL BACKGROUND

The history of antiphospholipid antibodies (aPL) dates to
the early twentieth century and the development of serologic
tests for syphilis. It was not until 1941, however, that 
Pangborn identified the essential antigenic component of 
the tissue extracts used in these tests as cardiolipin, a novel
phospholipid isolated from heart tissue (Pangborn, 1941).
Widespread screening for syphilis, beginning in the late
1930s, led to the identification of individuals with false-
positive serologic tests (Moore and Mohr, 1952; Moore and
Lutz, 1955). Transiently false-positive tests were found to
be associated with various infections, while chronically
false-positive tests were associated with the subsequent
development of systemic lupus erythematosus (SLE) and
similar conditions. In the early 1950s, acquired inhibitors
that blocked phospholipid-dependent coagulation reactions
in vitro were found in a number of patients with SLE, some
of whom had false-positive syphilis serology (Conley and
Hartmann, 1952; Frick, 1955; Laurell and Nilsson, 1957).
These inhibitors came to be known as lupus anticoagulants
(LA) (Feinstein and Rapaport, 1972), although they occur in
many individuals without SLE and are not typically associ-
ated with bleeding (Margolius et al., 1961).

The first case report of APS was probably that of a 35-
year-old woman with five spontaneous abortions, an episode
of thrombophlebitis, and an anticoagulant acting in the
middle stages of coagulation (Alagille et al., 1956). In the
English literature, Bowie et al. (1963) were the first to report
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the association of lupus anticoagulants with thrombosis.
Lechner, in a review, described the association of chronic
false-positive syphilis serology, LA, thrombosis, and throm-
bocytopenia in patients with SLE (Lechner, 1974). In addi-
tion to Alagille’s case, several other early reports associated
pregnancy loss with LA (Nilsson et al., 1975; Firkin et al.,
1980; Soulier and Boffa, 1980; Carreras et al. 1981). Of
note, a number of these cases occurred in patients without
SLE. Much of the current awareness of APS derives from
the work of Hughes and colleagues in the 1980s (Boey 
et al., 1983; Hughes, 1983), including the development of
immunoassays for anticardiolipin antibodies (Harris et al.,
1983; Loizou et al., 1985). The term primary APS to refer
to APS occurring in the absence of SLE or related auto-
immune disease was introduced by Alarcon-Segovia’s and
Hughes’ groups (Alarcon-Segovia and Sanchez-Guerrero,
1989a; Asherson et al., 1989a) In contrast, the term sec-
ondary APS refers to APS in the setting of SLE or related
conditions. More recently, a multicenter study indicates that
there is little fundamental difference between the primary
and secondary syndromes (Vianna et al., 1994).

Through the 1980s, it was generally thought that aPL
were directed against anionic phospholipids, e.g., cardio-
lipin and phosphatidylserine. In 1990, however, three groups
independently discovered that anticardiolipin antibodies in
most patients with APS did not bind to cardiolipin, but rather
were directed against the phospholipid-binding plasma
protein, b2-glycoprotein I (b2GPI) (Galli et al., 1990; 
Matsuura et al., 1990; McNeil et al., 1990). It was subse-
quently found that most LAs were directed against either
b2GPI or prothrombin (Bevers et al., 1991; Galli et al.,
1992; Oosting et al., 1992b; Roubey et al., 1992). In retro-
spect, a number of early reports suggested that certain
plasma proteins played an important role in the expression
of LA activity. Loeliger was among the first to describe the
LA “cofactor” phenomenon (normal plasma contains a
cofactor that potentiates lupus anticoagulant activity), and
concluded that the cofactor was most likely prothrombin
itself (Loeliger, 1959). In 1965, Yin and Gaston purified a
LA antibody and demonstrated that its anticoagulant activ-
ity required a protein cofactor distinct from prothrombin
(Yin and Gaston, 1965). Although the cofactor was not com-
pletely characterized, it may well have been b2GPI.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Thrombosis

Thrombosis is a major clinical manifestation of APS, and
has been reported in nearly all sites of the vascular tree. The
most common sites of venous thrombosis are the deep and
superficial veins of the lower extremities (Alarcon-Segovia
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et al., 1992; Asherson et al., 1989b; Vianna et al., 1994). Pul-
monary embolism may occur in up to half the cases of deep
venous thrombosis. The most common form of arterial
thrombosis in APS is stroke (Asherson et al., 1989b; Levine
et al., 1990). Thrombosis may be the underlying patho-
physiological process in a number of other clinical mani-
festations of APS. Examples include placental thrombosis
and infarction leading to pregnancy loss (Magid et al., 1998;
Sebire et al., 2003), cutaneous ulcers (thrombosis of dermal
blood vessels) (Grattan and Burton, 1991), certain forms of
neurological disease (multi-infarct dementia) (Chapman et
al., 2003), pulmonary hypertension (recurrent pulmonary
emboli) (Asherson et al., 1990), and renal dysfunction
(thrombosis of intrarenal blood vessels) (Nochy et al.,
1999).

Pregnancy Mortality and Morbidity

Fetal deaths occurring from the late first trimester onward
are strongly associated with aPL (Branch and Khamashta,
2003). The association of aPL with losses at less than 10
weeks gestation is somewhat less well established due to the
high incidence of such losses in the general population
(Branch, 1994). Various types of pregnancy morbidity are
also associated with aPL. Most cases of fetal death related
to aPL are preceded by fetal growth impairment and oligo-
hydramnios. Other obstetric complications include pre-
eclampsia, fetal distress, fetal growth impairment, premature
delivery, and maternal thrombotic events in the postpartum
period.

Skin Manifestations

Livedo reticularis, a latticework of blue-to red subcuta-
neous mottling, is often present in patients with aPL (Englert
et al., 1989). Sneddon syndrome, the association of livedo
reticularis and stroke, is associated with aPL in many
instances (Frances et al., 1999). Cutaneous ulcers, typically
involving the legs, have been reported in several series
(Johansson et al., 1977; Grattan and Burton, 1991; Naldi et
al., 1993). Skin necrosis may also occur (Paira et al., 1999;
Sharkey et al., 2002).

Thrombocytopenia

Thrombocytopenia in SLE patients is associated with
aPL, occurring in approximately 40% of patients with aPL
and only 10% of patients without aPL (McNeil et al., 1991).
Between 70 and 80% of lupus patients with thrombocy-
topenia have aPL (Diz-Kucukkaya et al., 2001), and aPL are
also present in nearly one-third of patients with chronic
autoimmune thrombocytopenia. Thrombocytopenia in APS
is usually moderate and not associated with hemorrhage.
Low platelet counts do not appear to protect APS patients
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from the risk of thrombosis (Alarcón-Segovia and Sanchez-
Guerrero, 1989b).

Heart Valve Disease

Valvular heart disease is associated with aPL in patients
with and without SLE (Khamashta et al., 1990; Leung 
et al., 1990; Galve et al., 1992; Vianna et al., 1994). Non-
infective verrucous vegetations (Libman–Sacks endocardi-
tis) are characteristic. These vegetations may embolize,
causing stroke and other ischemic events (Bulckaen et al.,
2003).

Neurologic Syndromes

The major neurologic manifestations of APS are cere-
brovascular thrombosis and embolic stroke. Transient
ischemic attacks may also occur (Tietjen et al., 1993).
Recurrent strokes may lead to multi-infarct dementia (Coull
et al. 1987; Asherson et al., 1989a). A variety of non-stroke
neurologic events have been reported in patients with aPL
including migraine headache (Brey et al., 1993), transverse
myelitis (Lavalle et al., 1990), Guillain–Barré syndrome,
chorea (Cervera et al., 1997), and syndromes resembling
multiple sclerosis (Tourbah et al., 1998; Ijdo et al., 1999).
The strength of these associations is controversial, however
(Chapman et al., 2003). There is growing evidence that aPL
are associated with cognitive dysfunction (Denburg et al.,
1997; Menon et al. 1999; McLaurin et al., 2005).

Catastrophic Antiphospholipid Syndrome

Catastrophic APS is a syndrome of widespread, multiple
vascular occlusions associated with aPL (Asherson et al.,
2003). It has been reported in over 130 patients (Asherson
et al., 1998; 2001). Common features include multiple vas-
cular occlusive events presenting over a short period of time
(days to weeks). Thrombosis typically affects small vessels
supplying organs (e.g., brain, lungs, kidney, heart, liver).
Large vessel occlusions such as deep vein thromboses are
less common than in typical APS. Many patients with cata-
strophic APS have a history of SLE, a lupus-like disease, or
primary APS; however, the catastrophic syndrome was the
first manifestation of APS in about half of the reported 
cases. Apparent precipitating events, identifiable in 40–50%
of cases, include infections, surgery, trauma, neoplasia, 
and withdrawal of anticoagulant medications. Catastrophic
APS was fatal in nearly 50% of cases. Cardiac involvement
(myocardial infarction, heart failure due to myocardial
microthrombi, heart block) and pulmonary involvement
(acute respiratory distress syndrome, pulmonary embolism)
were the major causes of death. A long term outcome study
of 58 catastrophic APS survivors found that 66% of patients
subsequently did well, without any further manifestations of
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APS (on anticoagulation) over an average follow-up period
of 5–6 years (Erkan et al., 2003). In contrast, 26% of patients
experienced additional APS-related events, approximately
one-quarter of which were fatal. In the remainder of cases,
the patients did not develop further APS manifestations, but
died either from late complications of the initial catastrophic
illness or from apparently unrelated causes.

Prevalence of Antiphospholipid Antibodies
and Antiphospholipid Syndrome

In cross-sectional studies, anticardiolipin antibodies or
LA are present in approximately one-third of SLE patients
(Petri, 2000). A similar prevalence of anticardiolipin anti-
bodies was observed in a community-based cohort of newly
diagnosed SLE patients (Cooper et al., 2002). Roughly
30–50% of patients with antibodies (i.e., 10–20% of all SLE
patients) have one or more clinical manifestation of APS.
The prevalence of the primary APS is more difficult to ascer-
tain. In retrospective studies, aPL are present in 5–30% of
patients with thrombosis in the absence of SLE (Exner and
Koutts, 1988; Petri, 2000). In a large prospectively followed
cohort, medium-to-high levels of anticardiolipin antibodies
were found in approximately 20% of patients who subse-
quently had deep venous thrombosis and/or pulmonary
embolism (Ginsburg et al. 1992). No association with
ischemic stroke was observed in this study. In contrast, other
studies indicate that aPL may account for about one-third of
strokes in relatively young patients (under the age of 50
years) (Kittner and Gorelick, 1992). Among women with
recurrent pregnancy losses, it is estimated that 10–20% are
attributable to APS (Yetman and Kutteh, 1996; Branch and
Khamashta, 2003). Antiphospholipid antibodies are present
in approximately 2% (range 1–5%) of healthy controls, and
this frequency may increase with age (Petri, 2000).

Classification Criteria

International consensus criteria for the classification of
definite APS have been proposed (Box 30.1) (Wilson et al.,
1999). It should be noted these criteria include only throm-
bosis and pregnancy morbidity/mortality as clinical mani-
festations of APS, and are designed for use in research
studies, not for the diagnosis of individual patients.

AUTOIMMUNE FEATURES

Autoantibodies

As mentioned above, most autoantibodies associated
with APS and detected in routine anticardiolipin and LA
assays are not directed against cardiolipin or other anionic
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phospholipids. At present the most common and best-
characterized antigenic targets are b2GPI and prothrombin.

b2-Glycoprotein I

b2-glycoprotein I is a 50 kDa glycoprotein present in
normal plasma. Structurally, it is a member of the comple-
ment control protein family of molecules (Reid et al., 1986),
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although it has no known function in the complement system
at this time. It has five of the consensus repeats, or so-called
“sushi domains,” characteristic of such proteins. The fifth
domain, with a concentration of positively charged amino
acids, contains a major phospholipid-binding region
(Steinkasserer et al., 1992; Hunt et al., 1993). The fifth do-
main also contains a plasmin cleavage site; when cleaved by
plasmin, b2GPI loses its affinity for anionic phospholipids
(Matsuura et al., 2000). Although it has no structural simi-
larity to other apolipoproteins, b2GPI has also been termed
apolipoprotein H (Lee et al., 1983). The plasma level of
b2GPI is under genetic control (Mehdi et al., 2003). Approx-
imately 94% of the population is homozygous for the normal
allele, with a mean plasma concentration of approximately
200 mg/mL, whereas about 6% are heterozygous with a con-
centration of approximately 100 mg/mL. Homozygous defi-
ciency of b2GPI is rare (<1 in 1000). Neither homozygous
deficiency nor heterozygosity is clearly associated with a
clinical phenotype (Takeuchi et al., 2000; Yasuda et al.,
2000).

The physiological role of b2GPI is unknown. It binds 
to anionic phospholipids under certain conditions (Wurm,
1984), although binding to phospholipid membranes under
physiological conditions is relatively weak, compared with
coagulation factors (Harper et al., 1998). Some in vitro data
suggest that b2GPI could function as a physiological anti-
coagulant (Schousboe, 1985; Nimpf et al., 1986; 1987),
however, this is unlikely based on it phospholipid-binding
properties. A novel role of b2GPI is suggested by the recent
observation that b2GPI binds to factor XI and inhibits acti-
vation of factor XI by thrombin (Shi et al., 2004).

The specificity for b2GPI distinguishes the “anticardio-
lipin” antibodies associated with APS from those that are
associated with syphilis and certain other infectious diseases
(Matsuura et al., 1990; 1992; Roubey et al., 1992; McNally
et al., 1995). Anticardiolipin antibodies associated with
syphilis bind to cardiolipin in the absence of b2GPI.

Autoimmune “anticardiolipin” antibodies recognize epi-
topes expressed on b2GPI and bind to it in the absence of
phospholipid under appropriate conditions (Arvieux et al.,
1991; Roubey et al., 1995; Tincani et al., 1996; Iverson et
al., 1998; Giles et al., 2003). Certain human monoclonal
“anticardiolipin” antibodies derived from APS patient B
cells similarly bind to b2GPI (Ichikawa et al., 1994).

Most anti-b2GPI autoantibodies in APS patient sera rec-
ognize epitopes expressed on native b2GPI (Roubey et al.,
1995; Tincani et al., 1996; Giles et al., 2003), with the major
autoepitopes residing on domain I (Iverson et al., 1998;
2002). These autoantibodies typically have low intrinsic
affinity, with high-avidity binding dependent upon multi-
valent attachment to immobilized antigen (Giles et al., 1995;
Tincani et al., 1996). Other data suggest that certain anti-
b2GPI autoantibodies may be specific for conformational
epitopes of b2GPI, formed when the protein binds to 

Box 30.1
Preliminary Classification Criteria for
Definite Antiphospholipid Syndrome*

Clinical criteria (at least 1 must be present)
1. Vascular thrombosis
One or more clinical episodes of arterial, venous, or
small vessel thrombosis in any tissue or organ, confirmed
by imaging or Doppler studies, or histopathology (except
for superficial venous thrombosis). For histopathologic
confirmation, thrombosis should be present without sig-
nificant evidence of inflammation in the vessel wall.

2. Pregnancy Morbidity
∑ One or more unexplained deaths of a morphologically

normal fetus at or beyond the 10th week of gestation,
with normal fetal morphology documented by ultra-
sound or direct examination, or

∑ One or more premature births of a morphologically
normal neonate at or before the 34th week of gestation
because of severe pre-eclampsia or eclampsia, or
severe placental insufficiency, or

∑ Three or more unexplained consecutive spontaneous
abortions before the 10th week of gestation, with
maternal anatomic or hormonal abnormalities and
parental chromosomal causes excluded.

Laboratory criteria (at least 1 must be present)
1. Anticardiolipin antibody
IgG and/or IgM isotype in blood, present in medium or
high titer, on two or more occasions, at least 6 weeks
apart, measured by a standardized enzyme-linked
immunosorbent assay (ELISA) for b2-glycoprotein I-
dependent anticardiolipin antibodies.

2. Lupus anticoagulant
Present in plasma, on two or more occasions at least 6
weeks apart, detected according to the guidelines of the
International Society on Thrombosis and Haemostasis
Scientific Standardization Subcommittee on Lupus Anti-
coagulants/Phospholipid-Dependent Antibodies.†

*Wilson et al., 1999. †Brandt et al., 1995.
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anionic phospholipids or other negatively-charged surfaces 
(Matsuura et al., 1994; Pengo et al., 1995). IgG, IgM, and
IgA isotypes of anti-b2GPI are all associated with APS.
Among IgG antibodies, the response is skewed toward the
IgG2 subclass.

Autoantibodies to b2GPI may have LA activity (Galli et
al., 1992; Oosting et al., 1992b; Roubey et al., 1992; Keeling
et al., 1993), as do certain anti-b2GPI monoclonal and poly-
clonal antibodies (Arvieux et al., 1992; Roubey et al., 1992;
Arnout et al., 1998a). Lupus anticoagulant activity is due to
antibody cross-linking of surface-bound b2GPI (Willems et
al., 1996; Arnout et al., 1998b; Lutters et al., 2001). Cross-
linked antibody–b2GPI complexes bind to phospholipid
membranes with very high avidity, effectively decreasing
the amount of phospholipid surface available to participate
in the coagulation reaction. Why some anti-b2GPI antibod-
ies have LA activity and others do not is unclear, but may
be related to antibody titer, differences in affinity/avidity,
and/or epitope specificity.

Prothrombin

Antiprothrombin autoantibodies are the other major
specificity of LAs in APS patients (Bevers et al., 1991; Galli
et al., 1997; Horbach et al., 1998; Amengual et al., 2003).
Similar to anti-b2GPI antibodies, many antiprothrombin
antibodies are of relatively low affinity. A small subset of
patients with LA has hypoprothrombinemia, probably due to
high-affinity antiprothrombin antibodies and the clearance
of antibody–antigen complexes (these patients are at risk 
for bleeding, not APS). Some antiprothrombin antibodies 
in APS patients may recognize conformational epitopes
formed when prothrombin binds to anionic phospholipids,
such as phosphatidylserine (Amengual et al., 2003). 
The mechanism of LA activity appears to be analogous 
to that of anti-b2GPI antibodies, i.e., by cross-linking 
of membrane-bound prothrombin. Antibody–prothrombin
complexes bind to phospholipid membrane with very high
avidity, thereby decreasing the amount of catalytic phos-
pholipid surface available to bind other coagulation factors
(Simmelink et al., 2001).

Other Phospholipid-Binding Proteins

Autoantibodies to other phospholipid-binding proteins,
although not detectable in standard aPL assays, may also be
associated with APS. Antigenic targets include protein C and
protein S (Pengo et al., 1996; Song et al., 2000; Nojima et
al., 2001), annexin A5 (Matsuda et al., 1994; Lakos et al.,
2000; Nojima et al., 2001), and tissue factor pathway
inhibitor (TFPI) (Forastiero et al., 2003). Autoantibodies to
factor V (Ortel, 1999), factor XI (Sugi and McIntyre, 2001)
and factor XII (Åberg and Nilsson, 1972; Jones et al., 2001)
have also been reported in small numbers of patients. Rarely,
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anticardiolipin assays may detect autoantibodies recogniz-
ing complement factor H, complement C4b-binding pro-
tein, thrombin-modified antithrombin, or lipopolysaccharide
binding protein, although it is not clear whether such anti-
bodies are associated with clinical manifestations of APS
(Arvieux et al., 1999).

Autoantibodies with an apparent specificity for phos-
phatidylethanolamine, a zwitterionic phospholipid, have
been reported in certain patients with clinical manifestations
of APS (Karmochkine et al., 1992; Berard et al., 1996;
McIntyre and Wagenknecht, 2000). These antibodies do not
recognize phosphatidylethanolamine itself, but are directed
against phosphatidylethanolamine-binding plasma proteins,
including high- and/or low-molecular-weight kininogens,
prekallikrein, and factor XI (Sugi and McIntyre, 1995;
Boffa, et al. 1996; Sugi and McIntyre, 2001).

Phospholipids

It is unclear whether antibodies that bind directly to phos-
pholipids are associated with APS. Older studies suggesting
these specificities are difficult to interpret due to the fact that
serum or plasma was present in most or all of these experi-
ments and the key role of b2GPI and other proteins may
have been missed. Data clearly demonstrating antibody
specificity for cardiolipin or other phospholipids in the
absence of any plasma or serum proteins is scant. In one
study, a human monoclonal antibody to cardiolipin has 
been shown to induce pregnancy loss in an animal model 
(Ikematsu et al., 1998).

Anticardiolipin assays may detect antibodies directed
against oxidized lipids. The fatty acid chains of cardiolipin
purified from natural sources are readily oxidizable, and
some oxidation is likely under the conditions used in anti-
cardiolipin ELISAs (Hörkkö et al., 1997). Some reports
suggest a cross-reactivity between anticardiolipin anti-
bodies and antibodies to oxidized lipoproteins (the latter are
thought to play a role in the pathophysiology of atheroscle-
rosis) (Hörkkö et al., 1996). However, b2GPI, binds cova-
lently to certain oxidized phospholipids (Kobayashi et al.,
2001) confounding this interpretation.

Cell Surface Proteins

Antiplatelet and anti-endothelial cell antibodies have
been detected in patients with APS (Harris et al., 1985;
Jouhikainen et al., 1990). The relationship of these auto-
antibodies to those detected in LA and anticardiolipin assays
is not entirely clear. In some cases, antibody binding to
endothelial cells (Del Papa, et al. 1995; Simantov et al.,
1995) and to platelets (Shi et al., 1993) is dependent upon
b2GPI, which may bind to these cells via membrane phos-
pholipids; however, several cell surface receptors have been
implicated, e.g., annexin A2 on endothelial cells (Ma et al.,
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2000) and the apolipoprotein E receptor 2¢ on platelets
(Lutters et al., 2003).

Cellular Autoimmunity

Until recently relatively little was known about the cel-
lular autoimmune response in APS. Initial reports on T-cell
reactivity towards b2GPI differed significantly among
research groups (Visvanathan and McNeil, 1999; Hattori et
al., 2000; Ito et al., 2000). Subsequently, consistent data
from Kuwana and colleagues suggest that b2GPI-reactive
CD4+ cells are present in both normal individuals and APS
patients, but activated in vivo only the latter (Hattori et al.,
2000; Kuwana, 2004). These cells preferentially recognize
peptides that include amino acids 276–290 (which encom-
passes the major phospholipid-binding site) in the context
of DR53 (Arai et al., 2001), and preferential usage of Vb7+

and Vb8+ T-cell receptors (Yoshida et al., 2002). Interest-
ingly, antigen-presenting cells pulsed with phospholipid-
bound b2GPI, but not with phospholipid or b2GPI alone,
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stimulated p276–290-specific CD4+ T-cell lines generated
from the APS patients (Kuwana et al., 2004). This contin-
ues to be an exciting area for future research.

GENETIC FEATURES

Familial occurrences of APS have been reported by
several groups. Goel et al. studied seven families, in which
30 of 101 family members met diagnostic criteria for APS
(Goel et al., 1999) . Segregation analysis strongly supported
a genetic basis for the disease that was best explained by a
dominant or co-dominant model. Interestingly, in these 
families APS was not linked with HLA genes.

At least a dozen studies have investigated the HLA asso-
ciations of aPL and APS (Domenico et al., 2003). Data from
these studies are briefly summarized in Table 30.1.

There are a number of polymorphisms of b2GPI, and
several groups have investigated whether these are associ-
ated with anti-b2GPI antibodies and APS. The valine/

TABLE 30.1 Reported HLA associations in antiphospholipid syndrome

Clinical or
Study Patient group laboratory feature HLA association

Hartung et al., 1992 European SLE aCL DR4, DR7, DRw53

Granados et al., 1997 Mexican SLE aCL DR7

Hashimoto et al., 1998 Japanese SLE aCL DRB1*0901

Galeazzi et al., 2000 European SLE aCL DRB1*04, DRB1*0402, DRB1*0403, 
DRB1*07, DRB3*0301, DQA1*0201,
DQA1*0301, DQB1*0302

Sebastiani et al., 2003 European SLE aCL DPB1*1501, DPB1*2301

Arnett et al., 1999 Mixed, SLE, PAPS, other CTD ab2GPI DQB1*0302, DRB1*1302;
DQB1*0604/5 in blacks;
DRB4*0101 in Mexican Americans

Ioannidis et al., 1999 Greek APS ab2GPI HLA-DQA1*03 in particular *0301, 
HLA-DRB1*1302-DQB1*0604

Galeazzi et al., 2000 European SLE ab2GPI DRB1*0402, DRB1*0403, DQB1*0302.

Sebastiani et al., 2003 European SLE ab2GPI DPB1*0301, DPB1*1901

Arnett et al., 1991 Mixed, LA+ LA DQB1*0301

Panzer et al., 1997 LA+ LA, aPlt HLA-DQB1*06

Bertolaccini et al., 2000 British aPL+ aPS/PT DQB1*0301/4,

Sanchez et al., 2004 Caucasian, PAPS, SLE aPL HLA-DMA*0102

Caliz et al., 2001 British Caucasian SAPS, PAPS APS DQB1*0604/5/6/7/9-DQA1*0102-
DRB1*1302 haplotype
DQB1*0303-DQA1*0201-
DRB1*0701 haplotype

ab2GPI, anti-b2GPI antibodies; aCL, anticardiolipin antibodies; CTD, connective tissue diseases; aPlt, anti-platelet antibodies; aPL, antiphospholipid
antibodies; APS, antiphospholipid syndrome; aPS/PT, anti-phosphatidylserine/prothrombin antibodies; LA, lupus anticoagulant; PAPS, primary APS; SAPS,
secondary APS; SLE, systemic lupus erythematosus.

Ch030-P595961.qxd  1/27/06  8:26 PM  Page 386



leucine polymorphism at position 247 has been the focus of
several reports (Atsumi et al., 1999; Hirose et al., 1999;
Camilleri et al., 2003; Prieto et al., 2003). An increased fre-
quency of valine at this position was found in white patients
with primary APS and anti-b2GPI antibodies (Atsumi et al.,
1999). Hirose et al. studied this polymorphism in APS
patients and healthy controls of various racial backgrounds
(Hirose et al., 1999). Among controls, the valine allele and
the valine/valine genotype were more common in white 
than in African-American or Asian patients. There were no
significant differences in allele or genotype frequencies
between white or African-American patients and racially
matched controls. In contrast, the valine allele and
valine/valine genotype were significantly more frequent
among Asian APS patients with anti-b2GPI antibodies 
than among Asian controls. In a relatively small group of
Mexican patients with primary APS, the valine allele and
valine/valine genotype were associated with anti-b2GPI
antibodies (Prieto et al., 2003). Another study, however,
found no association of this polymorphism with aPL in a
white patient population (Camilleri et al., 2003). Two poly-
morphisms in the fifth domain of b2GPI, at codons 306 and
316, affect phospholipid binding (Sanghera et al., 1997), and
b2GPI from homozygotes with either mutation or the com-
pound heterozygote does not bind to anionic phospholipids.
Data on whether either of these polymorphisms offers 
protection against developing aPL and APS are equivocal
(Gushiken et al. 1999; Kamboh et al. 1999).

ANIMAL MODELS

Animal models of APS are important tools for investi-
gating the cellular basis of the autoimmune response, the
contribution of genetic factors, and mechanisms by which
aPL contribute to thrombosis and pregnancy loss (Radway-
Bright et al., 1999).

The MRL/lpr and NZW ¥ BXSB F1 strains of autoim-
mune mice are putative spontaneous models of APS (Smith
et al. 1990; Hashimoto et al., 1992). Although MRL/lpr mice
have antibodies detectable in anticardiolipin assays, the
exact nature of these anticardiolipin antibodies is contro-
versial. Stroke, decreased fecundity, and thrombocytopenia
have been reported in these animals. NZW ¥ BXSB F1 mice
develop true anti-b2GPI autoantibodies (Monestier et al.,
1996). In addition to features of lupus, these mice develop
a degenerative coronary vasculopathy with myocardial
infarction.

Induced animal models of APS include passive transfer
of antibodies and various forms of active immunization.
Passive transfer models evaluate the short-term effects of
antibodies on coagulation and/or pregnancy in recipient
animals. Pierangeli and colleagues have used this model
extensively to examine the effects of a “pinch” injury to 
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an isolated blood vessel on thrombus size and kinetics
(Pierangeli et al., 1994), and to study leukocyte adhesion in
the microvasculature (Pierangeli et al., 2001). Active immu-
nization models can be divided into two groups based 
on the nature of the immunizing agent—APS-associated 
antigens and aPL. Experiments in which normal mice are
immunized with APS-associated antigens generally confirm
the observation that phospholipids themselves are poor 
antigens. In contrast, immunization with heterologous
(human) b2GPI and an adjuvant induces an initial antibody
to respond to the foreign protein. Over time tolerance is
broken with the development of anti-murine b2GPI auto-
antibodies (Tincani et al., 2002). Mice immunized with 
human b2GPI develop clinical features of APS in approxi-
mate temporal association with the appearance of auto-
reactive anti-murine b2GPI antibodies (Blank et al., 1994).
Immunization of mice with heterologous b2GPI bound to
apoptotic cells, in the absence of adjuvant, also breaks 
tolerance (Levine et al., 1998). The second type of active
immunization model has been developed by Shoenfeld and
colleagues (Blank et al., 1991). This is an idiotype/anti-
idiotype model in which mice immunized with an anti-
cardiolipin (anti-b2GPI) antibody produce antibodies of the
same specificity (an anti-anti-Id response). While this model
may be useful for studying antibody effects, it is not known
whether it is relevant to the immunopathogenesis of human
APS.

PATHOGENIC MECHANISMS

It is widely hypothesized that aPL play a direct role in
the pathogenesis of APS, contributing to hypercoagulability
and possibly other mechanisms. This hypothesis is generally
supported by the association of aPL titer with the risk of
developing clinical manifestations of APS (Harris et al.,
1986; Ginsburg et al., 1992), and by the passive-transfer
animal models described above (Branch et al., 1990; Blank
et al., 1991; Pierangeli et al., 1994; Radway-Bright et al.,
1999). A wide variety of specific mechanisms of aPL-
mediated hypercoagulability and pregnancy loss have been 
proposed.

Dysregulation of Hemostatic Reactions

Autoantibodies to b2GPI, prothrombin, and perhaps
other phospholipid-binding plasma proteins may cross-link
membrane-bound antigens leading to a very high avidity
between the antibody–antigen complex and the vesicle or
cell surface. This is the mechanism by which certain anti-
bodies express LA activity in vitro. It is likely that similar
high avidity interactions could also occur in vivo, leading to
the dysregulation of phospholipid-dependent hemostatic
reactions.
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Inhibition of the Protein C Pathway

The protein C pathway is an important natural anticoag-
ulant mechanism. Genetic abnormalities of this pathway
(deficiencies of protein C and protein S, factor VLeiden) are
common causes of inherited thrombophilia. Antiphospho-
lipid antibodies may inhibit phospholipid-dependent reac-
tions of the protein C anticoagulant pathway: 1) the
activation of protein C by thrombin bound to thrombomod-
ulin; and/or 2) the inactivation of factors Va and VIIIa by
activated protein C and its cofactors protein S and factor V
(Comp et al., 1983; Cariou et al., 1988; Marciniak and
Romond, 1989; Malia et al., 1990; Oosting et al., 1993;
Izumi et al., 2002; Hwang et al., 2003). Anti-b2GPI auto-
antibodies may be involved. Autoantibodies directed against
protein-C-pathway components, e.g., protein C and protein
S, may also play a role (Oosting et al., 1993; Nojima et al.,
2002). Some APS patients are reported to have decreased
levels of protein S, although the data are equivocal (Ruiz-
Argüelles et al., 1991; Bertolaccini et al., 2003; Song et al.,
2000).

Displacement of Annexin A5

Rand and colleagues have suggested that annexin A5
bound to the luminal surface of vascular endothelial cells
functions as a physiological anticoagulant, and that aPL
(e.g., b2GPI/anti-b2GPI complexes) are procoagulant
because they displace annexin A5 from the endothelial cell
surface (Rand, 2002). Other data do not support this hypoth-
esis (Lakasing et al., 1999; Bevers et al., 2000; Donohoe 
et al., 2000; Willems et al., 2000). Further, while annexin
A5 may play an important thrombomodulatory role in the 
placental circulation (Krikun et al., 1994; Wang et al., 1999),
at the present time there is little direct evidence that it 
functions as an anticoagulant throughout the systemic 
vasculature.

Inhibition of b2-Glycoprotein I

It has been suggested that b2GPI may function as an anti-
coagulant, although the phospholipid-binding properties of
b2GPI (Harper et al., 1998) and studies of b2GPI-deficient
individuals (Takeuchi et al., 2000) do not clearly support
such a function. However, b2GPI may play such a role if
recent observations that b2GPI binds to factor XI and is
cleaved by plasmin are shown to be physiologically impor-
tant. Anti-b2GPI antibodies could, in theory, interfere with
these interactions.

Impaired Fibrinolysis

Impairment of fibrinolysis has been observed in patients
with APS (Sanfelippo and Drayna, 1982; Killeen et al.,

388 Multisystem Diseases

1987; Kolev et al., 2002) and anti-b2GPI antibodies have
been implicated (Takeuchi et al., 2002; Yasuda et al., 2004).

Cellular Effects

Although the mechanisms listed above involve reactions
on cell surface, activation or inhibition of cellular function
is not primarily involved. There is growing evidence,
however, that aPL may stimulate or activate various types
of cells (monocytes, endothelial cells, platelets), leading to
a procoagulant phenotype. Antiphospholipid antibodies may
do this via cross-linking of antigens, such as b2GPI, bound
to cell surface receptors.

Monocytes

Tissue factor (TF) is the major initiator of normal and
pathologic coagulation and is not normally expressed by
cells in contact with blood. A number of studies suggest that
increased expression of TF on circulating blood monocytes
is an important mechanism of hypercoagulability in APS
(Cuadrado et al., 1997; Amengual et al., 1998; Dobado-
Berrios et al., 1999; Zhou et al., 2004). Anti-b2GPI anti-
bodies from patient sera and patient-derived monoclonal
anti-b2GPI autoantibodies induce TF expression on normal
blood monocytes in vivo, and TF expression is increased on
monocytes from patients with IgG anticardiolipin antibodies
and a history of thrombosis.

Endothelial Cells

Antiphospholipid antibodies may stimulate or increase
the procoagulant activity of vascular endothelial cells via a
number of mechanisms (Riboldi et al., 2003). Sera and IgG
fractions from certain APS patients increase TF expression
(Oosting et al., 1992a), the production of endothelin 1
(Atsumi et al., 1998), and the expression of the adhesion
molecules E-selectin, VCAM-1, and ICAM-1 (Simantov et
al., 1995; Del Papa et al., 1995). The latter effects are depen-
dent on anti-b2GPI antibodies and b2GPI. Upregulation of
adhesion molecules has been shown to mediate the throm-
bogenic effects of aPL in animal models (Pierangeli et al.,
2001; Espinola et al., 2003).

Antiphospholipid syndrome autoantibodies may cause
dysregulation of eicosanoid metabolism, inhibiting the pro-
duction of endothelial cell prostacyclin (PGI2), a potent
vasodilator and platelet inhibitor (Carreras et al., 1996).
Antiphospholipid antibodies may also affect platelet
eicosanoids, as discussed below.

Platelets

Autoimmune thrombocytopenia is a manifestation of
APS and thought to be due to the anti-platelet reactivity of
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certain aPL. Potential target antigens that may be involved
include b2GPI bound to platelet membranes or receptors
(Shi et al., 1993), CD36, and several of the major platelet
membrane glycoproteins (Rock et al., 1994; Macchi et al.,
1997; Pelegri et al., 2003). Dysregulation of eicosanoids 
by aPL increases platelet thromboxane A2 production 
(Martinuzzo et al., 1993; Forastiero et al., 1998). Anti-
b2GPI autoantibodies are associated with increased levels
of platelet-derived thromboxane urinary metabolites.
Several studies demonstrate that aPL induce platelet aggre-
gation (Wiener et al., 2001; Lutters et al., 2003). Monoclonal
anti-b2GPI antibodies bind to platelets in a b2GPI-
dependent fashion and lead to platelet activation in the 
presence of sub-threshold concentrations of weak agonists
(Arvieux et al., 1993).

Pregnancy Loss

The proximate cause of fetal death in APS is probably
hypoxia due to insufficient uteroplacental blood flow
(Branch, 1994). Pathophysiological findings in the placenta
of women with pregnancy loss include maternal spiral 
artery vasculopathy, placental infarction, chronic villitis,
atherosis, decreased number of syncitio-vascular mem-
branes, increased number of syncitial knots, and fetal
thrombi (Magid et al., 1998; Ogishima et al., 2000; Locatelli
et al., 2002; Sebire et al., 2002). Infarctions in the placenta
may be associated with decreased amounts of annexin A5
on placental villi (Rand, 2002), although some investigators
report normal amounts of annexin A5 are present (Donohoe
et al., 2000; Lakasing et al., 1999).

Recently the work of Salmon and colleagues has high-
lighted the role of the complement activation in mediating
pregnancy loss in a murine model of aPL-induced pregnancy
loss (Salmon et al., 2003). Mice genetically deficient in com-
plement components and mice treated with complement
inhibitors were protected from fetal resorption (Holers 
et al., 2002; Girardi et al., 2003; Thurman et al., 2005).
Heparin, a complement inhibitor as well as an anticoagulant,
prevented fetal resorption, whereas fondaparinux and
hirudin, anticoagulants that do not inhibit complement, did
not (Girardi et al., 2004)

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

The two standard clinical laboratory tests for aPL are
anticardiolipin ELISAs and LA. In general, both tests may
need to be performed as the assays are discordant in up to
35% of APS patients (Petri, 1994). The presence of aPL
should be confirmed by repeating positive tests in 6 to 8
weeks. The significance of transiently positive tests is
unclear.
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Tests are available for IgG, IgM, and IgA anticardio-
lipin antibodies. Although the strongest clinical associa-
tions are with IgG anticardiolipin antibodies, isolated 
IgM or IgA antibodies are also associated with APS. Anti-
cardiolipin ELISAs are reasonably well-standardized, and
positive reference standards for IgG, IgM, IgA isotypes are
available (Harris et al., 1987; Harris, 1990; Tincani et al.,
2001). Interlaboratory variation remains somewhat of a
problem, however (Reber et al., 1995). Practically speaking,
there is generally good agreement on most specimens, 
with most variability occurring with results that fall close to
the upper limit of normal or in the low end of the positive
range. Care should be taken in interpreting results in this
range.

Anti-b2GPI ELISAs have been developed and are clini-
cally available (Arvieux et al., 1991; Matsuura et al., 1994;
Roubey et al., 1995). Compared with anticardiolipin assays,
anti-b2GPI assays may be more specific for clinical mani-
festations of APS and may detect species-specific autoanti-
bodies that recognize human b2GPI, but not bovine b2GPI
(present in most anticardiolipin assays) (Arvieux et al.,
1996). Currently, most experienced clinicians in this field
consider the anti-b2GPI assay as a second-line test. It may
provide useful information in situations where there is a high
index of suspicion for APS and the standard aPL tests are
negative. Additional interlaboratory standardization efforts
and prospective clinical studies will help define the role of
anti-b2GPI assays in clinical practice. Immunoassays for
antiprothrombin antibodies are currently in development
(Atsumi et al., 2000; Amengual et al., 2003).

The first step in LA testing is an appropriately sensitive
screening test, e.g., lupus-activated partial thromboplastin
time (aPTT), dilute Russell viper venom time, and the kaolin
clotting time (Brandt et al., 1995a; 1995b). A routine aPTT
is generally not adequate for LA screening. If the screening
test is prolonged, confirmation of a positive LA requires 1)
demonstration that prolongation of the screening test is due
to an inhibitor rather than a factor deficiency (failure of the
abnormal screening test to correct when patient plasma is
mixed with normal plasma); and 2) demonstration of 
phospholipid-dependence (the inverse relationship of phos-
pholipid concentration to prolongation of the coagulation
test). Phospholipid-dependence may be demonstrated in an
assay in which reduced phospholipid accentuates the anti-
coagulant activity, or an assay in which excess phospholipid
neutralizes the anticoagulant activity (e.g., platelet-
neutralization procedure, hexagonal-phase phospholipid-
neutralization procedure).

Testing for antibodies to multiple phospholipids is gen-
erally not recommended (Bertolaccini et al., 1998). These
panels of tests can be expensive, lack standardization, and
have little proven diagnostic value. An exception might be
antibodies to phosphatidylethanolamine. Clinical manifesta-
tions of APS have been reported in a number of patients with
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anti-phosphatidylethanolamine antibodies in the absence of
other aPL (Berard et al., 1996; Boffa et al., 1996). The test
is not widely available or standardized, and is best consid-
ered as a research tool at this time.

TREATMENT AND OUTCOME

Thrombosis

Medium-to-high levels of aPL are associated with a sub-
stantial risk for thromboembolic disease. The relative risk of
deep venous thrombosis, pulmonary embolism, or stroke is
approximately 7–8 (Ginsburg et al., 1992). Patients with
medium to high aPL levels and a history of arterial or venous
thrombosis have a significant risk of recurrent thrombosis
(Rosove and Brewer, 1992; Khamashta et al., 1995; Ruiz-
Irastorza et al., 2002). After initial treatment with heparin
followed by warfarin, long-term warfarin is recommended
to prevent recurrent thrombotic events. Retrospective
studies suggest that a relatively high level of anticoagula-
tion, international normalized ratio (INR) of more than 3.0,
is necessary. A recent randomized controlled trial, however,
found that high-intensity warfarin (target INR 3.1–4.0) was
not superior to moderate-intensity warfarin (target INR
2.0–3.0) (Crowther et al., 2003). Many experienced clini-
cians in the field now recommend the lower INR target. 
Lifelong anticoagulation may be necessary. The decision
regarding long-term anticoagulation should be individual-
ized, given the risks of warfarin, and various factors should
be considered (age and reliability of the patient, level of aPL,
the type of thrombotic event, temporal distance from the
event). In certain patients with LA, these autoantibodies may
interfere with accurate determination of the INR, requiring
other tests to assess the level of anticoagulation (Della Valle
et al., 1996; Moll and Ortel, 1997).

In general, immunosuppression is not thought to be effec-
tive in preventing thrombosis, and is not recommended.
Anecdotally, rituximab has been tried in a few severe, refrac-
tory cases of APS with variable results.

Pregnancy Loss

Women with moderate-to-high levels of aPL and a
history of one or more otherwise unexplained fetal deaths
(>10 weeks gestation) or recurrent pre-embryonic or embry-
onic spontaneous abortions are candidates for treatment to
prevent loss and morbidity in subsequent pregnancies. Cur-
rently, most experts recommend treatment with heparin and
low-dose aspirin (Kutteh, 1996; Rai et al., 1997; Branch and
Khamashta, 2003). Prednisone and aspirin appear to be
equally efficacious, but prednisone is associated with a
higher frequency of adverse side effects, including infection,
pre-eclampsia, gestational diabetes, and osteonecrosis
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(Cowchock et al., 1992). With treatment, the chance of a
successful pregnancy is 70–80%. Women with APS who are
considering pregnancy should have preconception consulta-
tions with their obstetrician and rheumatologist and/or
hematologist. Low-dose aspirin is often initiated (or contin-
ued) at this time. Treatment with heparin is begun as soon
as pregnancy is diagnosed, usually at 5–7 weeks gestation.
Either unfractionated or low-molecular-weight heparin
(enoxaparin, dalteparin) may be used. For women without a
history of thrombosis, a typical regimen is subcutaneous
heparin, 5000–10,000 units every 12 hours, and aspirin, 75
or 81 mg daily. The low end of the heparin-dose range
appears to be as efficacious as the high end (Kutteh and
Ermel, 1996; Rai et al., 1997). For women with prior throm-
bosis, higher doses of heparin are recommended. Specific
heparin regimens for prevention of APS-related pregnancy
loss have recently been reviewed (Branch and Khamashta,
2003). Heparin is held at the time of delivery, and then 
reinstituted for 4–6 weeks after delivery, due to the risk 
of thrombosis in the postpartum period. Intravenous
immunoglobulin (IVIg) therapy is an option if heparin and
prednisone fail (Scott et al., 1988; Spinnato et al., 1995;
Clark et al., 1999), although a small randomized controlled
trial did not show an increased benefit of IVIG over heparin
and aspirin (Branch et al., 2000). In a randomized trial of
low-molecular-weight heparin and aspirin versus IVIG, the
live birth rate was higher in the heparin/aspirin group (16/19
or 84% vs 12/21 or 57% for IVIG) but the difference did not
reach statistical significance (Triolo et al., 2003). It is
unclear whether women with low levels of aPL and recur-
rent pregnancy loss require treatment. A randomized con-
trolled trial, in which a majority of subjects had low titer
antibodies, observed successful pregnancy rates of 80–85%
in patients receiving low-dose aspirin or placebo (Pattison
et al., 2000).

Catastrophic APS

Due to the severe nature of catastrophic APS, most
patients receive a combination of therapies, including anti-
coagulants, corticosteroids, plasmapheresis, cyclophos-
phamide, and IVIG (Asherson et al., 1998; Asherson et al.,
2001). Anticoagulation appears to be particularly useful;
survival was 62% in patients receiving anticoagulation
versus 23% in those who were not anticoagulated 
(Asherson et al., 2001). In individual cases plasmapheresis
(Neuwelt et al., 1997) and defibrotide (Burcoglu-O’Ral et
al., 2002) have each been helpful.

Thrombocytopenia

Thrombocytopenia in APS is usually moderate and does
not require treatment. Lower counts may require treatment
with corticosteroids.
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Asymptomatic Patients

Low-dose aspirin is generally recommended for asymp-
tomatic patients with aPL but without a history of thrombo-
sis (Erkan et al., 2001; 2002; Alarcon-Segovia et al., 2003).
These patients are usually identified in three situations, i.e.,
patients with SLE found to have aPL on routine screening,
women with a diagnosis of APS based on pregnancy loss or
morbity, and LA+ individuals discovered during coagulation
screening. Hydroxychloroquine may help prevent thrombo-
sis in patients with aPL and SLE (Petri et al., 1994; Erkan
et al., 2002).

CONCLUDING REMARKS—
FUTURE PROSPECTS

APS is an under-recognized autoimmune disease that
accounts for a significant proportion of thromboembolic
disease and recurrent pregnancy loss. Anticoagulation rather
than immunosuppression is the current mainstay of therapy.
Although effective in most cases, full anticoagulation carries
a significant risk of adverse side effects. Future research
characterizing the underlying autoimmune response, the
spectrum of APS autoantibodies, and the relevant mecha-
nisms of hypercoagulability will lead to the identification 
of novel therapeutic targets and approaches. These new
approaches raise hope for safer and more effective treatment
of APS.
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Sjögren syndrome (SS) is an autoimmune disorder char-
acterized by exocrine gland dysfunction and destruction,
mainly the salivary and lachrymal glands, leading to dryness
of mouth and eyes. Exocrinopathy is associated with 
dense lymphocytic infiltrates of glandular tissues and B-cell
hyper-reactivity. Sjögren syndrome appears unique for two
reasons. First, it has a broad clinical presentation, extending
from local exocrinopathy to involvement of multiple organs;
it may be found alone (primary SS) or in association with
other autoimmune diseases (secondary SS). Although clini-
cal, serologic and genetic features may distinguish primary
from secondary SS, it remains unclear whether these enti-
ties are etiologically and pathogenically different. Second,
it is a model disorder where a benign process can evolve into

a lymphoid malignancy. Thus, the study of SS may provide
insights into the pathogenesis of autoimmune disorders 
and lymphoid malignancy. Sjögren syndrome has been 
long regarded as an autoimmune disease, due to the pres-
ence of lymphoid infiltrates in the exocrine glands, the
plethora of serum autoantibodies, the various hyperimmune
clinical complications, as well as its frequent association
with other autoimmune disorders.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Most SS patients have an indolent course. The initial
manifestations can be nonspecific and usually antedate the
full-blown development of the syndrome by a decade. In
approximately one-third of primary SS patients mild
extraglandular manifestations are present, whereas a small
but significant number of patients develop lymphoid 
neoplasia.

Glandular Manifestations

Dryness of mouth (xerostomia) and eyes are the major
glandular manifestations of SS. Patients variably complain
of difficulty in chewing and swallowing, sore mouth, and/or
a sandy feeling or itchiness in the eyes. The oral mucosa is
dry, sticky, and erythematous, often with fungal overgrowth.
The tongue appears with fissures and atrophy of the filiform
papillae. Teeth show increased plaque formation, hypo-
calcification, and caries at the gingival margins. Diminished
secretion of tears (aqueous layer) leads to chronic irritation
and destruction of the corneal and bulbar conjunctival
epithelium [keratoconjunctivitis sicca (KCS)]. Major sali-
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vary gland enlargement, particularly of the parotid glands
(Figure 31.1), occurs episodically or chronically in 25–65%
of primary SS patients, but is uncommon among patients
with secondary SS (Moutsopoulos et al., 1979).

Salivary flow rates measured for whole saliva or for 
separate secretions from each major salivary gland (with or
without stimulation) reveal reduced salivary flow rates.
Sialography reveals various degrees of sialectasis in the
majority of patients. Scintigraphy, a functional assessment
of salivary glands, appears unable to differentiate between
SS patients and controls (Adams et al., 2003). Ultrasono-
graphy, conventional magnetic resonance imaging and 
magnetic resonance sialography may provide noninvasive
diagnostic alternatives (Niemela et al., 2004).

Decreased tear secretion rate as measured by the
Schirmer’s test (wetting of the paper strip of less than 5mm
per 5 minutes), is an indication of diminished secretion but
is not diagnostic for KCS (reviewed by Kincaid, 1987). Slit-
lamp examination after Rose-Bengal staining reveals punc-
tuate or filamentary keratitis lesions that are characteristic
for KCS (Figure 31.2) (Kincaid, 1987). The tear breakup
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time (overly rapid breakup time) is used to evaluate tear film
integrity labeled by a drop of fluorescein.

Extraglandular Manifestations

Patients with clinically extraglandular manifestations
may complain of easy fatigue, general malaise, low-grade
fever, and of myalgias and arthralgias.

Musculoskeletal Manifestations

Arthralgias, myalgias, morning stiffness, intermittent
synovitis, and, infrequently, chronic symmetric polyarthritis
may be encountered in primary SS patients. Polymyositis 
is rare.

Respiratory Tract Involvement

Various respiratory tract manifestations have been
described in SS patients affecting the respiratory tract, the
mediastinum, and the pleura. These are frequent but usually
mild and of low clinical importance. Patients can present
with dry cough secondary to dryness of the tracheobronchial
mucosa (xerotrachea), dyspnea from small airway obstruc-
tion, and, very rarely, interstitial disease.

Gastrointestinal and Hepatobiliary Manifestations

Dysphagia, nausea, dyspepsia, and epigastric pain are
seen. Biopsies of gastric mucosa show chronic atrophic 
gastritis and lymphocytic infiltrates. Liver involvement in
primary SS patients is rare (5%) and subclinical, presenting
with elevated liver enzymes and/or with antimitochondrial
antibodies associated with stage I primary biliary cirrhosis
(PBC). Sicca manifestations have been described in half of
PBC patients (Trevino et al., 1987).

Urinary Tract Involvement

Less than 10% of SS patients manifest renal disease.
Abnormal urine acidification test is found in one-fourth 
of the patients. Interstitial disease is found early in the 
disease and manifests with renal colici, hyposthenuria, and
hypokalemic hyperchloremic renal tubular acidosis (type I).
Immune complex glomerulonephritis (membranopro-
liferative or mesangial proliferative) is a late-disease mani-
festation and is associated with cryoglobulinemia and
hypocomplementemia (Goules et al., 2000). Interstitial cys-
titis has been also described (Van de Merwe et al., 1993).

Vascular involvement

Raynaud phenomenon is seen in one-third of the patients
with primary SS and precedes sicca manifestations
(Skopouli et al., 1990). Small vessel hypersensitivity vas-

FIGURE 31.1 Firm, painless, nodular parotid gland enlargement in a 54-
year old patient with primary Sjögren syndrome.

FIGURE 31.2 Staining of damaged corneal and conjunctival epithelia
by Rose Bengal dye in a patient with primary Sjögren syndrome and 
keratoconjunctivitis sicca (KCS). See color plate section.

Ch031-P595961.qxd  2/28/06  3:54 PM  Page 402



culitis and, rarely, polyarteritis nodosa-like vasculitis have
been observed in primary SS patients (Alexander, 1987).
Episodic palpable purpuric or petechial lesions of variable
intensity in the lower extremities (dependent purpura) are
common. Recurrent urticaria-like lesions, various maculo-
papular erythematous lesions, subcutaneous nodules, and
skin ulcerations may be also seen. Cases of systemic vas-
culitis with visceral involvement affecting kidney, lung, and
gastrointestinal tract have been described.

Neuropsychiatric involvement

Neurologic involvement occurs in approximately
10–20% of primary SS patients manifesting with peripheral
sensory or sensory-motor polyneuropathy and/or mono-
neuritis multiplex. Carpal tunnel and other entrapment 
syndromes as well as sensory gangliopathy have also been
described. Trigeminal and/or optic neuropathy has been
observed. Sensorineural hearing loss is usually subclinical
(Tumiati et al., 1997).

Hemiparesis, sensory deficits, seizures, movement dis-
orders, cerebellar defects, neurogenic bladder, transverse
myelopathy, and a multiple sclerosis-like picture have been
described in SS patients (Alexander et al., 1994). However,
other investigators using strict criteria for the classification
of primary SS have not substantiated these observations
(Soliotis et al., 2004). Sjögren syndrome patients often
present various neuropsychiatric features, which may at
least partly be attributed to dysregulation of the stress
response (Johnson and Moutsopoulos, 1992). Anxiety,
depressed mood, and personality structure disorders are 
frequently manifest and may necessitate therapeutic 
intervention.

Lymphoproliferative disease

In primary SS, malignant non-Hodgkin lymphomas
(most often low-grade marginal-zone B-cell lymphoma)
have been estimated to occur in approximately 4–8% of
patients followed for approximately 8–10 years (Kassan 
et al., 1978; Kauppi et al., 1997; Voulgarelis et al., 1999)
(Figure 31.3). This usually is seen in patients with low 
C4, mixed monoclonal cryoglobulinemia, and purpura
(Skopouli et al., 2000). In most cases, the patients are in
fairly good clinical performance status, at an early clinical
stage, whereas extranodal localization is frequent (Table
31.1) (Voulgarelis et al., 1999). The survival is closely asso-
ciated with the histologic grade of lymphoma.

Secondary Sjögren Syndrome and
Overlapping Entities

Sicca manifestations can be found alone or in conjunc-
tion with several other autoimmune rheumatic diseases, 
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such as RA, systemic lupus erythematosus (SLE) and 
systemic sclerosis. In addition, manifestations of SS have
been described in patients with polymyositis, polyarteritis
nodosa, PBC, mixed connective tissue disease, and myas-
thenia gravis (Moutsopoulos et al., 1980).

Approximately 5% of patients with rheumatoid arthritis
(RA) present a clinically overt SS, while subclinical sicca
complaints can be affirmed by as many as 20% of such
patients. The diagnosis of RA usually precedes that of SS by
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FIGURE 31.3 The clinical spectrum of primary Sjögren syndrome (SS)
and disease evolution. Schematic representation of the proportion of the
various subgroups of primary SS patients in different time points relatively
to the time of diagnosis, as derived from a synthesis of published infor-
mation. 1: patients with disease confined in the exocrine glands; 2: patients
with extraglandular involvement without adverse prognostic signs (palpa-
ble purpura, low C4 complement levels and/or mixed monoclonal cryo-
globulins); 3: patients with extraglandular involvement with adverse
prognostic signs; 4: patients with extraglandular involvement and lym-
phoma development.

TABLE 31.1 Clinical characteristics of malignant 
non-Hodgkin’s lymphoma in primary 

Sjögren syndrome patients

Features of lymphoma* % positive

Clinical performance status:
0–1 82
2–4 18

B symptoms 24

Localization:
Nodal 63
Extranodal 81

Clinical stage:
I/II 58
III/IV 42

*Performance status was graded (0–4 scale) at the time of lymphoma
diagnosis using the Eastern Cooperative Oncology Group scale, whereas
the Clinical Staging (I–V scale) was based on the Ann Arbor classification
system (Voulgarellis et al., 1999). B symptoms: fever, night sweats, and
weight loss.
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many years (Moutsopoulos et al., 1979). Keratoconjunctivi-
tis sicca is the predominant sicca manifestation of patients
with RA and SS, whereas xerostomia, salivary gland
enlargement, lymphadenopathy, renal involvement, and
Raynaud phenomenon are uncommon.

Based on distinct clinical, serologic, and immunogenetic
profiles of patients with SS alone and of those with SS 
associated with RA (Moutsopoulos et al., 1979; 1980), the
terms “primary SS” and “secondary SS” were proposed for
the former and the latter groups of patients, respectively
(Moutsopoulos et al., 1979). During recent decades, the term
“secondary SS” has generally been applied to connote sicca
disorder that occurs together with any autoimmune disorder;
however, this disregards the possibility for true overlapping
entities. In this context, a recent study has revealed that
patients with coexisting SLE and SS (SLE SS) appear to
constitute a subgroup (9%) of SLE patients with distinct
clinical, serologic, pathologic, and immunogenetic features,
in whom SS is expressed as an overlapping entity, is 
largely similar to primary SS and usually precedes SLE
(Manoussakis et al., 2004).

Oral and/or ocular dryness are also observed in approxi-
mately 20% of patients with systemic sclerosis (Medsger,
1987), often associated with fibrosis of the exocrine glands.
In contrast, sicca manifestations associated with frank lym-
phocytic infiltrative lesions are extremely common (60%) in
patients with limited systemic sclerosis (Drosos et al., 1991).

Pathologic Features

The histopathologic assessment of SS patients usually
reveals focal or diffuse mononuclear infiltrations in one or
more organs that are potentially progressive and likely con-
tribute to the dysfunction of the affected organs. Destructive
and degenerative lesions, such as diffuse acinar atrophy,
duct dilation and fibrosis may be also present; however, the
loss of secretory function of the exocrine glands is often 
disproportionate to the destruction encountered.

Salivary gland involvement is central in primary SS and,
therefore, the pathologic study of the salivary gland tissues
has been long applied for the diagnostic confirmation of SS
(Daniels et al., 1987) and the focus of an extensive research
of its pathogenesis. The pathologic assessment of labial sali-
vary gland biopsy reveals chronic focal sialadenitis that typ-
ically consists of focal mononuclear aggregates (at least 50
lymphocytes and plasma cells), which are adjacent to and
replace the normal acini (Daniels et al., 1987). Larger foci-
forming germinal centers may be found. Among several pro-
posed histologic classifications, a focus score of more than
1 focus/4mm2 (with focus defined as an aggregate of 50 or
more mononuclear cells) has been proposed as a specific
measure for SS (Chisholm and Mason, 1968) and the best
single classification criterion (Vitali et al., 1993). In a 
modification of this method, Greenspan and Daniels had
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considered scores from 1 to 12 foci/4mm2 and found a 
significant positive correlation between a higher score and
larger foci (Greenspan et al., 1974, Daniels et al., 1987).

Clinical Course and Evolution of the Disease

The initial presentation of primary SS at diagnosis essen-
tially determines its outcome (Figure 31.3) (Skopouli et al.,
2000). In the vast majority of patients, the glandular sicca
features and serologic profile remain unchanged during the
disease course (Gannot et al., 2000; Skopouli et al., 2000).
Ordinarily, lymphoma and glomerulonephritis are late
events (Skopouli et al., 2000). Lymphoproliferative disease
increases with patient follow-up (2.6% at 5 years and 3.9%
at 10 years) and is predicted by the presence of palpable
purpura and low complement levels at the first visit 
(Ioannidis et al., 2002). These manifestations appear to dis-
tinguish high-risk patients (type I) from patients with low
risk (type II) (Ioannidis et al., 2002; Theander et al., 2004).
The overall mortality of primary SS is not different from that
of the general population, whereas mortality increases in
high-risk patients (Martens et al., 1999; Skopouli et al.,
2000; Pertovaara et al., 2001; Ioannidis et al., 2002; 
Theander et al., 2004).

Diagnosis and Differential Diagnosis

Combined clinical, pathologic, and serologic assessment
of patients can easily lead to diagnosis. Differential diagno-
sis should consider various medical conditions that may
cause dryness of the mucosae, with or without salivary gland
enlargement, including adverse effects of drugs, infections,
tumors, metabolic disorders, and irradiation. In particular,
sarcoidosis (Drosos et al., 1989), lipoproteinemias (types II,
IV, and V), chronic graft-versus-host disease, lymphomas,
amyloidosis and infection by human immunodeficiency
virus (HIV) (Itescu, 1991) and hepatitis C virus (HCV)
(Haddad et al., 1992, Ramos-Casals et al., 2002) might be
misinterpreted as SS. Clinical, pathologic, and serologic fea-
tures can be helpful for the differentiation of these processes
from genuine SS. In particular, the identification of serum
autoantibodies to Ro(SSA) or La(SSB) proteins is a strong
indication for primary SS (Table 31.2). In elderly individu-
als, mucosal dryness is frequently an age-related atrophic
process (Drosos et al., 1988).

A prospective concerted action from 12 European coun-
tries resulted in the validated definition of the European 
criteria for SS (Vitali et al., 1993; 1996). Recently, the 
American-European Consensus Group has modified the cri-
teria. Among others, the presence of histopathologic evi-
dence of sialadenitis and of serum anti-Ro(SSA)/La(SSB)
autoantibodies were introduced as obligatory classification
criteria (Box 31.1) (Vitali et al., 2002). These criteria can be
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TABLE 31.2 Differential diagnosis of primary Sjögren syndrome (SS) from sicca syndrome
associated with infection by HIV or HCV or with sarcoidosis

HCV infection with HIV infection 
Primary SS Sarcoidosis sicca syndrome with sicca syndrome

Sex predilection Female No difference No difference Male

Age Middle-age Middle-age All ages Young

Serum autoantibodies to Ro(SSA) Frequently present Absent Absent Absent
and La(SSB)

Predominant T-cell subset in CD4+ Non-caseating granuloma CD4+ CD8+

lymphoid infiltrates

HLA-association DR3, DRw53, DQA1*0501 Unknown Unknown HLA-DR5

Diagnostic viral serologic test None None HCV tests HIV tests

HCV, hepatitis B virus; HIV, human immunodeficiency virus.

Box 31.1
The American-European Consensus Group classification criteria for Sjögren syndrome

I. Ocular symptoms: a positive response to at least one
of the three following questions:
1. Have you had daily, persistent, troublesome dry

eyes for more than 3 months?
2. Do you have a recurrent sensation of sand or gravel

in the eyes?
3. Do you use tear substitutes more than three times

a day?
II. Oral symptoms: a positive response to at least one

of the three following questions:
1. Have you had a daily feeling of dry mouth for

more than 3 months?
2. Have you had recurrently or persistently swollen

salivary gland as an adult?
3. Do you frequently drink liquids to aid in swallow-

ing dry food?
III. Ocular signs: objective evidence of ocular involve-

ment defined as a positive result in at least one of the
following two tests:
1. Schirmer’s I test, performed without anesthesia

(£5 mm in 5 minutes) ¶
2. Rose-Bengal score or another ocular dye score (≥4

according to van Bijsterveld’s scoring system)
IV. Histopathology

Presence of focal lymphocytic sialadenitis in minor
salivary glands (obtained through normal-appearing
mucosa), evaluated by an expert histopathologist with
a focus score ≥1, defined as a number of lymphocytic
foci which are adjacent to normal-appearing mucous
acini and contain more than 50 lymphocytes per 4
mm2 of glandular tissue.

V. Salivary gland involvement: objective evidence of
salivary gland involvement defined as a positive result
in at least one of the following three diagnostic tests:
1. Unstimulated salivary flow (£1.5mL in 15

minutes)
2. Parotid sialography showing the presence of

diffuse sialectasias (punctate, cavitary or destruc-
tive pattern), without evidence of obstruction in
the major ducts.

3. Salivary scintigraphy showing delayed uptake,
reduced concentration and/or delayed excretion of
tracer.

VI. Autoantibodies: presence in the serum of the fol-
lowing autoantibodies:
Antibodies to Ro(SSA) or La(SSB) or both

Rules for classification: In patients without any
potentially associated disease the presence of any four
of the six items is indicative of definitive primary SS.
In patients with a potentially associated disease (for
instance another connective tissue disease) item-1 or
item-2 plus any two from items 3, 4, 5 is indicative
of secondary SS.

Exclusion criteria: prior head and neck irradia-
tion, pre-existing lymphoma, acquired immunodefi-
ciency disease (AIDS), hepatitis C infection,
sarcoidosis, graft-versus-host disease, sialoadenosis,
use of neuroleptic, anti-depressant, anti-hypertensive
or parasympatholytic drugs.

¶Test should be excluded from the criteria or not
considered indicative for a diagnosis of SS in elderly
subjects (older than 60 years).
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also utilized to derive a practical algorithm for diagnosis
(Figure 31.4).

Epidemiology

SS affects primarily women (women to men, 9:1), mainly
in the fourth and fifth decades of life. However, reported
cases include individuals of all ages, from children to elderly
persons (Stiller et al., 2000). In different population studies,
the overall prevalence of primary SS has been estimated to
be approximately 3% (Jacobsson et al., 1989; Dafni et al.,
1997).

AUTOIMMUNE FEATURES AND
PATHOGENIC MECHANISMS

Humoral Autoimmune Features

Primary SS is one extraordinary example of disorders
associated with polyclonal B-cell hyper-reactivity, as

406 Multisystem Diseases

attested by profound hypergammaglobulinemia, multiple
autoantibodies, and cryoglobulins (Harley, 1987). Organ-
specific autoantibodies include those to antigens of salivary
ducts, thyroid, gastric mucosa, erythrocytes, pancreas,
prostate, and nerve cells. Non-organ-specific autoantibodies
include antibodies to cellular antigens (Ro/SSA and La/SSB,
histones, single-stranded DNA, a-fodrin) and rheumatoid
factors.

Ro/SSA and La/SSB represent heterogeneous ribonu-
cleoprotein complexes consisting of antigenic proteins (two
main proteins of 52kDa [Ro52] and 60kDa [Ro60] for
Ro/SSA and one protein of 48kDa for La/SSB) associated
with small cytoplasmic RNAs (hYRNAs) (Slobbe et al.,
1991). The function of Ro/SSA hYRNA complexes remains
largely unknown. The La/SSB protein has been suggested to
participate in the transcription termination of RNA poly-
merase III and in the initiation of the translation of at least
the poliovirus mRNA, whereas it is capable of melting
DNA/RNA hybrids by virtue of its ATPase activity (Bach-
mann et al., 1990). Antibodies to Ro/SSA and La/SSB anti-
gens frequently coexist in the serum of primary SS patients,
and their detection has been recently included as a classifi-
cation criterion for SS (St Clair, 1992; Vitali et al., 2002).
Several mechanisms, including molecular mimicry with
viral antigens or antigen-driven responses, have been pro-
posed to explain the genesis of these autoantibodies in SS.
Furthermore, these particular autoantibodies appear to 
represent a meaningful link between sicca syndrome that 
occurs in primary SS and in SS that coexists with SLE
(Manoussakis et al., 2004). These findings are especially
important not only for classification purposes but also
because they strongly suggest a relationship between the
biologic processes that generate these specific immunologic
responses and the autoimmune sicca disorder itself.

By gel-precipitation assays, anti-Ro/SSA and anti-La/
SSB antibodies are extremely uncommon in healthy indi-
viduals, whereas they are detected in approximately 38–60%
and 25–40%, respectively, of primary SS patients. More sen-
sitive techniques, such as enzyme-linked immunosorbent
assay (ELISA), using purified or recombinant antigens, may
reveal anti-Ro/SSA and anti-La/SSB in up to 95% and 87%
of patients, respectively, but also in 10–15% of healthy con-
trols. Of note, these autoantibody specificities are not spe-
cific for the primary syndrome and may be found also in
3–20% of patients with several other autoimmune diseases,
usually in the presence of associated SS. Except for certain
anti-La/SSB responses (Tzioufas et al., 2002), attempts to
demonstrate linear immunodominant epitopes using small
synthetic peptides have been inconclusive. In a recent study,
autoimmune sera from patients with primary SS and SLE
have been found to contain anti-idiotypic antibodies target-
ing a common anti-La/SSB idiotype that mask the anti-
La/SSB response (Routsias et al., 2002). Interestingly, these
anti-idiotypic antibodies can be detected using complemen-
tary peptides of La/SSB epitopes and hidden anti-La/SSB
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FIGURE 31.4 A practical algorithm for the assessment and diagnosis of
Sjögren syndrome (SS) based on the sequential application of validated
questionnaires and objective tests, as suggested by the American-European
Consensus Group (AECG) criteria for the classification of SS (see Box
31.1). Adapted from Vitali et al. (2002).
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antibodies can be released and detected using complemen-
tary epitope analogs (Routsias et al., 2002).

Viral infections or the induction of cellular stress by heat,
UV light, serum starvation, and chemicals on cultured
epithelial cells and keratinocytes has been shown to induce
the translocation of Ro/SSA and La/SSB ribonucleoproteins
to the cell surface (Rosen et al., 1995). Interestingly, abnor-
mal translocation and localization to the outer membranes
of the nuclear autoantigen La/SSB have also been observed
in the conjunctival and salivary epithelial cells of SS patients
(Yannopoulos et al., 1992; Price et al., 1994). Also, various
autoantigenic ribonucleoproteins have been detected in the
exosomal bodies normally released by cultured salivary
gland epithelial cells (Kapsogeorgou et al., 2003).

Multiple other non-organ-specific autoantibodies have
been described in primary SS patients, including anticen-
tromere antibodies, antimitochondrial antibodies, antibodies
to the U1nRNP ribonucleoprotein, antiphospholipid, anti-
cytokeratin and antineutrophil antibodies. IgG present in the
sera of SS patients has been found to bind to and activate
cholinergic receptors present on rat parotid gland that were
identified as M3-muscarinic receptors (Bachman et al.,
1998) with possible inhibitory effect on parasympathetic
neurotransmission (Waterman et al., 2000) (see Chapter 17).
The detection of autoantibodies to the cytoskeletal protein
a-fodrin was initially considered a specific diagnostic
marker for SS (Haneji et al., 1997), but subsequent studies
by ELISA gave a sensitivity of only 48% and a specificity
less than that of anti-La (Zandbelt et al., 2004).

Cellular Autoimmune Features

Peripheral Blood Lymphocytes

The analysis of the absolute number of the total peri-
pheral blood lymphocytes as well as T and B cells does 
not generally reveal significant differences compared with
normal individuals. Recent comparative studies of periph-
eral blood and parotid glands from primary SS patients have
indicated the depletion of CD27-expressing memory B cells
from the peripheral blood and accumulation and/or retention
of these antigen-experienced B cells in the inflamed salivary
gland tissues (Dorner et al., 2002).

Tissue-Infiltrating Lymphocytes

The majority of infiltrating lymphocytes in the
immunopathologic lesions of the exocrine glands are T cells,
while B lymphocytes constitute approximately 20–25% of
infiltrating cells. Most of the T lymphocytes (60–70%) bear
the CD4+ phenotype, the ab T-cell receptor (TCR), and the
CD45 Ro memory inducer marker. A relative predominance
of certain TCR-Vb (e.g., Vb2 and Vb13) and TCR-Va
(e.g., Va2, Va11.1, and Va17.1) genes and a relatively
limited junctional (Jb-genes) usage has been reported, which 
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possibly support an antigen-driven proliferation of T cells in
the inflammatory lesions (Matsumoto et al., 1996).

Oligomonoclonal B-cell Expansion

Monoclonal light chains or immunoglobulins have been
demonstrated in the serum and/or the urine of approximately
80–100% of patients with extraglandular involvement, com-
pared with approximately 25–40% of patients with disease
limited to the exocrine glands. In addition, approximately
one-third of primary SS patients exhibit high serum levels
of mixed monoclonal cryoglobulins (type II) that contain an
IgMk monoclonal rheumatoid factor. It appears that SS
patients with polyclonal B-cell activation generate mono-
clonal B-cell processes very early in their disease course,
and this monoclonality is most frequent in patients with
extraglandular involvement, which, in fact, is associated
with an increased risk for developing lymphoid malignancy
(Kassan et al., 1978).

Monoclonal immunoglobulin gene rearrangements are
also detected in the salivary glands and may antedate the
development of non-Hodgkin lymphoma (Freimark et al.,
1989). Recent studies have indicated that in primary SS
patients there is no apparent major molecular abnormality in
the generation of the IgV chain repertoire; however, there 
is biased usage of V(L) chain genes caused by selection 
and clonal expansion of B cells expressing particular V(L)
genes, as well as accumulation of B cells bearing mutated
V(L) gene rearrangements within the inflamed parotid
glands (Dorner et al., 2002). In addition to the less aggres-
sive oligoclonal B-cell expansion, other tumor-inciting
events, such as Bcl-2 translocation appear essential for the
development of SS-associated lymphoma (Pisa et al., 1991).

Cell Trafficking, Adhesion, and Activation of
Infiltrating Cells

Glandular endothelium of SS patients likely represents
the entry site for inflammatory cells. Vessels in the inflamed
salivary glands of patients have been shown to express 
vascular cell adhesion molecule 1 (VCAM1, CD106), inter-
cellular adhesion molecule 1 (ICAM1, CD54), as well as 
P- and E-selectins, whereas infiltrating mononuclear cells
surrounding blood vessels express the counter-receptors
lymphocyte function-associated antigen-1 (LFA1), a4- and
a5-integrins, and CD44 (Aziz et al., 1996). In addition, high
levels of the chemokine CXCL-13/BCA1 have been found
on endothelial cells of patients, whereas its counter-receptor
CXCR-5 is observed on B cells, a fact that possibly indi-
cates the contribution of this chemokine to the establishment
of germinal center-like structures of patients (Amft et al.,
2001; Xanthou et al., 2001; Salomonsson et al., 2003).

Immunohistochemical and in situ hybridization studies
have demonstrated the presence of the proinflammatory
cytokines tumor necrosis factor (TNF) and interleukins 6
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and 1b (IL-6I, L-1b) in the salivary gland biopsies of SS
patients that localize to mononuclear cell infiltrates and
epithelium (Oxholm et al., 1992; Fox et al., 1994; Boumba
et al., 1995; Cauli et al., 1995; Ohyama et al., 1996). Both
TNF and TNF-receptor are present in the inflammatory infil-
trates, vascular endothelium, and ductal epithelium (Koski
et al., 2001). Salivary gland CD4+ T cells produce abundant
IL-2, IL-2R, interferon-g, IL-1a, and IL-10 mRNA, but
minimal or no IL-4, IL-5, and IL-13, suggesting the relative
predominance of a Th1 response in SS (Fox et al., 1994;
Boumba et al., 1995; Ajjan et al., 1998). Recently, the infil-
trating CD68+ macrophages in the minor salivary gland
biopsies of SS patients were shown to express high amounts
of the proinflammatory cytokine IL-18 (Boiu-Zahiu et al.,
2004).

The majority of T cells expresses activation molecules
such as major histocompatibility complex (MHC) class II,
LFA1, as well as other cell adhesion molecules (CD2/LFA2,
CD58/LFA3, CD54/ICAM1, CD154/CD40L) (Skopouli et
al., 1991; St. Clair et al., 1992, Kapsogeorgou et al., 2001a;
Dimitriou et al., 2002a). Interestingly, infiltrating T lym-
phocytes have been shown to express large quantities of the
serine protease granzyme-A and perforin, possibly involved
in the salivary tissue destruction (Alpert et al., 1994;
Polihronis et al., 1998; Xanthou et al., 1999).

The Role of Apoptosis (Programmed Cell Death)

Abnormalities in apoptotic pathways may be critically
involved in the deterioration of immunologic tolerance, in
altered homeostasis of tissue infiltrative processes, as well
as in the presentation of autoantigens. Studies in murine
models indicated that genetic abnormalities in programmed
cell-death processes (mutations in the apoptosis-related 
proteins Fas(CD95) or Fas-ligand(CD95L) lead to the 
persistence of autoimmune T-cell clones. Importantly, the
infection of exocrine glands of such mutant mice by epithe-
liotropic viruses may result in chronic inflammatory glan-
dular lesions (Fleck et al., 2001). In SS patients, peripheral
blood CD4+ T lymphocytes have been shown to display
accelerated in vitro apoptosis, enhanced expression of Fas
and decreased expression of Bcl-2 (apoptosis inhibitor) 
proteins (Ichikawa et al., 1995; Ogawa et al., 1996). On 
the other hand, the salivary gland-infiltrating mononuclear
cells express elevated levels of Fas(CD95), Fas-ligand and
Bax (pro-apoptotic proteins) and Bcl-2 (apoptosis inhibitor) 
and rarely undergo apoptosis: a phenomenon referred to 
as “blocked apoptosis” (Kong et al., 1997; Polihronis et al.,
1998; Ohlsson et al., 2001). In direct contrast, apoptosis
appears to play a role in the destruction of glandular epithe-
lial cells, since these cells display DNA-strand breaks; wide-
spread and high expression of the apoptotic proteins Fas,
Fas-ligand, and Bax; and downregulation of Bcl-2 (Kong 
et al., 1997; Polihronis et al., 1998), associated with 
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caspase-3 activation (Jimenez et al., 2002). The expression
of the negative regulator molecules CTLA-4 and PD-1 is
also increased (Bolstad et al., 2003). Furthermore, using cul-
tured non-neoplastic cell lines, salivary gland epithelial cells
have been shown to be susceptible to Fas-mediated and Fas-
unrelated apoptotic death after stimulation by interferon-g
(but not TNF or IL-1) (Abu-Helu et al., 2001). These find-
ings indicate that epithelial cell apoptosis contributes to the
glandular lesions of SS, either by the action of local infil-
trating cytotoxic T cells or via intrinsic mechanisms, possi-
bly prior to lymphocytic infiltration.

The apoptotic epithelial cell death possibly results in the
release of autoantigens that are captured by antigen-
presenting cells and presented to the immune cells, thus
resulting in the perpetuation and the expansion of immune
responses. Apoptosis may also represent a specialized 
mechanism whereby nuclear antigens may gain access to the
immune system, leading to the induction of humoral
responses to Ro/SSA and La/SSB ribonucleoproteins (Rosen
et al., 1995). In fact, during early apoptosis, La/SSB
autoantigen has been shown to redistribute diffusely to the
cytoplasm, whereas both Ro/SSA and La/SSB autoantigens
lead to surface apoptotic blebs and bodies (Ohlsson 
et al., 2002).

Implication of Glandular Epithelial Cells 
in Immunopathology

During the last decade, a new immunopathogenetic
concept has emerged, placing the glandular or acinar epithe-
lial cells at the center of the immunopathologic processes.
Several lines of evidence indicate that the epithelia of SS
display features of activation and participate in the induc-
tion and maintenance of the autoaggressive lymphocytic
infiltrations that characterize the syndrome. In fact, the early
lymphoepithelial lesions in primary SS have been demon-
strated to begin around the ducts.

In salivary gland biopsies of SS patients, ductal and/or
acinar SGEC display high levels of several immunoactive
proteins, such as adhesion, presentation molecules that are
known to mediate the lymphoid cell homing and the ampli-
fication of interactions between epithelial and immune cells.
Epithelial cells adjacent to sites of intense inflammation
display high levels of MHC class I and class II (DR) mole-
cules (Lindahl et al., 1985), CD54/ICAM1, CD106/VCAM,
and E-selectin adhesion molecules (St. Clair et al., 1992;
Kapsogeorgou et al., 2001a; Tsunawaki et al., 2002), as well
as CD80/B7.1 costimulatory molecules (Manoussakis et al,
1999; Tsunawaki et al., 2002; Fujihara et al., 1999). Also,
high expression of CD54/ICAM1 has been detected in the
periacinar myoepithelial cells of SS patients (Kapsogeorgou
et al., 2001a).

Salivary epithelia have been also found to express
increased levels of the proinflammatory cytokines IL-1, 
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IL-6, and TNF (Fox et al., 1994; Boumba et al., 1995) and
of several T-cell-attracting and germinal-center-forming
chemokines, including CCL3/MIP-1a, CCL4/MIP-1b, IL-8
and CCL5/RANTES (Cuello et al., 1998), STCP-1/MDC,
CXCL-9/Mig, CXCL-10/IP-10, CXCL12/SDF-1, CCL17/
TARC, CXCL13/BCA-1, and CCL19/ELC (Amft et al.,
2001; Xanthou et al., 2001), whereas CXCR-4 (the counter-
receptor for CXCL-12) and CXCR-3 (the receptor for
CXCL-9 and CXCL-10) have been shown on periductally
infiltrating T cells (Amft et al., 2001; Ogawa et al., 2002).
Thus, the epithelial cells in the glandular lesions of SS, by
virtue of aberrant expression of various immunoactive
factors, are potentially capable of attracting lymphocytes
and of promoting chronic inflammatory reactions. This fact
is in agreement with the widespread involvement of epithe-
lial tissues in primary SS patients that has been described as
autoimmune epithelitis (Moutsopoulos, 1994).

The activated cell phenotype of glandular epithelial cells
that is encountered in situ in SS patients may be solely due
to the influence of factors produced locally by the infiltrat-
ing cells. On the other hand, their expression could also be
a result of intrinsic cellular activation processes that may
operate in patients’ epithelia. Interestingly, the careful analy-
sis of CD54/ICAM1 expression in salivary tissues of SS
patients has revealed that the epithelial expression is
observed throughout glandular tissues and is not confined in
areas proximal to lymphoid infiltrates (Kapsogeorgou et al.,
2001a). Such peculiar activation of epithelial cells was 
also previously recognized for the proto-oncogene c-myc
expression (Skopouli et al., 1992).

The establishment and analysis of long-term cultured
non-neoplastic SGEC obtained from minor salivary gland
tissues (Dimitriou et al., 2002b) indicated that SGEC were
capable of expressing various immunoactive molecules,
including MHC class I and class II molecules, adhesion
molecules, and functional CD80 (B7) and CD40 costimula-
tory molecules (Manoussakis et al, 1999; Kapsogeorgou et
al., 2001a; 2001b; Dimitriou et al, 2002a; 2002b), and thus,
are suitably equipped for the presentation of antigenic pep-
tides and the transmittance of activation signals to T cells.
The expression of functional CD80 (B7) costimulatory pro-
teins deserves particular attention (Manoussakis et al, 1999;
Kapsogeorgou et al., 2001b; Tsunawaki et al., 2002), since
these proteins are typically expressed by classical antigen-
presenting cells and are critical for the regulation of naïve
T-cell activation. Notably, the (CD86) B7.2 molecules that
are expressed by SGEC have been shown to display unique
binding properties denoted by the functional interaction 
with CD28-receptor and reduced binding to the negative-
regulator of immune responses CTLA-4 (Kapsogeorgou et
al., 2001b).

Furthermore, parallel analyses of non-neoplastic SGEC
cultures derived from SS patients and controls revealed 
the constitutive and stably higher expression of various
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immunoactive molecules in cells derived from SS patients,
including MHC class I, costimulatory, adhesion, and apop-
tosis molecules (Manoussakis et al, 1999; Abu-Helu et al.,
2001; Kapsogeorgou et al., 2001a; Dimitriou et al, 2002a;
2002b). This fact most likely indicates an intrinsic activa-
tion process taking place in the epithelia of patients. The
nature of such intrinsic activation is presently unclear;
however, the implication of an exogenous agent, such as 
an epitheliotropic virus remains a reasonable possibility
(Figure 31.5).

GENETIC FEATURES

Multiple immunogenetic studies, familial clustering, and
the increased frequency of certain MHC class II alleles
strongly indicate the genetic predisposition of SS. Studies

FIGURE 31.5 A schematic model for the pathogenesis of autoimmune
epithelitis lesions in the salivary glands of Sjögren syndrome patients. An
epitheliotropic virus and/or other intrinsic aberration(s) may initiate a con-
stant degree of activation of epithelia and/or of apoptosis. During the course
of recurring activation of salivary gland epithelial cells, persistent presen-
tation of antigen(s) to T cells and salivary gland epithelial cell apoptosis,
focal lymphocytic infiltrates, and the destruction of epithelia likely ensue.
Salivary-gland epithelial cells, by virtue of aberrant expression of various
immunoactive molecules, such as class I and class II MHC proteins, adhe-
sion molecules, costimulatory proteins, proinflammatory cytokines, and
chemokines, are likely able to attract lymphocytes and to induce the 
activation of T cells by typical antigen-presentation mechanisms. The
cytokines (such as interferon-g) that are produced by activated T cells may
further trigger the antigen-presenting capacities of salivary-gland epithelial
cells. In addition, epithelial apoptosis by direct cytotoxic and/or Fas-
mediated mechanisms are also further induced. This leads to the release of
epithelial constituents that are subsequently endocytosed and presented to
T cells by professional antigen-presenting cells (APC), such as dendritic
cells, that reside in the gland, thus further potentiating antigen-induced
responses and chronic proliferation of T- and B-cells. The polyclonal acti-
vation of B lymphocytes is associated with the production of autoantibod-
ies to epithelial cell constituents that may induce the dysfunction and/or the
destruction of the glandular epithelia. Chronic B-lymphocyte stimulation
may give rise to monoclonal B-cell processes and occasionally to frank
malignant non-Hodgkin lymphoma.
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from different countries and ethnic groups have revealed 
an increased frequency of several MHC HLA-DR alleles
(DRB1 genes), including HLA-DR3, HLA-DR5, HLA-
DRw11, HLA-DR8, and HLA-DRw53. Particular HLA
class II alleles may have an important role in the regulation
of the immune responses against the Ro/SSA and LA/SSB
ribonucleoproteins. The generation of these autoantibodies
has been correlated with heterozygosity for HLA-
DQwl/DQw2 and particularly with the alleles DRB1*03,
DQB1*02, DQA1*0501, DQB1*0201, as well as alleles
comprising DQw6 (Harley et al., 1986; Reveille et al., 1991;
Bolstad et al., 2001; Gottenberg et al., 2003). In addition,
human recombinant Ro60 was recently shown to induce
strong immunologic responses in transgenic mice carrying
DR2, DR3, or DQ8 HLA genes, but not control HLA-DQ6
gene (Paisansinsup et al., 2002).

During recent years, the role of single-base-exchange
polymorphisms of gene promoters or microsatellite regions
of various immunologic molecules has been addressed in
primary SS patients. Polymorphisms of transforming growth
factor-b (TGF-b) and TNF have been shown to associate
with the production of anti-La/SSB antibodies (Gottenberg
et al., 2004). In addition, the genomic absence of the T-cell
receptor Vb7.2 gene in SS patients has been shown to asso-
ciate with the presence of autoantibodies (Manavalan et al.,
2004).

ENVIRONMENTAL INFLUENCES

A viral infection has been long suspected for the 
induction of SS, since transient or persistent infection of
epithelial cells by a putative virus may be an initiating 
event for autoimmune reactions. Research has been focused
on various types of viruses, including the herpesviruses
(cytomegalovirus, Epstein–Barr virus, and human herpes-
virus type-6), retroviruses, and the HCV virus; however,
results have been inconclusive. Chronic lymphocytic
sialadenitis is found in 14–50% of patients infected by HCV
(Haddad et al., 1992); however, SS patients seldom show
evidence of HCV infection. Type A retroviral particles 
have been identified in labial salivary gland extracts from
patients with SS (Garry et al., 1990). Recently, based on the
exclusive detection of viral genome sequences in minor 
salivary gland lesions of primary SS, the enterovirus 
coxsackie B virus arises as a possible candidate etiologic
agent (Triantafylopoulou et al., 2004).

ANIMAL MODELS

Clinicopathologic features resembling human SS have
been observed to develop in several animal species, 
either spontaneously or following experimental induction
(Hoffman and Walker, 1987), including immunization with
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salivary gland extracts or tissues, graft-versus-host reac-
tions, viral infections, as well as in TGF-b-knockout mice,
HTLV1-transactivating factor-transgenic mice, and BAFF-
(Groom et al., 2002).

The development of spontaneous sialodacryoadenitis-
transgenic mice resembling primary SS has been reported 
in several inbred mouse strains, including the nonobese 
diabetic (NOD) mice, several murine lupus models (NZB,
NZB/NZW, and MLR), the IQI/Jcl (Saegusa et al., 1994)
and the NFS/sld mutant mice (Haneji et al., 1994). NOD
mice, an inbred animal model for insulin-dependent dia-
betes, develop lymphocytic infiltrates of the salivary glands
and antisalivary autoantibodies. In this strain, over 15
genetic loci have been associated with diabetes, insulitis
and/or sialadenitis. Idd5 and Idd3 loci appear primarily to
relate to the development of sialadenitis, whereas Idd1
appears protective (Brayer et al., 2000; Boulard et al., 2002;
Cha et al., 2002). In addition, aberrant histomorphologic dif-
ferentiation of submandibular glands has been observed
(Cha et al., 2001). In these mice, the disruption of the ICA69
locus (a self-antigen expressed in brain, pancreas, salivary,
and lacrimal glands) or immunotherapy against ICA69-
specific T cells has been shown to ameliorate glandular
disease (Winer et al., 2002).

TREATMENT

Treatment of SS patients is directed to provide sympto-
matic relief, to lessen mucosal dryness-induced damages,
and to timely recognize and treat disease complications
(Vlachoyiannopoulos and Moutsopoulos, 1997). In particu-
lar, patients with adverse prognostic factors should be 
regularly followed for disease complications.

For KCS, the application of eye lubricants as often as
necessary is the mainstay of treatment. Diuretics, antide-
pressants, and antihistamines may worsen lachrymal and
salivary hypofunction and should be used with caution.
Patients with residual glandular function may benefit sig-
nificantly from the oral administration of the muscarinic
M3-receptor agonists pilocarpine (Vivino et al., 1999) and
cevimeline (Petrone et al., 2002). Ordinary or closed glasses
and soft contact lenses offer additional corneal protection.
Corticosteroid-containing ophthalmic solutions should be
avoided as they may induce corneal lesions or promote
infections. Dental treatment with fluoride retards damage of
teeth surfaces. For tender salivary gland enlargement, local
application of moist heat and nonsteroidal anti-inflammatory
drugs may be helpful. Bacterial infection as well as lym-
phoma should be always considered. Vaginal lubricants may
be used to treat vaginal dryness and dyspareunia.

The decision for systemic therapeutic intervention
remains largely empirical and is primarily based on the
severity of extraglandular manifestations (Table 31.3). 
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Nonsteroidal anti-inflammatory drugs or hydroxychloro-
quine may be administered for arthralgias and myalgias and
methotrexate for persistent arthritis. Despite encouraging
initial results, the oral administration of natural human 
interferon-a has shown questionable efficacy (Cummins et
al, 2003). Also, a recent study with the anti-TNF agent
infliximab did not show any efficacy in primary SS 
(Mariette et al., 2004).

Patients with overt distal renal tubular acidosis may be
orally treated with sodium bicarbonate to avoid nephrocal-
cinosis. For Raynaud phenomenon, avoidance of cold expo-
sure, emotional stress, and smoking should be recommended
and oral nifedipine may be tried. Leukocytoclastic vasculi-
tis does not require specific therapy. Corticosteroids are
mainly employed for severe extraglandular manifestations.
Aggressive treatment with cytotoxic drugs carries an
increased risk for lymphoma development and should be
reserved for threatening systemic manifestations. Finally,
the treatment of malignant lymphoma in SS patients is based
on histology and extent, as for lymphoid neoplasias in
general.

PERSPECTIVES ON
IMMUNOPATHOGENESIS

Chronic immune system stimulation has a central role in
the pathogenesis of SS, as illustrated by the extraordinary
systemic immunologic hyper-reactivity and the lympho-
plasmacytic infiltrates in affected organs. The further 
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delineation of immune system functions such as memory,
tolerance and suppression, the production and function of
immunologic mediators, antigen presentation, apoptosis,
and the effect of sexual, hormonal and neuroendocrine
factors may further elucidate the pathogenesis of autoim-
mune disorders. Future immunologic studies of SS should
address two major issues that may provide insight not only
into the pathogenesis but also into specific treatment strate-
gies. The first concerns the nature of processes that initiate
and perpetuate the cellular and humoral autoreactive
processes. The second involves how and to what extent these
processes take part in the actual pathogenesis of the dis-
order. Although lymphocytic infiltrates characterize the
lesions, it is still unclear to what extent these represent the
primary cause of tissue destruction. Also, it is unknown
whether epithelial tissues in SS patients are more vulnera-
ble to autoaggressive attacks by the immune system, com-
pared with healthy individuals. Glandular infiltrative lesions
of SS may be actually perceived as idiomorphous chronic
inflammatory reactions to antigens persistently expressed by
epithelial cells. Such persistence may be due to repetitive
exposure to antigenic substances and/or to the ineffective
clearance of damaged cells by the immune system.

The anatomic proximity of salivary and lachrymal glands
to mucosal surfaces and ports of antigen entry renders these
tissues potentially accessible to various infectious agents
and environmental antigens. In fact, salivary glands are sites
that frequently harbor pathogenic viruses, and chronic infec-
tion of glandular tissues (e.g., by a slow pathogenic virus)
has long been evoked to explain the pathogenesis of SS.

TABLE 31.3 Classification of clinical manifestations and management of Sjögren syndrome
according to the severity of systemic involvement

Type I Type II Type III
Debilitating but not Potentially severe Severe or life-threatening

life-threatening manifestations manifestations manifestations

Chronic Xerostomia Distal tubular acidosis Progressive interstitial lung disease
Xerophthalmia Tubulo-interstitial nephritis Lymphoma
Xerotrachea Bronchiolitis
Dyspareunia Diffuse interstitial lung disease
Constitutive symptoms High risk for lymphomatous
Raynaud phenomenon transformation*
Thyroiditis

Acute Recurrent salivary gland enlargement Local infections Visceral vasculitis
Arthritis Membranoproliferative glomerulonephritis
Purpura Peripheral neuropathy

Myositis
CNS involvement
Systemic infections

Clinical Periodic follow-up Regular follow-up Frequent follow-up

Management Conservative measures Cautious medical intervention Aggressive medical intervention

*Disease manifestations associated with high risk for lymphoma development (low C4 complement levels, and possibly purpura, persistent salivary gland
enlargement, splenomegaly, lymphadenopathy and type II mixed monoclonal cryoglobulinemia).
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Such a process could induce various changes in infected
epithelial cells, including aberrant function and differentia-
tion, degeneration and altered survival, altered expression of
various proteins and antigens, and enhanced antigen pre-
sentation capacities. Indeed, several lines of evidence indi-
cate that the epithelial cells in the salivary and lacrimal
glands, and probably elsewhere, are not simply the targets
of activated immune cells but they actively participate in the
genesis of lesions. These include the expression of various
immunoactive substances and the widespread involvement
of epithelial tissues.

Such “disseminated” epithelitis apparently arises as a
direct response of immune cells to nonspecific inflammatory
mediators secreted by local epithelial tissues and/or antigen-
specific stimulation. Although not considered to be pro-
fessional antigen-presenting cells, epithelial cells of certain
tissues, such as those of the gastrointestinal tract, are capable 
of stimulating T cells in an antigen-specific manner, through
the presentation of MHC-antigenic peptide complexes and
expression of costimulatory molecules. In this context, 
glandular epithelial cells, initially affected and intrinsically
activated by an environmental agent, may trigger a cascade
of immune-mediated reactions, which in turn may incite
chronic inflammatory and potentially injurious autoimmune
reactions. The delineation of the antigenic specificity of
tissue-infiltrating lymphocytes is of paramount importance
for the understanding of SS. The precise appraisal of
involvement of these cells in tissue injury, whether foreign-
specific, cross-reactive, or truly autoreactive clones (e.g.,
Ro/SSA- or La/SSB-specific), may direct specific therapeu-
tic interventions. Innate characteristics of SS patients, 
by and large directed by their genetic background, may also
be determining factors for the induction and perpetuation 
of the disease. For instance, MHC class II molecules, by
virtue of preferential binding and shaping of distinct pep-
tides, influence specific T-cell activation and thus can be
directly implicated in the generation of harmful immune
responses. In addition, neuroendocrine factors, stress medi-
ators, and sex hormones have been also recognized as active
participants in immunological reactions. The elucidation of
the role of such factors in the pathogenesis of autoimmune
diseases is expected to improve our understanding. In 
this context, it should not escape attention that the 
exocrine glands are organs with one of the richest autonomic
innervations, evolved to sense and to express emotional
stresses.
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Rheumatoid arthritis (RA) is a systemic inflammatory
disorder characterized by symmetrical synovitis of periph-
eral joints and tendon sheaths. Without treatment there is
progressive damage to soft tissue, cartilage, and bone,
resulting in deformity and disability. Rheumatoid factor, an
autoantibody that binds the constant region (Fc) of
immunoglobulin, is usually present. Subcutaneous nodules
and involvement of other organs may also occur.

Until the nineteenth century, there was no concept of RA
as a disease entity. Descriptions of inflammatory arthritis
date back to antiquity, but these contain insufficient detail to

clearly differentiate RA from gout, except arguably in a 
few writings from Eastern cultures (Sturrock et al., 1977).
Rheumatoid arthritis was first described in the medical lit-
erature by Landré-Beauvais in 1800, and was first named by
Garrod in 1859. Paleopathologic evidence suggests that RA
may have existed at least since the seventh century in Europe
and for several millennia in North America (Aceves-Avila
et al., 2001).

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical studies utilize the classification of RA developed
by the American College of Rheumatology (ACR), which is
shown in Box 32.1 (Arnett et al., 1988). Because these tend
to favor active RA, they may be modified for use in popu-
lation studies (MacGregor et al., 1994). However, the ACR
criteria are less useful in diagnosing RA of less than 12
weeks duration (Green et al., 1999). Assessments of disease
severity include measures of joint inflammation (disease
activity) and the rate of joint destruction. Predictors of future
severe disease include the presence of rheumatoid factor
(RF), the rapid appearance of erosions, shared-epitope 
positivity (discussed below), active disease at onset, extra-
articular features, and poor functional status at disease onset.

Epidemiologic Features

The prevalence of RA is approximately 1% in the United
States and Western Europe (Lawrence et al., 1998;
Symmons et al., 2002). In some other populations, such as
China, Japan and some black populations in rural South
Africa, estimates of the prevalence are as low as 0.2–0.3%
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(Adejabo, 1995); while in certain Native American tribes,
such as the Pima Yakima and Chippewa Indians, the 
prevalence is over 5% (Jacobsson and Pillemer, 1994). In
most populations, RA is 2 to 3 times as common in women
as in men, particularly in the premenopausal years.

Estimates of the incidence of RA in Westernized coun-
tries have shown a peak at 45–55 years of age for women
and a continued increase up to 75 years for men (Wiles et
al., 1999). However, the incidence of RA may be in decline
over recent decades (Doran et al., 2002).

Clinical Features

Articular

The classical presentation of RA is that of a symmetrical
inflammatory polyarthritis. The metacarpophalangeal 
joints, wrists, and metatarsophalangeal joints are most com-
monly involved at the onset, but any synovial joint may be
affected. The inflammation primarily affects the synovial
membrane—the lining of the joint; this is termed synovitis.
The tendon sheath lining may also become inflamed. The
inflammation causes the joints to become painful, swollen,
and stiff after rest. As disease advances, progressive damage
to bone and soft-tissues occurs, with consequent joint sub-
luxation or deformity. Ulnar deviation and volar subluxation
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at the wrists and metacarpophalangeal joints are common.
The fingers classically exhibit “swan neck” or “boutonniere”
deformities. The cervical spine may also become involved.

Early radiographic signs of RA include soft-tissue
swelling, peri-articular osteopenia, joint-space loss, and
bony erosions. These erosions tend to appear at characteris-
tic sites, such as the ulnar styloid and fifth metatarso-
phalangeal joints, and contribute to deformity. Serial
radiographs are often used to monitor progression of RA,
but ultrasound and magnetic resonance imaging are more
sensitive in the detection of subclinical synovitis and early
erosions. Such studies suggest that bone damage occurs in
proportion to the level of synovitis but not in its absence
(Conaghan et al., 2003).

Extra-articular

Active RA may produce fatigue, low-grade fever, or
weight loss. Extra-articular features, systemic vasculitis or
amyloidosis, may be observed, particularly in late or severe
RA (Table 32.1, Figures 32.1 and 32.2).

Prognosis

Most studies show that RA is associated with higher 
mortality, often due to respiratory disease, cardiovascular
disease, and malignancy, including non-Hodgkin lymphoma
and lung cancer (Mellemkjaer et al., 1996; Symmons 
et al., 1998). Early diagnosis and successful treatment of

Box 32.1
The 1987 American Rheumatology Association

criteria: at least four criteria must be fulfilled for
classification as rheumatoid arthritis (RA)

1. Morning stiffness of joints—lasting at least 1 hour
before maximal improvement for at least 6 weeks

2. Arthritis in 3 or more joint areas—soft tissue swelling
or effusion in 3 or more joint areas simultaneously for
at least 6 weeks

3. Arthritis of hand joints—swelling of wrist, metacar-
pophalangeal, or proximal interphalangeal joints for
at least 6 weeks

4. Symmetric arthritis—simultaneous involvement of
the same joint areas bilaterally for at least 6 weeks

5. Rheumatoid nodules—subcutaneous nodules over
bony prominences, extensor surfaces, or in juxta-
articular regions

6. Rheumatoid factor—detected by a method that is pos-
itive in <5% of normal controls

7. Radiographic changes—typical RA changes on hand
and wrist radiographs, e.g., erosions, peri-articular
osteopenia

Adapted from Arnett et al. (1988) ©Reprinted with per-
mission of Wiley-Liss, Inc., a subsidiary of John Wiley
and Sons, Inc.

TABLE 32.1 Extra-articular features of rheumatoid arthritis

System Extra-articular features

Skin Subcutaneous rheumatoid nodules

Lung Fibrosing alveolitis
Obliterative bronchiolitis
Pleuritis
Pleural nodules

Cardiac Pericarditis/pericardial effusion
Myocardial fibrosis

Eye Scleritis
Episcleritis
Scleromalacia perforans
Keratoconjunctivitis sicca

Bone Osteoporosis

Hematologic Felty syndrome

Neurologic Peripheral nerve compression
Peripheral sensory neuropathy
Mononeuritis multiplex
Cord compression
Transverse myelitis
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FIGURE 32.1 Rheumatoid arthritis with nailfold vasculitis (see color
plate section).

FIGURE 32.2 Rheumatoid nodule on extensor aspect of forearm (see
color plate section).

inflammation with methotrexate are associated with better
mortality rates (Symmons et al., 1998; Krause et al., 2000).
Rheumatoid arthritis also carries an increased risk of infec-
tions and of osteoporosis.

Pathologic features

Normal Synovium

The synovial membrane lines the joint capsule. The
lining layer (intima) is made up of cells called synoviocytes;
lacking a basement membrane, it is supported directly by the
subintima layer. The subintima contains loose connective
tissue, blood vessels, lymphatics, and nerve endings. The
synovial fluid lubricates and nourishes the adjacent 
cartilage.

Most synoviocytes are “fibroblast-like.” These, also
called type B synoviocytes, express adhesion molecules 
and synthesize constituents of the synovial fluid and the
extracellular matrix. Others (type A synoviocytes) express
macrophage markers and originate from bone marrow-
derived monocytes. In this chapter, the terms “fibroblast”
and “macrophage” are used as convenient terms for these
two synoviocyte populations, but in RA these cells may take

on altered properties such that exact correspondence with
other fibroblasts and macrophages cannot be assumed.

Synovium in Rheumatoid Arthritis

In RA, synoviocytes of both types proliferate. The
inflamed synovium also contains many new blood vessels,
including specialized high endothelial venules that are
formed early in RA, allowing leukocytes to move from the
bloodstream into the tissues. Subintimal blood vessels are
surrounded by CD4+ T cells. The synovial membrane con-
tains T and B lymphocytes and macrophages, sometimes in
structures resembling lymphoid follicles or even germinal
centers (Duke et al., 1982); synovial plasma cells produce
autoantibodies. Neutrophils accumulate in synovial fluid,
which becomes a fibrinous inflammatory exudate. Local
release of matrix-degrading enzymes and inflammatory
mediators promotes damage to adjacent cartilage (Zvaifler
and Firestein, 1994).

In end-stage RA, fibrous scar tissue replaces most of the
synovial cells and blood vessels. Ultimately the cartilage too
is destroyed and the joint may fuse.

AUTOIMMUNE FEATURES

Evidence for the role of autoimmunity in RA is substan-
tial, to the extent that it is sometimes regarded as a proto-
type autoimmune disease. The presence of RF and the
association with other autoimmune diseases such as auto-
immune hypothyroidism provided early support for this
view. Strong evidence in support of an autoimmune basis for
RA is provided by the observation that it may be amelio-
rated by immunomodulation by many different modalities,
whether physiological (such as pregnancy), pathologic [RA
tends to improve as CD4+ counts decline with human
immunodeficiency virus (HIV) infection], or pharmacologic
(a wide variety of immunosuppressant drugs are used in
treatments).

The role of humoral autoimmunity is supported by the
presence of RF and other autoantibodies, discussed more
fully below. Rheumatoid factor is produced in the synovium
of affected joints, and its presence in the serum is related to
adverse outcomes. Lately there has been much interest in
antibodies against citrullinated epitopes, which are present
in the joints of patients with RA. Commercial availability of
serologic tests for these “anti-cyclic citrullinated peptide”
(anti-CCP) antibodies has led to interesting data. Like RF,
anti-CCP antibodies may antedate the development of 
clinical RA by several years (Nielen et al., 2004), and 
their presence predicts more aggressive disease. However,
the corollary to this is that the presence of RF or anti-CCP
does not appear necessary for the development of RA, 
nor is the presence of either or both sufficient to produce
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disease. Yet the effectiveness of depletion of B-cell pre-
cursors in the treatment of RA, discussed below, is intrigu-
ing, since symptomatic response may correlate more closely
with levels of RA-related autoantibody than with total
immunoglobulin.

The role of T-cell-based autoimmunity is supported most
strongly by the association with certain major histocompat-
ibility complex type II (MHC II) haplotypes; although no
single T-cell reactant appears unique to RA, certain self-
antigens, such as BiP, are interesting (see section on B cells,
below). Therapies directed against T cells, such as total lym-
phoid irradiation, cyclosporine, anti-CD4 therapy (Isaacs et
al., 1997), and CTLA4-Ig (see below) tend to ameliorate
RA. Research into new T-cell-directed therapies has already
led to the introduction of drugs such as leflunomide into the
clinical armamentarium.

Finally, diseases resembling RA may be produced exper-
imentally in animals by various immunomodulatory strate-
gies, as discussed below. These serve to illustrate the wide
variety of immunologic mechanisms by which a similar
clinical picture may be produced. By definition, this clinical
picture must feature an inflammatory arthritis, and thus
strategies directed primarily at inflammation, ranging 
in potency from nonsteroidal anti-inflammatory drugs
(NSAIDs) to anti-tumor necrosis factor (TNF) therapies, are
still among the most reliable strategies to relieve the 
symptoms of RA.

The concept of a self/non-self dichotomy in immunology
has given way to more complex models in which innate 
and adaptive immunity interact with each other and with
immunoregulatory mechanisms. It is difficult, therefore, to
entirely separate autoimmune from inflammatory features,
since innate immunity is so closely interwoven with both.
Examples of such interactions will be given throughout the
section dealing with pathogenic mechanisms.

GENETIC FEATURES

Twin studies in Finland and the UK suggest a genetic
influence on the etiology of RA. Compared with a preva-
lence of 1% in the general population, a sibling or a dizy-
gotic twin of a patient with RA has a 4% risk of developing
RA, and monozygotic twin concordance is 15–20% (Aho et
al., 1986). Epidemiologic data suggests that RA has a heri-
tability of 50–60%, of which half may be attributed to the
HLA genes (MacGregor et al., 2000).

HLA-DR4 is present in about 70% of North American
and European white patients with RA, compared with a
background prevalence of 28% in the non-RA population.
In other populations, such as Israeli Jews, RA is associated
with HLA-DR1.

The different RA-associated HLA-DR subtypes have in
common a “shared epitope,” a particular sequence of amino

acids (residues 67–74: LLEQKRAA in HLA-DRB1*0401;
LLEQRRAA in *0404, *0405, and *0101; and LLERRRAA
in *1001) on the third hypervariable region of the HLA-DR
b chain (Gregersen et al., 1987). Approximately 90% of
Western Europeans with RA possess at least one HLA-DR
carrying the shared epitope, and these patients have a higher
risk of severe (seropositive, erosive, and extra-articular)
disease (McDonagh et al., 1997). The prevalence of the
shared epitope in RA is affected by the ethnicity of the back-
ground population, but the risk of severe disease given
shared-epitope-positive RA seems similar in many popula-
tions (del Rincon et al., 2003). Other amino acid patterns in
the 67–74 region of HLA may conversely be protective
against RA (de Vries et al., 2002). A possible association
between shared-epitope-negative RA and presence of the
shared epitope in the mother of the RA patient has been
explored in some studies (Harney et al., 2003).

No individual gene provides such a strong association
with RA as the HLA region, necessitating larger population
cohorts. Candidate gene approaches have yielded various
associations in selected cohorts, but interesting results from
high-throughput techniques in genomics are generating new
hypotheses. The results of whole-genome linkage screens
using DNA microsatellite data from sibling pairs affected by
RA are also not always replicated in other cohorts (Eyre 
et al., 2004). Linkage analysis using single-nucleotide 
polymorphisms (SNPs) has yielded an association with the
(PADI4) gene in Japanese RA (Suzuki et al., 2003), but this
result has not been replicated in a UK population (Barton et
al., 2004). An association with a missense polymorphism of
a protein tyrosine phosphatase has also been identified in RA
as in several other autoimmune diseases (Begovich et al.,
2004).

ENVIRONMENTAL INFLUENCES

Disentangling genetic and environmental features is dif-
ficult. One approach taken is to compare the prevalence of
RA exposed to different environmental conditions, but asso-
ciations with factors such as urbanization and breastfeeding
have not always been replicated in other studies. Smokers
appear to have an increased risk of developing seropositive
RA (Stolt et al., 2003), particularly if they are shared-
epitope-positive (Padyukov et al., 2004). Evidence for the
role of infection and the related “hygiene hypothesis”
remains controversial (Carty et al., 2003).

ANIMAL MODELS

Autoimmune arthritis may be induced in animals by
various methods: by immunization with cartilage compo-
nents, by non-specific immune stimulation, by infectious
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agents, or by genetic manipulation. None of these models
exactly resembles human RA, but nevertheless may provide
useful information relating to pathogenesis and treatment of
autoimmune arthritis.

Most traditional models of autoimmune arthritis featurea
stimulus to overcome normal immunologic tolerance to self-
antigens, often by introducing immunostimulatory foreign
material in close proximity to joint-related self-antigens. For
example, collagen-induced arthritis (CIA) is induced by
immunizing mice with rat type II collagen. This produces T
cells directed against autologous cartilage antigens, causing
a destructive synovitis. The disease can be transferred to an
unaffected animal by T-cell transfer. A particular epitope of
the rat collagen (peptide 256–270) was shown to be immun-
odominant in CIA (Malmstrom et al., 1996); glycosylation
of this peptide was important (Corthay et al., 1998). Mice
transgenic for RA-associated HLA molecules, which bind to
the 261–273 peptide of type II collagen, are particularly sus-
ceptible to CIA (Andersson et al., 1998).

Transfer of monoclonal antibodies specific to native type
II collagen into naïve mice, however, induces an acute form
of arthritis that could be potentiated by lipopolysaccharide
stimulation and displayed massive neutrophil infiltration
(Nandakumar et al., 2003).

Streptococcal cell wall (SCW) arthritis is induced by
intraperitoneal injection of SCW fragments in the Lewis rat.
This produces a relapsing-remitting arthritis, the severity of
which correlates with the level and persistence of SCW
antigen within synovium. The arthritis is initially T-cell
independent; it requires intact Toll-like receptor 2 (TLR-2)
signaling (Joosten et al., 2003) and involves the alternative
complement pathway. Later, T-cell-dependent mechanisms
supervene (van den Broek, 1990).

Adjuvant-induced arthritis (AIA) in rats is produced by
immunization with Mycobacterium tuberculosis in oil. The
immunodominant epitope involved is the mycobacterial
heat-shock protein (hsp) hsp65, which has a homolog in rats.
AIA can also be induced in certain rat strains (presumably
against self epitopes) by injecting adjuvant or pristane alone
into the joint. In both AIA and pristane-induced arthritis, the
oil is taken up by macrophages but is non-degradable, so
that the macrophages are persistently activated and “primed”
towards development of an autoreactive adaptive immune
response. Interestingly, preimmunization with mycobact-
erial hsp65 or DNA coding a particular human hsp60 epitope
(Quintana et al., 2003) protects rats not only against AIA but
against various other experimental arthritides (including
CIA and SCW arthritis); this protection appears to mediated
by Th2 cytokine-secreting regulatory T cells (van Eden and
Waksman, 2003), which normally compensate for the
incomplete tolerance to self-hsp65 in Lewis rats (Durai et
al., 2004).

Some animal models feature high levels of RF secretion,
but the clinical manifestations often more closely resemble

systemic lupus erythematosus (SLE) than RA. For example,
the MRL/lpr mouse has a reduced expression of the Fas
protein, involved in apoptosis, and produces high levels of
RF in addition to SLE-type autoantibodies. Another example
is the BAFF-overexpressing mouse; this cytokine influences
peripheral B-cell numbers and may perhaps “rescue” autore-
active B cells from deletion (Lesley et al., 2004). The BAFF
transgene produces an SLE-like syndrome featuring RF- and
SLE-related autoantibodies such as antibodies against
double-stranded DNA.

The K/BxN mouse, a non-derived mouse with a trans-
gene T-cell receptor, develops a spontaneous destructive
arthritis mediated by antibodies against glucose-6-phosphate
isomerase (G6PI) (Kouskoff et al., 1996). Glucose-6-
phosphate isomerase is a ubiquitous intracellular protein, 
but may also be found extracellularly over the cartilage
surface of normal joints (Matsumoto et al., 2002). Produc-
tion of these antibodies requires T cells and occurs only in
lymph nodes that drain the affected joints (Mandik-Nayak
et al., 2002). Transfer of anti-G6PI antibodies to healthy
mice produces a transient arthritis that does not require the
presence of B or T cells (Korganow et al., 1999). The anti-
bodies cause disease via Fc receptors and complement (Ji et
al., 2002), but localization of antibodies to the joint depends
on mast cells, neutrophils, and Fc receptors (Wipke et al.,
2004).

A different spontaneous T-cell dependent model of 
arthritis is produced by a mutation in ZAP-70, a T-cell 
signaling protein (Sakaguchi et al., 2003). Abnormal 
T-cell signaling produces alteration in T-cell selection 
in the thymus resulting in autoreactive T cells. Mice with
the disease show elevated IgG-RF and antibodies to type 
II collagen but not to double-stranded DNA. The disease
may be transferred by CD4+ T cells into nude mice, but 
not by transfer of serum. ZAP-70 signaling is also 
suppressed in patients with RA, but this seems to be a 
consequence of the systemic inflammation rather than 
a gene mutation; it improves with successful treatment of
RA.

Animal models demonstrate the wide variety of 
mechanisms that may produce a similar phenotype of
autoimmune arthritis. For example, mechanisms of innate
immunity may be the initiating trigger or the final effector
mechanism; some autoantibodies are sufficient to cause
arthritis, whereas others are not; and a pathogenic T-cell
repertoire can be produced by means of a single transgenic
T-cell receptor or by affecting T-cell signaling more glob-
ally. However, none of these animal models exactly resem-
ble RA (many resembling psoriatic arthritis more closely),
and treatments that work in animal models do not always
translate well into clinical practice. Nevertheless, these
approaches will continue to produce fascinating insights into
autoimmunity and to generate hypotheses relevant to human
disease.
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PATHOGENIC MECHANISMS

Different mechanisms are likely to be responsible for 
initiation, perpetuation, and chronic inflammation (Thomas
and Lipsky, 1996). The presence of autoantibodies and the
HLA association suggest that the adaptive immune system
is involved in RA. An exogenous or endogenous “danger”
signal from the innate immune system may be necessary for
an adaptive autoimmune response to develop (Matzinger,
2002). A failure of self tolerance may also implicate dys-
functional regulatory T cells or natural killer T (NKT) cells.

Cytokines are present in complex networks that may be
self-reinforcing (Firestein and Zvaifler, 1990). Inflammation
may be also perpetuated by the continued ingress of 
im-mune cells, due to signals from adhesion molecules and
chemokines, and by the antigen-specific amplification inher-
ent in adaptive immunity. Defective apoptosis of immune
cells may also perpetuate inflammation, and the stromal
environment may play a role in this (Salmon et al., 1997);
the fibroblasts themselves also tend to proliferate rather than
undergo apoptosis. Potential mechanisms by which cells in
RA resist apoptosis include the apoptosis inhibitor, Fas-
associated death domain-like interleukin-1b-converting
enzyme-inhibitory protein (FLIP), in RA macrophages
(Perlman et al., 2001), activation of NFkB, and overexpres-
sion of the signaling molecules Bcl-2 and Stat-3 (Liu and
Pope, 2003), and of heat shock proteins such as hsp70
(Mosser et al., 1997).

Role of Shared Epitope

Given the location of the shared epitope on the class II
HLA gene, its effect on susceptibility and severity of RA
(see above) is likely to operate via an interaction with T
cells. However, the exact mechanism of this remains unclear
(Buckner and Nepom, 2002); broadly speaking, it may
permit autoreactive T cells to escape peripheral or central
tolerance. Some theoretical possibilities follow and are laid
out in Table 32.2.

1. The MHC has a vital role in generating normal self-
tolerance, and is involved in both central and peripheral
mechanisms of this. One of the mechanisms of periph-
eral tolerance involves regulatory T cells. The shared
epitope might be involved in a failure of regulatory T
cells to keep autoreactivity in check.

2. The shared epitope may predispose to immunologic 
tolerance to an important pathogen-related peptide,
causing an inadequate immune response and persistence
of the pathogen, theoretically triggering the onset of 
RA. Epstein–Barr virus, for example, expresses a protein
with amino-acid sequence homology to the shared
epitope.

3. The shared epitope may predispose to presentation 
of a particular self peptide, triggering autoimmunity.
However, the identity of such an “arthritogenic” self
peptide is unclear, partly because of epitope spreading,
whereby autoimmunity comes to involve progressively
greater numbers of epitopes from the target organ. Some
novel autoantibodies that are relatively specific for RA
have lately been discovered, but the role of the shared
epitope in producing T-cell help for the production of
such autoantibodies remains undefined. One suggestion
is that the shared epitope may cause imperfect intracel-
lular antigen processing—for example, compared with
non-RA associated HLA DR*04 alleles, the rheumatoid
arthritis-associated HLA class II alleles DR*0401, *0404
and 0405 form relatively unstable DR-CLIP (class II
associated Ii peptide) complexes, which may result in a
tendency to present non-CLIP self peptides (Patil et al.,
2001).

4. The shared epitope may predispose to presentation of a
particular foreign peptide, which then cross-reacts with a
self peptide. For example, the shared epitope may tend
to present a peptide from dnaK (the 70 kDa heat shock
protein of Escherichia coli), which has a natural ligand
that has a QKRAA sequence; other sequences on dnaK
have homology with sequences of type II collagen
(Auger and Roudier, 1997).
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TABLE 32.2 Possible mechanisms by which the shared epitope might confer susceptibility to
rheumatoid arthritis

Predisposition towards decreased immune
reactivity Predisposition towards increased immune reactivity

Immune response to 1. Impaired response of regulatory T cells that are 3. Shared epitope predisposes to presentation of self peptide, 
endogenous (self) antigen necessary for maintaining peripheral tolerance e.g., intracellular self peptide; or shared-epitope peptide 

to autoantigen sequence itself is immunogenic

Immune response to 2. Shared epitope predisposes to impaired defense 4. Defense against pathogens is overexuberant, leading to
exogenous (foreign) antigen against pathogen; pathogen persists and itself cross-reactivity to self antigens by “molecular mimicry”

affects the immune system
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T Cells

There is substantial evidence for the role of T cells in 
RA. The strong association with HLA-DR and the shared
epitope, the Th1 dominance in RA synovium, the evidence
for both CD4+ and CD8+ T-cell activation in RA, and the
involvement of T cells in many animal models are all sup-
portive; the efficacy of T cell-directed therapies such as total
lymphoid irradiation, thoracic duct drainage, cyclosporine,
leflunomide, and costimulatory blockade provides further
evidence.

The expression of early activation markers such as CD69
by synovial, but not peripheral blood, T cells suggests that
T-cell activation occurs within the inflamed joint (Iannone
et al., 1996). Activated RA T cells, via expression of CD154
(CD40), are capable of activating B cells and dendritic cells
(MacDonald et al., 1997). Polyclonal T cells enter the joint
in established RA, so that T-cell receptor repertoire studies
have failed to consistently identify a particular pathogenic
T-cell clone. The pathogenic autoantigen could be related 
to any of the targets of the RA-associated autoantibodies
described below, and may not be the same in every individ-
ual. Mechanisms potentially involved in breaking tolerance
have been discussed in the section above, and include mol-
ecular mimicry (perhaps by the effects of infection) and the
appearance of new epitopes, or modification of existing epi-
topes, with ongoing inflammation or joint damage—citrul-
lination of joint-related antigens, discussed below, provides
a potential example of this.

The cytokine profile in RA is broadly Th1-like, but is
rather atypical in that there are high levels of TNF-a and
moderate levels of interferon-g (IFN-g), but minimal inter-
leukin 2 (IL-2). T cells in RA exist in a state of partial 
activation, as shown by their markers (expression of IL-2
receptor is limited [Emery et al., 1988]), by functional tests
in vitro (the autologous mixed lymphocyte response is
impaired [Bergroth et al., 1989], as is the response to mito-
gens or recall antigens), and by anergy to tuberculin testing
in vivo (Emery et al., 1984). CD4+ T cells in RA are also
atypical in that they possess some cytotoxic functions and
receptors more usually associated with natural killer (NK)
cells (Weyand et al., 2003). They have impaired ability to
generate a clonal burst or to undergo activation-induced cell
death or apoptosis (Salmon et al., 1997; Szodoray et al.,
2003).

T-cell function seems to improve when RA is treated.
Cytokines such as TNF-a (Cope, 2003) or IFN-b (Pilling et
al., 1999), and oxidative stress can all alter T-cell function
in vitro; defective thymic output of T cells has also been pro-
posed as a primary cause (Weyand et al., 2003).

Regulatory T cells have a role in maintaining peripheral
tolerance of autoantigens, and evidence from animal models
suggests that they have the potential to suppress auto-
immune disease (see above). Regulatory T cells operate by

various mechanisms, including direct cell–cell contact and
by secretion of cytokines such as TGF-b, causing “bystander
suppression” of immune cells in the locality of the antigen
recognized by the regulatory T cell. This is a rapidly-
developing field of research. For example, RA synovium
contains CD25+CD4+ T cells with the capability to inhibit
responses of other T cells (Cao et al., 2003); it is as yet
unclear what role these play in either promoting or limiting
the autoimmunity of RA.

B Cells

The presence of RF was originally thought to be pathog-
nomic of RA, and thus RA was originally conceptualized 
as an autoantibody-driven disease. Localization of immune
complexes to the joint, and the presence of polyclonal B-cell
activation in RA provide further evidence for a role for B
cells. However, early studies showed that infusion of RF-
containing serum into healthy volunteers did not elicit arthri-
tis. Rheumatoid arthritis may occur in the absence of RF,
although presence of RF correlates strongly with severity
and extra-articular manifestations. Some autoantibodies,
such as anti-G6PI, even appear to be correlated with sever-
ity and extra-articular manifestations but not with suscepti-
bility to RA (van Gaalen et al., 2004a). Rheumatoid factor
and anti-CCP antibodies may be detected in asymptomatic
patients years before the development of clinical RA; 49%
of RA patients were positive for either IgM-RF or anti-CCP
on at least one occasion before the development of RA, com-
pared with 1% and 0.6% respectively for patients who did
not later develop RA (Nielen et al., 2004). These results
suggest that these autoantibodies might have a role in patho-
genesis of early RA, but demonstrate that their presence
alone is not sufficient to elicit clinical disease. Evidence that
would support a pathogenic role for an autoantibody in RA
would include the demonstration of T cells reacting to the
same antigen in RA, class switching, and affinity matura-
tion. These have been described for various candidate
autoantibodies, as will be seen below.

Beyond production of autoantibodies, B cells can also act
as antigen presenting cells with or without costimulatory
molecules to induce T-cell activation and expansion. B cells
also produce a variety of cytokines, including lymphotoxin,
IL-6, and IL-10 (Dorner and Burmester, 2003). They appear
to play a role in formation of lymphoid organs and germi-
nal centers and influence the activation and regulation of
dendritic cells and effector T cells. It has been suggested that
a similarity between the molecules expressed by synovio-
cytes to those expressed by follicular dendritic cells may
promote B-cell persistence in RA synovium (Edwards and
Cambridge, 1995).

Rheumatoid factor is produced by normal individuals,
usually transiently, in response to events such as infection
or vaccination; it preferentially binds IgG that is aggregated,
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such as IgG bound in immune complexes; therefore, it may
have a physiological role in modulating the effects of small
immune complexes, or in stimulating RF B cells to present
antigens contained in those immune complexes. The RF pro-
duced due to such stimuli is usually germline-encoded and
of IgM isotype, but in RA there is evidence of class switch-
ing and affinity maturation, suggesting the involvement of
RF-specific T-helper cells. A requirement for activation of
TLRs of RF B cells (Leadbetter et al., 2002) may help
explain why more immunoglobulin is produced in affected
joints and draining lymph nodes. RF B cells can be triggered
by T cells specific for a variety of foreign antigens (Roosnek
and Lanzavecchia, 1991).

Various novel autoantibodies have recently been
described in RA; many appear to be directed against
“cryptic” antigens, those exposed in the context of cell stress
or joint damage (Table 32.3).

Many of these autoantibodies recognize citrullinated
autoantigens. For example, anti-filaggrin antibodies, anti-
perinuclear factor, antikeratin, and anti-Sa antibodies all 
recognize citrullinated epitopes. Citrullination tends to occur
when inflammatory cells undergo apoptosis, activating the
enzyme peptidyl arginine deiminase. Sera from different
patients with RA react with different combinations of cit-
rullinated antigens, such that no particular peptide is domi-
nantly antigenic. An enzyme-linked immunosorbent assay
(ELISA) detecting antibodies reacting to CCP is available
for clinical use; epidemiologic studies have revealed an
association with the shared epitope (van Gaalen et al.,
2004b). This is interesting, since citrullinated peptides can
be shown to fit into the P4 pocket of the shared epitope, but
the homologous arginine peptides do not (Hill et al., 2003).
B cells from the synovial fluid of anti-CCP-positive RA
patients spontaneously produce anti-CCP antibodies, but 
B cells from the peripheral blood of these patients do not.
This suggests antigen-driven maturation of CCP-specific B
cells at the site of inflammation in RA (Reparon-Schuijt et
al., 2001). Anti-Sa antibodies fall into at least two popula-
tions: one, recognizing 50 and 46 kDa antigenic determi-
nants, is highly specific for RA and tends to be elevated

during flares of disease; the other, recognizing the 68 kDa
Sa antigen, is also observed in patients with SLE and tends
to be seen in RA patients during remissions (Escalona et al.,
2002).

The RA33 antigen, a shuttling protein involved in mRNA
transport, is overexpressed in RA synovium; Th1-polarized
T cells directed against RA33 have also been identified in
RA (Fritsch et al., 2002). While anti-RA33 antibodies are
described in RA, they are not specific for the disease, being
also associated with multisystem autoimmune diseases.

BiP, a chaperone protein, migrates onto the cell surface
under conditions of cell stress, and is overexpressed in RA
synovium. Many patients with RA have T cells reactive to
BiP (Blass et al., 2001).

Neutrophils

Neutrophils within RA synovium are involved in gener-
ating reactive oxygen species, and proinflammatory and
chemoattractant molecules. They also produce vascular
endothelial growth factor (VEGF) (Kasama et al., 2000).
They express class II MHC, but not the costimulatory mol-
ecules CD80 and CD86 (Cross et al., 2003). Synovial fluid
has an antiapoptotic effect on neutrophils (Ottonello et al.,
2002).

Synoviocytes

As discussed above, macrophage-like synoviocytes are
capable of antigen presentation whereas fibroblast-like 
synoviocytes in RA express high levels of proteases that
degrade cartilage, and may exhibit properties similar to
those of follicular dendritic cells.

Fibroblast-like synoviocytes in RA appear “transformed”
in some respects (Zvaifler and Firestein, 1994). They
produce high levels of TGF-b and platelet-derived growth
factor (PDGF), perhaps stimulating their own growth in
autocrine fashion, and evidence of monoclonal expansion in
the pannus area may be observed (Imamura et al., 1998).
Synoviocytes from subjects with RA co-implanted into
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TABLE 32.3 Some novel autoantibodies in rheumatoid arthritis

Antibody Antigen Sensitivity (%) Specificity (%)

Antikeratin Filaggrin (citrullinated portion) 40 92–99

Anti-cyclic citrullinated peptides Deiminated arginine in molecules 53 96
such as filaggrin, fibrin

Anti-RA33 Heterogenous nuclear 32 90–96 in absence of connective 
ribonucleoprotein A2 tissue disease

Anti-Sa Unknown 42 98

Anti-p68 BiP (formerly known as grp78) 40 96

Adapted from Steiner and Smolen (2002) with permission from the publishers, BioMed Central.
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SCID mice adjacent to articular cartilage are capable of car-
tilage destruction that is independent of inflammatory cell
infiltration; unlike conventionally “transformed” cells,
however, their proliferative capacity is limited (Seemayer et
al., 2003). The pathogenic significance of this is controver-
sial, but RA synoviocytes can be shown to exhibit reduced
apoptosis in vivo and are resistant to apoptotic signals medi-
ated via CD95 (Fas) and TNF-a in vitro. Embryonic genes
are expressed by synovial fibroblasts in RA (Sen et al.,
2000).

Cytokines and Soluble Mediators

Many proinflammatory cytokines are produced in RA
(Feldmann et al., 1996). They may form self-perpetuating
networks; however, disease reactivates once treatment with
IL-1 or TNF-a blockers is stopped, suggesting that cytokine
networks are not the sole mechanism of disease persistence
in RA. The following is limited to a brief overview of a
complex field.

Most of the cytokines in RA synovium (Table 32.4)
appear to derive from macrophages rather than from T cells;

levels of T-cell products such as IFN-g and IL-2 are rela-
tively scanty (Firestein et al., 1990), although there is debate
regarding whether the observed levels of IFN-g are bio-
logically significant. The cytokine profile displays a bias
towards a Th1 type (Simon et al., 1994; Steiner et al., 1999),
although this may vary according to the histologic features
(Klimiuk et al., 1997).

In RA, IL-1 and TNF-a are principally produced by
macrophages, and in smaller quantities by B cells, T cells,
and (in the case of TNF-a) fibroblasts (Firestein et al.,
1990). Injection of these cytokines into animal joints 
synergistically produces synovitis (Henderson and Pettipher,
1989). They have many actions, including stimulation of 
T cells, B cells, macrophages, and fibroblasts. IL-1 and
TNF-a induce expression of chemokines and vascular adhe-
sion molecules (ICAM1, E-selectin and VCAM), which
enable recruitment of leucocytes including polyclonal
memory T cells (Sedgwick et al., 2000). Both TNF-a and
IL-1 induce expression of further IL-1, of many other
cytokines, and of matrix- and tissue-degrading enzymes.
Bone metabolism is also affected: Il-1 regulates production
of osteoprotegerin (OPG); IL-1 and TNF-a cause osteo-

TABLE 32.4 Expression of some cytokines and
chemokines in RA synovial tissue

Cells

mRNA and protein Monocytes Fibroblasts T cells Dendritic cells

IL-1 a and b ∑ ∑
IL-1Ra ∑ ∑
IL-2 �

IL-6 ∑ ∑
Il-8 (chemokine) ∑ ∑
IL-10 ∑ ∑
IL-12 ∑ ∑
IL-15 ∑ ∑
IL-17 ∑
IL-18 ∑ ∑
TNF-a ∑ ∑
IFN-g �

GMCSF ∑ ∑
PDGF ∑
VEGF ∑
FGF ∑ ∑
TGF-b ∑ ∑
LIF ∑ ∑
MCP-1 ∑ ∑
MIP-1a ∑ ∑
RANTES ∑

∑, expressed; �, expressed at low levels; FGF, fibroblast growth factor; GMCSF, granulocyte-
macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; LIF, leukocyte inhibitory factor;
MCP-1, monocyte chemotactic protein 1; MIP-1a, monocyte inflammatory protein 1a; PDGF, platelet-
derived growth factor; RANTES, regulated on activation, normal T expressed and secreted; TGF, trans-
forming growth factor; TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.

Adapted from Arend (2001) ©Reprinted with permission of Wiley-Liss, Inc., a subsidiary of John
Wiley and Sons, Inc.
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blasts to increase production of receptor activator of NFkB
ligand (RANKL). Effects of RANKL include maturation 
of osteoclast precursors and bone resorption by mature
osteoclasts.

Interleukin 6 is produced by a wide range of cells in RA,
including fibroblasts under the influence of IL-1 and TNF-
a. In combination with its soluble receptor, sIL-6R, IL-6
induces both B- and T-cell proliferation, and promotes 
differentiation of macrophages, osteoclasts and megakary-
ocytes. Interleukin 6 also stimulates production of acute
phase proteins by the liver.

Interleukin 12, produced by dendritic cells and activated
macrophages, increases production of IFN-g by CD4+ T
cells and NK cells, biasing the cytokine response towards a
Th1 pattern.

Interleukin 15 is a cytokine, produced primarily by
macrophages, with structural similarities to IL-2. It is
chemotactic for activated T cells and promotes the produc-
tion of IL-1, TNF-a and IL-6 (McInnes et al., 1997).

Interleukin 17 is produced by a small number of T cells
in RA synovium, but synergizes with IL-1 or TNF-a and is
proinflammatory in its action on fibroblasts (Miossec, 2003).

Interleukin 18 shares a signal transduction pathway with
IL-1, and is produced by macrophages and fibroblasts. In
synergy with IL-15 and IL-12, it increases the production of
TNF-a and IFN-g (Liew et al., 2003).

Macrophage migration inhibitory factor (MIF) is a
cytokine of unique structure with many proinflam-
matory effects, including upregulation of IL-1, TNF-a,
prostaglandins, and matrix metalloproteinases (Morand 
et al., 2003). It induces proliferation of fibroblast-like 
synoviocytes via extracellular signal regulated protein
kinase (ERK) mitogen-activated protein (MAP) kinase
rather than NfkB (Lacey et al., 2003). Levels of synovial
MIF are elevated in RA and correlate with disease activity.

In RA, there is inflammation despite compensatory
upregulation of immunoregulatory cytokines and cytokine
antagonists, such as IL-10, IL-13, TGF-b and IL-1Ra and
the soluble TNF-a receptors. Interleukin 10, from syn-
ovial fibroblasts, inhibits production of proinflammatory
cytokines by macrophages and may contribute to the low
level of production of IL-2 and IFN-g by synovial T cells.
Transforming growth factor-b is profibrotic and chemotac-
tic for monocytes. Interleukin 1Ra, produced by mature
macrophages and by stimulated intrasynovial neutrophils, 
is a competitive antagonist of IL-1 at its receptor binding
site.

Growth Factors

Growth factors upregulated in RA include PDGF and
fibroblast growth factor (FGF), which may have autocrine
effects, and VEGF, a major angiogenic factor.

Chemokines

Chemokines comprise four supergene families according
to their cysteine residue structure: C-X-C, C-C, C, and C-
X3-C (Szekanecz et al., 2003).

Most chemokine ligands act on more than one chemokine
receptor within each supergene family. The receptors are 
differentially expressed on various inflammatory cells
(Katschke et al., 2001; Shadidi et al., 2003). Integrins and
chemokine receptors may direct organ-specific lymphocyte
homing; in RA, some of this specificity seems to be lost
(Buckley, 2003).

The C-X-C family contains ligands such as IL-8
(CXCL8), which is produced in large quantities by
macrophages and fibroblasts in RA synovium and has proin-
flammatory and proangiogenic effects; it influences leuko-
cyte chemotaxis, adhesion molecule expression, cell–matrix
interactions, and the respiratory burst of neutrophils.
CXCL9 and 10 are also produced by RA synovium (Patel et
al., 2001), and their receptor CXCR3 is expressed on almost
all T cells infiltrating the joint in RA, but only a minority 
of circulating T cells in these patients (Qin et al., 1998).
Another member of this family, SFD-1 (CXCL12) has its
own receptor, CXCR4, is also proangiogenic and may play
a role in retention of T cells within the RA synovium.

C-C chemokines such as MCP-1 (CCL2), MIP-1a
(CCL3) and RANTES (CCL5) are all produced in large
amounts by RA synoviocytes and have roles in chemotaxis
and activation of macrophages and in promotion of angio-
genesis. T cells infiltrating high endothelial venules in RA
synovium bear the receptor CCR5 in addition to CXCR3
(Patel et al., 2001).

The C family includes lymphotactin (XCL1), which
seems to play a role in T-cell chemotaxis in RA (Wang et
al., 2004).

The C-X3-C family has a sole member, fractalkine
(CX3CL1), which has its own receptor, CX3CR1. Effects in
RA may include monocyte chemotaxis and angiogenesis.

Complement

C4 depletion in synovial fluid is evidence of complement
activation in RA (Ruddy and Austen, 1975; Konttinen et al.,
1996). Complement’s many roles may be relevant in RA
pathogenesis, including neutrophil chemotaxis, opsoniza-
tion, and local inflammation. Low levels of complement
may be associated with serious extra-articular manifesta-
tions of RA, although the association is not sufficient to be
clinically useful (Saraux et al., 2001).

Pro- and Anti-Angiogenic Factors

In RA, angiogenesis (neovascularization) occurs and may
play a significant role in joint damage. In early RA, high
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synovial vascularity on magnetic resonance imaging (MRI)
or Doppler ultrasound correlates with increased joint ero-
sions (Taylor, 2002). Angiogenesis is promoted by many
factors, including VEGF, VCAM1, and E-selectin. Other
stimulators of angiogenesis include angiogenin, the
angiopoietins (Ang-1 and Ang-2), G-CSF, IL-8, TNF-a,
FGF, epidermal growth factor (EGF), insulin-like growth
factor (IGF) and TGF-b; inhibitors include IL-12, IFN-g and
tissue inhibitor of metalloproteinases (TIMP). The joint in
RA is hypoxic compared with normal joints and this induces
expression of HIF-1a; in addition to optimizing intracellu-
lar metabolism for hypoxic conditions, hypoxia inducible
factor-1a (HIF-1a) regulates transcription of mediators 
such as VEGF. Production of VEGF is also induced in RA
synovial T cells by cytokines TNF-a and IL-1. The same
appears true of many other proangiogenic factors including
aVb3 integrin.

Adhesion Molecules

The intercellular adhesion molecule 1 (ICAM1),
expressed widely in RA synovium and induced by TNF-a,
IL-1 or IFN-g, helps recruit lymphocytes, monocytes, and
neutrophils.

The vascular cell adhesion molecule 1 (VCAM1) is
expressed by the RA synovial intima and by activated
endothelium. It is upregulated by IL-1, TNF-a, IFN-g, and
IL-4. It binds a4b1 integrin (found on lymphocytes and
macrophages) and also a4b7 integrin, expressed by many
synovial lymphocytes as well as those homing to gut lym-
phoid tissue.

Recognition of Pathogen-Associated Molecular
Patterns

Pathogen-associated molecular patterns (PAMPs) are 
recognized by pattern-recognition receptors (PRRs), which
play a key role in innate immunity in the recognition of
pathogens or of cellular injury. Macrophage mannose recep-
tors and scavenger receptors help mediate phagocytosis.
Non-phagocytic immune cells may be directly activated 
by TLRs. TLR4 may be activated not only by bacterial
lipopolysaccharide but also by hsp60, hsp70, and fibro-
nectin, all present within the inflamed joint. In a serum 
transfer model, the intracellular effects of TLR4 and Il-1
activation were similar (Choe et al., 2003). TLR2 expres-
sion by fibroblasts is upregulated by inflammatory cytokines
(Siebl et al., 2003) and its effects are mediated by nuclear
factor-kB (NFkB).

Small amounts of bacterial mRNA may be detected in
inflamed joints, mainly relating to commensal skin and gut
organisms (Kempsell et al., 2000). These commensal organ-
isms are unculturable and do not cause clinical evidence of
joint sepsis.

Intracellular Signaling Pathways

The NFkB pathway is activated by a wide range of
inflammatory and immune stimuli such as cytokines, TLR
engagement, and cellular stress. NFkB is a transcription
factor that, when released from inhibition by cytoplasmic
IkB, translocates to the nucleus and induces transcription of
many proinflammatory cytokines, such as TNF, IL-6 and IL-
1b; enzymes, such as inducible nitric oxide synthase (iNOS)
and cyclooxygenase 2 (COX-2); and adhesion molecules.
NFkB also inhibits apoptotic cell death. The NFkB pathway
thus appears to summate diverse immune signals and to be
an important local regulator of inflammation. Expression of
both NFkB, particularly in macrophage-like synoviocytes,
and members of the activator protein 1 (AP-1) transcription
factor family can be demonstrated in RA (Handel et al.,
1995); they are synergistically activated by cytokines such
as TNF-a and IL-1 (Granet et al., 2004). It is notable that
steroids, which are among the most reliably effective drugs
for RA, inhibit the NFkB and AP-1 pathways; various other
drugs used for RA also inhibit NFkB. Specific inhibitors of
NFkB dramatically ameliorate disease manifestations in
mouse models of erosive inflammatory arthritis (Clohisy 
et al., 2003).

Rheumatoid arthritis synovium shows activation of the
mitogen- and stress-activated protein kinase pathways: p38
MAP kinase, ERK, and c-Jun amino-terminal kinase (JNK)
(Schett et al., 2000). Each of these pathways is predominant
in a particular region of the synovial membrane. For
example, the p38 pathway predominates in synovial endo-
thelium and mediates angiogenesis, chemoattraction and
vasodilatation; the JNK pathway mediates Th1 differentia-
tion of T cells, and cytokine and MMP expression by
mononuclear cells.

Pathogenesis of Bony Erosions

Recently, data has emerged that osteoclast recruitment,
maturation, activation and osteolysis are regulated by
RANKL in synergy with IL-1 and TNF-a (Romas et al.,
2002a). RANKL is produced in RA by activated T cells and
synovial fibroblasts. In rat AIA, T-cell activation leads to a
RANKL-mediated increase in osteoclasts and bone loss
(Kong et al., 1999). Knockout of RANKL, or administration
of analogs of OPG, the soluble decoy receptor to RANK,
blocks bone destruction in animal models (Romas et al.,
2002b) while having little effect on cartilage damage (Pettit
et al., 2001).

Enzymes Involved in Tissue Damage

Zinc-dependent metalloproteinases include matrix metal-
loproteinases (MMPs), transmembrane ADAMs (e.g., the
TNF-a converting enzyme [TACE]) and soluble ADAMTS
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such as the aggrecanases ADAMTS-4 and -5. Tissue
inhibitors of metalloproteinases (TIMPs) inhibit many of
these. Matrix metalloproteinase levels are increased in RA.
These enzymes cleave matrix proteins, such as collagen and
aggrecan, and may activate or inactivate various inflamma-
tory mediators. It has been proposed that products of MMP
activity may be immunogenic in themselves (Descamps et
al., 2003). The TNF-a converting enzyme causes shedding
from the cell membrane of TNF-a, soluble TNF receptors,
and fractalkine. Serine and cysteine proteases, such as
cathepsins, also contribute to degradation of the cartilage
matrix.

Many key inflammatory mediators participate in path-
ways of tissue damage. For example, the inducible COX-2
is overexpressed in RA synovium, causing increased pro-
duction of proinflammatory prostaglandins, including
PGE2. Nitric oxide, which is involved in both cartilage and
bone damage, is produced by iNOS. Reactive oxygen inter-
mediates are generated by the respiratory burst of neutro-
phils and contribute to local tissue damage.

Neurotransmitters and Mechanical Stress

RA spares the joints on the side of a pre-existing hemi-
paresis (Thompson and Bywaters, 1961). This may be partly
due to a proinflammatory effect of mechanical stress: cul-
tured synovial fibroblasts produce heat shock proteins in
response to shear stress (Schett et al., 1998), and joint 
areas subject to greater mechanical stress exhibit greater
inflammation in RA (Tan et al., 2003). However, AIA in rats
is less severe in limbs previously treated with the sympa-
thetic blocker guanethidine, suggesting that sympathetic
neurotransmitters or cotransmitters may also play a role in
inflammation. Neuropeptides such as substance P, released
locally on stimulation of sensory nerves, have proinflam-
matory effects; substance P has been shown to stimulate RA
synoviocytes to proliferate via the neurokinin-1 receptor
(Lotz et al., 1987). Antagonists of this receptor have shown
promise in animal models but remain untested in RA.

Summary: Interaction of 
Pathogenic Mechanisms

With such a large number of interdependent factors
involved in pathogenesis of RA, many different models of
pathogenesis might be constructed. Most of these would
involve predisposing factors such as the genetic background
(including shared epitope) and the existing T-cell repertoire,
which controls tolerance to autoantigens. For example,
shared-epitope positivity may predispose to the development
of anti-CCP antibodies, which are specific for RA and may
precede clinical symptoms by some years. The trigger for
disease initiation seems most likely to be a stimulus, such as

infection or injury, which causes activation of innate immu-
nity in the joint. This would activate local dendritic cells,
fibroblast-like synoviocytes and macrophages. Dendritic
cells would travel to the local lymph nodes and there present
auto-antigen to T cells. T cells allow B cells to produce high-
affinity, class-switched autoantibodies, perhaps initially in
the local lymph node and later within the joint itself.
Chemokines and adhesion molecules expressed by the
affected joint would stimulate the ingress of T cells and other
inflammatory cells, such as neutrophils. There the T cells
would interact with dendritic cells and with macrophage- and
fibroblast-like synoviocytes, eliciting production of pro-
inflammatory cytokines, tissue-degrading enzymes and
partial transformation of the synoviocytes into an erosive,
proliferating pannus. Once established, autoimmune joint
inflammation would become self-perpetuating by means of a
number of factors, and spread to a characteristic distribution
of joints, perhaps due to mechanical and neurogenic factors.
Extra-articular features usually develop in the context of
severe disease in the presence of high titer RF and are asso-
ciated with other autoantibodies such as anti-G6PI; whether
these directly cause the extra-articular features is unclear.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

As yet no single immunologic marker is in itself 
diagnostic of RA, particularly in early disease when early
treatment has the maximum potential to modify disease 
progression. However, in combination with careful clinical
assessment and radiographic imaging studies, positive
immunological tests may be extremely useful in increasing
the certainty of the diagnosis of RA.

Rheumatoid factor is an autoantibody directed against the
Fc region of IgG. An elevated RF is included in the ACR
classification criteria for rheumatoid arthritis. Between 70%
and 90% of patients with RA have RF, but levels may be
lower in early RA. Rheumatoid factor may also be present
in the normal elderly and in many other diseases, including
Sjögren syndrome, SLE, and other rheumatological condi-
tions, and in certain malignancies and chronic infections.
Patients with RA who are positive for RF are classed as
seropositive. A negative RF does not exclude RA and, in the
presence of other defining criteria, the patients are classed
as seronegative.

Rheumatoid factor can be any class of immunoglobulin
but IgM-RF, IgA-RF, and IgG-RF are the most common.
The RFs were traditionally detected by agglutination of
sheep red cells, but more modern agglutination tests tend to
use latex beads. Agglutination assays tend to favor the detec-
tion of IgM-RF. Quantitative analyzer-based nephelometric
assays are now frequently used and results are standardized
against a reference preparation; the results appear equiva-
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lent to the latex test in diagnostic utility (Wolfe, 1998).
These assays are reported to detect other classes of RF. Over
90% of patients with established RA have IgM-RF and a
high titer increases the risk of severe, extra-articular, nodular
disease particularly if IgG-RF and/or IgA-RF are also
present. The combination of IgM-RF and IgA-RF appears
highly specific for RA (Jonsson et al., 1998). A number of
international external quality assurance schemes are avail-
able for total RF. Specific ELISAs for IgM-, IgG-, and IgA-
RF are now widely available. These can be highly specific,
but their performance depends on the quality of the detec-
tion system. There are no widely-used quality assurance
schemes.

Several other autoantibodies have been described that
appear to have greater specificity for RA. However, these
assays were not convenient for widespread laboratory use.
Antikeratin antibodies (AKA) can be detected using
immunofluorescence to rat esophageal epithelium, antiperi-
nuclear factor (APF) using immunofluorescence to the ker-
atohyalin granules of human buccal mucosa epithelium, and
antifilaggrin antibody (AFA) by immunoblot. Combinations
of these assays increase sensitivity in diagnosis of RA
(Ferraro-Peyret et al., 2002). It is now realized that these
assays detect closely related autoantibodies. Both AKA and
APF recognize filaggrin-related epitopes (Sebbag et al.,
1995). The major target for AFA in RA synovium is deimi-
nated (citrullinated) fibrin (Masson-Bessiere et al., 2001).
Anti-Sa antibodies also recognize a similar epitope. Enzyme
immunoassays were, therefore, developed for antibodies to
a linear filaggrin peptide and subsequently to cyclic peptide
variant of the deiminated filaggrin epitope (CCP). Second-
generation ELISA-based anti-CCP kits are now available
which appear to outperform the older assays in diagnosis of
RA (Dubucquoi et al., 2004). Anti-CCP antibodies have
specificity of 98% and sensitivity 68% in the diagnosis of
established RA, and perform nearly as well in diagnosing
early RA (Schellekens et al., 2000). In addition to their value
in diagnosis, particularly in RF-negative patients, anti-CCP
antibodies are also associated with aggressive disease and
the development of radiologic erosions. Positive anti-CCP
antibodies can predate clinical symptoms of RA by many
years.

TREATMENT AND OUTCOME

Established Treatments

The treatment of patients with RA requires the collabo-
ration of many healthcare professionals. First-line, sympto-
matic therapy is usually with NSAIDs, which relieve
symptoms of inflammation but do not appear to alter the pro-
gression of disease or its prognosis. Some newer NSAIDs
are more selective for the COX-2 isoenzyme and have been
shown to have a lower incidence of gastrointestinal compli-

cations, but controversies remain over whether the COX-2
drugs may also increase the risk of thrombotic complications
relative to standard NSAIDs.

The course of RA is characterized by episodic flares 
and remissions, superimposed on progressive damage 
to bones and joints. Most patients require long-term 
therapy to reduce the frequency and severity of flares:
usually this requires immunomodulatory disease-modifying
antirheumatic drugs (DMARDs), such as methotrexate, sul-
phasalazine or gold. In many cases, these are very effective
(Pincus et al., 2002), but their onset of action is slow: they
may take months to achieve their full effect. Leflunomide is
the newest drug in this class and is more T-cell targeted.
Much evidence suggests that early, aggressive therapy of 
RA matters more in the short and long term than which 
particular DMARD is chosen. The first DMARD used
appears often to be the most effective (Aletaha and Smolen,
2002). However, although clinical parameters improve,
radiographic progression may continue (Mulherin et al.,
1996).

The modern treatment approach emphasizes early
DMARD therapy to reduce long-term disability (Emery,
1994). However, a significant proportion of patients experi-
ence disease activity and progression of RA “resistant” to
all traditional DMARDs. Systemic corticosteroids are effec-
tive in most patients, but serious adverse effects commonly
occur if significant doses of steroid are continued long-term.

Biologic drugs are drugs designed to target particular
steps in the pathogenesis of RA, either by mimicking
endogenous molecules or administering monoclonal anti-
bodies specific for an endogenous molecule. Currently, the
principal class of biologics in clinical use is the anti-TNF
class. The first of these was infliximab, a chimeric IgG1-type
monoclonal antibody with murine variable domains. Inflix-
imab binds soluble and membrane-bound TNF with high
affinity, forming stable immune complexes and preventing
TNF from binding to its receptor. These drugs may have
dramatic efficacy, even in patients resistant to multiple 
conventional DMARDs, in rapidly reducing the inflamma-
tory response and clinical disease activity, and retarding or
even halting radiographic progression (Maini et al., 1999;
Klareskog et al., 2004). Anti-TNF drugs have revolutionized
clinical management of patients with RA, and have trans-
formed expectations for the future from empirical immuno-
suppression to the hope of targeted, individualized therapies.
Tumor necrosis factor-a has been conceptualized as a “dom-
inant cytokine” in RA and it has been shown that blockade
of the TNF-a pathway has benefit on many of the different
characteristic aspects of RA, including synoviocyte prolif-
eration, bony erosion, and angiogenesis (Table 32.5).

The anti-TNF drugs, however, have limitations. They are
not universally efficacious, and an initial response may be
lost after a period of treatment. Blockade of TNF-a is asso-
ciated with an increased incidence of infections, including
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encapsulated organisms. The drugs may cause a vasculitic
syndrome, perhaps related to the commonly-observed induc-
tion of antinuclear antibodies or other autoantibodies. Prob-
lems with drug tolerability may range from non-specific
infusion or injection site reactions to a frank anaphylacticoid
reaction. Antichimeric antibodies develop in many patients
receiving infliximab, but the clinical significance of this is
unclear. There is not yet sufficient data to confirm or refute
a theoretical association with malignancy. When anti-TNF
drugs are given for established RA, efficacy is maintained
only during the period of treatment; however, there is some
emerging evidence to suggest that if given in early RA
there may be a benefit lasting longer than the duration of 
treatment.

Anakinra, an IL-1Ra analog, is a biologic drug targeted
at IL-1 mediated pathways. Although there is some evidence
that it is moderately efficacious, perhaps particularly regard-
ing bony erosions, of treatment benefit is relatively short-
term and current clinical practice favors use of anti-TNF
drugs in preference. Patients who do not respond to anti-
TNF do not tend to respond to anakinra (Buch et al., 2004).
Combination of anti-TNF drugs with anakinra does not seem
to increase the benefit over treatment with anti-TNF alone,
and is associated with an increased risk of infections 
(Genovese et al., 2004).

Other potential biologic targets will be discussed in the
following section; their clinical utility currently remains
largely unproven.

Experimental Drug Treatments

The success of anti-TNF therapy has stimulated much
further interest in experimental therapies for RA. Some past,
present and future directions of research are here briefly
alluded to (see Chapter 76).

Intensive, Nonspecific Immunosuppression

Alemtuzumab (Campath-1H) is a monoclonal antibody
directed against the lymphocytic antigen CD52, expressed
on both B and T cells; it has some efficacy in RA, but this
was only maintained in the short term (Schnitzer et al.,
1997). High-dose chemotherapy and autologous bone

marrow transplantation has been performed in some patients
with severe RA resistant to conventional therapies; a tem-
porary remission was achieved, but responsiveness to tradi-
tional DMARDs was often subsequently restored (Snowden
et al., 2004).

T Cells

T-cell depletion is effective in RA but is too toxic to con-
sider as a therapy. Anti-CD4 therapy produces some clinical
response; this may relate to T-cell coating rather than to T-
cell depletion (Mason et al., 2002).

A more subtle modulation of T-cell function is provided
by costimulatory blockade. For an antigen-presenting cell to
activate a T cell, rather than render it anergic or apoptotic,
requires costimulation by CD80 or CD86. Once a T cell is
fully activated, it expresses cytotoxic T-lymphocyte-
associated antigen 4 (CTLA-4), which blocks CD80 or
CD86 with very high avidity. Abatacept, a synthetic fusion
protein of CTLA-4 with an immunoglobulin domain, is
designed to mimic this signal and thereby block T-cell acti-
vation. This drug shows promising results in the treatment
of RA in combination with methotrexate (Kremer et al.,
2003).

Since regulatory T cells seem to be present in RA,
another strategy might be to stimulate these cells, perhaps
by means of molecules such as heat shock protein (Prakken
et al., 2002).

Apoptosis

Induction of CD4+ cell apoptosis using anti-CD95 (Fas)
monoclonal antibody suppresses osteoclastogenesis in an
animal model (Ogawa et al., 2003). Apoptosis of fibroblasts
in RA synovium is mediated by the receptor TRAIL-R2,
which represents a potential therapeutic target (Ichikawa 
et al., 2003).

Angiogenesis

Targeting angiogenesis in RA would be a novel approach
since theoretically it would be less likely to predispose to
infection or malignancy, although it could disrupt certain
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TABLE 32.5 Anti-tumor necrosis factor (TNF) drugs currently licensed for treatment of
rheumatoid arthritis

Anti-TNF drug Structure Administration Action in vitro

Infliximab Chimeric mouse/human IgG1, binding soluble and Intravenous Binds soluble TNF-a, lyses cells
membrane-bound TNF-a carrying surface TNF-a

Etanercept Fusion protein of Fc of IgG1 with p75 TNF-a receptor Subcutaneous Binds soluble TNF-a and lymphotoxin a
Adalimumab As for infliximab but fully humanized Subcutaneous Similar to infliximab
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other biologic processes such as fracture healing and fertil-
ity. Soluble VEGF receptor 1 is effective in CIA, and an 
anti-VEGF antibody has now been developed as a cancer
treatment.

B Cells

Depletion of immature B cells using the anti-CD20 anti-
body rituximab appears efficacious in RA (Leandro et al.,
2002); recent data demonstrate that response may be 
sustained up to 48 weeks (Edwards et al., 2004). Plasma 
cells and total levels of immunoglobulin are unaffected, 
but RA-specific autoantibodies are reduced. B-cell develop-
ment may be targeted at a slightly later stage by targeting
the B-cell survival factor BLyS, which is normally produced
from monocytes. Antagonizing this, either by an anti-BLys
monoclonal antibody or by giving TACI-Fc (a modified
version of BLyS receptor), inhibits mature B-cell develop-
ment and the ability of B cells to act as antigen presenting
cells.

Cytokines, Chemokines, and Complement

With the success of anti-TNF therapies, attention has
been directed to developing small-molecule TNF inhibitors,
such as the PEGylated humanized anti-TNF fragment
CDP870 (Choy et al., 2002a). Other strategies directed at
TNF include inhibitors of TACE. It is hoped that a synthetic
IL-1 binding molecule or IL-1 “trap,” composed of human
IgG1 Fc and the extracellular domain of the IL-1 receptor,
will prove to be more potent than anakinra in RA.

Apart from anti-TNF and anti-IL-1 strategies, most tar-
geted cytokine therapies, such as administration of recom-
binant human IL-4 or IL-10 (Smeets et al., 1999), have
failed to demonstrate efficacy in RA. However, results of
trials of anti-IL-6 receptor antibody are encouraging (Choy
et al., 2002b; Nishimoto et al., 2004). Blockade of other
cytokines such as IL-15 or IL-23 also shows promise.

It is hoped that blocking chemokine receptors may block
leukocyte entry into affected joints. This has been demon-
strated for CCR5 and CXCR2 in animal studies, and early
clinical trials of CCR1 blockers show some promise (Har-
ingman et al., 2003). A C5a antagonist has also been used
with some success in animal models.

Other Targets

Many other therapeutic strategies might be described as
more anti-inflammatory than immunologic in nature. Block-
ade of integrins or other adhesion molecules appears promis-
ing in animal models. Inhibitors of intracellular signaling
molecules, such as NFkB and p38 MAP kinase, are theo-
retically attractive but must be made specific enough to
avoid toxicity. Inhibiting osteoclasts reduces the rate of

radiographic progression of RA, as shown by encouraging
results with zolendronic acid. Strategies targeting the
RANKL pathway also show promise. Matrix-degrading
enzymes are another therapeutic target that has received
some attention. However, the concern with therapeutic
modalities that inhibit inflammation or other essential
processes is that the treatment could cause toxicity by inter-
fering with the physiological role of these processes. The
hope of specific immunologic therapies is that, since RA is
an autoimmune process, single or combination immunother-
apies can act as a “master switch” that reverses the immuno-
logic dysregulation that is presumed to drive the disease.

CONCLUDING REMARKS—
FUTURE PROSPECTS

Rheumatoid arthritis is a rapidly-expanding field of
knowledge. New animal models have challenged old con-
ceptions of the disease. Developments in high-throughput
techniques of genomics and proteomics promise further
clues towards the pathogenesis of RA; further advances in
our understanding of tolerance and immunoregulation will
shed light on the key events leading to autoimmunity in RA.
Attention will be directed also to the factors contributing 
to disease heterogeneity in RA. The advent of anti-TNF
therapy has revolutionized the field and encouraged the
development of further novel therapies. The characterization
of specific autoantibodies and the efficacy of B-cell deple-
tion has challenged paradigms of T-cell directed therapy in
RA. Close cooperation between clinicians and scientists 
will continue to yield valuable insights as we move from an
era of relentless disease progression in the face of non-
specific immunosuppression to a new era of early adminis-
tration of individualized, probably combination therapies
based on advances in our understanding of the pathogenesis
of RA.
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FIGURE 28.1 Immunologic pathogenesis of systemic lupus erythematosus (SLE). The figure depicts potential
immunologic mechanisms involved in the development of SLE. These include defects in immune complex removal,
apoptosis, and antigen presentations by antigen presenting cells (APCs) such as dendritic cells, as well as altered T- and
B-cell interactions and their cytokine and autoantibody production. Nucleic acids (CpG DNA and ssRNA) from self and
from microorganisms can also participate in stimulating APCs and B cells through Toll-like receptors (TLRs). Ag,
antigen; ds, double stranded; MHC, major histocompatibility complex; ss, single stranded; TCR, T-cell receptor.

FIGURE 32.1 Rheumatoid arthritis with nailfold vasculitis.
FIGURE 32.2 Rheumatoid nodule on extensor aspect of forearm.
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SPONDYLOARTHRITIDES

Definition, Epidemiology, Clinical
Manifestations, and Treatment

The spondyloarthritis (SpA) diseases comprise ankylos-
ing spondylitis (AS), reactive arthritis (ReA), arthritis/
spondylitis with inflammatory bowel disease and arthritis/
spondylitis with psoriasis. The main links between each of
these is the association with HLA-B27, similar clinical
symptoms such as inflammatory back pain, and similar pat-
terns of peripheral joint involvement with an asymmetric
arthritis predominantly of the lower limbs, and the possible
occurrence of sacroiliitis, spondylitis, enthesitis, and uveitis.
Most striking is the direct relationship between the preva-
lence of SpA and the prevalence of HLA-B27 in the general
population. This strong correlation suggests that environ-
mental or genetic factors that are necessary in addition to
HLA-B27 to get SpA must be ubiquitous (Braun and Sieper,
2003).

Ankylosing spondylitis is regarded as the SpA with the
most severe outcome. Its prevalence has been estimated to
be between 0.2 and 0.9% and the disease normally starts in
the second decade of life. The male-to-female ratio has more
recently been estimated to be around 2 : 1. Back pain is the
leading clinical symptom in these patients, which is charac-
terized by morning stiffness and improvement by exercise.
The disease starts in 90% or more cases with a sacroiliitis.
Further in the course of the disease the whole spine can be
affected with spondylitis, spondylodiscitis, and arthritis of
the small intervertebral joints. As a reaction to the inflam-
mation, ankylosis occurs, which can involve the whole
spine. Relapsing uveitis, peripheral asymmetric arthritis pre-
dominantly of the lower limbs, and enthesitis are the most
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frequent extraspinal manifestations. HLA-B27 is found to
be positive in 90–95% of patients, and inflammatory bowel
disease, psoriasis, or preceding reactive arthritis can be
found in about 10% of AS patients.

Diagnosis is made by a combination of clinical symptoms
(such as inflammatory back pain or limitation of spinal
mobility) and the demonstration of radiologic sacroiliitis,
according to the modified New York criteria (van der Linden
et al., 1984). More recently, we have proposed an approach
on how to make an early diagnosis before evidence of 
radiologic sacroiliitis by combining clinical, laboratory, and
imaging parameters such as magnetic resonance imaging
(MRI) (Rudwaleit et al., 2004). A new approach to an earlier
diagnosis is also mandatory because of the major delay of
5–7 years between the occurrence of the first symptoms and
making the diagnosis. In the last decades, only nonsteroidal
anti-inflammatory drugs (NSAIDs) were used, together with
physiotherapy, as an effective treatment. Rather surprisingly,
disease-modifying antirheumatic drugs (DMARDs) and 
corticosteroids, which are highly effective in other chronic
inflammatory diseases such as rheumatoid arthritis, show
only a small or no effect in AS. On this background, the
finding that blockers of tumor necrosis factor (TNF) such 
as infliximab and etanercept are highly effective means a
breakthrough in the treatment of this disease (Braun and
Sieper, 2004). At least 50% of active AS patients refractory
to treatment with NSAIDs show a 50% or more improve-
ment when treated either with the monoclonal anti-TNF-a
antibody infliximab (Braun et al., 2002; van der Heijde 
et al., 2005) or the soluble TNF-receptor construct etaner-
cept (Davis et al., 2003).

Reactive arthritis occurs after a preceding infection of the
urogenital tract with Chlamydia trachomatis or of the gut
with enterobacteriae such as Yersinia, Salmonella, Campylo-
bacter jejuni, or Shigella, usually after a few days up to 4–6
weeks (Sieper et al., 2000). The arthritis is normally an
oligoarthritis, predominantly of the lower limbs, but in about
20% this will manifest as a polyarthritis. Other manifesta-
tions can be an enthesitis, conjunctivitis/uveitis, or inflam-
matory back pain. Between 30 and 60% of these patients
with ReA are positive for HLA-B27; arthritis occurs in
approximately 4% of the general population, but in about
25% of HLA-B27+ individuals after one of these infections.
Usually, the patients recover in 3–6 months; however, up to
20% can run a chronic course longer than 12 months. Bac-
terial antigen and, in the case of Chlamydia, also DNA and
RNA have been detected in the joint, indicating that bacte-
rial antigens persist in the joint and drive the local immune
response. For making a diagnosis of ReA, a combination of
clinical manifestations (preceding infection, typical pattern
of arthritis) and laboratory evidence of previous or present
bacterial infection is necessary (Sieper et al., 2002). While
antibiotic treatment of urogenital tract infection with antibi-
otics prevents the occurrence of arthritis, this is not the case
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for bacterial enteritis. Once an arthritis is established, long-
term therapy with antibiotics does not seem to influence the
arthritis, suggesting that either the antibiotics used are not
effective enough or that the once-triggered hypersensitive
immune response cannot be interrupted by antibiotics
(Sieper et al., 2000).

Approximately 10–20% of patients with inflammatory
bowel disease (IBD) exhibit an often transient peripheral
arthritis, which often occurs concurrently with gut inflam-
mation. The frequency of HLA-B27 is only slightly elevated
among patients with peripheral arthritis, but is present
among 50–70% of patients with IBD and AS. About 5% of
IBD patient, mostly those who are HLA-B27+, will develop
AS. Treatment should primarily be directed against the 
gut inflammation. Up to 50% of patients with psoriatic
arthritis show a clinical picture compatible with SpA, such
as oligoarthritis of the lower limbs and/or spinal inflam-
mation. Among these patients, HLA-B27 is positive in
approximately 25% (peripheral arthritis) to 60% (spinal
manifestations). Treatment is similar to that for other forms
of SpA.

Bacterial Trigger and Autoimmunity in the
Pathogenesis of the Spondyloarthritides

Central to the discussion about the pathogenesis of the
SpA is the interaction between bacteria and HLA-B27
(Kuon and Sieper, 2003). The best evidence for this comes
from ReA, which is triggered usually by a genitourinary
infection with C. trachomatis or an enteritis due to certain
gram-negative enterobacteria, such as Shigella, Salmonella,
Yersinia, or Campylobacter. The demonstration of microbial
antigens within the synovium suggests that ReA may be
related to the persistence of microbial antigens at the sites
of inflammatory arthritis. Approximately 20–40% of HLA-
B27+ ReA patients develop the full clinical picture of AS
after 10–20 years (Leirisalo-Repo, 1998). Thus, exposure of
the immune system to bacteria seems also to be an impor-
tant initial triggering event for AS. Although clinically diag-
nosed ReA arthritis precedes AS only in less than 10%, this
figure may be much higher because many of the gut or uro-
genital infections preceding the clinical manifestation of
ReA can be asymptomatic. The central role of bacteria in the
pathogenesis of SpA is further supported by the relationship
between Crohn’s disease, HLA-B27 positivity and the
occurrence of AS: in one study, in 13 out of 24 (54%) HLA-
B27+ patients with Crohn’s disease, AS could also be diag-
nosed, but only in 5 out of 189 (2.6%) such patients who
were HLA-B27- (Purrmann et al., 1988). In the case of
Crohn disease, the leakage in the gut mucosa, as a conse-
quence of the related inflammation, presumably allows an
interaction of the immune system with the normal gut bac-
teria. It has also become clear that in about 50% of patients
with so-called idiopathic AS, macroscopic or microscopic
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mucosal chronic lesions resembling Crohn disease can be
detected in the gut by colonoscopy (Mielants et al., 1988).

Finally, there is also evidence for the importance of 
B27-bacteria interaction from animal models. HLA-B27
transgenic rats develop features of ReA, including gut
inflammation, peripheral arthritis, and psoriasiform skin and
nail changes. The importance of environmental factors is
emphasized by the observation that many of these features,
including gut inflammation and arthritis, do not develop in
HLA-B27 transgenic rats born and bred in a germ-free envi-
ronment. Germ-free animals rapidly develop inflammatory
disease on removal from the sterile environment. This can
be partially prevented by treatment with antibiotics (Taurog
et al., 1999).

Therefore, AS can probably be regarded as the long-term
outcome for patients most of whom are HLA-B27+ and who
have been exposed to ReA-associated bacteria, bacteria in
the gut, or other as yet unidentified bacteria.

Although bacteria appear to play a crucial role as an
initial event for the pathogenesis of AS, there is no evidence
that they are also directly responsible for the immunopathol-
ogy in AS. It seems to be unlikely that bacteria or bacterial
antigens do persist in such diverse structures as the sacroil-
iac joint, the enthesis, and in the eye. Furthermore, biopsies
from the sacroiliac joint were investigated for the presence
of bacteria and have been proven to be negative (Braun 
et al., 1997). Therefore, the induction of autoimmunity by
bacteria is the more likely event in AS. Especially in the light
of the strong association with major histocompatibility
complex (MHC), research has concentrated in the past on
the role of T cells in SpA. Currently, there is no evidence
for any role for the humoral immune response in the patho-
genesis of SpA.

Cytokines in the Pathogenesis of 
Reactive Arthritis

As it has been shown that bacteria persist in vivo in
patients with ReA, most likely in the joint in the case of
Chlamydia and in the gut mucosa or lymph nodes of the gut
in the case of the enterobacteria, the questions raised are 1)
why do these bacteria persist in some patients but not in
others; and 2) why do some patients (although the minority)
develop chronic courses of their arthritis. The ReA-
associated bacteria are obligate (such as Chlamydia) or fac-
ultative intracellular bacteria. T-helper 1 (Th1) cytokines
such as TNF-a and interferon-g (IFN-g) are crucial for an
effective elimination of these bacteria, while Th2 cytokines
such as interleukin 4 (IL-4) or Th3 cytokines such as IL-10
might inhibit an effective elimination. We and others
showed that there is a relative deficiency of Th1-cytokines
in ReA, especially of TNF-a but also of IFN-g, both locally
in synovial fluid and synovial membrane and systemically
in peripheral blood (Yin et al., 1997a; Braun et al., 1999).
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Furthermore, we could demonstrate a correlation between a
low TNF-a production in peripheral blood and a longer
duration of arthritic symptoms (Braun et al., 1999). Thus, a
relative lack of Th1 cytokines appears to be relevant for the
occurrence and persistence of ReA, probably mediated by a
persistence of bacteria. If this assumption is correct,
immunopathology would then be caused by a “hypersensi-
tive” immune response against bacterial antigens.

IL-10 has received increasing interest recently as a poten-
tially immunosuppressive cytokine. While upregulation of
such a cytokine would be wanted in autoimmune diseases
such as rheumatoid arthritis we could show that it is 
relatively upregulated in ReA, and thus that it might con-
tribute to bacterial persistence in ReA, possibly by down-
regulation of the Th1 cytokines, IFN-g and TNF-a (Yin 
et al., 1999b).

Cytokines in the Pathogenesis of 
Ankylosing Spondylitis

Data are few on cytokines in AS. We measured cytokine-
positive CD4+ and CD8+ T cells derived from peripheral
blood after mitogenic in vitro stimulation by flow cytome-
try (Rudwaleit et al., 2001). Patients with AS had a signifi-
cantly lower percentage of IFN-g- or TNF-a+ CD4+ T cells
compared with HLA-B27- controls, while the results for a
HLA-B27+ healthy control group were intermediate between
the two groups. For IL-10+ T cells, we found a significant
increase in the CD8+ T-cell subpopulation from HLA-B27+

AS patients compared with B27+ and B27- controls, but this
did not pertain for the CD4+ subpopulation. This relative
(small) lack of Th1 cytokines in the peripheral blood of AS
patients is in contrast to the presence of abundant TNF-a in
biopsies taken from the sacroiliac joint from AS patients
(Braun et al., 1995) and the very strong therapeutic response
to treatment with TNF-blockers in AS (Braun and Sieper,
2004), suggesting that TNF-a and possibly also IFN-g are
important in the pathogenesis of AS and other SpA. This dis-
crepancy is not easy to explain, but measuring cytokines in
peripheral blood might not accurately reflect the situation at
the local site of inflammation.

Cytokine Gene Polymorphisms in Reactive
Arthritis and Ankylosing Spondylitis

Cytokine genes have also been investigated as possible
candidate genes (Sieper et al., 2000). Most data in SpA
patients are currently available for TNF-a. Investigating
TNF-a microsatellites, an association of ReA with a TNF-
a6-allele has been described; this allele has previously been
associated with a low TNF-a secretion. Since, in this study
from Finland, TNF-a6 was also associated with HLA-B27,
the association of TNF-a6 with ReA was thought to be 
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secondary to B27. Two promoter polymorphisms of the
TNF-a gene at positions -308 (308.1 and 308.2) and -238
(238.1 and 238.2) have been investigated in AS. The 308.2
genotype was found significantly less frequently in AS than
in controls. In some studies 308.2 was associated with
higher transcriptional activity (Hoehler et al., 1998). Thus,
there is some evidence that TNF-a genotypes that may be
associated with a low TNF-a production are present in a
higher percentage in patients with ReA or AS. However,
clear proof of an association of these genotypes with low
TNF-a production is lacking.

Looking for IL-10 gene polymorphism in another study,
there was a significant decrease in the promoter alleles G12
and G10 in the ReA group compared with HLA-B27+ con-
trols, indicating that these alleles might have a protective
effect against the occurrence of ReA (Kaluza et al., 2001).
Although it is not yet clear whether these alleles are associ-
ated with a higher production of IL-10, these data suggest
that the relative increase of IL-10 found in ReA might be,
at least partially, genetically determined.

The Role of HLA-B27 in 
the Pathogenesis of Spondyloarthritis

The association of HLA-B27 with SpA is the highest
known MHC association for human diseases and the most
relevant single factor for the pathogenesis of SpA. There are
now considerable data from epidemiologic studies and
transgenic animals to indicate a direct effect of HLA-B27,
rather than that of a closely linked gene, in disease patho-
genesis. It is also clear now that one copy of HLA-B27 (het-
erozygosity) is sufficient for the disease. The susceptibility
to AS has been estimated to be more than 90% genetically
determined, and so it has been suggested that there is a rather
ubiquitous environmental factor. Besides HLA-B27, other
MHC genes such as HLA-B60 and HLA-DR1 seem to be
associated, but are of minor importance. However, although
MHC is the major susceptibility locus, it has been suggested
that it contributes only approximately 36% to the overall
genetic risk (Brown et al., 2002).

Since the main function of HLA class I molecules is to
present peptide antigens to cytotoxic T cells, the antigen-
presenting properties of HLA-B27 could be crucial in the
pathogenesis of spondyloarthritides leading to the so-called
arthritogenic peptide hypothesis (Kuon and Sieper, 2003).
Thus, some HLA-B27 subtypes, due to their unique amino-
acid residues, can bind specific arthritogenic peptide, 
and so become recognized by CD8+ T cells. Furthermore, 
in response to these bacterial peptides, autoreactive T cells
recognizing antigens with sufficient structural similarity
between bacteria and self, might become activated by self-
peptides that are present particularly in spinal joints (Figure
33.1).
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Major support for this hypothesis comes from studies 
in humans showing the differential association of some of
the HLA-B27 subtypes with AS. While B*2705, B*2702,
B*2704, and B*2707 are strongly associated with the
disease, the HLA-B27 subtypes B*2709 in whites and
B*2706 in Southeast Asians are not at all or only rarely
associated. Most interestingly, B*2709 differs from the
disease-associated B*2705 by only one amino acid substi-
tution, the exchange of Asp116 to His116. B*2706 differs
by only two amino acid substitutions from the disease-
associated B*2704 by exchange of His114 to Asp114 and
Asp116 to Tyr116 (Khan, 2000).

In studies on patients, both bacteria-specific and auto-
reactive CD8+ T cells have been demonstrated in AS and
ReA. Recently, a synovial CD8+ T-cell response to a peptide
from Yersinia heat shock protein 60 in patients with
Yersinia-induced ReA and also an HLA-B27-restricted
CD8+ T-cell response to peptides derived from several
chlamydial proteins in patients with Chlamydia-induced
ReA have been described (Kuon and Sieper, 2003). In the
latter study, there was a novel approach in searching the
whole chlamydial proteome to identify peptides which stim-
ulate CD8+ T cells from patients in an HLA-B27 restricted
manner. Recently, there was a report of a CD8+ T-cell
response to an Epstein–Barr virus (EBV) epitope derived
from the LMP2 protein, and to a sequence-related self-
peptide from the autoantigen vasoactive intestinal peptide
(VIP) receptor 1 (Fiorillo et al., 2000). However, the exact
identity of a potentially arthritogenic peptide has yet to be
determined.

An oligoclonal expansion of T cells has also been demon-
strated for CD4+ and CD8+ T cells in AS and for CD8+

T cells in ReA. Synovial T cells derived from different

Bacterial exposure
(Reactive arthritis: for example, Chlamydia trachomatis)

CD4+ T cells:
Peripheral Arthritis

HLA-B27
(CD8+ T cells)

Ankylosing spondylitis

Target of the immune 
response: Cartilage

Cross-reactivity ?

Cartilage

FIGURE 33.1 Hypothesis how bacterial exposure induces a peripheral
arthritis, probably via a CD4+ T cell response. However, axial manifesta-
tions might be mediated by CD8+ T cells because of the high association
with HLA-B27. The cartilage might become the primary target of the
immune response through cross-reactivity with bacterial antigens.
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HLA-B27+ patients suffering from ReA and triggered by dif-
ferent bacteria revealed an astonishingly high homology of
T-cell receptors (May et al., 2002). These results led to the
suggestion that similar antigens are recognized by these
oligoclonally expanded CD8+ T cells. This implies that
under certain conditions a specific arthritogenic peptide
might indeed be produced and presented to the host’s
immune system.

Beside the “classical” arthritogenic peptide theory, other
hypotheses have emerged. One interesting concept, the
HLA-B27 misfolding hypothesis states that HLA-B27 itself
is directly involved in the pathologic process of SpA. That
is, HLA-B27 can be misfolded, which might have implica-
tions for pathogenesis (Colbert, 2004). The misfolding is
suggested to be due to a particular feature of the HLA-B27
molecule: e.g., newly synthesized HLA-B*2705 seems to
fold and associate with b2-microglobulin more slowly com-
pared with other MHC class I molecules. Allen et al. (1999)
reported that as a consequence of HLA-B27 misfolding, free
HLA-B27 heavy chains can form abnormal heavy-chain
homodimers. This homodimer formation could be facilitated
by unpaired free cysteine residues at position 67 (Cys67) of
the HLA-B27 heavy chain a1 helix. Furthermore, Boyle et
al. (2004) have proposed that these HLA-B27 homodimers
might mimic MHC class II molecules, and they provided
evidence that HLA-B27 can be recognized by CD4+ instead
of CD8+ T cells (Boyle et al., 2001). Hence, they postulate
a role for HLA-B27 reactive CD4+ T cells in the patho-
genesis of AS and other SpA. All in all, despite the high 
frequency of HLA-B27 in these diseases, its role in 
pathogenesis has not yet been clarified.

What is the Immune Target in 
Ankylosing Spondylitis?

If it is indeed unlikely that persistent bacterial infection
drives the immunopathology in AS (see above), the question
is the nature of the target of the immune response. Studies
using MRI have shown that the most relevant inflammatory
site in SpA is an osteitis occurring at the bone/cartilage 
interface (McGonagle et al., 1999). This finding has been
supplemented by histologic investigations in SpA from the
sacroiliac joint and other structures where, especially in the
early phases, mononuclear cells invade and erode the carti-
lage at different sites (Bollow et al., 2000); such findings
have suggested that the cartilage is the primary target of the
immune response in SpA (Makymowych, 2000).

Aggrecan G1 domain has been implicated as one source
of a possible T-cell autoantigen in AS and similar rheumatic
diseases, based both on results from animal models and on
studies in patients. A specific CD4+ T-cell response to pep-
tides derived from the G1 domain of aggrecan was found in
animal models and also in patients with AS. Here, in 60%
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of patients, a CD4+ response against the whole G1 protein
and against a set of overlapping peptides derived from this
G1 protein was evident (Zou et al., 2003).

Because of the type of tissue-specific damage in AS,
other extracellular matrix proteins apart from aggrecan,
derived from human cartilage and enthesis, could also be
targets of an autoimmune response. Recently, a CD8+ T-cell
response to a nonameric peptide from collagen type VI 
was detected in the synovial fluid from patients with AS
(Atagunduz et al., 2005). Further work is in progress and
will, therefore, have to focus on T-cell responses against 
cartilage-derived antigens.

PSORIATIC ARTHRITIS

Clinical, Pathologic, and 
Epidemiologic Features

Psoriatic arthritis is a fascinating disease in combining
features of an autoimmune skin disease (see Chapter 58) 
with those of a seronegative arthritis. The term “psoriatic
arthritis” defines a heterogeneous group of arthritides char-
acterized by peripheral monoarticular, oligoarticular, or 
polyarticular disease, potentially including axial skeletal
involvement. Despite the quite different clinical expres-
sions, common features include skin lesions of psoriasis,
absence of rheumatoid factor (RF), similar HLA associa-
tions and characteristic radiologic findings.

Approximately 2% of the white population in Europe and
North America suffer from psoriasis. Of these, some 5–10%
have an inflammatory arthritis. Men and women are affected
with equal frequency, and the peak incidence is in the fourth
through sixth decades. Psoriatic skin disease precedes the
onset of arthritis in some 80% of cases, occurs coinciden-
tally with arthritis in some 15% of cases, and after the onset
in about 5% of cases. There are even some (rare) cases in
which overt psoriasis never develops; yet, the disease may
have the typical clinical (usually radiologic) features of 
psoriatic arthritis (“psoriatic arthritis sine psoriase”). Espe-
cially in these cases, a thorough family history is of prime
importance.

Clinical Manifestations

Although new attempts are being made to subclassify
psoriatic arthritis, the following five different patterns of
psoriatic arthritis are currently recognized, and these may
shift from one to another.

1. Asymmetric mono- and oligoarticular arthritis in
30–50% of cases is the most common initial presentation
of psoriatic arthritis.
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2. Symmetric polyarticular arthritis in 30–50% of
patients is the final form of psoriatic arthritis.

3. Distal interphalangeal (DIP) joint involvement in 
25% of cases is nearly always associated with nail 
manifestations.

4. Arthritis mutilans in 5% of cases is characterized 
by resorption of the phalangeal bones leading to rapid
invalidism.

5. Axial arthritis in 30–35% of cases can differ from AS,
especially in its radiologic features, can present as
sacroiliitis, which may be asymmetric and asymptomatic,
or as spondylitis which may occur without sacroiliitis,
can affect any level of the spine, and displays typical
“parasyndesmophyte” lesions.

Even though, like all inflammatory rheumatic disorders,
psoriatic arthritis is a systemic rheumatic disease, involve-
ment of extra-articular sites excluding the skin is rare, but
involvement of the eyes (uveitis), heart, lungs, and kidneys
with amyloidosis (very infrequently) may occur. Patients
with psoriatic arthritis can also develop inflammation of the
tendons, especially Achilles tendonitis, and around carti-
laginous tissue. Inflammation of the chest wall and of the
parasternal cartilage can lead to painful costochondritis. In
addition to the cutaneous psoriatic plaques, other character-
istic features include nail involvement with pitting, ridging,
and onycholysis, dactylitis with so-called “sausage fingers”
or “sausage toes” in which there is diffuse swelling of the
entire digit due to pronounced tenosynovitis (Figures 33.2
and 33.3).

Radiographically, psoriatic arthritis is a typical unique
mixture of bone destruction and proliferation: “destructive
and productive” lesions (Figure 33.4). Manifestations may
include erosive arthritis giving rise to the classic “pencil-in-
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cup” deformity in the phalanges, osteolysis, articular 
ankylosis, sacroiliitis, spondylitis, enthesitis, and periostitis.
There is no laboratory test to diagnose psoriatic arthritis,
and, interestingly, unlike in rheumatoid arthritis, assays such
as erythrocyte sedimentation rate (ESR) or CRP values 
can give values in the normal range despite severe joint
inflammation.

Genetic Features and 
Environmental Influences

As for psoriasis itself, the etiology of psoriatic arthritis is
currently unknown and, as for all inflammatory rheumatic
diseases, may involve a combination of genetic and
(auto)immune, as well as environmental factors. An impor-
tant link to the spondyloarthritides is the association among
psoriatic arthritis patients with spine involvement with
HLA-B27 in 70–80% of cases. Several other genes also have
been described at higher frequency among patients with 
psoriatic arthritis. Thus, alleles associated with an adverse
outcome, apart from HLA-B27, include HLA DR3 or DR4.
There is a very high concordance for psoriasis in monozy-
gotic twins (70%) and a 50-fold increased risk of develop-
ing psoriatic arthritis in first-degree relatives of patients with
this disease. Interestingly, there is a two-fold increased risk
of disease “transmission” by an affected father compared
with an affected mother.

Alterations in the immune system also appear important
in the development of psoriatic arthritis. A possible clue is
provided by the finding that the decline in the number of
CD4+ helper T cells in patients with acquired immune defi-
ciency syndrome (AIDS) often results in the development
and progression of psoriasis. The importance of infectious
agents and other environmental factors as a cause of psori-
atic arthritis is a major focus of current research. Strepto-
coccal infection can precipitate the development of guttate
psoriasis. In addition, psychological stress and physical
trauma has been reported to induce the development of
arthritis, suggesting that psoriatic arthritis is the manifesta-
tion of a “deep Koebner” type of response.

Treatment and Outcome

Treatment generally starts with NSAIDs, which may
suffice in mild cases. In patients with active and potentially
destructive disease, DMARDs need to be added early. In
contrast to rheumatoid arthritis, only a few studies have
addressed effects of conventional DMARDs in psoriatic
arthritis, and these have shown limited efficacy. The fol-
lowing drugs should be considered:

• Methotrexate is effective for both the cutaneous and
peripheral articular manifestations of psoriasis, and is 
generally the first choice of DMARD due to its efficacyFIGURE 33.2 Typical nail changes in psoriatic arthritis.
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and tolerability, but liver function should be assessed 
frequently (Willkens et al., 1984; Espinoza et al., 1992).

• Sulfasalazine is only moderately active and does not
influence the cutaneous lesions.

• Cyclosporine may be effective for both cutaneous and
articular disease (Gupta et al., 1989; Salvarani et al., 2001;
Sarzi-Puttini et al., 2002), but with risk of hypertension
and nephrotoxicity.

• The TNF inhibitors etanercept, infliximab and, recently,
adalimumab, in contrast to conventional DMARDs, 
have proven very effective and well tolerated in the 
treatment of both psoriasis and psoriatic arthritis (Mease 
et al., 2000; Mease, 2001; Antoni et al., 2002; Cauza 
et al., 2002; Iyer et al., 2002) and are currently recom-
mended when any of the above-mentioned DMARDs
(usually methotrexate) is ineffective.
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• Intra-articular and low-dose systemic glucocorticoids
have been used as “bridging” therapy when treatment with
a DMARD is instituted, but, as a note of caution, taper-
ing of high-dose corticosteroids has been associated 
with the development of generalized and sometimes life-
threatening pustular psoriasis; hence, systemic gluco-
corticoid treatment is best avoided when possible.

SAPHO SYNDROME

“SAPHO” is an acronym for a syndrome in which there
is a combination of pathologic changes of the skeleton and
skin. It is characterized by osteoarticular and dermatologic
symptoms compiled by French rheumatologists after a
national survey in 1987 (Chamot et al., 1987). Even more

A B

C D
FIGURE 33.3 Characteristic skin changes in psoriatic arthritis.
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than psoriatic arthritis, this unique disease entity provides a
striking link between disease expressions of bones, joints,
entheses, and the skin.

Clinical, Pathologic, and 
Epidemiologic Features

All entities forming the SAPHO syndrome are linked by
a frequent albeit non-obligate aseptic pustulous “dermato-
skeletal” association that includes synovitis (inflamma-
tion of the joints), acne (acne conglobata or fulminans), 
pustulosis of the skin (purulent blisters), often psoriatic,
mainly on the palms of hands and on the soles of feet
(palmo-plantar pustulosis) (Figure 33.5), hyperostosis
(increase in bone substance), osteitis (inflammation of the
bones).

SAPHO has a clinical course that is marked by relapses
and remissions. The major sites of involvement are the 
anterior chest wall, especially the sternoclavicular joint, the
spine, long bones, flat bones, and large and small joints. 
The distribution and severity of involvement varies from the
adult to the pediatric form referred to as chronic recurrent
multifocal osteomyelitis (CRMO), which is closely associ-
ated with or a component of SAPHO, and is a systemic
aseptic inflammation of the bone marrow (osteitis) 
(Björkstén et al., 1978; Chamot and Kahn, 1994; Handrick
et al., 1998). It can occur in many sites, and there may be
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an association with pustulous acne-like dermatitis. The
histopathology of the bone marrow lesions is pathogno-
monic with a lymphocytic/plasma cell infiltration without
evidence of suppurative bacterial infection. Possibly
because of its multifactorial nature, the incidence and preva-
lence of the SAPHO syndrome are still unknown (Chow et
al., 1999). The diagnostic features lead to the diagnosis of
CRMO being made more frequently, suggesting a frequency
approaching that of some systemic autoimmune diseases, for
example, scleroderma estimated to be 0.04%. Cases of
“enteropathic CRMO” have been described showing resem-
blances to the enteropathic spondyloarthritides (Huber et al.,
2002). Both diseases show osteoarticular manifestations,
often preceding the gastrointestinal disease. Crohn’s
disease-like lesions may occur throughout the gastrointesti-
nal tract (Greenstein et al., 1976; Schilling and Märker-
Herrmann, 2003).

The number of affected areas in bones and joints in
SAPHO decreases with increasing age of onset. In general,
in half of the cases, patients are affected by an inflammatory
thoracic wall syndrome with an inflammation of the sternum
and neighboring joints (Dihlmann et al., 1997). A primary
chronic osteomyelitis of the clavicle is very characteristic
and can occur as a single lesion. The axial type of CRMO
affects one or several vertebrae as in sterile spondylitis, pos-
sibly including the disks as a spondylodiscitis. The mandible
may also be affected leading to facial swelling.

FIGURE 33.4 Radiological changes in psoriatic arthritis. Both destruc-
tive and proliferative changes are characteristic. FIGURE 33.5 Palmo-plantar pustulosis in SAPHO syndrome.
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An aseptic inflammation of the bone marrow is revealed
by typical MRI appearances showing inflammatory bone
marrow edema at characteristic bony areas: sternum, clavi-
cle, metaphyses of lamellar bones, pelvis bones, vertebrae,
calcaneus, lower jaw, and others (Kohler et al., 1975; Kawei
et al., 1988; Kahn and Khan, 1994; Kirchhoff et al., 1998),
but the process is not always multifocal. Though rare, 
unifocal bone lesions may be observed most often at the 
clavicle or mandible. The results of laboratory tests are not
characteristic, with variable indications of inflammation at
low levels of activity.

Visceral complications occasionally occur in soft tissues
surrounding the affected bones, clavicle, vertebrae and
pelvis, the area being inflamed, edematous and fibrotic, 
possibly resulting in vascular stenosis, for example, sub-
clavicular in osteitis of the clavicle, pelvic veins due to
retroperitoneal fibrosis caused by osteitis of the iliac bone,
vasculitis due to aortitis between spondylitis and sternal
osteitis, neural inflammation due to brachial plexus neuritis
in spondylitis of the lower cervical vertebrae or intercostal
neuralgia or pleurisy and pericarditis in upper chest osteitis
(Greenstein et al., 1976; Kerem et al., 1989; Kaiser, 1996;
Schilling and Kessler, 2000).

Genetic and Environmental Features

The etiology of the SAPHO syndrome or CRMO is not
known, and it is unclear if any single agent or factor is
involved. Cutaneous lesions common to most patients may
be an etiologic component. Defined genetic factors are still
unclear, especially since neither HLA-B27 nor any other
HLA allele is more prevalent (Kahn and Khan, 1994;
Schilling and Kessler, 1998). Pathogenesis may involve
enthesopathic alterations and has been attributed to
immunologic effects (see below). No infectious agent has
been found in the osteomyelitis of CRMO. However, Pro-
pionibacterium acnes (Kotilainen et al., 1996) is claimed to
be important as a potential antigenic trigger, since in several
cases anaerobic hypovirulent bacteria normally located on
the skin have been observed. Thus, under certain circum-
stances, these organisms may trigger a bone marrow
inflammation so leading to lymphoplasmacellular infiltrates
with a sclerosing and hyperostosis reaction that may lead 
to sclerosing osteomyelitis. This process may determine
CRMO, and so characterize this primarily chronic
osteomyelitis as a reactive osteomyelitis. A “cmo-mouse”
(chronic multifocal osteomyelitis) has been established as an
experimental animal model for CRMO and will provide
further insights into the immunopathogenesis.

Treatment

No specific drug exists for SAPHO syndrome. Treatment
is mainly with NSAIDs or sulfasalazine (Otte et al., 1982).
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Glucocorticoids are indicated only in severe cases. Some
trials have been carried out with various immunomodulat-
ing treatments including anti-TNF-a agents (Wagner et al.,
2002). Methotrexate is frequently tried as an immunosup-
pressive treatment. Antibiotics, especially macrolides, have
also been tried for the treatment of CRMO based on the
assumption that this type of osteomyelitis is caused by an
infection, for example, by P. acnes (Kotilainen et al., 1996).
A frequently observed positive effect of azithromycin in the
treatment of CRMO has suggested that this macrolide also
may have anti-inflammatory and even immunomodulating
effects (Schilling and Wagner, 2000). Therefore, long-term
therapy with azithromycin as the first-line treatment of
CRMO has been proposed. Biphosphonates have also been
used either orally or as an infusion of pamidronat (Guignard
et al., 2002; Marshall et al., 2002).

JUVENILE IDIOPATHIC ARTHRITIS

Juvenile idiopathic arthritis (JIA) is a chronic inflamma-
tory disorder primarily affecting the joints. Diagnosis can 
be difficult because of diversity of symptoms at onset and
course of diseases, and laboratory tests may not be helpful.
Different diagnostic criteria used in the past have hindered
consensus approaches to this disease. However, recently,
JIA has been classified into seven categories, shown below
(Petty et al., 2004). In North America, the term “juvenile
rheumatoid arthritis” was common, whilst European
rheumatologists used “juvenile chronic arthritis.” Hence, the
term “juvenile idiopathic arthritis” (JIA) was introduced as
a diagnostic term generally accepted.

Epidemiology

An incidence for JIA of 13.9 cases per 100,000 per year
was reported, with a female-to-male ratio of 2 : 1. African-
American children are more likely to have a polyarticular
onset than white children, who most often have a pauci-
articular onset, indicating that genetic factors are likely to
contribute to these differences. Overall, JIA appears to be
less common in African-American and Asian populations
than in whites.

Classification

A recent classification of JIA (Petty et al., 2004) in child-
hood defined separate categories of childhood arthritides.
Notably, the common characteristics of JIA have an onset
before age 16 years, and duration of symptoms of at least 6
weeks. In particular, exclusion criteria have been nominated
and are applied as indicated in each of the seven categories
below. These exclusions are:
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a) Psoriasis including psoriasis in a first degree relative;
b) Arthritis in an HLA-B27+ male before the age of 6 

years;
c) Ankylosing spondylitis, enthesitis-associated arthritis,

sacroiliitis in IBD, reactive arthritis, or acute anterior
uveitis in a first degree relative;

d) Repeated positive tests of RF at least 3 months apart;
e) Systemic arthritis.

The subtype categories of JIA are as follows:

1. RF+ polyarthritis with five joints affected in the first 6
months, and exclusion of a, b, c, e;

2. RF- polyarthritis with more than five joints affected in
the first 6 months, and with exclusion of a–e;

3. Systemic arthritis with arthritis and fever (at least 3 
days reaching 39∞C) and one of the following criteria:
exanthema, generalized lymphadenopathy, hepato/
splenomegaly, serositis, and with exclusion criteria 
a, b, c, d;

4. Oligoarthritis is present, with between one and four
joints affected within the first 6 months of illness, and
with exclusion criteria a–e;

5. Enthesitis-related arthritis with two or more of the 
following involved: sacroiliac joint tenderness; 
inflammatory spinal pain; HLA-B27+ family history of
anterior uveitis with pain, spondyloarthritis, or inflam-
matory bowel disease; anterior uveitis associated with
pain, redness, or photophobia; and with exclusion 
criteria a, d, e;

6. Psoriatic arthritis with arthritis and/or psoriasis and at
least two of the following: positive family history of 
psoriasis in a first degree relative, and dactylitis or 
characteristic fingernail abnormalities, e.g., pitting or
onycholysis, and with exclusion criteria: b–e;

7. Other arthritides which comprises patients who do not
fulfill criteria for categories 1–6.

It is obvious that this nomenclature is far from complete,
or informative on pathogenesis. Thus, there are children 
who do not fit into any particular category, or whose fea-
tures overlap those of more than one category, and, there-
fore, category 7 has been introduced. Careful explanations
should avoid any confusion, and the children with overlap-
ping manifestations should be informed of the diagnosis of
JIA.

Pathogenesis

The etiology and pathogenesis of JIA remains uncertain,
although genetic factors, immune mechanisms and environ-
mental influences are considered to be of importance.
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Genetics

Familial predisposition

It is of interest, and in contrast to accepted autoimmune
disorders, that there is no family clustering with multiple
affected members.

Major histocompatibility genes

• Early-onset oligoarticular JIA is associated with various
HLA class II DR and DP alleles, such as HLA-DR8,
DR11, DR13, DPw2, whereas HLA-DR4 and HLA-DR7
were found very infrequently. Patients who are heterozy-
gous for HLA-DR5/HLA-DR8 have an enhanced risk for
uveitis;

• Polyarticular onset, RF- JIA has risk conferred by HLA-
DPw3;

• RF+, polyarticular JIA has an HLA-DR4 association:
HLA-DRB1*0401 and HLA-DRB1*0101;

• Systemic onset JIA is associated with HLA-DR4;
• HLA-B27 associated forms of JIA can be triggered by

bacteria.

Environment

Environmental agents are suspected to trigger JIA sub-
types but none has been identified so far. Infectious agents
have been suggested in particular, but there is also no solid
evidence for any particular bacterial or viral trigger.

Immunologic Features

Immunoglobulins

The serum level of immunoglobulins is elevated in many
patients with JIA, and those with polyarticular and systemic
disease usually have higher levels than those with oligoar-
ticular JIA.

Rheumatoid factor

Rheumatoid factor is infrequently detected in patients
with early JIA, but its frequency increases in cases with later
onset of the disease, and in longstanding JIA.

Antinuclear antibodies

The reported range of frequency of antinuclear antibod-
ies (ANAs) in JIA patients is very wide: 5–90%, depending
on the clinical subtype. Antinuclear antibodies are uncom-
mon in systemic-onset disease but occur in over 50% of
cases in oligoarticular JIA. Positivity for ANAs indicates a
higher risk of chronic anterior uveitis. Whether the fine
specificity of ANAs in uveitis is closely correlated with
uveitis, remains uncertain. Overall antibodies to identified
nuclear proteins, including Ro, La, centromeric proteins,
topoisomerase (Scl-70), or double-stranded DNA are not
characteristic of JIA and do not show an increased incidence.
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Immune Complexes

Abnormal antibody production and defects in clearance
by the reticuloendothelial system may result in an increased
concentration of circulating immune complexes in serum
and synovial fluid, possibly resulting in the induction of
autoantibodies.

Complement Activation

No association has been identified between clinical 
activity of JIA and complement activation. However, it is
considered to be involved in tissue damage. Here the com-
plement activation cascade (C1–C5) participates in a
number of inflammatory processes by releasing anaphyla-
toxins, while the terminal cascade results in the formation
of the cytolytic macromolecular complex.

Cytokines

Tumor necrosis factor-a, IL-1b, IL-6, and IL-15 have
been identified as important proinflammatory cytokines in
JIA synovium indicating their pivotal role in the disease, and
the likely role of T-cell activation, but the provocation for
this is unknown.

LYME DISEASE (LYME BORRELIOSIS)

The disease was named after the town of Old Lyme, Con-
necticut, where in 1975 an accumulation of arthritis cases
occurred in children of a rural community. These originally
were suspected to be juvenile chronic polyarthritis, but a 
surveillance study revealed that 25% of patients had had an
erythema migrans and recalled a tick bite prior to the devel-
opment of arthritis. Erythema migrans had been known to
be caused by an infective organism transmitted by ticks
since 1910 (Afzelius, 1910). Moreover, an association of
erythema migrans with neurologic features including a
sensory radiculitis (Garin-Bujadoux, 1922) was also long
known—features described by Bannwarth (1944) with pain,
paresthesias, Bell’s palsy, and lymphocytic pleocytosis of
cerebrospinal fluid. In addition to arthritis, skin, and 
neurologic symptoms, the novel symptoms of the disease
included cardiac conduction abnormalities. In 1981,
Burgdorfer isolated a spirochete from ticks in an endemic
area. This spirochete could also be cultured from skin,
blood, and cerebrospinal fluid from patients with Lyme
disease and was named Borrelia burgdorferi (Burgdorfer 
et al., 1982).

Clinical, Pathologic, and 
Epidemiologic Features

Epidemiology

Lyme borreliosis is the most common vector-borne
disease in the USA, Europe, and parts of Asia, with annual
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reported incidences exceeding 100 cases per 100,000 inhab-
itants in certain areas (Huppertz et al., 1999). Approximately
15,000 cases of Lyme disease are reported in the USA annu-
ally (CDC 2000; Steere, 2001).

Etiology

Lyme disease is caused by B. burgdorferi sensu lato, 
a gram-negative spirochete. B. burgdorferi undergoes
enzootic cycles between ixoid ticks, Ixodes ricinus in
Europe and Ixodes scapularis and Ixodes pacificus in the
USA, and small mammalian reservoirs. B. burgdorferi sensu
lato is quite heterogeneous, and currently 11 different 
Borrelia species have been isolated from ticks. At least three
species are pathogenic in humans: B. burgdorferi sensu
stricto, Borrelia garinii, and Borrelia afzelii. In the USA,
only B. burgdorferi sensu stricto occurs (Fraser et al., 1997;
Steere, 2001), whereas all three species can be found in
Europe (Berglund et al., 1995; Huppertz et al., 1995; 1999;
Steere, 2001; Lünemann et al., 2001). These different
species preferentially invade different organs (organotro-
pism), which may partly explain the different clinical fea-
tures of Lyme disease in the USA compared with Europe.

Clinical Manifestations

Although Lyme disease is usually grouped into three
stages (early, stage 1; weeks after the tick bite, stage 2; or
months-to-years after the tick bite, stage 3), earlier stages
may be skipped, missed by the patients, or may overlap.
Nevertheless, pragmatically, it is valid to allocate patients to
these stages and to discriminate between early localized
disease (erythema migrans), acute disseminated disease
(neurologic or non-neurologic with carditis) and chronic
disease (arthritis, acrodermatitis).

Early Lyme disease has two features: first, the character-
istic erythema migrans (Figure 33.6), and second, systemic
constitutional signs with low-grade fever, ‘flu’-like symp-
toms, arthralgias, malaise, headaches, and paresthesias,
which may accompany erythema migrans or occur without
a recognized skin lesion. Erythema migrans starts as a red
macula or papule at the site of the tick bite. After an incu-
bation period of a few days up to 8 weeks, the lesions grad-
ually expand, sometimes reaching a large size. Even without
antibiotic treatment, erythema migrans will resolve within
4–12 weeks; however, in many cases bacteria will persist at
other sites and will cause subsequent Lyme manifestations.
An additional dermatologic manifestation in the early phase
is the lymphocytoma cutis, especially in Europe, usually
presenting as a purplish nodule at the ear lobe, the nose, the
forehead, or the nipple.

In a minority of patients (about 15%), typical neurologic
symptoms develop within weeks or months after the tick bite
(Eskow et al., 2001); these are cranial neuropathy most 
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commonly involving the facial nerve, meningitis especially
in children, and radiculoneuropathy alone or in combination.
The rare manifestations of chronic neurologic Lyme disease
occurring months to years after infection include demyeli-
nating encephalopathy or myelopathy, chronic encephalopa-
thy, peripheral polyneuropathy and transverse myelitis
(Pachner et al., 1989; Eskow et al., 2001; Steere, 2001).

Lyme carditis is a rather rare entity occurring in 5–8% 
of patients (Steere et al., 1980). It belongs to stage 2 of the
disease, frequently occurring after a preceding erythema
migrans. Many patients also have neurologic symptoms and
arthralgias. Typical manifestations are conduction abnor-
malities with varying degrees of atrioventricular block, right
or left bundle block, atrial fibrillations, or tachycardias. Rare
incidences of a chronic Lyme carditis have been described
resulting in cardiomyopathy even with a fatal outcome
(Steere, 2001).

In the USA, about 60%, and in Europe a much lesser pro-
portion of untreated patients, develop arthritis usually weeks
to years after the initial infection. Nevertheless, the onset of
arthritis is acute, making discrimination from other acutely
occurring arthritides difficult. The clinical course is usually
intermittent with acute attacks, with transient apparent
“remissions” and left untreated may go on for months and
years (Shadick et al., 1999; Kalish et al., 2001; Karkkonen
et al., 2001). In most cases, there is a mono- or oligoarticu-
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lar course predominantly affecting the knees, ankles, and
sometimes elbows, usually with massive effusions. There
may be no overt arthritis with the disease characterized by
nonspecific arthralgias, myalgias, and periarticular pain,
with distinction difficult from functional syndromes and
fibromyalgia, especially in seropositive individuals living in
endemic areas (Shapiro and Gerber, 2000; Burmester et al.,
2002).

Chronic borreliosis of the skin is rare in the USA, but
frequent in untreated European patients. Acrodermatitis
chronica atrophicans (ACA) occurs more than 12 months
after the initial infection and is characterized by a unilateral
extended distal atrophic skin lesion frequently preceded by
an edematous violaceous stage (Figure 33.7).

Pathogenic Mechanisms

Upon transmission, the spirochetes B. burgdorferi invade
several host tissues. They first encounter cells of the innate
immune system predominantly polymorphonuclear cells and
macrophages, but also innate T cells, natural killer (NK) and
gd-T cells as a first line of defense (Kamradt and Mitchison,
2001; Burmester et al., 2002). Binding of B. burgdorferi
lipoproteins to Toll-like receptors induces a variety of pro-
inflammatory mediators that account for the inflammatory
reaction in the infected host tissue. There is also a strong 
but delayed adaptive immune response by B and T cells.
Despite these innate and adaptive immune responses, about
80% of infected persons develop a systemic disease, with
several properties of the spirochetes as well as host factors
involved.

The pathogenesis of chronic persistent Lyme disease is
still a matter of debate. Most patients with Lyme arthritis
recover completely after antibiotic therapy; however, in
some 10% of patients, inflammation persists even after

FIGURE 33.6 Erythema migrans.

FIGURE 33.7 Acrodermatitis chronica atrophicans of the right hand.

Ch033-P595961.qxd  1/27/06  8:29 PM  Page 448



repeated courses of antibiotic therapy. Both persistent infec-
tion and induction of immunopathology by the spirochetes
are currently discussed. A persistent infection is favored by
isolation of spirochetes even at late stages of disease from
involved tissues, for example, from acrodermatitis chronica
atrophicans tissue after 10 years. Also by polymerase chain
reaction (PCR), the B. burgdorferi genome could be detected
in synovial tissue (Priem et al., 1998; Lünemann et al.,
2001). Further, ultrastructural studies of synovial mem-
branes from patients with chronic arthritis, and use of a
three-dimensional in vitro model of Lyme arthritis, showed
spirochetes not only in tissues with a low turnover rate, 
such as within bundles of collagen fibers, but also within
macrophages and resident synovial fibroblasts (Franz et al.,
2001).

On the other hand, in chronic therapy-resistant Lyme
arthritis, the histologic lesions of affected synovial tissues
resemble those of rheumatoid arthritis. Thus, together with
the rare isolation of viable spirochetes from patients with
chronic disease, the unresponsiveness to antibiotic treatment
and the association with HLA DR4 and DR2 point towards
an immunopathogenesis induced by the spirochetes. Hence,
cross-reactivity between the outer surface protein A (OspA)
of the spirochete and a self-antigen is discussed as cause of
treatment-resistant Lyme arthritis. An alternative explana-
tion for the development of treatment-resistant Lyme arthri-
tis would be a hypersensitivity reaction that develops to
traces of persistent antigen. Cytokines produced by cells of
the innate immune system, including IL-1, IL-6, IL-10, IL-
11, IL-12, IL-17, and TNF-a have all been implicated in the
generation of arthritis severity in patients or animal models.
Altogether, it is likely that non-antigen-specific mechanisms
mediate, perhaps in synergy with antigen-specific mecha-
nisms, the immunopathology that finally leads to treatment-
resistant Lyme arthritis in susceptible patients.

Treatment and Outcome

All clinical manifestations of Lyme borreliosis should be
treated with antibiotics as early as possible to shorten the
clinical course and prevent the progression of the disease
(for guidelines see URL http://www.dis.strath.ac.uk/vie/
LymeEU). Amoxicillin, doxycycline and third-generation
cephalosporins are the drugs of choice (Nadelmann and
Wormser, 1998; Sigal, 1998; Shapiro and Gerber, 2000;
Steere, 2001). In patients with persistent symptoms, a
second parenteral antibiotic should be given, again follow-
ing recommended guidelines. Using such approaches, the
prognosis of Lyme disease is excellent, with almost all early
infections cured rapidly without sequelae. In later disease
stages, especially in Lyme arthritis, symptoms often disap-
pear slowly, and clinical improvement is observed only
several weeks after therapy. However, approximately 10%
of patients with Lyme arthritis in the USA and probably a
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smaller percentage of patients in Europe do not respond suf-
ficiently even to repeated courses of antibiotics. The patho-
genesis of this so-called treatment-resistant Lyme arthritis is
not fully elucidated but infection-induced immunopathology
seems most likely. It is not easily claimed that persistent
Lyme disease is truly autoimmune in its origin.

CONCLUDING REMARKS—
FUTURE PROSPECTS

The spondyloarthritides and related diseases including
psoriatic arthritis and the SAPHO syndrome are among the
most fascinating rheumatic diseases, since they clearly
demonstrate the close interplay of manifestations of the skin,
the gut, the musculoskeletal system, and the immune
system, especially with regard to the HLA complex. Long
neglected, particularly because rheumatologists had little to
offer, increasing awareness has been raised because of new
treatment options, utilizing biologic therapy. We now rec-
ognize that these diseases are no longer rare, that they rep-
resent an enormous burden to the patients affected, and 
that they offer excellent opportunities to learn more about
disease mechanisms in general. Despite, however, several
decades of research, the riddles of the role of the HLA-B27
molecule and the triggering events of infections still remain.
Even in Lyme borreliosis with its clearly defined causative
microbial organism, important questions still remain, such
as why only a minority of patients develop the disease after
infection and why the courses differ so tremendously in indi-
vidual patients. The next years will witness important new
developments addressing these problems certainly leading
to better lives for our patients.
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Polymyositis (PM) and dermatomyositis (DM) are often
categorized as “dysimmune myopathies” or “idiopathic
inflammatory myopathies.” The third member of this hetero-
geneous group of diseases is inclusion-body myositis (IBM).
It is presently thought that PM is a T-cell mediated, pre-
sumably autoimmune disorder, whereas DM is an antibody-
mediated vascular disorder. In contrast, it appears that the
inflammatory changes observed in IBM are secondary to an
unknown primary (degenerative, metabolic, infectious, or
other) process. Therefore, while IBM was included in the
Third Edition of this book, we elected not to include it in
this chapter. The authors have drawn on material published
in review form by Engel and Hohlfeld (2004) in assembling
this chapter.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

In both PM and DM, proximal muscles are usually 
symmetrically affected. Respiratory, pharyngeal and neck
muscles may be involved during later stages (Dalakas and
Hohlfeld, 2003; Engel and Hohlfeld, 2004). Up to 50% of
patients suffer from muscle pain or arthralgia. The history,
clinical symptoms and signs, elevated serum levels of
muscle enzymes, electrophysiological changes, and histo-
logic findings together provide the basis for the diagnosis.
The main diagnostic criteria and features of the different
inflammatory myopathies are compared and summarized in
Table 34.1. Some characteristic histologic features of DM
and PM are shown in Figures 34.1 and 34.2, respectively.

Pure polymyositis is probably an overdiagnosed entity.
At one extreme, represented by a recently published series
of Dutch cases, only very few cases (less than 5%) were
diagnosed as PM (van der Meulen et al., 2003). At the other
extreme, application of the now obsolete Bohan and Peter
criteria (Bohan and Peter, 1975a; 1975b) will lead to an
overdiagnosis of PM, because these criteria ignore the
immunohistologic characteristics of PM, DM, and IBM
(Dalakas and Hohlfeld, 2003).

Characteristic skin changes may accompany the muscle
weakness in DM. These include heliotropic erythema of the
eyelids, cheeks, and trunk; chronic skin lesions with depig-
mentation and hyperpigmentation; painfully dilated capil-
laries at the base of the fingernails; erosions of the knuckles
(Gottron’s sign); dry and cracked skin of palms and fingers
(“mechanic’s hands”); subcutaneous calcifications in later
stages (mainly juvenile DM); and cutaneous or intestinal
ulcerations as a sign of generalized vascular injury (mainly
juvenile DM).

Polymyositis and Dermatomyositis
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Laboratory Markers of Muscle Fiber Injury

Of the enzymes released as a consequence of muscle fiber
injury, the serum concentration of creatine kinase (CK) pro-
vides the best estimate of the extent of muscle damage and
clinical activity. Both BB and MM isozymes may be ele-
vated in myositis. Creatine kinase levels can be elevated up
to 50 times normal in active disease phases of PM and adult
DM. In contrast, the erythrocyte sedimentation rate is not a
reliable parameter for disease activity and is normal in half
of the patients.

Systemic Involvement

In both PM and DM, cardiac involvement with electro-
cardiography (ECG) changes, pericarditis, cardiomyopathy,
or heart failure can occur during all stages of the disease.
Pulmonary complications can be secondary to aspiration or
a restrictive ventilatory defect (if the pharyngeal or respira-
tory muscles are affected). Further, approximately 10% of
patients with PM or DM develop interstitial lung disease.
Approximately 50% of these patients produce autoanti-
bodies directed against histidyl transfer RNA (tRNA) syn-
thetase, so-called Jo-1 antibodies. Interstitial lung disease
predicts a severe course and poor prognosis (see section on
“Immunologic markers”).
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Association with Malignancy

The exact nature of the relationship between malignancy
and myositis has created continued controversy. Most of 
the evidence points toward an association between DM 
and malignancy. The relation with PM seems to be weaker
(Yazici and Kagen, 2000). The weight of the available infor-
mation suggests that a temporal association exists between
DM/PM and malignancy over a period of about 2 years, 
and that the risk of malignancy in that period is increased
several-fold. Although the types of malignancy seen in 
DM and polymyositis are similar to those in the general
population, ovarian cancer seems to be more common in
DM. Most experts recommend that otherwise asymptomatic
patients with DM/PM have an age-specific examination for
occult malignancy. All suggestive symptoms or clinical
clues should be evaluated thoroughly (Yazici and Kagen,
2000).

In the absence of malignancy, 5-year survival rates 
of 70–90% have been reported (reviewed by Engel and
Hohlfeld, 2004). Indicators for a poor prognosis include
increased age, extramuscular organ involvement (heart,
lung, pharyngeal muscles), acute onset of the disease, malig-
nancy, and late or insufficient treatment. Functional recov-
ery is best if treatment is started within the first 6 months of
the disease.

TABLE 34.1 Clinical and diagnostic criteria of polymyositis, dermatomyositis and 
inclusion-body myositis

Polymyositis Dermatomyositis Inclusion Body Myositis

Age at manifestation >18 years Any age, two peaks: 5–15 and 45–65 >50 years
years

Female :male ratio 2 :1 2 :1 1 :3

Muscle involvement Proximal symmetrical Proximal symmetrical Distal to proximal, asymmetrical

Atrophy + (+) ++
Muscle pain (+) + (+)

Serum creatine kinase Elevated up to 50-fold Normal to 50-fold elevated Normal to 10-fold elevated

Electromyography Myopathic Myopathic Myopathic and mixed large units

Muscle biopsy Peri- and endomysial infiltrate, Perifascicular atrophy +/- infiltrate Prominent endomysial infiltrate, atrophic 
invasion of MHC I+ fibers (perivascular and perifascicular) fibers, “rimmed vacuoles”, congophilic 

inclusions

Immunohistochemistry Autoinvasive CD8+ T cells, B cells, macrophages CD4+ T cells Autoinvasive CD8+ T cells, b-amyloid, 
macrophages prion-protein, and others in vacuolated 

fibers; enhanced aB-crystallin expression 
in numerous nonvacuolated fibers

Electronmicroscopy Tubulovesicular inclusions in capillary Helical filaments, fibrils
endothelium; necrotic endothelial 
cells; platelet-fibrin thrombi in
capillaries

+, present; -, absent; (+), weak or inconsistent.
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Principles of Treatment

The aims of therapy are to improve the ability to carry
out activities of daily living. There have been relatively few
controlled clinical trials. Overall, DM responds better to
immunosuppressive treatment than PM. Corticosteroids
remain the first-line immunomodulatory treatment both in
DM and PM. Often it becomes necessary to add an immuno-
suppressive drug like azathioprine or methotrexate. Intra-
venous immunoglobulin was shown to be effective in DM
and may be effective in a proportion of patients with PM. 
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In severe, otherwise treatment-resistant cases, additional
immunosuppressive agents, including cyclosporine, chlor-
ambucil, and cyclophosphamide need to be considered. A
more detailed discussion of the treatment of PM and DM
may be found in Dalakas and Hohlfeld (2003) and Engel and
Hohlfeld (2004).

AUTOIMMUNE FEATURES

The pathophysiological concepts of PM and DM rest
mainly on morphologic, especially immunohistochemical
studies. The latter are described in more detail in the next
section. In essence, in PM there is a conspicuous endomysial
inflammatory exudate containing mainly CD8+ T cells and
macrophages that surround and focally invade non-necrotic
muscle fibers (Figure 34.3). Immunoelectron microscopy
demonstrated that CD8+ T cells and macrophages traverse
the basal lamina; focally compress the fiber; and ultimately
replace entire segments of muscle fiber (Arahata and Engel,
1986). All of the invaded fibers and some noninvaded fibers,
express increased amounts of HLA-class I, but not class II
molecules (reviewed in Hohlfeld and Engel, 1994; Engel
and Hohlfeld, 2004). By contrast, normal muscle fibers do
not express detectable amounts of HLA class I or class II
antigens. Taken together, these observations are consistent
with an HLA class I-restricted CTL-mediated response
against antigen(s) expressed on muscle fibers in PM. Con-
sistent with this hypothesis, CD8+ T cells expanded from
muscle of patients with different inflammatory myopathies
may show low but significant cytotoxicity against auto-
logous cultured myotubes (Hohlfeld and Engel, 1994).

A

B
FIGURE 34.1 A, Perifascicular atrophy in dermatomyositis muscle.
Atrophic muscle fibers are located at the periphery of a muscle fascicle.
This is a typical, even diagnostic feature of dermatomyositis. It reflects
chronic ischemia of peripheral muscle fibers, due to an underlying vascu-
lopathy (H&E stain). B, C5b9 membrane attack complex (MAC) deposits
(green) on capillaries (red) in dermatomyositis. The capillaries are visual-
ized with the lectin Ulex Europaeus agglutinin 1 and MAC with a mono-
clonal antibody. The MAC deposits appear on and surround the capillaries.
The capillary density is markedly decreased and the remaining capillaries
are dilated. See color plate section.

FIGURE 34.2 Dense endomysial inflammatory infiltrate in polymyosi-
tis muscle. Invasion of non-necrotic muscle fibers by CD8+ T cells and
macrophages is one of the hallmarks of polymyositis. The large fiber just
right from the middle is invaded by a cluster of inflammatory cells (arrow;
Gomori trichrome stain). See color plate section.
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In DM, perifascicular atrophy is a highly characteristic
microscopic feature, which is due to degeneration of muscle
fibers at the periphery of muscle fascicles secondary to
microvascular damage (see Figure 34.1). Quantitative mor-
phologic analyses suggest that the depletion of capillaries is
one of the earliest changes in DM. Immunofluorescence
studies revealed the deposition of complement in or around
microvascular endothelium in a significant proportion of
capillaries (reviewed by Mendell et al., 1996). These 
observations support the concept that an antibody- or
immune-complex-mediated response against a vascular-
endothelial component is a primary pathogenetic mecha-
nism in DM.

In juvenile inflammatory myopathies, especially juvenile
DM, maternal chimerism has been implicated in the patho-
genesis (Artlett et al., 2000; Reed et al., 2000). In one study,
the families of 15 boys with DM were investigated for
chimerism by polymerase chain reaction (PCR). Chimerism
was noted in 13 of the 15 affected children with DM, com-
pared with 5 of 35 siblings (Reed et al., 2000). Maternal cells
among peripheral blood mononuclear cells were detected in
11 of the 15 boys, compared with 5 of 17 unaffected con-
trols, and in muscle tissue of 12 of 15 compared with 2 of
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10 unaffected siblings (Reed et al., 2000). Very similar
results were obtained in another study (Artlett et al., 2000).
Microchimerism could induce graft-versus-host reactions,
which could manifest as autoimmune disease. For example,
chimeric cells of fetal origin were identified in skin lesions
and peripheral blood of women with systemic sclerosis
(Artlett et al., 1998).

Immunohistologic Features of Polymyositis
and Dermatomyositis

A number of studies have investigated the expression of
inflammatory molecules such as cytokines, matrix metallo-
proteases, adhesion molecules, and costimulatory molecules
in the different inflammatory myopathies (reviewed in
Hohlfeld et al., 1997). Despite some discrepancies between
the different studies, which are probably explained by
methodologic aspects, it is safe to conclude that inflamma-
tory cells, muscle fibers and endothelial cells express a
complex array of different inflammatory mediators, adhe-
sion and costimulatory molecules (Figarella-Branger et al.,
2003). The local production of soluble mediators likely
induces the expression of cell interaction and adhesion 
molecules in various cellular components of muscle tissue.

A crucial prerequisite for immunologic interaction
between muscle fibers and inflammatory T cells is the
expression of major histocompatibility complex (MHC, also
called HLA) molecules. Muscle fibers normally do not
express detectable amounts of MHC class I or II molecules.
However, classical studies by the groups of George Karpati
(Karpati et al., 1988; Karpati and Carpenter, 1993) and
Andrew Engel demonstrated that MHC class I is strongly
upregulated in pathologic conditions, especially inflamma-
tory myopathies. In principle, muscle fibers also seem to 
be capable of expressing MHC class II (HLA-DR) antigen,
although to a lesser extent (Bartoccioni et al., 1994; Inukai
et al., 2000). Recently, the expression of a “nonclassical”
HLA class I molecule (HLA-G) has been demonstrated in
muscle of patients with PM, DM, and IBM (Wiendl et al.,
2000).

In PM, the endomysial inflammatory infiltrate is typically
dominated by CD8+ T lymphocytes, which surround, invade
and eventually destroy muscle fibers (see Figure 34.3). In a
rare subtype of PM, the infiltrate consists of gd T lympho-
cytes (Hohlfeld et al., 1991). In contrast to non-inflamed
muscle, the invaded muscle fibers express HLA class I mol-
ecules. This is a prerequisite for the immunologic interaction
with CD8+ T cells. The different stages of CTL-mediated
myocytotoxicity were analyzed by immunoelectron
microscopy (Arahata and Engel, 1986). Initially, CD8+ cells
and macrophages abut on and send spike-like processes into
non-necrotic muscle fibers. Subsequently, an increasing
number of CD8+ cells and macrophages traverse the basal
lamina and focally replace the fiber.

FIGURE 34.3 Schematic representation of a focal endomysial inflam-
matory infiltrate in polymyositis muscle. T cells focally surround and
invade a non-necrotic muscle fiber. The majority of the autoinvasive T cells
are CD3+CD8+. Many of the autoinvasive T cells are activated, as indicated
by their expression of MHC class II (HLA-DR) antigen (MHC II+). All
invaded muscle fibers, and some that are noninvaded, show surface reac-
tivity for MHC class I. The autoinvasive T cells express the cytotoxic effec-
tor molecule perforin, which is oriented towards the zone of contact with
the invaded muscle fiber.
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Approximately one-third of all autoinvasive cells and
about one-half of the CD8+ autoinvasive T cells is HLA-
DR+, suggesting that they have been activated (Engel and
Arahata, 1984). The vast majority of the inflammatory CD4+

and CD8+ T cells display the phenotype of memory T cells,
that is, they express the RO isoform of the leukocyte
common antigen CD45 (De Bleecker and Engel, 1995). The
intensity of the CD45RO signal was similar in all CD8+ T
cells regardless of their position relative to the invaded
muscle fiber surface. A similar expression pattern was noted
for the leukocyte function-associated antigen 1 (LFA-1) (De
Bleecker and Engel, 1994; Iannone et al., 1996). The LFA-
1 (CD11a/CD18) is a b2 integrin that has a key role in medi-
ating leukocyte adhesion to endothelium and T-cell adhesion
to target cells. Intercellular adhesion molecule 1 (ICAM-1),
a ligand of LFA-1, was upregulated especially on T cells in
the vicinity of invaded muscle fibers, suggesting that the
expression of CD45RO and ICAM-1 is differentially regu-
lated (De Bleecker and Engel, 1994). Indeed, LFA-1 is
mainly constitutively expressed, whereas ICAM-1 is widely
inducible on B and T cells. Taken together, these results
establish that the autoaggressive (autoinvasive) T cells in 
the inflammatory lesions of PM and IBM muscle represent
activated CD8+ memory T cells.

In contrast to PM, perivascular and perifascicular 
infiltrates consisting predominantly of B lymphocytes,
macrophages, and CD4+ T lymphocytes prevail in DM.
Immunohistochemistry shows immune complexes and
C5b9-complement (membrane attack complex) on small
blood vessels, suggesting a humoral immune effector mech-
anism (Mendell et al., 1996; Emslie-Smith and Engel, 1990).
The immune processes affecting the muscle microvascula-
ture lead to a reactive proliferation of endothelial cells and
a reduction of muscle capillaries. Focal capillary depletion,
with marked reduction of the capillary density, can be
observed in DM specimens with minimal structural alter-
ations, suggesting that the capillaries are an early and spe-
cific target of the disease process (Emslie-Smith and Engel,
1990). Electron microscopy demonstrates tubulovesicular
inclusions in endothelial cells. Capillary changes are thought
to be the cause of the characteristic perifascicular muscle
fiber atrophy in DM. Perifascicular atrophy is diagnostic for
DM, even in the absence of an inflammatory infiltrate. As in
PM, the molecular target of the presumed humoral auto-
immune reaction in DM has not yet been defined.

T-Cell Repertoire Studies

The characteristic lesion of PM has several features that
make it an ideal paradigm to study CD8+ T-cell-mediated
immunopathology (see Figure 34.3). First of all, the muscle
fiber target cells can be readily distinguished from the effec-
tor T cells. Secondly, different populations of inflammatory
T cells can be discerned: one population, which deeply
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invades muscle fibers (the autoaggressive or autoinvasive T
cells), and another, which remains in interstitial areas and,
therefore, seems to represent regulatory or bystander cells
(the interstitial T cells).

To address the question whether the two morphologically
defined T-cell populations represent distinct clones, Bender
et al. (1995) combined two independent PCR techniques
with immunohistochemistry to characterize the T-cell recep-
tor repertoire. The results show that the T-cell repertoire of
the autoinvasive T cells is distinct from the repertoire of the
interstitial T cells (see Figure 34.3). These findings are con-
sistent with the results of previous studies, which however
did not combine sequence with histologic analysis of T-cell
receptor (TCR) Vb expression (Mantegazza et al., 1993;
Lindberg et al., 1994; O’Hanlon et al., 1994). Differences in
TCR usage in the different studies presumably reflect dif-
ferences between individual patients, for example, different
HLA types.

More recently, clonal expansions of CD8+ T cells were
identified in muscle and blood of polymyositis patients by
PCR techniques including TCR complementarity determin-
ing region 3 (CDR3) length analysis (spectratyping). To
examine a possible pathogenic role of these clonally
expanded T cells, CDR3 spectratyping was combined with
laser-microdissection and single-cell PCR of individual
myocytotoxic T cells that contact, invade, and destroy a
skeletal muscle fiber (Hofbauer et al., 2003). First, cDNA
from muscle biopsy specimens was screened by CDR3-
spectratyping for expanded TCR BV sequences. To pinpoint
the corresponding T cells in tissue, cryostat sections were
stained with appropriate anti-TCR BV monoclonal anti-
bodies (mAbs), isolated single BV+ T cells that directly 
contacted or invaded a muscle fiber by laser-assisted
microdissection and amplified their TCR BV chain
sequences from rearranged genomic DNA. In this way the
oligoclonal peaks identified by CDR3 spectratype screening
could be related to morphologically characterized micro-
dissected T cells. In one patient, a large fraction of the
microdissected T cells carried a common TCR-BV amino-
acid CDR3 motif and conservative nucleotide exchanges in
the CDR3 region, suggesting an antigen-driven response. In
several cases, these T-cell clones could be tracked for several
years in CD8+ (but not CD4+) blood lymphocytes, and, in
two patients, also in consecutive muscle biopsy specimens.
During immunosuppressive therapy, oligoclonal CDR3
spectratype patterns tended to revert to more polyclonal,
Gaussian distribution-like patterns (Hofbauer et al., 2003).
The findings demonstrate that CDR3 spectratyping and
single-cell analysis can be combined to identify and track
autoaggressive T-cell clones in blood and target tissue.

A possible clue to the nature of the suspected autoanti-
gen(s) was provided by the discovery of a rare variant of
PM. In this variant, CD3+CD4-CD8-TCRgd+ T cells sur-
rounded and invaded non-necrotic muscle fibers in the same
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way as CD3+CD8+TCRab+ T cells in the more common
forms of PM (Hohlfeld et al., 1991). The autoaggressive
myocytotoxic gd T cells were essentially monoclonal, 
and expressed an unusual Vg3Jg1Cg1-Vd2Jd3Cd disulfide-
linked TCR (Pluschke et al., 1992). In gd T-cell-mediated
PM, all muscle fibers expressed MHC class I antigen and
showed intense reactivity with a monoclonal antibody spe-
cific for the 65 kDa heat shock protein (hsp) (Hohlfeld et al.,
1991). One possible implication of the striking co-localiza-
tion of gd T cells with the 65 kDa hsp is that the autoinva-
sive gd T cells recognize hsp determinants on muscle fibers.
Presently, however, the target autoantigens of this autoreac-
tive human gd T-cell receptor remain unknown, although it
has been formally demonstrated that the TCR recognizes a
muscle-associated autoantigen in a CDR3-dependent, MHC
non-restricted way (Wiendl et al. 2002).

GENETIC FEATURES

There are numerous reports on the association of certain
HLA haplotypes with subgroups of myositis (reviewed in
Engel and Hohlfeld, 2004). In white people, there is an asso-
ciation with HLA-B8 with childhood DM and adult PM.
This is attributed to the association of HLA-B8 with HLA-
DR3 (which is linkage disequilibrium with HLA-B8). Child-
hood DM is also associated with HLA-DQA1*0501 on
non-DR3 haplotypes. Different HLA associations have been
documented in different ethnic groups. Interestingly, when
patients are analyzed according to patterns of autoantibody
production, additional associations emerge (Engel and
Hohlfeld, 2004). Despite these observations, however, the
evidence is still too fragmentary to identify primary sus-
ceptibility HLA alleles for specific types of inflammatory
myopathy, and likely the HLA associations only partially
account for the genetic risk.

AND MODELS

Animal Models of Myositis

Inflammatory and necrotizing lesions of muscle were
experimentally induced in various animal species by the
injection of Freund’s complete adjuvant and homogenates 
of muscle or muscle protein preparations (Dawkins 1965;
1975; Uemura 1969; Webb, 1970a; 1970b; Currie, 1971;
Morgan et al., 1971; Esiri and MacLennan, 1974; 1975). The
majority of these models show only limited resemblance to
human polymyositis. The pathologic changes in muscle
usually consist of necrotic and regenerating fibers and
mononuclear infiltrates in the perimysium and endomysium,
particularly at perivascular sites. In some studies, the
changes of experimental myositis were transferred with lym-
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phocytes or serum. These early experiments were conducted
when little or nothing was known about the mechanisms of
antigen recognition and cytotoxicity. Their relevance to the
pathogenesis of any human inflammatory muscle disease is
uncertain.

Several reports described the induction of myositis in the
SJL mouse (Rosenberg et al., 1987; Rosenberg and Kotzin,
1989; Matsubara et al., 1993; Matsubara and Okumura,
1996). However, SJL/J mice spontaneously develop a necro-
tizing myopathy (Hohlfeld et al., 1988). This myopathy is
now known to be caused by a deletion in the dysferlin gene,
defining a natural model for limb girdle muscular dystrophy
(Bittner et al., 1999; Vafiadaki et al., 2001). Inflammatory
changes are not uncommon in some human hereditary
myopathies and muscular dystrophies, including facio-
scapulohumoral muscular dystrophy and dysferlinopathies.
One important lesson from these observations is that, in any
myopathy, the presence of inflammatory changes does not
necessarily imply an (auto)immune pathogenesis but may be
secondary to a metabolic or genetic defect.

A novel transgenic mouse model of myositis was recently
described (Nagaraju et al., 2000b). The authors used a 
controllable muscle-specific promoter system to upregulate
MHC class I expression in skeletal muscles of mice. The
transgenic mice developed an inflammatory myopathy
accompanied by autoantibodies against histidyl-tRNA syn-
thetase, the most commonly observed antibody specificity in
human myositis (Nagaraju et al., 2000b). This model indi-
cates that the sustained upregulation of MHC class I antigen
in a tissue that normally lacks MHC class I may be suffi-
cient to induce T-cell and antibody responses to antigens
expressed in the target tissue.

In another transgenic model, CD8+ T-cell-dependent
myositis develops in non-obese diabetic (NOD) mice made
Th1 cytokine-deficient by expression of an interferon-g
receptor b chain transgene. This suggests that a disturbance
of the normal cytokine balance might be sufficient to trigger
myositis in susceptible animals (Serreze et al., 2003).

An infectious model of myositis has been described in
CBA/J mice infected with Trypanosoma cruzi (Andersson et
al., 2003). In this model, inflammatory infiltrates were pre-
dominantly found in the endomysium and, to a lesser extent,
in perivascular areas. Furthermore, CD8+ T cells invaded
non-necrotic muscle fibers. In this regard, this infectious
mouse model closely resembles human PM.

Models using Cultured Myoblasts

Numerous studies have shown that cultured myoblasts
(myogenic stem cells) can express a variety of immuno-
logically important molecules (Table 34.2). Furthermore,
myoblasts express a surprising number of cytokines and
chemokines (reviewed in Hohlfeld et al., 1997; Figarella-
Branger et al., 2003). For these and other reasons, it seems

In Vitro
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likely that in myositis muscle cells play an active immuno-
logic role in the affected tissue (Hohlfeld and Engel, 1994).
Myoblasts are, therefore, extremely useful for functional
studies of various aspects of the pathogenesis of myositis.
For example, cultured human myoblasts can serve as targets
for cytotoxic CD8+ T cells and other cytotoxic effector cells.
Perhaps even more interesting, myoblasts can present anti-
gens to CD4+ T cells (see below).

Myoblasts can be isolated and purified from muscle
biopsy specimens and expanded in culture (Goebels et al.,
1992). In contrast to fibroblasts, myoblasts express the
cytoskeletal protein desmin and the neural cell adhesion
molecule NCAM (CD56/Leu 19/NKH-1) (Hohlfeld and
Engel, 1994). Myoblasts constitutively express HLA class I
antigens and a low level of lymphocyte function-associated
molecule 3 (LFA-3, CD58). Tumor necrosis factor a (TNF-
a), a cytokine secreted by macrophages, T cells, and natural
killer (NK) cells induces myoblasts to express the ICAM-1
(CD54) (Goebels et al., 1992). Interferon-g, a cytokine
secreted by T cells and NK cells, induces myoblasts to
express HLA-DR and ICAM-1 (Hohlfeld and Engel, 1990;
Goebels et al., 1992). HLA-DP and HLA-DQ are also
inducible by interferon-g but the kinetics of induction and
the levels of expression vary with the different HLA class II
molecules (Goebels et al., 1992).

Cultured myotubes and myoblasts express HLA class I
molecules. This qualifies them as potential targets of CD8+

CTL. Lysis of myotubes by CTL was shown in different
experimental situations. On the one hand myotubes were
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lysed by allogeneic CD8+ CTL lines raised against the allo-
geneic HLA antigens expressed by the myotubes (Hohlfeld
and Engel, 1994). Autologous control myotubes were not
lysed. Lysis involved the recognition of allogeneic class I
HLA antigens, since it was completely blocked by a mono-
clonal antibody against a monomorphic determinant of HLA
class I (Hohlfeld and Engel, 1994). Furthermore, myotubes
were lysed by autologous polyclonal CD8+ T-cell lines
directly expanded from muscle of patients with different
inflammatory myopathies (Hohlfeld and Engel, 1994). The
results obtained in this model system clearly establish that
cultured myotubes are fully susceptible to HLA-class I
restricted lysis by CD8+ CTL. The autoreactive myocyto-
toxicity is consistent with the hypothesis that some of the
CTL isolated from muscle recognize the same antigen on
myotubes in vitro that they recognize on muscle fibers in
vivo.

Antigen presentation to CD4+ T cells depends on the con-
stitutive or induced expression of HLA class II on the pre-
senting cell. Myoblasts can be induced to express HLA class
II by interferon-g (Hohlfeld and Engel, 1990). Highly puri-
fied human myoblasts were tested for their ability to present
various protein antigens to autologous CD4+ T-cell lines spe-
cific for tuberculin, tetanus toxoid or myelin basic protein
(Goebels et al., 1992). Non-induced myoblasts or myoblasts
treated with TNF-a alone could not present any of these
antigens to T cells. However, interferon-g-treated myoblasts
induced antigen-specific T-cell proliferation and were killed
by the T cells only in the presence of the relevant antigen
(Goebels et al., 1992). Antigen-specific lysis was reduced to
a background level by adding the anti-HLA-DR monoclonal
antibody L-243. These results suggest that HLA class II-pos-
itive human myoblasts can act as facultative local antigen-
presenting cells in muscle by providing the signals necessary
to trigger both antigen-specific lysis and T-cell proliferation.
In addition to presentation of exogenous antigens processed
in the classical MHC class II-restricted pathway, human
myoblasts seem to be capable of presenting endogenous
antigen to MHC class II restricted CD4+ T cells (Curnow et
al., 2001).

It is clear from these studies that myoblasts have more
than sufficient immunologic “potential” to qualify them for
local (re)stimulation of memory and effector T cells. It is not
clear, however, to what extent myoblasts can stimulate naïve
(unprimed T cells). Myoblasts do not express the classical
costimulatory molecules  CD80 (B7.1) and  CD86 (B7.2)
(Behrens et al., 1998), but they do express CD40, another
important costimulatory molecule (Behrens et al., 1998;
Sugiura et al., 2000). Furthermore, a subpopulation of
myoblasts express BB-1, a CD80 (B7)-related molecule that
has not been molecularly defined (Behrens et al., 1998). In
addition, myoblasts can express the CD80/CD86 (B7.1/2)
related inducible costimulatory molecule ICOS-L (Wiendl 
et al. 2003c) and the B7-related molecule B7-H1 (Wiendl 

TABLE 34.2 Immunologic properties of human myoblasts

Constitutive Interferon-g-
Surface antigen expression stimulated expression

Differentiation antigen
NCAM-1 (CD56) + +

HLA-molecules
Classical HLA class I (+) +
HLA-DR - +
HLA-DP - +
HLA-DQ - (+)
HLA-G - +

Adhesion molecules
ICAM-1 (CD54) - +
LFA-3 (CD58) (+) (+)

Costimulatory molecules
B7.1 (CD80) - -
B7.2 (CD86) - -
ICOS-L (+) (+)
B7-H1 - +
CD40 + +

+, present; -, absent; (+), weak or inconsistent.
Based on data from Goebels et al., 1992; Michaelis et al., 1993; Behrens

et al., 1998b; Hohlfeld and Engel, 1990; Wiendl et al., 2000; 2003a; 2003b;
2003c.
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et al., 2003b). The presence of these costimulatory mole-
cules further emphasizes the important immunologic role of
myoblasts.

In addition to the classical MHC class I molecules (HLA-
A, -B, and -C), myoblasts can be induced to express the non-
classical HLA-G (Wiendl et al., 2000). HLA-G expression
was first observed in cytotrophoblasts of the human pla-
centa. The full functional potential of HLA-G is not yet
known. Like the classical HLA class I molecules, HLA-G
binds antigenic peptides and CD8. It should, therefore, be
capable of presenting antigenic peptides to T cells in a way
similar to the classical HLA class I molecules. This raises
the possibility that in polymyositis, some of the autoaggres-
sive T cells recognize their antigen in the molecular context
of HLA-G. In addition, HLA-G interacts with different
receptors expressed on various types of lymphocytes, mono-
cytes, and dendritic cells. It is thought that the recognition
of HLA-G induces immunoregulatory functions in these
cells, raising the possibility that HLA-G protects muscle
fibers from attack by certain types of immune cells, includ-
ing T cells and NK cells (Wiendl et al., 2003a). Whether
HLA-G has a protective (anti-inflammatory) or proinflam-
matory role in myositis is unknown.

PATHOGENIC EFFECTOR
MECHANISMS

The precise mechanisms by which muscle fibers are
injured in the different inflammatory myopathies remain to
be defined. In PM (and IBM), there is strong evidence that
muscle fibers are directly attacked by cytotoxic T cells. An
additional possibility is that locally produced soluble inflam-
matory mediators and cytokines exert toxic effects on
muscle fibers.

Cytotoxic T cells can kill by a variety of different mech-
anisms (Barry and Bleackley, 2002). A main pathway of
cytotoxicity is mediated by the secretion of the pore-forming
protein perforin by the cytotoxic T cell. An alternative, non-
secretory pathway relies on the interaction of the Fas ligand
that is upregulated during T-cell activation with the apopto-
sis-inducing Fas receptor on the target cell. In PM, there is
evidence that a perforin- and secretion-dependent mecha-
nism contributes to the muscle fiber injury. Perforin has been
localized in inflammatory T cells by immunohistochemistry
(Orimo et al., 1994; Goebels et al., 1996) and by in situ
hybridization (Cherin et al., 1996). In PM but not DM, the
auto-invasive T cells orient their perforin-containing cyto-
toxic granules towards the target muscle fiber (Goebels et
al., 1996), suggesting that secretion of this cytotoxic effec-
tor molecule contributes to muscle fiber injury.

Perforin is not the only potentially cytotoxic molecule
expressed in inflammatory myopathies. For example,
muscle fibers in myositis display distinct upregulation both
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of inducible and neuronal nitric oxide synthase (NOS) (Tews
and Goebel, 1998). One may speculate that the enhanced
expression of NOS with production of nitric oxide con-
tributes to oxidative stress, mediating muscle fiber damage.
Furthermore, different matrix metalloproteinases (MMPs)
are expressed in PM and DM muscle (Choi and Dalakas,
2000; Kieseier et al., 2001). Matrix metalloproteinases are
zinc-dependent endopeptidases capable of degrading extra-
cellular matrix. MMP-1 (interstitial collagenase) is localized
around the sarcolemma of injured muscle fibers and to
fibroblast-like cells, whereas MMP-9 (gelatinase B) is local-
ized mainly in inflammatory T lymphocytes (Kieseier et al.,
2001). The matrix-degrading action of the MMPs could
directly contribute to muscle fiber injury, or it could facili-
tate the access of cytotoxic factors and cells to muscle fibers.

If perforin is indeed involved in muscle fiber injury, why
does the surface membrane of muscle fibers appear intact at
the light microscopic (Engel and Arahata, 1984) and elec-
tron microscopic (Arahata and Engel, 1986) levels in the
early stages of muscle fiber invasion? Pore-like structures
could not be detected in the sarcolemma of muscle fibers
attacked by T cells in PM (Arahata and Engel, 1986). One
possible explanation is that perforin pores/channels on
nucleated cells in vivo are smaller in size than the pores gen-
erated in vitro on erythrocytes and other target cells by the
addition of purified perforin. Perforin pores containing less
than 10–20 monomers would escape detection by electron
microscopy (Liu et al., 1995). Another explanation for the
lack of morphologically visible muscle cell damage is that
the surface membrane of the muscle fiber is rapidly repaired
at least during the early stages of muscle fiber invasion.
Repair could occur, for example, by shedding or endo-
cytosis of pore-damaged membrane (reviewed in Henkart,
1994).

It is interesting to note that the volume of a 25-mm-long
and 50-mm-wide muscle fiber is nearly 28,000-fold larger
than, for example, that of a spherical 15-mm tumor cell
(Arahata and Engel, 1986). Perforin pores would allow the
influx of calcium. Consistent with this assumption is the
observation that invaded muscle fibers show signs of focal
myofibrillar degeneration near invading cells (Arahata and
Engel, 1986). These changes could be a consequence of
membrane insertion of perforin and focal protease activation
(Arahata and Engel, 1986). Another indirect sign of muscle
fiber damage is the intense focal regenerative activity noted
in areas immediately adjacent to autoinvasive T cells
(Arahata and Engel, 1986).

In addition to the perforin-mediated killing mechanism,
cytotoxic T cells can kill by a non-secretory, ligand-
mediated mechanism (Barry and Bleackley, 2002). This
second killing mechanism requires the interaction between
Fas (expressed on the target cell) and Fas-ligand (expressed
on the T cell). Fas-mediated cytotoxicity is thought to induce
programmed cell death—apoptosis.
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Ligation of Fas (CD95) recruits adaptor molecules (such
as procaspase-8 and -10) to the receptor. By being brought
into proximity with one another, these procaspases cleave
their nearest neighbors and active, mature caspases form
(Green, 2000). The active caspases efficiently cleave pro-
caspase-3 and other executioner caspases, and apoptosis
proceeds.

Different groups of investigators found no evidence that
apoptosis is a mechanism of muscle fiber injury in human
inflammatory myopathies (Schneider et al., 1996; Behrens
et al., 1997; Fyhr and Oldfors, 1998). On the other hand, in
PM, DM, and IBM many muscle fibers express Fas (Behrens
et al., 1997; Fyhr and Oldfors, 1998). What could explain
the discrepancy between the expression of the Fas “death
receptor” on muscle fibers and the absence of signs of apop-
tosis? One possibility is that muscle fibers are intrinsically
resistant to Fas-mediated classical apoptosis, at least in vivo.
Resistance could be related to the peculiar properties of syn-
cytial muscle fibers discussed above, or the expression of
specific inhibitory factors such as Bcl-2, or both. Indeed, the
majority of Fas+ fibers coexpress Bcl-2 (Behrens et al., 1997;
Vattemi et al., 2000). Further, muscle fibers constitutively
express the human IAP (inhibitor of apoptosis)-like protein
hILP (human IAP-like protein) (also called XIAP) (Li and
Dalakas, 2000), which was found to be expressed in the 
sarcolemmal region, co-localizing with dystrophin (Li and
Dalakas, 2000). The staining pattern for hILP was essen-
tially identical in normal, PM, and IBM muscle. Further-
more, muscle fibers in PM muscle express the anti-apoptotic
molecule FLIP (FLICE-inhibitory protein) (Nagaraju et al.,
2000a). These authors provided evidence that FLIP indeed
protects muscle cells from apoptosis in functional experi-
ments with cultured human myoblasts (Nagaraju et al.,
2000a).

In conclusion, the observation that the autoinvasive T
cells express and orient perforin towards target muscle fibers
is consistent with a secretion- and perforin-dependent cyto-
toxic mechanism of muscle fiber injury in PM. On the other
hand, although many muscle fibers and inflammatory cells
express Fas, the nuclear changes typical for apoptosis are
essentially absent in the inflammatory myopathies (Schnei-
der et al., 1996; Behrens et al., 1997). Resistance to Fas-
mediated injury is probably related to the expression of
protective (anti-apoptotic) factors in muscle fibers and
inflammatory cells.

AUTOANTIBODIES AS POTENTIAL
IMMUNOLOGIC MARKERS

Autoantibodies against nuclear or cytoplasmic antigens,
directed against ribonucleoproteins involved in protein 
synthesis (“anti-synthetase”) or translational transport 
(anti-signal-recognition particle), are detectable in about
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20% of patients (Miller, 1993; Rider and Miller, 2000).
Although the pathogenetic relevance of these autoantibod-
ies has yet to be defined, they are associated with certain
disease characteristics and HLA haplotypes (Miller, 1993;
Engel and Hohlfeld, 2004). Antibodies against histidyl-
tRNA synthetase, anti-Jo-1, accounts for 80% of all the anti-
aminoacyl tRNA-synthetases, and seem to confer specificity
for identifying a disease subset that combines myositis, 
non-erosive arthritis, and Raynaud phenomenon. A more 
detailed discussion of these antibodies may be found in
Dalakas and Hohlfeld (2003) and Engel and Hohlfeld
(2004).

Interestingly, histidyl-tRNA synthetase and asparaginyl-
tRNA synthetase can activate chemokine receptors on 
T cells and dendritic cells (Howard et al., 2002). Thus,
autoantigenic aminoacyl-tRNA synthetases, liberated from
damaged muscle cells, might perpetuate the development of
myositis by recruiting mononuclear cells. One could, there-
fore, speculate that the anti-aminoacyl-tRNA synthetase
antibodies might not necessarily be harmful, but might
inhibit the chemotactic properties of the aminoacyl-tRNA
synthetases. Presently, however, there is no evidence that
would support this possibility.

CONCLUDING REMARKS—
FUTURE PROSPECTS

Much has been learned in the past two decades about the
pathogenesis of the inflammatory myopathies. Different
effector mechanisms have been attributed to PM (mainly T-
cell-mediated) and DM (mainly antibody-mediated), and 
a unique gd T-cell-mediated subtype of PM has been
described. Challenges for future research include the iden-
tification of the elusive (auto?)antigens and the triggering
mechanisms of the immune reactions against muscle fibers.
Eventually, progress in these areas should lead to advances
in therapy.
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AUTOIMMUNE THYROIDITIS

Historical Background

The clinical features of myxedema, the end stage of
autoimmune thyroiditis (AT), were defined in 1874 by Gull,
and Murray, in Newcastle-upon-Tyne, was the first to give
thyroid extract as treatment in 1891. The characteristic lym-
phocytic infiltration (struma lymphomatosa) was first noted

by Hashimoto’s in 1912. Proof that AT was due to loss of
self-tolerance came from Rose and Witebsky (1956) who
showed that rabbits immunized with homologous thyroid
extract and adjuvant developed a thyroid lymphocytic infil-
trate and thyroglobulin (TG) antibodies. The latter were
detected in Hashimoto’s thyroiditis during the same year by
Roitt and Doniach (Roitt et al., 1956).

Clinical, Pathologic, and 
Epidemiologic Features

Several types of AT exist (Table 35.1). Two in particular,
goitrous (Hashimoto’s) thyroiditis and atrophic thyroiditis
(primary myxedema), result in hypothyroidism (Pearce 
et al., 2003), and it is likely these represent two ends of a
spectrum of thyroid destruction. The goiter in Hashimoto’s
thyroiditis is usually firm and painless, with an irregular
surface. Patients are often euthyroid at presentation but
serum thyroid-stimulating hormone (TSH) levels can be ele-
vated even if thyroxine (T4) levels are within the reference
range, representing subclinical thyroid failure. Primary
myxedema is identified only when hypothyroidism is 
apparent clinically and biochemically.

Autoimmunity accounts for over 90% of noniatrogenic
hypothyroidism in iodine-sufficient countries. Women are
5–10 times more likely to be affected, with a peak incidence
at 50–60 years of age (Vanderpump et al., 1995). The preva-
lence of autoimmune hypothyroidism in the general white
population is 1–2% in women, whereas thyroid autoanti-
bodies can be found in up to 20%, reflecting the presence of
focal thyroiditis.

Pathologic changes in AT range from mild focal thy-
roiditis to extensive lymphocytic infiltration and scarring
(Figure 35.1). In Hashimoto’s thyroiditis there is a dense 
infiltration by lymphocytes, plasma cells, and macrophages,
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and germinal center formation. Thyroid follicles are pro-
gressively destroyed and, in the process, the cells undergo
hyperplasia and oxyphil metaplasia. In rare cases there are
concurrent changes of Graves’ disease, so-called hashitoxi-
cosis. There is a variable degree of fibrosis and when this is
extensive, the picture may resemble primary myxedema, in
which the gland is atrophic and there is extensive fibrosis
with loss of normal lobular architecture and minimal or
modest lymphocytic infiltration. The histology in post-
partum and silent thyroiditis resembles Hashimoto’s 
thyroiditis.

Autoimmune Features

Autoantibodies

Circulating autoantibodies against TG and thyroid per-
oxidase (TPO) are found, often at very high levels, in most
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patients with AT. These antibodies are common, albeit at low
levels, in association with focal thyroiditis.

Thyroglobulin Antibodies

Thyroglobulin is a 660kDa homodimeric glycoprotein
secreted by thyroid follicular cells (TFC) and stored in the
luminal colloid. At 4–8 hormonogenic sites, iodinated tyro-
sine residues couple to form T4 or tri-iodothyronine (T3).
The iodination state of TG alters its immunogenicity in
animals and in man (Saboori et al., 1999). Oxidative stress
during TG synthesis may be particularly critical in the gen-
eration of immunoreactive C-terminal fragments of the mol-
ecule (Duthoit et al., 2000). There are two major and one
minor antibody epitopes on each 330kDa subunit, and the
wide spacing of these prevents IgG cross-linking and there-
fore complement fixation. The restriction of the response to
three epitopes is only relative, as TG antibodies recognize
an increasing number of determinants as their titer rises and

TABLE 35.1 Types of autoimmune thyroiditis

Type Course Features

Goitrous (Hashimoto’s) thyroiditis Chronic: leads to hypothyroidism Goiter: moderate to extensive lymphocytic infiltration 
and variable fibrosis

Atrophic thyroiditis (primary myxedema) Chronic hypothyroidism Atrophy: fibrosis and variable lymphocytic infiltrate

Juvenile thyroiditis Chronic but may remit Small goiter with moderate lymphocytic infiltrate

Postpartum thyroiditis Transient thyrotoxicosis and/or Small goiter with some lymphocytic infiltrate
hypothyroidism 3–6 months after 
delivery

Silent thyroiditis Transient thyrotoxicosis and/or Small goiter with some lymphocytic infiltrate
hypothyroidism

Focal thyroiditis Progressive in some patients Occurs in 20–40% thyroid specimens at autopsy; 
associated with thyroid carcinoma

A B
FIGURE 35.1 Pathology of autoimmune hypothyroidism. A, Hashimoto’s thyroiditis showing germinal center for-
mation. B, Primary myxedema with extensive fibrosis. (Original magnification: ¥100.) See color plate section. 
Courtesy of Dr Judith Channer, Northern General Hospital, Sheffield.
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somatic hypermutation occurs (McIntosh et al., 1998). 
Antibody reactivity is predominantly in the IgG1 and IgG4

subclasses but not light chain restricted.

Thyroid Peroxidase Antibodies

TPO is a 100–105kDa apical membrane protein respon-
sible for tyrosine iodination and coupling in the formation
of thyroid hormones. Molecular characterization of this
autoantigen has been reviewed extensively (McLachlan 
and Rapoport, 1992). Antibodies to TPO have a similar IgG
subclass distribution to TG, but are k-light chain restricted
(McIntosh et al., 1998). Eighty percent of TPO antibodies
recognize an immunodominant region involving overlap-
ping, conformational epitopes in two extracellular domains
and specific patterns of TPO autoantibody recognition are
genetically transmitted in AT families (Jaume et al., 1999).
The epitopic domains have been defined (Gora et al., 2004)
but full characterization will require crystallization of TPO.
In vitro, TPO can bind C4 complement component, which
may contribute to the susceptibility of TFC to destruction
(Blanchin et al., 2003).

Other Autoantibodies

Thyroid stimulating hormone (TSH) receptor (TSH-R)-
blocking antibodies are found in around 20% of patients
with AT (Weetman and McGregor, 1994). Growth-
stimulating and growth-blocking autoantibodies, operating
independently of the TSH-R, have been suggested to deter-
mine thyroid size (Drexhage, 1996) but there is considerable
controversy regarding the methodology used to detect these
antibodies. Two thyroid-specific autoantibodies recognize a
poorly characterized second (i.e., non-TG) colloid antigen
and the Na+/I- transporter, but any importance of these in
pathogenesis is unknown (Ajjan et al., 2000). Autoanti-
bodies against T4 and T3 occur in 15–35% of patients with
autoimmune thyroiditis.

T-Cell Responses

A major site of autoreactivity is within the thyroid itself,
although autoimmune responses can also be detected within
the draining lymph nodes and bone marrow (Weetman et al.,
1984). Recruitment of lymphocytes to the thyroid requires
upregulation, on endothelial cells, of various adhesion 
molecules and selectins, and the infiltrating lymphocytes
express the reciprocal adhesion molecules, including
CD11a, CD18, CD29, CD49a, and CD49e (Marazuela,
1999). The local infiltrate produces an array of chemokines
which aid homing, including CXCL12, CXCL13 and
CCL22, particularly when lymphoid follicles are present,
and the TFC contribute to the chemokine pool, exacerbating
the autoimmune process (Armengol et al., 2003; Kim et al.,
2003). Most phenotyping and functional studies on T cells
have used the readily sampled peripheral blood: this may
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reflect poorly (if at all) the responses within the autoimmune
target.

Studies of T-Cell Phenotypes

The number of circulating HLA-DR+ (activated) T cells
is elevated and CD8+ T cells are reduced, but only in active
thyroiditis (Iwatani et al., 1992). CD4+ T cells predominate
in the thyroid infiltrate and many of these are activated
(Aichinger et al., 1985). The majority of T cells express the
ab receptor and no obvious bias in T-cell receptor usage is
apparent, despite initial claims (McIntosh et al., 1997).
Although a pauciclonal T-cell response seems likely in early
AT, by the time of clinical presentation there is spreading 
of the immune response to produce a polyclonal T-cell
response, directed against an array of autoantigens and 
epitopes.

Functional Studies

Weak T-cell proliferative responses against TG and TPO
are found in many patients and can be enhanced by IL-2 
supplementation (Butscher et al., 2001). To identify T-cell
epitopes for TPO, circulating T cells from patients with
autoimmune thyroiditis have been stimulated with overlap-
ping synthetic peptides (Tandon et al., 1991). No dominant
epitope has been identified; instead there is considerable 
heterogeneity both within and between individual patients.
Migration-inhibition factor-based assays have been used in
attempts to identify a defect in thyroid antigen-specific sup-
pressor T cells in AT (Volpe, 1988; Martin and Davies, 1992)
but no consistent results have been produced and there is no
evidence in man yet to implicate a defect in CD4+CD25+ T
regulatory cells.

Cloned intrathyroidal T cells from patients release IFN-
g, IL-2, IL-6, and tumor necrosis factor (TNF) with no dis-
tinct Th1 or Th2 pattern (Grubeck-Loebenstein et al., 1990).
Reverse transcription of cytokine mRNA and cDNA ampli-
fication has revealed a mixed Th1 and Th2 response in
Hashimoto’s thyroiditis (Ajjan et al., 1996). The demon-
stration of major histocompatibility complex (MHC) class
II expression on TFC in Hashimoto’s thyroiditis and Graves’
disease gave rise to the concept that such “aberrant” expres-
sion could initiate or perpetuate the autoimmune response
by converting the TFC into antigen-presenting cells 
(Bottazzo et al., 1983). However class II expression is
restricted to TFC adjacent to T cells producing IFN-g
(Hamilton et al., 1991) and only this cytokine is capable of
initiating class II expression in vitro. MHC class II expres-
sion is found on TFC in experimental autoimmune thy-
roiditis (EAT) induced by neonatal thymectomy (see below)
but always follows the appearance of a lymphocytic infil-
trate (Cohen et al., 1988). TFC do not express costimulatory
molecules even after cytokine exposure (Marelli-Berg et al.,
1997). Together these results indicate that TFC are unlikely
to initiate the autoimmune response.
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T-cell lines and clones derived from the thyroids of
patients can be activated by class II-expressing TFC (Londei
et al., 1985). Such T cells are likely to have been previously
activated by classic antigen-presenting cells and are no
longer dependent on B7 costimulation (Marelli-Berg et al.,
1997). Anergy can be induced in CD80 (B7)-dependent,
naïve T cells by class II-positive TFC and this type of
peripheral tolerance may be important in regulating autore-
active T cells within the normal thyroid. In established AT,
however, T cells are resistant to tolerance indication (Dayan
et al., 1993) and class II-expressing TFC may then help to
perpetuate the autoimmune response. TFC may participate
in the autoimmune process in other ways besides MHC class
II expression (Figure 35.2).

Genetic Features

The role of genetic factors in AT is suggested by the 
frequent presence of thyroid autoantibodies in other 
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family members and the association of thyroiditis with other
endocrinopathies as part of the type 2 autoimmune poly-
glandular syndrome. Twin studies show a 0.55 concordance
rate in monozygotic but not dizygotic twins, and similar
findings have been reported for the aggregation of thyroid
autoantibodies in euthyroid twins of individuals with AT
(Brix et al., 2000; 2004).

As with most autoimmune disorders, associations with
HLA alleles have been extensively investigated, producing
conflicting results (Tomer and Davies, 2003). Initially it
appeared that primary myxedema and Hashimoto’s thy-
roiditis in white people had distinct associations with HLA-
DR3 and -DR5 respectively, but subsequent studies have
shown that Hashimoto’s thyroiditis is associated with HLA-
DR3 and to a lesser extent -DR4. Postpartum thyroiditis has
a weak association with HLA-DR5.

Another established susceptibility locus besides HLA is
CTLA-4, with polymorphisms in this gene conferring a 
relative risk of around 2, possibly due to the increased 

FIGURE 35.2 Role of thyroid follicular cells in autoimmune thyroiditis. From Weetman, A.P., Ajjan, R. and Watson,
P.F. (1997) Cytokines and Graves’ disease. Baillière’s Clin. Endocrinol. Metab. 11, 481–497, with permission.
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production of an alternative splice form of CTLA-4 with
immunoregulatory consequences (Kotsa et al., 1997; Ueda
et al., 2003). Genome-scanning methods, applied to rela-
tively small series of families, have suggested a number of
susceptibility loci on chromosomes 6p, 8q, 10q, and 12q
(Tomer and Davies, 2003) but these have not yet been inde-
pendently confirmed. Around 40% of Turner syndrome
patients have TPO antibodies and 15% become hypothyroid,
with a particularly high risk in women with an X-
isochromosome (Elsheikh et al., 2001). Linkage and associ-
ation studies have suggested that the gene-encoding TG may
be a susceptibility locus, but the largest study to date in UK
patients found no evidence to support this, emphasizing the
replication difficulties that are posed by association studies
looking at candidate loci (Collins et al., 2004).

Environmental Influences

The female preponderance of AT is in part due to the
influence of sex steroids. Certainly in EAT, estrogens or
progesterone exacerbate thyroiditis and this is reversed by
testosterone (Okayasu et al., 1981; Ansar-Ahmed et al.,
1983), while use of exogenous estrogens lowers the risk of
developing TPO antibodies in genetically predisposed indi-
viduals (Strieder et al., 2003). Early nutritional factors may
also have an impact, as low birth weight appears to be asso-
ciated with an increased prevalence of thyroid autoanti-
bodies (Phillips et al., 2002). Pregnancy ameliorates AT but
there is an exacerbation in the year after delivery, reflected
by a rise in TPO antibody levels. In some women with a pre-
viously mild thyroiditis, the enhanced autoimmune response
is sufficient to cause biochemical or clinical thyroid dys-
function, and this is termed postpartum thyroiditis (Muller
et al., 2001). Although usually a transient phenomenon, up
to a quarter of such women develop permanent hypothy-
roidism within 10 years, so that pregnancy is a risk factor
which precipitates clinical disease in predisposed subjects
(Othman et al., 1990). The exacerbation of underlying thy-
roiditis is assumed to be due primarily to hormonal changes.
Fetal microchimerism may play a role via intrathyroidal
chimeric cells breaking immunologic tolerance (Ando and
Davies, 2003).

There is no convincing evidence for a direct role of infec-
tion in etiology (Tomer and Davies, 1993). The prevalence
of lymphocytic thyroiditis appears to be rising in developed
countries, possibly as a result of increasing iodine intake.
Certainly iodine is essential for the development of EAT in
obese strain (OS) chickens, and increasing iodine adminis-
tration worsens EAT in both OS chickens and BioBreeding
(BB) rats (Ruwhof and Drexhage, 2001). As well as enhanc-
ing the immunogenicity of TG, iodine may be involved at
an early stage in causing thyroid injury through the genera-
tion of reactive oxygen metabolites (Bagchi et al., 1995).
Indirect evidence for iodine-induced injury is provided by
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studies of iodization programs in iodine-deficient regions
showing an increase in thyroid autoantibodies and lympho-
cytic thyroiditis shortly after supplementation.

Anthracene derivatives and other chemicals induce EAT
in the Buffalo strain rat. Administration of lithium may exac-
erbate autoimmune thyroiditis both immunologically and
biochemically, but the adverse effect of the cytokine IFN-a
on thyroid autoantibody development is more striking
(Carella et al., 2001). Radioactive fallout from the Cher-
nobyl nuclear disaster led to an almost 10-fold increase in
the prevalence of thyroid autoantibodies in girls aged 9–10
at the time of the accident, presumably through release of
thyroid autoantigens from the damaged thyroid (Pacini et al.,
1998). Thyroid autoantibodies can appear transiently after
subacute thyroiditis, supporting this mechanism (Iitaka 
et al., 1998).

Animal Models

AT can be induced experimentally in animals and also
occurs spontaneously, with features most closely resembling
Hashimoto’s thyroiditis.

Immunization-Induced Thyroiditis

In mice and rats the strength of the autoimmune response
to immunization with TG in adjuvant is strain dependent.
Murine EAT susceptibility (as shown by the severity of lym-
phocytic thyroiditis) is governed by the class II I-A subre-
gion of the H-2 major histocompatibility complex (Vladutiu
and Rose, 1971). H-2k,s strains may even develop EAT with
syngeneic TG immunization alone, demonstrating that unto-
lerized autoreactive T cells exist in normal animals, in which
they are usually under active regulation (ElRehewy et al.,
1981). The influence of I-E is strain dependent but less clear.
MHC class I K and D alleles also influence susceptibility,
presumably by determining the strength of effector cytotoxic
T-cell interaction with the thyroid cell target. Transgenic
mice expressing HLA-DR3 but not HLA-DR2 develop EAT
after TG immunization, confirming a role for this HLA
specificity in thyroiditis (Kong et al., 1996). Genes outside
the MHC have a minor role: TG antibody responses depend
on both H-2 and immunoglobulin heavy chain genes. In the
rat, immunization-induced thyroiditis is under partial MHC
control but non-MHC genes possibly play a greater role than
in mice (De Assis-Paiva et al., 1989).

Female animals have worse EAT than males and this is
dependent on sex hormones, estrogen excess worsening 
thyroiditis and testosterone ameliorating it (Okayasu et al.,
1981). Another important influence in mice is the level of
circulating TG, which can induce CD4+ and CD8+ suppres-
sor T cells (Kong et al., 1989). Other controlling factors are
shown in Figure 35.3. The thyroiditis after immunization
consists of CD4+ and CD8+ T cells and macrophages, with
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only a small percentage of B cells. Disease can be trans-
ferred by T cells but not by TG antibodies and the critical
effector cells are CD8+ cytotoxic T cells which require spe-
cific CD4+ T cells for their induction (Creemers et al., 1983).
TPO-based models have been difficult to establish, yet
would more resemble the human counterpart. The major dif-
ficulty has been antigen availability; recombinant murine
TPO will induce EAT after immunization of H-2b mice 
especially (Ng et al., 2004).

Experimental Autoimmune Thyroiditis Resulting from
T-Cell Modulation

Neonatal thymectomy in certain strains of mice or rats,
or thymectomy plus sublethal irradiation in certain strains
of rats, results in severe EAT (Penhale et al., 1973; Kojima
et al., 1976), as well as other autoimmune endocrinopathies.
From these initial observations came the understanding of
the crucial role of CD4+, CD25+ immunoregulatory T cells
in preventing autoimmunity (Sakaguchi et al., 2001). Other
maneuvers affecting T cells, such as treatment of neonatal
mice with cyclosporine A or T-cell depletion and reconsti-
tution, can induce EAT (Sakaguchi and Sakaguchi, 1989).
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Recent work has shown that depletion of CD7/CD28 in
knock-out mice also prevents generation of CD4+, CD25+

regulatory cells and results in EAT (Sempowski et al., 2004).
The induction of EAT by T-cell modulation elegantly
demonstrates the presence of thyroid-reactive T cells in the
normal newborn repertoire. These CD4+ T cells may be 
destined for deletion after birth but there is now strong 
evidence for incomplete tolerance and active suppression
even later.

In addition to MHC and non-MHC genes, environmental
factors play an important role in susceptibility. Rats raised
under specific pathogen-free conditions until weaning are
resistant to EAT following thymectomy and irradiation, but
transfer of normal gut microflora results in EAT in the
germfree animals (Penhale and Young, 1988). It is unclear
whether radiation-induced damage to the intestine is
involved in this effect of gut microflora.

An extreme example of T-cell modulation has been the
generation of mice transgenic for the T-cell receptor of a T
cell clone specific for a cryptic epitope of TPO, derived from
a patient with AT (Quaratino et al., 2004). These mice devel-
oped thyroiditis and hypothyroidism despite this being in the
context of murine TPO and antigen presentation of the rel-

FIGURE 35.3 Sites of various controlling factors in the development of experimental autoimmune thyroiditis. From
Weetman and McGregor (1994), with permission.
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evant epitope by H-2 rather than HLA: the development of
disease in these animals indicates that a cryptic epitope can
have a significant pathogenic role in autoimmunity.

Spontaneous Autoimmune Thyroiditis

Several species develop spontaneous EAT but most is
known about the BB and Buffalo strains of rat and the OS
chicken. Lymphocytic thyroiditis and TG antibodies occur
in around 60% of diabetic and 10% of nondiabetic BB rats
but diabetes-prone sublines have a range of prevalence, from
100% in the NB line to 5% in the BE line, suggesting that
diabetes is not tightly linked genetically to EAT (Crisa et al.,
1992). The Buffalo strain rat has a low spontaneous inci-
dence of thyroiditis, reaching a maximum of 25% in old,
multiparous females (Noble et al., 1976).

Spontaneous autoimmune thyroiditis in the OS chicken
is the closest animal model of Hashimoto’s thyroiditis. The
birds were originally bred from a White Leghorn flock of
Cornell strain chickens for phenotypic features of hypothy-
roidism. Over time, the factors influencing disease develop-
ment have changed: the importance of MHC genes and sex
has diminished and the main genetic determinants in current
OS chickens govern target organ susceptibility, T-cell hyper-
reactivity, and corticosteroid responses (Wick et al., 1989).
Unlike other models, OS chickens develop severe hypothy-
roidism as well as a lymphocytic thyroiditis and TG anti-
bodies, and require T4 supplementation to thrive. The
disease is T-cell dependent as thymectomy at birth prevents
disease, although later thymectomy exacerbates thyroiditis,
presumably by altering the balance of T-cell-mediated 
suppressor activity (Pontes de Carvalho et al., 1981).

Pathogenic Mechanisms

Several antibody- and cell-mediated mechanisms con-
tribute to thyroid injury in autoimmune hypothyroidism, and
differences in the relative importance of each may determine
some of the clinical and pathologic variants described above
(Figure 35.4).

Antibody-Mediated Injury

Immune complexes are deposited in the basement mem-
brane around the thyroid follicles in Hashimoto’s thyroidi-
tis (Pfaltz and Hediger, 1986) and terminal complement
complexes are also present at this location, indicating the 
formation of membrane attack complexes (Weetman et al.,
1989). TFC are relatively resistant to lysis, through
enhanced expression of multiple regulators of complement
activation, especially CD59, in response to cytokines
derived from the infiltrating lymphocytes and macrophages
(Tandon et al., 1994). After sublethal complement attack,
TFC are less able to respond to TSH stimulation and also
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release cytokines (IL-1, IL-6), prostaglandin E2 and reac-
tive oxygen metabolites, which may have proinflammatory
effects (Weetman et al., 1992). TPO antibodies are generally
assumed to be the major mediators of complement fixation
and activation within the thyroid but unidentified autoanti-
bodies are also involved (Chiovato et al., 1993) and addi-
tional activation via the alternative pathway probably
occurs. Cytokines like IL-1 may be critical in dissociating
the junctional complex and thus allowing access of auto-
antibodies to apically expressed TPO and other such anti-
gens (Nilsson et al., 1998), in turn implying a secondary role
for these antibodies in pathogenesis.

Autoantibodies may also provoke damage by antibody-
dependent cell-mediated cytotoxicity (ADCC). A difference
in the level of serum autoantibodies capable of mediating
ADCC has been proposed to explain the clinical pictures 
of atrophic and goitrous thyroiditis, with more ADCC activ-
ity in the former (Bogner et al., 1995), but this has not
proved reproducible, as others have found equally potent
ADCC activity in patients with Hashimoto’s thyroiditis,
primary myxedema, and Graves’ disease (Metcalfe et al.,
1997).

Finally, autoantibodies can alter target cell function.
TSH-R blocking antibodies have a clearly defined impor-
tance, as their placental transfer causes transient neonatal
hypothyroidism (Matsuura et al., 1980). Although they
appear to be particularly associated with atrophic thyroidi-
tis in Asian patients (Arikawa et al., 1985), TSH-R block-
ing antibodies occur in both goitrous and atrophic thyroiditis
in white people (Steel et al., 1984; Kraiem et al., 1987).

FIGURE 35.4 Mechanisms of thyroid destruction in autoimmune
hypothyroidism. From Weetman, A.P. (2002) Autoimmune thyroid disease.
In J.A.H. Wass and S.M. Shalet (eds), Oxford Textbook of Endocrinology
and Diabetes (pp. 392–408). Oxford: Oxford University Press, with 
permission.
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T-Cell Mediated Injury

Despite the strong lead provided by studies in EAT, there
is only modest direct evidence that T-cell mediated injury is
important in autoimmune hypothyroidism. Two groups have
derived CD8+ T-cell clones and lines from patients with
Hashimoto’s thyroiditis which lyse autologous TFC in a
MHC class I-restricted fashion (MacKenzie et al., 1987;
Sugihara et al., 1995). The autoantigen specificity of these
T cells has not been elucidated. Indirect evidence for the
importance of cytotoxic T cells in pathogenesis is provided
by the demonstration of frequent perforin-containing T cells
in the intrathyroidal CD8+ T-cell population in Hashimoto’s
thyroiditis (Wu et al., 1994). In addition, TFC in
Hashimoto’s thyroiditis express adhesion molecules such as
CD54 in response to cytokines and these increase the 
potential for T-cell binding, thereby enhancing cytotoxicity
(Weetman et al., 1990). T cells may also provoke thyroid
dysfunction by release of cytokines. Although there are only
weak and inconsistent effects of IFN-g, IL-1 and TNF on
TFC survival in primary cultures (McLachlan et al., 1990),
IFN-g inhibits the response to TSH stimulation and TNF
plus IFN-g in combination have a marked inhibitory effect
on TPO and TG expression in the FRTL-5 thyroid cell line
(Mandrup-Poulsen et al., 1996).

Attention recently has focused on the occurrence of death
receptor-mediated apoptosis as a major pathway for TFC
destruction, based on the finding of both Fas (CD95) and
Fas ligand (CD95L) on TFC in Hashimoto’s thyroiditis 
(Giordano et al., 1997). Fas expression by TFC was upre-
gulated by IL-1b, leading to the suggestion that cytokines
could induce cytotoxicity through this pathway by suicide
or fratricide as Fas interacted with FasL. Moreover, it has
been proposed that FasL on TFC induces apoptosis in the
infiltrating lymphocytes, suggesting that a T-cell mediated
cytotoxic mechanism for thyroid destruction is less impor-
tant than autocrine/paracrine Fas–FasL interaction (Stassi et
al., 1999). Other interpretations have been put on the role of
such apoptosis, not least because of the technical difficulty
of quantitating FasL expression and the possible role of
decoy death receptors and regulators of apoptosis signalling.
An alternative proposal is that the infiltrating lymphocytes
cause TFC apoptosis through their expression of TNF-
related apoptosis-inducing ligand (TRAIL) engaging with
various death receptors, induced by cytokines (Bretz and
Baker, 2001).

Immunologic Markers in Diagnosis

The diagnosis of autoimmune hypothyroidism is usually
straightforward, patients having biochemical evidence of
hypothyroidism plus TG and/or TPO antibodies which 
can easily be measured by passive hemagglutination or
ELISA (enzyme-linked immunosorbent assay). An abnor-
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mal thyroid ultrasound pattern is also highly predictive of
AT (Raber et al., 2002). Fine needle aspiration biopsy is used 
in difficult cases, especially to exclude an associated 
lymphoma.

Treatment and Outcome

It is difficult to imagine a more straightforward treatment
than T4 replacement and future attempts at immunomodu-
lation seem unlikely (Roberts and Ladenson, 2004). In
around 10% of patients there may be a spontaneous remis-
sion 4–8 years after starting T4, and this is associated with
the disappearance of TSH-R blocking antibodies (Takasu et
al., 1992). However, the permanence of such remissions has
not been established and remission in other patients has not
been associated with changes in TSH-R blocking antibody
levels (Cho et al., 1995).

Concluding Remarks—Future Prospects

Considerable progress in understanding the pathogenesis
of AT has been made in the half century since the first
demonstration of EAT and the realization that a similar
process accounts for Hashimoto’s thyroiditis. A major future
goal will therefore be to identify the earliest T-cell
responses, as these may be restricted to single T-cell clones,
recognizing restricted epitopes on a single inciting autoanti-
gen, and have a particular Th1 or Th2 bias. Additional work
is also needed to determine the exact genetic basis for AT
and to clarify the relationships between primary myxedema,
Hashimoto’s thyroiditis, and postpartum thyroiditis. Finally,
despite two decades of research, the role of T-cell mediated,
thyroid-specific immunoregulation in man is still unclear.
There is no doubt that T regulatory cells are important in
EAT, but so far the mechanisms which control thyroid-
specific T cells that have escaped central tolerance in human
AT are elusive.

GRAVES’ DISEASE

Historical Background

This disorder was first described by Caleb Parry in 1825
but it was Robert Graves’ whose name became attached to
the disease through his report of four cases published in
1835. Basedow was the first to highlight the association with
exophthalmos in 1840. Originally believed to have a cardiac
and then neurologic origin, the role of the thyroid in 
Graves’ disease became established in the 1890s as thy-
roidectomy for apparently coincidental goiter improved the
other disease manifestations. The cause remained obscure
until Adams and Purves (1956) showed that the serum from
Graves’ patients contained a long-acting thyroid stimulator
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which was distinct from TSH; working separately, Kriss and
McKenzie went on to show that this stimulator was an IgG.

Clinical, Pathologic, and 
Epidemiologic Features

Although sharing many immunologic features with AT, it
is the production of TSH-R stimulating antibodies which
characterizes Graves’ disease (Weetman, 2000). It is the
most common cause of hyperthyroidism, accounting for
60–80% of cases. The prevalence is around 1% in women
aged 35–60 years, with a 5–10-fold lower frequency in men
(Vanderpump et al., 1995). Over 90% of patients with
Graves’ disease have thyroid-associated ophthalmopathy
(TAO), which can be revealed by scanning techniques
showing enlarged extraocular muscles (Bartalena et al.,
2000). Clinically obvious eye disease is apparent in around
50% of patients (Figure 35.5). TAO is not exclusive to
Graves’ disease, as around 5% of patients have AT and
another 5% have little evidence of thyroid dysfunction.
Thyroid dermopathy (or pretibial myxedema, reflecting the
usual site for this complication) occurs in only 1–5% of
patients, who usually also have marked TAO (Schwartz et
al., 2002).

In the untreated state there is both hypertrophy and 
hyperplasia of the thyroid follicles; the epithelium becomes
columnar and folded into the follicular lumen, new small
follicles form, and there is little colloid (Figure 35.6). A vari-
able degree of lymphocytic infiltration occurs and germinal
centers may form. Antithyroid drugs diminish the lympho-
cytic infiltrate and the epithelium reverts to a normal appear-
ance. Lymphoid hyperplasia may occur in the lymph nodes,
thymus, and spleen but reverses with antithyroid drugs.
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Autoimmune Features

Autoantibodies

Thyroglobulin and TPO autoantibodies occur in 80% of
patients. TSH-R stimulating antibodies (TSAb) can be
detected in over 95% of patients with current assays. The
TSH-R consists of a 398 amino acid extracellular domain, 
a 266 amino acid transmembrane spanning domain with
seven hydrophobic regions, and an 83 amino acid intracel-
lular domain (Rapoport et al., 1998). The receptor undergoes
complex post-translational processing to form two subunits.
TFC shed the A subunit, which binds TSAb more strongly
than the holoreceptor, and this may be critical in initiating
or amplifying the autoimmune response (Chen et al., 2003).
TSH-induced activation of the TSH-R causes a rise in cAMP
and, at high concentrations of the hormone, activation of the
phosphatidyl-inositol intracellular signaling pathway.

The original bioassay method measured release of
radioiodine from preloaded thyroid glands after injection of
serum or IgG into intact animals and this activity was termed
long-acting thyroid stimulator or LATS (Adams and Purves,
1956). Current assays measure cAMP release from primary
TFC cultures, thyroid cell lines (such as FRTL-5), and most
recently from TSH-R transfected eukaryotic cells (Ludgate
and Vassart, 1995). A separate type of assay measures dis-
placement of radiolabeled TSH from solubilized TSH-R
derived from thyroid membranes by TSH-R antibodies;
these antibodies are called TSH-binding inhibiting immuno-
globulins or TBII. Although the TBII assay is robust and
commercially available, both TSAb and TSH-R blocking
antibodies (which inhibit TSH-induced cAMP release) 
are measured by it and therefore the level of TBII gives no
direct information on functional activity. However, second-

FIGURE 35.5 Eye signs in a patient with thyroid-associated ophthal-
mopathy showing exophthalmos, scleral injection, and periorbital edema.
See color plate section.

FIGURE 35.6 Pathology of Graves’ disease showing columnar and
folded thyroid epithelium, small new follicles, and active colloid resorp-
tion, with “scalloping” of the colloid. A lymphocytic infiltrate is not promi-
nent in this specimen. (Original magnification: ¥100.) See color plate
section. Courtesy of Dr Judith Channer, Northern General Hospital,
Sheffield.
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generation TBII assays have a remarkable sensitivity and
specificity when the clinical setting is taken into account
(Costagliola et al., 1999). Monoclonal antibodies derived
from animals have demonstrated the existence of a third
group of neutral TSH-R antibodies, that recognize linear epi-
topes within the cleaved region of the receptor and neither
stimulate nor block the receptor (Ando et al., 2004).

The majority of TSH-R B-cell epitopes appear to be 
conformational (Ludgate and Vassart, 1995). Heterogeneity
between patients in their antibody-binding sites is apparent
using chimeric TSH/LH hormone receptors, and mutated
receptors have revealed that TSH-R blocking antibodies
bind to the C terminus preferentially and recognize the
holoreceptor more efficiently than TSAb, thereby having
their inhibitory affect on TSH binding (Schwarz-Lauer et al.,
2002). Further epitope mapping should be possible when
panels of human monoclonal TSH-R antibodies are further
developed (Sanders et al., 2003). A recent example of this
approach has been the comparative modeling of the TSH-R
interaction with a monoclonal TSAb, which indicates the
possible importance of the leucine-rich repeat region of the
receptor in activation by antibody (Miguel et al., 2004).

Unlike TG and TPO autoantibodies, TSAb are IgG1 sub-
class restricted (Weetman et al., 1990) and are often l-light
chain restricted (Zakarija, 1983; Williams et al., 1988), sug-
gesting a pauciclonal origin for TSAb in some patients.
There is, however, heterogeneity in the activity of TSAb.
Cluster analysis has grouped TSAb into four subsets 
based on the relative activity of their TSH-R antibodies in
stimulating cAMP production and the phospholipase
A2–arachidonic acid cascade (Di Cerbo et al., 1995). Anti-
bodies activating both pathways were found in patients with
the most severe disease and largest goiters. In contrast,
patients who produce both TSH-R blocking antibodies and
TSAb can remain euthyroid.

T-Cell Responses

Many studies have found a reduction in circulating CD8+

T cells and an increase in HLA-DR+ T cells in active Graves’
disease (Weetman and McGregor, 1994). Intrathyroidal T
cells are CD4+ and CD8+ in varying proportions (Jansson 
et al., 1984). Similar homing mechanisms to AT account 
for this localization (Marazuela, 1999). Using overlapping
TSH-R peptides covering the extracellular domain, a het-
erogeneous response was obtained using circulating or
intrathyroidal T cells in proliferation assays, with multiple
peptides stimulating different patients’ cells (Tandon et al.,
1992). IL-4 is not always detectable in Graves’ thyroids and
there is no distinct Th1 or Th2 pattern of response (Watson
et al., 1994; Okumura et al.,1999). IL-1, IL-6, IL-8, and IL-
10 are strongly expressed, the first two being in part derived
from the TFC themselves.
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Genetic Features

Monozygotic twins are around 20–30% concordant for
Graves’ disease, at least 10-fold higher than for dizygotic
twins (Brix et al., 1998). A consistent but weak association
exists between the serologically defined specificity HLA-
DR3 and Graves’ disease in white people, with a relative risk
of around 2–3 (Tomer and Davies, 2003). The relative weak-
ness of the contribution of HLA genes is underlined by the
low concordance (7%) for Graves’ disease in HLA-identical
siblings (Stenszky et al., 1985). Polymorphisms in two
genes expressed in T cells confer a relative risk of around
2: CTLA-4 (Yanagawa et al., 1995; Ueda et al., 2003) and
PTPN22 (Velaga et al., 2004), in common with several other
autoimmune disorders (see Chapter 21). As with AT, a
number of polymorphisms in non-MHC candidate genes
(encoding T-cell receptors, immunoglobulins, cytokines,
and TSH-R) have been tested for associations with Graves’
disease, with inconsistent results. The most recent candidate
genes to be associated with Graves’ disease are those encod-
ing ICAM-1 and CD40 but it remains to be seen whether
these will hold up after replication (Kim et al., 2003; 
Kretowski et al., 2003). Genome scanning methods have
revealed other possible loci linked to Graves’ disease
(Tomer and Davies, 2003) but these have not yet been 
confirmed.

Environmental Influences

Women are predisposed to Graves’ disease with an addi-
tional risk of developing the disease in the postpartum
period: two-thirds of women with Graves’ disease who had
been pregnant noted the onset of their disease post partum
(Jansson et al., 1987). Retrospective studies have shown a
significantly higher number of adverse, major life events
during the year preceding the recognition of Graves’ disease
when patients are compared to matched controls (Winsa et
al., 1991; Matos-Santos et al., 2001). Presumably this effect
of stress operates through the interactions between the
nervous, endocrine, and immune systems. A high iodine
intake increases the risk of developing an autoimmune
response against the thyroid, the type being determined by
genetic factors. For instance, within Europe the prevalence
of Graves’ disease increases with national iodine intake
(Reinwein et al., 1986).

Evidence for a role of infections is circumstantial (Tomer
and Davies, 1993). It remains possible that a variety of infec-
tions could precipitate Graves’ disease, either specifically,
by molecular mimicry or modulation of TFC behavior, 
or nonspecifically, by enhancing any ongoing immune
responses. Such nonspecific enhancement, presumably
mediated by cytokines, would explain the association
between attacks of allergic rhinitis and recurrence of
Graves’ disease (Hidaka et al., 1993).
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Smoking is strongly associated with the development of
ophthalmopathy and weakly with the development of
Graves’ disease (Bartalena et al., 1995). Perhaps the most
striking example of Graves’ disease caused by an obvious
external agent is its appearance several months after admin-
istration of a lymphocyte-depleting monoclonal antibody in
a third of patients with multiple sclerosis (Coles et al., 1999).
This type of response may be the result of Th2 deviation or
alteration of T regulatory cells as the lymphocyte population
is recovering, and such a phenomenon may underlie the
similar appearance of Graves’ disease occasionally after
immune restoration of AIDS patients with highly active 
antiretroviral therapy (Gilquin et al., 1998).

Animal Models

There is still no entirely satisfactory animal model of
Graves’ disease. Immunization of BALB/c mice with the
extracellular domain of TSH-R and adjuvant containing
Bordetella pertussis induced TSH-R blocking but not stim-
ulating antibodies and a severe thyroiditis (Costagliola et al.,
1994), while genetic immunization with TSH-R cDNA pro-
duced thyroiditis but without TSAb production (Costagliola
et al., 1998). Immunizing AKR/N mice with fibroblasts
double transfected with human TSH-R and haploidentical
MHC class II genes led to hyperthyroidism caused by TSAb,
although without thyroiditis (Yamaguchi et al., 1997). The
model appears to be successful because the murine fibro-
blasts used express the costimulatory molecule CD80 (B7),
allowing them to stimulate naïve TSH-R specific T cells. A
recent variant of this model has used the hamster and CHO
cells expressing TSH-R, resulting in TSAb production and
a focal thyroiditis (Ando et al., 2003).

Reproducing ophthalmopathy has proved even more
challenging. Priming of T cells, derived from donor mice
immunized with TSH-R, with TSH-R in vitro followed by
transfer to naïve recipients elicited orbital changes that
resemble ophthalmopathy pathologically, but there has been
no replication as yet (Many et al., 1999).

Pathogenic Mechanisms

Clearly the main effector mechanism in Graves’ disease
is the production of TSAb but the circulating levels of these
do not correlate closely with the level of thyroid hormones
or the clinical severity of disease, because of a variable, con-
current response against other autoantigens and, in some
patients, production of TSH-R blocking antibodies, which
reduce the effects of TSAb. Women with the highest levels
of TSAb who become pregnant give birth to babies with
transient neonatal thyrotoxicosis.
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Immunologic Markers in Diagnosis

TG and TPO antibodies provide readily available evi-
dence for Graves’ disease; although not specific, their pre-
sence in a patient with hyperthyroidism strongly suggests
the diagnosis. TSAb are not generally measured because
present bioassays are laborious. TBII estimation is a com-
mercially available surrogate but these antibodies are absent
in some newly diagnosed patients and present in AT patients
who have TSH-R blocking antibodies. TSAb or TBII levels
have been investigated as predictive markers for the success
of antithyroid drug treatment in Graves’ disease. Although
patients with the highest levels tend to relapse the most, the
results are insufficiently accurate for clinical use (Davies et
al., 1998). The most important indication for TSAb assay in
Graves’ disease is during pregnancy to predict the risk of
neonatal thyrotoxicosis (Laurberg et al., 1998).

Treatment and Outcome

Treatment consists of antithyroid drugs (carbimazole,
methimazole or propylthiouracil), radio-iodine or thyro-
idectomy. Around 40% of patients treated with antithyroid
drugs achieve a permanent remission. These drugs amelio-
rate EAT (Rennie et al., 1983) and TSAb levels fall during
treatment due to a decrease in the expression of proinflam-
matory molecules by TFC (Weetman et al., 1992). Relapse
after antithyroid drugs is particularly likely in those patients
with evidence of a strong Th2 response (Komiya et al.,
2001). Radio-iodine treatment is followed by a striking rise
in TSH-R and other thyroid autoantibodies at 3–6 months.
TSH-R antibody levels gradually fall in most but not all
patients over the year following subtotal thyroidectomy (De
Bruin et al., 1988). Complete ablation of thyroid tissue
results in disappearance of all thyroid autoantibodies, con-
firming the need for these autoantigens to maintain antibody
production (Chiovato et al., 2003).

Thyroid-Associated Ophthalmopathy 
and Dermopathy

These complications of Graves’ disease are most likely
due to an autoimmune response which stimulates fibroblasts
localized within the extraocular muscle or dermis, causing
glycosaminoglycan release and edema (Ludgate and Baker,
2002; Smith, 2005). Supporting this, the extraocular muscles
and dermis are infiltrated by activated T cells and local
cytokine production (IFN-g, IL-1, and TNF) can be demon-
strated; these cytokines stimulate glycosaminoglycan syn-
thesis by fibroblasts in vitro (Figures 35.7 and 35.8). Orbital
antibodies have been repeatedly sought in TAO with no con-
sensus and the nature of the T-cell autoantigen is unknown
although the TSH-R is a strong candidate. Treatment of TAO
usually consists of supportive measures or corticosteroids
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and in many the condition spontaneously becomes stable or
regresses (Bartalena et al., 2000).

CONCLUDING REMARKS—FUTURE
PROSPECTS

Graves’ disease shares many features with AT and what
determines the type of disorder is a critical issue. So far
genetic susceptibility factors have proven nonspecific but
more detailed analysis may reveal specific genotypes for
Graves’ disease. Future studies will clarify the relative
importance of stress, iodine intake, infection, and hormonal
alterations. It will be particularly important to study mech-
anisms at the earliest possible stage of disease so that an ini-
tiating rather than an enhancing role for these factors can be
assessed. Experiments of nature, such as the appearance of
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Graves’ disease after immunologic treatments, may provide
fresh insights into regulatory mechanisms and the early
phase of disease.

The development of a robust animal model with which
the initiation and progression of disease can be analyzed
would be a major step forward. Such a model would be espe-
cially welcome if TAO also occurred simultaneously and
would help clarify the role of TSH-R as an autoantigen in
TAO. Our current therapies for Graves’ disease are not ideal,
with many patients having recurrences or exchanging hyper-
thyroidism for permanent hypothyroidism. Immunologically
directed treatment offers considerable potential advantages,
but will need to be specific and innocuous. Such a strategy
is even more appealing in TAO for which current treatment
is unsatisfactory.
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A B
FIGURE 35.1 Pathology of autoimmune hypothyroidism. A, Hashimoto’s thyroiditis showing germinal center for-
mation. B, Primary myxedema with extensive fibrosis. (Original magnification: ¥100.) Courtesy of Dr Judith Channer,
Northern General Hospital, Sheffield.

FIGURE 35.5 Eye signs in a patient with thyroid-associated ophthal-
mopathy showing exophthalmos, scleral injection, and periorbital edema.

FIGURE 35.7 Photomicrograph of an extraocular muscle from a patient
with thyroid-associated ophthalmopathy. There is an extensive lymphocytic
infiltrate and edema; the muscle fibers are intact. (Original magnification:
¥200.)

FIGURE 35.6 Pathology of Graves’ disease showing columnar and
folded thyroid epithelium, small new follicles, and active colloid resorp-
tion, with “scalloping” of the colloid. A lymphocytic infiltrate is not promi-
nent in this specimen. (Original magnification: ¥100.) Courtesy of Dr Judith
Channer, Northern General Hospital, Sheffield.
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It was only in the 1950s that a clear distinction was made
between insulin-dependent diabetes mellitus (IDDM), now
called type 1 diabetes (T1D), and non-insulin dependent dia-
betes mellitus (NIDDM), now called type 2 diabetes (T2D).

The major discovery of the autoimmune origin of T1D
was derived in large part from the availability of two spon-
taneous animal models of the disease, the nonobese diabetic
(NOD) mouse and the Bio-Breeding (BB) rat.

In the years which have followed these major milestones,
a considerable number of immunologic, genetic, and clini-
cal studies have been performed which allow us to provide
a comprehensive description of disease pathogenesis and to
a lesser extent its etiology. This knowledge is central for the
understanding of the natural history of the disease. It is also
crucial to devise immune-based strategies which could sub-
stitute immunotherapy for the presently used palliative
insulin therapy with its limitations.

The aim of this chapter is to review the main questions
mentioned above, without going into the details of each
aspect which can be found in more extensive or more spe-
cialized texts (Bach, 1994; Yang and Santamaria, 2003).

CLINICAL SPECTRUM 
AND EPIDEMIOLOGY

Disease Presentation

In most cases, T1D appears suddenly in previously appar-
ently healthy individuals. The first clinical manifestations
include polyuria, polydipsia and, if the disease is not recog-
nized early on, weight loss. In some patients, in the absence
of insulin therapy, ketosis appears with nausea, vomiting,
and dehydration, rapidly leading to coma. When insulin
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treatment is initiated, all these symptoms rapidly disappear.
They may reappear, though, in the case of insufficient
insulin dosage. Excessive dosage leads to hypoglycemia
with sweating, malaise, and eventually coma. Once insulin
dependency appears, it is usually definitive, even if in a few
cases it may regress or disappear for a few months (“honey-
moon”). This clinical remission is explained by the b
cell rest afforded by intensive insulin therapy (Shah et al.,
1989).

After a few years of disease, degenerative complications
may appear with a risk directly related to the quality of meta-
bolic control which in turn depends on the rigor of insulin
therapy. Aggressive insulin therapy to the limit of hypo-
glycemia has been clearly shown to reduce the incidence and
the severity of degenerative complications (DCCT, 1993).
These complications include nephropathy leading to renal
failure, retinopathy with possible blindness, neuropathy, and
trophic complications (gangrene) which may be sufficiently
severe to require amputation. Diabetic patients are also
exposed to an increased risk of atherosclerosis-linked 
complications, heart involvement, and vascular cerebral
accidents.

T1D may develop more progressively, preceded by a long
phase of diabetes initially classified as T2D. This presenta-
tion, named latent autoimmune diabetes of the adult
(LADA), is most likely a slowly progressing form of T1D
(Pozzilli and Di Mario, 2001). It usually affects adults who
present with T2D without excess body weight and who have
a family history of T2D. The disease can be recognized by
the presence of b cell-specific autoantibodies (Falorni and
Calcinaro, 2002). LADA often, although not always, con-
verts to T1D, justifying early insulin treatment when needed
(Turner et al., 1997), and perhaps immunotherapy when 
the strategy becomes available. T1D includes a strong hered-
itary component. As we shall see, genetic inheritance is
usually polygenic. There are exceptions to this rule which
include a set of familial (highly hereditary) forms of the
disease linked to a single mutation (APECED and IPEX) or
to a limited number of predisposing genes.

APECED (Autoimmune Polyendocrinopathy, Candidia-
sis, Ectodermal Dysplasia) is a rare sex-linked hereditary
syndrome including T1D, thyroiditis, parathyroiditis, and
mucocutaneous candidiasis. The disease is due to a muta-
tion in a gene coding for a transcription factor called AIRE
(Halonen et al., 2004; Peterson et al., 2004) (see Chapter
38). IPEX is a severe autoimmune syndrome associating 
severe enterocolitis, T1D, and thyroiditis. It affects infants
and is lethal without immunosuppressive treatment or bone
marrow transplantation, essentially due to the severity of
enterocolitis. The disease has recently been associated with
a mutation in a gene coding for a transcription factor 
called FoxP3 involved in the differentiation of CD4+

CD25+ regulatory T cells (Bennett et al., 2001). There is an
animal model of this syndrome, the scurfy mouse, with the
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mutation on the same gene (Wildin et al., 2001) (see Chapter
26). A familial form of T1D has been observed in Bedouins
(Verge et al., 1998). Finally, there are the rare forms of 
T1D that are resistant to insulin therapy and are linked to
autoantibodies specific to the insulin receptor (Flier et al.,
1975).

Prediabetes

The onset of T1D is preceded by several years of a pre-
diabetic phase where islet-specific autoimmunity has
already developed but with insufficient intensity to destroy
islet b-cells to a degree which would generate clinically
detectable insulin dependency (Gottlieb and Eisenbarth,
1998). There is still debate about the percentage of persis-
tent b cells at the time of clinical onset, a crucial issue when
discussing immunotherapy in recently diagnosed diabetes.
The autoimmunity-associated prediabetic phase can be
defined in animal models by histopathology. In man, this
definition relies on the detection of b cell-specific auto-
antibodies, a definition which is not really satisfactory since
such autoantibodies are probably not directly pathogenic, at
variance with T cells. Importantly, there is a short period of
time during the few months preceding clinical onset when
metabolic dysfunction can be detected by decreased C-
peptide levels following glucose infusion.

Epidemiology

T1D most commonly starts during childhood but may
appear in adulthood in a significant proportion (30–40%) of
cases (Karvonen et al., 2001) and even more if one includes
LADA. There is an equal sex frequency, except in cases
associated with extrapancreatic autoimmunity (Umpierrez et
al., 2003) in which females predominate.

The incidence and prevalence of T1D vary according to
country. It is increasing in every country with more of a ten-
dency toward earlier onset than in the past, and now the
disease affects significant numbers of very young children
(Gale, 2002). In the US, T1D patients are probably more
than 106 and even more again if one includes LADA, the
frequency of which is ill defined.

THE AUTOIMMUNE ORIGIN OF TYPE
1 DIABETES

The first suggestions of an autoimmune origin for T1D
arose in the 1960s from the clustering of diabetes with other
diseases of known autoimmune origin, notably thyroiditis,
but the definitive evidence was the discovery of islet b-cell
autoantibodies (ICA) by Bottazzo and Doniach (Bottazzo et
al., 1974). Sera from T1D patients were shown by indirect
immunofluorescence to bind to islets on sections of human
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pancreas. Ultimately, several b-cell autoantigens were
chemically characterized, notably insulin (Srikanta et al.,
1986), glutamic acid decarboxylase (GAD) (Baekkeskov et
al., 1990), and IA-2, a tyrosine phosphatase-like molecule
(Lan et al., 1996). The presence of islet-specific antibodies
in T1D is not constant, even at the onset of overt diabetes,
but more than 90% of patients are positive by the ICA assay
or one of the assays using chemically defined antigens.
Normal sera are usually negative, though a very small per-
centage (<1%) may show low levels of antibodies.

Intensive research for islet-specific T cells has not pro-
vided clear-cut results. There have been multiple reports of
islet antigen-induced proliferation of lymphocytes from
T1D patients (Scheinin, 1988; Atkinson et al., 1992; 
Durinovic-Bello et al., 1996). Initially these reports proved
difficult to reproduce and the results of international work-
shops attempting to demonstrate islet-specific T-cell reac-
tivity were disappointing (Roep et al., 1999; Schloot et al.,
2003), although the latest workshops have been more
encouraging. Insulin- or GAD-specific T-cell lines and T-cell
clones have been derived from peripheral blood lympho-
cytes (PBL) of T1D patients, but not more efficiently than
from PBL of normal subjects (Endl et al., 1997; Bach et al.,
1997). Interest in this central topic has been recently
renewed by studies using HLA DR4 eluted peptides
(Peakman et al., 1999) and from the usage of GAD-specific
class II tetramers (Liu et al., 2000; Reijonen et al., 2002). In
these two systems, a low number of GAD-reactive T cells
could be shown after T-cell in vitro activation in conditions
in which healthy controls remained negative.

More convincing are the limited data demonstrating the
major T-cell infiltration of pancreata from recently diag-
nosed T1D patients (Bottazzo et al., 1985; Imagawa et al.,
2001).

Collectively, these data provide good evidence for 
islet-specific autoimmunity in T1D patients. They do not
demonstrate, however, the causal relationship between this
autoimmunity and disease pathogenesis. This is inferential
and is based on the following evidence:

• the inhibition of disease progression after T-cell blockade
as achieved with cyclosporin-A (Feutren et al., 1986;
CERCTG, 1988), or an anti-CD3 antibody (Herold et al.,
2002);

• T1D association with well-defined HLA alleles, best
explained by the presentation of selected autoantigenic
peptides to T cells by T1D-predisposing HLA molecules
(Nerup et al., 1974); 

• the autoimmune origin of T1D in NOD mice and BB rats
(see next section), assuming that the T1D observed in
these two animal models does have a pathogenesis iden-
tical or close to that of human T1D. 

The capacity to transfer the disease by administration of
T cells from diabetic animals to healthy syngeneic recipi-
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ents is highly convincing (Bendelac et al., 1987) as well as
disease prevention by a number of T-cell-specific inter-
ventions (Like et al., 1979; Chatenoud et al., 1994). 
Disease transfer has been obtained with CD4 (Haskins and
McDuffie, 1990) and CD8 (Wong et al., 1996) T-cell clones
after infusion in immunoincompetent NOD recipients.

However, it has not proven possible to meet all the cri-
teria for an autoimmune disease proposed by Rose and Bona
(1993). Surprisingly, there has been no success with diabetes
induction by immunization with islet extracts or chemically
defined b cell antigens, except for the induction of severe
insulitis without diabetes after immunization with an 
insulin peptide concomitant with administration of PolyIC
(Moriyama et al., 2002). Tolerance induction to some beta
cell antigens induces disease protection (Kaufman et al.,
1993; Tisch et al., 1993; Muir et al., 1995) but to a large
extent through a nonspecific bystander suppressive effect
(Zhang et al., 1991).

A DIVERSITY OF ANIMAL MODELS

Spontaneous Models

The nonobese diabetic (NOD) mouse was first proposed
as an animal model of T1D by Japanese investigators
(Makino et al., 1980). The NOD mouse develops insulitis
starting at 3 weeks of age. Overt diabetes appears at 4–6
months of age. The disease is consistently more common in
females than in males. Its incidence varies dramatically in
both genders according to the sanitary conditions of the
animal facility. NOD mice show other clinical and biologic
manifestations of autoimmunity, including thyroiditis (at a
late age), sialadenitis, and mild colitis (Bach, 1994; Bach
and Mathis, 1997). NOD mice may also produce antinuclear
antibodies (Baxter et al., 1994) and anti-erythrocyte anti-
bodies (Baxter and Mandel, 1991).

Bio-Breeding (BB) rats were initially discovered as a
model of T1D in Canada (Nakhooda et al., 1977). These rats
develop diabetes in a high percentage of cases at variance
with genetically close but distinct (BB-R rat) strains that are
diabetes resistant (Crisa et al., 1992). The main immuno-
logic feature of BB rats is lymphopenia (Poussier et al.,
1982) that depends on a single gene (Hornum et al., 1995).
Like NOD mice, BB rats also develop thyroiditis at a high
incidence.

Thymectomy-Induced Diabetes

In the rat, thymectomy followed by sublethal irradiation
induces diabetes onset in some strains but not in others in
which, however, thyroiditis is observed (Fowell and Mason,
1993). In BALB/c mice, thymectomy at 3 days of age, which
induces selective depletion of CD4+CD25+ T cells, induces
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insulitis in the context of a polyautoimmune syndrome, but
diabetes is rarely observed (Asano et al., 1996). These
effects of thymectomy are reminiscent of the acceleration of
diabetes onset noted in NOD mice when thymectomy is per-
formed at weaning (3 weeks of age) (Dardenne et al., 1989)
and of diabetes induction in the BB-R rat after adult thymec-
tomy and irradiation (Ramanathan et al., 2002).

The Low-Dose Streptozotocin Model

High doses of the alkylating agent streptozotocin (STZ),
which is a selective toxin for b cells, produces irreversible
T1D secondary to b-cell apoptosis, whereas multiple low
doses of STZ insufficient to destroy enough b cells to
directly cause T1D induce an autoimmune-related insulitis
and T1D (Paik et al., 1980). Low-dose STZ T1D is inhib-
ited by anti-T-cell antibodies (Herold et al., 1987) and can
be transferred into normal animals by T cells from STZ-
treated mice (Buschard and Rygaard, 1978). The mecha-
nisms of disease induction by low-dose STZ are not clear,
but probably involve enhancement of b-cell antigen presen-
tation secondary to limited b-cell destruction and perhaps
aberrant expression of MHC or costimulatory molecules
under the local STZ effect (Campbell et al., 1988). The
model is complicated by the overlap between STZ doses
leading to toxic or autoimmune diabetes. Doses that induce
autoimmune type T1D in some strains may induce diabetes
in NOD SCID mice which are deprived of T cells (Gerling
et al., 1994), an observation possibly related to the unique
and intriguing sensitivity of NOD mouse b-cells to STZ-
induced apoptosis (Orlow et al., 1987; Gonzalez et al.,
2002).

TCR Transgenic Models

CD4+ and CD8+ diabetogenic T-cell clones can be derived
from the islets of NOD mice. The TCR genes of such clones
were used to generate TCR transgenic mice. The first
reported model, the BDC2.5 mouse, used a TCR derived
from a CD4+ T-cell clone shown to be diabetogenic by trans-
fer into young or SCID NOD mice. In the initial report,
transgenic mice (backcross 6) showed accelerated onset of
diabetes when compared to nontransgenic littermates (Katz
et al., 1993). Ultimately, after backcross 12, transgenic mice
never became diabetic (You et al., 2004). Fulminant diabetes
could be induced, however, in such mice by backcrossing to
RAG-/-, SCID or TCR Ca-/- mice which cannot generate
their own TCR gene rearrangements (Kurrer et al., 1997;
You et al., 2004) (see page 489). Similar data were obtained
in transgenic mice expressing a TCR derived from CD8+ T-
cell clones (Amrani et al., 2000). In both systems, it is
important to realize that the antigenic specificity of the T-
cell clones was not known. Synthetic peptide mimetopes
were obtained. More recently, GAD-specific TCR transgenic
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mice were produced which, intriguingly, did not develop
diabetes even when they were backcrossed to NOD mice
(Tarbell et al., 2002).

RIP Transgenic Models

When transgenes are coupled to the rat insulin promoter
(RIP), the product of the transgene is selectively expressed
in the b cells where insulin is produced. Several models of
experimental diabetes have been developed in transgenic
mice expressing various antigens in b cells. The first 
model was described by Hanahan wherein the SV40T
antigen was expressed in b cells under conditions in 
which mice were not tolerant and mounted an SV40T-
specific T-cell response leading to severe insulitis (Adams
et al., 1987).

Numerous studies have been performed with lympho-
choriomeningitis virus (LCMV) in which LCMV proteins
(glycoprotein, GP, or nuclear protein, NP) were selectively
expressed in b cells (see Chapter 26). Expression of these
viral antigens alone was insufficient to induce diabetes since
the mice were tolerant to LCMV antigens, treating these 
as bona fide autoantigens. Double transgenic mice were
obtained when RIP-LCMV mice were crossed to mice
expressing a TCR specific to the LCMV b cell antigen. In
both the single and the double RIP-LCMV transgenic mice,
diabetes consistently appeared only when the animals were
infected with LCMV which induces a major activation of
LCMV-specific T cells (Ohashi et al., 1991; Von Herrath et
al., 1997; Von Herrath, 2002). Similarly double transgenic
mice have been produced that selectively express influenza
virus hemagglutinin in b cells (RIP-HA) but, at variance
with the LCMV model, RIP-HA ¥ HA-TCR transgenic mice
did develop diabetes in some cases, but not in others (Scott
et al., 1994).

Other RIP transgenic models of diabetes have been
described using RIP-driven b cell-specific expression of the
T-cell costimulatory molecule CD80 (B7) (Wong et al.,
1995), singly or in association with transgenic expression 
of the T1D-associated HLA allele HLA DR4 (Wen et al.,
2001).

Conclusions

The wide diversity of animal models of T1D represents
a major aid in the dissection of T1D mechanisms. The spon-
taneous models, the BB rat and especially the NOD mouse
represent by far the closest models to human T1D, although
others may be very interesting insofar as they simplify the
analysis of ongoing autoimmune responses. There is debate
on the significance of comparing NOD mice to human T1D.
One major concern is the large number of treatments that
prevent disease in NOD mice (see pages 494 and 495), as
compared to the very few treatments that are effective at the
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time of disease onset (Bach, 2002a). Other more minor con-
cerns include the female predominance in NOD mice, which
is not observed in humans, and the production of islet cell-
specific antibodies which is much lower in animal models
than in humans. In any event, NOD mice and BB rats, as
well as the other models described above, represent multi-
ple copies of just a single individual, whereas human T1D
is a heterogeneous disease among affected individuals. One
may assume that most patients share common disease mech-
anisms which are operative in NOD mice. A major differ-
ence contributing to the interest of these models is that NOD
mice and BB rats can be monitored during their whole lifes-
pan, whereas patients are usually only seen at the time of
overt T1D.

IMMUNOPATHOGENESIS

The Nature of the Effector Mechanisms

Data supporting a role for b cell-specific autoantibodies
in the pathogenesis of T1D are weak, if not lacking. Disease
cannot be transferred to healthy recipients by antibody-
positive immunoglobulins. Suggestive, albeit indirect data
indicate that offspring of antibody-positive diabetic NOD
females present diabetes more rapidly than do offspring of
nondiabetic antibody-negative mothers (Greeley et al.,
2002). However, data from humans are not in accord with
this. Additionally, T cells from NOD mice can transfer dia-
betes to NOD mice that have been rendered unable to
produce antibodies by postnatal anti-m treatment (Bendelac
et al., 1988). However, there is a possible role for B cells in
disease pathogenesis as indicated by the absence of diabetes
in B cell-less NOD mice. B cells could act in this setting
(Ig-/-) (Serreze et al., 1998) as antigen-presenting cells for
b-cell antigens.

Referring to T cells in T1D, the T-cell infiltration of the
pancreas in human and murine autoimmune diabetes, as well
as the arrest of disease progression by selective T-cell block-
ade, is persuasive. Finally, for mice at least, the disease can
be transferred into healthy nondiabetic syngeneic NOD
recipients by pure populations of T cells or T-cell clones
(Bendelac et al., 1987; Haskins and McDuffie, 1990; Wong
et al., 1996).

The respective roles of CD4+ and CD8+ T cells in dia-
betes pathogenesis have long been debated. The observation
that CD4+ T-cell clones could transfer the disease alone in
the absence of CD8+ T cells, these having been depleted by
anti-CD8 antibody treatment (Bradley et al., 1992), sug-
gested that the disease was mediated entirely by CD4 T cells.
However, CD8+ T-cell clones alone can also transfer T1D
(Wong et al., 1996) and, when polyclonal T cells are used,
both CD4+ and CD8+ T cells are necessary to obtain trans-
fer of diabetes (Bendelac et al., 1987), even though insuli-
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tis can be obtained with CD4+ T cells alone (Thivolet et al.,
1991).

Among CD4+ T cells, the major contribution is from Th1
cells. The progression of diabetes is associated with
increased intra-islet expression of IFN-g (Rabinovitch et al.,
1995), and anti-IFN-g neutralizing antibodies prevent
disease progression (Debray-Sachs et al., 1991). IFN-g-/-

and IFN-g R-/- NOD mice still develop diabetes (Serreze et
al., 2000), but gene redundancy cannot be excluded. Addi-
tionally, converging evidence shows a central role for IL-12,
the major Th1-cell differentiation factor, in driving T1D in
NOD mice. The disease is accelerated by IL-12 administra-
tion (Trembleau et al., 1995). Th2 cytokine expression is not
enhanced at the time of diabetes onset and such cytokines
inhibit disease onset when administered in young NOD mice
(Rapoport et al., 1993; Pennline et al., 1994). Note lastly that
anti-insulin and anti-GAD antibodies show a Th1-dependent
IgG2a isotype.

Enumeration of diabetogenic CD8+ T cells in NOD mice
has been made possible by use of MHC class I tetramers.
Numbers of CD8+ T cells with high avidity for the target
antigens increase with time during progression of insulitis,
peaking at the time of diabetes onset (Amrani et al., 2000).
The availability of tetramers has also shown the prevalence
of CD8+ T cells specific for limited number of islet-cell 
antigens, particularly insulin and IGRP (see page 488).

b-Cell Antigens Drive the Diabetogenic 
T-Cell Response

Indirect evidence suggests that b cells are important 
for stimulating islet-specific autoantibody production in
T1D. Thus patients with long-standing T1D who are likely
to have lost all their islet cells show a clear decrease in levels
of islet-specific antibody production (Maugendre et al.,
1999). Importantly, these autoantibodies reappear after 
pancreas transplantation (Bosi et al., 2001). Also, as men-
tioned, the HLA–T1D association further supports the
“driving role” for b-cell autoantigens, as does the restriction
of TCR heterogeneity in young NOD mice (Shizuru et al.,
1991; Baker et al., 2002), a finding which, however, 
could not be confirmed in adult NOD mice (Sarukhan et al.,
1995). In a more direct approach using NOD mice, we have
shown that diabetogenic T-cell clones, which normally
expand in irradiated recipients, are exhausted and progres-
sively disappear after being “parked” in b-cell-depleted 
irradiated mice; that is, mice whose b cells had been
destroyed by alloxan, a selective b-cell toxin (Larger 
et al., 1995).

Particular attention has been directed to the initial cellu-
lar events developing locally in the pancreas, or its vicinity,
in the first weeks of life in NOD mice and, notably, the wave
of b-cell apoptosis observed at 2–3 weeks of age just before
onset of insulitis (Trudeau et al., 2000). It has been proposed
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that CD8+ T cells have a disease-triggering effect in induc-
ing the initial b-cell lesion with B cells as antigen-present-
ing cells. The initial inductive cellular events do not take
place in the islet itself, at least for the most part, but in peri-
pancreatic lymph nodes which show intensive T-cell prolif-
eration. (Hoglund et al., 1999).

If b-cell antigens do trigger the diabetogenic response,
the nature of the responsible b-cell autoantigen is a central
question. Several antigens expressed in b cells elicit B- and
T-cell reactivity either in NOD mice and/or in man: insulin,
GAD (Baekkeskov et al., 1990), and IA-2 (Lan et al., 1996),
a tyrosine phosphatase-like molecule identified on the basis
of its selective expression by b cells. Insulin and GAD can
induce disease protection provided they are administered 
to young (prediabetic) NOD mice (Zhang et al., 1991;
Kaufman et al., 1993; Tisch et al., 1993; Daniel and
Wegmann, 1996). A specific role has been proposed for
proinsulin in man (Narendran et al., 2003) and preproinsulin
1 in NOD mice. Mice genetically deficient in this protein 
are protected from diabetes, whereas mice genetically 
deficient in preproinsulin 2 show accelerated disease onset
(Moriyama et al., 2003). A novel and likely important 
b-cell candidate (T-cell) autoantigen is islet-specific
glucose-6-phosphatase catalytic subunit related protein
(IGRP), recently described as the target molecule of the
majority of CD8+ diabetogenic T cells in NOD mice (Martin
et al., 2001; Lieberman et al., 2003). Yet the problem
remains that no decisive priority can be given to any of these
autoantigens in contributing to disease induction, and the
respective autoantibodies do not appear in the same sequen-
tial order in all patients with T1D.

Two explanations can be proposed for these intriguing
findings. First, autoimmunization extends from one to
another specificity by antigen (epitope) spreading. Thus, a
primary antigen induces the differentiation of diabetogenic
T-cell clones which induce a b-cell lesion and which, 
ultimately, lead to the recruitment of autoreactive T cells
with other b-cell-associated specificities.
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Second, the initial triggering event is not related to any
particular autoantigen but could be essentially nonspecific,
meaning that a pancreatic viral infection could increase 
the expression and “availability” of the various molecules 
necessary for antigen recognition by T cells, i.e., class I and
class II MHC molecules, costimulatory molecules, adhesion
molecules, and others.

In any event, there are no data as yet to incriminate a
primary b-cell autoantigen in T1D even though the
HLA–T1D association in humans would suggest that such
an autoantigen must exist. Box 36.1 presents a partial list of
the many candidate autoantigens which have been proposed
in human or murine T1D, and Table 36.1 gives the main 
features of the four best-characterized of these.

Thus, T1D is marked by a selective breakdown of self-
tolerance to b-cell antigens. As already discussed, however,
there is no clear predominance of autoreactivity against a
well-defined autoantigen. If any one were to be selected at
present, it would be insulin. However, all in all, T1D appears
as the result of the widespread rupture of the state of toler-
ance that normally exists to b-cell autoantigens, without
excluding that the initial breakdown of tolerance takes place
against a primary autoantigen which then extends through

Box 36.1 A nonexhaustive list of T1D 
candidate autoantigens

1. Insulin (proinsulin)
2. Glutamic acid decarboxylase (GAD) (GAD65/

GAD67)
3. IA-2/ICA512/phogrin
4. Hsp 65/p277
5. Islet-specific glucose 6 phosphatase catalytic subunit

related protein (IGRP) (T cells)
6. GLIMA (38 kDa)

TABLE 36.1 Requirements for candidate b-cell autoantigens

Insulin GAD IA-2 IGRP

Distribution b cells b cells/brain b cells b cells

Autoreactivity in human T1D
Autoantibodies + + + ?
T cells + + + ?

Protective tolerance in NOD mice
Peripheral + + ? ?
Central (transgenic mice) + - ? ?

Specific pathogenic T-cell clones + + ? + (CD8)

Triggering of insulitis in + (+poly IC) - ? ?
non-autoimmune-prone mice
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antigen spreading (Vanderlugt and Miller, 2002) to other 
b-cell autoantigens.

Rupture of Self-Tolerance to b Cells

The concomitant presence in NOD mice of a b-cell
autoantigen and of T cells expressing the relevant specific
TCR is not sufficient to trigger diabetes onset. This impor-
tant statement is supported (as mentioned above) by the
presence of b-cell-specific autoreactive T cells in healthy
human subjects (Endl et al., 1997; Bach et al., 1997;
Peakman et al., 1999) and by the absence of diabetes in
double transgenic RIP-LCMV mice, until they are infected
by LCMV (Ohashi et al., 1991). Two factors appear to be
determinant for the triggering event. First, activation of b-
cell-specific T cells, so bypassing the state of ignorance
described above, and second, permissiveness of regulatory
mechanisms which normally prevent the development of
pathogenic autoimmunity.

In healthy subjects, humans and mice, tolerance to self-
antigens normally involves initially the intrathymic destruc-
tion (negative selection) of T cells with high-affinity
receptors for self-peptides present in the thymus, followed
by mechanisms of peripheral tolerance that regulate the
autoreactive T cells which have escaped intrathymic nega-
tive selection. The question posed is the mechanisms by
which tolerance to b-cell autoantigens is lost in T1D: defect
in deletion, regulation, or both.

T-Cell Activation

The multiplicity of concomitant b-cell-specific immune
responses discussed above indicates that the most likely
mechanism leading to T-cell activation involves islet inflam-
mation, for example by a pancreatotropic virus, yet no direct
evidence has been obtained to formally incriminate any par-
ticular virus in human T1D (see pages 492 and 493) or in
NOD mouse T1D. The increased expression of IFN-a
observed in islets of recently diagnosed diabetic patients
(Foulis et al., 1987) is suggestive of a viral mechanism.
Other mechanisms of non-antigen-specific T-cell activation
could be considered, such as superantigens, but no evidence
supports this hypothesis except the unsubstantiated report of
a selective expression of Vb7, which could be interpreted as
a result of the expansion of T cells interacting with a spe-
cific endogenous retrovirus.

Arguments for Defective Intrathymic 
Negative Selection

The derivation of insulin- and GAD-reactive T-cell lines
from normal peripheral blood lymphocytes in diabetic
patients but also in healthy subjects (Endl et al., 1997;
Peakman et al., 1999) clearly indicates that thymic negative
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selection does not fully operate for b-cell-specific autoanti-
gens, as also pertains to other autoantigens. It might be,
however, that negative selection is less effective for such
antigens in T1D than in normal subjects. This notion is 
supported by some observations made in the NOD mouse,
showing that NOD mouse thymocytes have a lower rate 
of apoptosis than normal strains (Kishimoto and Sprent,
2001; Bergman et al., 2003). The defect affects both 
Fas-dependent and Fas-independent pathways of apoptosis. 
For Fas-dependent apoptosis, the defective apoptosis of
NOD thymocytes correlated with the strong T-cell receptor-
mediated upregulation of caspase8-homologous FLICE
(Fas-associated death-domain-like interleukin I beta-
converting enzyme) inhibitory protein (Kishimoto and
Sprent, 2001). Additionally, use of an RIP double transgenic
model as described above shows that non-MHC genes from
the NOD strain promote a failure to delete high-avidity
autoreactive T cells during their development in the thymus,
with subsequent spontaneous breakdown of CD4+ T-cell tol-
erance to the islet antigen and formation of intra-islet ger-
minal centers (Lesage et al., 2002). A failure of thymic
negative selection is indirectly supported by the finding that
human subjects with autoimmune polyendocrine syndrome
I (APECED) may present diabetes due to a mutation on the
AIRE gene (Peterson et al., 2004); AIRE is demonstrated in
the mouse to control the intensity of negative selection
against certain antigens, and mRNA expression for some
autoantigens is decreased in AIRE-/- mice (Anderson et al.,
2002) (see Chapter 38).

Lastly, some of the b-cell candidate autoantigens (insulin
or proinsulin, GAD, and IA2) are expressed in the thymus
in a subset of medullary antigen-presenting cells, either as
the total protein or as fragments due to alternative splicing,
and the level of such expression is correlated with predis-
position genes for T1D, notably the insulin promoter gene
(Diez et al., 2001; Pugliese et al., 2001). Presumably, the
higher the level of the thymic expression of these autoanti-
gens, the more efficient would be the negative selection 
for the corresponding autoreactive T cells. Thus defective
expression of b-cell autoantigens in the thymus might well
contribute to the pathogenesis of T1D.

Failure of Regulatory T Cells

Diabetes onset is accelerated by various manipulations
that deplete certain T-cell subsets, including thymectomy at
3 weeks (Dardenne et al., 1989), blockade of costimulatory
pathways (Lenschow et al., 1996) or cyclophosphamide
treatment (Yasunami and Bach, 1988). Similarly, the back-
crossing to immunoincompetent mice (RAG-/-, SCID, TCR
Ca-/-) of transgenic mice expressing a diabetogenic TCR
dramatically increases rapidity and incidence of diabetes
(Kurrer et al., 1997; You et al., 2004). This observation illus-
trates the role of T cells having undergone endogenous TCR
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rearrangements in disease control probably through
immunoregulation, since diabetes associated with their
absence is prevented by infusion of CD4+CD62L+ regula-
tory T cells (You et al., 2004).

Direct evidence for control of T1D by regulatory T cells
has been obtained by showing the ability of CD4+ T cells
from prediabetic NOD mice to protect from diabetes in a
cotransfer model in which such T cells are administered to
NOD/SCID or irradiated NOD recipients concurrently with
diabetogenic T cells derived from the spleen of NOD dia-
betic mice (Boitard et al., 1989). These regulatory T cells
include not only CD25+ T cells but also CD25-CD62L+ T
cells (Alyanakian et al., 2003) and that regulation depends
on TGF-b but not on Th2 cytokines (Chatenoud, in prepa-
ration; Green et al., 2003). However, Th2 cytokines do
appear important for tolerance induction and disease pre-
vention after giving soluble b-cell autoantigens, since such
tolerance is not obtained in IL-4-/- NOD mice (Tisch et al.,
1999). The role of Th2 cytokines in the physiologic control
of the spontaneous disease is unlikely, as indicated by the
normal disease incidence observed in IL-4-/- (Wang et al.,
1998) and IL-10-/- (Serreze et al., 2001) NOD mice. Even
so, this is an argument to consider with caution, because of
the occurrence of autoimmune diabetes in IFN-g-/- and IFN-
gR-/- NOD mice (Serreze et al., 2000). Also, a role for NKT
cells has been suggested in the control of T1D. The number
and function of these cells are deficient in NOD mice
(Gombert et al., 1996). Diabetes onset is accelerated in
NKT-cell-deficient CD1-/- NOD mice (Wang et al., 2001)
and is slowed down in wild-type NOD mice by a-
galactosyl-ceramide, a selective NKT-cell ligand (Hong et
al., 2001; Sharif et al., 2001). A defect in NKT-cell function
has been described in human T1D (Wilson et al., 1998;
Kukreja et al., 2002). At present, however, some uncertain-
ties persist on whether the involvement of NKT cells in the
pathogenesis of T1D is really significant.

b-Cell Lesion

As extensively discussed above, T1D is the consequence
of damage to b cells by b-cell-specific T cells. A central
question is to determine the fine mechanisms at the origin
of the reduction of insulin production.

First, what are the respective roles of b cell destruction
(“atrophy”) versus functional (reversible) inhibition of
insulin production by residual living b-cells, i.e., inflamma-
tion? The existence of inflammation can be assessed in the
NOD mouse and to a lesser extent in human T1D by the
rapid recovery of insulin production observed after T-cell
targeted intervention. Recent-onset diabetic NOD mice
recover normal glycemia within 24–48 h of administration
of anti-TCR (Sempe et al., 1991) or anti-CD3 monoclonal
antibodies (Chatenoud et al., 1994) in the absence of insulin
therapy. The recovery of insulin production by b cells
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derived from recently diabetic NOD mice, after in vitro
culture in the absence of aggressive T cells, also suggests
the persistence of functional b cells at the time of diabetes
onset (Strandell et al., 1990). 

The questions remain, however, of the percentage of
intact residual b cells at diabetes onset and what the 
kinetics of b-cell destruction in the months and years 
preceding T1D onset are. Is there a regularly progress-
ing destruction with a superimposed inflammation or does
disease progression suddenly accelerate just before diabetes
onset? If so, what is the triggering mechanism at the origin
of this burst of b-cell aggression? Morphometric data avail-
able in the NOD mouse (Sreenan et al., 1999), and to a lesser
degree in human T1D (Hanafusa et al., 1990; Imagawa et
al., 2001), are not very informative on this point, especially
since the authors use insulin as a b-cell marker. Indeed, this
may create a bias since living b cells subjected to inflam-
mation may drastically reduce their level of insulin produc-
tion. Particular attention should be given to noninvasive
approaches to determine b-cell mass, such as those using b-
cell-specific radiolabeled monoclonal antibodies (Moore et
al., 2001). At the molecular level, considerable effort has
been devoted to understanding the mechanisms of b-cell
destruction. Several studies shed light on the events leading
to b-cell apoptosis; some show the important role of nitric
oxide and free radicals (Brenner et al., 1993) in addition to
the putative mechanisms usually associated with CD8+ T-
cell mediated b-cell lysis, perforin or Fas mediated. The role
of cytokines, notably IL-1, has been documented by in vitro
studies using normal b cells (Mandrup-Poulsen, 2003) but
it is difficult to determine what their role is in vivo.

Lastly, there is a growing interest in the role of
chemokines and their receptors in the attraction of effector
cells into the islet (Atkinson and Wilson, 2002), exemplified
by the suggested role of CXCR3 and CCR4 in the initiation
of insulitis in NOD mice (Kim et al., 2002; Frigerio et al.,
2002).

ETIOLOGY

T1D is a multifactorial polygenic disease. It is the result
of the interaction of predisposing genes with unfavorable
environmental factors, probably both triggering and per-
missive. We shall successively discuss genetic and environ-
mental factors in light of the knowledge gained from
experimental models and human T1D.

Genetics of T1D

The Weight of Heredity

When one member of a pair of monozygotic twins 
develops T1D, the other twin will develop the disease in
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approximately 35–50% of cases, and more often (up to 60%)
if the twins are DR3/DR4 heterozygotes (Bach, 1994; Ide
and Eisenbarth, 2003). This high concordance rate provides
a quantification of the hereditary nature of the disease and
the disease penetrance. The fact that in these conditions as
many as 7% of non-twin siblings are concordant for the
disease indicates in a first analysis the existence of a limited
number of disease predisposition genes, the more so since
half of the genetic predisposition is due to genes of the major
histocompatibility complex (MHC). HLA identical siblings
have a concordance rate of approximately 16%, nearly half
the monozygotic twin concordance rate (Bach, 1994; Ide
and Eisenbarth, 2003).

We note that about 5% of children from diabetic patients
become diabetic with, interestingly (and so far unexplained),
a higher risk when the diabetic parent is the father (Warram
et al., 1984). Perhaps the immune system of the embryo is
influenced by its interaction with the mother’s islet-specific
antibodies, whatever the mechanisms of the apparent pro-
tection conferred might be. This interpretation is in opposi-
tion to the hypothesis, proposed on the basis of indirect data,
that there is a diabetes-promoting effect of maternal anti-
islet antibodies in NOD mice (Greeley et al., 2002).

Role of MHC Genes

The association between HLA antigens and T1D was dis-
covered in 1974 (Nerup et al., 1974) but it proved difficult
to identify the actual loci of the predisposing genes due to
major linkage disequilibrium within the MHC. Convergent
data indicate that predisposing genes are located at the DQ
locus, though there is no absolute certainty about the
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absence of effects conferred by other loci, especially since
some data argue for a haplotype effect wherein two genes
on the same haplotype may be operational in a synergistic
fashion. The two major predisposing haplotypes are
DQA1*0501 DQB1*0201 and DQA1*0301 DQB1*0302
but other predisposing haplotypes exist in non-white 
populations (See Chapter 74). Particular attention is
presently being paid to a locus located between HLA-B and
TNF (Lie et al., 1999; Johansson et al., 2003). This haplo-
type effect would provide a good explanation for the 
discrepancy observed between the relatively low risk con-
tribution of each HLA predisposition gene and the major risk
among sibpairs associated with the sharing of the two HLA
haplotypes (independently of DR3/DR4 heterozygosity).
The HLA–T1D association also includes a major protective
effect of HLA DR2 or the associated DQB1*0602 gene.
Table 36.2 presents the list of HLA T1D predisposition
genes as well as that of disease protection genes.

Postulated mechanisms of T1D–HLA association include
presentation of b-cell antigen peptides by the corresponding
HLA molecules (see Chapter 5). The sequence analysis of
T1D-associated DQ and DR molecules has revealed the
importance of particular amino acid residues. Thus T1D is
strongly associated with the absence of aspartic acid in 
position 57 of the DQb chain, a critical position for peptide
binding to the DQ molecule (Todd et al., 1987). The pro-
tective effect is less easily explained but may involve
peptide capture by the protective HLA molecule or the
induction of regulatory T cells. But caution is necessary
since, as stated above, there may be a strong haplotype effect
with the possible role of non-HLA MHC genes influencing
immune responsiveness in a non-antigen-specific fashion, as

TABLE 36.2 Association of HLA genes and human type 1 diabetes (IDDM1) in
white people (after Pociot and McDermott, 2002)

HLA-DQ alleles HLA-DR alleles Relative risk

Positive associations 
(susceptibility haplotypes)
A1*0301-B1*0302 DRB1*04 2.5–9.5
A1*0501-B1*0201 DRB1*301 2.5–5.0
A1*0501-B1*0302 DRB1*301/DRB1*04 12.0–32.0
A1*0301-B1*0201 DRB1*301/DRB1*04
A1*0301-B1*0402 DRB1*04/DRB1*801 4.0–15.0
A1*0301-B1*0201 DRB1*701 8.0–13.0
A1*0301-B1*0201 DRB1*901 5.5
A1*0301-B1*0401 DRB1*04 3.5–4.5
A1*0301-B1*0303 DRB1*901 2.0–4.5

Negative associations 
(protective haplotypes)
A1*0102-B1*0602 DRB1*1501 0.03–0.2
A1*0103-B1*0603 DRB1*1301 0.05–0.25
A1*0301-B1*0301 DRB1*04 0.2–0.5
A1*0501-B1*0301 DRB1*1101 0.05–0.5
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indicated by studies in the NOD mouse (Boulard et al.,
2002).

Role of Non-MHC Genes

The difference observed between concordance rates in
monozygotic twins (35–40%) and HLA identical siblings
(16%) demonstrates the role of non-MHC genes in disease
predisposition, as described in Chapter 21. Recent updates
on the state of the art can be found in reviews by Pociot and
by Eisenbarth. The study of candidate non-MHC genes has
not been very fruitful since only two have been clearly 
identified, insulin and CTLA-4, and for both there is a low 
relative risk and no absolute exclusion of neighboring genes.
Also incriminated are the IL-12 p40 gene (Davoodi-
Semiromi et al., 2002) and the IL-4 receptor gene (Mirel et
al., 2002). Genome scanning approaches have been more
successful, since both in NOD mice and human T1D more
than 20 chromosomal regions have been characterized
(Table 36.3) (Wicker et al., 1995; Todd, 1999; Pociot and
McDermott, 2002; Ide and Eisenbarth, 2003). However, not
all of these regions have been confirmed in various large-
scale studies performed in the US and Europe (Pociot and
McDermott, 2002), and the relative risk associated with each
of these regions is relatively small.

The problem is complicated by the clustering of several
predisposition genes in single regions, as in the case of Idd5
in the NOD mouse. Returning to the relatively high disease
concordance rate in HLA identical siblings, it seems likely
that only a few of these predisposition genes are important
for disease predisposition or that many of them are pre-
sent in a very high proportion of the general population.
Converging evidence suggests that most, if not all, T1D-
predisposing genes code for polymorphic variance of
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normal proteins. The hope is that recent progress in genome
typing, together with the knowledge of the human genome
and the haplotype map, will clarify genetic predisposition to
T1D. It will also be important to relate the genes in ques-
tion to their putative involvement in disease pathogenesis, 
which has so far essentially been possible only in the NOD
mouse.

Environmental Factors

Since more than 50% of monozygotic twins are discor-
dant for T1D, the importance of environment in the etiology
of T1D seems substantial. However, it is difficult to distin-
guish whether this effect arises from abnormal trigger-
ing of the immune response by extrinsic factors or from 
a permissiveness due to insufficient stimulation of
immunoregulation.

Triggering Factors

Viruses

Viruses have been considered major potential candidates
for the etiology of T1D for several decades. The viral
hypothesis was initially based on the temporal relationship
between defined virus infections and onset of overt diabetes
(Jun and Yoon, 2003). This sequence was notably invoked
for Coxsackie B4 virus (Asplin et al., 1982) but the argu-
ment is not very robust when one considers, as mentioned
above, that T-cell-mediated islet aggression probably begins
many years before clinical onset in most patients and thus
before the incriminated infection. The infection may at most
exacerbate an already established anti-islet response and
thereby accelerate disease onset. One should add that 

TABLE 36.3 Non-MHC gene loci in type 1 human
diabetes (after Pociot and McDermott, 2002)

Locus Chromosome Markers Significance level

IDDM2 11 INS LOD ≥ 2.0
IDDM3 15 D15S107 LOD ≥ 2.0
IDDM4 11 D11S1296-FGF3 LOD ≥ 3.6
IDDM5 6 D6S476-D6S473 LOD ≥ 3.6
IDDM7–IDDM12 2 HOXD8-D2S72-CTLA4 LOD ≥ 3.6
IDDM8 6 D6S446-D6S281 LOD ≥ 3.6
IDDM9 3 D3S1279 LOD ≥ 1.0
IDDM10 10 D10S191-D10S220 LOD ≥ 3.6
IDDM11 14 D14S67 LOD ≥ 3.6
IDDM13 2 D2D137-D2S301 LOD ≥ 2.0
IDDM15 6 D6S283 LOD ≥ 3.6
IDDM16 14 D14S292-D14S293
IDDM17 10 D10S1750-D10S1773
IDDM18 5 IL12B LOD ≥ 3.6
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serological evidence, i.e., the detection of antiviral anti-
bodies in T1D patients, has always been indecisive, as are
the episodic claims of virus isolation from pancreatic tissue
(Burch and Harb, 1975). The interest in enteroviruses has
recently been renewed by observations that the frequency of
enterovirus infections studied using both serology and
testing for the presence of enterovirus RNA could be corre-
lated with islet-specific autoantibodies in subjects at risk for
developing T1D (Honeyman et al., 2000; Lonnrot et al.,
2000). Also, an increased T-cell response to Coxsackie B4
antigens was observed in recent-onset diabetic patients
(Juhela et al., 2000). These data are interesting but their 
contribution to the etiologic role of enteroviruses remains
indirect, since positive results are also observed in a large
percentage of the normal population.

At the experimental level, the data are also rather limited.
The encephalomyocarditis virus is said to induce T1D in
mice (Craighead and McLane, 1968) but T1D here is of the
cytopathic type without immunologic involvement. The
Coxsackie B4 virus can induce diabetes in mice with some
features of autoimmune T1D (Coleman et al., 1974) but it
is not clear whether disease pathogenesis involves a direct
cytopathic effect or an immune b-cell attack secondary to
virus-induced inflammation. This interpretation is com-
patible with the report by Horwitz that Coxsackie B4 infec-
tion of BDC2.5 mice which have a limited nontransgenic
TCR repertoire shows accelerated diabetes (Horwitz et al.,
1998).

Other interesting data have been derived from the RIP-
LCMV transgenic mice that develop T1D after LCMV
infection according to a hit-and-run mechanism (Von
Herrath et al., 1997; Von Herrath, 2002) (see Chapter 26).
The virus infection stimulates the induction of LCMVgp-
specific CD8+ cytotoxic T lymphocytes (CTLs) which cause
the disease, even though the virus is rapidly cleared through
the action of such CTLs.

Collectively, these data are compatible with, but certainly
not proof of, a viral etiology for T1D, noting also that the
diabetogenic virus (or viruses) is still unidentified. It might
well be that the etiologic infection takes place many years
before clinical onset, calling into question the data on pre-
clinical infections and seasonal prevalences. This lag time
would explain the difficulty in identifying the diabetogenic
viruses, which in addition might not be unique. Several 
pancreatotropic viruses could operate through nonspecific
inflammatory mechanisms, as discussed earlier. There is also
a possibility for antigen (epitope) mimicry but there is no
good evidence for this hypothesis in man, except a homol-
ogy between a Coxsackie B4 virus protein and GAD 
(Atkinson et al., 1994), and virtually no evidence in the
mouse. We note that T1D is accelerated in BB rats infected
with Kilham’s virus (Guberski et al., 1991) but in this case
the impact of the virus is on the immune system, rather than
on islet b cells.
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Diet

Cow’s milk accelerates the onset of T1D in BB rats
(Elliott and Martin, 1984). A gluten-free diet prevents T1D
in NOD mice (Funda et al., 1999). These observations have
led to a number of experimental studies and therapeutic
trials in humans that are still in progress. Concerning cow’s
milk, a peptide from lactalbumin (called ABBOS) was
shown to cross-react with a b-cell autoantigen named 
p69, suggesting again a possible form for antigen mimicry
(Karjalainen et al., 1992).

Toxic Agents

Multiple low doses of STZ regularly induce T1D in sus-
ceptible strains of mice and rats, which suggests that toxic
agents can induce T1D (see page 489). There is no evidence,
however, documenting this hypothesis in human T1D.

Permissive Factors

As mentioned above, there has been a steady increase 
in the incidence of T1D over the last three decades in
Western countries in line with the increase in incidence of
other autoimmune and allergic diseases (EURODIAB, 2000;
Bach, 2002b). T1D is more common in developed than in
developing countries and within Europe there is a clear
north–south gradient, as seen with other autoimmune dis-
eases. These data suggest the role of a permissive environ-
mental factor in the etiology of T1D.

The Nature of Protective Environmental Factors

Many differences exist between countries of the northern
and southern hemispheres, including genetic traits, socio-
economic level, climate, diet, and more generally, lifestyle.
The role of genetic factors is probably not critical if we con-
sider that migrating populations from low-incidence to high-
incidence countries acquire a disease incidence similar to
that of the inhabitants of the adopted country (Staines et al.,
1997). Socio-economic factors are probably central, as
demonstrated among countries by a correlation between the
incidence of T1D and prosperity, but also among more
limited neighboring regions within countries (Bach, 2002b).
The most plausible explanation for this socio-economic
influence is the high rate of infections, especially during
childhood, in low socio-economic areas. This interpretation
has been directly demonstrated in Northern Ireland for 
T1D (Patterson et al., 1996). A role for infectious agents 
was suggested for predisposition to atopic dermatitis and
Crohn’s disease by studies showing a correlation between
sanitary conditions and disease incidence. In addition to 
this, the occurrence of T1D is greatest for the firstborn of
large families, probably because of lower exposure to 
infections.
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Animal Models

It has repeatedly been shown that NOD mice and BB 
rats have a diabetes incidence highly related to the sanitary
conditions of breeding and maintenance: the cleaner these
are, the higher the disease incidence (Bach, 2002b). Addi-
tionally, infection of NOD mice with bacteria, viruses 
or parasites totally prevents disease onset (Oldstone, 1990;
Qin et al., 1993; Zaccone et al., 2003). The best-studied
model is that of the prevention of T1D in NOD mice by
administration of complete Freund’s adjuvant (Qin et al.,
1993).

Mechanisms

Infections may prevent insulitis progression in several
ways. First, there is the possible role of homeostatic com-
petition, wherein the anti-infectious immune response com-
petes with autoreactive T cells for homeostatic maintenance
signals such as IL-7 or peptide MHC recognition (King et
al., 2004). Various other cellular or molecular protagonists
involved in the immune response, notably in antigen pro-
cessing, the binding of autoantigen peptides to HLA mole-
cules, as well as the consumption of IL-2 or other helper
cytokines could also play a role. Second, anti-infectious
responses could elicit suppressor mechanisms which could
extend their inhibitory effect to diabetogenic autoimmune
responses through bystander suppression, whatever the
underlying mechanisms might be: IL-10, TGF-b, NKT cells
or other(s). Third, infectious agents could stimulate Toll-like
receptors with convergent induction of suppressor mecha-
nisms, as shown in our laboratory (unpublished) with ago-
nists of TLR2, TLR3, and TLR4.

Conclusions

The two sets of considerations in regard to infections are
not necessarily contradictory, even for those infectious
agents that have been discussed among both triggering and
protecting factors. The triggering of the T1D process could
relate to some specific pancreatotropic viruses, whereas con-
versely, islet-specific immune responses could be inhibited
non-antigen specifically by a spectrum of bacteria, viruses,
and parasites.

IMMUNOTHERAPY OF 
TYPE 1 DIABETES

This aspect is treated in depth in two other chapters
(Chapters 75 and 76). However, in brief, immunotherapy 
of T1D can be divided into five main approaches, as 
follows.
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Non-Antigen-Specific Suppression of Islet-
Specific Immune Responses

This is best achieved with conventional chemical
immunosuppressive agents such as cyclosporin A and aza-
thioprine which have both successfully been used in human
T1D (Feutren et al., 1986; Silverstein et al., 1988; CERCTG,
1988). The problem is that the effect does not extend beyond
the treatment period, imposing chronic treatment with its
potential toxicity and risk of over-immunosuppression.

Antigen-Induced Tolerance

The second (much more attractive) approach consists of
inducing antigen-specific tolerance to b-cell antigen pep-
tides. This approach has proven very successful in the NOD
mouse (Kaufman et al., 1993; Tisch et al., 1993; Muir et al.,
1995; Daniel and Wegmann, 1996; Alleva et al., 2002) but
its application to man is still limited, with the single excep-
tion of a trial using a heat shock protein peptide in recently
diagnosed patients with T1D (Raz et al., 2001), but this is
still to be confirmed. Several trials have been performed
using GAD or insulin. In prediabetic or recently diagnosed
diabetic patients, none so far has shown well-proven effi-
cacy (see Chapter 75). As mentioned above, the mechanisms
of such intervention probably involve stimulation of Th2
cells.

Combination of Immediate Freezing of the
Islet Response and Ultimate Induction of

Regulatory T Cells

This dual effect was obtained with anti-CD3 antibodies,
first in NOD mice (Chatenoud et al., 1994; Belghith et al.,
2003) then in man (Herold et al., 2002; Keymeulen et al.,
2005). The effect is remarkable because it is immediate and
does not expose patients to long-term immunosuppression,
since the non-antigen-specific effect of the treatment is
immediately reversible when the anti-CD3 antibody disap-
pears from serum. Ultimately, regulatory mechanisms take
over. The latter mechanism is probably islet specific, the
antibody acting preferentially on preactivated T cells which
mainly comprise islet-specific T cells. This is discussed in
further detail in Chapter 76.

Replacement of the Protective 
Effect of Infections

The approach was explored with the bacillus Cal-
mette–Guerin (BCG) (Allen et al., 1999) and Q fever vac-
cines (Bonn, 1999) but the duration of immunostimulation
was probably too short to be effective. Hopefully, bacterial
extracts or TLR agonists will be used in the future, as suc-
cessfully done in the NOD mouse.
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Inhibition of b-Cell Apoptosis

This has proven a difficult approach. Nicotinamide was
used on this premise in major studies, but these have failed
(Lampeter et al., 1998; Gale et al., 2004).

Other Measures

A multitude of other measures have been proposed and
implemented in the NOD mouse. Caution is needed in the
interpretation of the results obtained in the NOD model
which is unusually sensitive to immunointervention except
for mice at an advanced stage of the disease (Bach, 2002b).

GENERAL CONCLUSIONS

Whatever its etiology, it can be clearly stated that T1D is
a T-cell-mediated autoimmune disease. Its evolution
involves a slow progression of insulitis with both inflam-
mation and destruction of b cells. The two timely questions
concern triggering mechanisms, i.e., the event(s) that stim-
ulate(s) the differentiation of b-cell-specific T cells, and 
the nature of the maneuvers that could arrest or reverse the
otherwise inevitable progression that ultimately leads 
to the complete and selective destruction of b cells. Several
strategies are being investigated, with those aimed at 
stimulating regulatory T cells using either b-cell antigen
peptides or anti-CD3 monoclonal antibodies seeming par-
ticularly attractive. It is hoped that when these methods have 
proven their efficacy and safety, they will be applicable to 
prediabetic subjects, contingent on the predictive markers
being sufficiently robust, as discussed in Chapter 74.
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In 1564, Bartolomeo Eustachius wrote of the discovery
of the “glandulae quae renibus incumbent” and subse-
quently Casserius (1561–1616) validated the discovery,
depicting and naming them as “corpuscola reni incumben-
tia sive renes succenturiati” (Hiatt and Hiatt, 1997).

In 1855, Thomas Addison first proved that adrenals were
vital organs when he described the symptoms and signs of
patients with “anaemia . . . feebleness of the heart action
. . . a peculiar change of colour in the skin occurring in con-
nection with a diseased condition of the suprarenal cap-
sules.” He called this disorder “melasma suprarenale,”
postulating that it may be due to abnormal lesions in the
adrenal glands. In this first description from the autopsies of
11 patients, he found six cases with tuberculosis, three with
malignancies, one with adrenal hemorrhage, and one with
adrenal fibrosis of an unknown origin. Probably, this last
case was the first description of an autoimmune adrenalitis.
In this case Addison reported: “The two adrenals together
weighed 49 grains, they appeared exceedingly small and
atrophied, so that the diseased condition did not result as

usual from a deposit either of a strumous or malignant char-
acter, but appears to have been occasioned by an actual
inflammation, that inflammation having destroyed the
integrity of the organs, which finally led to their contraction
and atrophy” (Addison, 1868). In 1856, the adrenal insuffi-
ciency was named “Addison’s disease” by Trousseau.

ANATOMY AND PHYSIOLOGY OF
THE ADRENALS

The adrenal glands develop from the mesenchyme: the
outer part (cortex) from the mesoderm and the central part
(medulla) from the neuroectoderm, which comprises part of
the chromaffin system (Kannan, 1988).

The cortex is divided into three layers. The zona glomeru-
losa (5–10% of the cortex) comprises discontinuous sub-
capsular aggregates of small cells, containing less cytoplasm
than the other cortical cells; the middle zone or fasciculata
(70% of the cortex), is formed by radial cords of large cells
arranged in columns with abundant lipid-filled cytoplasm;
the inner cortical zone or zona reticularis is composed of
cells arranged in cords with compact, finely granular,
eosinophilic cytoplasm (Figure 37.1A).

The adrenal cortex synthesizes three main groups of 
hormones (the glucocorticoids, the mineralocorticoids, and
the adrenal androgens) (Auchus and Miller, 2001). The
homeostasis of glucocorticoids is regulated by a feedback 
mechanism through the hypothalamus by means of corti-
cotropin-releasing hormone (CRH), the pituitary gland by
ACTH, and the adrenal cortex by cortisol (Koch, 2004). The
main steps in the synthesis of the adrenal cortex hormones
and the enzymes involved are described in Figure 37.2.
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A B
FIGURE 37.1 A, Histopathology of the normal adrenal cortex showing the typical three layers. B, Adrenal cortex
from a patient with AAD showing atrophy of the cortex and a diffuse lymphocytic infiltration and, at top, a lymphoid
follicle.
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FIGURE 37.2 Main steps of the pathway of adrenal cortex hormone synthesis and the respective enzymes.
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By immunocytochemical techniques, the normal adrenal
cortex shows the presence of many proteins (Thiebaut et al.,
1987; Henzen-Logmans et al.,1988; Sasano et al.,1989;
1994; Muscatelli et al.,1994; Fogt et al.,1998; Pelkey 
et al.,1998). Immunopositivity has been demonstrated for 
the class II major histocompatibility (MHC) complexes
(found in 10–20% of the cortical cells) including the 
human antigen D-related leukocyte (HLA DR) (McNicol,
1986; Jackson et al., 1988) and interleukin-6 (Gonzalez-
Hernandez et al.,1994) which is involved in the communi-
cation process between the immune and endocrine system.
Using specific antibodies against the steroidogenic enzymes
and cytochrome P450 (Sasano et al., 1992), it was demon-
strated that cytochrome P450 is involved in the adrenal
steroid biosynthesis process, while the AdBP/SF-1 tran-
scription factor regulates the expression of the CYP genes
(Orth and Kavacs, 1998).

EPIDEMIOLOGY OF 
ADDISON’S DISEASE AND

AUTOIMMUNE ADRENALITIS

Addison’s disease (AD) is a very rare disorder and for-
merly tuberculosis was the most frequent cause. Of the 11
cases of AD in 1855, six (55%) had tuberculosis and only
one (9%) had autoimmune AD (AAD). Guttman (1930)
examined 566 autopsied patients with AD and found 70%
had tuberculous adrenalitis. Dunlop (1963) reviewed 86
cases of AD and reported 79% with tuberculous adrenalitis.
In London, Mason et al. (1968) reported that 31% of cases
had the tuberculous form of AD. In Denmark, Nerup (1974)
found that tuberculosis was present in 17% of patients with
AD. In more recent years, AAD has become the most fre-
quent cause of AD. In Europe, from 1974 to 2002, 1557
patients with AD were evaluated and the frequency of AAD
ranged from 44.5% to 94%; in contrast, AD due to tubercu-
losis was found with a frequency ranging from 0% to 33%,
and the remaining forms of AD ranged from 1% to 22%
(Betterle et al., 2002).

Despite a constant decrease of tuberculous forms of AD
in recent years, the prevalence of AD has increased and this
may be due to the absolute increase of AAD. Indeed, in
London in 1968, Mason et al. found a prevalence of AD of
39 cases per million. In 1974 in Denmark, Nerup calculated
a prevalence of 60 cases per million, while in Coventry in
1997, Willis and Vince found a prevalence of 93 cases per
million. In Nottingham in 1994, Kong and Jeffocoate
reported a prevalence of AD of 110 cases per million, while
in Italy Laureti et al. (1999) calculated 117 cases per million.
Recently the prevalence of AD was reported to be 140 cases
per million in a population of western Norway with a cal-
culated incidence, in the past decade, of 6.2 new cases per
million per year (Løvås and Husebye, 2002).
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The frequency of AD varies also in relation to different
geographic areas: in New Zealand, Eason et al. (1982) cal-
culated it to be 4.5 cases per million; in Japan it is five cases
per million (Takayanagi et al., 2000); in the USA 50 cases
per million (Jacobson et al., 1997); and in North Europe,
more than 100 cases per million, as mentioned above 
(Kong and Jeffocoate, 1994; Laureti et al., 1999; Løvås and
Husebye, 2002).

AUTOIMMUNE ADDISON’S 
DISEASE (AAD)

AAD depends on a combination of genetic, environmen-
tal, and endogenous factors able to both induce a break of
immune tolerance and initiate an autoimmune attack on the
adrenal cortex, as for other autoimmune diseases (Kamradt
and Mitchinson, 2001).

Histopathology

Focal Lymphocytic Adrenalitis

In 1933 (Duff and Bernstein, 1933) and in 1969 (Kiaer
and Rytter Norgaard, 1969) workers described a focal adren-
alitis in patients without signs or symptoms of AD. Petri and
Nerup (1971), studying two groups of patients (413 and 161
miscellaneous cases), reported the presence of very small
numbers of lymphocytes in 15% and 18.6% of the adrenal
glands, respectively. Subsequently, in up to half of the auto-
psied patients without AD, a focal accumulation of lym-
phocytes and plasma cells was demonstrated in the adrenal
cortex, associated with chronic inflammatory diseases in the
retroperitoneum (Fidler, 1977; Orth and Kavacs, 1998). The
percentage of these infiltrates was similar to that reported in
focal thyroiditis. In 1989, Hayashi et al. evaluated 174 cases
at autopsy and demonstrated that mononuclear cell infiltra-
tion in the adrenal cortex increased with age, being present
in about in 7.4% of those aged over 49 years and 63% aged
over 60 years. Immunohistochemical studies revealed that
the infiltrating mononuclear cells were mainly composed of
CD3+ T cells. The major proportion of CD3+ T cells express
the CD4 phenotype, whereas CD8+ T cells were fewer. A
proportion of the CD4+ T cells were activated (Hayashi et
al., 1989). These findings indicate that the focal lymphocytic
infiltration of the adrenal glands is not rare and may repre-
sent a latent adrenalitis, which, however, rarely reaches clin-
ical expression since symptomatic autoimmune adrenalitis
(AA) is extremely rare in the population.

Diffuse Lymphocytic Adrenalitis

The pathologic findings initially described by Addison
(1855) as “idiopathic” are constantly present in the adrenal
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glands of patients affected by AA. On macroscopic exami-
nation, both the adrenals are small (weight 1–2 g) and some-
times it is difficult to identify them in the retroperitoneal
tissue. The capsule is fibrous, so that the adrenal glands are
not detectable macroscopically and adrenal tissue is not
detectable in multiple sections (Drury et al., 1979).

On microscopic examination, there is complete destruc-
tion of the three-layer architecture. The adrenal cortical 
cells are single, enlarged or pleomorphic, with increased
eosinophilia, depleted in lipids or present as part of a cluster.
Residual cortical nodules are seen as the disease progresses.
The tissue is diffusely infiltrated by small lymphocytes,
plasma cells, and macrophages (Figure 37.1B) (McNicol
and Laidler, 1996). The histopathologic finding of infiltrat-
ing lymphocytes sometimes is associated with follicle 
formation and fibrosis. The medulla remains normal. This
pattern is present in patients with AA, either isolated or 
associated in the context of autoimmune polyendocrine 
syndromes (McIntyre Gass, 1962; Irvine and Barnes 1975;
Betterle et al., 2002).

Animal Models

Induced Immunity

Colover and Glynn (1958) reported isoimmunization in
guinea pigs by injection of adrenal antigens and complete
Freund’s adjuvant, with distinctive and “specific” lesions 
of the adrenals. Subsequently, many authors (for example,
Steiner et al., 1960; Barnett et al., 1963) reported examples
of experimental autoimmune adrenalitis (EAA) in different
species (rabbits, guinea pigs, rats, monkeys), including 
an antibody reaction in the guinea pigs and a lymphocytic
infiltration in the rabbit adrenal tissue (Witebsky and
Milgrom, 1962; Barnett et al., 1963). The adrenal lesions in
rabbits were characterized by foci of lymphocytes and 
histiocytes, with a small number of plasma cells and
eosinophils, and degenerative changes in adrenal cells. In
1968 (Andrada et al., 1968) and in 1970 (Werdelin and
Witebsky, 1970), EAA in a Lewis rat model was induced:
adrenalitis occurred at day 7 after immunization. The his-
tology was studied by autoradiographic tracing of H3 thymi-
dine and H3 adenosine-labeled cells and demonstrated that
adrenalitis was initiated with the appearance of a few specif-
ically reactive lymphocytes, followed by an infiltration of
mononuclear cells, mainly lymphocytes and plasma cells,
throughout the adrenal cortex. Eosinophilia, cytoplasmic
vacuolization, and a loss of nuclear definition were evident
in cortical cells.

Using electron microscopy, Hoenig et al. (1970) studied
the inflammatory lesions in paraffin-embedded tissues; 5
days after immunization, lymphocytes were present in sinu-
soids and adrenal parenchyma where damage was in the
vicinity of lymphocytes, with enlargement of intercellular
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spaces and ischemic areas with inflammatory cells and
fibrin.

It was demonstrated by Fujii et al. (1992) that in mice
repeated immunizations caused a delayed type of hypersen-
sitivity to adrenal antigens, and that transfer of adrenalitis
from an affected to a healthy animal was not possible by
serum but was possible using spleen cells, confirming 
previous reports (Levine and Wenk, 1968; Werdelin et al.,
1971) in which the disease was passively transferred by
immunocytes derived from lymph nodes.

Spontaneous Immunity

Spontaneous AA occurs in dogs (Harlton, 1976;
Kaufman, 1984; Little et al., 1989; Kintzer and Peterson,
1994; Sadek and Schaer, 1996; Dunn and Herrtage, 1998)
and cats (Kaufman, 1984; Peterson et al., 1989; Tasker 
et al., 1999; Stonehewer and Tasker, 2001) with hypo-
adrenocorticism due to immune-mediated destruction of the
adrenal glands. While biochemical laboratory data were
reported, none of the authors described positivity for adrenal
cortex autoantibodies, but only the presence of lymphocytic
infiltration in the adrenal glands, at autopsy.

Beales et al. (2002) found the adrenal glands of a
nonobese diabetic (NOD) mouse to contain a mononuclear
cell infiltration in the adrenal cortex, but without signs of
hypoadrenalism. Thus the NOD mouse was proposed as a
spontaneous model suitable for investigating mechanisms
involved in diffuse lymphocytic infiltration of the adrenal
glands.

Different Clinical Presentations of AAD

AAD can develop as a sole disease or associated with
other autoimmune diseases. A review of the literature on
1557 patients with AA revealed that Hashimoto’ thyroiditis
was present in 3.7–32%, Graves’ disease in 2–22.7%,
atrophic gastritis in 25%, chronic candidiasis in 0.8–21%,
diabetes mellitus in 1.2–20.4%, hypoparathyroidism in
1.2–20%, hypergonadotropic hypogonadism in 4.5–17.6%,
vitiligo in 0.8–16%, alopecia in 0.8–12%, celiac disease in
1.2–8%, pernicious anemia in 0.8–6%, multiple sclerosis in
3.7%, inflammatory bowel diseases in 2.4%, Sjögren syn-
drome in 2.4%, chronic hepatitis in 1.6–3%, and lympho-
cytic hypophysitis in 0.8% (Betterle et al. 2002).

Neufeld and Blizzard (1980) proposed the classification
of autoimmune syndromes into four main groups, involving
different endocrine glands, and named them “autoimmune
polyglandular syndromes” (APS) (see Box 37.1). According
to this classification, AAD can be associated with type 1 and
2 APS.

Betterle et al. (2002), in a review of APS, proposed the
existence of three different types of APS involving AAD
(type 1, type 2, and type 4). So, AAD can present in four
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main clinical forms: isolated or associated with type 1, 2 or
4 APS.

The clinical and immunologic features of type 1, 2, 4 APS
and of isolated AAD are summarized in Table 37.1. Below
we describe isolated AAD; for APS see Chapter 38.

Isolated AAD

Isolated AAD is characterized by the presence of AAD
without other clinically evident autoimmune disease. How-
ever, before considering such cases as true isolated AA, 
it is important to test for autoantibodies because in about
one-third, a positive result will point to a potential APS 
(Betterle et al., 2002). Isolated AAD is more prevalent in
males with a F : M ratio of 0.8 and a median age at onset of
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30 years (Betterle et al., 2002). In isolated AD, HLA DR3-
DQ2 and DR4-DQ8 were reported to be increased and DR1-
DQ5 significantly reduced (Myhre et al., 2002). We studied
22 patients with isolated AD and found a significant corre-
lation only with HLA DRB1*03-DQB1*02 (Albergoni et
al., 2003).

In our experience, during the period 1968–2004, 434
cases of AD were seen and 353 (81%) were affected by
AAD, 51 (12%) by tuberculosis, 12 by adrenoleukodystro-
phy (ALD) (2.8), 12 by other diseases (2.8%) (cancer 1.6%,
infectious 0.5%, vascular 0.2%, genetic 0.2%) and six
(1.4%) were unclassifiable, confirming that autoimmunity is
by far the most frequent cause of AD in Italy.

Immunologic Studies

Cellular Immunity

The early studies on AD, using the assay for migration
inhibition factor, reported cell-mediated immunity in
affected patients, with claims for organ-specific hypersensi-
tivity (Nerup and Bendixen, 1969). Subsequent studies, by
means of an intracutaneous test with adrenal extracts,
showed a cutaneous delayed-type hypersensitivity reaction
but no collateral evidence based on blast transformation
experiments (Nerup et al., 1970). Other studies reported a
decrease in suppressor T-cell function (Verghese et al., 1980)
and an increase in circulating Ia-positive T lymphocytes
(Rabinowe et al., 1984), which indicated the involvement 
of cellular immunity. However, more thorough studies of
cellular immunity in AA were not carried out until more
recently (Freeman and Weetman, 1992) when a proliferative

Box 37.1 Clinical classification of APS according to
Neufeld and Blizzard, 1980 (modified)

APS-1 Chronic candidiasis, chronic hypoparathy-
roidism, Addison’s disease (at least two dis-
eases must be present)

APS-2 Addison’s disease (always present) + thyroid
autoimmune diseases and/or type 1 diabetes
mellitus

APS-3 Thyroid autoimmune diseases + other auto-
immune diseases (excluding Addison’s disease
and/or hypoparathyroidism)

APS-4 Combinations of other autoimmune diseases
not included in previous classifications

TABLE 37.1 Four different clinical presentations of autoimmune adrenalitis

Type 1 Type 2 Type 4 Isolated
Characteristics APS APS APS AD

Mean age at onset 13 years 36 years 36 years 30 years
F :M ratio F ≥ M F > M F > M M > F

Association with:
1. Hypoparathyroidism and/or candidiasis + Absent Absent Absent
2. TAD and/or type 1 diabetes Rare + Absent Absent
3. Other disease (hypergonadotropic hypogonadism, Frequent (up to 70%) Rare (up to 12%) + Absent

vitiligo, alopecia, atrophic gastritis, pernicious 
anemia, celiac disease, myasthenia gravis)

4. Ectodermal dystrophy + Absent Absent Absent

Genetic
1. Mutations in the AIRE gene + Absent Absent Absent
2. HLA No correlations DR3 and/or DR4 ? DR3

Immunology
ACA and/or 21-OHAbs at the onset of AD >90% >90% >90% 80%

Histopathology
Lymphocytic adrenalitis + + + +
Adrenal atrophy + + + +
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T-cell response to an adrenal-specific protein fraction of
18–24 kDa molecular weight was described. However, 
T-cell reactivity to specific adrenal autoantigens has not 
yet been reported. As hypothesized by Volpé (1994), cell-
mediated immunity seems to be the main pathogenic cause
of organ-specific autoimmune diseases, involving both T-
cell subsets (Liblau et al., 1995).

Humoral Immunity

Anderson et al. (1957), using a complement fixation test
on a homogenate of adrenal cortex tissue, demonstrated that
2/8 (25%) of patients with idiopathic AD had antibodies
(adrenal cortical antibodies – ACA). From 1957 to 1970,
using this technique, ACA were cumulatively reported in
57/159 (36%) patients with idiopathic AD and in 2/23 (9%)
of those with tuberculous form, reviewed by Betterle (2004).
Subsequently, Blizzard and Kyle (1963), using indirect
immunofluorescence (IIF) on animal adrenal gland sections,
demonstrated that ACA are organ-specific antibodies which
react with all three layers of the adrenal cortex, producing a
homogenous cytoplasmic staining pattern (Figure 37.3).
Sometimes, there is reactivity against one or two of the three
layers of the cortex (Irvine and Barnes, 1975; Sotsiu et al.,
1980). The autoantibodies also react with the surface of
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living cortical cells in culture (Khoury et al., 1981), indi-
cating the existence of microsomal antigens on the surface
of adrenal cells. Between 1963 and 2002, IIF was used on
human or animal adrenal tissues in 1637 patients with
autoimmune and 267 with tuberculous AD, and ACA were
detected in 61% and 6.7% respectively, as reviewed by 
Betterle (2004). 

The prevalence of ACA has varied considerably between
different laboratories because of differences in the substrates
used (animal or human), time of incubation, geographic or
racial origins of individuals, gender, age of onset, duration
of the disease or whether other associated diseases were
present (Rees Smith and Furmaniak, 1995; Betterle et al.,
2002; Nigam et al., 2003). Other studies (Kendall-Taylor et
al., 1988; Wulfraat et al., 1989) have reported the presence
of autoantibodies blocking the ACTH receptor in 90% of
patients affected by AAD, but these data could not be con-
firmed (Wardle et al., 1993). Finally, autoantibodies to
hydrocortisone were detected in patients with an Addison-
like syndrome and AIDS (Salim et al., 1988).

In 1968, steroid-producing cell antibodies (StCA) were
first described (Anderson et al., 1968) in males affected by
AAD without gonadal failure (Figure 37.4). Subsequently,
StCA were detected in 60–80% of the patients affected by
type 1 APS, in 25–40% of those with type 2 APS and 18%

A B

FIGURE 37.3 Immunofluorescence pattern on normal human adrenal cortex given by serum of a patient with AAD.
This serum reacted with the cytoplasm of cells in all three layers of the cortex, but shown here are only glomerulosa
(A) and fasciculata (B). See color plate section.
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of those with isolated AA (Betterle et al., 2002; Betterle,
2004; Betterle et al., 2005). The presence of these antibodies
correlates with premature ovarian failure characterized by
lymphocytic oophoritis (Betterle et al., 1993; Hoek et al.,
1997; Betterle and Volpato, 1998). These antibodies are not
described in patients without AA or negative for ACA.

With regard to the identification of adrenal autoantigens,
in 1988 Furmaniak et al. described a specific 55 kDa protein
in human adrenal microsomes which was reactive with the
ACA. In 1992, two independent laboratories (Baumann-
Antczak et al., 1992; Bednarek et al., 1992; Winqvist et al.,
1992) demonstrated by means of purification of native 21-
hydroxylase (21-OH) that this adrenal enzyme is a major
antigen of adrenal cortical cells. Subsequently, this was con-
firmed in experiments with specific absorption with purified
human 21-OH, using sera from six patients with different
forms of AAD (Morgan et al., 2000).

21-OH is an adrenal-specific enzyme of the cytochrome
P450 family and plays a key role in the synthesis of the cor-
tical hormones (Furmaniak et al., 1999; Furmaniak and Rees
Smith, 2002). There are two 21-OH genes (CYP21): 21-OH
is encoded by the CYP21B gene, whereas the CYP21A gene
is inactive (Wilson et al., 1995). 21-OH catalyzes the con-
version of progesterone and 17-hydroxyprogesterone into
11-deoxycorticosterone and 11-deoxycortisol (see Figure
37.2). It is a 55 kDa microsomal protein containing a heme
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group, located in the active site of the C-terminal end of 
the molecule that is important for autoantibody binding
(Wedlock et al., 1993; Asawa et al., 1994) and in oxidation-
reduction reactions (Picado-Leonard and Miller, 1987; Lin
et al., 1994).

Analysis of autoantibody-binding sites on 21-OH indi-
cated that the epitopes on 21-OH were conformational
(Wedlock et al., 1993) and confirmed the participation of
both the central and C-terminal parts of the molecule. These
studies identified the presence of three different, short 5-, 
6-, and 15-amino acid sequences in the C-terminal part of
the 21-OH involved in the binding of antibodies to 21-OH
(Chen et al., 1998). These observations are important in 
relation to effects of 21-OH antibodies on 21-OH enzyme
activity. In fact, in studies in vitro, using sera positive for
21-OHAbs from patients with AA, a dose-dependent block-
ing activity was identified (Furmaniak et al., 1994), although
this is not usually evident in vivo (Boscaro et al., 1996).

Following the discovery that 21-OH is the major adrenal
cortex autoantigen, a specific and sensitive technique was
described, by labeling the protein with 35S-methionine in an
in vitro transcription translation (TnT) system, and using an
radioimmunoprecipitation assay (RIA) for the detection of
antibodies (Colls et al., 1995; Falorni et al., 1995, Chen et
al., 1996). Thereafter, because of certain limitations of this
technique, a more convenient assay to measure 21-OHAbs

A B C

FIGURE 37.4 Immunofluorescence pattern given by serum of a patient with AAD and premature ovarian failure.
This serum reacted against adrenal cortex (A), follicular theca of the ovary (B) and Leydig cells of the testis (C), and
reflects autoantibodies to steroid-producing cells (StCA). See color plate section.
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was developed based on the use of 125I-labeled recombinant
human 21-OH and the precipitation of the immuncomplexes
using solid-phase protein A (RIA) (Tanaka et al., 1997).
Using these techniques, from 1995 to 2002, a group of 572
patients with AAD and 76 with tuberculosis were studied;
78% and 1.9% respectively were 21-OHAbs positive,
reviewed by Betterle (2004).

In order to compare techniques for ACA and 21-OHAbs
determinations, we studied 165 patients with AD, with dif-
ferent durations of disease, and found that 81% of those with
AAD were positive by both techniques, whereas none with
non-AAD was positive (Betterle et al., 1999). The preva-
lence varied in relation to both the clinical presentation (type
1 or 2 APS or isolated AAD) and the duration of the disease,
being higher (100%) in patients with recent onset than in
those with long-standing disease (79%) and in those with
type 2 APS than in those with isolated AD (Betterle et al.,
2002). In these studies, results using IIF for ACA and IPA
and RIA for 21-OHAbs were in good agreement.

Some discrepancies were reported by Falorni et al. (1997)
on relationships between ACA measured using IIF and 21-
OHAbs measured by RIA, probably related to laboratory-
dependent technical aspects of the ACA measured by IIF. It
would be very useful to set up an international proficiency
program for adrenal autoantibody measurement, so that data
across the world could be compared.

With regard to adrenal autoantigens, in addition to 21-
OH, Krohn et al. (1992) reported that screening of a human
fetal adrenal cDNA expression library with sera from
patients with APS type 1 identified a protein with high
homology to 17a-hydroxylase (17a-OH) reacting also with
a fragment of recombinant 17a-OH expressed in bacteria.
17a-OH, coded by a single gene on the human chromosome
10, showed 30% homology with 21-OH antigen.

Winqvist et al. (1992), using immunoblotting and im-
munoprecipitation studies, also observed a reactivity of sera
from APS type 1 patients with a cytocrome P450 side chain
cleavage enzyme (P450scc), a heme-binding protein coded
by a single gene on human chromosome 15, that showed
20% homology with 21-OH sequence (Chung et al., 1986).

The binding sites of these two antigens and their enzyme
activity have not been studied, even though Peterson and
Krohn (1994) reported the presence of four distinct, reactive
regions in the 17a-OH molecule and an inhibiting effect in
vivo of the P450sccAbs in the type 1 APS serum (Winqvist
et al., 1993). The 17a-OHAbs and P450sccAbs are de-
tectable by RIA, using recombinant human antigens, and are
correlated with StCA detected by IIF (Chen et al., 1996).

In addition to the main antigens mentioned above, other
autoantigens have also been discovered. Winqvist et al.
(1996) identified an autoantibody of 51 kDa, recognizing the
aromatic L-amino acid decarboxylase (Anti-AADC)
involved in the generation of serotonin and dopamine.
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AADC was reported in the sera of patients with type 1 APS
in association with chronic hepatitis, vitiligo, and type 1 dia-
betes mellitus (Husebye et al., 1997).

Other authors (Ekwall et al., 1998; 1999; Dal Pra et al.,
2004) reported the presence of autoantibodies against a 
230 kDa enzyme, tryptophan hydroxylase (TPH) involved
in the synthesis of serotonin, or against histidine decar-
boxylase (Skoldberg et al., 2003) in patients with type 1
APS, who have a gastrointestinal dysfunction.

Again, patients with type 1 APS and autoimmune hepati-
tis recognize the cytochromes P450 CYPIA2 and CYP2A6
as autoantigens (Clemente et al., 1997; 1998).

Recently, an autoantibody to SOX9 and SOX10 was
reported in patients with type 1 APS and vitiligo (Hedstrand
et al., 2001), and an antibody to tyrosine hydroxylase in
those with alopecia areata (Hedstrand et al., 2000).

Some authors reported reactivities against other antigens:
to 3b-hydroxysteroid dehydrogenase (Arif et al., 1996), to
candidal antigens, heat shock protein 90, pyruvate kinase
and alcohol dehydrogenase, in patients with AAD and
chronic mucocutaneous candidiasis (Peterson et al., 1996).
Two different studies (Song et al., 1994; Peterson et al.,
1997) were unable to confirm the reactivity to other enzymes
(11a-hydroxylase, aromatase, adrenodoxin) in patients with
AAD.

Natural History of AAD

Apart from the patients with AA, ACA can be detected
in 0.2% of normal controls, in 4% of first-degree relatives
of AA patients, 4% of hospitalized patients, and 1.3% of
patients with organ-specific autoimmune disease, with a
much higher prevalence (2.5–20%) in premature ovarian
failure or idiopathic hypoparathyroidism (Nerup, 1974; De
Bellis et al., 1993; Betterle et al., 1997a; 1997b).

AAD is a chronic disease with a long silent period
marked by the presence of ACA. The natural history of the
disease could entail five main phases: one potential, three
subclinical, and one clinical (Betterle et al., 1988).

To recognize these different phases, it is necessary to
basally measure levels of cortisol, ACTH, plasma renin
activity (PRA) and aldosterone and cortisol 30–60 min after
an intravenous injection of 250 mg of cosyntropin (a1-24-
corticotropin) (ACTH test) (Stewart et al., 1988; Grinspoon
and Biller, 1994). For the study of patients with ACA/
21-OHAbs, it was proposed to use an ACTH test with a low
dose (1 mg) of ACTH (Laureti et al., 2000), since the test
with high doses might have inadequate sensitivity. However,
the test with low doses of ACTH did not reveal differences
in the cortisol response either in normal controls or in
patients with ACA/21-OHAbs compared with results
obtained using the test with high doses.
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Stage 0 is characterized by the presence of adrenal-
specific autoantibodies and a normal adrenal cortical mass,
in the absence of detectable dysfunction of the adrenal
glands by ACTH test, representing the “potential” phase of
chronic adrenalitis. Stage 1 is characterized by an increase
in PRA, together with normal/decreased levels of aldos-
terone; stage 2 by normal ACTH values with normal basal
cortisol but a low cortisol peak; and stage 3 by an increase
in ACTH and normal level of basal cortisol, representing 
subclinical adrenal function. Stage 4, the clinical adrenalitis
stage, is when the ACTH is significantly increased and the
basal cortisol is very low. Stage 1 (increase of PRA and
normal/low levels of aldosterone) reveals that what is first
affected by the autoimmune attack is the zona glomerulosa
of the adrenal glands, perhaps because of its greater sensi-
tivity to diffuse lymphocyte infiltration, but another expla-
nation is that the other zones are protected by either locally
produced high concentrations of corticosteroid hormones or
the ability to self-regenerate (Betterle et al., 2002).

From 1983 to 2000, 236 ACA-positive patients were 
followed in 12 studies and 28% developed AAD, but the
evolution varied greatly from 0% to 90% (Betterle, 2004;
Betterle et al., 2005). The highest risk was found in children
with high antibody titers and DR1*0404 (Betterle et al.,
1997a; 1997b; Laureti et al., 1998; Yu et al., 1999).

Recently, in order to estimate risk of AD, 100 ACA-
positive patients (21 children and 79 adults) with autoim-
mune diseases but without clinical AAD were studied over
a period of 19 years; 31 of the seropositive patients devel-
oped clinical AAD. The overall cumulative risk of AAD in
ACA/21-OHAb-positive patients was 47.5%, with an annual
incidence of 4.9%. We assessed various indices, including
clinical (gender and age), immunologic (type of preexisting
autoimmune disease, titers of autoantibodies), genetic (HLA
status) and functional (level of adrenal cortical function) by
multivariate analysis. This demonstrated that the occurrence
of AAD was independently associated with:

• the presence of chronic hypoparathyroidism and/or muco-
cutaneous candidiasis;

• thyroid autoimmune disease and/or type 1 diabetes 
mellitus;

• high antibody titers;
• abnormal adrenal function at entry. 

The probability of developing AAD can now be esti-
mated by a mathematical model. This risk evaluation yielded
two practical outcomes:

1. individulization of the patients with different risk grades
in order to monitor them at different rates;

2. selection of patients to begin an immuno-intervention
trial treatment in order to prevent the development of the
disease (Betterle et al., unpublished observations).
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Diagnosis of AAD

Clinical Manifestations

AAD has a long preclinical period and clinical features
do not appear until 90% or more of the adrenal cortex is
destroyed. The main clinical signs at onset are general
malaise, fatigue, weakness (99%), anorexia, nausea and
vomiting (90%), weight loss (97%), cutaneous and mucosal
hyperpigmentation (Figure 37.5) caused by the enhanced
stimulation of the skin MC1-receptor by ACTH and other
pro-opiomelanocortin-related peptides (98%), and severe
hypotension (87%). Other signs (abdominal pain, salt
craving, diarrhea, constipation, syncope) have a variable fre-
quency (34–39%) (Williams and Dluhy, 1998). In women a
loss of axillary and pubic hair, dry skin, reduced libido, and
an impairment of well-being also occur.

General Biochemical Indices

In AAD at diagnosis, the serum levels of sodium, chlo-
ride and bicarbonate are reduced, while those of potassium
are elevated. The hyponatremia (in 100% of patients) is 
due to loss of sodium in urine and increase in both plasma
vasopressin and angiotensin II which impair free water
clearance; hyperkalemia (in 50–70%) is due to aldosterone
deficiency, impaired glomerular filtration, and acidosis.
From 10% to 20% of patients have a mild or moderate
hypercalcemia, for unknown reasons (Williams and Dluhy,
1998). Anemia is present in 40–50%, and eosinophilia and
lymphocytosis in 10–15% of the cases.

Hormonal Tests

The association between a morning (8 am) immunomet-
ric determination of both plasma ACTH and basal cortisol
levels differentiates cases of primary adrenal failure from
both a healthy status and other types of adrenal disease
(Oelkers et al., 1992).

An increase in levels of ACTH (higher than 22.0 pmol/L)
and decrease (below 165 nmol/L) in basal cortisol indicate
primary adrenal failure. In the initial phases of AD, plasma
renin activity increases above the normal range, and serum
aldosterone is either subnormal or low-to-normal. In rela-
tion to differential diagnosis, in the case of secondary
adrenal failure, levels of both ACTH and cortisol are low
and, in general, aldosterone and plasma renin activity are
normal. Dehydroepiandrosterone, which is the major pre-
cursor of sex steroid synthesis, is involved in the adrenal
failure, causing a pronounced androgen deficiency in
women, with the loss of both axillary and pubic hair, dry
skin, reduced libido and, frequently, an impairment in well-
being (Arlt and Allolio, 2003).
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In cases in which there are no clear clinical manifesta-
tions of AD, and/or in the presence of adrenal cortex anti-
bodies, it may be necessary to perform an ACTH test (see
above, Natural History). TSH levels are increased in 30% of
patients, because of the lack of inhibiting effect of cortisol
on TSH production or the presence of coexisting auto-
immune hypothyroidism (Orth and Kavacs, 1998).

Imaging

Computed tomography (CT) and nuclear magnetic reso-
nance (NMR) show the adrenals with optimal resolution and
clarity, and greatly facilitate the diagnosis and characteriza-
tion of adrenal insufficiency. In patients with AAD, either
isolated or as a component of APS syndromes, the adrenal
glands appear bilaterally miniscule without calcifications
(Doppman, 2001) (Figure 37.6).

Therapy

The life-saving therapy for patients with chronic adrenal
insufficiency is two or three daily doses of a specific
hormone replacement (Groves et al., 1988; Williams and

A B

C

FIGURE 37.5 Clinical manifestations of AAD at onset. A, Hyperpigmentation of the skin, melanosis of the tongue,
and enophthalmos as a sign of dehydration. B, Male showing a melanosis of the tongue. C, Hyperpigmentation of the
nails. See color plate section.

FIGURE 37.6 Adrenal imaging. CT of the adrenal glands of a patient
with autoimmune Addison’s disease at diagnosis. The adrenals are small
(see arrows).
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Dluhy, 1998; Arlt and Allolio, 2003). 20–30 mg of hydro-
cortisone or 25–50 mg of cortisone acetate are required. The
first dose is administered in the morning and the second in
the afternoon, about 6–8 hours after the first, and the third
at 6 pm or at least 4 hours before sleep. Substitutive gluco-
corticoid therapy is not taken with food. The dosage must
be increased for obese individuals and those taking other
drugs. Patients should be given relatively small doses to
avert weight gain and osteoporosis. ACTH cannot be used
for the purposes of treatment surveillance, whereas a 24-
hour urinary free-cortisol test is a good marker for correct
therapy (Burch, 1982; Howlett, 1997). Mineralocorticoid
replacement is usually necessary and can be administered as
a single daily dose of 0.05–0.1 mg of fludrocortisone or
another aldosterone substitute. Patients should also receive
an ample amount of sodium (3–4 g/daily), assessed by mea-
surement of blood pressure, serum electrolytes, and plasma
renin activity levels (Williams and Dluhy, 1998). 

Complications are rare with this type of therapy. How-
ever, possible hypokalemia, hypertension, sodium reten-
tion or heart disease should be monitored. Patients with
AAD should carry a medical identification card, stating 
the current therapy and recommendations for emergency 
situations such as febrile illnesses, injury, vomiting, surgi-
cal interventions, dental extractions or pregnancies, when
the intake of glucocorticoids must be doubled or tripled
(Oelkers, 1996).

Acknowledgments

We would like to thank all those who have cooperated with us over the
years regarding the study of the clinical, genetic, immunologic, morpho-
logic, and endocrine aspects of AD. The authors are also grateful to Mrs
Helen Maguire for her assistance in reviewing this manuscript.

This work was partially funded by a Grant “Sugli aspetti immunologici
della menopausa precoce” from MURST (Ministero dell’Università e della
Ricerca Scientifica e Tecnologica.

References

Addison, T. (1868). On the constitutional and local effects of disease of the
suprarenal capsules. In a collection of the published writings of the late
Thomas Addison MD, physician to Guy’s Hospital. London: New
Sydenham Society.

Albergoni, P., Gazzola, M.V., Slanzi, E., Carcassi, C., Dal Pra, C., Moscon,
A., and Betterle, C. (2003). HLA-DR and DQ associations with autoim-
mune Addison’s disease in Italian patients. Genes Immun. 4 (Suppl.1),
S35.

Anderson, J.R., Goudie, R.B., Gray, K.G., and Timbury, G.C. (1957).
Autoantibodies in Addison’s disease. Lancet 1, 1123–1124.

Anderson, J.U., Goudie, R.B., Gray, K., and Stuart Smith, D.A. (1968).
Immunological features of idiopathic Addison’s disease: an antibody 
to cells producing steroid hormones. Clin. Exp. Immunol. 3, 107–117.

Andrada, J.A., Skelton, F.R., Andrada, E.C., Milgrom, F., and Witebsky, E.
(1968). Experimental autoimmune adrenalitis in rats. Lab. Invest. 19,
460–465.

Arif, S., Vallian, S., Farzaneh, F., Zanone, M.M., James, S.L., Pietropaolo,
M., Hettiarachchi, S., Vergani, D., Conway, G.S., and Peakman, M.

Adrenalitis 511

(1996), Identification of 3-beta-hydroxysteroid dehydrogenase as a
novel target of steroid cell autoantibodies: association of autoanti-
bodies with endocrine autoimmune disease. J. Clin. Endocrinol. Metab.
81, 4439–4445.

Arlt, W. and Allolio, B. (2003). Adrenal insufficiency. Lancet 361,
1881–1893.

Asawa, T., Wedlock, N., Baumann-Antczak, A., Rees Smith, B., and 
Furmaniak, J. (1994). Naturally occurring mutations in human steroid
21-hydroxylase influence adrenal autoantibody binding. J. Clin.
Endocrinol. Metab. 79, 372–376.

Auchus, R.J. and Miller, W.L. (2001). The principles, pathways and
enzymes of human steroidogenesis. In L.J. DeGroot and J.L. Jameson
(eds), Endocrinology, vol. 2, 4th ed. Philadelphia: W.B. Saunders.

Barnett, E.V., Dumonde, D.C., and Glynn, L.E. (1963). Induction of auto-
immunity to adrenal gland. Immunology, 6, 382.

Baumann-Antczak, A., Wedlock, N., Bednarek, J., Kiso, Y., Krishnan, H.,
Fowler, S., Rees Smith B., and Furmaniak, J. (1992). Autoimmune
Addison’s disease and 21-hydroxylase. Lancet 340, 429–430.

Beales, P.E., Castri, F., Valiani, A., Rosignoli, G., Buckley, L., and Pozzilli,
P. (2002). Adrenalitis in the non-obese diabetic mouse. Autoimmunity
35(5), 329–333.

Bednarek, J., Furmaniak, J., Wedlock, N., Kiso, Y., Baumann-Antczak, A.,
Fowler, S., Krishnan, H., Craft, J.A., and Rees Smith, B. (1992). Steroid
21-hydroxylase is a major autoantigen involved in adult onset auto-
immune Addison’s disease. FEBS Lett. 309, 51–55.

Betterle, C. (2004). Addison’s disease and autoimmune polyglandular syn-
dromes. In V. Geenen, and G. Chrosus (eds), Immunoendocrinology in
Health and Disease. New York: Marcel Dekker. 

Betterle, C. and Volpato, M. (1998). Adrenal and ovarian autoimmunity.
Eur. J. Endocrinol. 138, 16–25.

Betterle, C., Scalici, C., Presotto, F., Pedini, B., Moro, L., Rigon, F., and
Mantero, F. (1988). The natural history of adrenal function in autoim-
mune patients with adrenal autoantibodies. J. Endocrinol. 117, 467–475.

Betterle, C., Rossi, A., Dalla Pria, S., Artifoni, L., Pedini, B., Gavasso, S.,
and Caretto, A. (1993). Premature ovarian failure: autoimmunity and
natural history of the disease. Clin. Endocrinol. 39, 35–43.

Betterle, C., Volpato, M., Rees Smith, B., Furmaniak, J., Chen, S., Greggio,
N.A., Sanzari, M., Tedesco, F., Pedini, B., Boscaro, M., and Presotto,
F. (1997a). I. Adrenal cortex and steroid 21-hydroxylase autoantibod-
ies in adult patients with organ-specific autoimmune diseases: markers
of low progression to clinical Addison’s disease. J. Clin. Endocrinol.
Metab. 82, 932–938.

Betterle, C., Volpato, M., Rees Smith, B., Furmaniak, J., Chen, S.,
Zanchetta, R., Greggio, N.A., Pedini, B., Boscaro, M., and Presotto, F.
(1997b). II. Adrenal cortex and steroid 21-hydroxylase autoantibodies
in children with organ-specific autoimmune diseases: markers of high
progression to clinical Addison’s disease. J. Clin. Endocrinol. Metab.
82, 939–942.

Betterle, C., Volpato, M., Pedini, B., Chen, S., Rees Smith, B., and 
Furmaniak, J. (1999). Adrenal-cortex autoantibodies and steroid pro-
ducing cells autoantibodies in patients with Addison’s disease: com-
parison of immunofluorescence and immunoprecipitation assays. J.
Clin. Endocrinol. Metab. 84(2), 618–622.

Betterle, C., Dal Pra, C., Mantero, F., and Zanchetta, R. (2002). Autoim-
mune adrenal insufficiency and autoimmune polyendocrine syndromes:
autoantibodies, autoantigens, and their applicability in diagnosis and
disease prediction. Endocr. Rev. 23, 327–364.

Betterle, C. (2004). Addison’s disease and autoimmune polyglandular syn-
dromes. In V. Geenen and G. Chrousos, Immunoendocrinology in health
and disease. NY: M. Dekker.

Betterle, C., Coco, G., and Zanchetta, R. (2005). Adrenal cortex autoanti-
bodies in subjects with normal adrenal function. Best. Pract. Res. Clin.
Endocrinol. Metab. 19, 85–99.

Blizzard, R.M. and Kyle, M. (1963). Studies on adrenal antigens and
autoantibodies in Addison’s disease. J. Clin. Invest. 42, 1653–1660.

Ch037-P595961.qxd  2/28/06  3:55 PM  Page 511



Boscaro, M., Betterle, C., Volpato, M., Fallo, F., Furmaniak, J., Rees Smith,
B., and Sonino, N. (1996). Hormonal responses during various phases
of autoimmune adrenal failure: no evidence for 21-hydroxylase enzyme
activity inhibition in vivo. J. Clin. Endocrinol. Metab. 81, 2801–2804.

Burch, W.M. (1982). Urine free-cortisol determination: a useful tool in the
management of chronic hypoadrenal states. JAMA 247, 2002–2004.

Casserius, J. Tabulae Anatomicae LXXIIX, West Germany: Druckerei
Holzer, Copy 1283.

Chen, Q.J., Lan, M.S., She, J.X., and Maclaren, N.K. (1998). The gene
responsible for autoimmune polyglandular syndrome type 1 maps to
chromosome 21q22.3 in US patients. J. Autoimmun. 11, 117–183.

Chen, S., Sawicka, J., Betterle, C., Powell, M., Prentice, L., Volpato, M.,
Rees Smith, B., and Furmaniak, J. (1996). Autoantibodies to steroido-
genic enzymes in autoimmune polyglandular syndrome, Addison’s
disease, and premature ovarian failure. J. Clin. Endocrinol. Metab. 83,
2977–2986.

Chung, B.C., Matteson, K.J., Voutilainen, R., Mohandas, T.K., and Miller,
W.L. (1986). Human cholesterol side-chain cleavage enzyme, P450scc:
cDNA cloning, assignment of the gene to chromosome 15, and expres-
sion in the placenta. Proc. Natl Acad. Sci. USA 83, 8962–8966.

Clemente, M.G., Obermyer-Straub, P., Meloni, A., Strassburg, C.P.,
Arangino, V., Tukey, R.H., De Virgilis, S., and Manns, M.P. (1997).
Cytochrome P450 IA2 is a hepatic autoantigen in autoimmune poly-
glandular syndrome type 1. J. Clin. Endocrinol. Metab. 82, 1353–1361.

Clemente, M.G., Meloni, A., Obermyer-Straub, P., Frau, F., Manns, M.P.,
and De Virgilis, S. (1998). Two cytochrome P450 are major hepato-
cellular autoantigens in autoimmune polyglandular syndrome type 1. 
Gastroenterology 114, 324–328.

Colls, J., Betterle, C., Volpato, M., Rees Smith, B., and Furmaniak, J.
(1995). A new immunoprecipitation assay for autoantibodies to steroid
21-hydroxylase in Addison’s disease. Clin. Chem. 41, 375–380.

Colover, J. and Glynn, L.E. (1958). Experimental iso-immune adrenalitis.
Immunology 2, 172–178.

Dal Pra, C., Chen, S., Betterle, C., Zanchetta, R., McGrath, V., Furmaniak,
J., and Rees Smith, B. (2004). Autoantibodies to human tryptophan
hydroxylase and aromatic L-amino acid decarboxylase. Eur. J.
Endocrinol. 150, 313–321.

De Bellis, A., Bizzarro, A., Rossi, R., Paglionico, V.A., Criscuolo, T., 
Lombardi, G., and Bellastella, A. (1993). Remission of subclinical
adrenocortical failure in subjects with adrenal autoantibodies. J. Clin.
Endocrinol. Metab. 76, 1002–1007.

Doppman, J.L. (2001). Adrenal imaging. In L.J. DeGroot and J.L. Jameson
(eds), Endocrinology, vol. 2, 4th ed. Philadelphia: W.B. Saunders.

Duff, G.L. and Bernstein, C. (1933). Five cases of Addison’s disease with
so-called atrophy of the adrenal cortex. Bull. Johns Hopkins Hosp. 52,
67.

Dunlop, D. (1963). Eighty-six cases of Addison’s disease. Br. Med. J. 3,
887–891.

Dunn, K.J. and Herrtage, M.E. (1998) Hypocortisolaemia in a Labrador
retriever. J. Small Anim. Pract. 39, 90–93.

Drury, M.J., Keelan, D.M., Timoney, F.J., and Irvine, W.J. (1979) Case
report. Juvenile familial endocrinopathy. Clin. Exp. Immunol. 7,
125–132.

Eason, R.J., Croxon, M.S., Perry, M.C., and Somerfield, S.D. (1982).
Addison’s disease, adrenal autoantibodies and computerized adrenal
tomography. NZ Med. J. 95, 569–573.

Ekwall, O., Hedstrand, H., Grimelius, L., Haavik, J., Perheentupa, J.,
Gustafsson, J., Husebye, E., Kämpe, O., and Rorsman, F. (1998). Iden-
tification of tryptophan hydroxylase as an intestinal autoantigen. Lancet
352, 279–283.

Ekwall, O., Sjoberg, K., Mirakian, R., Rorsman, F., and Kampe, O. (1999).
Tryptophan hydroxylase autoantibodies and intestinal disease in
autoimmune polyendocrine syndrome type I. Lancet 354, 568.

Eustachius, B. (1564) Opuscula anatomica de renum structura, efficio et
adminstratione. Venice: V.V. Luchino.

512 Endocrine and Related Diseases

Falorni, A., Nikoshokov, A., Laureti, S., Grenbäck, E., Hulting, A.L., and
Casucci, G. (1995). High diagnostic accuracy for idiopathic Addison’s
disease with a sensitive radiobinding assay for autoantibodies against
recombinant human 21-hydroxylase. J. Clin. Endocrinol. Metab. 80,
2752–2755.

Falorni, A., Laureti, S., Nikoshkov, A., et al. for the Belgian Diabetes 
Registry. (1997). 21-hydroxylase autoantibodies in adult patients with
endocrine autoimmune diseases are highly specific for Addison’s
disease. Clin. Exp. Immunol. 107, 341–346.

Fidler, W.J. (1977). Ovarian thecal metaplasma in adrenal glands. Am. J.
Clin. Pathol. 67, 318–322.

Fogt, F., Vortmeyer, A.O., Poremba, C., Minda, M., Harris, C.A., and
Tomaszewski, J.E. (1998) Bcl2 expression in normal adrenal glands and
in adrenal neoplasms. Mod. Pathol. 11, 716–720.

Freeman, M. and Weetman, A.P. (1992). T and B cell reactivity to adrenal
antigens in autoimmune Addison’s disease. Clin. Exp. Immunol. 88,
275–279.

Fujii, Y., Kato, N., Kito, J., Asai, J., and Yokochi, T. (1992). Experimental
autoimmune adrenalitis: a murine model for Addison’s disease. Auto-
immunity 12, 47–52

Furmaniak, J. and Rees Smith, B. (2002). Addison’s disease. In R.G. Gill
(ed.), Immunologically Mediated Endocrine Diseases. Philadelphia:
Lippincott Williams and Williams. 

Furmaniak, J., Talbot, D., Reinwein, D., Benker, G., Creag, F.M., and
Smith, B. (1988). Immunoprecipitation of human adrenal microsomal
antigen. FEBS Lett. 232, 25–28.

Furmaniak, J., Kominani, S., Asawa, T., Wedlock, N., Colls, J., and Rees
Smith, B. (1994). Autoimmune Addison’s disease. Evidence for a role
of steroid 21-hydroxylase autoantibodies in adrenal insufficiency. 
J. Clin. Endocrinol. Metab. 79, 1517–1521.

Furmaniak, J., Sanders, J., and Rees Smith, B. (1999), Autoantigens in the
autoimmune endocrinopathies. In R. Volpé (ed.), Contemporary Endo-
crinology: Autoimmune Endocrinopathies. Totowa, NJ: Humana Press.

Gonzalez-Hernandez, J.A., Bornstein, S.R., Ehrhart-Bornestein, M., Spath-
Scwalbe, E., Jirikowski, G., and Scherbaum, W.A. (1994). Interleukin-
6 messenger ribonucleic acid expression in human adrenal gland in
vivo: new clue to a pancreatic or autocrine regulation of adrenal func-
tion. J. Clin. Endocrinol. Metab. 79, 1492–1497.

Grinspoon, S.K. and Biller, B.M. (1994). Clinical review 62: laboratory
assessment of adrenal insufficiency. J. Clin. Endocrinol. Metab. 79,
923–931.

Groves, R.W., Toms, G.C., Houghton, B.J., and Monson, J.P. (1988). Cor-
ticosteroid replacement therapy: twice or thrice daily? J. R. Soc. Med.
81, 514–516.

Guttman, P.H. (1930). Addison’s disease: statistical analysis of 566 cases
and study of the pathology. Arch. Pathol. 10, 742–895.

Harlton, B.W. (1976). Addison’s disease in a dog. Vet. Med. Small Anim.
Clin. 71, 285–288.

Hayashi, Y., Hiyoshi, T., Takemura, T., Kurashima, C., and Hirokawa, K.
(1989). Focal lymphocytic infiltration in the adrenal cortex of the
elderly: immunohistochemical analysis of infiltrating lymphocytes.
Clin. Exp. Immunol. 77, 101–105.

Hedstrand, H., Ekwall, O., Haavik, J., Landgren, E., Betterle, C., 
Perheentupa, J., Gustafsson, J., Husebye, E., Rorsman, F., and Kämpe,
O. (2000). Identification of tyrosine hydroxylase as an autoantigen in
autoimmune polyendocrine syndrome Type 1. Biochem. Biophys. Res.
Commun. 267, 456–461.

Hedstrand, H., Ekwall, O., Olsson, M.J., Landgren, E., Kemp, H.E.,
Weetman, A., Perheentupa, J., Husebye, E., Gustafsson, J., Betterle, C.,
Kampe, O., and Rorsman, F. (2001). The transcription factors SOX9
and SOX10 are vitiligo autoantigens in autoimmune polyendocrine syn-
drome type 1. J. Biol. Chem. 276, 35390–35395.

Henzen-Logmans, S.C., Stel, H.V., Van Muijen, G.N., Mullink, H., and
Meijer, C.J. (1988). Expression of intermediate filament proteins in
adrenal cortex and related tumors. Histopathology 12, 359–372.

Ch037-P595961.qxd  2/28/06  3:55 PM  Page 512



Hiatt, J.R. and Hiatt, N. (1997). The conquest of Addison’s disease. Am. J.
Surg. 174, 280–283.

Hoek, A., Schoemaker, J., and Drexhage, H.A. (1997). Premature ovarian
failure and ovarian autoimmunity. Endocr. Rev. 18, 107–134.

Hoenig, E.M., Hirano, A., Levine, A., and Ghatak, N.R. (1970). The early
development and fine structure of allergic adrenalitis. Lab. Invest. 22,
198–205.

Howlett, T.A. (1997). An assessment of optimal hydrocortisone replace-
ment therapy. Clin. Endocrinol. (Oxf.) 46, 263–268.

Husebye, E.S., Gebre-Medhin, G., Thuomi, T., Perheentupa, J., Landin-
Olsson, M., Gustafsson, J., Rorsman, F., and Kampe, O. (1997). Auto-
antibodies against aromatic L-amino acid decarboxylase in autoimmune
polyendocrine syndrome type I. J. Clin. Endocrinol. Metab. 82,
147–150.

Irvine, W.J. and Barnes, E.W. (1975). Addison’s disease, ovarian failure and
hypoparathyroidism. Clin. Endocrinol. Metab. 4, 379–434.

Jackson, R., McNicol, A.M., Farquarson, M., and Foulis, A.K. (1988). Class
II MHC expression in normal adrenal cortex and cortical cell in
autoimmune Addison’s disease. J. Pathol. 155, 113–120.

Jacobson, D.L., Gange, S.J., Rose, N.R., and Graham, N.M.H. (1997). Epi-
demiology and estimated population burden of selected autoimmune
diseases in the United States. Clin. Immunol. Immunopathol. 84,
223–243.

Kamradt, T. and Mitchinson, N.A. (2001). Tolerance and autoimmunity. 
N. Engl. J. Med. 344, 655–664.

Kannan, C.R. (1988). Addison’s disease. In C.R. Kannan (ed.), The Adrenal
Gland. London: Plenum.

Kaufman, J. (1984) Diseases of the adrenal cortex of dogs and cats. Mod.
Vet. Pract. 65, 513–516.

Kendall-Taylor, P., Lambert, A., Mitchell, R., and Robertson, W.R. (1988).
Antibody that blocks stimulation of cortisol secretion by adrenocorti-
cotrophic hormone in Addison’s disease. Br. Med. J. 296, 1489–1491.

Khoury, E.L., Hammond, L., Bottazzo, G.F., and Doniach, D. (1981).
Surface-reactive antibodies to human adrenal cells in Addison’s disease.
Clin. Exp. Immunol. 45, 48–55.

Kiaer, W. and Rytter Norgaard, J.O. (1969). Granulomatous hypophysitis
and thyroiditis with lymphocytyc adrenalitis. Acta Pathol. Microbiol.
Scand. 76, 229.

Kintzer, P.P. and Peterson, M.E. (1994). Diagnosis and management of
primary spontaneous hypoadrenocorticism (Addison’s disease) in dogs.
Sem. Vet. Med. Surg. 9(3), 148–152.

Koch, C.A. (2004). Adrenal cortex physiology, In L. Martini (ed.), Ency-
clopedia of Endocrine Disease. San Diego, CA: Elsevier.

Kong, M.F. and Jeffocoate, W. (1994) Eighty-six cases of Addison’s
disease. Clin. Endocrinol. 41, 757–761.

Krohn, K., Uibo, R., Aavik, E., Peterson, P., and Savilhati, K. (1992). Iden-
tification by molecular cloning of an autoantigen associated with
Addison’s disease as steroid 17-a-hydroxylase. Lancet 339, 770–773.

Laureti, S., De Bellis, A.M., Muccitelli, V.I., Calcinaro, F., Bizzaro, A.,
Rossi, R., Bellastella, A., Santeusanio, F., and Falorni, A. (1998). Levels
of adrenocortical autoantibodies correlate with the degree of adrenal
dysfunction in subjects with preclinical Addison’s disease. J. Clin.
Endocrinol. Metab. 83, 3507–3511.

Laureti, S., Vecchi, L., Santeusanio, F., and Falorni, A. (1999). Is the preva-
lence of Addison’s disease understimated? J. Clin. Endocrinol. Metab.
84, 1762.

Laureti, S., Arvat, E., Candeloro, P., Di Vito, L., Ghigo, E., Santeusanio,
F., and Falorni, A. (2000). Low dose (1 g) ACTH test in the evaluation
of adrenal dysfunction in pre-clinical Addison’s disease. Clin.
Endocrinol. 53, 107–115.

Levine, S. and Wenk, E.J. (1968). The production and passive transfer of
allergic adrenalitis. Am. J. Pathol. 52, 41–53.

Liblau, R.S., Singer, S.M., and McDevitt, H.O. (1995). Th1 and Th2 CD+T
cells in the pathogenesis of organ-specific autoimmune diseases.
Immunol. Today 16, 34–38.

Adrenalitis 513

Lin, D., Zhang, L., Chiao, E., and Miller, W.L. (1994) Modeling and muta-
genesis of the active site of human P450c17. Mol. Endocrinol. 8,
392–402.

Little, C., Marshall, C., and Downs, J. (1989). Addison’s disease in the dog.
Vet. Rec. 124(17), 469–470.

Løvås, K. and Husebye, E.S. (2002). High prevalence and increasing inci-
dence of Addison’s disease in western Norway. Clin. Endocrinol. 56,
787–791.

Mason, A.S., Meade, T.W., Lee, J.A., and Morris, J.N. (1968). Epidemio-
logical and clinical picture of Addison’s disease. Lancet 2, 744–
747.

McIntyre Gass, J.D. (1962). The syndrome of keratoconjunctivitis, super-
ficial moniliasis, idiopathic hypoparathyroidism and Addison’s disease.
Am. J. Ophthalmol. 54,660–674.

McNicol, A.M. (1986). Class II MHC expression in the adrenal cortex.
Lancet 2, 1282.

McNicol, A.M. and Laidler, P. (1996). The adrenal gland and extra-adrenal
paraganglia. In P.D. Lewis (ed.), Endocrine System. Edinburgh:
Churchill Livingstone.

Morgan, J., Betterle, C., Zanchetta, R., Dal Pra, C., Chen, S., Rees Smith,
B., and Furmaniak, J. (2000). Direct evidence that steroid 21-hydroxy-
lase (21-OH) is the major antigen recognized by adrenal cortex auto-
antibodies (ACA). J. Endocrinol. 167 (Suppl), OC19.

Muscatelli, F., Strom, T.M., Walker, A.P., Zanaria. E., Recan, D., Meindl,
A., Bardoni, B., Guioni, S., Zehetner, G., and Rabl, W. (1994). Muta-
tions in the DAX-1 gene give rise to both x-linked adrenal hypoplasia
congenita and hypogonadotropic hypogonadism. Nature 372, 672–
676.

Myhre, A.G., Undelien, D.A., Lovas, K., Uhlving,. S, Nedrebo, B.G.,
Fougner, K.J., Trovik, T., Sorheim, J.I., and Husebye, E.S. (2002).
Autoimmune adrenocortical failure in Norway autoantibodies and
human leukocyte antigen class II association related to clinical features.
J. Clin. Endocrinol. Metab. 87, 618–623.

Nerup, J. (1974). Addison’s disease – clinical studies. A report of 108 cases.
Acta Endocrinol. 76, 121–141.

Nerup, J. and Bendixen, G. (1969). Anti-adrenal cellular hypersensitivity
in Addison’s disease. 2. Correlation with clinical and serological find-
ings. Clin. Exp. Immunol. 5, 341–353.

Nerup, J., Andersen, V., and Bendixen, G. (1970). Antiadrenal cellular
hypersensitivity in Addison’s disease. IV. In vivo and in vitro investi-
gations of the mitochondrial fraction. Clin. Exp. Immunol. 6, 733.

Neufeld, M. and Blizzard, R.M. (1980). Polyglandular autoimmune dis-
eases. In A. Pinchera, D. Doniach, G.F. Fenzi and L. Baschieri (eds),
Symposium on Autoimmune Aspects of Endocrine Disorders. New
York: Academic Press.

Nigam, R., Bhatia, E., Miao, D., Brozzetti, A., Eisenbarth, G.S., and
Falorni, A. (2003). Prevalence of adrenal antibodies in Addison’s
disease among north Indian caucasians. Clin. Endocrinol. 59, 593–598.

Oelkers, W. (1996). Adrenal insufficiency. N. Engl. J. Med. 335,
1206–1212.

Oelkers, W., Diederich, S., and Bahr, V. (1992). Diagnosis and therapy sur-
veillance in Addison’s disease: rapid adrenocorticotropin (ACTH) test
and measurement of plasma ACTH, renin activity and aldosterone. 
J. Clin. Endocrinol. Metab. 75, 259–264.

Orth, D.N. and Kavacs, W.J. (1998). The adrenal cortex. In J.D. Wilson,
D.W. Foster, H.M. Kronenberg and P.R. Larse (eds), Williams Textbook
of Endocrinology, 9th ed. Philadelphia: W.B. Saunders.

Pelkey, T.J., Frierson, H.F. Jr, Mills, S.E., and Stoler, M.H. (1998). The
alpha subunit of inhibin in adrenal cortical neoplasia. Mod. Pathol. 11,
516–524.

Peterson, M.E., Greco, D.S., and Orth, D.N. (1989). Primary hypoadreno-
corticism in ten cats. J. Vet. Intern. Med. 3, 55–58.

Peterson, P. and Krohn, K.J.E. (1994). Mapping of B cell epitopes on
steroid 17-a-hydroxylase, an autoantigen in autoimmune polyglandu-
lar syndrome type 1. Clin. Exp. Immunol. 98, 104–109.

Ch037-P595961.qxd  2/28/06  3:55 PM  Page 513



Peterson, P., Perheentupa, J., and Krohn, K.J.E. (1996). Detection of 
candidal antigens in autoimmune polyglandular syndrome type I. Clin.
Diagn. Lab. Immunol. 3, 290–294.

Peterson, P., Uibo, R., Peranen, J., and Krohn, K.J.E. (1997). Immuno-
precipitation of steroidogenic enzyme autoantigens with autoimmune
polyglandular syndrome type 1 (APS I) sera; further evidence for inde-
pendent humoral immunity to P450 c17 and P450c21. Clin. Exp.
Immunol. 107, 335–340.

Petri, M. and Nerup, J. (1971). Addison’s adrenalitis. Acta Path. Microbiol.
Scand. 79, 381–388.

Picado-Leonard, J. and Miller, W.L. (1987). Cloning and sequence of the
human gene for P450c17 (steroid 17a-hydroxylase/17,20 lyase): simi-
larity with the gene for P450c21. DNA Cell. Biol. 6, 439–448.

Rabinowe, S.L., Jackson, R.A., Dluhy, R.G., and Williams, G.H. (1984).
Ia-positive T lymphocytes in recently diagnosed idiopathic Addison’s
disease. Am. J. Med. 77, 597–601.

Rees Smith, B. and Furmaniak, J. (1995), Editorial: adrenal and gonadal
autoimmune diseases. J. Clin. Endocrinol. Metab. 80, 1502–1505.

Sadek, D. and Schaer, M. (1996). Atypical Addison’s disease in the dog: a
retrospective survey of 14 cases. J. Am. Anim. Hosp. Assoc. 32,
159–163.

Salim, Y.S., Faber, V., Wiik, A., Andersewn, P.L., Hoier-Madsen, M., and
Mouritsen, S. (1988). Anti-corticosteroid antibodies in AIDS patients.
Acta Pathol. Microbiol. Immunol. Scand. 96, 889–894.

Sasano, H., Nose, M., and Sasano, N. (1989). Lectin histochemistry in
adrenocortical hyperplasia and neoplasm with emphasis on carcinoma.
Arch. Pathol. Lab. Med. 113, 68–72.

Sasano, H., Miyazaki, S., Sawai, T., Sasano, N., Nagura, H., Funahashi, H.,
Aiba, M., and Demura, H. (1992). Primary pigmented nodular adreno-
cortical disease (PPNAD): immunohistochemical and in situ hybridiza-
tion analysis of steroidogenic enzymes in eight cases. Mod. Pathol. 5,
23–29.

Sasano, H., Suzui, T., Shizawa, S., Kato, K., and Natura, H. (1994). Trans-
forming growth factor alpha, epidermal growth factor and epidermal
growth factor receptor in normal and diseased human adrenal cortex by
immunohistochemistry and in situ hybridization. Mod. Pathol. 7,
741–746.

Skoldberg, F., Portela-Gomes, G.M., Grimelius, L., Nilsson, G., 
Perheentupa, J., Betterle, C., Husebye, E.S., Gustafsson, J., Ronnblom,
A., Rorsman, F., and Kampe, O. (2003). Histidine decarboxylase is a 
novel autoantigen of enterochromaffin-like cells in autoimmune 
polyendocrine syndrome type 1. J. Clin. Endocrinol. Metab. 88, 1445–
1452.

Song, Y., Connor, E.L., Muir, A., She, J.X., Zorovich, B., Derovanesian,
D., and Maclaren, N. (1994). Autoantibody epitope mapping of the 21-
hydroxylase antigen in autoimmune Addison’s disease. J. Clin.
Endocrinol. Metab. 78, 1108–1112.

Sotsiu, F., Bottazzo, G.F., and Doniach, D. (1980). Immunofluorescence
studies on autoantibodies to steroid-producing cells, and to germline
cells in endocrine disease and infertility. Clin. Exp. Immunol. 39,
97–111.

Steiner, J.W., Langer, B., Schatz, D.L., and Volpé, R. (1960). Experimen-
tal immunologic adrenal injury: a response to injections of autologous 
and homologous adrenal antigens in adjuvant. J. Exp. Med. 112, 187.

Stewart, P.M., Corrie, J., Seckl, J.R., Edwards, C.R., and Padfield, P.L.
(1988). A rational approach for assessing the hypothalamo-pituitary-
adrenal axis. Lancet 1, 1208–1210.

Stonehewer, J. and Tasker, S. (2001). Hypoadrenocroticism in a cat. 
J. Small Anim. Pract. 42, 186–190.

Takayanagi, R., Miura, K., Nakagawa, H., and Nawata, H. (2000). 
Epidemiological study of adrenal gland disorders in Japan. Biomed.
Pharmacother. 54, 164–168.

Tanaka, H., Perez, M.S., Powell, M., Sandres, J.F., Sawicka, J., Chen, S.,
Prentice, L., Asawa, T., Betterle, C., Volpato, M., Rees Smith, B., and

514 Endocrine and Related Diseases

Furmaniak, J. (1997). Steroid 21-hydroxylase autoantibodies: measure-
ments with a new immunoprecipations assay. J. Clin. Endocrinol.
Metab. 82, 1440–1446.

Tasker, S., MacKay, A.D., and Sparkes, A.H. (1999). Case report. A case
of feline primary hypoadrenocorticism. J. Felin. Med. Surg. 1, 257–
260.

Thiebaut, F., Tsuruo, T., Hamada, H., Gottesman, M.M., Pastan, I., and
Willingham, M.C. (1987). Cellular localization of the multidrug resis-
tance gene product P-glycoprotein in normal human tissues. Proc. Natl
Acad. Sci. USA 84, 7735–7738.

Trousseau, A. (1856). Bronze Addison’s disease. Arch. Gen. Med. 8,
478–485.

Verghese, M.V., Ward, F.E., and Eisenbarth, G.S. (1980). Decreased sup-
pressor cell activity in patients with polyglandular failure. Clin. Res.
28, 270A.

Volpé, R. (1994). Autoimmune endocrinopathies: aspects of pathogenesis
and the role of immune assays in investigation and management. Clin.
Chem. 40, 2132–2145.

Wardle, C.A., Weetman, A.P., Mitchell, R., Peers, N., and Robertson, W.R.
(1993). Adrenocorticotropic hormone receptor-blocking immunoglob-
ulins in serum from patients with Addison’s disease: a re-examination.
J. Clin. Endocrinol. Metab. 77, 750–753.

Wedlock, N., Asawa, T., Baumann-Antczak, A., Rees Smith, B., and 
Furmaniak, J. (1993). Autoimmune Addison’s disease. Analysis of
autoantibody sites on human steroid 21-hydroxylase. FEBS Lett. 332,
123–126.

Werdelin, O. and Witebsky, E. (1970). Experimental allergic rat adrenali-
tis, a study on its elicitation and lymphokinetics. Lab. Invest. 23,
136–143.

Werdelin, O., Wick, G., and McCluskey, R.T. (1971). The fate of newly
formed lymphocytes migration from an antigen-stimulated lymph node
in rats with allergic adrenalitis. Lab. Invest. 25, 279–286.

Williams, G.H. and Dluhy, R.G. (1998). Disease of the adrenal cortex: 
In A.S. Fauci, E. Braunwald, K.J. Isselbacher, Wilson, J.D., Martin,
J.B., Kasper, D.L., Hanser, S.L., and Longo, D.L. (eds), Harrison’s
Principles of Internal Medicine, 14th ed. New York: McGraw-
Hill.

Willis, A.C. and Vince, F.P. (1997). The prevalence of Addison’s disease in
Coventry, UK. Postgrad. Med. J. 73, 286–288.

Wilson, R.C., Mercado, A.B., Cheng, K.C., and New, M.I. (1995). Steroid
21-hydroxylase deficiency: genotype may not predict phenotype. J.
Clin. Endocrinol. Metab. 80, 2322–3239.

Winqvist, O., Karlsson, F.A., and Kampe, O. (1992). 21-hydroxylase, a
major autoantigen in idiopathic Addison’s disease. Lancet 339,
1559–1562.

Winqvist, O., Gustafsson, J., Rorsman, F., Karlsson, F.A., and Kampe, O.
(1993). Two different cytochrome P450 enzymes are the adrenal anti-
gens in autoimmune polyendocrine syndrome type I and Addison’s
disease. J. Clin. Invest. 92 ,2377–2385.

Winqivist, O., Soderbergh, A., and Kampe, O. (1996). The autommune
basis of adrenal cortical destruction in Addison’s disease (review). Mol.
Med. Today 2, 282–289.

Witebsky, E. and Milgrom, F. (1962). Immunological studies on adrenal
glands: II. Immunization with adrenals of the same species. Immunol-
ogy 5, 67–78.

Wulfraat, N.M., Drexhage, H.A., Bottazzo, G.F., Wiersinga, W.M.,
Jeucken, P., and Van der Gaag, R. (1989). Immunoglobulins of patients
with idiopathic Addison’s disease block the in vitro action of adreno-
cotropin. J. Clin. Endocrinol. Metab. 69, 231–238.

Yu, L., Brewer, K.W., Gates, S., Wu, A., Wang, T., Babu, S.R., Gottlieb,
P.A., Freed, B.M., Noble, J., Erlich, H.A., Rewers, J., and Eisenbarth,
G.S. (1999). DRB1*04 and DQ alleles: expression of 21-hydroxylase
autoantibodies and risk of progression to Addison’s disease. J. Clin.
Endocrinol. Metab. 84, 328–335.

Ch037-P595961.qxd  2/28/06  3:55 PM  Page 514



A B

FIGURE 37.3 Immunofluorescence pattern on normal human adrenal cortex given by serum of a patient with AAD.
This serum reacted with the cytoplasm of cells in all three layers of the cortex, but shown here are only glomerulosa
(A) and fasciculata (B).

A B C

FIGURE 37.4 Immunofluorescence pattern given by serum of a patient with AAD and premature ovarian failure.
This serum reacted against adrenal cortex (A), follicular theca of the ovary (B) and Leydig cells of the testis (C), and
reflects autoantibodies to steroid-producing cells (StCA).
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FIGURE 37.5 Clinical manifestations of AAD at onset. A, Hyperpigmentation of the skin, melanosis of the tongue,
and enophthalmos as a sign of dehydration. B, Male showing a melanosis of the tongue. C, Hyperpigmentation of the
nails.

HSR SAND PHD PHDPRRNLS

1 545R257X del13bp

FIGURE 38.3 Schematic outline of the different domains of the AIRE
protein. HSR: homogeously staining region, also present in Sp100 and Sp
140, a region that mediates homodimerization; NLS: nuclear localization
signal; SAND: a putative DNA-binding region; PHD: plant homeodomain
zinc fingers; PRR: proline-rich region. The four black boxes correspond to
nuclear receptor binding LXXL motifs. The most common mutation in the
Finnish population (R257X) and another common mutation, a 13bp dele-
tion, are denoted with arrows. The numbers correspond to the first and last
amino acids of the protein.
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In 1855, Thomas Addison published observations des-
cribing adrenocortical failure (Addison, 1855). This dis-
order has since been known as Addison’s disease (Wilks,
1862). Schmidt (1926) later demonstrated that the detection
of lymphocytic infiltration in both the adrenal and thyroid
glands is more frequent than expected. The simultaneous
occurrence of Addison’s disease and thyroiditis became
known as Schmidt syndrome (OMIM 269200). Several sub-
sequent publications indicated that idiopathic Addison’s
disease and thyroid disease are often found together in one
patient. In 1959 Beaven and coworkers reported that
Addison’s disease frequently occurred with diabetes melli-
tus in the same patient. Some years later, Carpenter et al.
(1964) published an observation that insulin-dependent dia-
betes mellitus is more common in Schmidt syndrome than
in the normal population, further establishing the associa-
tion of the three endocrine diseases. Addison’s disease was
less frequently associated with diabetes than with thyroid
disease, for which the majority of the cases were
Hashimoto’s thyroiditis. 

The first clinical reports on patients with Addison’s
disease presenting with chronic candidal infection and
hypoparathyroidism appeared in the 1950s (Etzel and
Robson, 1958) and in the 1960s several reports pointed to
the clinical and genetic heterogeneity among patients with
Addison’s disease (Spinner et al., 1968; Blizzard and Gibbs,
1968), suggesting that, depending on the associated disor-
ders, Addison’s disease can be part of two separate clinical
syndromes. In 1981, on the basis of previous clinical and
laboratory data, the occurrence of Addison’s disease, when
associated with other diseases, was divided by Neufeld 
and coworkers (1981) into two autoimmune polyglandular
(polyendocrine) syndromes (APS), type 1 and type 2.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

APS-1 (OMIM 240300) has a broad spectrum of clinical
manifestations. The disease is also referred to as autoim-
mune polyendocrinopathy candidiasis ectodermal dystrophy
(APECED) or polyglandular autoimmune syndrome (PAS)
type 1 (Table 38.1). The most frequent clinical entities
include chronic mucocutaneous candidiasis, hypoparathy-
roidism, and Addison’s disease. At least two of the three
major components need to be present in order to make 
a diagnosis. Usually, APS-1 starts in childhood with 
chronic candidiasis as a first manifestation followed by
hypoparathyroidism and Addison’s disease. Any one of the
three major diseases may be absent, and APS-1 may 
clinically appear in adulthood. In addition, many other 
components of the disorder have been described in APS-1
patients.
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Candida infection appears in more chronic cases as white
thrush on the tongue (Figure 38.1). Candidal esophagitis is
often present and the infection may spread to nails (Figure
38.2) and in some cases even to skin of the hands and 
face. Several cases of oral carcinoma have been reported,
suggesting that oral candidiasis might be carcinogenic
(reviewed in Perheentupa, 2002). Hypoparathyroidism is the
most frequent, and sometimes the only, endocrine disease
seen in APS-1 patients. For example, in the majority of
Iranian Jews and in approximately 20% of Finnish patients,
hypoparathyroidism remained the only endocrinopathy. In
some cases hypoparathyroidism is followed by adrenocorti-
cal insufficiency, with an age at onset of about 4–12 years,
but in other cases it may appear at 20 years of age 
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(Perheentupa, 2002). Premature ovarian failure in females is
far more common (female-to-male ratio, 3 : 1) than primary
testicular failure in males. The blood–testis barrier could be
a probable explanation for this gender difference. Type 1
diabetes, hypophyseal failure, autoimmune thyroid disease,
keratoconjunctivitis, pernicious anemia, autoimmune
hepatitis, and gastrointestinal dysfunctions consisting of
malabsorption or diarrhea are less common components of
the syndrome. While the chronic candidiasis is most likely
due to the defect in cell-mediated immunity, the association
of ectodermal dystrophy with autoimmunity is still an open
question. Ectodermal skin diseases such as alopecia with
patchy loss of hair, alopecia totalis with total hair loss and
vitiligo with pigment-free skin areas, enamel hypoplasia and
nail dystrophy can be present. In addition, urticaria-like 
erythema (Perheentupa, 2002) and hyposplenism or splenic
atrophy have also been reported in APS-1 patients 
(Friedman et al., 1991).

APS-2 is a genetically complex disease with a multifac-
torial etiology. The clinical onset usually occurs in adult-
hood, although it can start at any time during the lifespan.
The classic definition of APS-2 (Neufeld et al., 1981) com-
prises a combination of Addison’s disease with autoimmune
thyroid disease or type 1 diabetes, or both (see Table 38.1),
although it is obvious that any combinations of autoimmune
disorders within the complex represent the same disorder
with a probably inherited propensity to develop organ-
specific autoimmunity (Schatz and Winter, 2002). Type 1
diabetes develops often before the Addison’s disease. Other
diseases such as vitiligo, alopecia, hypergonadotropic
hypogonadism, and chronic gastritis with or without perni-
cious anemia may occur but less frequently than in APS-1
and usually not in childhood. The prevalence of APS-2 is
estimated to be 1.4–2.0 in 100000 inhabitants. APS-2 affects

TABLE 38.1 Prevalences in APS-1 and APS-2 of 
particular clinical features and accompanying diseases

(adapted from Perheentupa, 2002; Betterle et al., 2002;
Schatz and Winter, 2002)

Disease components APS-1 APS-2

Addison’s disease 60–100 70–100
Hypoparathyroidism 77–100 Absent
Chronic candidiasis 73–100 Absent
Ectodermal dysplasia 10–77 Absent
Autoimmune thyroid disease 8–18 69–83
Type 1 diabetes 4–23 28–52
Hypogonadism 31–60 9
Alopecia 27–72 2–5
Vitiligo 4–26 4–11
Keratopathy 12–35 Absent
Autoimmune hepatitis 10–19 4
Pernicious anemia 12–15 2–25
Chronic gastritis 6 11

FIGURE 38.1 Mucocutaneous candidiasis in a patient with APS-1.

FIGURE 38.2 Vitiligo and nail candidiasis in a patient with APS-1.
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in particular middle-aged Caucasian women with a male-to-
female ratio of 1 : 2–3.

APS-3 was included in the original classification of
autoimmune polyendocrine syndromes (Neufeld et al.,
1981) to define the clinical entity of autoimmune thyroid
disease and one or more other autoimmune diseases, exclud-
ing Addison’s disease. The genetic and etiological back-
ground of APS-3 is similar to that of APS-2. Sometimes,
APS-4 is also mentioned but we suggest that for clarity, this
entire complex of disorders (APS-2, APS-3, and APS-4)
should be named APS-2 as distinct from APS-1 (APECED).

AUTOIMMUNE FEATURES

Seminal evidence on the autoimmune pathogenesis of
Addison’s disease was provided by Anderson et al. (1957)
who reported the presence of adrenocortical antibodies
(ACA) in patients with Addison’s disease using complement
fixation. The finding of autoantibodies to adrenal cortex 
was later confirmed by the immunofluorescence method
(Blizzard et al., 1962). With indirect immunofluorescence,
ACA were found in 50–90% of patients with Addison’s
disease (Blizzard and Kyle, 1963; Riley et al., 1980; Sotsiou
et al., 1980) but were not detected in the tuberculous form
of Addison’s disease (Irvine and Barnes, 1975). The auto-
antibodies are usually IgG (Goudie et al., 1968), predomi-
nantly of the IgG1 subclass (Boe et al., 2004), and often
react with all layers of adrenal cortex (Irvine and Barnes,
1975). Immunofluorescence studies revealed that in addition
to ACA, autoantibodies to the steroid-producing cells
(StCA) were consistently present, reacting with the theca
interna and corpus luteum of ovary, interstitial cells of testis,
and placental trophoblasts (Irvine and Barnes 1975,
Maclaren and Blizzard 1985).

The characteristic feature of APS-1 is the presence of
high-titer autoantibodies to several tissue-specific autoanti-
gens. The nature of the proteins recognized by the autoanti-
bodies began to emerge in the beginning of 1990s when 
the adrenal cortex-specific autoantigens were identified.
Steroidogenic P450 cytochrome enzymes, steroid 17a-
hydroxylase (P450c17 or CYP17), steroid 21 hydroxylase
(P450c21 or CYP21) and side chain cleavage enzyme
(P450scc or CYP11A1) were identified as the molecular
targets of the adrenal specific autoantibodies (Krohn et al.,
1992; Winqvist et al., 1992; 1993; 1995; Bednarek et al.,
1992; Baumann-Antczak et al., 1992; Uibo et al., 1994). All
three enzymes belong to the P450 cytochrome superfamily
and are central in the steroidogenic pathway occurring in the
adrenal cortex. P450c21 is highly expressed in the adrenal
cortex whereas P450c17 and P450scc are also expressed in
the gonads.

Autoantibodies to several other self-antigens have been
reported in APS-1, which often belong to related protein
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families. For example, autoantibodies against glutamic acid
decarboxylases (GAD65 and GAD67), major autoantigens
in type 1 diabetes, are common in APS-1 (Björk et al., 
1994; Velloso et al., 1994). Group II pyridoxal phosphate-
dependent amino acid decarboxylases are structurally
related to GAD enzymes, including aromatic L-amino acid
decarboxylase (AADC), histidine decarboxylase (HDC),
and cysteine sulfinic acid decarboxylase (CSAD), which all
react as autoantigens in APS-1 (Husebye, et al., 1997; 
Sköldberg et al., 2003; 2004). Another set of autoantigens
comprises tryptophan and tyrosine hydroxylases (TPH and
TH, respectively), which belong to a group of pteridine-
dependent hydroxylases (Ekwall et al., 1998; 2000; Hed-
strand et al., 2000). APS-1 patients also develop antibodies
to hepatic P450 cytochromes, P4501A2 and 2A6; however,
only P4501A2 is associated with autoimmune hepatitis in
APS-1 (Clemente et al., 1998; Gebre-Medin et al., 1997). In
addition, immunoreactivity to the tyrosine phosphatase-like
protein IA-2 (IA-2), intrinsic factor, thyroid peroxidase and
thyroglobulin (Perniola et al., 2000) and to a transcription
factor SOX10 have been reported (Hedstrand et al., 2001).
The patients with hypoparathyroidism were found to have
antibodies to calcium sensing receptor protein (Li et al.,
1996; Goswami et al., 2004) but the result was not confirmed
by other studies (Gylling et al., 2003; Söderbergh et al.,
2004). The prevalence of autoantibodies among 90 Finnish,
Swedish, and Norwegian APS-1 patients is shown in 
Table 38.2.

In APS-2, most of the patients have autoantibodies to
P450c21, the major autoantigen of Addison’s disease 
(Winqvist et al., 1992; Bednarek et al., 1992; Baumann-
Antzcak et al., 1992). The P450c21 autoantibodies 
have been demonstrated by several methods including
immunoblotting with recombinant protein expressed in 

TABLE 38.2 Prevalence of autoantibodies in APS-1 patients
(adapted from Perniola et al., 2000; Ekwall et al., 2000;
Söderbergh et al., 2004; Sköldberg et al., 2003, 2004)

Autoantigen Prevalence %

Steroid 21 hydroxylase (P450c21) 66
Side chain cleavage enzyme (P450scc) 52
Steroid 17a-hydroxylase (P450c17) 44
Aromatic L-amino acid decarboxylase (AADC) 51
Glutamic acid decarboxylase (GAD65) 37
Histidine decarboxylase (HDC) 37
Cysteine sulfinic acid decarboxylase (CSAD) 3.6
Tryptophan hydroxylase (TPH) 45
Tyrosine hydroxylase (TH) 44
Thyroglobulin (TG) 36
Thyroid peroxidase (TPO) 36
Transcription factor SOX10 22
Cytochrome P4501A2 (P4501A2) 8
Tyrosine phosphatase-like protein IA-2 (IA-2) 7
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bacteria, yeast or mammalian cells or by immunoprecipita-
tion with in vitro translated protein (for review, see Betterle
et al., 2002 and Chapter 37). The P450c21 protein is also
the molecular target of the ACA that have been widely used
as a diagnostic marker for Addison’s disease. In approxi-
mately 15–20% of female APS-2 patients, autoantibodies to
P450c17 and P450scc are detectable, which are the targets
of the StCA (Hoek et al., 1997; Betterle et al., 2002). APS-
2 patients with type 1 diabetes frequently have autoanti-
bodies to GAD65 and/or IA-2 protein. Autoantibodies to
thyroid peroxidase proteins are common in patients with
autoimmune thyroiditis.

GENETIC FEATURES

APS-1 is inherited in an autosomal recessive manner and
occurs as a defect in the autoimmune regulator (AIRE) gene
(Figure 38.3). The prevalence worldwide is very low and 
is population dependent. The frequency is higher among
certain populations such as Finns (1/25,000), Sardinians
(1/14,400) and Iranian Jews (1/9000), and lower among
Norwegians, (1/80,000). A high prevalence (1/4400) occurs
in the small town of Bassano del Grappa in Northern Italy
(Betterle et al., 2002).

AIRE, the gene mutated in APS-1, was identified by posi-
tional cloning on chromosome 21q22.3 (Nagamine et al.,
1997; Finnish-German Consortium 1997). To date, around
50 mutations have been found in the AIRE gene (reviewed
in Heino et al., 2001; Kumar et al., 2002). The mutations are
spread throughout the coding region but two mutational
hotspots have emerged. The most common mutation is
amino acid arginine change to stop codon (R257X) in exon
6, which is found in 83% of the Finnish APS-1 chromo-
somes (Björses et al., 2000). The R257X mutation is also
common in Northern Italian and Eastern European APS-1
patients (Scott et al., 1998; Björses et al., 2000; Cihakova 
et al., 2001). The other frequently occurring mutation, 
1094-1106del13bp, is the most common mutation in Anglo-
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American APS-1 patients, accounting for 70% of British and
53% of North American APS-1 alleles, as well as being
reported in several APS-1 cases from other populations
(Wang et al., 1998; Pearce et al., 1998; Heino et al., 1999).
A large proportion of the AIRE mutations are nonsense
mutations or deletions/insertions, usually resulting in a trun-
cated protein lacking the PHD fingers, one of the character-
istic domains of the protein. Most of the missense mutations
occur in the N-terminal of AIRE, a region responsible for
the homodimerization of the protein (reviewed in Pitkänen
and Peterson, 2003).

Despite considerable variation in the APS-1 phenotype,
no clear correlation with genotype has been found. The
growing number of AIRE mutations will enable us to draw
better conclusions in the future. However, it is evident now
that other factors influence the outcome of the disease com-
ponents. As an example, there is significant clinical varia-
tion among Finnish APS-1 patients carrying a homozygous
R257X mutation and several reports describe intrafamilial
differences among siblings having an identical AIRE geno-
type (Halonen et al., 2002).

APS-1 has no clear association with the HLA region,
although some components of the disease seem to correlate
with certain HLA alleles or haplotypes. For example, in one
study, Addison’s disease was found to be associated with
HLA DRB1*03, alopecia with DRB1*04-DQB1*0302 and
type 1 diabetes correlated negatively with DRB1*15-
DQB1*0602 (Halonen et al., 2002). However, another study
did not find an association with HLA alleles (Gylling et al.,
2003).

APS-2, in contrast to APS-1, is a genetically complex
disease. As for most autoimmune diseases, APS-2 is strongly
associated with the HLA gene locus in chromosome 6p21.
Genetic studies have demonstrated a consistent association
of APS-2 with HLA DRB1*0301 (DR3), DQA1*0501 and
DQB1*02 (DQ2) alleles, which are in strong linkage 
equilibrium with each other (Maclaren and Riley, 1986; 
Partanen et al., 1994). The haplotype is associated with 
isolated disease components of APS-2, type 1 diabetes,
Graves’ disease, autoimmune hypothyroidism, and
Addison’s disease. Most of the studies have not elucidated
which of these three alleles is the primary etiological genetic
factor. Another haplotype, consisting of DRB1*04 (DR4)
DQA1*0301 DQB1*0302 (DQ8), is also associated with
type 1 diabetes and Addison’s disease (Partanen et al., 1994;
Myhre et al., 2002) and the existence of both risk haplotypes
in one individual confers high susceptibility for type 1 
diabetes or Addison’s disease alone or in combination. In 
addition, Myhre et al. (2002) reported that the haplotype
DRB1*01 (DR1) DQA1*0101 DQB1*0501 (DQ5) is pro-
tective against Addison’s disease. Alleles of other genes
located in HLA region, such as TNF, P450c21 and MIC-A
gene, have been associated with APS-2 (Partanen et al.,
1994; Peterson et al., 1995; Gambelunghe et al., 1999) but

HSR SAND PHD PHDPRRNLS

1 545R257X del13bp

FIGURE 38.3 Schematic outline of the different domains of the AIRE
protein. HSR: homogeously staining region, also present in Sp100 and Sp
140, a region that mediates homodimerization; NLS: nuclear localization
signal; SAND: a putative DNA-binding region; PHD: plant homeodomain
zinc fingers; PRR: proline-rich region. The four black boxes correspond to
nuclear receptor binding LXXL motifs. The most common mutation in the
Finnish population (R257X) and another common mutation, a 13bp dele-
tion, are denoted with arrows. The numbers correspond to the first and last
amino acids of the protein. See color plate section.
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these associations are most likely to be secondary to the
strong linkage disequilibrium in the HLA region and thus
are not primary associations.

The cytotoxic T lymphocyte-associated protein-4 
(CTLA-4) gene on chromosome 2q33 is associated with
autoimmune endocrinopathies from different populations
(reviewed in Vaidya and Pearce, 2004). In particular, the
allelic variants of an A to G single nucleotide polymorphism
at position 49 and microsatellite marker in the 3¢ untrans-
lated region of the CTLA-4 gene are associated with type 1
diabetes and thyroiditis in Italian, German, and British
patients (Levin and Tomer, 2003). The CTLA-4 association
with Addison’s disease and APS-2 with 3¢ untranslated
region microsatellite was significantly increased among
English but not among Norwegian, Finnish, and Estonian
patients (Kemp et al., 1998). In another study on English
patients with autoimmune Addison’s disease and APS-2, a
strong association of the G allele at position 49 was found
with Addison’s disease as a component of APS-2 (Vaidya 
et al., 2000). Recently, autoimmune disease susceptibility
was mapped to a noncoding 6.1 kb 3¢ region of CTLA-4, the
common allelic variation of which was correlated with lower
messenger RNA levels of the soluble alternative splice form
of CTLA-4 (Ueda et al., 2003). Additionally, a number of
other susceptibility genes have been characterized in APS-
2; however, their role is not so universal and they will not
be discussed here. These studies are reviewed by Redondo
and Eisenbarth (2002), Bottini et al. (2004), MacMurray et
al. (2004) and others.

An influence of AIRE gene polymorphisms in APS-2 or
other major autoimmune diseases is possible but analyses of
the AIRE mutations R257X and 967-979del13bp indicated
no contribution to the susceptibility to type 1 diabetes,
Graves’ disease or autoimmune hepatitis (Vaidya et al.,
2000; Nithiyananthan et al., 2000; Meyer et al., 2001;
Djilali-Saiah et al., 2004).

ENVIRONMENTAL FEATURES

The environmental factors involved in autoimmune poly-
endocrine syndromes are less evident than genetic factors.
A recent increase in the incidence of type 1 diabetes melli-
tus and probably other autoimmune endocrine diseases and
polyendocrine syndromes in most of the developed coun-
tries points to the novel environmental influences as the
genetic background has largely remained unchanged. The
role of environment has been best studied in patients with
type 1 diabetes (see Chapter 36), in which analysis of twins
shows that the genetic background cannot be the only reason
for the disease (Hyttinen et al., 2003). National prosperity
and good hygiene levels seem to correlate in uncertain ways
with type 1 diabetes (Patterson et al., 2001). The role of viral
infections in polyendocrinopathies remains unclear.
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ANIMAL MODELS

Spontaneous Animal Models

The most studied spontaneous animal models for poly-
endocrine autoimmunity are the Bio-Breeding (BB) rat,
Komeda diabetes-prone (KDP) rat, nonobese diabetic
(NOD) mouse, and obese-strain (OS) White Leghorn
chicken.

The BB rat develops type 1 diabetes which is clinically
similar to the diabetes seen in humans. In addition to
destruction of the insulin-producing pancreatic b cells, BB
rats frequently have lymphocytic infiltration in the thyroid
gland, usually without hypothyroidism, but the thyroiditis
can be potentiated by feeding rats with a high iodine diet
(Allen et al., 1986). No evidence of lymphocytic infiltration
to the adrenal gland has been observed but autoantibodies
to gastric parietal cells and smooth muscle have been
reported (Crisa et al., 1992). BB rats have severe T-cell lym-
phopenia which is a recessive trait and important in the
development of diabetes. The mononuclear infiltration into
islets starts within the first 3 weeks of life and the diabetes
develops at 8–12 weeks. Genetic backcross experiments
showed that both insulitis and thyroiditis develop through
common immune defects involving T-cell lymphopenia, but
the susceptibility of MHC class II alleles for disease devel-
opment is distinct for insulitis and thyroiditis (Awata et al.,
1995). 

At least three susceptibility genes are important in 
development of diabetes in the BB rat: IDDM2 in the MHC
gene region on chromosome 20, Ian5 (immune-associated
nucleotide 5 on chromosome 4 (also called Ian4, IDDM1 or
lyp), which is responsible for the lymphopenia (MacMurray
et al., 2002; Hornum et al., 2002; Moralejo et al., 2003), and
a third, so far unmapped gene on chromosome 2 (Jacob et
al., 1992). Ian5 is a GTO-binding protein highly expressed
in lymph node and spleen, and regulates apoptosis in the T-
cell lineage (MacMurray et al., 2002).

Similarly to the BB rat, the KDP rat develops autoim-
mune diabetes but without significant T-cell lymphopenia.
The disease onset is rapid with development of 100% dia-
betes by the age of 30 weeks (Yokoi et al., 1997). Both sexes
are equally affected. In addition to pancreatic islets, KDP
rats have severe lymphocyte infiltration into the thyroid
glands and mild to moderate infiltration into the sub-
mandibular glands, kidney, adrenals, and pituitary (Yokoi 
et al., 1997). Most of the genetic predisposition to autoim-
munity in the KDP rat is due to a specific nonsense muta-
tion (R455X) in the Cblb (Casitas B-lineage lymphoma b)
gene identified by positional cloning (Yokoi et al., 2002).
Cblb is a ubiquitine ligase that negatively controls the CD28
costimulatory molecule in T-cell activation. T cells from
homozygous Cblb-deficient mice do not require the CD28
costimulatory signal for activation and develop spontaneous
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autoimmunity with T- and B-cell infiltrations in multiple
organs (Bachmaier et al., 2000). It should be noted that
neither Ian5 nor Cblb genes have been found so far as sus-
ceptibility genes for human type 1 diabetes (Payne et al.,
2004; Kosoy et al., 2004) and hence it is unlikely that these
genes will contribute to either type of APS.

The NOD mouse is mostly studied as a model for type 1
diabetes. In addition to pancreatic b-cell destruction, NOD
mice have autoimmunity to submandibular and lacrimal
glands, although to a lesser extent. The incidence of thy-
roiditis is low but high iodine in the diet has a triggering
effect on development of thyroiditis (Many et al., 1996).
Lymphocytic infiltration in the adrenal and parathyroid
glands has been described in NOD mice (Krug et al., 1991;
Beales et al., 2002). Insulitis starts at an early age (4–5
weeks old), reaching 70–90% by 9 weeks. Diabetes is mild
and more prevalent in females (80–90%) than males
(10–50%). The incidence of submandibular and lacrimal
gland infiltration seems not to be secondary to insulitis and
is more prevalent in females. 

The genetic background of the NOD mouse has been
extensively studied and approximately 20 different genetic
loci have been reported (reviewed in Johansson et al., 2003,
and see Chapter 36). IDDM1 located in the MHC gene
region (H2g7 on chromosome 17) is the major locus for 
diabetes. Additionally, the IDDM3 region and Il2 gene on
chromosome 3, CTLA-4 and CD28 on chromosome 1, and
CD30 and Tnfr2 on chromosome 4 have been suggested 
to be important. Genetic segregation experiments indicate a
genetic heterogeneity in terms of different autoimmune dis-
orders in the NOD mouse; it seems that each disorder is
mainly controlled by unique sets of disease-promoting
alleles but that some disorders are more similar than others
(Johansson et al., 2003). In addition, many transgenic, gene-
targeted and congenic variations of NOD mice have been
developed with variable effects on development of diabetes
(reviewed in Yang and Santamaria, 2003, and see Chapters
26 and 36). Despite the similarities between human type 1
diabetes and diabetes in the NOD mouse, it should be noted
that NOD mice do not develop autoantibodies against the
major human autoantigen GAD65 (Velloso et al., 1994;
Mackay et al., 1996).

The OS chicken spontaneously develops lymphocytic
thyroiditis and autoantibodies to adrenal gland. Mononu-
clear infiltration starts in the second week of life and results
in complete destruction of the thyroid gland by 1–2 months
of age. OS chickens, however, do not have adrenal insuffi-
ciency or type 1 diabetes.

Experimentally Induced Animal Models

One of the well-studied mouse models is thymectomy at
day 3 in the BALB/C strain, which leads to multiorgan
autoimmunity characterized by gastritis, thyroiditis,
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oophoritis, and other infiltrations. The infiltrations are T-cell
dependent and the mice develop autoantibodies to affected
tissues. Thymectomy-induced autoimmunity is strictly
dependent on time of thymectomy, i.e., between the second
and fifth days after birth. The autoimmunity occurs due to a
lack of CD4+CD25+ regulatory T cells (see Chapter 26),
which migrate out of the thymus in the early neonatal period,
and injection of purified regulatory T cells back into the
thymectomized mice prevents autoimmunity (reviewed in
Sakaguchi et al., 2001).

Several transgenic and knockout animal models develop
endocrine autoimmunity (reviewed in Lam-Tse et al., 2002).
The transgenic models often use expression of autoantigen,
MHC or costimulatory molecules in a tissue-specific
manner, or overrepresentation of a certain T-cell receptor
repertoire. The models are useful but often represent exag-
gerations of native autoimmune process. From gene knock-
out models, two recently generated mouse models have
emerged: AIRE- and FoxP3-deficient mice, representing
respectively APS-1 and IPEX (immune dysregulation, poly-
endocrinopathy, enteropathy, and X-linked inheritance) 
diseases in humans. AIRE-deficient mice do not express
self-antigens in the thymus; hence there is impaired 
elimination of self-reactive T cells and as a result, the mice
develop lymphocytic infiltrations and autoantibodies to mul-
tiple organs (see below). FoxP3 is a forkhead transcription
factor family member that is essential for development 
in thymus of the CD4+CD25+ regulatory T cells which 
participate in the maintenance of immunologic tolerance
(Fontenot et al., 2003; Khattri et al., 2003; Ochs et al., 2005;
see Chapter 9). CD4+CD25+ regulatory T cells have been
shown to suppress several experimental models of organ-
specific autoimmune diseases. Lack of FoxP3 expression in
mice leads to the overproliferation of CD4+ lymphocytes
with multiorgan infiltration and to elevation of numerous
cytokines (Gavin and Rudensky, 2003).

PATHOGENIC MECHANISMS

The endocrine glands in APS-1 and APS-2 are affected
by a similar histologic autoimmune destruction. The tissue
is gradually destroyed, resulting in atrophy, or parenchymal
cells are replaced by fat cells (Perheentupa, 2002). Adrena-
litis in APS patients appears to be diffuse, affecting all three
layers of the cortex. As an indication of T-cell-mediated
autoimmunity, it mainly consists of lymphocytes but
macrophages and plasma cells have also been detected 
(Carpenter et al., 1964; Muir et al., 1993). Indeed, there is
significant support for a direct pathogenic role of T cells in
autoimmune endocrine diseases, exemplified by type 1 dia-
betes as the most studied disorder among endocrinopathies
(reviewed in Roep, 2002). Treatment with immunosuppres-
sive drugs, cyclosporine A, directed against T cells, will
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produce temporary remission of the disease in APS-2
patients (Csaszar and Patakfalvi, 1992). However, it has
been difficult to characterize autoreactive T cells in APS
patients, partly due to the lack of specific and sensitive
methods, and to T cells that, in contrast to autoantibodies,
are sequestered in the specific tissue lesions (Roep, 2002).
Interestingly, a recent report by Kriegel and coworkers
(2004) suggested that CD4+CD25+ regulatory T cells from
peripheral blood of APS-2 patients are functionally defec-
tive in their suppressive capacity despite no evident differ-
ences in their quantity or in their T-cell surface markers
between the patients and controls. The results concur with
depletion of regulatory T cells in mice causing a syndrome
resembling APS-2 (Sakaguchi et al., 2001). Although further
confirmatory experiments are needed, these data highlight
the possibility that an impaired function of regulatory T cells
may have a pathogenic role in APS-2.

Autoimmunity in APS-1 is due to defective central toler-
ance to the autoantigens. Using a microarray approach and
a gene knockout mouse as a model, Mathis and coworkers
showed that AIRE gene deficiency in mice results in defec-
tive expression of the tissue-specific autoantigens in thymus,
where negative selection of autoreactive T cells occurs
(Anderson et al., 2002). The AIRE gene is predominantly
expressed in thymic medullary epithelial cells (Figure 38.4)
and acts as a transcriptional activator (reviewed in Pitkänen
and Peterson, 2003). The lack of the AIRE expression in
thymus thus leads to a defect in clonal deletion of autoreac-
tive T cells and ultimately to autoimmunity (Liston et al.,
2003; Mathis and Benoist, 2004). AIRE may regulate the
processing and/or presentation of self-proteins so that the
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maturing T cells can recognize these self-antigens (Kuroda
et al., 2005). AIRE also seems to have a role in peripheral
tolerance as the peripheral T cells of AIRE-deficient mice
have increased proliferative responses to foreign antigen
(Ramsey et al., 2002). However, direct data are lacking 
on clonal deletion in human APS-1 patients. A report by
Sediva et al. (2002) detected low IFN-g levels in patients
with APS-1 and marked elevation of IgM and an increase 
of numbers of CD3+CD4+ lymphocytes. Interestingly,
fathers of APS-1 patients had elevated levels of IgA and
activated T lymphocytes, which may indicate that heterozy-
gous AIRE mutations may contribute at least to subclinical
autoimmunity.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Autoantibodies are often diagnostic or even predictive
markers for the clinical disease. In APS-1, for example,
autoantibodies to the steroidogenic enzymes (P450c21,
P450c17, and P450scc) are significant markers for
Addison’s disease. Antibodies against at least one of the
three antigens are found in 84% of patients with Addison’s
disease (Söderbergh et al., 2004). As another example,
hypogonadism is strongly associated with the presence of
autoantibodies to P450scc protein. Autoantibodies to
GAD65 that have high clinical association with isolated type
1 diabetes or diabetes in APS-2 are also associated with 
type 1 diabetes in APS-1. Autoantibodies to the IA-2
antigen, however, seem to have the strongest association
with type 1 diabetes in APS-1 (Söderbergh et al., 2004).
Autoantibody analyses in patients with APS-1 indicate 
serologic markers for hepatitis (aromatic L-amino acid
decarboxylase, cytochrome P450 1A2 or tryptophan hydrox-
ylase), gastrointestinal dysfunction (tryptophan hydroxy-
lase), and vitiligo (SOX10; Hedstrand et al., 2001). Table
38.3 summarizes the associations between disease compo-
nents and the presence of the more common autoantibodies
in APS-1.

The vast majority (up to 90%) of patients with APS-2
have ACA or autoantibodies to P450c21. The titers of
autoantibodies decrease to some extent as the disease pro-
gresses and therefore, the diagnostic value of the autoanti-
bodies is highest at the onset of Addison’s disease. P450c21
autoantibodies are generally a better marker for autoimmune
Addison’s disease than ACA, but it has been reported that
100% of APS-2 patients at the clinical onset of Addison’s
disease are positive for ACA (Betterle et al., 2002). The pres-
ence of ACA or anti-P450c21 antibodies in patients with
autoimmune thyroid disease or type 1 diabetes but without
Addison’s disease (Barker et al., 2005) would indicate sub-
clinical hypoadrenalism and be a predictive marker for later
development of overt Addison’s disease, although the 

FIGURE 38.4 AIRE expression in thymic medullary epithelial cells
visualized by beta-galactosidase staining of the heterozygous AIRE-
deficient mouse thymus. The beta-galactosidase reporter gene has been
inserted into the AIRE gene locus in these mice. C: cortex; M: medulla.
¥200. Courtesy of Kaidi Möll and Dr Hamish Scott.
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progression to overt disease may take years. StCA or auto-
antibodies to P450c17 and/or P450scc, when occurring in 
APS-2 patients, are good markers for gonadal insufficiency.
For example, 85–100% of APS-2 patients with premature
ovarian failure had detectable StCA (Betterle et al., 2002).
StCA are also found in 18–40% of APS-2 patients without
gonadal insufficiency (Hoek et al., 1997) and follow-up of
StCA positive patients with Addison’s disease has shown a
high risk of developing gonadal failure in females but not in
males (Betterle et al., 2002).

TREATMENT AND OUTCOME

In patients with APS-1, anticandidal drugs such as
amphotericin B, ketoconazole or fluconazole are used in
treatment of the candidiasis. Itraconazole has been reported
to be effective for nail candidiasis but 4–6 months’ treatment
is needed to eliminate the infection (Perheentupa, 2002).
Clinical follow-up of oral candidal infection is needed at
least once or twice a year and because of the risk of cancer,
attention should be paid to suppression of the oral infection.
Replacement therapy with hormones has been efficiently
used for Addison’s disease and hypoparathyroidism. Patients
with Addison’s disease are treated with hydrocortisone at the
smallest dose that relieves symptoms, usually 10 + 5 + 5mg
a day. The patients should also receive fludrocortisone as a
substitute for aldosterone. 

The therapy of hypoparathyroidism is aimed at main-
taining a normal calcium plasma level and serum calcium
and phosphate levels should be monitored regularly. Thera-
pies are calciferol sterols (vitamin D hydroxylated forms,
usually calcitriol) and calcium salt preparations, preferably
calcium carbonate, but these do not efficiently substitute for
parathyroid hormone and are difficult to regulate. As the
calcium levels may vary significantly over a short time, there
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are significant risks of both hypo- and hypercalcemia. The
patients should receive advice and written information 
about the symptoms, complications, and risk elements of the
disease (Perheentupa, 2002). Recently available recombi-
nant PTH may significantly improve the treatment of
hypoparathyroidism in APS-1 patients.

CONCLUDING REMARKS—
FUTURE PROSPECTS

Recent years have seen remarkable progress in our
knowledge of the mechanisms of autoimmune polyen-
docrinopathies, including a clear pathogenetic distinction
between APS-1 and APS-2. The endocrine organs, which
often express tissue-specific proteins, are destroyed with
high precision by the autoimmune reaction. The identifica-
tion of the autoantibody targets in APS-1 has revealed that
the autoantigens often belong to related protein families,
raising the question of exactly how the immune system
selects specific targets for autoimmune reactivity. The 
findings in AIRE-deficient mice suggest that AIRE has an
important role in T-cell negative selection in being respon-
sible for the expression of multiple tissue-specific autoanti-
gens in thymus. From these data, many new questions also
arise, including the molecular mechanism by which AIRE
activates these genes and regulation of the expression of
AIRE itself. According to expression microarray experi-
ments in the mouse, AIRE activates approximately 1000 dif-
ferent tissue-specific genes in the thymus, and whether all
of these proteins represent potential APS-1 autoantigens
remains to be clarified.

Regulatory T cells have now been convincingly demon-
strated to control self-reactive T cells and prevent auto-
immunity. However, their role in complex autoimmune
diseases has been unclear so far. Recent data showing that

TABLE 38.3 Associations between APS-1 disorders and antibody reactivity (adapted from
Söderbergh et al., 2004)

Disease Autoantigen Sensitivity % Specificity % Risk ratio

Addison’s disease Steroid 21 hydroxylase (P450c21) 75 63 7.9
Sidechain cleavage enzyme (P450scc) 68 74 7.0
Steroid 17a-hydroxylase (P450c17) 65 68 9

Hypogonadism Sidechain cleavage enzyme (P450scc) 75 76 12.5

Type 1 diabetes Tyrosine phosphatase-like protein IA-2 (IA-2) 33 87 14.9

Vitiligo Aromatic L-amino acid decarboxylase (AADC) 63 69 3.8
Glutamic acid decarboxylase (GAD65) 56 63 3.3

Hepatitis Tryptophan hydroxylase (TPH) 86 79 27.0
Cytochrome P4501A2 (P4501A2) 71 76 17.5
Aromatic L-amino acid decarboxylase (AADC) 79 75 16.4

Intestinal dysfunction Glutamic acid decarboxylase (GAD65) 75 74 10.8
Tryptophan hydroxylase (TPH) 80 64 7.5
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regulatory T cells from APS-2 patients are defective in their
suppressive capacity provide the first progress in this direc-
tion. It remains to be studied whether AIRE-regulated tissue-
specific antigens could, in addition to deletion of reactive 
T cells, also promote development of regulatory T cells in
the thymus. Further studies are needed to confirm these 
possibilities.

Systematic analyses of autoantigens and autoantibodies
have provided a basis for clinical diagnostic approaches and
will be useful in the prediction of autoimmune disease enti-
ties in subjects at high risk of developing the diseases. Much
current research effort is going into the identification of
genes involved in APS-2. Clearly, MHC genes have the
dominant role and the CTLA-4 gene is a good example of
another gene involved. It can be expected that, with the
advent of whole genome scans, more genetic associations
will be identified in future. Environmental factors in APS-2
certainly remain to be clarified and deserve more attention.
Although a monogenic disease, APS-1 also seems to be
influenced by environmental and/or other genetic factors to
account for the variety of clinical symptoms and disease
expressions. The possibility that heterozygous deficiency of
AIRE, in combination with other genetic defects, might con-
tribute to the occurrence of autoimmunity is worthy of
further investigation.
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Autoimmune gastritis is an asymptomatic and innocuous
autoimmune disease. It claims significance among the
autoimmune diseases because it is a forerunner of pernicious
anemia.

At a South London Medical Society meeting in 1849,
Thomas Addison reported the clinical features of a new
disease that he described as a “very remarkable form of
general anemia.” In a lecture in 1860, Austin Flint linked the
anemia to a “degenerative disease of the glandular tubuli of
the stomach.” Histologic evidence of the gastric atrophy was
provided by Samuel Fenwick in 1870. A year later in 1871,
a fatal anemia was termed perniciosa by Anton Biermer.
Subacute combined degeneration was later applied to the
posterolateral spinal cord lesions that can be associated with
the anemia (Russell et al., 1900).

At first the causal connection between pernicious anemia
and chronic gastritis was incomprehensible. In 1926 Minot
and Murphy observed that feeding patients with large meals
of cooked liver led to a reticulocyte response and cured the
anemia (Minot and Murphy, 2001). Later Castle (1953)
showed that the anemia was a result of a combined defi-
ciency of an “extrinsic factor” subsequently identified as
vitamin B12 and present in the liver (Lester-Smith, 1948;
Rickes, 1948), and an “intrinsic factor” (IF) in gastric juice
(Highley et al., 1967). Oral treatment with extracts of hog
stomach (Sharp, 1929; Sturgis and Isaacs, 1929) resulted in
remission for several years (Wilkinson, 1949). However,
relapses tended to occur and some cases became refractory
to increasing amounts of the extract (Berlin et al., 1958).
This refractory state was due to a serum factor that inhib-
ited the effectiveness of intrinsic factor (Schwartz, 1958).
Subsequently, sera from patients with pernicious anemia
were shown to contain autoantibodies to intrinsic factor 
(Jeffries et al., 1962; Jacob and Schilling, 1966; Bardhan 
et al., 1968) and to gastric parietal cells (Irvine et al., 1962;
Markson and Moore, 1962; Taylor et al., 1962). However,
little progress was made in understanding the pathology of
the gastric lesion until a flexible biopsy tube was designed
that permitted the taking of samples of the gastric mucosa
for histologic examination (Wood et al., 1949).
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Pernicious anemia was observed to cluster in families
(McIntyre et al., 1959; Whittingham et al., 1969) and to
coexist with autoimmune thyroid diseases (Tudhope and
Wilson, 1960), to which the term “thyrogastric autoimmu-
nity” was applied (Whittingham et al., 1975). These obser-
vations suggested a genetic component to the disorder, a
suggestion further strengthened by an association with
another endocrine autoimmune disease, type 1 diabetes mel-
litus (Ungar et al., 1968). The suggestion by Taylor (1959;
1961) that the inhibitory substance to gastric intrinsic factor
in the serum of patients with pernicious anemia was anti-
body and possibly autoantibody and the recognition that per-
nicious anemia fulfilled the markers of autoimmune disease
put forward by Mackay and Burnet (1963) led to its accep-
tance as an autoimmune disease of the stomach and to the
central questions of concern to immunologists today: What
is the mechanism of immunologic tolerance to self, how is
it abrogated to induce autoimmune lesions in tissues and
how can tolerance be reestablished to prevent and reverse
disease?

DIAGNOSIS

Autoimmune gastritis is in the early stages of the disease
clinically “silent” and demonstrable only by serologic detec-
tion of antibodies to gastric parietal cells. It is only when
stores of vitamin B12 are depleted that pernicious anemia
manifests itself clinically. Only a small proportion (10–15%)
of patients with autoimmune gastritis develop pernicious
anemia (Irvine et al., 1974; Strickland and Mackay, 1973)
after a latent period of 20–30 years (Toh et al., 1997).
Nonetheless, at an estimated prevalence of about 2% in
Western adult populations at or over the age of 60 years, 
pernicious anemia represents the commonest cause of
vitamin B12 deficiency (Carmel, 1996). Although “silent”
until the end stage, the gastric lesion can be predicted 
years before clinical presentation by immunologic markers
specific for gastric autoimmunity. Terminally, the gastritis
results in deficiency of intrinsic factor, a protein that 
binds avidly to dietary vitamin B12 (Glass, 1963) and pro-
motes its transport to the terminal ileum for absorption
(Donaldson et al., 1967; Kapadia et al., 1983) by ileal
cubulin receptors, a multifunctional endocytic receptor
(Lindblom et al., 1999). Consequently, the gastritis is
expressed clinically as vitamin B12 deficiency associated
with megaloblastic anemia arising as a consequence of the
requirement of the vitamin for DNA synthesis. The megalo-
blastic anemia is demonstrated by examination of blood and
bone marrow (Chanarin, 1979). The anemia was indeed
“pernicious” when first discovered but is now readily con-
trolled by vitamin B12 treatment.
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Clinical Features

Pernicious anemia is uncommon before the age of 30.
Racial groups other than those from northern Europe are 
not exempt as the disease has been reported in blacks and
in Latin-Americans, with an earlier age of onset in black
women (Carmel and Johnson, 1978). Advanced stages of
pernicious anemia are rarely seen these days but the proto-
type would be a person, usually a woman in late middle age,
who appears pale, tired, and depressed and may complain 
of a sore tongue and abdominal discomfort. There may be
accompanying neuropsychiatric syndromes in about 40% of
patients arising from progressive demyelination in the spinal
cord (subacute combined degeneration), peripheral nerves,
and cerebrum (Savage and Lindenbaum, 1995). The first
neurologic abnormality is usually sensory impairment, most
often presenting as distal and symmetrical paresthesiae of
the lower limbs and frequently associated with ataxia. Cor-
ticospinal tract involvement is common in more advanced
cases, with abnormal reflexes, motor impairment and, ulti-
mately, spastic paraparesis. A minority of patients exhibit
mental or psychiatric disturbances or autonomic signs but
these rarely if ever occur in the absence of other neurologic
changes. Neuropsychiatric abnormalities occur in about
30% of patients with vitamin B12 deficiency in the absence
of anemia or psychosis (Lindenbaum et al., 1995).

Pernicious anemia associates predominantly with the
autoimmune endocrinopathies and the antireceptor autoim-
mune diseases. The associated diseases include Hashimoto’s
thyroiditis, insulin-dependent type 1 diabetes mellitus,
primary Addison’s disease, primary ovarian failure, primary
hypoparathyroidism, premature graying of the hair, vitiligo,
thyrotoxicosis, myasthenia gravis, and the Lambert-Eaton
syndrome (Table 39.1). These organ-specific “thyrogastric”

TABLE 39.1 Diseases associated with pernicious anemia
that cluster in “PA families”

Diseases References

Thyrotoxicosis, Hashimoto’s thyroiditis Ardeman et al. (1966b)
Primary hypothyroidism Irvine et al. (1965), Irvine

(1975), Schiller et al.
(1968), Tudhope and
Wilson (1960)

Insulin-dependent diabetes mellitus Irvine et al. (1970),
Whittingham et al. (1971)

Primary Addison’s disease Blizzard et al. (1967), Irvine
(1978)

Primary ovarian failure Irvine and Barnes (1974)
Primary hypoparathyroidism Blizzard et al. (1966)
Premature graying of hair Whittingham et al. (1969)
Vitiligo Bor et al. (1969)
Myasthenia gravis Mackay (1971)
Lambert–Eaton syndrome Guttmann et al. (1972)
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autoimmune diseases not only may occur in the same patient
with pernicious anemia but aggregate in “pernicious anemia
families” (Ardeman et al., 1966a; Wangel et al., 1968; 
Whittingham et al., 1969).

Immunologic Diagnostic Markers

Two circulating autoantibodies, parietal cell antibodies
directed to gastric H+/K+ ATPase and autoantibodies to
intrinsic factor, are typically found in patients with autoim-
mune gastritis or with autoimmune gastritis and pernicious
anemia.

Parietal cell antibodies to gastric H+/K+ ATPase are diag-
nostic of the underlying pathologic lesion of autoimmune
gastritis as gastric biopsies carried out in asymptomatic
patients have revealed the presence of type A gastritis (Uibo
et al., 1984). However, it is not known whether the titer of
these antibodies reflects the severity of the underlying
gastric pathology. These antibodies are routinely detected by
indirect immunofluorescence or, to gastric H+/K+ ATPase, by
ELISA (Chuang et al., 1992). Antibodies to gastric parietal
cells are demonstrated by serum reactivity with the cyto-
plasm of gastric parietal cells in unfixed, air-dried, and
frozen sections of mouse stomach (see Figure 39.4). Mouse
stomach is preferable to rat stomach because of a lower 
frequency of heterophile reactions (Muller et al., 1971) that
could be misinterpreted as antibody to parietal cells. The
antibodies are detected by immunofluorescence in ~90% of
patients with pernicious anemia, with a prevalence of 2–5%
in the general population, and in about 30% of patients with
other thyrogastric autoimmune diseases, including type 1
diabetes mellitus (De Block et al., 2001; 2003). These anti-
bodies also increase in prevalence with age and are associ-
ated with rising serum gastrin levels (Jassel et al., 1999; De
Block et al., 2001). With progression of autoimmune gastri-
tis and the total loss of parietal cell mass, the prevalence of
these antibodies decreases, possibly due to loss of antigenic
drive (Davidson et al., 1989), and this may also explain the
lower antibody prevalence (55%) in one study of pernicious
anemia (Carmel, 1992).

For the diagnosis of pernicious anemia, intrinsic factor
antibodies have a much higher disease specificity, albeit
lower sensitivity than antibodies to gastric parietal cells.
Titers of intrinsic factor antibodies appear to be of no value
in predicting the development of pernicious anemia (Irvine
et al., 1974). Since the Schilling test is no longer used as a
diagnostic procedure, there has been increased dependence
on intrinsic factor antibodies for diagnosis. Antibodies to the
vitamin B12 binding site of intrinsic factor are demonstra-
ble in serum of ~70% of patients and to a second site in
~50%. These frequencies are greater if gastric juice is
assayed. There may be coexisting autoantibodies specific for
the various other autoimmune diseases in the thyrogastric
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cluster (Table 39.2). The epitope for anti-intrinsic factor
autoantibodies to the vitamin B12 binding site is located
between amino acids 251 and 265 of the protein (Gueant et
al., 1997) and is homologous with peptides from herpes
virus Saimiri and from pathogenic E. coli. The incidence 
of these antibodies rises with increasing duration of disease,
almost doubling after 10 years (Ungar et al., 1967). To
explain these specificities, it is tempting to speculate that 
the production of autoantibodies to intrinsic factor and to the
gastric H+/K+ ATPase is a consequence of intermolecular
determinant spreading (Sercarz, 2000) from a membrane-
associated self-antigen (gastric H+/K+ ATPase) to a secretory
protein (intrinsic factor) in the gastric parietal cell.

Other Laboratory Indices

At the stage of pernicious anemia, all patients have a
serum vitamin B12 level of <200 pg/ml (Ungar et al., 1968);
>95% will have a level of serum pepsinogen I <20 ng/ml
(Samloff et al., 1982); and 75–80% will have a serum gastrin
level >100 pm liter (Varis et al., 1979). In keeping with the
sparing of the antrum from the inflammatory process, the
level of pepsinogen II is normal and the low ratio (<1.0;
normal 6.2) of pepsinogen I to pepsinogen II is predictive
of the histologic status of the gastric mucosa (Samloff et al.,
1982). At earlier stages of autoimmune gastritis when the
destructive lesion is “silent,” there may be a reduction in
levels of these various laboratory indices suggestive of the
disease process that can eventually lead to pernicious
anemia (Irvine et al., 1974). A biopsy of the stomach shows
marked reduction of the secretory glands of the stomach 
or frank gastric atrophy (Figures 39.1 and 39.3), varying
degrees of intestinalization (metaplasia) of the gastric glands
(Strickland and Mackay, 1973) (Figure 39.3), and in the
earlier lesions (Figure 39.3), prominence of lymphocytes
and plasma cells in the inflammatory infiltrate in the sub-
mucosa and extending along the lamina propria into the
mucosa. The acidity of gastric juice is lost due to functional
impairment of gastric parietal cells. Absence of hydrochlo-
ric acid from the gastric juice is considered an essential pre-
requisite for the diagnosis of pernicious anemia (Chanarin,
1979). Confirmation of the presence of megaloblastic
anemia is by the examination of the blood film and bone
marrow and until recently, vitamin B12 absorption was 
measured by the Schilling test.

PATHOLOGY

The Type A-Type B Classification of
Strickland and Mackay

Strickland and Mackay (1973) proposed a classification
of gastritis based on histologic findings of the gastric
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mucosa, the presence of gastric parietal cell antibody, and
serum levels of gastrin. Type A gastritis, the “pernicious
anemia type,” is restricted to the fundus and body of the
stomach. Early lesions are characterized by chronic inflam-
mation in the submucosa that extends into the lamina propria
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of the mucosa between gastric glands (Figure 39.1) with
accompanying loss of gastric and zymogenic cells. In
advanced disease, gastric atrophy is readily recognized
macroscopically and microscopically (Figure 39.2). The
wall of the fundus and body of the stomach becomes paper

TABLE 39.2 Frequency of gastric autoantibodies in diseases in the autoimmune cluster
compared with control populations

Frequency (%) of autoantibodies to

Gastric parietal cells Gastric intrinsic factor References

Disease group (number tested)
Thyrotoxicosis (302) 24 3.0 Irvine (1965)
Hashimoto’s thyroiditis (120) NT* 5.0 Irvine (1975)
Primary hypothyroidism (297) NT 6.7 Irvine (1975)
Insulin-dependent diabetes mellitus
Aged <30 years (771) 9.0 NT Riley et al. (1982)
Aged 10–90 years (200) 28.0 40.0 Ungar et al. (1968)
Primary Addison’s disease (261) 31.0 8.4 Irvine and Barnes (1975)
Primary ovarian failure (5) 40.0 40.0 Irvine et al. (1968)
Primary hypoparathyroidism (68) 22.0 NT Blizzard et al. (1966)
Vitiligo (80) 21.0 NT Brostoff et al. (1969)
Lambert–Eaton syndrome (46) 26.0 11.4 Lennon et al. (1982)

Control (number tested)
Chronic atrophic gastritis, type B 0 0 Whittingham et al. (1969)

(nonpernicious anemia) (13)
Duodenal ulcer (200) 5.0 0 Ungar et al. (1976)
Australian population (34,922) 4.8 0 Hooper et al. (1972)
Aged 21–30 years (551) 2.2 NT
Aged 61–65 years (317) 6.3 NT
Australian blood donors (500) NT 0 Ungar et al. (1968)
Scottish blood donors, females 9.0 0 Irvine (1965)

aged 40–60 years (141)

A
FIGURE 39.1 The early lesion of autoimmune gastritis. A, The normal
mucosa of the body of the stomach showing gastric glands and the absence
of a chronic inflammatory infiltrate in the lamina propria. B, An early lesion
of autoimmune gastritis showing a dense chronic inflammatory infiltrate in
the gastric submucosa that extends into the lamina propria with the accom-
panying loss of gastric parietal and zymogenic cells. ¥300.

FIGURE 39.2 Macroscopic appearance of advanced autoimmune 
gastritis in a patient with pernicious anemia showing the extreme atrophy
of the mucosa of the fundus and body of the stomach with loss of rugal
folds contrasted with the healthy mucosa of the gastric antrum. Inset is the
microscopic appearance of the mucosa.

B
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thin because the gastric glands are markedly reduced or
absent. In particular, parietal cells and zymogenic (chief)
cells are absent from the gastric mucosa and replaced by
mucus-containing cells resembling those of the intestine
(intestinal metaplasia, Figure 39.3). It is unclear why zymo-
genic cells are lost because there is no convincing evidence
of an immune response directed against them. Studies of
mouse models of autoimmune gastritis (see below) suggest
that the Fas-mediated loss of gastric parietal cells results in
a maturation arrest and the failure of precursor stem cells to
differentiate to zymogenic cells. 

Type A gastritis is characterized by circulating antibodies
to gastric parietal cells (Figure 39.4) that have subsequently
been shown to be directed to the gastric H+/K+ ATPase (Toh
et al., 1997), achlorhydria, and high levels of serum gastrin
secreted by the intact antral glands. Strickland and Mackay
observed that five out of 30 patients with type A gastritis
(16%) developed overt or latent pernicious anemia during a
follow-up period of 3–24 years. Type A gastritis is also the
gastritis characteristic of families in whom pernicious
anemia predominates (Varis, 1981; Kekki et al., 1983). The
gastric parietal cell must be the target of the autoimmune
process because the histologic findings in pernicious anemia
are restricted to the parietal cell-containing fundus and body
of the stomach and autoantibodies are directed against the
gastric parietal cell, and to intrinsic factor, its secretory
product.

Type B gastritis, the nonpernicious anemia type, involves
the antrum initially but can extend to the fundus and body
of the stomach and shows incomplete failure of acid secre-
tion and low levels of serum gastrin because of the antral
gastritis. Type B gastritis is usually associated with Heli-
cobacter pylori infection; type A is not (Fong et al., 1991).
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Cloning of the H. pylori vacuolar cytotoxin gene and
demonstration that the cytotoxin VacA can induce gastric
lesions suggested a role for the cytotoxin in the induction of
type B gastritis (Telford et al., 1994). The bacterium uses
adhesins such as BabA to bind to fucosylated Lewis blood
group B antigen on gastric epithelial cell surfaces but is 
noninvasive. The gastritis is the consequence of the host
response to the organism (Suerbaum and Michetti, 2002).
Most strains harbor the cag pathogenicity island that
encodes proteins that translocate the Cag A protein into the
cell, leading to cytokine production by the infected cell. H.
pylori-infected patients with gastric autoimmunity harbor 
in vivo-activated gastric CD4+ T cells that recognize both
H+/K+ ATPase and H. pylori antigens. Characterization of
the submolecular specificity of such gastric T-cells identi-
fied cross-reactive epitopes from nine H. pylori proteins.
Cross-reactive H. pylori peptides induced T cell prolifera-

FIGURE 39.3 Microscopic appearance of the gastric mucosa of
advanced autoimmune gastritis showing a chronic inflammatory infiltrate
in the gastric mucosa and the loss of parietal and zymogenic cells and
replacement with mucus-containing cells (brown stain).

FIGURE 39.4 Indirect immunofluorescence staining of gastric parietal
cells in a mouse stomach reactive with serum from a patient with auto-
immune gastritis. ¥400.
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tion and expression of T helper type 1 functions. The data
suggest that H. pylori infection can activate cross-reactive
gastric T cells leading to gastric autoimmunity via molecu-
lar mimicry (Amedei et al., 2003), providing a plausible
explanation for the extension of type B antral gastritis to the
corpus of the stomach. Also, although the antral gastritis is
not associated with circulating antibodies to gastric parietal
cells, extension of pathology to the corpus has been reported
to be associated with an anticanalicular antibody directed
towards gastric H+/K+ ATPase (Appelmelk et al., 1998).

Pernicious anemia in patients with the common variable
type of immunodeficiency associated with low levels of
serum immunoglobulins can be distinguished from classic
pernicious anemia on this classification. This former type of
pernicious anemia usually occurs in a younger age group, is
histologically type B, is associated with a negative test for
antibodies to gastric parietal cells and intrinsic factor, and
shows a low level of serum gastrin (Twomey et al., 1969;
1970; Hughes et al., 1972; Cowling et al., 1974). Pernicious
anemia in childhood is not associated with gastritis or
achlorhydria and is the result of inadequate intrinsic factor
production. A 4-base deletion spanning positions 104 to 107
in exon 2, resulting in premature termination of translation,
has been reported. This mutation also eliminates a site for
Bst XI endonuclease and introduces a site for BsaBI for
identifying this deletion in hereditary IF deficiency.

Evolution of Gastric Atrophy

The evolution of gastric atrophy in most cases of perni-
cious anemia probably spans 20–30 years but this is diffi-
cult to assess in individual cases. Nearly all patients with
gastric parietal cell antibody whose gastric mucosae have
been examined histologically have shown some evidence of
gastritis (Serafini et al., 1970). Thus, the presence of gastric
parietal cell antibody in the serum is predictive of auto-
immune gastritis (Irvine et al., 1965). Conversely, gastric
parietal cell antibody is not observed when gastritis is due
to diseases affecting the body of the stomach that are not
autoimmune (see Table 39.2). Why some patients with
autoimmune gastritis progress to pernicious anemia while
others maintain sufficient vitamin B12 absorption for long
periods is not known. However, this point is interesting,
because pernicious anemia is merely the terminal stage of
the process. The youngest person studied with gastric pari-
etal cell antibody was aged 13 years, and her gastric mucosa
biopsied at age 17 showed mild gastritis (Whittingham et al.,
unpublished observation).

Reversibility of the Lesion

There are many reports of regeneration of gastric parietal
cells, improvement in gastric function, and hematologic
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remission after treatment with corticosteroids (Figure 39.5;
Doig et al., 1957; Gordin, 1959; Ardeman and Chanarin,
1965; Jeffries et al., 1966; Rodbro et al., 1967; Wall et al.,
1968; Strickland et al., 1969; Baggett and Welsh, 1970) or
azathioprine (Jorge and Sanchez, 1973). This suggests that
the gastric mucosa is the direct target of an autoimmune
process that can be checked by immunosuppressive drugs.
The observations also suggest that precursor stem cells
capable of differentiating into parietal cells and zymogenic
cells are present in stomachs of patients with autoimmune
gastritis and that these are responsible for the regeneration
of the differentiated cells when the destructive autoimmune
process is controlled. The suggestion is supported by obser-
vations in experimental models of autoimmune gastritis
where there is evidence of the persistence, and even expan-
sion, of these precursor stem cells in gastritic stomachs (see
below). It is also of interest and relevance that reversal of
recovery with degeneration of the gastric mucosa recurred
once immunosuppressive treatment was halted (Wall et al.,
1968). This highlights the ever-present destructive nature of
the immune system in these patients.

Gastric Neoplasia

There is historical evidence for a link between type A
atrophic gastritis and its sequel, gastric atrophy, and adeno-
carcinoma of the stomach, but the association may not be
strong. Only 2% of all gastric cancers were associated with
pernicious anemia in a large autopsy survey in Malmö,
Sweden (Eriksson et al., 1981), even when pernicious

A
FIGURE 39.5 Indirect immunofluorescence staining showing (A)
absence of gastric parietal cells in the stomach of a patient with pernicious
anemia and (B) re-emergence of gastric parietal cells after treatment with
20 mg prednisolone daily for 6 weeks. Parietal cells were demonstrated
with serum from a patient with pernicious anemia. ¥400.

B
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anemia had been present for >15 years. In a study by Walker
et al. (1971) of cases of type A and type B gastritis, gastric
cancer supervened only in patients with type B gastritis.
None was observed among patients with type A gastritis.
These findings were corroborated by Irvine et al. (1974). The
studies of earlier years, which reported an increased risk
(Kaplan and Riglar, 1945; Mosbech and Videbaek, 1950;
Elsborg and Mosbech, 1979), would not have taken account
of the heterogeneity of atrophic gastritis. More recent
studies, however, suggest that the risk of gastric cancer is
increased 3–5 times in patients with pernicious anemia
(Sjoblom et al., 1993; Hsing et al., 1993; Fuchs and Mayer,
1995; Kokkola et al., 1998). Intestinal metaplasia is a risk
factor for gastric adenocarcinoma. Also, achlorhydria and
bacterial overgrowth may contribute to the formation of 
carcinogenic nitrosoamines.

Patients with pernicious anemia have a much higher risk
(13 times) of developing gastric carcinoids (Kokkola et al.,
1998). The carcinoids are likely a consequence of the trophic
action of the elevated serum gastrin levels consequent to the
achlorhydria that stimulates the proliferation of endocrine
cells in the stomach (Rode et al., 1986; Kulke and Mayer,
1999).

AUTOIMMUNE FEATURES

Autoantibodies to Gastric Parietal Cells and
to Intrinsic Factor

Autoimmune gastritis is associated with autoantibodies
to gastric parietal cells and to its secreted product, intrinsic
factor. Like most autoantibodies, these autoantibodies are
polyvalent but are predominantly of the IgG isotype 
(Serafini et al., 1970). IgA antibodies to gastric intrinsic
factor have been demonstrated in gastric juice (Goldberg
and Bluestone, 1970). Autoantibodies to gastric parietal
cells are routinely detected by immunofluorescence (see
Figure 39.4). These autoantibodies are directed toward both
the catalytic 100kDa a-subunit and the 60–90 kDa glyco-
protein b-subunit of the gastric H+/K+ ATPase (Figure 39.6;
Karlsson et al., 1988; Toh et al., 1990; Callaghan et al., 1993;
Ma et al., 1994). The gastric H+/K+ ATPase is the enzyme
responsible for acidification of gastric juice (Rabon and
Reuben, 1990). It belongs to a family of ion-motive P-type
ATPases including other H+ ATPases as well as the Na+/K+

ATPase and the Ca2+ ATPase. P-type ATPases have highly
conserved catalytic a-subunits that are phosphorylated
during their reaction cycles (Pedersen and Carofoli, 1987;
van Driel and Callaghan, 1995). Only the H+/K+ ATPase and
the Na+/K+ ATPase have an associated b-subunit comprising
a heavily glycosylated 35 kDa core protein. The gastric
enzyme is located on specialized secretory membranes of

Gastritis and Pernicious Anemia 533

FIGURE 39.6 Gastric parietal cell H+/K+ ATPase as the molecular target
in autoimmune gastritis associated with pernicious anemia. Top panel 
represents a gastric gland showing location of parietal cells in relation to
zymogenic cells, immature cells, and surface mucus cells. Middle panel
represents a stimulated gastric parietal cell showing the lining membrane
of the secretory canaliculus on which gastric H+/K+ ATPase is located.
Bottom panel represents the catalytic a- and the glycoprotein b-subunits of
gastric H+/K+ ATPase showing their orientation in the lining membrane 
of the secretory canaliculus of the parietal cells. N denotes the N-terminal
of protein and C the C-terminal of protein. Reproduced with kind permis-
sion of the New England Journal of Medicine.
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gastric parietal cells (Hoedemaeker and Ito, 1970; Pettitt et
al., 1995; 1996). Parietal cell antibodies have been shown to
deplete H+/K+ ATPase activity from parietal cell membranes
in vitro (Burman et al., 1989). Antibody reactivity with the
a-subunit of the H+/K+ ATPase includes an epitope on the
cytosolic side of the secretory membrane (Song et al., 1994).
Antibody reactivity with the b-subunit requires the antigen
to be disulfide bonded and glycosylated, suggesting that the
b-subunit autoepitopes are located in the luminal domain of
the glycoprotein (Goldkorn et al., 1989). The N-glycans of
the b-subunit bear polylactosamine sequences permitting the
purification of gastric H+/K+ ATPase by tomato lectin affin-
ity chromatography (Callaghan et al., 1992).

Parietal cell autoantibodies also react with the surface
membrane of dissociated parietal cells by immunofluores-
cence (Masala et al., 1980; de Aizpurua et al., 1983a) and
are cytolytic to parietal cells in vitro (de Aizpurua et al.,
1983b). The suggestion that the surface membrane anti-
gen may be the gastrin receptor (de Aizpurua et al., 1985)
has not been confirmed (Burman et al., 1989). Further,
immunoblots and immunoprecipitates of gastric membrane
extracts with parietal cell autoantibody have demonstrated
reactivity only with the two subunits of the gastric H+/K+

ATPase. Autoantibody binding with the surface membrane
of parietal cells is most likely due to reactivity with the
gastric H+/K+ ATPase exposed on the plasma membrane of
parietal cells that have lost their polarity following dissoci-
ation by collagenase.

In rats, hypochlorhydria and atrophy of gastric parietal
cells were induced by infusion of an IgG fraction of human
serum containing gastric parietal cell antibodies (Tanaka and
Glass, 1970). However, it is unlikely that the gastric lesion
is mediated by antibody because these parietal cell autoanti-
bodies are directed solely against the gastric H+/K+ ATPase,
an autoantigen sequestered in the internal and apical secre-
tory membranes of the parietal cell and absent from the
basolateral membranes and the autoantigen is inaccessible
to circulating autoantibodies.

Human intrinsic factor is a glycoprotein with a molecu-
lar weight of ~44,000. Each molecule of intrinsic factor 
has the capacity to bind to one molecule of vitamin B12
(Chanarin, 1979). Two distinct antibodies are detected by
radioimmunoassay; one reacts with the binding site for
vitamin B12 and blocks subsequent binding of intrinsic
factor with free vitamin, and the other reacts with an anti-
genic determinant remote from this site (Samloff et al.,
1968; Rothenberg et al., 1971).

Cell-Mediated Immunity to Gastric Antigens

Studies of animal models suggest that CD4+ T cells
mediate the gastritic lesion (see below). In humans, a sig-
nificant increase in CD4+ and CD8+ T cells and a six-fold
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increase in non–T cells (probably B cells) have been
observed in the cellular infiltrate of stomachs of patients
with pernicious anemia (Kaye et al., 1983). Irvine et al.
(1965) have shown by electron microscopy that lympho-
cytes line up against the membranes of gastric parietal cells
and zymogenic cells in the gastric mucosa. A similar obser-
vation has been reported in a mouse model of autoimmune
gastritis induced by neonatal thymectomy (Toh et al., 1993).
Phenotypic analysis of the peripheral blood T cells from
patients with pernicious anemia have not shown any signif-
icant differences compared to age-matched controls (Vargas
et al., 1995). To our knowledge, no studies have been made
on the sentinel gastric lymph nodes which are the sites
appropriate for such studies.

Interpretation of the early experiments on the contribu-
tion of cell-mediated immunity to the gastric lesion was dif-
ficult because of the paucity of knowledge about the cellular
immune system. Cell-mediated immunity in vitro was
demonstrated by the proliferation of peripheral blood lym-
phocytes in the presence of human intrinsic factor, gastric
juice or an homogenate of gastric mucosa (Tai and
McGuigan, 1969) or by inhibition of migration of periph-
eral blood leukocytes in the presence of human gastric juice
or intrinsic factor (Fisher et al., 1966; Rose et al., 1970; Fixa
et al., 1972; Goldstone et al., 1973). Glass (1977) reported
positive cutaneous delayed-type hypersensitivity (DTH)
reactions in autoimmune gastritis to gastric intrinsic factor
and extracts of gastric mucosa; the number of positive
responses was low and in one study inhibition of leukocyte
migration was as effective with liver mitochondria as it was
with gastric antigens (Goldstone et al., 1973). Later, assays
by one of us using gastric parietal cell microsomes as
antigen gave us clearer results in a leukocyte migration inhi-
bition assay (Whittingham et al., 1975).

With identification of the gastric H+/K+ ATPase as the
major gastric antigen, CD4+ T-cell clones have been isolated
from the infiltrates of the gastric mucosa of patients with
autoimmune gastritis and shown to proliferate in response
to porcine H+/K+ ATPase and display a Th1 profile. Virtu-
ally all of the H+/K+ ATPase-specific clones produced TNF-
a and provided help for B-cell immunoglobulin production,
and most expressed perforin-mediated cytotoxicity against
antigen-presenting cells and induced Fas-Fas ligand-medi-
ated apoptosis in target cells (D’Elios et al., 2001). The
human CD4+ T-cell clones recognized six epitopes in the a-
chain and five in the b-chain (Bergman et al., 2003), of
which four overlapped with epitopes relevant to experimen-
tal autoimmune gastritis, including a previously described
gastric epitope (Alderuccio et al., 2000). Gastric T-cell
recognition of the peptide epitopes resulted in secretion of
Th1 cytokines. The data suggest a striking similarity
between human and mouse autoimmune gastritis, at the
epitope level, with regard to cytokine secretion and likely
also with regard to pathogenic mechanisms.
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Clustering of Autoantibodies and
Thyrogastric Autoimmunity

The detection in patients with pernicious anemia of a high
frequency of thyroid autoantibodies and a lower but clearly
increased frequency of autoantibodies to pancreatic islet b
cells, adrenal cortical cells, and ovary (Table 39.3) is in
keeping with the clinical association of pernicious anemia
with the autoimmune diseases that these autoantibodies
specify. Also in accord with this clustering of disease is the
increased frequency of gastric parietal cell and intrinsic
factor antibodies observed in these diseases (see Table 39.2).
Approximately 15–20% of type 1 diabetic patients exhibit
parietal cell antibodies targeting gastric H+/K+ ATPase. It has
been suggested that these patients, and in particular those
who are hypergastrinemic, should be screened for autoim-
mune gastritis, iron deficiency, and pernicious anemia. The
clustering of these autoimmune diseases points to a shared
genetic predisposition, although the nature of the responsi-
ble gene(s) remains unknown.

Immunologic Mechanisms of Vitamin 
B12 Malabsorption

Two immunologically mediated processes lead to malab-
sorption of vitamin B12. The first is depletion of gastric pari-
etal cells, which secrete gastric intrinsic factor. Normally,
intrinsic factor is secreted far in excess of that required for
absorption of vitamin B12, but as immunologic destruction
of gastric parietal cells proceeds to gastric atrophy, the level
of secretion falls below that required for complexing with
dietary vitamin B12. Over and above this effect, there are
autoantibodies reactive with the receptor site for vitamin
B12 on intrinsic factor. These are demonstrable in serum and
gastric juice (Fisher et al., 1966; Schade et al., 1966), and
interfere with formation of the stable complex required for
transport of vitamin B12 from the stomach to the absorption
site on epithelial cells in the distal ileum (Donaldson 
et al., 1967; Kapadia et al., 1983). This complex may be
present exclusively with no free intrinsic factor detectable
(Goldberg and Bluestone, 1970; Rose et al., 1970). Serum
from rabbits injected with intrinsic factor contained similar
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inhibitory properties (Taylor and Morton, 1959). In perni-
cious anemia, megaloblastic anemia and neuropathy are 
the direct effects of the ensuing deficiency of vitamin B12
(Chanarin et al., 1981).

GENETIC FEATURES

Predisposition to pernicious anemia appears to be genet-
ically determined, at least in part, although the mode of
inheritance is unknown. Evidence for genetic factors influ-
encing the expression of pernicious anemia includes clus-
tering of this disease in families and with other autoimmune
diseases (see Table 39.1), as well as a racial predilection 
for northern Europeans. Pernicious anemia is rare among
southern Europeans and earlier reports suggest that it 
is almost nonexistent among black and Asian people
(Jayaratnam et al., 1967; Irvine et al., 1969). In keeping with
racial differences, pernicious anemia is associated with phe-
notypic markers that are absent or occur with low frequency
in these racial groups. These markers include blue eyes, fair
skin, and blood group A (Callender and Denborough, 1957).
However, a more recent study by Carmel (1996) reported a
higher prevalence in black people, particularly among black
women.

There have been reports of a number of white families
with a high frequency of pernicious anemia over several
generations (Callender and Denborough, 1957; McIntyre 
et al., 1959; Doniach et al., 1965; Ardeman et al., 1966b;
Wangel et al., 1968; Whittingham et al., 1969). A raised but
not absolute concordance of pernicious anemia has been
observed in monozygotic twins (Delva et al., 1965; Irvine 
et al., 1965; Balcerzak et al., 1968). HLA markers B7, B12,
DR2, and DR4 have been reported with increased frequency
in patients with pernicious anemia, and B8, B18, and Bw15
in patients with pernicious anemia and autoimmune
endocrinopathies (Ungar et al., 1977). The data of Ungar 
et al. (1981) suggest that DR2 may protect against the 
development of autoimmune endocrinopathies in patients
with pernicious anemia. However, an association of HLA
markers with pernicious anemia has not been substantiated
in other studies (reviewed by Whittingham, 1991).

ENVIRONMENTAL INFLUENCES

An environmental trigger for the initiation of auto-
immune gastritis remains uncertain. A case has been made
for H. pylori as the principal environmental trigger for this
disease (Appelmelk et al., 1998; Bergman et al., 2005). This
rests primarily on reports that while H. pylori initially col-
onizes the antrum, resulting in antral gastritis, extension of
the chronic inflammatory process to the body of the stomach
is associated with an autoimmune reaction to gastric H+/K+

TABLE 39.3 Frequency of coexisting autoantibodies in 90
patients with pernicious anemia

Autoantibodies to Number positive (%)

Thyroid microsomes 41 (46)
Thyroglobulin 9 (10)
Pancreatic islet cells 5 (6)
Adrenal cortical cells 4 (4)
Ovarian cells 2 (2)
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ATPase. In support of this hypothesis, CD4+ T-cell clones
isolated from stomachs of patients with autoimmune gastri-
tis have been reported to cross-react with nine epitopes
shared between H. pylori and gastric H+/K+ ATPase (Amedei
et al., 2003). The H. pylori peptides induced T-cell prolifer-
ation and expression of Th1 function. However, whether H.
pylori is the environmental trigger for autoimmune gastritis
with sparing of the gastric antrum arising from the conver-
sion of type B pangastritis to type A gastritis remains
unproven. The epidemiologic data are suggestive but not
conclusive (Uibo, 2005). In the mouse, autoimmune gastri-
tis initiated by neonatal thymectomy regressed after infec-
tion with H. pylori (Okazaki et al., 2003).

ANIMAL MODELS

While studies of autoimmune gastritis and pernicious
anemia have suggested that the parietal cell is targeted in the
gastric lesion and that the associated parietal cell antibodies
are directed against the gastric H+/K+ ATPase, they do not
directly address the critical question of the role of the gastric
H+/K+ ATPase in disease induction. Most investigations 
of organ-specific autoimmunity in humans have identified
autoantigens associated with advanced disease. Much less is
known of the early events that initiate an autoimmune
response to self-antigens and, in particular, the way in which
self-antigens are presented by antigen-presenting cells for
recognition by T cells to activate the self-destructive auto-
immune process. These molecular and cellular events asso-
ciated with the onset of disease can most readily be studied
in animal models of autoimmunity. Using animal models,
considerable effort is now directed at identifying the rele-
vant autoantigens responsible for the initiation of the
disease, as these represent the key targets for intervention
therapies. These issues are especially relevant to auto-
immune gastritis and pernicious anemia where the clinical
signs of disease can occur decades after the event which 
initiated the primary autoimmune response.

Experimental autoimmune gastritis is an excellent animal
model of the human disease in that its pathology and its
autoimmune response to the gastric H+/K+ ATPase are very
similar to those of the human disease (Jones et al., 1991).
As in humans, the gastric lesion is characterized by a chronic
inflammatory infiltrate in the gastric mucosa that extends
into the lamina propria between gastric glands (Figure 39.7)
and is accompanied by loss of gastric parietal and zymo-
genic cells that is best revealed by the modified Maxwell’s
histochemical stain (Figure 39.8). Murine gastritis differs
from the human disease in the presence of hypertrophy
arising from expansion of a mucosal precursor population.
While there is some evidence of progression to macrocytic
anemia, the question of whether the mice develop autoanti-
bodies to intrinsic factor remains unresolved. Gastritis is
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readily induced by neonatal thymectomy and by a range of
other procedures (Figure 39.9); its strain dependence allows
for analysis of genetic factors and as a nonlethal disease it
allows for the investigation of treatment strategies. Indeed,
the mouse model has proven to be a powerful tool for the
identification of the initiating autoantigens, the role of 
dendritic cells and macrophages in the initiation of the
autoimmune response, the role of regulatory T cells, the
mechanisms for the loss of tolerance to a peripheral tissue-
specific autoantigen, and for devising novel strategies to

FIGURE 39.7 Microscopic appearance of the gastric mucosa of a mouse
with autoimmune gastritis showing a chronic inflammatory infiltrate in the
gastric submucosa with extension into the lamina propria between gastric
glands. ¥300.

FIGURE 39.8 Microscopic appearance of the normal gastric mucosa of
a mouse (left panel) and of the mucosa of a mouse with autoimmune 
gastritis (right panel). With modified Maxwell’s stain, gastric parietal cells
in the normal gastric mucosa located towards the base of the glands stain
blue while zymogenic cells in the mid-portions of the gland stain purple.
In the mouse with autoimmune gastritis, the mucosa is hypertrophied and
the gastric parietal and zymogenic cells have been lost and replaced by
mucus-containing cells that stain yellow. 
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reestablish tolerance and reverse pathology (Alderuccio and
Toh, 2000; Alderuccio et al, 2002).

Spontaneous Autoimmune Gastritis

Spontaneous autoimmune gastritis has been reported in
animals. For instance, autoantibodies to rat gastric parietal
cells were demonstrated in 68% of Bio-Breeding (BB)/W
rats with spontaneous insulin-dependent diabetes mellitus
(Elder et al., 1982). These antibodies were associated with
mild to moderate gastritis and loss of specialized cells, fibro-
sis, and squamous metaplasia, although no significant reduc-
tion in acid secretion or fall in serum level of vitamin B12
was detected in the 90–300-day-old rats studied. Antibodies
to gastric parietal cells have also been shown to coexist sero-
logically with thyroid antibodies in obese strain chickens
with thyroiditis (Khoury et al., 1982) but gastritis in the
chicken is difficult to interpret and considered to be an 
unsatisfactory model of human autoimmune gastritis. Spon-
taneous gastritis has more recently been reported in C3H/He
mice with an incidence of about 20% (Alderuccio and Toh,
1998) and may prove to be an informative model of human
autoimmune gastritis.
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Post-thymectomy Autoimmune Gastritis

The first report of autoimmunity following neonatal
thymectomy was the induction of autoimmune thyroiditis
(Nishizuka et al., 1973). Since then organ-specific auto-
immunity closely mirroring the spectrum of human thyro-
gastric autoimmunity has been observed following neonatal
thymectomy in a variety of mouse strains (Kojima and
Prehn, 1981). Removal of the neonatal thymus 2–4 days
after birth has been shown to prevent the emigration of
CD4+CD25+ regulatory T cells from the thymus to the
periphery (Fehervari and Sakaguchi, 2004). The removal of
this regulatory population is held to be primarily responsi-
ble for the subsequent unchecked expansion of pathogenic
self-reactive T cells that leads to autoimmune disease.
However, manipulation of mice during the neonatal period
is not an essential prerequisite for the development of
autoimmunity. Adult thymectomy combined with repeated
low-dose radiation (Penhale et al., 1975) or with a single
dose of cyclophosphamide can also initiate autoimmunity
(see Figure 39.9; Barrett et al., 1995a). In adults, neither
adult thymectomy alone nor cyclophosphamide-induced
transient lymphopenia alone can initiate gastritis, yet the

No
diseaseEAG

No
disease

Adult thymectomy
plus
cyclophosphamide

Day 2–4
neonatal
thymectomy

CD4+ T cells CD8+ T cells Autoantibody

Repeated
immunization with
gastric antigen in CFA

CD25+CD4 T-cell depletion
and immunization with
gastric antigen in IFA

Repeated
lymphoid
irradiation

Transgenic
expression of GM-
CSF in parietal
cells

H+/K+ ATPase
specific TCR
transgenic
mice

Experimental
autoimmune gastritis

FIGURE 39.9 The range of procedures that can induce experimental autoimmune gastritis (EAG) in BALB/c mice.
The readout of EAG includes the generation of autoantibodies to the H+/K+ ATPase of gastric parietal cells and a chronic
inflammatory infiltrate with tissue destruction within the gastric mucosa. Transfer experiments have shown that CD4+

T cells are the critical pathogenic cells in this model, with no demonstrable role for CD8+ T cells or autoantibody.
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degree of the transient lymphopenia induced by combined
adult thymectomy and cyclophosphamide treatment, com-
pared to that induced by cyclophosphamide treatment alone,
is indistinguishable. These observations underpin the essen-
tial role of the thymus as the source of CD4+CD25+ regula-
tory T cells that maintain tolerance to self-antigens in
neonatal and adult life (Sakaguchi et al., 1995; Sakaguchi,
2004; Field et al., 2005). The importance of this population
for tolerance is further supported by the need to remove
these T cells using depleting anti-CD25 antibody to estab-
lish sustained autoimmune gastritis following immunization
with gastric antigen (McHugh and Shevach, 2002). These
regulatory T cells constitute 2–5% of CD4 single positive
thymocytes and 5–10% of peripheral CD4+ T cells, are of
high avidity, are positively selected in the thymus, require
expression of the transcriptional factor Fox3p for suppres-
sor activity and are thought to prevent expansion of patho-
genic T cells by a cytokine-independent, cell-to-cell contact
mechanism. However, the precise mechanism of suppres-
sion remains unknown (Sakaguchi, 2004). It seems likely
that, in addition to the removal of this T regulatory popula-
tion, the homeostatic expansion of the pathogenic T cells
also plays a role in the initiation of autoimmunity (King et
al., 2004).

Following neonatal thymectomy, the particular organ
affected by autoimmune disease is dependent on the mouse
strain, indicating genetic factors determining tissue tropism.
For autoimmune gastritis, BALB/c mice are most suscepti-
ble to disease, in both the neonate (see Figure 39.9; Kojima
and Prehn, 1981; Tung et al., 1987) and the adult. Auto-
immune gastritis is not dependent on the presence of a par-
ticular H2 haplotype as mice with several different major
histocompatibility complex (MHC) haplotypes develop gas-
tritis (Kojima and Prehn, 1981). Four linkage regions, two
on distal chromosome 4 (Gasa1 and Gasa2), one on chro-
mosome 6 (Gasa3) and one in the H2 (Gasa4), have been
identified (Silveira et al., 1999; 2001; Baxter et al., 2005).
Three of these four genes colocalize with NOD mouse dia-
betes susceptibility genes, the strongest concordance identi-
fied to date between any two autoimmune diseases. The
incidence of gastritis in BALB/c mice is 60–90%, although
other strains develop gastritis with lower incidences. These
glands show destructive changes in parietal cells and zymo-
genic cells (Martinelli et al., 1996).

Autoimmune Gastritis Induced 
by Immunization

Early attempts to induce autoimmune gastritis used crude
gastric extracts as the immunogen. For example, immuniza-
tion of rhesus monkeys with extracts of gastric mucosa in
complete Freund’s adjuvant (Andrada et al., 1969) resulted
in gastritis, gastric parietal cell antibodies, and cutaneous
delayed-type hypersensitivity reactions to gastric antigens.
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Immunization of dogs with gastric juice and extracts of
gastric mucosa also resulted in gastritis and equivalent
humoral and cellular reactions to gastric antigens but in this
model, unlike the human disease, there was severe atrophy
and only a minimal inflammatory response in the gastric
mucosa (Hennes et al., 1962; Fixa et al., 1964; 1972; Krohn
and Finlayson, 1973). The cellular response was thought to
be more important in the production of gastritis in dogs
(Krohn and Finlayson, 1973), although a combined humoral
and cellular response to immunization has been demon-
strated. Autoimmune gastritis has also been induced in mice
by immunization with gastric parietal cells (Kontani et al.,
1992).

The discovery of the gastric H+/K+ ATPase as the mole-
cular target of parietal cell antibodies in both human autoim-
mune gastritis with pernicious anemia and in thymectomy-
induced models of gastric autoimmunity prompted the use
of purified gastric H+/K+ ATPase containing both the a- and
b-subunits for the induction of autoimmune gastritis by
immunization. Gastritis and circulating parietal cell auto-
antibodies to gastric H+/K+ ATPase developed maximally in
BALB/c mice after four immunizations of the mouse gastric
enzyme emulsified in Freund’s complete adjuvant. The gas-
tritis was accompanied by destruction of both gastric pari-
etal cells and zymogenic cells. This suggests that the loss of
zymogenic cells is secondary to an immune response to the
gastric parietal cells H+/K+ ATPase. The mucosal lesion was
accompanied by expansion in the population of precursor
stem cells similar to that seen in the gastritis induced by
neonatal thymectomy. The gastritis was transferred to
BALB/c mice by splenic T cells from gastritic mice to
immunocompromised hosts. It was reversible following 
cessation of immunization which resulted in regeneration of
parietal cells and zymogenic cells, derived presumably by
differentiation of the expanded stem cell production (Scarff
et al., 1997). Reversibility of the lesion appeared to be the
consequence of the presence of regulatory CD4+CD25+ T
cells in these mice because the antibody-mediated removal
of this population together with a single immunization with
gastric antigen was sufficient to initiate an irreversible 
gastritis (McHugh and Shevach, 2002).

Transgenic Mouse Models of 
Autoimmune Gastritis

Autoimmune gastritis has been reported in transgenic
mice that express the proinflammatory cytokine GM-CSF in
the stomach (Biondo et al., 2001) and in mice that express
rearranged TCR genes with specificity for the a- or b-
subunits of the gastric H+/K+ ATPase (Alderuccio et al.,
2000; McHugh et al., 2001).

In mice that express GM-CSF in the stomach, infiltration
of macrophages and dendritic cells into the stomach pre-
cedes CD4+ T cells. It seems likely that the local presence
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of GM-CSF leads to recruitment of macrophages and 
dendritic cells followed by their activation and migration to
the draining lymph node, where they break tolerance by 
activating potentially pathogenic CD4+ T cells that migrate
to the stomach to initiate gastritis. The development of
autoimmune gastritis in BALB/c mice following transgenic
expression of GM-CSF in parietal cells in the stomach indi-
cates that the actions of these CD4+CD25+ regulatory T cells
can be overridden by the presence of a local proinflamma-
tory cytokine in the stomach (Biondo et al., 2001). Patho-
genic CD4+ T cells isolated from PC-GMCSF transgenic
mice transferred disease to naïve syngeneic recipients.

T-cell receptor (TCR) transgenic mice bred to the 
gastritis-susceptible BALB/c genetic background and
expressing a TCR specific for the gastric H+/K+ ATPase a-
subunit develop gastritis (100%) at a much greater fre-
quency than do TCR b-subunit transgenic mice (20%). This
difference in disease incidence in these two TCR transgenic
models remains unexplained. It is possible that the lower
incidence of gastritis in the TCR b-subunit transgenic mice
depends on the influence of a CD4+CD25+ regulatory T-cell
population that is absent in the TCR a-subunit transgenic
mice.

PATHOGENESIS

For most autoimmune diseases, it is not known whether
the molecules recognized by autoantibodies are also T-cell
targets or whether the immune response to these antigens is
involved in initiation of disease. The gastric H+/K+ ATPase
targeted by parietal cell autoantibodies in human and in
murine autoimmune gastritis is a peripheral autoantigen.
Although peripheral antigens are not expected to be present
in the thymus, there are increasing reports of promiscuous
expression of these antigens, particularly in thymic
medullary epithelial cells (Gotter et al., 2004) where ectopic
presence of these antigens has been suggested to shape the
T-cell repertoire (Anderson and Kuchroo, 2003). This sug-
gestion has gained added relevance with reports of the AIRE
transcriptional factor in a small subset of thymic medullary
epithelial cells and its postulated role in tolerance to organ-
specific autoantigens, presumably through clonal deletion
(Vernanzi et al., 2004). However the role of AIRE in toler-
ance to gastric autoantigens remains uncertain. The a- but
not the b-subunit of the gastric H+/K+ ATPase has been iden-
tified in thymic dendritic cells, suggesting that self-antigen
expression by dendritic cells may have a role in maintenance
of tolerance. Nonetheless, the capacity to initiate experi-
mental autoimmune gastritis indicates that potentially patho-
genic T cells are still present in the periphery.

To ascertain whether the presentation of self-antigen by
MHC class II positive cells in the thymus has a role in 
tolerance induction, transgenic mice were generated that
express the a- or b-subunit of the gastric H+/K+ ATPase in
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the thymus driven by an MHC class II promoter (see Figure
39.8). Transgenic mice that expressed the b-subunit in the
thymus failed to develop gastritis initiated by a variety of
methods as judged by histologic evidence of gastritis and
production of circulating antibodies to gastric H+/K+ ATPase
(Alderuccio et al., 1995; Barrett et al., 1995b; Alderuccio
and Toh, 1998). In contrast, transgenic mice that expressed
the a-subunit in the thymus driven by the same MHC class
II promoter remained susceptible to gastritis initiated by
neonatal thymectomy (Figure 39.10). These observations
suggest that the b-subunit of the gastric H+/K+ ATPase con-
tains the causative autoepitope (Toh et al., 2000).

Studies in mice have clearly indicated that autoimmune
gastritis is initiated by CD4+ T cells. First, gastritis can be
transferred to immunocompromised hosts by CD4+ T lym-
phocytes but not by sera from animals with autoimmune
gastritis (see Figure 39.9; reviewed by Gleeson and Toh,
1991; Toh et al., 1992; 1997). In addition, histopathologic
features of gastritis occur in mice before the appearance of
autoantibodies. The early gastric lesion is composed pre-
dominantly of CD4+ T cells and macrophages with produc-
tion of a mix of Th1 and Th2 type cytokines but not
interleukin-4 (IL-4), suggesting a key role for these cells and
their cytokines in initiation of the disease (Martinelli et al.,
1996; Katakai et al., 1998). Interferon-g, probably produced
by the Th1 cells, appears to be crucial for the induction 
of gastritic lesion as a single injection of antibodies to 
interferon-g immediately following neonatal thymectomy
prevents autoimmune gastritis (Barrett et al., 1996). CD8+

T cells do not seem to have a role in this disease since deple-
tion of this T-cell population by treatment with anti-CD8
antibody did not reduce the capacity of the remaining T cells
to transfer disease (De Silva et al., 1998). B lymphocytes are
late migrants to the inflamed gastric mucosa and aggregate
in follicular-like structures (Martinelli et al., 1996), likely
mediated by the expression of a B-cell homing chemokine,
CXC chemokine ligand 13, by dendritic cells within the 
follicles (Katakai et al., 2003).

The identification of the b-subunit of the gastric H+/K+

ATPase as the causative antigen and of CD4+ T cells as the
effectors of gastric injury suggests the following model for
the genesis of autoimmune gastritis. Gastric antigen released
following cell death is taken up locally in the stomach by
dendritic cells that migrate to the draining lymph node,
resulting in the activation of naïve pathogenic CD4+ T cells.
The activated T cells initiate tissue damage, possibly by
binding to MHC class II molecules that are upregulated 
in the inflamed gastric mucosa. Support for this model 
is provided by the observation by immunofluorescence
microscopy of a physical association of CD11c + dendritic
cells with parietal cells in the gastric mucosa. H+/K+ ATPase
protein was found within vesicular compartments of a few
CD11c+ dendritic cells only in the draining gastric lymph
node and these antigen-containing dendritic cells increased
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markedly in number with the onset of tissue destruction in
autoimmune animals. Both CD8a(hi) and CD8a(lo) gastric
dendritic cells showed evidence of constitutive in vivo pro-
cessing and presentation of H+/K+ ATPase. These data also
demonstrate that dendritic cells in the draining lymph node
can present a tissue-specific self-antigen under noninflam-
matory conditions without fully deleting autoreactive T cells
or inducing active autoimmunity (Scheinecker et al., 2002).
The homing of the activated CD4+ T cells to the gastric
mucosa appears to be mediated by the interaction of a4 b7
on the lymphocytes with mucosal MAdCAM-1, given that
a significant increase in the area of mucosal endothelium
expressing MAdCAM-1 in gastritic mice was observed and
that treatment of mice with either a MAdCAM-1-specific or
a4 b7-specific monoclonal antibody reduced the incidence
of gastritis (Barrett et al., 2000; Katakai et al., 2002). While
neither the chemokine receptor CCR5 nor TNF-a appears 
to have a role in the inflammatory process (Field et al., 
2003; Marshall et al., 2004), the expression pattern of the
cytokines and chemokines expressed in the stomach
includes lymphotoxin-b and is consistent with a Th1-biased,
memory T-cell-dependent immunomicroenvironment
(Katakai et al., 2003). Fas/FasL interaction appears to be
required for the initiation of parietal cell death in the gastric
mucosa (Nishio et al., 1996; Marshall et al., 2002).
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TREATMENT AND OUTCOME

The standard treatment is to correct the deficiency of
vitamin B12 by the administration of vitamin B12. While
the time-honored route of vitamin delivery is by parenteral
injection, there is increasing evidence that the oral route is
equally effective, particularly with the vitamin given at a
high dosage (1000 mg) (Kaltenbach et al., 2002; Lane and
Rojas-Fernandez, 2002; Nyholm et al., 2003). This corrects
the anemia but there are no adequate data at present to indi-
cate whether oral vitamin B12 can correct the neuropathy,
particularly when it is severe. Erroneous treatment of
patients with folic acid may not only mask the anemia
caused by vitamin B12 deficiency but lead to irreversible
neurologic damage (Dhar et al., 2003).

The identification in mouse models of autoimmune gas-
tritis of proinflammatory Th1 CD4+ T cells directed against
the b-subunit of the gastric H+/K+ ATPase has suggested a
novel therapeutic approach to reestablish tolerance to self-
antigen and the prevention and/or reversal of autoimmune
disease. The approach uses transplantation with bone
marrow stem cells that have been genetically engineered to
direct expression of culprit antigen in bone marrow-derived
antigen-presenting cells in the thymus (Alderuccio et al.,
2003). Initial reports have shown that transplantation with

Day 3
thymectomy

Immunization with
gastric antigen

EAG EAG

Generate transgenic mice

Day 3
thymectomy

Immunization with
gastric antigen

Cross with
spontaneous EAG

developing PC-GMCSF
transgenic mice

No
Disease

No
Disease

No
Disease

FIGURE 39.10 Experimental evidence suggesting the autoimmune response to gastric H+/K+ ATPase b-subunit is
critical for EAG induction. Transgenic mice were generated expressing gastric H+/K+ ATPase a- or b-subunit under the
control of the E-I MHC class II promoter. IE- H+/K+ a transgenic mice remained susceptible to EAG induction fol-
lowing day 3 neonatal thymectomy or immunization with gastric autoantigen. In contrast, IE- H+/K+ b mice were EAG
resistant following neonatal thymectomy or immunization or when crossed to PC-GMCSF transgenic mice that 
spontaneously develop EAG.
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bone marrow from transgenic mice that have been engi-
neered to express the gastric H+/K+ ATPase b-subunit
antigen (Murphy et al., 2003) or proinsulin II in the thymus
(Steptoe et al., 2003) has succeeded in establishing tolerance
to the antigen in the case of autoimmune gastritis and of pre-
venting disease in the case of diabetes in NOD mice. These
highly promising results suggest that this strategy may have
application for autoimmune diseases that respond poorly to
replacement therapy or immunosuppressive drugs.

CONCLUDING REMARKS—
FUTURE PROSPECTS

Pernicious anemia and gastric atrophy are terminal events
in a protracted chronic autoimmune gastritis that affects the
fundus and body of the stomach. They are usually expressed
clinically in late middle age. The vitamin B12 deficiency and
ensuing megaloblastic anemia are the result of gastric pari-
etal cell loss with failure of production of intrinsic factor, an
obligatory factor for absorption of the vitamin from the 
terminal ileum.

Autoimmune gastritis fulfills the criteria for an organ-
specific autoimmune disease: autoantibodies to gastric anti-
gens, infiltration of mononuclear cells into the target organ
with evidence of destruction, a regenerative response of the
affected tissue to corticosteroid drugs, familial predisposi-
tion, and association with other autoimmune diseases,
mostly the autoimmune endocrinopathies. The molecular
target of parietal cell autoantibodies is the gastric H+/K+

ATPase located on secretory membranes of gastric parietal
cells and autoantibodies to gastric intrinsic factor.

Animal models have provided insights into the patho-
genesis of autoimmune gastritis. The BB/W rat, obese
chicken, and C3H/He mouse represent spontaneous animal
models of autoimmune gastritis. It can be induced in sus-
ceptible mouse strains by removal of CD4+CD25+ regula-
tory T cells (e.g., neonatal thymectomy), by immunization
with gastric H+/K+ ATPase emulsified in Freund’s complete
adjuvant, and by the generation of transgenic mice that
express either the proinflammatory cytokine GM-CSF in the
stomach or rearranged TCRs directed against gastritogenic
epitopes of the a- or b-subunits of the gastric H+/K+ ATPase.
The murine disease is initiated by proinflammatory Th1
CD4+ T cells that are activated in the draining gastric lymph
node by dendritic cells, loaded with the gastric antigen, that
have migrated to this location from the stomach. These T
cells are directed initially against the b-subunit of the gastric
H+/K+ ATPase since active T-cell tolerance to this subunit
alone prevents the development of autoimmune gastritis
induced by a variety of methods such as thymectomy or
immunization with the ATPase. Mucosal damage is initiated
through engagement of Fas expressed by parietal cells in 
the inflamed gastric mucosa. Genetic engineering of bone
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marrow stem cells to target the gastric autoantigen to the
thymus points the direction towards testing strategies
directed towards reestablishment of tolerance and the pre-
vention and reversal of pathology in intractable autoimmune
diseases in which causative antigens are known.
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DEFINITION AND CLASSIFICATION

Hypophysitis is an inflammation of the pituitary gland
that originates directly within the pituitary (primary forms)
or from neighboring or systemic diseases (secondary forms).
Primary hypophysitis comprises three main histologic types:
granulomatous, xanthomatous, and lymphocytic.

Granulomatous hypophysitis was first described in 1917
by Simmonds (Simmonds, 1917). He reviewed 2000 pitu-
itary glands at autopsy and found four cases not related to
tuberculosis or syphilis, characterized by diffuse collections
of multinucleated giant cells and histiocytes, with sur-
rounding lymphocytes and plasma cells. The first ante-
mortem patient was reported in 1980 (Taylon and Duff,
1980). The disease is rare, affects males and females equally,
and can occur together with lymphocytic hypophysitis
(McKeel, 1983; Miyamoto et al., 1988; Madsen and Karluk,
2000). For this reason, McKeel suggested that the two dis-
eases are part of the same autoimmune spectrum, with a
purely lymphocytic form constituting the predominant early

lesion and a granulomatous component appearing later
(McKeel, 1984). Different histologic appearance from other
classic organ-specific autoimmune diseases and different
epidemiologic data (lack of female bias and association with
other autoimmune diseases) suggest, however, that lympho-
cytic and granulomatous hypophysitis are two distinct 
diseases.

Xanthomatous hypophysitis was originally described in
three women in 1998 (Folkerth et al., 1998) and in six other
patients thereafter (Burt et al., 2003). The pituitary is infil-
trated by foamy histiocytes, small lymphocytes, and cyst-
like areas of liquification. The rarity of this disease has
hampered the understanding of its pathogenesis, natural
history, and prognosis. Similar concepts apply to necrotiz-
ing hypophysitis, which has been demonstrated histologi-
cally only once in two patients (Ahmed et al., 1993) and
suspected radiologically in another (Ogawa, 1995). Histo-
logically, the pituitary appears destroyed by diffuse necro-
sis with surrounding lymphocytes, plasma cells, and a few
eosinophils. It is unclear whether this represents a fourth 
histologic type or a variant of the other three.

Lymphocytic (autoimmune) hypophysitis is the most fre-
quent among the primary hypophysitides (Caturegli et al.,
2005). It is known in the literature by several names. Orig-
inally it was called “lymphocytic adenohypophysitis” (or
just lymphocytic hypophysitis) because the infiltration,
which was mainly lymphocytic, and the symptoms were
thought to be limited to the anterior hypophysis. It was then
realized that the autoimmune attack could also and exclu-
sively involve the infundibular stem and the posterior lobe,
and so the term “lymphocytic infundibulo-neurohypophysi-
tis” was created. Finally, it was realized that both the 
adenohypophysis and the infundibulo-neurohypophysis
could be affected; hence the term “lymphocytic panhy-
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pophysitis” arose. We will refer to the disease as autoim-
mune hypophysitis, followed by the specific anatomic loca-
tion when known.

HISTORICAL BACKGROUND

Autoimmune hypophysitis of the anterior lobe (lympho-
cytic adenohypophysitis, LAH) was first described in 1962
by Goudie and Pinkerton in Glasgow, UK (Goudie and
Pinkerton, 1962). The authors reported a 22-year-old woman
who died 14 months after her second delivery, probably
because of adrenal insufficiency. Two months before admis-
sion, the patient felt increasingly tired and noticed a neck
enlargement; she then developed severe lower abdominal
pain, radiating to the right iliac fossa, associated with vom-
iting and diarrhea. She was brought to the operating room
for suspected appendicitis. Surgery revealed an acutely
inflamed, gangrenous appendix that, however, had not rup-
tured. The appendix was removed but 8 hours later the
patient went into peripheral circulatory shock and died. The
autopsy revealed a firm, enlarged thyroid gland infiltrated by
lymphocytes, atrophic adrenal glands, and a small pituitary.
Surprisingly for that time, the adenohypophysis was 
extensively infiltrated by lymphocytes and few plasma cells,
aggregating in some areas to form lymphoid follicles. 
The neurohypophysis was normal. Noting the presence of
Hashimoto’s thyroiditis, a more extensively characterized
autoimmune disease, the authors concluded their discussion
by writing: “It seems reasonable to assume that the coexis-
tence of Hashimoto’s disease and the mononuclear cell 
infiltration of the anterior pituitary is not fortuitous. Both
may be explained by the onset of autoimmune reaction to
thyroid and pituitary antigens released during the puerperal
involution of these glands.” There is no doubt that Goudie
and Pinkerton were the first to postulate the autoimmune
nature of this condition, at a time (1962) when the field of
autoimmunity had just begun. Earlier cases, however, are
probably hidden in hospital archives or published without
recognition of the disease (Duff and Bernstein, 1933; Rupp
and Paschkis, 1953).

Autoimmune hypophysitis of the posterior lobe and infun-
dibular stem (lymphocytic infundibulo-neurohypophysitis,
LINH) was first described in 1970 by Saito et al. in Tokyo.
They reported a 66-year-old asthmatic woman with a 1-
month history of severe dehydration that responded strik-
ingly to the administration of pitressin. Two months after
discharge, however, she developed a severe attack of
bronchial asthma and died. Autopsy revealed a marked infil-
tration of the neurohypophysis and the infundibular stem
with lymphocytes and plasma cells, aggregating in some
areas in lymphoid follicles. The adenohypophysis was
normal, except for vacuolar degeneration of the basophilic
cells, likely due to the prolonged use of steroids for asthma.
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Autoimmune hypophysitis involving both the anterior
and posterior lobe (lymphocytic panhypophysitis, LPH) was
first described histologically in 1991 by Nussbaum et al. in
New York. Their first case was a 40-year-old male with a 
3-month history of headache, impotence, polyuria, and poly-
dipsia. Transsphenoidal surgery showed that the sella turcica
was filled with whitish, fibrous tissue that was almost com-
pletely removed. Histology revealed extensive infiltration of
the adenohypophysis and the neurohypophysis by lympho-
cytes, plasma cells, and histiocytes.

CLINICAL AND EPIDEMIOLOGIC
FEATURES

Very limited data exist on which to estimate the incidence
of autoimmune hypophysitis. Sautner and Fehn analyzed
2500 surgical pituitary specimens collected at Hamburg,
Germany, from 1970 to 1996 and found six cases (0.24%)
(Sautner et al., 1995; Fehn et al., 1998). Honegger et al. 
analyzed 2362 specimens collected from 1982 to 1995 in
Erlagen, Germany, and found seven cases (0.3%) 
(Honegger et al., 1997). Leung et al reported in Char-
lottesville, Virginia, 13 cases of autoimmune hypophysitis
among 2000 patients who underwent transsphenoidal
surgery for pituitary mass lesions from 1992 to 2003
(0.65%) (Leung et al., 2004). Buxton and Robertson ana-
lyzed 619 consecutive pituitary surgeries performed over 15
years at Nottingham, UK, and found five cases (0.8%)
(Buxton and Robertson, 2001). Considering that their hos-
pital served a population of approximately 3 million and that
all surgery for pituitary masses was dealt with there, the
yearly incidence in Nottingham can be estimated to be one
case in every 10 million people. Thus, using the United
States as an example, 28 new cases of autoimmune
hypophysitis can be expected every year. This incidence
may well be an underestimate of today’s incidence, also con-
sidering that some autoimmune hypophysitis cases may go
undiagnosed because of their indolent, subclinical course.

A total of 379 cases of autoimmune hypophysitis were
reported in the literature from 1962 to 2004 (Caturegli et al.,
2005). The incidence appears to have increased over time.
In the first 20 years (1962–1981), in fact, only 16 cases were
reported (11 at autopsy and five from surgical pathology
specimens). In the next 20 years (1982–2001), 290 appeared
in the literature, and 73 cases have been reported just in
2002–04. This exponential increase likely reflects an 
ascertainment bias, due to the widespread introduction of 
non-invasive imaging techniques of the sella turcica (mainly
MRI), transsphenoidal surgery and also increased awareness
in the medical community.

LAH is more common in women (F : M ratio of 6), who
present at a younger age (35 ± 13) than men (43 ± 12). In a
significant percentage of women (57%), LAH manifests
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during pregnancy or post partum. Figure 40.1 shows the dis-
tribution of symptom appearance centered at delivery: most
women present in the third trimester or early post partum.
A history of previous pregnancies does not increase the risk
of developing LAH in subsequent pregnancies. This strik-
ing temporal association is one of the most interesting 
features of autoimmune hypophysitis and, at the moment,
remains unexplainable.

LINH affects males and females equally and is not asso-
ciated with pregnancy. LPH is slightly more common in
women (F : M ratio of 1.9), but does not show association
with pregnancy.

The clinical presentation of autoimmune hypophysitis
includes four categories of symptoms. Symptoms of local
compression are the most common and usually the first 
complaint. They include headache and visual disturbances
(either defects in the visual field or decreased acuity; more
rarely, diplopia). Compression symptoms originate because
a pituitary infiltrated by immune cells initially enlarges,
expanding usually upward to stretch the dura mater and the
optic chiasm. Next are symptoms due to a partial or com-
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plete deficit of the anterior pituitary function, more com-
monly ACTH deficiencies. These defects are considered the
direct result of the autoimmune attack on the pituitary acinar
cells. Next are symptoms due to deficit of the posterior pitu-
itary (diabetes insipidus), which can be attributed either to
direct immune destruction or to compression of the poste-
rior lobe and infundibular stem. We favor the first mecha-
nism considering that diabetes insipidus is very rare in
pituitary adenomas. Last are the signs due to hyperpro-
lactinemia (mainly amenorrhea/oligomenorrhea and galact-
orrhea), which occur in about a quarter of the patients. These
clinical features of autoimmune hypophysitis are indistin-
guishable from those of any other expanding mass located
in the sella turcica.

PATHOLOGIC FEATURES

The defining histologic feature of autoimmune
hypophysitis is the diffuse infiltration of the pituitary gland
with lymphocytes that sometimes aggregate to form true
lymphoid follicles, often with germinal centers. Immuno-
histochemistry reveals a mixture of T and B lymphocytes
(Gutenberg et al., 2005), without a dominant subset, as fre-
quently seen in other autoimmune diseases. Other cell types
are also present in the infiltrate and may play a dominant
role in immunopathology. Plasma cells are frequently seen
(53% of the cases) but also eosinophils (12%), macrophages,
histiocytes and neutrophils (6%) and, more recently, mast
cells (Vidal et al., 2002). Fibrosis is common (46%) and
often severe, explaining the toughness and adherence the
surgeon finds upon entering the sella turcica. Necrosis is rare
(3%) and usually of modest and focal nature. Little is known
of the mechanisms by which the infiltrate causes loss of
function/destruction of the endocrine cells or impairment of
vasopressin release. Little is also known about the natural
history of autoimmune hypophysitis. It is believed that the
initial phases are characterized by swelling and edema of the
pituitary, which then later becomes small and fibrotic.

AUTOIMMUNE FEATURES

That autoimmune hypophysitis is truly an autoimmune
disease is indicated by animal models (indirect evidence)
and by circumstantial evidence (Rose and Bona, 1993). No
case of autoimmune hypophysitis transmission from mother
to newborn (direct evidence) has been reported, suggesting
that pituitary antibodies described thus far in this disease 
are not pathogenic. Circumstantial evidence of autoim-
munity derives from the association between autoimmune
hypophysitis and other diseases of known autoimmune
nature, such as Hashimoto’s thyroiditis, Addison disease and
systemic lupus erythematosus, and by the improvement of

20

15

10

5

0

–40 –20 0 20 40

Weeks

Pregnancy Post-partum

N
um

be
r 

of
 p

at
ie

nt
s

FIGURE 40.1 Distribution of symptom appearance in autoimmune
hypophysitis in relation to delivery (indicated as week 0).
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symptoms upon usage of immunosuppressive drugs such as
glucocorticoids, methotrexate, and azathioprine.

The autoantigen recognized by the autoimmune attack
awaits identification. Kobayashi’s laboratory first described
sera from patients with pituitary disorders that, when reacted
with pituitary cytosolic extracts, recognized a 22 kDa
protein (Yabe et al., 1995; Kikuchi et al., 2000), later iden-
tified by Takao et al. (2001) as growth hormone. Crock’s 
laboratory later reported that seven of 10 patients with
biopsy-proven lymphocytic hypophysitis and 12 of 22
patients with suspected hypophysitis had a low titer antibody
that recognized a 49 kDa cytosolic pituitary protein (Crock,
1998), subsequently identified as a-enolase (O’Dwyer 
et al., 2002b). The authors concluded that a-enolase is the
autoantigen targeted by the immune system in autoimmune
hypophysitis which, considering its coexpression in the pla-
centa, explains the strong association between autoimmune
hypophysitis and pregnancy (O’Dwyer et al., 2002a). Anti-
bodies recognizing a-enolase, however, have been reported
in many other diseases, ranging from endometriosis to
discoid lupus and Wegener’s granulomatosis (Crock, 1998).
In addition, Tanaka et al. (2003) showed that the antibody
was present in seven of 17 patients (41%) with autoimmune
hypophysitis, but similarly in six of 13 (46%) patients with
non-functioning pituitary adenoma, and in four of 17 (24%)
patients with other pituitary diseases, making the a-enolase
antibody inadequate as a diagnostic marker of autoimmune
hypophysitis. Finally, Nishiki et al. (2001) reported that five
of 13 patients with LAH and one of 12 patients with LINH
had antibodies that recognized 68, 49, and 43 kDa proteins
in pituitary membrane extracts.

GENETIC AND ENVIRONMENTAL
INFLUENCES

Insufficient data are available to establish associations
between the genes that are classically thought to influence
autoimmunity, such as the MHC locus and CTLA-4, and
autoimmune hypophysitis. Also no environmental agent has
been involved, with the exception of four cases presenting
after a viral infection of the meningi (Vanneste and 
Kamphorst, 1987; Honegger et al., 1997; Sandler et al.,
1998; Matta et al., 2002).

ANIMAL MODELS

Only a few papers have been dedicated to the establish-
ment of animal models of autoimmune hypophysitis. In
1964 Beutner and Witebsky immunized 16 rabbits up to five
times with rabbit anterior pituitary extracts, emulsified in
complete Freund’s adjuvant. They were able to induce spe-
cific antibody responses but no pituitary pathology (Beutner

550 Endocrine and Related Diseases

et al., 1964). In 1967 Levine reported the first successful
model of experimental autoimmune hypophysitis by immu-
nizing rats with a single intracutaneous injection of rat pitu-
itary tissue, emulsified in complete Freund’s adjuvant. Two
to three weeks after the injection, in six of the 14 rats (43%)
the adenohypophysis showed focal and diffuse infiltration
with mononuclear cells, mainly lymphocytes, monocytes,
and occasional epithelioid cells. A few posterior and inter-
mediate lobes had minimal inflammation. Disease incidence
could be increased to 75% (15/20 rats) by addition of a
second immunologic adjuvant, pertussis toxin. Levine sub-
sequently showed that pituitary extracts from guinea pig
were the most potent inducer of experimental autoimmune
hypophysitis (6/6 rat recipients), whereas human and cow
extracts were poorly effective, and dog and rabbit extracts
not effective at all (Levine, 1969). In 1970 Beck and 
Melvin induced experimental autoimmune hypophysitis in
one rhesus monkey by injecting her multiple times, over the
course of 3 years, with human placental extracts and human
chorionic gonadotropin, both emulsified with Freund’s adju-
vant. Histology showed infiltration of the adenohypophysis
with lymphocytes and scattered plasma cells; the neuro-
hypophysis was normal.

In 1982 Klein induced lymphoplasmacytic infiltration of
the anterior pituitary by injecting 12 rabbits (seven cases and
five controls) three times, at 2-week intervals, with rabbit
pituitary tissue, emulsified in complete Freund’s adjuvant.
Eight weeks (10 rabbits) or 16 weeks (two rabbits) after the
first injection, five of the seven experimental rabbits showed
focal infiltration of the adenohypophysis with lymphocytes,
some plasma cells, and a few eosinophils and fibrosis. None
of the five controls showed histologic abnormalities. In
1992, Yoon et al. immunized over 100 hamsters by inject-
ing intradermally three times, at 1-week intervals, recombi-
nant rubella virus E1 and E2 glycoproteins. Three weeks
after the first injection, specific antibodies against the adeno-
hypophysis were found in 95% of the hamsters. Eleven
weeks after the first injection, a diffuse lymphocytic infil-
tration occurred throughout the adenohypophysis. None of
the hamsters that had received the control protein (nongly-
cosylated rubella nucleoprotein C) developed such lesions.
The disease could be prevented by neonatal thymectomy and
could not be produced by passive transfer of the autoanti-
bodies, thus indicating that T cells are critical for disease
induction and that antibodies are more important as markers
of disease, rather than as a pathogenic player (Yoon et al.,
1992). Finally, Watanabe et al. in 2001 immunized 12 Lewis
rats twice, at 1-week intervals, with rat pituitary extract
emulsified in complete Freund’s adjuvant. Three (N = 6) or
6 weeks (N = 6) after the first immunization, rats showed
minimal lymphocytic infiltration in the adenohypophysis
and developed antibodies directed against growth hormone,
thyroid-stimulating hormone and luteinizing hormone
(Watanabe et al., 2001). It is unclear, however, whether these
hormones represent the initiating autoantigens or are rather
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the natural response of the immune system to the injection
of hormone-rich pituitary extracts.

A somewhat different experimental approach has been
recently published by Stockinger’s laboratory (De Jersey et
al., 2002; 2004). The authors have designed a transgenic
mouse that expresses specifically in the anterior pituitary
(because under transcriptional control of the growth hor-
mone promoter) a nucleoprotein from the influenza virus,
thus a foreign antigen. This influenza nucleoprotein contains
a peptide that binds to the Db allele of the mouse MHC locus
and is recognized by specific CD8+ T cells. When the 
authors crossed the nucleoprotein transgenic mice to TCR
transgenic mice that have CD8+ T cells specific for that
nucleoprotein, they observed growth hormone defect due to
destruction of the growth hormone cells expressing the viral
antigen. Although informative about accessibility and
homing of CD8+ T lymphocytes to the pituitary, this trans-
genic model is likely remote from the human disease where
CD8+ T lymphocytes are rarely seen in the infiltrate and
somatotrophs are usually spared by the autoimmune attack.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

The main diagnostic issue is the differentiation between
the rare autoimmune hypophysitis and the overwhelmingly
more common pituitary tumors (mainly adenomas). Of all
pituitary expanding lesions, 92% are tumors; the remaining
8% are nontumorous and include cysts, hyperplasia, vascu-
lar lesions, bony lesions, primary and secondary hypophysi-
tides (Saeger, 2003). All expanding lesions located in the
sella turcica have similar clinical findings, so the distinction
among them can be achieved with certainty only by exam-
ining under the microscope the pituitary tissue obtained
from surgical procedures. Surgery, however, is invasive and
costly and can injure the patient. For this reason, authors
have struggled to define criteria more suggestive of autoim-
mune hypophysitis. These include clinical hints, endocrino-
logic testing, imaging studies, and immunologic markers.

Clinical suspicion of autoimmune hypophysitis should be
raised if symptoms appear in striking temporal relationship
with pregnancy and post partum, if the degree of hypopitu-
itarism (partial or complete) appears disproportionate to the
size of the radiologically evidenced pituitary mass (Guay et
al., 1987), and if the hypopituitarism involves mainly the
adrenal and thyroidal axis, rather than growth hormone 
and gonadotropins. Clinical criteria, however, have
extremely low predictive values.

Endocrine evaluation of anterior pituitary hormones
shows that corticotrophs are the most frequently impaired
cells (59% of patients), followed by gonadotrophs, soma-
totrophs, and thyrotrophs. Based on these data and on the
notion that the deficiency of ACTH can be observed in 
isolation (Jensen et al., 1986; Escobar-Morreale et al., 1994),
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some authors consider it the earliest functional alteration in
autoimmune hypophysitis. It is important to note, however,
that isolated ACTH deficiency can be observed in the
absence of autoimmune hypophysitis (Sauter et al., 1990;
Nagai et al., 1997) and that isolated deficiencies of other
pituitary hormones have been described in autoimmune
hypophysitis. The greater frequency of ACTH defects may
simply represent a selection bias, considering that these
patients may come to medical attention more promptly than
patients with other tropin deficiencies.

Imaging studies are currently the most powerful tool 
to differentiate autoimmune hypophysitis from pituitary
tumors, although this distinction is not always possible
(Caturegli et al., 2005). Computed tomography was used in
the first patient diagnosed ante mortem (Mayfield et al.,
1980), and exclusively until 1988. Since then, MRI has
become the most commonly used imaging study. In patients
with LAH, MRI shows a symmetrical enlargement of the
pituitary, with symmetrical suprasellar extension; the stalk
may be thickened but not deviated. In pituitary adenomas,
in contrast, the mass and the suprasellar extension are
asymmetric and the stalk is deviated contralaterally. After
injection of the contrast medium (gadolinium), the enhance-
ment in LAH is intense and homogeneous and creates strips
of abnormal enhancing tissue adjacent to the enlarged 
pituitary (the so-called “dura tail”), whereas in adenomas 
the enhancement is slight, delayed, inhomogeneous, and
without a dura tail. In patients with LINH, MRI shows a
thickened stalk and a swollen posterior lobe that has lost 
its normal hyperintense signal, observed after contrast
enhancement.

Antibodies against pituitary antigens were measured in
83 of 379 patients, mainly by indirect immunofluorescence
(Bottazzo et al., 1975) or Western blotting (Crock et al.,
1993). They were found positive in a minority of patients,
yielding an extremely poor sensitivity (37%) (Caturegli 
et al., 2005). They are also not specific for autoimmune
hypophysitis, considering that they have been described in
type 1 diabetes (Mirakian et al., 1982), Hashimoto’s thy-
roiditis (Kobayashi et al., 1988), Graves’ disease (Hansen et
al., 1989), and normal women post partum (Engelberth and
Jezkova, 1965). This lack of sensitivity and specificity may
have several explanations. Patients with autoimmune dis-
eases come to medical attention long after the onset of
disease and it is known that antibodies against endocrine
glands disappear over the years. In addition, the auto-
antigen/s targeted by autoimmune attack in autoimmune
hypophysitis is/are still unknown.

TREATMENT AND OUTCOME

The treatment of autoimmune hypophysitis is, at the
moment, only symptomatic. It includes reduction of the pitu-
itary mass and replacement of the defective hormones. Mass
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reduction treatment comprises surgery, lympholytic drugs,
and radiotherapy. Surgery has been the most commonly used
form of treatment thus far and in some cases is the only
means to control rapidly increasing serious defects of the
visual pathway. Surgery is usually performed using the
transsphenoidal approach, more rarely by craniotomy. If a
diagnosis of autoimmune hypophysitis is suspected and
there are no urgent compressive symptoms, the best 
management is to reduce the pituitary mass with glucocor-
ticoids, monitoring the patient clinically and radiologically
(Caturegli et al., 2005).

The majority of patients (72%) require long-term
replacement with one or more pituitary hormones. More
rarely, autoimmune hypophysitis resolves after mass reduc-
tion treatment without need of hormone replacement (16%)
or spontaneously (4%). In the remaining 8% of patients,
autoimmune hypophysitis has resulted in death, considered
secondary to irreversible adrenal insufficiency. Deaths have
occurred almost constantly through the years (11 deaths
from 1962 to 1982 and 14 deaths from 1983 to 2003), to
remind us that autoimmune hypophysitis can be fatal if
unrecognized.

CONCLUDING REMARKS—
FUTURE PERSPECTIVES

Autoimmune hypophysitis is rare but increasingly recog-
nized. It offers a fascinating model to study the effect of
pregnancy on autoimmune diseases and the interactions
between nervous, endocrine, and immune systems. Patient
management will be improved when a reliable serologic test
that identifies the autoimmune nature of the pituitary disease
becomes available. Much remains to be learned about the
natural history of autoimmune hypophysitis. Establishment
of experimental models in mice and of a disease registry in
humans will greatly advance the field.
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HISTORIC BACKGOUND

Autoimmune hemolytic anemia (AIHA) is characterized
by the presence of autoantibodies directed to antigens on the
individuals’ own red cell membrane, and by evidence of
decreased red cell survival mediated by the red cell auto-
antibody. AIHA was the first autoimmune disorder in which
an autoantibody was clearly shown to be involved in its
pathogenesis. Historically, paroxysmal cold hemoglobin-
uria, described by Donath and Landsteiner (1904), was the
first example of an autoimmune disease. Chauffard and 
Colleagues (1908, 1909) reported a case of acute hemolytic
anemia in which an active hemolysin was demonstrated.
Over the next three decades, the failure to identify a
hemolytic serologic factor led many investigators to the
concept that acquired hemolytic anemia was caused by a
latent cell defect similar to that observed in familial

hemolytic anemia. During these years, the main focus of
interest was familial forms of hemolytic anemia. Interest in
an extrinsic hemolytic factor was renewed when Dameshek
and Schwartz (1938) demonstrated a hemolysin in the sera
of three patients that caused destruction of transfused normal
red cells. Dacie and Mollison (1943) distinguished familial
hemolytic anemia from acquired hemolytic anemia. They
demonstrated that normal red cells transfused into patients
with familial hemolytic anemia had a normal lifespan, in
contrast to a drastically shortened lifespan when transfused
into patients with acquired hemolytic anemia. These obser-
vations indicated that patients with acquired hemolytic
anemia had an extrinsic factor, presumably antibody, which
led to accelerated destruction of normal transfused red dells.
Young et al. (1951) applied the term “autoimmune” to those
cases of acquired hemolytic anemia in which patients had
developed antibodies reacting with their own red cells.

Coombs et al. (1945) developed an antiglobulin test for
the detection of weak and incomplete Rhesus (Rh) agglu-
tinins, thus providing a method for detection of antibody on
the red cell surface. Boorman et al. (1946) and Loutit and
Mollison (1946) applied the antiglobulin (Coombs) tech-
nique to detect autoantibodies on the red cells of patients
with acquired hemolytic anemia, thus establishing a role for
these antibodies in the pathogenesis of AIHA. Dacie (1951)
reported that the red cells in acquired hemolytic anemia
were either sensitized with gamma-globulin or non-gamma-
globulin. Subsequently, Harboe et al. (1963) demonstrated
that complement components were responsible for the 
non-gamma-globulin reactions. Today, specific antisera
allow for the detection of immunoglobulins and their sub-
classes, as well as complement components on the red cell
membrane.
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CLASSIFICATION

Autoimmune hemolytic anemias are usually classified
into warm reactive type and cold reactive type based on the
optimal temperature at which autoantibodies react with 
red cells in vitro (Box 41.1). Drug-induced autoantibodies 
comprise a third group and are usually of the warm reactive
type. Warm reactive type autoantibodies react optimally at
37∞C but also react at lower temperatures. Cold reactive type
autoantibodies react optimally at 0–5°C and show decreas-
ing red cell affinity as the temperature is raised to 37∞C.
They do not usually bind to the red cell at 37∞C. A small
number of patients have both cold and warm reactive
autoantibodies, each having its own red cell antigen 
specificity.

Both warm and cold reactive types of AIHA are referred
to as idiopathic or primary when no underlying or associated
disorder can be recognized. When AIHA occurs in 
associations with another disorder, it is referred to as sec-
ondary. Secondary AIHA is most often associated with lym-
phoproliferative disorders, including lymphomas. A smaller
number of cases occur in patients with systemic lupus ery-

558 Blood Diseases

thematosus (SLE) and other multisystem autoimmune dis-
orders, and also in inflammatory bowel disease (see Section
II-A and Chapter 52). 

WARM AUTOANTIBODY TYPE

Warm autoantibodies are most frequently encountered in
AIHA. The onset of hemolytic disease is usually after the
age of 40, and the incidence increases with age, reflecting
the association of AIHA with lymphoproliferative disorders.
Idiopathic warm type AIHA is more common in women, as
is secondary AIHA associated with SLE. Idiopathic AIHA
occurs sporadically and usually without a precipitating event
such as an infection. Warm autoantibodies occasionally 
are accompanied by autoantibodies to platelets, which is
referred to as Evans syndrome (Evans and Duane, 1949).
Patients with warm type AIHA usually present with symp-
toms attributable to their anemia, such as fatigue, weakness,
and pallor. In older patients, the anemia may lead to angina,
myocardial infarction or heart failure. In patients with brisk
hemolysis, urine is dark secondary to hemoglobulinuria.
Jaundice may also be present. Patients usually have only a
moderate degree of splenomegaly; however, with severe
hemolytic anemia there may be significant hepato-
splenomegaly. In patients with mild hemolytic anemia, a
large spleen is usually indicative of an underlying lympho-
proliferative disorder.

Pathophysiology

The coating of the red cell with autoantibody leads to the
destruction of red cells by intravascular, extravascular,
and/or cell-mediated mechanisms. The spleen plays a key
role in the removal of IgG autoantibody-coated red cells
(Jandl et al., 1957; Mollison et al., 1965; Schreiber and
Frank, 1972; Chang et al., 1993). When blood enters the
spleen, red cells become highly concentrated and pass
through fine fenestrations between macrophages, enhancing
their interaction with these cells. Macrophages have recep-
tors for the Fc portion of IgG (subclasses IgG1 and IgG3),
which bind IgG-coated red cells (LoBuglio and Jandl, 1967;
Huber et al., 1968; Abramson et al., 1970). This interaction
of red cell-bound autoantibody with macrophages results in
either phagocytosis of the entire red cell or partial internal-
ization of a portion of the red cell membrane. In the latter
situation, the remaining red cell reseals and re-enters the cir-
culation as a microspherocyte. Microspherocytes, because
of their rigidity and increased osmotic fragility, have a
greatly shortened lifespan (Fleer et al., 1978). They are 
fragmented or destroyed in the circulation and in sub-
sequent passages through the spleen. Microspherocytes in
the peripheral circulation signify ongoing hemolysis, usually
through the process of IgG-mediated erythrophagocytosis.

Box 41.1
Classification of Autoimmune Hemolytic Anemia

(Gilliland, 1996)

Warm autoantibody type
1. Idiopathic
2. Secondary: lymphoma, chronic lymphocytic

leukemia, systemic lupus erythematosus, other
autoimmune disorders, ovarian tumors, chronic
inflammatory disorders

Cold autoantibody type
∑ Cold hemagglutinin disease

1. Idiopathic
2. Secondary: transient (acute)—M. pneumoniae in-

fection, infectious mononucleosis, other infections;
chronic—lymphoreticular malignancies

∑ Paroxysmal cold hemoglobinuria
1. Idiopathic
2. Secondary: viral and other infections, syphilis

Drug-induced immune hemolytic anemia
∑ Drug adsorption (hapten) type (e.g., penicillin)
∑ Drug-dependent antibody type, also referred to as

immune complex (e.g., second- or third-generation
cephalosporins)

∑ Autoimmune induction type (e.g., a-methyldopa)
∑ Nonimmunologic adsorption of protein (e.g.,

cephalothin)
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The degree of microspherocytosis correlates with the 
severity of the hemolytic process. Some warm type auto-
antibodies fix complement on the red cell; however,
complement-mediated hemolysis is unusual in warm type
AIHA. Human red cells are relatively resistant to comple-
ment lysis because of several membrane regulating proteins
that block complement activation at specific steps. Decay-
accelerating factor (DAF, CD55) acts by binding to C3 con-
vertases of both the classical and alternative complement
pathways, leading to increased spontaneous decay of C3
convertase, and thereby limiting the amount of C3 mem-
brane deposition (Fujita et al., 1986; Kinoshita et al., 1986).
CD59 is a regulatory protein which is able to bind to C8 in
the C5b-8 complex and interfere with the incorporation of
C9 (Rollins et al., 1991). CD59 also can bind to C9 in the
membrane attack complex, preventing polymerization of 
C9 and the full development of the transmembrane pore
(Rollins and Sims, 1990). Another membrane protein pro-
posed to regulate the formation of C5b-9 complex is homol-
ogous restriction factory/C8-binding protein (HRF/C8bp)
(Zalman, 1992). This protein has been reported to block C8
and C9 deposition into membranes, thereby preventing red
cell lysis.

The rate of hemolysis is dependent on several factors,
including the quantity of cell-bound IgG subclass, other cell-
bound immunoglobulin classes, the affinity of the autoanti-
body, the presence of cell-bound complement, and activated
receptors on macrophages for IgG and/or complement
(Chaplin, 1990). In addition, the chemical and physical
characteristics of the antigen on the red cell also are deter-
minants for the effectiveness of autoantibodies to cause
hemolytic anemia. Although there are exceptions, the rate of
hemolysis correlates with the amount of IgG autoantibody
on the red cell membrane, particularly in the individual
patient (Garratty and Nance, 1990; Garratty, 1991; Dubarry
et al., 1993). The quantity, however, of autoantibody re-
quired to produce hemolytic anemia varies among pa-
tients. The presence of IgA and/or IgM in association with
IgG was reported by Sokol et al. (1990) to be more likely
associated with hemolytic anemia than those cells coated
with IgG alone. IgG1 and IgG3 are most often found in
patients with active hemolysis. IgG3 was reported by Engel-
friet et al. (1981) to be commonly associated with active
hemolytic anemia. The quantity of IgG1 and/or IgG3 is an
important determinant for red cell destruction (Abramson et
al., 1970; Huber et al., 1971). When red cells were coated
with IgG1 alone or in combination with IgG2 or IgG4, 2000
or more molecules of IgG1 per red cell were necessary to
stimulate phagocytosis and rosette formation in vitro, while
an average of only 230 molecules of IgG3 per red cell were
required to produce monocyte binding (Zupa’nska et al.,
1986). When complement accompanies IgG on the red cell,
binding to monocytes in vitro was enhanced and fewer mol-
ecules of IgG were required.
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Autoantibody Characteristics

Warm type autoantibodies are usually IgG and poly-
clonal. Their restriction to the Gm allotype and/or light 
chain type has been reported (Leddy and Bakemeier, 1965;
Litwin et al., 1973). In patients with AIHA, the subclass of
IgG is most often IgG1 and frequently is the only subclass
identified on the red cell. IgG3 alone on the red cell was
reported by Engelfriet et al. (1982) in 2% of patients and in
combination with other subclasses in approximately 5%.
IgA or monomeric IgM was found in only 1% of patients
and was frequently associated with complement on the red
cell.

The specificity of many of these autoantibodies has been
thought to be directed to the Rh antigen complex. This was
based on the observation that these antibodies reacted
weakly or not at all with Rhnull red cells that lacked deter-
minants of the Rh complex. Furthermore, some autoanti-
bodies reacted with Rh antigens such as E, e, or C (Weiner
and Vos, 1963; Leddy et al., 1970; Dacie, 1975; Garratty,
1991). Rhnull cells have now been recognized to be deficient
in the membrane antigens LW and Fy, and to have decreased
amounts of U and Ss, and of glycophorin B (Dahr et al.,
1987; Avent et al., 1988). It is now appreciated that many of
these autoantibodies that did not react in the past with Rhnull

cells had specificities outside the Rh system (Celano and
Levine, 1967; Marsh et al., 1972). Red cell autoantibodies
reacting equally well with Rhnull and normal red cells have
specificities outside of the Rh system, including Wrb, Ena,
Ge, A, B, and antigens within the Kidd and Kell blood group
systems (Issitt et al., 1976; Bell and Zwicker, 1978; Marsh
et al., 1979; Mollison et al., 1993a; Garratty, 1994).

Red cell autoantibodies have been shown to be reactive
with specific membrane proteins by immunochemical tech-
niques. Some autoantibodies have been shown to recognize
red cell protein Band 4.1 or red cell membrane Band 3 gly-
coprotein (Wakui et al., 1988; Victoria et al., 1990). Red cell
protein Band 4.1 binds the spectrin–actin matrix to trans-
membrane proteins of phospholipids (Sato and Ohnishi,
1983; Anderson and Lovrien, 1984). Protein Band 3 tra-
verses the lipid membrane and functions as an anion trans-
port channel (Steck, 1978; Jennings, 1984). Victoria et al.
(1990) demonstrated the reactivity of 12 warm IgG auto-
antibodies with Band 3. Barker et al. (1992), however, were
unable to show reactivity with Band 3 with 11 eluates
obtained from patients with AIHA. Eluates did react with a
polypeptide band of 32 kDa and a band of 38–51 or 40–
51 kDa, which corresponded with a pattern produced by two
Rh-specific monoclonal antibodies. Leddy et al. (1993)
studied the autoantibodies of 20 patients and found that
these antibodies reacted with four distinct membrane pro-
teins alone or in combinations. Nine of the eluates recog-
nized Rh-containing polypeptides, five reacted strongly 
with only Band 3, and six reacted with both Band 3 and 
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glycophorins A (GPA). In a subsequent study, Leddy et al.
(1994) examined these six eluates for their reactivity with
Wr(b+) red cells because the Wrb antigen is formed by the
interaction of Band 3 and GPA (Telen and Chasis, 1990).
One eluate was found to have a specificity to Wrb, while two
had evidence of Wrb reactivity as well as other specificities,
and three did not show any reactivity to Wrb antigens. The
latter three eluates apparently reacted with an antigen(s)
dependent on the Band 3-GPA interaction, which was not
Wr(b+) related.

A naturally occurring red cell autoantibody has been
identified that recognizes an antigen on aging red cells (Kay,
1986 and 1994; Branch et al., 1984; Galili et al., 1986). The
antigen (referred to as senescent red cell antigen) has been
identified as a degradation product of Band 3 (Kay, 1975;
1986; 1994). It is speculated that these autoantibodies serve
to remove old red cells from the circulation.

Autoimmune hemolytic anemia has been associated 
with antiphospholipid autoantibodies (Cabral et al., 1990;
Arvieux et al., 1991; Sthoeger et al., 1993). Red cell eluates
were shown to have IgG anticardiolipin reactivity. These
autoantibodies may account for the antiglobulin (Coombs)-
positive hemolytic anemia found in some patients with
primary antiphospholipid syndrome or with antiphospho-
lipid syndrome secondary to SLE. It also may explain the
finding of IgG and complement on the red cells of some
patients with SLE who do not have immune hemolytic
anemia.

Antiglobulin Test

Antiglobulin tests are usually performed with a broad-
spectrum antiglobulin antiserum directed primarily against
IgG and C3. Antiserum should recognize C3d/C3dg, which
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remain on the red cell membrane after degradation of C3.
Under special circumstances, IgA and IgM antisera are used.
Three basic patterns are observed: IgG only, IgG plus 
C3, and C3 alone (Table 41.1). In various reports of warm-
reacting type AIHA (Dacie and Worlledge, 1969; Petz and
Garratty, 1980a; Engelfriet et al., 1982), IgG alone ranged
from 18 to 64%, IgG plus C3 from 34 to 65%, and comple-
ment alone from 10 to 33%. A positive indirect antiglobulin
test signifying free serum autoantibodies is not common in
the absence of a positive direct antiglobulin test (DAT). Sen-
sitivity of the indirect antiglobulin test can be increased by
using enzyme-treated donor red cells, but care must be taken
to exclude alloantibodies when interpreting the test.

Hemolytic anemia occurs in a small number of patients
with warm autoantibodies who have a negative antiglobulin
test as performed by conventional methods. The DAT re-
quires the presence of 300–500 molecules of IgG per red
cell using quantitative methods (Gilliland et al., 1971).
AIHA, therefore, can occur in some instances with levels of
IgG autoantibody below this threshold. The frequency of
antiglobulin-negative disease has been reported as 2–4% 
of patients, but with more sensitive techniques, small
amounts of red cell-bound autoantibody can be identified in
many of these patients (Chaplin, 1973; Worlledge, 1978). 

Treatment

Glucocorticoids remain the mainstay of treatment. The
initial dose is usually 40–60 mg/day given in divided doses
for the first 14 days. Patients will respond with an increase
in hematocrit and decreased hemolysis. Prednisone is grad-
ually reduced to the lowest level to maintain an adequate
hematocrit. Prednisone is thought to decrease red cell des-
truction by interfering with the monocyte–red cell interac-

TABLE 41.1 Autoimmune hemolytic anemia (Gilliland, 1996)

Type DAT Serum antibody Antibody specificity

Warm autoantibody IgG Serum antibody in ~50% with untreated Rh complex antigens in the majority; others include 
red cells LW, U, Wrb, Ena, Kidd, Kell, and Ge

IgG†

C3d
C3d*

Cold autoagglutinin C3d Pathologic cold agglutinins Mainly I, also I and Pr
1. 1 :1000 at 4°C
2. Positive at 30°C in albumin

Paroxysmal cold hemoglobinuria C3d Biphasic hemolysin antibody reacts with P
red cell in cold; hemolysis occurs 
at 37°C in presence of complement 
(fresh serum)

DAT, direct antiglobulin test.
*IgG can be detected on red cells apparently coated with C3d alone by more sensitive techniques, warm-reacting IgM antibodies also may fix comple-

ment to red cells.
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tion that occurs predominantly in the spleen and liver
(Schreiber et al., 1975; 1977; Kay and Douglas, 1977). It
also leads to a reduction of autoantibody production and
decreased binding affinity of autoantibody to red cell 
antigens (Rosse, 1971).

In patients who have not had a satisfactory response to
prednisone, splenectomy should be considered. Approxi-
mately two-thirds of patients will have a complete or partial
response to splenectomy, allowing the dose of prednisone 
to be reduced or even discontinued (Christensen, 1973;
Bowdler, 1976; Petz and Garratty, 1980b; Zupa’nska et al.,
1981). Splenectomy increases the risk of pneumococcal
sepsis, especially in children; therefore, pneumococcal
vaccine should be given prior to the surgery and in subse-
quent years (Allgood and Chaplin, 1967). 

Immunosuppressive therapy is reserved for those patients
who have not responded well to glucocorticoids and/or
splenectomy (Mueller-Eckhardt and Kretschmer, 1972;
Skinner and Schwartz, 1972; Habibi et al., 1974; Worlledge,
1974; Murphy and LoBulgio, 1976; Panceri et al., 1992). 
In patients who cannot tolerate a splenectomy, immuno-
suppressive therapy is a reasonable next step. When an
immunosuppressive agent does not lead to a reduction in the
prednisone dose after 4–6 months, other immunosuppressive
agents may be tried, including azathioprine (1–2mg/kg/
day), cyclophosphamide (1–2mg/kg/day), and chlorambucil
(0.1–0.2mg/kg/day). Cyclophosphamide can also be given
intravenously once a month as in the treatment of lupus
nephritis (Austin et al., 1986). The intervals and duration of
pulsed cyclophosphamide therapy depend on the clinical
response. The dose is 0.5–1.0g/m2 of body surface area.
Cyclosporine A (4mg/kg/day) has been reported to be effec-
tive in some patients (Hershko et al. (1990). Intravenous
gamma-globulin (IVIG) may also be effective (Macintyre 
et al., 1985; Bussel et al., 1986; Leickly and Buckley, 1987;
Blanchette et al., 1992; Flores et al., 1993). In resistant
disease, treatment with rituximab, a monoclonal anti-CD20
antibody, has been successful (Ahrens et al., 2001; Zecca et
al., 2001; Gupta et al., 2002). Another monoclonal antibody,
anti-CD52 Campath-1H (alemtuzumab), has also been ben-
eficial in some patients (Willis et al., 2001). Other forms of
treatment include danazol (Ahn, 1990; Chan and Sack,
1991; Pignon et al., 1993), antilymphocyte or antithymocyte
globulin, vincristine-loaded platelets (Ahn et al., 1983), and
plasmapheresis. Patients with chronic hemolytic anemia
should receive folic acid (1mg/day).

COLD AUTOANTIBODY TYPE

Cold-reacting red cell autoantibodies comprise 15–25%
of patients with AIHA (Dausset and Colombani, 1959; Van
Loghem et al., 1963; Dacie and Worlledge, 1969; Petz and
Garratty, 1980c; Engelfriet et al., 1982). Cold autoantibod-
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ies react optimally with red cells at 0–5∞C, but their thermal
amplitude must extend to 25–31∞C to be reactive in vivo to
cause hemolytic anemia. These temperatures are normally
encountered in the microvasculature of the skin in the distal
extremities, ears, and tip of the nose. The two types of cold
autoantibody disorders are cold hemagglutinin disease and
paroxysmal cold hemoglobinuria. Both types depend on
autoantibodies fixing and activating complement on the red
cell membrane, which leads to varying degrees of intra- and
extra-vascular hemolysis.

Cold Hemagglutinin Disease

Landsteiner (1903) described that the serum of an animal
could agglutinate its own red cells at temperatures near 0∞C.
Subsequently, Landsteiner and Levine (1926) reported that
sera from most normal persons agglutinated their own red
cells at 0∞C. The term “cold agglutinin disease” was cred-
ited to Schubothe (1952) who used this designation to 
distinguish it from paroxysmal cold hemoglobinuria. Cold
hemagglutinin disease can manifest as an acute/transient
disease, which is most often associated with infectious
mononucleosis or mycoplasma pneumonia. Young persons
are most commonly affected. The cold agglutinin in
acute/transient disease is usually a polyclonal IgM. Cold
hemagglutinin disease also occurs as a chronic disease,
found most often in persons over the age of 50. The associ-
ated cold agglutinin is usually a monoclonal IgM. Chronic
cold hemagglutinin disease occurs as a primary or idiopathic
disorder in which no underlying disease can be identified.
Cold agglutinin disease can also be associated with chronic
lymphocytic leukemia or Waldenström macroglobulinemia,
but a malignant lymphocytic disorder occurs in only a few
patients.

Patients with the chronic monoclonal cold agglutinin
disease usually present with manifestations of chronic
anemia, the most common being shortness of breath, fatigue,
and in older patients congestive heart failure. Patients may
have episodes of hemoglobinemia and hemoglobinuria 
manifested by passage of dark urine after cold exposure.
Patients who live in cooler climates may experience acro-
cyanosis of the fingers and blueness of the nose and ears
when outdoors. Raynaud phenomenon may also be a mani-
festation. Prolonged cold exposure of an extremity may lead
to vascular occlusion and gangrene. In patients with mono-
clonal IgA cold agglutinins, these cutaneous manifestations
occur in the absence of hemolytic anemia because IgA
cold agglutinins do not activate the classical complement
pathway. Mild splenomegaly is usually present. The spleen
may become enlarged during an episode of acute hemoly-
sis. A persistently enlarged spleen suggests an underlying
malignant lymphoma. Patients with secondary chronic 
cold agglutinin disease may present with features of 
lymphoma (e.g., lymphadenopathy, hepatosplenomegaly,
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anemia), and the finding of a cold agglutinin may be 
incidental.

The hemolytic anemia that develops in patients with
infectious mononucleosis or Mycoplasma pneumoniae in-
fection usually has an abrupt onset in the second or third
week of the illness. It is transient, usually disappearing in
1–2 weeks. Patients may have marked hemoglobinemia and
hemoglobinuria, which can lead to transient renal failure.
Cold agglutinins are found in approximately 45% of patients
with M. pneumoniae infections, but hemolytic anemia is
unusual. Hemolytic anemia in infectious mononucleosis 
is also uncommon. Cold agglutinins uncommonly develop 
following chicken pox or other viral infectious diseases
(Friedman and Dracker, 1992).

Pathophysiology

Cold hemagglutinins produce red cell destruction
through activation of the complement system, resulting 
in red cell destruction. The hemolytic potential of cold 
agglutinins depends on their titer and thermal amplitude,
which is the temperature in vivo at which cold agglutinins
bind to red cells and fix complement (Dacie, 1962; Evans et
al., 1968; Brown et al., 1970; Atkinson and Frank, 1974;
Jaffe et al., 1976; Rosse and Adams, 1980). The temperature
in the microvasculature of the skin in distal extremities
usually ranges from 28 to 31∞C; therefore, cold agglutinins
must be able to react with red cells at these temperatures 
in order to cause hemolytic anemia. Cold agglutinins with a
lower thermal amplitude produce significant hemolytic
anemia only when the patient is exposed to cold tempera-
tures. In patients with high titers of cold agglutinins, the
thermal amplitude is usually in the temperature range to
produce hemolytic anemia at ordinary room temperatures.
Acute episodes of hemolysis are exacerbated by cold ex-
posure. Hemolytic anemia has been reported in patients 
with low titers of IgM cold agglutinins with a higher 
thermal range (Schreiber et al., 1977; Rousey and Smith,
1990).

When IgM cold agglutinins react with red cells at sites
of cooler temperatures in the extremities, the classical com-
plement pathway is activated (Sokol et al., 1982; Frank,
1988). The binding and activation of C1 requires only one
IgM molecule to react with the red cell membrane. C1 then
activates C4 and C2 to form a C3 convertase, which in turn
activates several hundred molecules of C3 that bind to the
red cell membrane on return of the red cells to warmer body
temperatures. The subsequent binding of C5-9 leads to the
lysis of red cells. Red cell destruction to a lesser extent
occurs by the mechanism of erythrophagocytosis. Circulat-
ing red cells coated with C3b or iC3b bind, respectively, to
CR1 and CR3 receptors on macrophages, predominantly in
the liver (Berger et al., 1981–1982; Fearon and Wong,
1983). This interaction, as described previously for IgG-
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coated red cells, results in sphering and eventual destruction
of red cells (Huber et al., 1968). 

The interaction of C3b- and iC3b-coated red cells 
with CR1 and CR3 receptors, respectively, on hepatic
macrophages can produce degradation of C3 without dam-
aging red cells. C3b is degraded in iC3b by factor 1, with
factor H and CR1 acting as cofactors. Further degradation
results in the formation of C3dg and C3d. A substantial
number of C3d- and C3dg-coated red cells are then released
from the liver back into the circulation and are no longer
recognized by complement receptors (Jandl et al., 1957;
Schreiber and Frank, 1972; Lachmann et al, 1982). Red cells
with a sufficient coating of C3d and C3dg become resistant
to further interactions with cold agglutinins and to further
activation of complement, and have a normal survival
(Evans et al., 1967).

Autoantibody Characteristics

The specificity of the majority of cold agglutinins is
directed to the i/I blood group system. These antigens are
oligosaccharides and are closely related to the ABH and
Lewis blood groups (Feizi, 1977). They are also expressed
on human neutrophils, lymphocytes, and monocytes
(Pruzanski and Shumak, 1977). The adult red cells of nor-
mal individuals express predominantly I antigen. At birth,
however, cord (neonatal) red cells express i antigen, which
is gradually replaced by I antigen in the first 18 months of
life (Jenkins et al., 1960; Marsh and Jenkins, 1960; Marsh,
1961). The transformation of i to I is through the action 
of a branching enzyme on this glycoprotein (Watanabe and
Hakomori, 1976). This process occurs as red cells leave the
marrow and mature. Reticulocytes express more i antigen
than adult red cells. Stimulation of the bone marrow by
repeated phlebotomy results in the emergence of red cells
into the peripheral circulation that have more i reactivity
(Hillman and Giblett, 1965). The amount of i is inversely
proportional to the length of the transit time of red cells from
the bone marrow. A rare normal individual expresses only i
on adult red cells, indicating a lack of branching enzyme
(Race and Sanger, 1975). When the glycoprotein antigen is
extracted from the red cell membrane, cold agglutinins react
with their respective I or i antigen at 37∞C, indicating that
cold-induced conformational changes of the antigen are
required for in vivo reactivity (Rosse and Lauf, 1970; Lau
and Rosse, 1975). 

Cold agglutinins may infrequently be specific for Pr
antigen, which is so designated because of its sensitivity to
protease treatment. Cold agglutinins directed against Pr anti-
gens and other antigens outside the I/i system are recognized
by the finding that the patient’s serum reacts equally well
with adult and cord (neonatal) red cells (Roelcke, 1974;
Roelcke and Kreft, 1984). Cold agglutinins with anti-Pr
specificity will not bind to papain-treated red cells. Other
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specificities of cold agglutinins are rarely observed 
(Mollison et al., 1993b).

Molecular studies have shown that the highly restrictive
VH4–21 germline gene segment is essential for the gen-
eration of cold agglutinins with either anti-I or anti-i 
specificity (Silverman and Carson, 1990; Silberstein et al.,
1991; Pascual et al., 1992). Cold agglutinins share a
common idiotype as first shown by Williams et al. (1968).
Later, in studies using a rat monoclonal anti-idiotype anti-
body (9G4), a conformation-dependent idiotype encoded by
the VH4–21 gene segment was found in cold agglutinins
from different individuals (Pascual et al., 1992; Thompson
et al., 1991). The anti-idiotype antibody also has been 
shown to inhibit cold agglutinin activity, suggesting that it
recognizes an epitope close to the antigen-binding site
(Thompson et al., 1991). The idiotype generated by the
VH4–21 gene segment has also been identified in a high pro-
portion of circulating B-cells and marrow lymphoplasma-
cytoid cells in patients with chronic cold agglutinin disease,
and in a small proportion of B-cells in the circulation and
lymphoid tissue of normal individuals (Stevenson et al.,
1989). Cold agglutinins also have restricted light chain vari-
able gene segment expression. Anti-I cold agglutinins pref-
erentially use k light chains (Harboe et al., 1965; Capra et
al, 1972) restricted to the Vk III family (Silverman and
Carson, 1990), whereas cold agglutinins with anti-i speci-
ficity use several VL gene segment families also involving l
light chains (Feizi, 1967; Pruzanski et al., 1974; Roelcke et
al., 1974; Silberstein et al., 1991). The restriction of VL gene
segment usage may be a factor in determining anti-I or 
anti-i specificity.

Thompson et al. (1991) reported the usage of the VH4–21
gene segment by human alloantibodies against a diverse
group of red cell antigens. This would indicate that the
VH4–21 gene segment can encode IgM anti-red cell anti-
bodies having specificities to structurally diverse red cell
antigens. In addition, antibodies to exogenous carbohydrate
antigens have been shown to be encoded by a restricted set
of VH and VL genes (Adderson et al., 1992, 1993).

The characteristics and specificity of the cold agglutinins
have clinical associations. Monoclonal IgM cold agglutinins
with i specificity have been reported to be associated with
malignant lymphoma (Crisp and Pruzanski, 1982). In pa-
tients with infectious mononucleosis, the IgM cold agglu-
tinins are polyclonal and frequently have i specificity,
whereas in M. pneumoniae infection the cold agglutinins are
directed to the I antigen (Jenkins et al., 1965; Rosenfield et
al., 1965; Costea et al., 1966; Feizi and Schumacher, 1968;
Dacie and Worlledge, 1969). In some patients with infec-
tious mononucleosis or angioimmunoblastic lymphadeno-
pathy, a polyclonal nonagglutinating IgG reactive with i
antigen was shown to bind to red cells at reduced tempera-
tures. Hemagglutination observed in vitro was produced by
IgM anti-IgG autoantibodies that react with red cells coated
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with IgG anti-i in the cold (Goldberg and Barnett, 1967;
Capra et al., 1969).

Antiglobulin Test

The DAT shows only C3d or C3dg on the red cell mem-
brane (see Table 41.1). The titer of cold agglutinins in
patients with chronic cold hemagglutinin disease is usually
1:1000 or greater at 4∞C (Petz and Garratty, 1980d). When
titers are below 1:1000, the thermal range of cold agglutinins
reactivity should be determined. Cold agglutinins that are
not able to agglutinate cells in saline at 20∞C are usually not
pathologic. When agglutination is seen at 20∞C, the cold
agglutinin titer is determined at 30∞C with the red cells sus-
pended in albumin; positive results indicate that these cold
agglutinins are capable of producing hemolytic anemia in
vivo and are of clinical significance (Petz and Garratty,
1980d).

Treatment

Treatment of acute/transient cold agglutinin disease is
mainly supportive. Patients should be protected from the
cold and kept well hydrated to minimize the effects of hemo-
globin on the kidney. Corticosteroids and/or cytotoxic drugs
are usually not indicated. Transfusion should be avoided
except in life-threatening situations.

In chronic cold hemagglutinin disease treatment depends
on the degree of hemolysis and anemia. In patients with
well-compensated hemolytic anemia, no specific treatment
is required. These patients should, however, be given ap-
proximately 1 mg of folic acid/day and advised to avoid 
cold exposure, including exposure through drinking large
quantities of cold beverages. Cytotoxic drugs are reserved
for patients with more severe hemolytic anemia. The two
most commonly used drugs are cyclophosphamide and chlo-
rambucil (Dacie and Worlledge, 1969; Schubothe, 1966;
Hippe et al., 1970; Evans et al, 1973). These drugs lead to
a decrease in the amount of cold agglutinins and therefore
decreased hemolysis. Corticosteroids and splenectomy
usually are not beneficial except in those patients who have
low titers of IgM cold agglutinins with high thermal range
and in patients with IgG cold agglutinins (Silberstein et al.,
1987). They also may be beneficial in patients who have evi-
dence of red cell destruction occurring by erythrophago-
cytosis, a process that involves the spleen and is responsive 
to glucocorticoids. Plasmapheresis may provide transient
improvement (Andrzejewski et al., 1988). There are con-
flicting reports of the effectiveness of interferon-a, being
beneficial in some patients (O’Connor et al., 1989) and 
ineffective in others (Hillen and Bakker, 1994). An overall
response rate of 54% was reported in patients treated with
rituximab, a monoclonal anti-CD20 antibody (Berentsen et
al., 2004). Transfusion should be reserved for those patients
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with life-threatening degrees of anemia. The patient should
be kept warm during the transfusion and the donor red 
cells warmed to body temperature before administration
(Rosenfeld and Jagathambal, 1976). 

Paroxysmal Cold Hemoglobinuria

Paroxysmal cold hemoglobinuria (PCH) is a rare form 
of AIHA which is most commonly observed in children 
following a viral infection. Historically, Donath and 
Landsteiner (1904) were the first to describe the biphasic
hemolysis test necessary to demonstrate the presence of the
responsible autoantibody. A positive test was attributable to
a cold-reacting autohemolysin and a warm-reacting lytic
factor. Acute episodes of hemolysis following cold exposure
led to this disorder being termed “paroxysmal cold hemo-
globinuria” (Donath and Lansteiner, 1925). PCH was ini-
tially observed to be often associated with syphilis, but today
is most commonly associated with a variety of viral infec-
tions (Wolach et al., 1981; Sokol et al., 1982; Lau et al.,
1983; Göttsche et al., 1990).

Hemolytic anemia usually develops at the time when
patients are recovering from a recent upper respiratory in-
fection. Episodes are characterized by the sudden onset of
shaking chills, back and leg pain, and abdominal cramps fol-
lowed by fever which may be as high as 40∞C. Hemoglobin
is present in urine. Attacks are not always associated with
cold exposure. The constitutional symptoms usually abate
after several hours. In most cases of acute/transient PCH the
patient recovers in a few days to several weeks without
further occurrences. Severe attacks may be life-threatening.
Cold urticaria has also been associated with episodes. Renal
failure, secondary to hemolysis, may occur and anemia can
be quite severe.

Pathophysiology and Autoantibody Characteristics

The autohemolysin in PCH is termed the Donath–
Landsteiner (D–L) antibody. The autoantibody is IgG and
reacts with red cells at reduced temperatures found in the
microvasculature of extremities, resulting in fixation of the
early components of complement. Complement activation
continues as the blood returns to the warmer core tempera-
ture with eventual lysis of the red cells. In patients with the
acute transient form of disease, the D–L antibody does not
bind to the red cells in vitro at temperatures higher than
20∞C, yet hemolysis occurs even in the absence of signifi-
cant cold exposure, indicating that this antibody may react
with red cells at higher temperatures in vivo. The reason for
this is unknown. On the other hand, patients with chronic
PCH usually experience hemolysis with cold exposure,
similar to patients with cold agglutinin disease. The D–L
antibody is usually IgG and has anti-P specificity (Levine et
al., 1965; Worlledge and Rousso, 1965). The P antigen is a
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globoside. Reactivity of the D–L autoantibody with P
antigen can be inhibited by globoside and Forssman glyco-
lipids, which are found in a variety of microorganisms
(Schwarting et al., 1979). This suggests that the autoanti-
body response may be to a cross-reacting antigen present in
some microorganisms. Infections associated with PCH
include measles (also measles vaccination), mumps, 
infectious mononucleosis, chicken pox, mycoplasmal pneu-
monia, cytomegalovirus virus, Haemophilus influenzae,
Klebsiella pneumoniae, and Escherichia coli. Even though
an infectious etiology is suspected, the microorganism is
usually not identified (Vogel et al., 1972; Bird et al., 1976).

Antiglobulin Test 

The DAT shows C3d (see Table 41.1). The D–L antibody
is detected by mixing serum from the patient with donor red
cells in the presence of normal serum as a source of com-
plement (Petz and Branch, 1983). The mixture is incubated
at 4∞C and then warmed to 37∞C, resulting in hemolysis
when D–L antibody is present. The D–L antibody may
persist for several weeks to months following an acute
episode.

Treatment

PCH is usually a self-limited disease and treatment is
largely symptomatic. When transfused blood is necessary, it
should be warmed. Corticosteroids are sometimes given but
are usually of little value in this disorder.

DRUG-INDUCED IMMUNE
HEMOLYTIC ANEMIA

Drug-induced immune hemolytic anemia (IHA) has been
reported in as many as 18% of patients with AIHA (Petz and
Garratty, 1980e). The frequency of drug-induced disease
may be even higher because the association between anemia
and the drug may not be immediately evident. In addition,
patients are often on several drugs and there may be other
explanations for anemia. Another problem is that most clin-
ical laboratories are not prepared to perform tests for drug-
related antibodies. The concept of the pathogenesis of
drug-induced IHA has evolved over the past several
decades. Three mechanisms have been defined (Petz and
Garratty, 1980e): 1) drug adsorption (hapten); 2) production
of drug-dependent antibody (formerly called immune
complex/innocent bystander); and 3) induction of autoanti-
bodies (Table 41.2). In the case of some drugs, more than
one of these mechanisms may be operative. In addition,
certain drugs can produce a coating of red cells with
immunoglobulins and other serum proteins (nonimmuno-
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logic adsorption), resulting in a positive DAT but not
hemolytic anemia.

Drug Adsorption Mechanism

In the drug adsorption mechanism, drug-induced anti-
bodies react with a drug or one of its metabolic products that
is firmly bound to the red cell membrane. Penicillin is the
prototype for this mechanism of drug-induced IHA (Van
Arsdel and Gilliland, 1965; Swanson et al., 1966; Levine
and Redmond, 1967; White et al., 1968). Penicillin is one of
a few drugs that have been shown to strongly bind to the red
cell membrane and to not be removed with washing of the
red cells. Approximately 90% of patients who have been
given penicillin in the past will have IgM antipenicillin anti-
bodies, but these antibodies are not involved in the positive
antiglobulin test or hemolytic anemia (Garratty and Petz,
1975). Those patients who do develop hemolytic anemia
have an IgG antibody directed against the benzylpenicilloyl
determinant or other metabolites of penicillin (White et al.,
1968). The onset of hemolytic anemia usually occurs after
7 days of treatment but can appear shortly after the begin-
ning of treatment in patients previously sensitized to peni-
cillin. Hemolysis is usually moderate and usually subsides
once the drug is discontinued. Prednisone is usually not
required. The DAT is positive for IgG accompanied in some
instances by complement. The indirect antiglobulin test is
negative unless donor red cells coated in vitro with penicillin
are used. 

Drug-Dependent Antibody Mechanism

The drug-dependent antibody mechanism (formerly 
termed the immune complex/innocent bystander mecha-
nism) was first described by Ackroyd (1949) who observed
drug-induced thrombocytopenia following Sedormid
administration. He demonstrated that serum antibody
against Sedormid was only able to produce agglutination of
platelets in the presence of this drug. The drug could be
easily removed from the cells by conventional washing or
by dialysis against saline. He proposed that the drug tran-
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siently bound with the cell membrane protein to form an
immunogen which stimulated antibodies that recognize 
the drug as part of a drug–cell membrane protein antigen.
More recent studies have indicated that in many cases, anti-
body and drug do not bind to the red cells in a nonspecific
(innocent bystander) manner. Instead, it appears that a red
cell glycoprotein in combination with drug is the immuno-
gen for antibody stimulation and the target for antibody reac-
tivity (Mueller-Eckhardt and Salama, 1990; Salama and
Mueller-Eckhardt, 1992). Demonstration of antidrug anti-
body reactivity with red cells requires the presence of free
drug or its metabolite. Furthermore, the antidrug antibodies
plus drug may react only with red cells of a specific blood
group. 

The onset of hemolysis is usually abrupt. Hemolytic
anemia can be quite severe, manifested by hemoglobinemia
and hemoglobinuria, and complicated by real failure, shock,
and/or disseminated intravascular coagulation. Renal failure
is a common complication. Hemolysis usually subsides once
the putative drug is discontinued; however, drug-dependent
antibodies may persist for years, placing the patient at risk
for subsequent hemolysis when re-exposed to the drug. The
responsible antibodies are either IgG or IgM, which are ca-
pable of activating complement, which binds to the red cell.
The DAT is positive only for C3d as the drug and antidrug
antibody dissociate from the red cell by conventional
washing.

Autoimmune Induction Mechanism

Drugs may stimulate the production of autoantibodies,
leading to hemolytic anemia. Drug-induced autoantibodies
react with antigens intrinsic to the red cell membrane and
do not require the presence of drug for their detection. The
prototype drug is a-methyldopa. Autoantibody usually
appears after 3–6 months of a-methyldopa therapy. The
reason for the infrequency of hemolysis, even though
approximately 20% of patients develop a positive DAT, 
was addressed by Kelton (1985), who demonstrated that 
a-methyldopa impaired Fc-dependent reticuloendothelial

TABLE 41.2 Drug-induced immune hemolytic anemia (IHA) (Gilliland, 1996)

Mechanism DAT Detection of antibody Clinical features

Drug absorption, e.g., penicillin IgG Antibody reacts with drug-coated red cells; Moderate degree of hemolysis, usually
C3d* eluate reacts only with drug-coated red cells extravascular mechanism

Drug-dependent antibody type, C3d Antibody + drug + red cell Æ sensitization, Abrupt onset of severe intravascular hemolysis;
e.g., cefotetan agglutination, or hemolysis of red cells. renal failure

Antibody is IgG or IgM; eluate is negative

Autoimmune induction, e.g., IgG Autoantibodies against red cell; eluate Mild-to-moderate degree of extravascular type 
a-methyldopa reacts with red cells hemolysis

DAT, direct antiglobulin test.
*Present in approximately 40% of patients with penicillin-induced IHA.
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function. A patient who had a positive DAT and hemolysis
was shown to have normal reticuloendothelial function,
whereas patients who were DAT positive without hemolysis
or were DAT negative were found to have impaired 
reticuloendothelial function, indicating that the drug was
responsible.

The DAT may remain positive several months to years
after the drug is stopped (Worlledge, 1969b). When the pa-
tient is re-exposed to a-methyldopa after autoantibodies
have disappeared, it again takes 3–6 months for the auto-
antibody to appear. The mechanism by which a-methyldopa
induces autoantibody is not known. Initially, Worlledge et
al. (1966) and Green et al. (1980) suggested that the red cell
membrane was altered by a-methyldopa, which resulted in
autoantibodies to this neoantigen. Subsequent studies made
this unlikely. a-Methyldopa has been shown to increase
lymphocyte cyclic adenosine monophosphate, leading to 
the inhibition of suppressor T-cells (Kirtland et al., 1980)
and therefore overproduction of autoantibody-producing B-
cells. Garratty et al. (1993), however, were unable to demon-
strate depression of suppressor T-cell function.

The DAT shows IgG, occasionally accompanied by com-
plement. Serum autoantibody and eluates react with normal
red cells in the absence of free drug. The specificity of
autoantibodies has been shown to be directed to the Rh
complex (Worlledge, 1969a; LoBuglio and Jandl, 1967;
Bakemeier and Leddy, 1968). Studies by Leddy et al. (1993)
showed that autoantibodies induced by a-methyldopa rec-
ognized a 34-kDa polypeptide and a 37–55-kDa glycopro-
tein, which are both related to the Rh complex.

The degree of hemolytic anemia is usually mild to mod-
erate. Once the drug is discontinued, hemolysis usually sub-
sides within a few days, but in some cases may continue 
for several weeks to months (Ewing et al., 1968). Corti-
costeroids may be required in patients with more severe
hemolytic anemia, shortening the period of recovery. The
DAT may remain positive for several weeks or even years
after discontinuation of the drug (Worlledge, 1969b). Induc-
tion of red cell autoantibodies has also been associated with
levodopa (Henry et al., 1971; Lindstrom et al., 1977), mefe-
namic acid (Scott et al., 1968), and procainamide (Kleinman
et al., 1984). a-Methyldopa occasionally induces other im-
munopathic reactions affecting the liver, e.g., hepatitis, as
described in Chapter 53.

AUTOIMMUNITY

Most cases of primary warm type AIHA arise sponta-
neously and appear to be unrelated to a specific HLA hap-
lotype or other genetic factor. In primary or idiopathic
disease, the red cell autoantibody is usually not accompa-
nied by polyclonal gammopathy. A small number of cases
of AIHA occur in patients with disorders that have other 
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features of autoimmunity, e.g., SLE, lymphoproliferative
disorders, and inflammatory bowel disease. 

Evidence indicates that warm autoantibodies arise from
a selective process that is most likely antigen driven. Warm
type autoantibodies also have a well-defined specificity to
red cell antigen and a high binding affinity. Clonal selection
is also supported by the restriction of IgG subclasses 
and light chain types of these autoantibodies (Leddy and
Bakemeier, 1965; Litwin et al., 1973) and electrophoretic
dispersion (Andrzejewski et al., 1991). The specificity and
high binding affinity of these autoantibodies indicate
somatic mutations of immunoglobulin variable region
genes. Many of the findings in warm type AIHA are similar
to observations in New Zealand Black mice AIHA (see
below).

The emergence of anti-red cell autoantibodies is related
to the breakdown of immunologic tolerance (see Chapters 8
and 13). Autoreactive T and B cells are clonally removed in
the thymus and bone marrow (central tolerance); however,
there remain in normal individuals self-reactive 
T- and B-cells. These self-reactive cells are controlled 
by mechanisms of peripheral tolerance, including T-cell
anergy and ignorance, and by a unique population of
CD4+CD25+ lymphocytes (see Chapter 9). The anti-self
reactivity of these cells is well controlled in view of the low
incidence of positive DATs in the normal population and the
infrequency of AIHA (Pirofsky, 1969). 

T and B cells specific for self-antigens can be activated
when exposed to antigens that are normally not presented in
vivo by antigen-presenting cells (APCs). Helper T (Th) cells
from normal individuals respond in vitro to synthetic pep-
tides from the red blood cell (RBC) Rh complex (Barker and
Elson, 1995; Barker et al., 1997). The proliferation of these
T cells was blocked by anti HLA-DR antibodies. The pres-
ence of self-reactive T cells in normal individuals indicates
that these T cells escaped removal by the thymus. These T
cells respond in vitro to Rh synthetic peptides, which are
cryptic antigens not normally processed in vivo by APCs
(see Chapter 14). The T cells from normal individuals that
recognize these cryptic antigens remain inactive unless stim-
ulated by cross-reactive environmental agents and/or change
in antigen processing with presentation of these cryptic anti-
gens (Elson et al., 1995).

Natural self-reactive autoantibodies found in normal
individuals include those directed against nuclear antigens,
plasma proteins, and cell membrane components (Guilbert,
et al., 1982; Coutinho et al., 1995). In normal individuals,
IgG and IgM anti-idiotype autoantibodies directed against
natural self-reactive autoantibodies act to control the expres-
sion of these potentially pathologic autoantibodies (Hurez et
al., 1993). Self-reactive antibodies in normal individuals
have been identified that react with ABO blood groups
(Spalter et al., 1999), with the red cell anion transporter,
Band 3 (Lutz et al., 1984), and with the red cell cytoskele-
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tal protein, spectrin (Lutz and Wipf, 1982). In addition, T-
cell reactivity with the Rh polypeptide has been observed in
normal individuals (Barker and Elson, 1994). Spalter et al.
(1999) showed that purified IgG and IgM from normal indi-
viduals reacted with autologous ABO blood group antigens,
but when nonfractionated serum was used, the expression 
of these autoantibodies was restricted, suggesting an idio-
type complementary interaction between the IgG and IgM.
Similar findings were reported in a study of patients with
warm type AIHA (Stahl et al., 2000). These investigators
demonstrated that autologous IgM in patients with AIHA
was defective in restricting the reactivity of anti-red cell
autoantibodies. This study suggests that within the IgM 
population of normal individuals there are anti-idiotype 
antibodies controlling the expression of anti-red cell 
autoantibodies and their absence in patients with AIHA may
be important in the development of clinical AIHA.

The type of T-cell response and resultant cytokine profile
play a role in the pathogenesis of AIHA. Barcellini et al.
(2000), using whole blood cultures from patients with warm
type hemolytic anemia, examined the cytokine profile after
mitogen stimulation, and in parallel experiments, measured
anti-red cell antibody production after mitogen and cytokine
stimulation. In the AIHA patients, mitogen stimulation of the
whole blood culture increased the Th2 cytokines, interleukin
(IL)-4, IL-6, and IL-13, and reduced production of inter-
feron (IFN)-g, a Th1 cytokine. IFN-g along with IL-2 were
further reduced in those patients with active hemolytic
anemia. In addition, the secretion of transforming growth
factor (TGF)-b was increased in these patients. The addition
of Th2 cytokines (IL4, IL-6, IL10 and IL-13) to whole red
cell cultures from patients stimulated increased anti-red cell
antibody production and increased binding to red cells. The
production of anti-red cell antibodies also increased after
stimulation with TGF-b. These results suggest that AIHA
is mediated by a Th2 response. TGF-b may facilitate B-
cell hyperactivity and anti-red cell antibody production by
downregulating the Th1 response. Subsequent studies by
Fagiolo and Torrani-Terenzi (2002) examined the in vitro
secretion of cytokines from peripheral blood mononuclear
cells of AIHA patients, basally and after mitogen stimula-
tion. Basal secretion of IL-4 was increased, while IFN-g syn-
thesis was decreased compared to healthy controls. Also,
basal levels of IL-10 were elevated in AIHA patients and
further increased with mitogen stimulation. IL-12 levels did
not increase with mitogen stimulation. This cytokine has
been shown to promote development of Th1 cells, leading
to inhibition of antibody production. The increased levels of
Th2 cytokines and decreased levels of Th1 cytokines
suggest an imbalance of IL-10/IL-12 that leads to height-
ened Th2 cell differentiation and antibody production in
AIHA patients.

The role of CD4+CD25+ regulatory T cells (Tregs) in
AIHA has been described in a mouse model (see below).
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These regulatory cells, derived from the thymus, require
activation via their T-cell receptor (TCR) to become sup-
pressive and to inhibit proliferation of CD4+ or CD8+ T cells
(see Chapter 9). 

Molecular mimicry may be involved in the development
of transient postinfectious warm type AIHA in children fol-
lowing a brief viral illness or of cold type AIHA in adults
with acute cold hemagglutinin disease associated with
mycoplasmal pneumonia or infectious mononucleosis. Ap-
proximately 45% of patients with mycoplasmal pneumonia
develop cold agglutinins with anti-I specificity (Chanock 
et al., 1961). This close association between an infectious
microorganism and the development of a red cell autoanti-
body suggests the possibility of cross-antigenicity between
red cell antigens and membrane antigens on microorgan-
isms. Rabbits injected with M. pneumoniae were demon-
strated to develop cold agglutinins with anti-I specificity that
cross-reacted with antigenic determinants on the membrane
of the microorganism (Janney et al., 1978). Another concept
proposed is that M. pneumoniae binds to the I antigen, ren-
dering this self-antigen immunogenic. Studies have shown
that the I antigen, which is a branched oligosaccharide, has
sialic acid-containing receptors for M. pneumoniae (Loomis
et al., 1983). Injection of human I-positive red cells treated
initially with live M. pneumoniae into rabbits resulted in
enhanced elevated titers of anti-I antibodies in about 30% of
rabbits (Feizi et al, 1969). Another study, however, demon-
strated that modification of the I red cell antigen was not
required for induction of cold agglutinins with anti-I speci-
ficity (Costea et al., 1971). Injection of M. pneumoniae into
mice, which do not possess I antigen on red cells, still
resulted in the production of cold agglutinins with anti-I
specificity. Furthermore, prior incubation of I-positive
human red cells with M. pneumoniae did not enhance the
cold agglutinin response in rabbits following immunization
with these red cells. In infectious mononucleosis, cold
agglutinins may develop as a result of polyclonal stimula-
tion by Epstein–Barr virus. Why the specificity of these cold
agglutinins is frequently anti-i is not understood. Perhaps
here also molecular mimicry is involved.

ANIMAL MODELS

Several murine models have furthered our understand-
ing of AIHA. New Zealand Black (NZB) mice sponta-
neously develop AIHA (Bielschowsky et al., 1959). Red cell
autoantibodies and AIHA are not seen before the age of 3–6
months and by 15 months all mice have AIHA. These mice
also develop anti-DNA autoantibodies and renal lesions
resembling human SLE. Polyclonal B-cell activation occurs
spontaneously early in the life of the NZB mice and is char-
acterized by increased secretion of IgM and production 
of IgM anti-DNA, but no anti-mouse RBC (MRBC) 
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autoantibodies (Moutsopoulos et al., 1977; Jyonouchi and
Kincade, 1984). The development of AIHA in these mice
therefore is not a result of polyclonal B-cell activation but
requires T cells. Young Coombs-negative NZB mice (12–14
weeks old) given nondepleting monoclonal anti-CD4 over
several weeks did not develop MRBC autoantibodies
(Oliveira et al., 1994). Older female Coombs-positive NZB
mice were also given anti-CD4 for several weeks and even-
tually became Coombs negative. On withdrawal of the anti-
CD4 antibodies, anti-MRBC autoantibodies appeared in the
young mice and reappeared in the older mice.

Antigen specificity of the CD4 cells in Coombs-positive
NZB mice was shown by Perry et al. (1996) to be directed
to the membrane glycoprotein Band 3, a specificity also
found in human AIHA. In subsequent studies, Elson and
Barker (2000) and Shen et al. (1999) demonstrated that the
dominant epitope eliciting a CD4 T-cell response was the
861–874 peptide sequence of Band 3.

The transgenic mice (anti-RBC Tg) model developed by
Okamoto et al. (1992) has furthered our understanding of B-
cell autoreactivity, tolerance and the role of cytokines in
AIHA. This mouse model carries the immunoglobulin genes
that encode an anti-MRBC autoantibody isolated from the
anti-red cell autoantibody-producing hybridoma derived
from NZB mice (Ozaki et al., 1984). Approximately half 
of these mice develop AIHA, with individual mice show-
ing variable phenotypes ranging from severe disease to no
disease. The source of anti-RBC autoantibody is B-1 cells
found primarily in the peritoneum and lamina propria of
these mice. These mice do not have conventional B-cells (B-
2 cells), which reside primarily in the bone marrow, spleen,
and lymph nodes, as these cells are clonally deleted on expo-
sure to red cells. The B1 cells in the peritoneum, however,
do not come into contact with red cells and thus persist. On
injection of red cells into the peritoneum of these mice, the
B-1 cells are removed through clonal deletion by apoptosis.
Administration of lipopolysaccharide (LPS) into asympto-
matic anti-RBC Tg mice led to activation of B-1 cells and
autoantibody production, followed by AIHA (Murakami et
al., 1994). When these mice are raised under germ-free and
specific pathogen-free conditions, few peritoneal B-1 cells
are found. When these mice are placed in a conventional
environment or given LPS, there is activation and differen-
tiation of these B-1 cells into autoantibody-producing cells
and subsequent AIHA (Murakami et al., 1997). These
studies suggest that the intestinal bacteria play a role in the
stimulation of anti-red cell antibody production in these
mice, possibly by acting as an adjuvant. 

Activation and differentiation of B-1 cells into autoanti-
body-producing cells was also induced by administration of
Th2-cell-derived cytokines (Nisitani et al., 1995). To further
define the role of IL-10, Nisitani et al. (1998) crossed
RAG2-/- mice with anti-RBC Tg mice, the former lacking
mature T and B cells. These recombinant mice have few B-
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1 antibody-producing cells. The transfer of fetal thymus
from C57BL/6 mice into these recombinant mice resulted in
proliferation and differentiation of B-1 cells into antibody-
producing cells, indicating a requirement for T cells. The
requirement for T cells, however, could be bypassed by the
administration of LPS, IL-5 or IL-10. LPS was shown to
increase serum levels of IL-10. Activation of B-1 cells by
LPS, IL-5 or IL10 was blocked by administration of an 
anti-IL-10 antibody, indicating a pivotal role for this
cytokine.

Further studies by Sakiyama et al. (1999) defined the role
of IL-5 in the induction of AIHA in anti-RBC Tg mice. IL-
5 receptor a chain-deficient mice were crossed with anti-
RBC Tg mice. The number of B-1 antibody-producing cells
in the recombinant mice was negligible, although the total
number of peritoneal B-1 cells was approximately 30% that
found in anti-RBC Tg mice. When the recombinant mice
were given LPS or IL-10, the differentiation of B-1 cells into
antibody-producing cells was greatly reduced; however,
these cells still showed spontaneous proliferation. IL-5
therefore was essential for the terminal differentiation of B-
1 cell into antibody-producing cells. 

Recent studies by Mqadmi et al. (2005) demonstrated 
a critical role of CD4+CD25+ regulatory cells in a mur-
ine model of AIHA. The investigators utilized the 
Marshall/Clarke and Playfair murine model in which AIHA
is induced by repeatedly immunizing C57/B16 mice with rat
RBCs (Playfair and Marshall-Clarke, 1973). These mice
develop autoantibodies to MRBCs, as well as alloantibod-
ies to rat RBCs. Approximately 30% of these mice develop
AIHA. When these mice are depleted of CD4+CD25+ T cells
by injecting anti-CD25 prior to immunization with rat
RBCs, 90% develop AIHA. Transfusion of CD4+CD25+ T
cells but not CD4+CD25- T cells, which were purified from
the spleens of mice immunized with rat RBCs, completely
suppressed autoantibody production. When these mice were
subsequently immunized with rat RBCs, they did not make
anti-MRBC autoantibodies. They continued to produce anti-
rat alloantibodies, indicating that suppression by these cells
was autoantigen specific.

CONCLUDING REMARKS

AIHA was the first autoimmune disorder in which
autoantibodies were shown to be involved in the pathogen-
esis of the disease state. Early studies were directed to the
characterization of the putative autoantibodies and the
mechanisms of how these antibodies produced red cell
damage. Later, the specificities of anti-red cell autoanti-
bodies were defined by determining their reactivity with
antigens isolated from the red cell membrane. T cells from
AIHA patients have been shown to recognize specific blood
group antigens. The type of T-cell response and accompa-

Ch041-P595961.qxd  2/2/06  3:09 PM  Page 568



nying cytokine profile in AIHA appears to be predominantly
Th2, a pattern seen in other autoimmune diseases. Studies
have shown abnormal anti-idiotype responses in patients
with AIHA, which might lead to a loss of peripheral toler-
ance. The NZB mouse, transgenic mouse, and other animal
models have furthered our understanding of the role of
immunoregulatory T cells and the effects of cytokines in
AIHA. Selected peptides from red cell membranes have
been shown to alter the immune response to one that ame-
liorates the disease. It is possible that the administration of
such peptides might be beneficial in the treatment of AIHA.
Recent studies in a mouse model demonstrated the impor-
tance of CD4+CD25+ T reg cells for the control and induc-
tion of AIHA. These Tregs offer the possibility of novel
treatment intervention. In the treatment of warm type AIHA,
the chimeric, human, IgGk monoclonal antibody (ritux-
imab) specific for the CD20 antigen expressed on the surface
of mature B cells has been found to be effective in those
patients refractory to conventional treatment. It has also
been beneficial to a lesser extent in cold agglutinin disease.
As in other autoimmune disorders, the future research in
AIHA should be directed to the further understanding of the
intricacies of immunoregulation and the influence of genet-
ics and environment on the immune system. 
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HISTORIC BACKGROUND

The humoral nature of autoimmune thrombocytopenic
purpura (ATP) has been recognized since the seminal and
dramatic studies conducted by Harrington in the early
1950s. Prompted by the observation that pregnant women
with ATP often give birth to infants with thrombocytopenia,
he infused himself and other volunteer subjects with ATP
plasma. This resulted in the rapid onset of thrombocytopenic
purpura, followed by recovery within 6–8 days (Harrington
et al., 1951). Interestingly, only 63% of ATP plasmas studied
by Harrington were capable of inducing thrombocytopenia
in transfused recipients, indicating that platelet destruction
by autoantibody is probably not the sole effector of autoim-
mune pathogenesis. The antiplatelet factor was present in the

IgG-containing serum fraction (Shulman et al., 1965). IgG
autoantibody was first detected in the serum of ATP patients
by a platelet immunoinjury assay (Karpatkin et al., 1972a;
1972b). A quantitative immunoassay of antiplatelet antibody
was developed in 1975 (Dixon et al., 1975). In 1982, van
Leeuwen et al. (1982) demonstrated that antibody eluates
from ATP platelets bound to normal platelets, but not to
thrombasthenic platelets lacking platelet glycoprotein 
(GP) IIb and GPIIIa; similar conclusions were drawn by
Beardsley et al. (1984). Varon and Karpatkin (1983) demon-
strated the absence of binding of a monoclonal antiplatelet
GPIIb antibody to platelets of ATP patients with thrombo-
cytopenia, but the presence of binding to platelets of patients
in remission, suggesting that GPIIb is a major antigen on the
platelet surface but which is not detectable in thrombo-
cytopenic patients because it is blocked by patient antibody.
This has recently been confirmed (McMillan et al., 2002).
Direct binding of antiplatelet antibody to platelet membrane
GPIIb, GPIIIa, and GPIb has been reported using antigen-
specific assays (McMillan, 2000); however, the pathophys-
iology of these in vitro studies has not been studied in vivo,
i.e., some of the antibodies were directed against intracellu-
lar components of GPIIIa. The spleen is the predominant site
of destruction initially, as well as a major source of auto-
antibody production (McMillan et al., 1972; Karpatkin et al.,
1972b).

GENERAL FEATURES

ATP, also referred to as idiopathic thrombocytopenic
purpura (ITP) (Karpatkin, 1997), is an autoimmune condi-
tion causing platelet destruction, as documented by kinetic
studies showing shortened platelet survival and/or platelet
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production (Ballem et al., 1987). In ATP, autoantibody binds
to platelets, resulting in clearance of the opsonized platelets
by the phagocytic cells of the reticuloendothelial system
(RES) (Figure 42.1). It also crosses the placenta and can 
result in neonatal ATP (Burrows and Kelton, 1993). 

Specific criteria to establish the diagnosis are lacking
since the etiology is unknown and other causes of thrombo-
cytopenia must be ruled out. The diagnostic criteria for ATP
include: 1) thrombocytopenia and/or shortened platelet sur-
vival, as shown by kinetic studies or increased large “stress”
platelets or megathrombocytes (which represent increased
platelet turnover) (Garg et al., 1971); 2) increased (or oc-
casionally normal) numbers of megakaryocytes in the bone
marrow; 3) bound antiplatelet antibody; 4) absence of pal-
pable splenomegaly; 5) increase in platelet count in response
to corticosteroids or intravenous gamma-globulin (IVIG); 
6) history of a thrombocytopenic mother giving birth to a
thrombocytopenic infant; and 7) exclusion of other causes
of thrombocytopenia. All are usually present. 

ATP is classified as either chronic (duration longer than
6 months) or acute, with the former more common in adults
and the latter in children. Chronic ATP is more common 
in women than in men (3:1), particularly in younger adult
patients. The overall incidence based on limited epidemio-
logic data is 16–66 cases in a million (George et al., 1996;
Frederikson and Schmidt, 1999; Neylon et al., 2003). Acute
ATP in children often follows an acute viral illness in the
winter or spring. It is self-limiting, remitting within 6
months of onset, affects both sexes equally, and has an 
incidence of 1–4 cases in 100,000 (Cohn, 1976; Walker and
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Walker, 1984). Adult patients typically have a chronic and
variable course lasting more than 6 months. Spontaneous
complete remission occurs infrequently and usually in the
setting of mild ATP with or without compensated thrombo-
cytolysis (shortened platelet survival with normal platelet
count). In contrast, remissions of purpura are commonly
seen as the majority of patients will achieve a platelet count
sufficient for normal hemostasis (>30,000/mm3) sponta-
neously or with treatment. 

Coexisting autoimmune cytopenias may be seen, includ-
ing hemolytic anemia (Evans syndrome) or autoimmune
neutropenia. ATP may also be seen in association with 
other autoimmune diseases such as SLE (Rabinowitz and
Dameshek, 1960), rheumatoid arthritis, and autoimmune
thyroid disease (Hymes et al., 1981). Presence of anti-
phospholipid antibody or lupus anticoagulant is a frequent
finding in ATP but does not correlate with disease severity
or progression (Stasi et al., 1994). ATP has been reported 
in connection with lymphoproliferative diseases (Lim and
Ifthikharuddin, 1994) and has been reported after autologous
(Jillella et al., 2000) and allogeneic bone marrow transplan-
tation. A variety of infectious diseases are associated with
ATP, particularly human immunodeficiency virus (HIV) 
infection (Morris et al., 1982), but also hepatitis B and C
(Samuel et al., 1999). In 1998, Gasbarrini et al. reported that
eradication of Helicobacter pylori was associated with a sig-
nificant rise in platelet count in patients with ATP. This has
been confirmed in studies in Italian and Japanese patient
populations (Franchini and Veneri, 2004). However, lack of
correlation and response to treatment has also been reported
(Jarque et al., 2001; Michael et al., 2004). A recent review
of the published experience noted a complete or partial
response to successful eradication therapy in 101 of 191
(52.9%) ATP patients (Franchini and Veneri, 2004). The
pathophysiologic mechanism wherein H. pylori infection
contributes to the development or progression of ATP is
unknown; however, molecular mimicry of the CagA protein
may play a role (Takahashi et al., 2004). 

CLINICAL FEATURES

The clinical presentation of ATP is highly variable and
unpredictable. Patients may initially present with severe
mucocutaneous bleeding, including petechiae, ecchymoses,
and hemorrhagic bullae, signs that may herald more serious
bleeding complications. Intracranial hemorrhage is a feared
complication, although fortunately quite rare. The overall
disease-specific mortality in chronic ATP in a reviewed case
series was 0.0162–0.0389 cases per patient-year at risk
(platelet count <30,000) (Cohen et al., 2000). Significant
treatment-related mortality resulting from infections is an
important consideration (Portielje et al., 2001). Some 
patients tolerate exceedingly low platelet counts and remain

FIGURE 42.1 Monocyte (from the buffy coat of a patient with auto-
immune thrombocytopenic purpura), containing one intact platelet and,
apparently, in the process of phagocytosing another. The phagocytosed
platelet is not degranulated. P, platelet. 

Reproduced from Zucker-Franklin and Karpatkin (1977), with 
permission.
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asymptomatic for years without treatment. Putative factors
that may influence predilection to bleeding in addition to 
the severity of the thrombocytopenia may include platelet
age and size (Karpatkin, 1978), capillary vascular integrity
(Spaet, 1952), and functional inhibition of platelet mem-
brane glycoproteins by bound platelet autoantibody 
(McMillan et al., 1996).

GENETICS

Major histocompatibility complex (MHC) susceptibility
genes have been associated with chronic ATP, as well as with
treatment response to steroids or splenectomy and auto-
antibody specificity. A study in Japanese patients showed
increased prevalence of DRB1*0410 in ATP patients
(Nomura et al., 1998) and associated poor response to
steroids. Taken together, the results of numerous studies in
white and ethnic populations are inconsistent, limited by
small sample size, and at best support weak associations
between ATP and HLA class I and class II alleles.

THROMBOKINETICS

Studies evaluating platelet turnover are conflicting.
Platelet survival is often reduced to 10% of normal and has
been reported to be inversely related to antiplatelet antibody
in older studies (Najean et al., 1967; Harker, 1970; Brane-
hog et al., 1975). Turnover is increased 2 to 5 times above
normal in some studies (Harker, 1970; Branehog et al.,
1975), whereas studies using autologous platelets demon-
strated impaired production in the majority of untreated ATP
patients (Ballem et al., 1987). In this respect, binding of
antiplatelet antibody to shared antigens on megakaryocytes
may inhibit platelet production (McMillan et al., 1978). In
vitro megakaryocytopoiesis is inhibited by ATP plasma and
by monoclonal antiplatelet antibody (Chang et al., 2003;
McMillan et al., 2004). Impaired thrombopoiesis may be
clinically significant in some patients with ATP and could
explain favorable responses to thrombopoietin therapy
(Nomura et al., 2002). However, increased platelet destruc-
tion is likely to be the predominant mechanism. This is 
supported by the classical experiments of Harrington et al.
(1951), who, as described above, reported a precipitous drop
in platelet count shortly after infusion of ITP plasma into
63% of volunteers with a nadir of 4h (Figure 42.2); see also
Figure 42.3. It is unclear whether the two mechanisms
described for the induction of thrombocytopenia represent
two different autoimmune diseases or heterogeneity within
the same disease. 

Megakaryocytes are usually increased in number and size
(Garg et al., 1971). Platelets are decreased in number and
increased in volume (Garg et al., 1971). 
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Platelets

Megathrombocytes are commonly seen in ATP. They are
representative of a change in the platelet volume distribu-
tion curve and are indicative of stress platelets released upon
increased turnover of megakaryocytes (Garg et al., 1971).
Approximately 50% of ATP patients in remission have
increased megathrombocytes and increased platelet IgG,
which may reflect a compensated thrombocytolytic state
(Garg et al., 1971). An inverse relationship exists between
platelet diameter and lifespan (Branehog et al., 1975). 

AUTOANTIGENS

Specific antiplatelet antibodies targeting platelet mem-
brane glycoproteins have been described in ATP (Karpatkin
and Siskind, 1969; McMillan et al., 1972; Dixon et al., 1975;
van Leeuwen et al., 1982; Varon and Karpatkin, 1983;
Beardsley et al., 1984; Fujisawa et al., 1991; 1993; 
Kekomaki et al., 1991; McMillan, 1990; 2000; McMillan et
al., 2002). Antigen-specific antibody is detected in up to
70% of ATP patients and in most cases localizes to platelet
glycoprotein IIb–IIIa or Ib–IX complexes (McMillan,
1990). Epitope mapping to both linear and conformational
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FIGURE 42.2 Thrombocytopenic effect produced by transfusing 500 ml
of citrated blood or its plasma equivalent from 17 patients with idiopathic
thrombocytopenic purpura. Recipients were healthy laboratory workers or
patients with inoperable carcinoma; line shows mean. Platelet counts are
older, indirect measurements, which are about twice current direct 
measurements. 

Adapted from Harrington et al. (1951), with permission.
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sites on the IIb–IIIa and Ib–IX receptors has been achieved
using synthetic or recombinant peptides and phage display
libraries of random peptides (McMillan, 2000). Autoepi-
topes are frequently conformational and calcium-dependent
(Fujisawa et al., 1993). Cross-reactivity of ATP autoantibody
(sharing of epitope) has been reported, suggesting that epi-
topes are often shared or clustered, but these observations
need to be confirmed by more extensive epitope scanning
(McMillan, 2000). The cysteine-rich and intracytoplasmic
regions of GPIIIa are targets of autoantibody (Fujisawa 
et al., 1991; Kekomaki et al., 1991). Many of the IIb–IIIa
autoepitopes localize to the N-terminus of IIb (McMillan 
et al., 2002). The pathophysiologic significance of these
antigen-specific antibodies is not clear. In most cases, the
receptor function appears to be spared by bound autoanti-
body; although platelet dysfunction similar to Glanzmann
thrombasthenia (Balduini et al., 1992) and Bernard–Soulier
(Varon et al., 1992) has been reported, as has platelet acti-
vation and thrombosis (Pfueller et al., 1990). 

ANTIPLATELET ANTIBODY

Numerous immunologic assays for the detection of
antiplatelet antibody have been evaluated as potential diag-
nostic and predictive markers in ATP. Serum antiplatelet
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antibody is detected in 50% of patients (Karpatkin and
Siskind, 1969; Dixon et al., 1975; Karpatkin et al., 1992),
but results do not correlate with disease severity or response
to treatment. Platelet-associated antibody is usually IgG but
can be IgM or IgA. It is detected in a majority but not all
patients with ATP and may persist in spite of apparent 
clinical remission. However, 99% of the total platelet IgG
reflects internal stores (George and Saucerman, 1988) and is
believed to result from fluid-phase pinocytosis of serum IgG
by megakaryocytes. Platelet-associated IgG is increased 
in hypergammaglobulinemic states. Platelet-associated IgG
can also result from immune-complex deposition, which
results in relatively high levels of platelet surface IgG com-
pared to classical ATP (Walsh et al., 1984; Kurata et al.,
1985; Samuel et al., 1999), and can therefore be used to dis-
tinguish the two entities (Walsh et al., 1984; Kurata et al.,
1985; Samuel et al., 1999). IgG can also be increased in
apparent nonimmune conditions, such as sepsis and cirrho-
sis (Samuel et al., 1999). Platelet-associated IgG is increased
in ATP and correlates with disease severity (Hymes et al.,
1979; Kernoff et al., 1980). Platelet IgG is increased in many
patients with Graves’ disease and Hashimoto’s thyroiditis
(Hymes et al., 1981), and 10% of patients with ATP have
associated thyroid disease (Bechgaard, 1946; Branehog et
al., 1979). Platelet IgG is also increased in patients with 
systemic lupus erythematosus (SLE) and thrombocytopenia
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FIGURE 42.3 Effect of plasma from a patient with autoimmune idiopathic thrombocytopenic purpura (ATP) on
platelet counts in a normal and asplenic volunteer subject.

Reproduced from Shulman et al. (1965), with permission.
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(Karpatkin and Siskind, 1969; Samuel et al., 1999). Elevated
antinuclear antibody (ANA) antibody is sometimes found in
ATP, but does not correlate with the development of SLE
(Kurata et al., 1994). 

Initially, it was held that antiplatelet autoantibody was
polyclonal, although this assumption has been challenged
since much of the platelet-associated IgG is not autoanti-
body. Evidence in support of clonality of autoantibody in
chronic ATP includes the findings of clonal B-cells in blood
and spleen as well as clonal serum and platelet-associated
autoantibody (Van der Harst et al., 1990; McMillan, 2000).

Assays of antigen-specific platelet-bound antibody have
a sensitivity of 39–49%, specificity of 78–91%, and a posi-
tive predictive value of 80% (Brighton et al., 1996; Warner
et al., 1999).

In summary, serum antiplatelet antibody, platelet-
associated and platelet-surface IgG, as well as antigen-
specific assays have been developed but their clinical utility
in diagnosis and management of ATP patients remains 
controversial. 

IMMUNOPATHOGENESIS

Mechanisms of escape from normal self-tolerance that
result in autoimmunity in general and that may be applica-
ble to ATP in particular include molecular mimicry, anti-
genic determinant spreading, type 1 helper T-cell (Th1)–Th2
balance, and a skewing of the cytokine microenvironment
(Semple, 2002). In the context of pro-inflammatory
cytokines and costimulation of Th cells, autoreactive B-cells
are activated to produce platelet autoantibody, which is the
primary effector of ATP. 

Effector Mechanisms

The role of complement in the pathophysiology of
platelet destruction is unclear. Platelet-associated C3, C4,
and C9 have been detected in some ATP patients (Walsh et
al., 1984; Kurata et al., 1985) and complement-dependent
platelet lysis induced by autoantibody has been demon-
strated in vitro (Cines and Schreiber, 1979; Tsubakio et al.,
1986). Complement activation may function to enhance
phagocytosis and induce platelet lysis in vivo. 

Fc receptors for IgG (FcgR) on phagocytic cells of the
RES, particularly in the spleen, play a pivotal role in the
clearance of opsonized platelets. Clinical data and mouse
models of ATP implicate the low-affinity activating recep-
tors FcgRIIA and FcgRIIIA, which bind immune-complexed
IgG, as the primary mediators of platelet clearance. FcR
polymorphisms may influence disease susceptibility or
severity (van der Pol and van der Winkel, 1998). 
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T-cell Abnormalities

While ATP is primarily antibody mediated, antiplatelet
autoantibody production is regulated by T cells. Indeed,
abnormal T-cell proliferation and activation is a hallmark of
chronic ATP (Borkowsky and Karpatkin, 1984; Semple,
2002; 2003). T cells from ATP patients secrete IL-2 when
challenged with autologous platelets in vitro (Semple and
Friedman, 1991). Oligoclonal Th cells are detected in the
peripheral blood of ATP patients. Autoreactive T cells to
chemically modified GPIIb–IIIa are present in peripheral
blood mononuclear cell cultures derived from ATP patients,
and stimulate the in vitro production of IgG anti-GPIIb–IIIa
antibody, which is capable of binding to normal platelets
(Kuwana et al., 1998). Immunodominant epitopes have been
localized to the N-terminal regions of GPIIb and GPIIIa in
studies using recombinant fusion proteins (Kuwana et al.,
2001). Platelet autoantibody derived from splenic B cells
showed somatic hypermutation, a process that is dependent
upon T-cell help (Roark et al., 2002). 

Several studies have examined the Th-cytokine profiles
in active ATP with inconsistent results, but most studies
reveal a polarized type 1 response. Th1 cells elicit delayed-
type hypersensitivity, cell-mediated immunity, and 
production of complement-fixing IgG responses with char-
acteristic cytokine production of IL-2, IFN-g, granulocyte-
macrophage colony-stimulating factor (GM-CSF) and tumor
necrosis factor (TNF)-a (Mosmann and Coffman, 1989).
Expression of type 1 pro-inflammatory cytokines, such as 
IL-2 and IFN-g, is observed in the peripheral blood mononu-
clear cells of ATP patients with active disease. ATP remis-
sion in children was associated with a polarized type 2
cytokine response (Mouzaki et al., 2002). Alternatively, a
Th3 response with upregulation of the immunosuppressive
cytokine TGF-b has been reported in ATP patients in remis-
sion. TGF-b could exert a bystander immune suppression
effect (Andersson et al., 2000), resulting in remission, while
reduction in TGF-b production by mononuclear cells is
found in patients with active ATP (Andersson et al., 2002). 

An additional, recently established pathogenic mecha-
nism is direct T-cell-mediated cytotoxicity toward platelets
in active chronic ATP (Olsson et al., 2003). Specific platelet
lysis was observed in 6 of 8 chronic ATP patients (Olsson 
et al., 2003). DNA microarray analysis showed increased
expression of Apo-1/fas, granzyme A, granzyme B, and 
perforin in ATP patients (Olsson et al., 2003), a finding 
consistent with activation of cytotoxic T cells. Increased
expression of natural killer (NK) cell immunoglobulin-like
receptors (KIRs) was observed in T cells from ATP patients
in remission (Olsson et al., 2003). KIRs are known to inhibit
cytotoxic and NK cell responses by binding to MHC class I
(Boyington et al., 2001), and may provide an additional
molecular mechanism for immunologic remission in ATP
(Olsson et al., 2003). 
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TREATMENT

With the exception of those patients responding to
splenectomy, treatment for ATP is palliative. A normal
platelet count does not necessarily indicate eradication of
autoimmune disease, since splenectomized women with
normal platelet counts can give birth to thrombocytopenic
neonates. 

Numerous uncontrolled case series have evaluated
various treatment modalities, as summarized in the practice
guidelines from the Executive Committee of the American
Society of Hematology (George et al., 1996). The goal of
therapy is to achieve a “safe” platelet count (>30,000/mm)
(George et al., 1996; 2002). Options for the management of
symptomatic acute ATP include corticosteroids (prednisone,
methylprednisolone, or high-dose decadron), IVIG (1g/kg)
or intravenous anti-D immunoglobulin (50 mg/kg) (Stasi and
Provan, 2004). 

Splenectomy is reserved for younger patients (generally
younger than 40 years) who have had the disease for 6
months (some adult patients will remit during this interval)
and respond to prednisone or IVIG, or require >10mg of
prednisone/day to maintain a safe platelet count. The res-
ponse to splenectomy is due to the removal of an organ 
producing significant amounts of antiplatelet IgG (Karpatkin
et al., 1972b; McMillan et al., 1972). Long-term durable
responses (normal platelet counts) are achieved in 60–70%
of patients who undergo splenectomy (Kojouri et al., 
2004). 

IVIG or anti-Rh (D) antibody, like corticosteroids, tran-
siently increase the platelet count within 1 day of treatment
in most patients with severe ATP and are useful as emer-
gency therapy in addition to platelet transfusions and intra-
venous corticosteroids in the acutely bleeding patient. The
mechanism of IVIG was initially attributed to blockade of
the RES with inhibition of phagocytosis; or by anti-idiotype
antibody with resultant neutralization of pathologic anti-
platelet antibody. More recently, it has been established in
mouse models of ATP that IVIG results in both IgG recep-
tor FcgRIII blockade and upregulation of the inhibitory IgG
receptor FcgRIIb (Clynes and Ravetch, 1995), which down-
regulates phagocytic activity. Both of these mechanisms are
presumed to contribute to the therapeutic effect of IVIG. The
salutary effect of anti-D immunoglobulin for treatment of
ATP, restricted to Rh(D)-positive presplenectomy patients,
is assumed to be similar to the mechanism of IVIG, although
differences have been proposed on the basis of their distinct
patterns of cytokine responses. A proportion of newly diag-
nosed ATP patients treated with anti-D as initial therapy may
be spared splenectomy (Cooper et al., 2002; George et al.,
2003). 

There has been reported success with the anti-B-cell,
anti-CD20 antibody (rituximab) in the treatment of refrac-
tory ATP (Stasi et al., 2001; Cooper et al., 2004). There are

580 Blood Diseases

no randomized clinical trials to guide treatment of the refrac-
tory patient and no consensus of opinion. Other treatment
options for the refractory ATP patient include azathioprine,
vinca alkaloids, danazol, cyclosporine A, cytoxan, and com-
bination chemotherapy. 

Benefits of treatment must be carefully weighed against
side effects. Ongoing and encouraging investigational
approaches include the use of thrombopoietin, anti-CD154
(CD40 ligand), anti-FcgRI, the TNF inhibitor, etanercept
(McMinn et al., 2003), anti-CD25, and the CD80(B7)-
blocking agent, soluble cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4) (Stasi and Provan, 2004). 

AUTOIMMUNE
THROMBOCYTOPENIC PURPURA 

IN PREGNANCY

ATP may complicate pregnancy and it may be difficult at
times to distinguish it from benign gestational thrombocy-
topenia (Hart et al., 1986; Burrows and Kelton, 1993). Fifty
percent of mothers with ATP infants have mild transient
thrombocytopenia (Epstein et al., 1950). Five percent have
platelet counts <20,000/mm (Burrows and Kelton, 1993).
The duration of thrombocytopenia averages 3–4 weeks but
can last up to 3 months. Bleeding complications are rare
(Burrows and Kelton, 1990). ATP in pregnancy is treated
with corticosteroids or IVIG. Splenectomy is usually de-
ferred until after the pregnancy. Little correlation is observed
between the mother’s platelet count and that of the fetus
(Scott et al., 1983).

HUMAN IMMUNODEFICIENCY
VIRUS-ASSOCIATED

THROMBOCYTOPENIC PURPURA

HIV-seropositive individuals may develop ATP early in
the course of the infection or late in the course of the disease
(Najean and Rain, 1994), and is seen in sexually-active
homosexuals, hemophiliacs, and intravenous drug abusers
and their heterosexual partners (Morris et al., 1982; Ratnoff
et al., 1983; Walsh et al., 1984; 1985; Kurata et al., 1985;
Savona et al., 1985; Karpatkin et al., 1988; 1995). The
disease is clinically indistinguishable from classical ATP but
differs with respect to male predominance and markedly
increased platelet-associated IgG, IgM, and C3C4, and cir-
culating immune complexes (Walsh et al., 1984; Kurata 
et al., 1985). Impaired platelet production is also seen with
acquired immunodeficiency syndrome (AIDS). Increases 
in platelet count may be seen with antiretroviral therapy
(Hymes et al., 1988). Patients with HIV-TP have an 
immunodominant epitope GPIIIa49–66 (Nardi et al., 1997).
Serum anti-GPIIIa49–66 correlates inversely with platelet
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count and is enriched in circulating immune complexes
(Karpatkin et al., 1995; Nardi et al., 1997). Antibody
directed against the epitope induces thrombocytopenia and
platelet fragmentation in mice, as well as human platelet
fragmentation (Figure 42.4). Platelet fragmentation occurs
by a unique complement-independent mechanism triggered
by antibody-induced production of reactive oxygen species
via both platelet NADPH oxidase and 12-lipoxygenase path-
ways (Nardi et al., 2001; 2004). Platelet destruction is likely
to be due to a combination of platelet fragmentation and
clearance by phagocytic cells. There is recent evidence that
the antibody against the immunodominant epitope is sec-
ondary to molecular mimicry, i.e. cross-reactivity with HIV
peptides gag and nef (Li et al., 2003).

CONCLUSION

ATP is an immunologic platelet disorder of exclusion, the
etiology of which is unknown. It is unclear whether this rep-
resents a single disorder or multiple disorders. This is sup-
ported by observations that some patients have predominant
increased peripheral platelet destruction whereas others
have decreased platelet production, and still others have
both. Antibody against platelets and megakaryocytes could
explain this apparent heterogeneity—yet why one predomi-
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nates in some patients and another in other patients is
unclear.

In this respect, the work of Olsson et al. (2003) on the
role of NK cells and cytotoxic T-cells against platelets is
intriguing. They also noted a counterbalanced expression of
the inhibitors of cytotoxic T- and NK cell receptors, called
KIRs, in patients in remission. The role of T-cell-mediated
in platelet destruction is also unclear and deserves to be
studied. 

Treatment responses cytotoxicity appear to be heteroge-
neous. Whereas most patients respond to antiphagocytic
agents [steroids, danazol, IVIG, and anti-Rh(D)], others
require immunosuppression with imuran, cytoxan, or
cyclosporine, and still others do not appear to respond at
all—yet have responded in the past. In addition, some
patients will respond to steroids and not to IVIG, whereas
others will respond to IVIG but not to steroids. The response
to splenectomy is also variable. Some patients, particularly
younger ones (under 40 years) who respond to steroids will
respond to splenectomy, while older patients tend to be less
responsive. Perhaps this relates to the fact that the spleen is
an organ of platelet antibody production as well as platelet
phagocytosis in younger patients but not in older ones. Older
nonresponsive patients could have hepatic destruction of
platelets, or antibody production from other organs.

The significance of platelet-associated antibody or
platelet surface antibody is also unclear. These measure-
ments are useful in distinguishing diseases with immune-
complex-associated thrombocytopenia, such as SLE,
HIV-1-TP or hepatitis, from classical ATP. The platelet anti-
body levels do not appear to be related to disease severity.
However, in some situations they improve and/or disappear
with successful treatment.

Finally, the etiology is also unclear. One possible clue is
the frequent onset of childhood acute ATP following a viral
infection, as well as the occasional stable chronic ATP adult
patient who becomes severely thrombocytopenic following
a viral infection. Molecular mimicry may also play a role.
Recent reports of the association of Epstein–Barr virus with
SLE secondary to the sharing of an EBNA-1/SLE-Ro anti-
gen (McClain et al., 2005), cross-reactivity of H. pylori
CagA protein with platelets (Takahashi et al., 2004), and the
cross-reactivity of HIV-1-TP antibody against HIV-1-
nef protein with platelet GPIIIa49–66 (Li et al., 2005) are
intriguing. In the later report, induction of murine thrombo-
cytopenia could be induced with antibody against these 
HIV-1 peptides.

Recent developments in our understanding of a new
mechanism for platelet destruction in HIV-1-TP is intri-
guing. Patients with antibody against platelet integrin
GPIIIa49–66 undergo oxidative damage and platelet frag-
mentation through the activation of platelet 12-lipoxygenase
and NADPH oxidase. It will be of interest to determine
whether other platelet immunologic disorders associated

FIGURE 42.4 Electron microscopy of damaged platelets treated with
anti-GPIIIa49–66 antibody. Patient sample at 4h showing degenerating
platelets and disintegration of the cell membrane. None of these changes
was present in IgG controls at 4 h. Original magnification: ¥40,000.
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with circulating immune complexes might have a similar
mechanism.
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HISTORIC BACKGROUND

In 1926, Doan observed that sera from some patients
agglutinated leukocytes from other individuals. Subsequent
work by Dausset and Nenna (1952), Moeschlin and Wagner
(1952), and Goudsmit and van Loghem (1953) laid the 
foundation for leukocyte immunology. Further progress in
the field came with the discovery that leukocyte antibodies
develop during pregnancy (Payne and Rolfs, 1958; van
Rood et al., 1959), and that fetal–maternal neutrophil incom-
patibility causes neonatal neutropenia (Lalezari et al., 1960).
Cooperative research on leukocyte immunology, initiated 
in 1964, then led to the discovery of the HLA system. The
finding that certain leukocyte antigens were exclusively
expressed on neutrophils (Lalezari and Bernard, 1966) sep-
arated immunology of neutrophils from histocompatibility,
where the cells of interest are the lymphocytes. 

In early reports on autoimmune neutropenia, Moeschlin
and Wagner (1952) and Butler (1958) showed that infusion
of plasma from neutropenic patients into normal recipients

caused leukopenia. Boxer and Stossel (1974) designed novel
techniques for detection of neutrophil antibodies, and auto-
antibodies in autoimmune neutropenia of infancy were
shown to be directed against neutrophil-specific antigens
(Lalezari et al., 1975). 

Since the first edition of The Autoimmune Diseases two
decades ago, new information has become available on 
the structure, function, and genetic control of neutrophil-
specific antigens, the main targets of neutrophil autoimmu-
nity. New serologic methods for antibody detection have
been developed, and the use of colony-stimulating factors
has had major impact on the management of the disease. 

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

The levels of blood cells in the circulation are determined
by the rate of their production and destruction. Neutrophil
levels are also influenced by their large marginal pool. Neu-
tropenia is defined by the fall of absolute neutrophil and
band forms below 1.5 ¥ 109/L. Immunologically-induced
neutropenias are probably as common as the more familiar
autoimmune disorders of red cells and platelets, with clini-
cal manifestations varying from being asymptomatic to
severe forms complicated by overwhelming sepsis. Most
patients develop intermittent mucocutaneous infections.
Splenomegaly is an exception rather than the rule, and the
hematologic profile is that of selective absence or reduction
in the number of neutrophils, while monocytes, eosinophils,
and basophils are either normal or increased. Lymphocyte
counts are normal or occasionally reduced. Platelets are
normal, and a mild anemia together with hypergammaglob-
ulinemia may exist due to persistent infections in chronic
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forms. Bone marrow shows myeloid hyperplasia with a 
distinctly diminished number of mature cells, resembling
“maturation arrest.” Autoimmune neutropenia is divided
into primary and secondary forms, depending on whether or
not neutropenia is part of a complex autoimmune disease.
In the primary forms, “autoimmune neutropenia of infancy
(AINI)” is distinct from the adult forms. 

Autoimmune Neutropenia of Infancy

Since the first reports (Boxer et al., 1975; Lalezari et al.,
1975), many cases with identical features have been re-
ported (Bux et al., 1998; McCullough et al., 1988). AINI is
characterized by a severe neutropenia diagnosed when
infants are about 5–7 months old. Neutropenia is commonly
associated with bacterial or fungal infections, and sponta-
neous recovery within 1–4 years is the rule. Diagnosis is
made by demonstrating neutrophil-bound and circulating
antineutrophil antibodies. In many cases, the antibodies are
directed against neutrophil-specific antigens (Lalezari et al.,
1986). The cause of AINI remains unclear. The disease may
represent a “physiologic state” where the autologous anti-
gens, or the antigens shared with the mother, provoke an
immune response in an infant in whom the immune regula-
tory system is underdeveloped. The process reverses when
the child’s regulatory mechanism reaches maturity. A long-
term follow-up of AINI has confirmed that affected children
remain immunologically normal after recovery. On rare
occasions, patients remain chronically and severely neutro-
penic. These patients represent a subgroup of true auto-
immune disease, similar to the chronic forms seen in adults
and adolescents. 

Primary Autoimmune Neutropenias of
Adults and Adolescents

Neutropenia in adults and adolescents is often a chronic
and debilitating disease with a preponderance in females. 
In pregnant women, the infants may develop transient 
neutropenia (Stefanini et al., 1958). The acute forms are 
relatively rare and are self-limited. Little information is
available on the specificities of the antibodies in the adult
forms of autoimmune neutropenia. In a report by 
McCullough et al. (1988), the antibody had partial speci-
ficity for NA1, the first neutrophil-specific antigen. We 
documented NA1 specificity in a 73-year-old man who had
acute neutropenia. The patient had a past history of sar-
coidosis and had not received transfusion of blood or blood
products. He suddenly developed fever, pharyngitis, and a
severe gingivitis. His leukocyte count was below 800/ml
with absent neutrophils. Platelets were normal but he had a
mild anemia. All other laboratory data were normal except
for a positive test for antinuclear antibodies. Bone marrow
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was hyperplastic but mature neutrophils were absent. After
15 days of persistent severe neutropenia, treatment with
prednisone was initiated and continued for 3.5 months.
Within 10 days after the start of treatment, the neutrophil
count rose to 12,000/ml and remained normal. The blood
sample obtained before prednisone treatment contained a
strong agglutinating antibody that reacted with neutrophils
from all 28 NA1-positive donors and none of the 12 NA1-
negative donors. The blood samples obtained 3 and 6
months after recovery did not react with neutrophils from
any of 30 donors tested. The patient’s neutrophils, obtained
after recovery, were typed as NA1/NA2 and reacted strongly
with the autologous serum obtained during the neutropenic
phase, but not with the recovery samples. It is of interest that
the target of the autoantibody was NA1 and not NA2, the
allele also expressed. 

Secondary Autoimmune Neutropenias

Association of neutropenia with autoimmune hemolytic
anemia or thrombocytopenia is not uncommon, as in Evans
syndrome (Evans et al., 1951). A special combination, which
we have designated “alternating autoimmune hemocytope-
nia,” is characterized by being multiphasic. Initially, cyto-
penia is limited to either thrombocytopenia, neutropenia or
hemolytic anemia, and responds to treatment. After an inter-
val, which may last from months to years, the autoimmune
process recurs, this time involving another cell type. Al-
ternation between neutropenia, hemolytic anemia, and
thrombocytopenia continues for several years, and eventu-
ally a combination prevails that is severe and resistant to
treatment. 

Nonhematologic autoimmune disorders associated with
neutropenia include systemic lupus erythematosus (SLE),
Sjögren syndrome, Graves’ disease, rheumatoid arthritis,
lymphoproliferative disorders (e.g., T-cell and hairy cell
leukemia), Felty syndrome, common variable immunodefi-
ciency, and immune complex diseases. Coppo et al. (2004)
have reported 9 patients with secondary neutropenia who
had antineutrophil cytoplasmic antibodies (ANCAs). Many
infectious diseases are associated with neutropenia, which
may be due to myelosuppression, especially in infants who
have a small bone marrow reserve. In viral diseases such as
mycoplasma pneumonia and infectious mononucleosis,
cold-reacting antibodies are likely to be a contributory factor.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

NA and NB neutrophil-specific antigens are often the
target of autoantibodies in autoimmune neutropenias. These
antigens are anchored to the outer leaflet of the lipid bilayer
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of neutrophils via a glycosyl phosphatidyl inositol structure.
The NA gene has been mapped to chromosome 1q22 and is
the low-affinity receptor for IgG (FcgRlll) (Ory et al., 1989).
The alleles of the NA gene are NA1, NA2, and SH (Bux et
al., 1997). Some rare individuals lack both NA1 and NA2
and are called NAnull. It is not clear whether NAnull represents
the lack of the NA gene or a mutant that fails to react with
the currently available typing reagents. The NB antigen is
expressed on CD177 glycoprotein (Stroncek et al., 2001)
and its gene is located on chromosome 19 at 19q13.2 (Kissel
et al., 2001). Recently, a glycoprotein called PRV-1 has been
identified and has been shown to be overexpressed in poly-
cythemia vera, in some essential thrombocythemic patients,
and during pregnancy (Temerinac et al., 2000). Caruccio 
et al. (2004) have provided evidence that PRV-1, which
belongs to the LY6/snake toxin gene and differs from NB1
in four nucleotides, is an allele of NB1, although the possi-
bility of a gene duplication has not been excluded. The i and
I antigens, which are known to react with cold agglutinins,
are also expressed on neutrophils and platelets, and in high
titers their antibodies can cause neutropenia and thrombo-
cytopenia (Lalezari and Murphy, 1967; Markenson et al.,
1975). The antigens that react with ANCA (Hagen et al.,
1993) and may be involved in secondary autoimmune neu-
tropenias are intracellular neutrophil proteins, such as pro-
teinase 3, elastase, myeloperoxidase, lysozyme lactoferrin,
catepsin G, azurocidin, and bactericidal/permeability-in-
creasing protein.

MECHANISMS OF 
CELL DESTRUCTION

Most information on the mechanisms of neutrophil des-
truction in immunologic diseases is based on laboratory
observations, and the relevance to in vivo events has not
been established. Neutrophils usually respond to their anti-
bodies by agglutination, which, unlike with red cells, is an
active process requiring living cells. Neutrophils also aggre-
gate in the presence of the activated complement and adhere
to endothelial cells (Jacob et al., 1980). Some neutrophil
antibodies are known to activate the complement system,
and thereby initiate complement-induced neutrophil aggre-
gation. Thus, the in vivo neutrophil aggregation may be a
mechanism for neutrophil removal in some autoimmune
neutropenias. 

Boxer and Stossel (1974) have shown that neutrophils
coated with auto- or allo-antibodies can stimulate phago-
cytic cells. Leukophagocytosis is seen in the spleen of some
patients with autoimmune neutropenia and indicates that this
organ is a location for the clearance of opsonized neu-
trophils. Using 111In-radiolabeling techniques, McCullough
et al. (1988) have shown that neutrophils are not cleared at
any selective site, but are removed by phagocytic cells dis-
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tributed in many tissues. Cytotoxicity, either complement-
mediated or antibody-dependent cell-mediated, has been
shown in vitro by dye exclusion or the release of 51Cr. 
Inhibition of colony-forming unit (CFU)-C colonies by lym-
phocytes from neutropenic patients has been demonstrated
in Felty syndrome, rheumatoid disorders, and SLE. The
mechanism of this suppression is not clear. Neutrophils 
bind circulating immunoglobulins. This binding, especially
when high levels of immune complexes exist, may not be
innocuous and may lead to neutropenia, either by comple-
ment activation or by phagocytosis. Many patients with
known immune complex diseases, however, are not neu-
tropenic. Neutropenia in acquired immune deficiency syn-
drome (AIDS) may be due to myelosuppression or to
immune complexes. A positive test for a high level of 
neutrophil-bound immunoglobulins is a common finding in
AIDS patients. 

Many drugs cause dose-dependent neutropenia due to
myelotoxicity and interference with protein synthesis and
cell replication. Some drug-induced neutropenias are not
dose related and are considered to be immunologic in origin.
In rare cases, the antibodies or the suppressor cells are
directed against progenitor cells, causing pure white cell
aplasia (Levitt, 1983). 

Finally, alteration of neutrophil functions may result from
reaction with autoantibodies. Thus far, the functional con-
sequences of the binding of autoantibodies to Fc receptors
or to NB1 have remained unknown. The report by Kramer
et al. (1980) exemplifies the inhibition of neutrophil motil-
ity by an IgG autoantibody, causing a non-neutropenic clin-
ical condition indistinguishable from chronic neutropenic
states. Thus, neutrophil dysfunction may explain the sever-
ity of clinical manifestations in cases where symptoms are
disproportionate to the number of neutrophils. 

LABORATORY DIAGNOSIS

Techniques available for detection of neutrophil anti-
bodies have been summarized elsewhere (McCullogh et al.,
1988). In autoimmune neutropenia, as in other autoimmune
diseases, direct examination of the target cells should be
most relevant. Because of limitations in obtaining adequate
number of neutrophils, however, it is often necessary to use
indirect techniques. One exception may be the immunoflu-
orescence (IF) test (Verheugt et al., 1977), which requires
fewer cells. In addition, by using labeled antiglobulin re-
agents and flow cytometry, IF allows determination of the
class and subclass of antibodies. Despite these technical
advances, the tests for autoimmune neutropenia have many
shortcomings. In the IF, as it is used with microscopic aid,
neutrophils should be differentiated from the frequently
present monocytes that give strong reactions with dye-
labeled antihuman immunoglobulin reagents. In addition,
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neutrophils of patients who receive granulocyte–colony-
stimulating factor (G-CSF) treatment overexpress Fc recep-
tors, leading to a nonspecific positive direct IF. 

Among the indirect tests, reliable neutrophil agglu-
tination can be obtained only in the presence of EDTA,
which prevents spontaneous neutrophil aggregation. Unfor-
tunately, the EDTA-dependent agglutination test is more
sensitive for detection of alloantibodies, and autoantibodies
may be missed if the required incubation period is shortened.
Cytotoxic antibodies are less useful, because sera from
many non-neutropenic, normal individuals produce a posi-
tive reaction, and the results can be considered positive only
if high titers are obtained. Enthusiasm for the tests based 
on opsonization and inhibition of phagocytosis is tempered
by their complexity. Moreover, examples of strong aggluti-
nating antibodies have been found in severe cases of allo-
immune neonatal neutropenias that have failed to cause
neutrophil opsonization. The quantitative immunoglobulin
assays also have limitations because of the presence of large
amounts of immunoglobulins on normal neutrophils, and
potential difficulties in distinguishing specific antibodies.
MAIGA (monoclonal antibody immobilization of granulo-
cyte antigens) has been a successful method for defining
neutrophil antigens (Metcalfe and Waters, 1992). Unfortu-
nately, unlike hemoglobin in hemolytic anemia, simple and
reliable markers for in vivo neutrophil lysis are not avail-
able. For this purpose, measurement of the released neu-
trophil lysozyme (Boxer et al., 1975) has had limited clinical
value. 

Considering the difficulties in detecting neutrophil anti-
bodies, multiple techniques must often be used. The obser-
vations on a possible role for ANCA in neutropenia suggest
that in secondary cases, and when antibodies to surface anti-
gens are not found, tests for ANCA should be included in
the diagnostic work-up.

TREATMENT

The introduction of CSFs has changed the outcome of all
neutropenias, including autoimmune forms. Many patients
with primary autoimmune neutropenia, especially children,
tolerate the condition well and need antibiotics and other
treatments only for the management of intercurrent 
infections. 

Splenectomy and steroid therapy are not as effective as
they are in autoimmune hemolytic anemia and thrombo-
cytopenia. These differences may reflect pathophysiologic
features unique to neutrophils, especially the multiplicity 
of mechanisms involved in their destruction. It may be 
reasoned that neutrophil destruction by cytotoxicity, 
aggregation, and embolization is unlikely to be affected by
splenectomy. Steroids are not fully effective when phago-
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cytosis by macrophages plays an essential role. Neutropenic
patients often have chronic infection, which activates
macrophages. Activated macrophages are known to be more
destructive and less susceptible to inhibition by steroids.
Despite these shortcomings, and before the introduction 
of CSFs, when there were no alternative treatments, most
severe cases of chronic neutropenia were treated with
steroids and some with splenectomy. Some patients were
subjected to plasmaphereses with doubtful results, and in
some cases, granulocytes obtained from compatible normal
donors were transfused. In one example, repeated transfu-
sions of NA2-negative neutrophils controlled the lung and
brain abscesses in a 12-year-old boy who had a severe neu-
tropenia due to anti-NA2 autoantibody. Unfortunately, after
multiple transfusions, the patient developed resistance and
succumbed to infection. Another modality is intravenous
gamma-globulin, which temporarily reverses neutropenia
(Bussel et al., 1988). These treatments should be considered
in rare cases where G-CSF is not effective. 

The effectiveness of G-CSF may be due to increased neu-
trophil production and mobilization of the marginal pool,
which may result in consumption of the antibodies by mass
action. Plausible though this hypothesis may be, alternative
mechanisms such as an increase in the expression of neu-
trophil antigens or suppression of the lymphoid system
cannot be excluded. The dose of G-CSF must be individu-
alized. Most patients do not require more than 2 to 3 sub-
cutaneous injections at 2.5 ± 1mg/kg. The treatment should
be given only for control of complications and in prepara-
tion for surgical procedures. 

PERSPECTIVES AND 
FUTURE DIRECTIONS

CSFs have become the treatment of choice for neutro-
penias regardless of their etiology. Because of this, and for
economic considerations, an increasing number of physi-
cians avoid laboratory work-up. Consequently, availability
of clinical material for research has noticeably diminished,
and in the past two decades few new antigens have been dis-
covered and it has not been possible to confirm several anti-
gens described by single examples. By contrast, the shift of
research to molecular biology has led to much progress in
our understanding of the molecular genetics of neutrophil
antigens. Further research on the function of neutrophil 
antigens, especially on the possible role of NB1/PRV-1 
glycoprotein in hematopoiesis, is likely to reveal that
autoantibodies against these antigens have consequences
beyond the obvious numerical reduction of neutrophils. At
the clinical level, more research on secondary autoimmune
neutropenias and the potential role of ANCAs and their
targets may produce valuable new information.
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Aplastic anemia may be congenital or acquired. The
acquired form represents over 90% of cases and usually
results from an autoimmune attack against hematopoietic
stem cells. Congenital forms of aplastic anemia are not due
to autoimmunity, but it is important to recognize these dis-
orders since they do not respond to immunosuppressive
therapy. Congenital aplastic anemia tends to present in the
first decade of life and is often, but not always, associated
with other physical anomalies. Fanconi anemia, the most
common form of congenital bone marrow failure, predis-
poses to cancer and is frequently associated with other con-
genital abnormalities, including short stature, upper limb
anomalies, hypogonadism, and café-au-lait spots (Bagby,
2003). Dyskeratosis congenital (DKC) is another congenital
bone marrow failure disorder that can be either X-linked
recessive, autosomal dominant, or autosomal recessive
(Dokal and Vulliamy, 2003). The X-linked recessive form
results from mutations in the gene DKC1 whose gene
product, dyskerin, is important for stabilizing telomerase.

The resulting telomerase deficiency leads to bone marrow
failure and premature aging. The autosomal-dominant 
form of DKC results from hTERC gene mutations, the RNA
component of telomerase. This chapter will focus on the
acquired form of aplastic anemia.

HISTORIC BACKGROUND

The earliest case description of acquired aplastic anemia
was by Dr Paul Ehrlich in 1888. He described a young
woman who died following an abrupt illness characterized
by severe anemia, bleeding, high fever, and a markedly
hypocellular bone marrow. The term aplastic anemia was
first introduced in 1904 by Chauffard. Until the early 1970s,
most patients with severe aplastic anemia died within a year
of diagnosis. The advent of potent immunosuppressive 
treatments, particularly antithymocyte globulin (ATG) and
allogeneic bone marrow transplantation (BMT), markedly
improved the outcome of these patients and prompted vig-
orous clinical and laboratory investigation. These studies
have generated important insight into hematopoietic stem
cell biology, immunology, and autoimmunity. A patient with
aplastic anemia became the first long-term survivor after
receiving an allogeneic BMT in 1972. Today, the majority
of patients survive this potentially devastating autoimmune
disorder.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Aplastic anemia manifests as pancytopenia in conjunc-
tion with a hypocellular bone marrow. The disease may
present abruptly (over days) or insidiously (over weeks to
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months). The most common clinical manifestations reflect
the low blood counts and include dyspnea on exertion,
fatigue, easy bruising, petechia, epistaxis, gingival bleeding,
heavy menses, headaches, and fever. The primary diagnos-
tic procedure, in addition to a complete blood count, leuko-
cyte differential, and reticulocyte count is the bone marrow
aspirate and biopsy (>1 cm core). Flow cytometry on peri-
pheral blood and cytogenetics should be performed on the
bone marrow aspirate to rule out paroxysmal nocturnal
hemoglobinuria (PNH) (Hall and Rosse, 1996; Brodsky et
al., 2000) and hypoplastic myelodysplastic syndromes
(hMDS). Patients under the age of 40 years should be
screened for Fanconi anemia using the clastogenic agents
diepoxybutane or mitomycin C (Bagby, 2003).

A hypocellular bone marrow is required for the diagno-
sis of aplastic anemia. However, most patients will have
residual pockets of ongoing hematopoiesis; thus, an ade-
quate biopsy is essential for establishing the diagnosis, as
spicules from the aspirate may be surprisingly cellular given
the degree of hypocellularity on the biopsy. Dyserythro-
poiesis is not uncommon in aplastic anemia, especially in
cases with coincidental small-to-moderate PNH popula-
tions; however, a small percentage of myeloid blasts, or dys-
plastic features in the myeloid or megakaryocyte lineages,
is more typical of hMDS. CD34 is expressed on early
hematopoietic progenitors and the number of CD34+ cells
has also been used to help discriminate between aplastic
anemia and hMDS. In aplastic anemia the percentage of
cells expressing CD34 is usually <0.1%; in hMDS the CD34
count is either normal (0.5–1.0%) or elevated (Orazi et al.,
1997).

As with other autoimmune diseases, there is a wide spec-
trum of disease severity in aplastic anemia. The prognosis
in aplastic anemia is proportional to the quantitative depres-
sion of peripheral blood counts, most notably the absolute
neutrophil count. Accordingly, aplastic anemia is classified
as nonsevere, severe, and very severe based largely upon the
degree of neutropenia (Table 44.1). The 2-year mortality rate
with supportive care alone for patients with severe or very
severe aplastic anemia approaches 80% (Camitta et al.,
1979), with invasive fungal infections and overwhelming
bacterial sepsis being the most frequent causes of death.
Nonsevere aplastic anemia is seldom life-threatening and 
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in many instances requires no therapy. Although some 
cases of nonsevere aplastic anemia will progress, many 
will remain stable for years, and some may spontaneously
improve.

Epidemiologic data are sparse. Precise estimates of inci-
dence and prevalence of aplastic anemia are confounded by
its rarity, imprecision in establishing the diagnosis, and dif-
ficulty in identifying the onset of the disorder. The best esti-
mates of incidence are from case–control studies, which
report an incidence of 2 cases in a million inhabitants in
Europe (Kaufman et al., 1991) and Israel (Modan et al.,
1975), but the incidence may be two- to three-fold higher in
South-East Asia (Szklo et al., 1985; Issaragrisil et al.,
1997b). The disease most commonly affects children and
young adults but may occur at any age. Acquired aplastic
anemia has been associated with drugs, benzene exposure,
insecticides, viruses, and other agents. However, over 80%
of cases are classified as idiopathic since no etiologic agent
is identified (Issaragrisil et al., 1997b; Bacigalupo et al.,
2000b). A population-based case–control study of aplastic
anemia in Thailand found that drugs, the most commonly
implicated etiology, explain only 5% of newly diagnosed
cases (Issaragrisil et al., 1997b).

AUTOIMMUNE FEATURES AND
PATHOGENIC MECHANISMS

Aplastic anemia was originally thought to result from a
quantitative deficiency of hematopoietic stem cells precipi-
tated by a direct toxic effect on stem cells. However,
attempts to treat aplastic anemia by simple transfusion of
bone marrow from an identical twin failed to reconstitute
hematopoieisis in most patients. Retransplant of many of
these patients following a high-dose cyclophosphamide
preparative regimen was successful, suggesting that the
pathophysiology of aplastic anemia was more intricate
(Champlin et al., 1984; Hintererger et al., 1997). 

In the late 1960s, Mathé et al. (1970) were among the
first to postulate an immune basis for aplastic anemia. They
performed BMT in patients with aplastic anemia using 
partially mismatched donors after administering antilym-
phocyte globulin as an immunosuppressive conditioning

TABLE 44.1 Aplastic anemia: diagnosis and definitions. Bone marrow cellularity must be <25%
to diagnose aplastic anemia

Nonsevere aplastic anemia Very severe aplastic anemia 
(not meeting criteria for Severe aplastic anemia (meets criteria for severe disease 

Peripheral blood counts severe disease) (any 2 of 3 criteria below) and absolute neutrophils <200)

Absolute neutrophils <500/ml <200/ml
Platelets <20,000/ml
Reticulocyte count <1.0% corrected or <60,000/ml
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regimen. Although the patients failed to engraft, the inves-
tigators witnessed autologous recovery of hematopoiesis in
some patients. This suggested that functional hematopoietic
stem cells existed in aplastic anemia patients and that the
immune system was somehow suppressing their growth and
the differentiation of hematopoietic stem cells. The response
to immunosuppressive therapy was the first clear evidence
that aplastic anemia was truly an autoimmune disease. 
Additionally, there appears to be an underlying genetic pre-
disposition to acquired aplastic anemia, as evidenced by the
over-representation of the HLA-DR2 subtypes (Nimer et al.,
1994).

The first laboratory experiments suggesting an auto-
immune pathophysiology were co-culture experiments
showing that T lymphocytes from aplastic patients inhibited
hematopoietic colony formation in vitro (Nissen et al., 1980;
Hoffman et al., 1997). Since then, it has been shown that the
immune destruction of hematopoietic stem cells in aplastic
anemia is mediated by cytotoxic T cells, and involves
inhibitory type 1 helper T-cell (Th1) cytokines and the 
Fas-dependent cell death pathway. The cytotoxic T cells are
usually more conspicuous in the bone marrow than in the
peripheral blood (Zoumbos et al., 1985; Maciejewski et al.,
1994; Melenhorst et al., 1997b) and overproduce interferon
(IFN)-g and tumor necrosis factor (TNF) (Nakao et al., 1992;
Nistico and Young, 1994). TNF and IFN-g are direct
inhibitors of hematopoiesis and appear to upregulate Fas
expression on CD34+ cells (Maciejewski et al., 1995).
Immortalized CD4+ and CD8+ T-cell clones from some
aplastic anemia patients have been shown to secret Th1
cytokines and are capable of killing autologous CD34 cells
(Nakao et al., 1997; Zeng et al., 2001). Recently, evidence
for a humoral autoimmune response in aplastic anemia has
also been reported; 7 of 18 aplastic anemia patients were
found to have autoantibodies against kinectin, a 1300 amino
acid molecule expressed on human hematopoietic cells, as
well as liver, ovary, testis, and brain cells (Hirano et al.,
2003).

Studies examining T-cell diversity using complementar-
ity-determining region (CDR3) spectratyping have further
implicated the immune system in aplastic anemia. Several
groups have found limited heterogeneity of the T cell recep-
tor b chain (Vb) in aplastic anemia, suggesting that there is
oligoclonal or even monoclonal expansion of T-cells in
response to a specific antigen (Manz et al., 1997; Melenhorst
et al., 1997a; Zeng et al., 1999; 2001). Thus, it is likely that,
regardless of the inciting event in aplastic anemia, damage
to hematopoietic progenitors initiates an immune process
that inhibits hematopoiesis.

An intriguing association exists with hepatitis and is seen
in about 1% of newly diagnosed cases. Virtually all cases of
the hepatitis–aplastic anemia syndrome are seronegative for
known hepatitis viruses (non-A through -G hepatitis). The
disease predominantly affects young males, with a precipi-
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tous onset of severe pancytopenia occurring within 2–3
months after the onset of hepatitis (Brown et al., 1997;
Hagler et al., 1975). Moreover, aplastic anemia has been
reported to occur in up to 30% of patients following 
orthotopic liver transplantation for seronegative hepatitis
(Tzakis et al., 1988; Cattral et al., 1994). The aplastic 
anemia in the hepatitis/aplastic anemia syndrome is auto-
immune since most cases respond to immunosuppressive
therapy; however, it remains unclear whether the hepatitis
results from an undiscovered virus or whether this too is
autoimmune.

ENVIRONMENTAL INFLUENCES

The medical literature is replete with case reports of 
environmental exposures, most notably benzene, causing
aplastic anemia. However, rigorous epidemiologic studies
supporting an association between environmental toxins and
aplastic anemia are lacking. A major confounder is that
benzene and other toxins also predispose to MDS and
leukemia. The older literature was unlikely to have been able
to distinguish the different types of marrow failure, such as
aplastic anemia, MDS, and hypoplastic leukemia, leading to
an overestimation of the association between benzene and
aplastic anemia. While the magnitude of the risk remains
uncertain, benzene is probably not a major risk factor for
aplastic anemia in countries with modern standards of indus-
trial hygiene. A large case–controlled study in Thailand
employing modern diagnostic and epidemiologic methods
found that individuals of lower economic status and younger
age are at greater risk than their counterparts in other coun-
tries following exposure to solvents, glues, and hepatitis A
(likely a surrogate marker). Grain farmers were also found
to have higher risk of developing aplastic anemia (relative
risk, 2.7) regardless of whether or not they used insecticides
(Issaragrisil et al., 1997a). These same investigators noted
marked differences in incidence between northern and
southern rural regions of Thailand and among Bangkok
suburbs, implicating potential environmental factors causing
the disease (Issaragrisil et al., 1999).

ANIMAL MODELS

Animal models of bone marrow failure exist, but none
fully approximate the human disease of acquired aplastic
anemia. Busulfan, benzene, and irradiation have all been
used to establish models of marrow failure (Knospe et al.,
1971; Morley and Blake, 1974; Hak, 1980). All three agents
lead to pancytopenia and a hypocellular marrow but the
marrow failure is due to stem cell injury and damage to the
microenvironment rather than autoimmune-mediated sup-
pression of hematopoiesis.
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TREATMENT AND OUTCOME

There are three principle therapies for severe aplastic
anemia: 1) allogeneic bone marrow (stem cell) transplanta-
tion (BMT); 2) immunosuppressive therapy with anti-
thymocyte globulin and cyclosporine (ATG/CSA); and 3)
high-dose cyclophosphamide without BMT. Allogeneic
BMT is the treatment of choice for young patients with
aplastic anemia who have an HLA-matched sibling donor.
Unfortunately, this approach is available to a minority of
patients since less than 30% of patients have a matched
sibling donor. The most important factors that influence
outcome following allogeneic BMT for aplastic anemia are
the age of the patient and the type of allograft (HLA-
matched sibling versus unrelated or mismatched donors)
(Figure 44.1). In patients younger than 30 years, the cure
rate after an HLA-matched sibling BMT ranges from 70 to
90% (Horowitz, 2000; Storb et al., 2001; Ades et al., 2004).
However, with increasing age over 30 years, the risk for
graft-versus-host disease (GVHD) steadily increases,
leading to reduced survival.

Transplant-related mortality approaches 50% in patients
over the age of 40 years (Doney et al., 1997; Horowitz,
2000). Late BMT-related complications, including chronic
GVHD, occur in up to one-third of patients, with over 40%
requiring immunosuppressive therapy for their GVHD at 3
years (Storb et al., 2001). Thus, despite the high probability
of curing severe aplastic anemia with BMT, many patients
develop long-term complications from the procedure.

BMT from unrelated donors or mismatched donors for
patients with severe aplastic anemia is usually reserved for
patients who do not respond to immunosuppressive therapy;
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the transplant-related mortality and the risk of GVHD are
roughly double with this approach. The best results are seen
in patients younger than 21 years with a disease duration of
under 1 year (Deeg et al., 2001).

Immunosuppressive Therapy with
Antithymocyte Globulin/Cyclosporine

The combination of ATG/CSA leads to 5-year survival
rates comparable to BMT, but most of these patients are not
cured of their disease (Bacigalupo et al., 1995; Marsh et al.,
1999). Response rates to ATG/CSA range between 60 and
80%, but in contrast to BMT, most patients do not acquire
normal blood counts (Frickhofen et al., 1991; Rosenfeld 
et al., 1995). Another limitation of this approach is that many
patients relapse, become dependent on CSA, or develop a
secondary clonal disease such as PNH or MDS (Bacigalupo
et al., 2000a; Rosenfeld et al., 2003). These late events often
lead to substantial morbidity and mortality. Therapists at The
National Institute of Health treated 122 patients (median
age, 35 years) with the combination of ATG/CSA and
methylprednisolone (Rosenfeld et al., 2003). The response
rate was 58% and actuarial survival at 7 years was 55%;
13% of patients died within 3 months of treatment, most
from fungal infections (Figure 44.2). The relapse rate for
responders was 40% and at 8 years the actuarial rate for
developing MDS was 15%.

High-Dose Cyclophosphamide Without Bone
Marrow Transplantation

The first successful human allogeneic BMT, reported in
1972 by Thomas et al. in a patient with aplastic anemia,
employed high-dose cyclophosphamide, and this remains
(often in conjunction with ATG) the most commonly
employed conditioning regimen for aplastic anemia (May 
et al., 1993; Storb et al., 2001). Interestingly, complete autol-
ogous recovery occurs in up to 20% of patients undergoing
allogeneic BMT for aplastic anemia when cyclophos-
phamide alone is the conditioning regimen (Thomas et al.,
1976; Sensenbrenner et al., 1977; Gmur et al., 1979; Weitzel
et al., 1988). The unique pharmacology of cyclophos-
phamide is responsible for these occurrences. As a prodrug,
cyclophosphamide is converted to 4-hydroxycyclophos-
phamide and its tautomer aldophosphamide in the liver.
These compounds diffuse into the cell and are converted to
the active compound phosphoramide mustard, or they are
inactivated by aldehyde dehydrogenase to form the inert car-
boxyphosphamide. Lymphocytes have low levels of alde-
hyde dehydrogenase and are rapidly killed by high doses of
cyclophosphamide; hematopoietic stem cells possess high
levels of aldehyde dehydrogenase and are resistant to
cyclophosphamide (Hilton, 1984; Kastan et al., 1990; Jones

FIGURE 44.1 Survival after allogeneic bone marrow transplantation for
severe aplastic anemia. Data for HLA-identical siblings and related
match/mismatched transplants are from the International Bone Marrow
Transplant Registry (IBMTR). Data for unrelated donor transplants are
from the European Bone Marrow Transplant registry (EBMT), Fred
Hutchinson Cancer Research Center, IBMTR, and the International 
Marrow Unrelated Search and Transplant (IMUST) study group. Survival
curves are not adjusted for varying patient, disease, and transplant regimen
characteristics. 

Courtesy of the National Bone Marrow Donor Program.
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et al., 1995). Thus, high-dose cyclophosphamide is highly
immunosuppressive, but not myeloablative, allowing
endogenous hematopoietic stem cells to reconstitute
hematopoiesis. With this background, high-dose cyclophos-
phamide without BMT was used successfully in aplastic
anemia patients who lacked appropriate donors (Baran et al.,
1976; Brodsky et al., 1996; 2001; Tisdale, 2000; Jaime-
Perez et al., 2001). Based on these early promising studies,
high-dose cyclophosphamide without BMT is now consid-
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ered first-line therapy for severe aplastic anemia by some
centers, but others have raised concerns about the toxicity
of this approach (Figure 44.3).

High-dose cyclophosphamide has also been shown to
salvage many patients who relapse or fail to respond to
ATG/CSA (Brodsky et al., 2004). Similar to BMT, the early
toxicity of high-dose cyclophosphamide may exceed that of
ATG/CSA; however, the quality and duration of response
appear to be superior.
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Reproduced from Rosenfeld et al. (2003), with permission.
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Clonality

Survivors of aplastic anemia are at high risk of clonal
progression following immunosuppressive therapy, but not
after allogeneic BMT (Socie et al., 1993). PNH and MDS
are the most common clonal disorders to evolve from aplas-
tic anemia (Tichelli et al., 1988; de Planque et al., 1989;
Nagarajan et al., 1995). Even before the widespread use of
immunosuppressive therapy, 5% of patients progressed to
clonal hematopoiesis. This suggests that the increase in
MDS and PNH following immunosuppressive therapy is 
not caused by the immunosuppression; rather, the increased
survival following immunosuppressive therapy may allow 
time for these underlying clones to expand (Moore and
Castro-Malaspina, 1991; Mukhina et al., 2001).

PNH results from the expansion of an abnormal
hematopoietic stem cell that harbors a somatic mutation of
the X-linked gene, termed PIGA (Rosse, 1997; Moyo,
2004). The product of the PIGA gene is required for the first
step in the biosynthesis of glycosylphosphatidylinositol
(GPI) anchor biosynthesis; consequently, PNH cells are 
deficient in GPI-anchored proteins. Several GPI-anchored
proteins (CD59 and CD55) protect cells from complement-
mediated destruction, and their absence explains the
hemolytic anemia associated with PNH. However, it is
unclear why the defective PNH stem cell and its progeny
displace normal hematopoiesis, despite the fact that PNH
cells are more vulnerable to complement-mediated destruc-
tion. One hypothesis to explain the relationship between
aplastic anemia and PNH is that PNH cells resist the immune
attack in aplastic anemia, ostensibly due to the lack of GPI-
anchored proteins, but direct data supporting this hypothe-
sis are still lacking.
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MDS also commonly arises in aplastic anemia patients
treated with immunosuppressive therapy (Tichelli et al.,
1988; Socie et al., 1993). In a retrospective review of chil-
dren with severe aplastic anemia, 11 of 86 patients who
received immunosuppressive therapy developed MDS
(Ohara et al., 1997). Up to 15% of adult patients with aplas-
tic anemia will also develop MDS following immunosup-
pressive therapy with monosomy 7 being the most common
chromosomal abnormality (Rosenfeld et al., 2003).

Although it is unclear why patients with aplastic anemia
are predisposed to develop PNH and MDS, it is possible that
all three diseases have a common pathogenesis. Damage to
a hematopoietic progenitor cell that leads to an autoimmune
response directed against the bone marrow in aplastic
anemia (Thomas and Storb, 1984) could also produce
genetic mutations (PNH/MDS) that give these hematopoi-
etic progenitors a relative growth advantage. Over time, an
abnormal clone arising from a slowly proliferating, trans-
formed progenitor cell could eventually become dominant.
The finding that almost 70% of patients with aplastic 
anemia have detectable PNH cells at diagnosis supports this
hypothesis (Mukhina et al., 2001). Alternatively, prolonged
immune attack against hematopoietic stem cells may lead to
DNA damage, ultimately leading to clonal disorders.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

Only recently has acquired aplastic anemia been recog-
nized as an autoimmune disease. Studies into the biology of
aplastic anemia have been inherently difficult. In patients
with active disease, the targets of the immune attack,
hematopoietic stem cells, are exceedingly rare; these cells
probably represent <0.1% of bone marrow cells in normal
individuals and are even less frequent in patients with aplas-
tic anemia. BMT restores hematopoiesis from the donor,
making it impossible to study the affected host stem cells
and the immune system. The clinical response of aplastic
anemia to immunosuppressive therapy provided the first
data suggesting that aplastic anemia was immune mediated.
More recently, it has been shown that the bone marrow in
aplastic anemia is infiltrated with lymphocytes that secrete
Th1 cytokines. Skewing of the Vb repertoires demonstrated
by CDR3 spectratyping further suggests that this is an
antigen-driven autoimmune disorder. Moreover, newer
methodologies are beginning to allow the study of the rare
target cell populations in aplastic anemia. In fact, emerging
data suggest that the most primitive hematopoietic stem cells
may not be the target of the immune attack in aplastic
anemia, and that these cells persist in many patients. Rather,
the immune attack in aplastic anemia may be against more
committed myeloid or “low-quality” (Van Zant et al., 1997)
stem cells, while the most primitive hematopoietic stem
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cells elude or are resistant to attack (Figure 44.4). There are
a number of potential mechanisms by which primitive
hematopoietic stem cells could evade immune attack. Data
suggest that the antigens targeted in aplastic anemia are pre-
sented by HLA class II molecules (Nakao et al., 1997; Zeng
et al., 2001). Primitive hematopoietic stem cells appear to
express little or no HLA class II (Rusten et al., 1994; Van
Zant et al., 1997), which may account for their relative invis-
ibility to autoreactive effector lymphocytes. In addition, the
Fas–Fas ligand plays an important role in the pathophysiol-
ogy of aplastic anemia (Maciejewski et al., 1995), and Fas
appears to be absent on primitive hematopoietic stem cells
with its expression increasing as they differentiate (Nagafuji
et al., 1995; Stahnke et al., 1998). Recent advances in the
understanding of the immunobiology of aplastic anemia
make it very likely that future editions of this textbook will
fully define the basis of the autoimmune attack in this
disease.
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Disorders related to coagulation factor autoimmunity are
rare but underestimated. Clinical manifestations are obvi-
ously dominated by bleeding, but these can be acute and life-
threatening, or progressive with formation of hematomas in
various organs. The circumstances under which an auto-
immune coagulation disorder appears also vary from spon-
taneous occurrence in an otherwise healthy individual, as 
a complication in the context of a systemic autoimmune
disease, to association with postpartum, surgery, drug intake
or exposure to a cross-reactive antigen. The purpose of this
chapter is to offer a comprehensive overview of autoimmune
coagulation disorders to help clinicians and clinical investi-
gators to establish an early diagnosis. A diagram showing
the general organization of the coagulation system is 
provided in Figure 45.1. 

Clotting Disorders
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AUTOANTIBODIES TO FACTOR VIII

Clinical Presentation and 
Associated Conditions

This represents by far the most commonly encountered
autoimmune reaction to a coagulation factor, although it
affects only 0.2–1 individuals in a million population per
year (Garvey, 1995). The precise incidence of anti-Factor
VIII (FVIII) inhibitors is difficult to establish, as it can occur
with only minimal symptoms (Green and Lechner, 1981). 
In addition, inhibitors to FVIII are also detectable in a
majority of healthy donors, although in such cases inhibitors
appear to be neutralized by anti-idiotypic antibodies. 

The clinical picture varies from minimal signs such as
easy bruising to very severe bleeding affecting the gastro-
intestinal tract, skin, and muscles. Epistaxis and hematuria
are frequent but, in contrast to antibodies elicited by infu-
sion of FVIII in congenital hemophilia A patients, joints are
not affected. Large hematomas may form with nerve or tra-
cheal compression. These signs can appear suddenly or very
progressively. There is no gender or race preference. The
vast majority of cases are observed in elderly people, yet
children can be affected, too (Moraca and Ragni, 2002). The
mortality rate lies between 10 and 20%. 

Forty-five percent of cases are observed in individuals
with no underlying disease. Associated conditions belong
mainly to four groups: malignancies, systemic autoimmune
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diseases and/or chronic inflammation, postpartum (Hauser
et al., 1995), and iatrogenic. 

Malignancies include lympho- and myelo-proliferative
disorders (Lin et al., 1991; Meek and Haak, 1986), and lung
(Shwaiki et al., 2001) and prostate carcinomas, but this is
not exclusive (Hultin, 1991). Systemic autoimmune diseases
include systemic lupus erythematosus (SLE), rheumatoid
arthritis, Sjögren syndrome (Vignes et al., 1996), multiple
sclerosis, and pemphigus vulgaris. Graft-versus-host disease
(Seidler et al., 1994) and chronic inflammation, such as that
of Crohn’s disease, thyroiditis (Sievert et al., 1996), chronic
hepatitis C (Sugishita et al., 1999), and tuberculosis
(Aurousseau et al., 1996), have been described. Autoanti-
bodies to FVIII appearing in the postpartum phase are
usually of short duration. Anti-FVIII antibodies have also
been shown during therapy with penicillin sulfamides (sul-
fonamide) (Annichino-Bizzacchi and Machado, 1991), and
interferon (IFN)-a (Stricker et al., 1994), and after Bacillus 
Calmette–Guerin (BCG) vaccination. A few cases of
inhibitors occurring after surgery have also been described
(Alumkal et al., 1999). 

Diagnosis

Prolonged activated prothrombin time (APTT) with
normal prothrombin time (PT) and thrombin time (TT), and
normal platelet count should prompt a search for an inhibitor
to FVIII. Direct evaluation of FVIII, Factor IX (FIX), Factor

Contact phase
(in vitro)

FXlla

FXI FXIa

FIX

FIXa FXa

FVaFVFVIII FVIIIa

Vessel damage
(in vivo)

Thrombin
(Flla)

Fibrinogen

Fibrin

FIGURE 45.1 Overview of the coagulation pathways. 1) In vivo, the coagulation process is initiated when tissue
factor (TF) expressed on injured vessel walls is exposed to activated Factor VII in the bloodstream. Small amounts of
thrombin are generated through activation of Factor IX and Factor X. 2) Thrombin activates Factor VIII and Factor V,
thereby triggering an amplification phase through the formation of the tenase complex (FVIIIa–FIXa–FX), which con-
verts Factor X to its activated form, and the prothrombinase complex (FVa–Factor Xa–prothrombin/Factor II), which
converts prothrombin into thrombin. Thrombin also activates Factor XI, which amplifies the generation of Factor IXa.
3) Thrombin converts fibrinogen into fibrin. It activates protein C, which triggers a negative feedback through inacti-
vation of Factor VIIIa and Factor Va (not shown). Thrombin also activates the thrombin-activable fibrinolysis inhibitor
(TAFI), which stabilizes the clot (not shown). 4) Direct activation of Factor XI also occurs through Factor XIIa via the
contact phase system. 
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FXI (FXI), and Factor FXII (FXII) ensures the specificity 
of the antibodies. Mixing experiments in which varying
volumes of normal plasma are mixed with the plasma sus-
pected to contain an inhibitor show partial or no correction
of APTT. The Bethesda assay, or better its so-called
Nijmegen modification, is carried out by mixing vol/vol
varying dilutions of the plasma under investigation with
normal plasma. The dilution of plasma containing the
inhibitor that still inhibits 50% of FVIII activity from normal
plasma is taken as the number of Bethesda units. As most
autoantibodies to FVIII are type II inhibitors (see below),
which are time and temperature dependent, it is current prac-
tice to incubate the mixture for 2 h at 37∞ C. 

Pathophysiology

FVIII has a mature sequence of 2332 amino acids orga-
nized in domains with the structure A1-A2-B-A3-C1-C2
(Figure 45.2). A number of functional inhibitor epitopes
have been identified (arrows in Figure 45.2), corresponding
to sites at which FVIII interacts with phospholipids, von
Willebrand factor (vWF), FIX, and FX. As for alloantibod-
ies to FVIII, acquired inhibitors belong primarily to the IgG4
isotypes, with some IgG1 isotypes also in a significant pro-
portion of cases (Gilles and Saint-Remy, 1996; Matsumoto
et al., 2001). A limited attempt to map the FVIII epitopes
recognized by autoantibodies has indicated that, as for
alloantibodies, the C2 domain is most often the main target
(Di Giambattista et al., 2001), followed by the A2 domain
(Scandella et al., 1989). The C2 domain contains the binding
sites for phospholipids and some of the binding sites for
vWF. It is therefore inferred that acquired inhibitors neu-
tralize FVIII function by inhibiting the binding of FVIII to
phospholipids, a necessary step in the formation of the
tenase complex, and/or to vWF, the function of which is to
protect FVIII from proteolytic inactivation and rapid clear-
ance from the circulation. One of the mechanisms suggested
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by the binding to the A2 domain is related to inhibition of
FVIII binding to FIX or acceleration of the release of the
noncovalently bound A2 domain from A1–A3-light chain.
Such an interpretation is, however, difficult to reconcile with
the kinetics of FVIII inactivation usually observed with
auto–anti-FVIII antibodies. Recent evidence suggests that at
least some of the autoantibodies to FVIII act by inducing a
conformational change in the molecule, resulting from
binding to a distant site (Jacquemin et al., 2000). Recent
studies have addressed the question of T-cell epitopes
(Reding et al., 2003).

According to the kinetics of FVIII inhibition, FVIII
inhibitors are usually separated into two categories (Gawryl
and Hoyer, 1982). Type I inhibitors inhibit FVIII function
completely following second-order kinetics, while type II
inhibitors inhibit FVIII function in two phases, a rapid inac-
tivation followed by a much slower phase, and never inac-
tivate FVIII completely. The vast majority of autoantibodies
to FVIII described so far are type II inhibitors. Interestingly,
there is some suggestion that idiopathic autoantibodies
present type II characteristics, while antibodies appearing in
the context of an autoimmune disease, or associated with a
malignancy, could primarily be type I. 

Treatment

Therapy includes two steps, namely the control of bleed-
ing and the eradication of the inhibitor (Roberts, 1998).
Control of bleeding is achieved by different methods. rFVIIa
administration is probably the treatment of choice for acute
situations that are life-threatening (Hay et al., 1997; von
Depka, 2002). The success rate with rFVIIa is high, but such
a treatment carries the risk, albeit limited, of thrombotic
events. The therapy is nevertheless very expensive and
thereby not accessible in many centers throughout the world.
Low-titer inhibitors can be treated by infusion of FVIII or
use of desmopressin (DDAVP) (Mudad and Kane, 1993); the
latter mobilizes vWF and FVIII from storage in endothelial
cells. 

An alternative, though equally costly, therapy is porcine
FVIII (Hoyle and Ludlam, 1986; Morrison et al., 1993). This
is based on the observation that, although there exists an
extensive homology between human and porcine FVIII,
inhibitors elicited towards human FVIII do not cross-react
with porcine FVIII. The latter is, however, immunogenic,
which precludes its use over prolonged periods of time. Acti-
vated prothrombin complexes can also be used in emergency
situations.

Eradication of the inhibitor is usually achieved by a
therapy based on high-dose corticosteroids (Spero et al.,
1981), often combined with cytostatic agents such as
cyclophosphamide (Green et al., 1993; Shaffer and Phillips,
1997). Cyclosporine and calcineurin inhibitors have been
used with success. Intravenous gamma-globulin (IVIG)
infusion has been advocated (Crenier et al., 1996; Schwartz

A2A1 A3 C1 C2
a3

1649–1687

484–508 1694–2019 2181–2321

2150351–365

FIGURE 45.2 Major B-cell epitopes on the activated Factor VIII (FVIII)
molecule. FVIII is represented in its activated form with the six identified
major B-cell epitopes. For the sake of clarity, the molecule is shown as a
single polypeptide chain instead of in its heterotrimeric configuration.
Underlined sequences have been mapped directly with autoantibodies.
Epitope mapping used to be carried out with recombinant FVIII domains,
but recently a method was developed using combined transcription–
translation of radiolabeled peptides made with rabbit reticulocytes. This
method allows much more precision in epitope delineation. There is no
current evidence to conclude that epitopes recognized by autoantibodies
differ from those of alloantibodies.
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et al., 1995) on the basis of the presence of anti-idiotypic
antibodies that can neutralize the inhibitory activity of anti-
FVIII antibodies (Sultan et al., 1984; Rossi et al., 1988).
This is considered as a second-line treatment. In some
instances, extracorporeal removal of immunoglobulins com-
bined with IVIG, with or without cytostatic agents, has been
recommended in refractory cases (Nilsson et al., 1984).

Recently, an antibody directed towards CD20, a B-cell
surface protein, has shown efficacy in the treatment of
acquired anti-FVIII inhibitors (Stasi et al., 2004). Controlled
trials are underway to determine whether this constitutes a
valuable alternative therapy to those listed above.

The apparent absence of consensus about treatment
reflects the lack of controlled studies as well as the variety
of conditions that are associated with this syndrome. Efforts
are underway to validate some of these therapeutic
approaches. 

AUTOANTIBODIES TO FACTOR IX

The occurrence of antibodies to FIX in patients without
hemophilia is very rare and only single case reports are
found in the literature. Clinical presentation includes
hematomas and gastrointestinal bleeding, but in some cases
the discovery of an inhibitor is made by routine evalua-
tion of a prolonged APTT. Association with pathologic 
conditions relies most often on single cases: post-
partum, nephrotic syndrome, adenocarcinoma (Collins and
Gonzalez, 1984), arteritis (Torres et al., 1980), SLE (Castro
et al., 1972), and more convincingly, gastrointestinal dis-
eases such as Crohn’s and ulcerative rectocolitis (Kyriakou,
2002).

Diagnosis relies on the direct assessment of the inhibitor
in a modified Bethesda assay (see above). APTT is pro-
longed with normal PT. FIX activity is generally <1% of
normal level. Autoantibodies to FIX belong to the IgG
isotype but have not been characterized in detail. It is,
however, likely that they show specificity and isotype 
distribution similar to that of alloantibodies found in 
hemophilia B patients undergoing replacement therapy
(Greenwood et al., 2003).

A safe and rapidly efficient treatment involves a combi-
nation of IVIG and corticosteroids (Mazzucconi et al.,
1999). 

AUTOANTIBODIES TO FACTOR V

Clinical Presentation and 
Associated Conditions

This is a rare disorder with fewer than 250 cases
described, but is likely to be underdiagnosed because of the
large variety of associated syndromes or triggering factors
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(see below) and the fact that 40% of cases are asympto-
matic. The bleeding diathesis is variable with epistaxis,
intestinal bleeding or occurrence of retroperitoneal or brain
hematomas (Kapur et al., 1993; Schleinitz et al., 2001).

The majority of cases are discovered after cardiovascu-
lar or gastrointestinal surgery (Leclerc et al., 1995), with 
the suspicion that antibiotics (Thomas et al., 1989) and/or
blood transfusion could play a role. The use of aminogly-
cosides has been associated with rare occurrences of factor
V (FV) autoantibodies. As for other antibodies to coagula-
tion factors, an association has been found with cancer,
paraproteins, and benign gammopathies (van Spronsen et
al., 1998), autoimmune diseases such as SLE, Hashimoto’s
thyroiditis (Takahashi et al., 2003), rheumatoid arthritis, and
celiac diseases (Taillan et al., 1989). A special case should
be made for autoantibodies occurring after the use of 
fibrin glues (Berruyer et al., 1993; Cruickshank et al., 1994;
Muntean et al., 1994), which contain bovine thrombin con-
taminated with trace amounts of bovine FV (Spero, 1993),
and trigger the production of cross-reactive antihuman FV
antibodies. New biomaterials and use of recombinant throm-
bin should prevent further emergence of such cross-reacting
antibodies.

Diagnosis

Laboratory investigations show prolonged APTT and PT
in the presence of normal TT. Mixing experiments show lack
of correction of the coagulation defect when normal plasma
is added to the patient’s sample. 

Pathogenesis

A limited number of investigations have been carried out
to characterize such autoantibodies (Nesheim et al., 1986;
Kalafatis et al., 2002). Not all antibodies are inhibitors of
FV function. Some appear to increase the clearance of FV.
Antibodies recognize the FV light chain (Suehisa et al.,
1995) and in particular the C2 domain (Ortel et al., 1998),
thereby inhibiting the binding of FV to phospholipids and
the formation of the prothrombinase complex. There is no
obvious difference in specificity between inhibitory and
noninhibitory antibodies. Interestingly, anti-FV antibodies
have no effect on platelet FV, which represents ± 20% of
total FV, which could explain why a significant proportion
of patients with auto–anti-FV antibodies have no obvious
bleeding tendency.

Treatment

There is no validated therapy for FV autoantibodies.
Apart from the treatment of the underlying disease and the
use of corticosteroids and/or immunosuppressants (Bayani
et al., 2002), some authors advocate the use of platelets
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based on the storage of FV in a granules. Infusion of IVIG
is probably the treatment of choice, which, although its
mechanism of action is not entirely elucidated (Fu et al.,
1996), is often efficient. Prothrombin-rich complexes are
used for emergency situations. Anti-CD20 antibodies (rit-
uximab) should be considered in the context of systemic
autoimmune disease. 

ACQUIRED FACTOR X DEFICIENCY

Clinical Presentation and 
Associated Conditions

The bleeding diathesis affects the gastrointestinal tract
and other mucosa (Edgin et al., 1980; Lankiewicz and Bell,
1992). Hematuria and bleeding in the oropharyngeal area are
frequent, as well as cutaneous hematomas (Mulhare et al.,
1991). It can present at any age as it is not necessarily asso-
ciated with neoplasia or autoimmune diseases. 

The presence of an autoantibody to Factor X (FX) is most
often suspected from in vitro evaluation of FX (see below).
It is likely that such antibodies are present in a majority of
cases, with the exception of the classical demonstration of
FX-irreversible adsorption on amyloid fibrils (Furie et al.,
1981; Greipp, 1981). Infections of viral or mycoplasma
origin are frequently reported. Large traumas, extensive
burns (Matsunaga and Shafer, 1996), and carcinomas can be
associated in some instances. Single case reports of FX
autoantibodies after fungicide or paint solvent exposure 
and in leprosy (Ness et al., 1980) have been described, but
idiopathic cases are known.

Diagnosis

A prolonged PT with a normal or moderately prolonged
APTT is found. Levels of FX are very low. Mixing experi-
ments do not show correction of PT. Activation of FX by
either the FVIII/FIX or tissue factor (TF)/FVII pathways is
impaired. Inhibition of direct FX activation in the Russell
viper venom test can also be observed. 

Pathogenesis

Antibodies that increase the clearance rate of FX and
inhibitor antibodies have both been described. The mecha-
nism by which antibodies inhibit FX function is not pre-
cisely identified, but includes inhibition of FX activation as
seen in the Russell test. 

Treatment

Recommended treatment combines plasma exchange 
and infusion of IVIG (Smith et al., 1998). The use of 
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prothrombin-rich complexes is deemed to carry a high risk
of thrombotic complications. The prognosis is dependent on
the underlying cause, but in most cases the inhibitor is only
transient. 

AUTOANTIBODIES TO FACTOR VII

Clinical Presentation and 
Associated Diseases

Signs of bleeding vary between minimal and life-
threatening, and appear to have no direct relationship with
the residual level of Factor FVII (FVII) (Weisdorf, 1989;
Okajima and Ishii, 1999; Aguiar, 2003). Bleeding affects the
gastrointestinal and urinary tracts, often accompanied by
ecchymoses, but the limited number of cases described also
points to internal hematomas, notably retroperitoneal and
intracranial (Delmer et al., 1989). Autoantibodies to FVII
have been observed in the postpartum period, and in the
context of SLE, carcinomas or penicillin treatment. It occurs
without obvious association in 30% of cases.

Diagnosis

A prolonged or very prolonged PT with a normal APTT
and platelet count point to a defect in the extrinsic pathway
of coagulation. Levels of FVII are reduced to a variable
extent, which is of no predictive value.

Pathogenesis

Antibodies inhibit FVIIa activity. Binding to the FVIIa
light chain prevents its binding to tissue factor and/or phos-
pholipids (Kamikubo et al., 2000).

Treatment

Prothrombin complexes and steroids are recommended
(Annichino-Bizzachi et al., 1993). 

AUTOANTIBODIES TO FACTOR XI
OR FACTOR XII (CONTACT PHASE)

Clinical Presentation and 
Associated Diseases

Antibodies to FXI or FXII usually go unnoticed, as they
are not associated with a bleeding diathesis. Antibodies to
FXI can be associated with recurrent thrombosis or even 
disseminated intravascular coagulation (DIC). Associations
have been described with SLE (Di Sabatino, 1979; 
Vercellotti and Mosher, 1982), psoriasis (Rustgi et al.,

Ch045-P595961.qxd  2/28/06  4:02 PM  Page 605



1982), and adenovirus infection for FXI antibodies and with
liver diseases such as chronic hepatitis, SLE, Waldenstrom’s
macroglobulinemia, and glomerulonephritis for FXII-
specific antibodies (Chalkiadakis et al., 1999).

Diagnosis

The discovery of a prolonged or very prolonged APTT in
patients with no apparent bleeding or a history of recurrent
thrombosis is highly suggestive of either a deficiency in FXI
or FXII, or for the presence of specific antibodies. This
finding should be followed by evaluation of single 
components.

Pathogenesis

Information on anti-FXI antibodies is derived from
alloantibodies generated in patients with FXI deficiency
(Stern et al., 1982). Such antibodies are of the IgG isotype
and bind to two distinct epitopes (De La Cadena et al., 1988)
involved in the binding of FXI to high molecular weight
kallikrein (Page et al., 1994; Sugi and McIntyre, 1995), or
in the activation of FIX by FXI, respectively. No reports on
the specificity or mechanisms of inhibition of anti-FXII anti-
bodies have been published. 

Treatment

No treatment is generally required, except for treatment
of the underlying disease and for prevention of recurrent
thrombotic episodes. 

AUTOANTIBODIES TO FACTOR XIII

Clinical Presentation and 
Associated Diseases

This is a rare but often fatal bleeding diathesis, including
intracranial hemorrhage, due to a lack of fibrin stabilization
(Lorand et al., 2002). It has been observed in the context of
systemic autoimmune diseases, such as SLE, but occurs
without any apparent cause, most often in elderly patients
(Lorand et al., 1999). A possible association with treatment
with isoniazide has been described, with disappearance of
the inhibitor upon drug withdrawal.

Diagnosis

A characteristics feature is that extensive bleeding is
associated with normal APTT, PT, and bleeding time, and
with normal platelet counts. This should prompt studies on
fibrin stabilization and evaluation of Factor XIII (FXIII)
levels.
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Pathogenesis

FXIII is activated by thrombin, which induces a confor-
mational change in the molecule so that it can cross-link
fibrin I and II. Antibodies can prevent activation by throm-
bin or the conformational change required for full FXIIIa
activity (Lorand et al., 1988). Some antibodies interfere with
the activity of FXIIIa or with its binding to fibrin. 

Treatment

Withdrawal of drugs such as isoniazide and cryoprecipi-
tate to support fibrin stabilization are required. Eradication
of the anti-FXIII antibody usually requires corticosteroids
and cyclophosphamide (Nakamura et al., 1988). 

AUTOANTIBODIES TO
PROTHROMBIN

Clinical Presentation and 
Associated Diseases

The heterogeneity of antiprothrombin antibodies is well
illustrated by association with either thrombotic events or
bleeding, or sometimes as a chance discovery of routine 
laboratory assessment. Apart from its association with SLE
(see Chapter 27) and the antiphospholipid syndrome 
(see Chapter 30), antibodies to prothrombin are found as a
spontaneous primary event as a consequence of drug intake
(phenytoin and chlorpromazine), in the context of human
immunodeficiency virus (HIV) infection (37% of the cases),
syphilis or even in infectious mononucleosis (3%) (Atsumi
et al., 2000). Such antibodies can also be induced by expo-
sure to bovine thrombin used in biologic glues. In such
cases, IgE-mediated anaphylaxis can be observed (Wai et al.,
2003). 

Diagnosis

There is an increase in both PT and APTT. The level 
and activity of prothrombin are grossly altered. The search
for antiprothrombin antibodies can be carried out with 
prothrombin directly insolubilized on an enzyme-linked
immunosorbent assay (ELISA) plate or by interposition of
a phospholipid layer. These two tests detect antibodies with
different specificities and different pathologic meaning.
Only antibodies binding to phospholipid–prothrombin com-
plexes correlate with the presence of SLE (Simmelink et al.,
2003). 

Pathogenesis

Antibody-binding sites on prothrombin are located
outside the functional domain. It is therefore thought that the
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major effect of these antibodies on prothrombin results from
an increase in clearance rate. At least some of the antipro-
thrombin antibodies cross-react with plasminogen, which
could explain the thrombotic tendency by reduced fibri-
nolysis (Roubey, 1998). 

Treatment

High-doses of prednisolone appear to reduce the clear-
ance rate of complexes of antibodies with prothrombin.
Steroids could also increase the rate of prothrombin pro-
duction by the liver. 

AUTOANTIBODIES TO
FIBRINOGEN/FIBRIN

Clinical Presentation and 
Associated Diseases

When searched for, autoantibodies to fibrinogen and/or
fibrin are often found in pregnancy and the peripartum
period, apparently with no pathologic association (Kondera-
Anasz, 1998). Such antibodies are also found in cord blood.
In rare cases in which antibodies to fibrinogen and/or fibrin
have been described, abnormal bleeding is found, but this is
usually not severe. These antibodies can occur in the context
of gammopathies or liver disease, but are most often a
primary finding (Nawarawong et al., 1991). Patients devel-
oping antibodies when exposed to bovine fibrin glue repre-
sent a special case (Seifert et al., 1994; Chouhan et al., 1997;
Fastenau and Mcintyre, 2000).

Diagnosis

An increased TT with normal or slightly prolonged PT
and APTT is the usual finding. Levels of fibrinogen are
usually within the normal range. Antibodies are thought to
circulate in the form of immune complexes with fibrinogen.

Pathogenesis

Antifibrinogen antibodies either delay the release of fib-
rinopeptide obtained by thrombin activation of fibrinogen
(Marciniak and Greenwood, 1979) or interfere with the
process of fibrin polymerization (Hoots et al., 1981).
Although mostly belonging to the IgG class, cases of IgM
and IgA antibodies have been described.

Treatment

Corticosteroids, cyclophosphamide, and IVIG should be
considered for therapy. 
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ACQUIRED VON 
WILLEBRAND SYNDROME

Clinical Presentation and 
Associated Diseases

Acquired von Willebrand syndrome (AvWS) is rare but
most likely underdiagnosed (Veyradier et al., 2000; Budde
et al., 2002; Kumar et al., 2002; 2003). It should be sus-
pected in late-onset bleeding diathesis in patients with no
personal or familial history of bleeding (Mohri, 2003).
Symptoms are indistinguishable from those of congenital
von Willebrand disease, except for those related to the
accompanying disease. Bleeding occurs at the mucosal
level: epistaxis, gingivorrhagia, menorrhagia, and often 
gastrointestinal, the latter being very severe. Ecchymoses
are also common (Mohri et al., 1998). In a number of 
cases, AvWS is a fortuitous discovery. It should, however,
be actively searched for in diseases commonly associated 
with it.

AvWS is associated with lympho- (Hunault-Berger et al.,
2001) and myelo-proliferative diseases (Federici et al.,
2001), multiple myeloma (Mohri et al., 1995), and benign
gammopathy, or in the context of autoimmune diseases such
as SLE (Hanley et al., 1994; Michiels et al., 2001; Niiya et
al., 2002), and thyroiditis (Bruggers et al., 1994; Aylesworth
et al., 1995). Association has also been described with
uremia, Crohn’s disease (Sokol et al., 2002), aortic stenosis
(Vincentelli et al., 2003; Warkentin et al., 2003),
Epstein–Barr virus infection (Kinoshita et al., 1991) and
ciprofloxacin therapy (Castaman and Rodeghiero, 1994).
AvWS can also present without any underlying association
(Lazarchick et al., 1986).

Diagnosis

Apart from the evaluation of the associated condition,
laboratory tests should first assess bleeding time (prolonged)
and APTT (often prolonged due to the reduction in FVIII
levels secondary to a decrease in vWF concentrations), in
the presence of a normal platelet count and normal throm-
bin time. Specific tests for vWF should then include an assay
for vWF antigen and an evaluation of its function in the 
presence of ristocetine (binding to platelets) or thrombin-
activated platelets. vWF’s capacity to bind to collagen is
useful (van Genderen et al., 1994). Electrophoresis to eval-
uate for the presence of multimers is key to diagnosis, as
such multimers tend to be cleared from the circulation 
more rapidly (see below). Finally, platelet vWF should be
normal, which distinguishes AvWS from congenital forms
of the diseases. If available, an evaluation of vWF pro-
peptide level (normal in AvWS) will further establish the
diagnosis.
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A search for autoantibodies to vWF should be carried out
(Fricke et al., 1985; Lazarchick and Green, 1986), although
there is no standard method for it. Mixing experiments are
recommended, by which it is possible to detect interference
in normal vWF function. However, anti-vWF antibodies
often exist in the form of complexes with vWF and are there-
fore not readily detectable with such an assay. Some rec-
ommend preparing an IgG-enriched fraction from plasma
followed by dissociation of the complexes with vWF before
assessing antibody activity. A negative result has little
meaning as many anti-vWF antibodies recognize epitopes
located outside the functional domains (see below). 

Pathogenesis

Not all cases of AvWS are antibody mediated, although
the proportion of cases in which antibodies play a role is not
yet precisely established. It is useful to distinguish between
antibody-mediated mechanisms and those that are not. 

Most antibodies are thought to increase the clearance rate
of vWF (Inbal et al., 1997), especially through the recogni-
tion of multimers. Clearance is mediated by the reticulo-
endothelial system. In a minority of cases, antibodies have
been shown to bind to the sites of vWF that interact with
glycoprotein (GP)Ib and/or GPIIb/IIIa receptors on platelets
or collagen, thereby interfering with the normal function of
vWF. Interference with the FVIII-binding site has not been
described. A case of antibodies directed towards ADAMTS-
13, the vWF cleaving protease, has been described and 
they resulted in a lack of generation of functional vWF
(Scheiflinger et al., 2003). 

Non-antibody-mediated mechanisms include adsorption
of vWF at the surface of tumor cells with aberrant expres-
sion of GPIb and/or GPIIb/IIIa receptors or on activated
platelets. Iatrogenic causes include the use of plasma
expanders made from starch, which are also known to
adsorb multimers of vWF (Casonato et al., 2002). vWF pro-
teolysis by plasmin or elastase has been described in condi-
tions with increased fibrinolysis or sepsis. Lastly, vWF can
be disrupted by high shear stress, such as that occurring in
aortic stenosis, together with platelet activation brought
about by the same stress conditions. 

Treatment

This includes the treatment of the underlying diseases
(Federici et al., 1998; Federici, 2000). DDAVP is the treat-
ment of choice as it has the capacity to mobilize vWF from
storage sites (Frank et al., 2002). However, such treatment
is of limited use in antibody-mediated AvWS, in which the
rapid clearance compensates for increased production.
Under such circumstances, infusion of IVIG is advocated
(Arkel et al., 1994). Emergency situations require the use of
FVIII concentrates with a high content of vWF. The prog-
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nosis is dictated by the capacity to overcome the initial
bleeding episode and the underlying disease. 

FUTURE PROSPECTS

Autoantibodies to coagulation factors represent unique
situations that can be exploited to increase our understand-
ing of the mechanisms leading to autoimmunity. Such
autoantibodies have a narrow range of specificity, offering
the possibility of evaluation at clonal level. Methods to carry
out such an evaluation for both B and T cells are now acces-
sible in many laboratories. Besides, the pathology created
by autoantibodies to coagulation factors is easy to identify
by routine functional assays. Further, in many circum-
stances, a corresponding allogeneic immune response can be
found in coagulation factor-deficient patients treated with
specific replacement therapy (FVIII and FIX to cite the most
frequent). Likewise, an in-depth knowledge of the mecha-
nisms leading to autoimmunity should help improve the
quality of recombinant proteins for therapeutic use, from
soluble coagulation factors to fibrin sealant glues.
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HISTORIC BACKGROUND

A French neurologist at the Salpetriere in Paris, Jean
Martin Charcot, first gave a comprehensive account of the
features of multiple sclerosis (MS) in 1868 by correlating
the clinical and pathologic features of the illness in patients
he examined both while alive and at autopsy. He noted both
the accumulation of inflammatory cells in a perivascular dis-
tribution and demyelination accompanied by axonal sparing
within the lesions or “plaques” found in the brain and spinal
cord white matter of patients with intermittent episodes of
neurologic dysfunction (Charcot, 1868a; 1868b; 1877). This
led to the term “sclérose en plaques disseminées,” or mul-
tiple sclerosis. Towards the end of the 19th century, physi-

cians throughout the Western hemisphere began to accept
that MS was a specific disease. In 1868, Morris was the 
first physician to report an autopsy case of MS in North
American, while in 1875 Moxon reported eight cases of
“insular sclerosis affecting the brain and spinal cord” in a
patient from England. 

Over the past 100 years there have been many important
historical milestones relating to MS that have advanced 
the field. The demonstration of an autoimmune, at times
demyelinating, disease in mammals immunized with central
nervous system (CNS) myelin [experimental autoimmune
encephalomyelitis (EAE)] was first made by Thomas Rivers
at the Rockefeller Institute in 1933 with the repeated injec-
tion of rabbit brain and spinal cord into primates (Rivers et
al., 1933). This led to the generally accepted hypothesis that
MS is secondary to an autoimmune response to self-antigens
in a genetically-susceptible host. It should be pointed out
that although the inflammation found in the CNS of patients
with MS is thought to represent an autoimmune response,
this is based on the inability to consistently isolate a micro-
bial agent from the tissue of diseased patients. Nevertheless,
primary viral infections in the CNS may induce an autoim-
mune response (Hafler, 1999), and the recurring lesson from
the EAE model is that the minimal requirement for induc-
ing inflammatory, autoimmune CNS demyelinating disease
is the activation of myelin-reactive T cells in the peripheral
immune system (Ben-Nun et al., 1981; Goverman et al.,
1993). In 1948, Elvin Kabat described the increases in oligo-
clonal immunoglobulin in the cerebrospinal fluid (CSF) of
patients with MS, which provided further evidence of an
inflammatory nature to the disease (Kabat et al., 1948;
1950). In the past half-century, several large population-
based MS twin studies have demonstrated a strong genetic
basis to this clinical–pathologic entity (Mackay and 
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Myrianthopoulos, 1966; Williams et al., 1980; Heltberg and
Holm, 1982; Ebers et al., 1986; Kinnunen et al., 1987;
French Research Group on MS, 1992; Mumford et al., 1992;
Utz et al., 1993). In 1965, Schumacher et al. (1965) defined
clinical diagnostic criteria based on the notion that MS is a
disease that is disseminated in time and throughout the CNS.
In 1981, magnetic resonance imaging (MRI) was first used
to examine patients with MS (Young et al., 1981). The use
of MRI in MS has since revolutionized how patients are
diagnosed and further enlightened researchers on the patho-
physiology of the illness. 

In 1993, interferon (IFN)-b-1b was the first FDA-
approved immunomodulatory drug shown to alter the 
clinical course of MS by reducing both disability and MRI
lesion burden (Arnason, 1993). In the past 15 years, MS has
evolved from a disease with no therapy to one with five
approved immunomodulating treatments in the USA. These
major advances have established MS as a treatable neuro-
logic illness. Nonetheless, the development of more effec-
tive and safe treatments that can be used at the time of
diagnosis for this potentially disabling illness is paramount,
and predicated on a more thorough understanding of the
underlying immunopathology. 

Advances in immunology have provided clinicians with
powerful tools to better understand the underlying causes of
MS, leading to new therapeutic advances. The future calls
for extending the original observations of Charcot and Kabat
by defining the molecular pathology of MS at the levels of
DNA haplotype structure, CNS, and peripheral mRNA and
protein expression, leading to the generation of a new series
of disease-related hypotheses. 

CLINICAL FEATURES

The symptoms and signs of MS are variable as the
disease can affect the CNS anywhere. Demyelinating lesions
may develop at any site along myelinated CNS white matter
tracts, and symptoms of MS therefore depend on the func-
tions subserved by the pathways involved. In addition to
demyelination, edema, inflammation, gliosis, and axonal
loss all contribute to the symptomatology of a lesion. The
most common symptoms and signs involve alteration or 
loss of sensation due to involvement of spinothalamic or
posterior column fibers; visual loss from optic neuritis; 
limb weakness and spasticity related to disruption of cortico-
spinal tracts; tremors and incoordination of gait or limbs,
largely related to cerebellar or spinocerebellar fiber involve-
ment; and abnormalities of cranial nerve function (such as
double vision due to disturbance in conjugate eye move-
ment) secondary to brainstem lesions. Bowel, bladder, and
sexual dysfunction occur in over two-thirds of patients at
some time during the course of their illness (Betts et al.,
1993; Mattson et al., 1995), largely due to disruption in
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spinal cord pathways. Fatigue, depression, and cognitive
changes are common symptoms of elusive etiology that may
significantly interfere with daily functioning and are now
being recognized as significant contributors to disability. A
correlation with progressive brain atrophy on MRI has
implicated axonal loss as the pathologic substrate of the
cognitive deterioration in MS (Whitlock and Siskind, 1980;
Freal et al., 1984; Rao et al., 1989; 1991; Sadovnick et al.,
1996; Hohol et al., 1997). 

The hallmark of MS is the great variability in the 
clinical presentation and course of the illness. MS may 
be divided into four clinical categories: clinically isolated 
syndrome (CIS), relapsing–remitting multiple sclerosis
(RRMS), secondary progressive multiple sclerosis (SPMS),
and primary progressive multiple sclerosis (PPMS). Most
patients change from a CIS to RRMS and then gradually
become SPMS. 

The CIS occurs when a patient presents with a first
episode of demyelination in the form of optic neuritis, cere-
bellar or brainstem syndrome, or transverse myelitis accom-
panied by brain MRI lesions, making them at higher risk for
further attacks and then being labeled as having “multiple
sclerosis.” Not all patients with CIS go on to develop MS.
During an episode, neurologic symptoms develop over
hours to several days, persist for days to several weeks and
gradually dissipate. The resolution of symptoms appears to
be due to the reduction of inflammation and edema at the
site of the responsible lesion rather than to the reversal of
demyelination, which may persist even in the absence of
symptoms (Achiron and Barak, 2000). In a recent prospec-
tive study, patients experiencing their first episode sugges-
tive of CNS demyelination and having MRI evidence of at
least three typical lesions were followed for an average of
42 months. Within that period, a significant proportion of
patients developed an additional relapse, thus qualifying for
the diagnosis of clinically definite MS. If there were no MRI
lesions, the probability of developing MS was substantially
less. More than half of those developing MS experienced 
the additional relapse within 1 year of their first episode
(Achiron and Barak, 2000). Thus, it seems reasonable to
label the first attack of what appears to be MS as a “clini-
cally isolated syndrome,” explaining to patients that there is
a high likelihood of developing MS. This indicates to 
the patient that there is a good understanding of the under-
lying problem, but the prognosis is not as yet clear, allow-
ing patients who never have another attack to be saved from
carrying a diagnosis of MS.

If a patient with a CIS develops further episodes of
relapses followed by a recovery with a stable course
between relapses, patients are referred to as having RRMS.
At the beginning of MS, patients often make complete
recovery from relapses. As the disease goes on, the recov-
ery from a relapse diminishes, and the patient accrues dis-
ability. A relapsing–remitting onset is observed in 85–90%
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of patients, with relapses often lasting 4 weeks in duration.
The outcome in patients with RRMS is variable; untreated,
approximately 50% of all MS patients require the use of a
walking aid by 10 years after clinical onset (Svenson et al.,
1994), although the consequences on prognosis of newer
treatment regimens are not as yet clear. Increased attack fre-
quency and poor recovery from attacks in the first years of
clinical disease predict a more rapid deterioration. Multiple
T2-weighted and/or gadolinium-enhancing lesions on the
first MRI scan also predict a more severe subsequent course. 

Ultimately, approximately 40–50% of relapsing–
remitting patients stop having attacks and develop what may
be a neurodegenerative progressive disease secondary to the
chronic CNS inflammation, known as secondary progressive
multiple sclerosis (SPMS) (Confavreux et al., 2000). 
The evolution to this secondary progressive form of the
disease is associated with significantly fewer gadolinium-
enhanced lesions and a decrease in brain parenchymal
volume (Khoury et al., 1994; Filippi et al., 1995). Similarly,
while earlier RRMS is sensitive to immunosuppression
(Hohol et al., 1999), as times goes on, responsiveness to
immunotherapy decreases and may disappear in later forms
of SPMS. Thus, rather then conceiving of MS as first a
relapsing–remitting and then a secondary progressive
disease, it could be hypothesized that MS is a continuum
where there are acute inflammatory events early on with 
secondary induction of a neurodegenerative process refrac-
tory to immunologic intervention. This hypothesis awaits
experimental verification where early immunotherapy 
prevents the onset of secondary progressive disease. Such
critical investigations require new models of investigation
using natural history studies that can be performed over
decades.

Primary progressive MS (PPMS) is characterized from
the onset by the absence of acute attacks and instead
involves a gradual clinical decline. Close to 15% of patients
have a gradual clinical decline from the onset, usually in the
form of a progressive myelopathy. Patients may also present
with a progressive cerebellar syndrome in the form of ataxia.
Clinically, this form of the disease is associated with a lack
of response to any form of immunotherapy. This leads to the
notion that PPMS may in fact be a very different disease
from RRMS. A recent commentary points out the similari-
ties between primary progressive MS and human T-
lymphocyte virus (HTLV)-I-associated myelopathy (Hafler,
1999).

In the absence of a specific immune-based assay, the
diagnosis of MS continues to be predicated on the clinical
history and neurologic examination demonstrating multiple
lesions disseminated in time and space in the CNS (McDon-
ald et al., 2001). Although using McDonald’s criteria, the
diagnosis of MS can be made solely on the basis of a history
of two relapses and objective findings on examination of two
lesions disseminated in the CNS. MRI of the neuroaxis is
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often sought to confirm the diagnosis or to rule out other
mimics of the illness. The use of MRI has had a major
impact on early diagnosis by establishing newer criteria for
the diagnosis of the disease, as well as providing a means to
determine prognosis, and to monitor disease course and
response to therapy. As part of McDonald’s criteria, new T2-
weighted lesions or T1-weighted gadolinium-enhancing
lesions on follow-up MRI scans may serve as criteria for dis-
semination in space or time, thus allowing the diagnosis ful-
filling the criteria of MS to be made with further confidence
(McDonald, et al 2001).

MRI has allowed clinicians to further understand the
pathophysiology of the lesions and ultimately the overall
illness. The conventional MRI measures of disease burden
include the quantification of brain hyperintense lesions on
T2-weighted images, hypointense lesions on T1-weighted
lesions, and the post-gadolinium-enhancing T1-weighted
lesions and unconventional measures such as brain and
spinal cord atrophy. Each of these markers has a neuro-
pathologic correlate. T2-weighted cranial MRI lesions 
correlate well with the location on plaques in the CNS of
postmortem MS patients (Newcombe et al., 1991). The
lesions on MRI are often ovoid in shape and perpendicular
to the ventricles, representing the perivenular location of
demyelination (Bakshi et al., 2004). These lesions on T2-
weighted images represent many possible histopathologic
correlates, including demyelination, edema, axonal loss, and
inflammation (Bakshi et al., 2004). Lesions on T2-weighted
images are often clinically silent and correlate weakly with
a patient’s disability. This discrepancy between lesions 
on T2-weighted images and clinical status is labeled the 
clinical–imaging paradox (Bakshi et al., 2004). Hypo-
intense lesions on T1-weighted images may be persistent 
or nonpersistent (Rovaris and Filippi, 1999). Persistent
hypointense T1-weighted lesions represent areas of axonal
loss and are labeled as “black holes,” and their numbers have
shown to correlate better than T2 lesion load with clinical
severity of the disease (Rovaris and Filippi, 1999). Nonper-
sistent hypointense lesions on T1-weighted images that 
disappear represent reversible edema (Rovaris and Filippi,
1999). Postcontrast gadolinium enhancement of lesions on
T1-weighted images represents acute disruption of the
blood–brain barrier (BBB) from inflammation and lasts on
average 3 weeks, but may range anywhere from 1 to 13
weeks (Bakshi et al., 2004). Brain and spinal cord atrophy
may occur in MS and represents axonal loss. Brain and
spinal cord atrophy has been shown to correlate with dis-
ability, and brain atrophy alone has also been correlated with
cognition and depression (Bakshi et al., 2004). Other MRI
techniques, such as magnetic resonance spectroscopy and
magnetization transfer imaging have been used to study the
brains of patients with MS; however, at present, given the
lack of standardization, they are not being applied widely in
the clinical setting. 
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IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

CSF findings can be used as immunologic markers that
serve as adjuncts to clinical findings when considering the
diagnosis of MS. The CSF of patients with MS typically
shows normal glucose, a few lymphocytes (mostly T cells),
normal to mildly elevated total protein, and oligoclonal
immunoglobulin bands (OCBs).

When CSF from healthy controls is electrophoresed, 
the cathode region demonstrates a homogeneous blur of
immunoglobulin. When CSF from MS patients is electro-
phoresed, the cathode region reveals a number of discrete
bands that represent excess antibody production by one or
more clones of B-cells. Often absent early in the disease,
OCBs can eventually be detected in over 90% of patients
with MS (McLean et al., 1990). CSF OCBs have also been
described in conditions such as subacute sclerosing panen-
cephalomyelitis (SSPE) (Mattson et al., 1980), neurosyphilis
(Pedersen et al., 1982), varicella zoster virus infection
(VZV) (Vartdal et al., 1982), human immunodeficiency
virus (HIV) infection (Skotzek et al., 1988), and in multi-
system autoimmune diseases, cerebrovascular accidents,
and up to 5% of normal individuals. In diseases such as the
viral encephalitides, OCBs commonly seem to bind virus
determinants, in contrast to MS, where the antigen against
which the majority of bands are directed has not been 
identified (Olek et al., 2000).

When CSF is examined for albumin, 20–30% of MS
patients have an elevated level (Olek et al., 2000). Albumin
is not made in the CSF, and thus when elevated implies that
there is BBB disruption. Due to intrathecal synthesis from
plasma cells, CSF immunoglobulin levels are also elevated
in patients with MS. The immunoglobulins are mainly 
composed of IgG, with lesser amounts being IgM and IgA.
Nearly 90% of patients demonstrate elevated levels of CSF
IgG production when calculating the IgG index formula
[(spinal fluid IgG/spinal fluid albumin)/(serum IgG/serum
albumin)]. A spinal fluid IgG index >0.58 implies that IgG
is being synthesized in the CNS.

The role of serum antibodies against myelin oligo-
dendrocyte glycoprotein (MOG) and myelin basic protein
(MBP) is not clear in MS. While there are many reports of
serum and CSF anti-MBP and anti-MOG autoantibodies
(Berger et al., 2003), they appear to represent predominantly
low-affinity, nonspecific binding. However, using sensitive
solution-phase assays, high-affinity autoantibodies to MBP
and MOG can be detected in the serum and CSF of patients
with acute disseminated encephalomyelitis (O’Connor et al.,
2003). Moreover, high-affinity anti-MOG autoantibodies
can be eluted from the brain tissue of a subset of patients
with MS (unpublished data).

More recently, a serum autoantibody, neuromyelitis
optica immunoglobulin (NMO-IgG), was identified in
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patients with neuromyelitis optica, an inflammatory
demyelinating disease similar to MS, affecting the optic
nerves and spinal cord. The NMO-IgG was found to have a
sensitivity of 73% and a specificity of 91% among patients
with demyelinating conditions affecting the spinal cord and
optic nerves, and was determined to be useful in differenti-
ating this disease from MS (Lennon et al., 2004).

PATHOLOGY

Gross examination of MS brain tissue reveals multiple
sharply demarcated gray plaques in the CNS white matter
with a predilection to the optic nerves and white matter tracts
of the periventricular regions, brain stem, and spinal cord
(Figure 46.1). The gray matter contains less myelin, and 
thus lesions in the gray matter are less conspicuous on gross
examination; however, it too is affected by MS lesions
(Geurts et al., 2005). When examining the histologic 
features of a MS lesion there exist three major components:
inflammation, demyelination, and gliosis. The inflammation
in lesions is composed of lymphocytes, monocytes, and
macrophages, whose proportions depend on the activity and
age of the lesion. Demyelination is also an important feature
of the MS lesion, as evident by reduced myelin. Although
MS is described as a disease causing a loss of myelin, the
notion of axonal loss is becoming more important. Trapp 
et al. (1998) reported that substantial axonal injuries with
axonal transections are also abundant throughout active MS
lesions, even in patients with early stages of the disease
process. The axonal loss is evident by the presence of 
terminal axonal swellings on confocal microscopy, 
resulting from the “build up of axonally transported 

FIGURE 46.1 Coronal slice of cerebral hemispheres from a patient with
multiple sclerosis. Note the extensive areas of demyelination in the periven-
tricular regions of the lateral ventricles (open arrows) and in the subcorti-
cal white matter (small arrows). There is evidence of an increased size of
the lateral ventricles as well. 

Reproduced from Rudick (2004), with permission. 
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material collecting at the proximal end of a transected axon”
(Trapp et al., 1998). The third component of a lesion is seen
when reactive astrocytes and fibrillary gliosis are present in
the lesion.

MS lesions can also be classified from a pathogenesis
point of view into three types based on the age of the lesion:
active, chronic active, and chronic inactive (Lassman, 1998).
Macrophages are most prominent in the center of the active
plaques and are seen to contain myelin debris, while oligo-
dendrocyte counts are reduced. Lymphocytes may be found
in normal appearing white matter beyond the margin 
of active demyelination (Prineas and Wright, 1978). The
inflammatory cell profile of active lesions is also char-
acterized by perivascular infiltration of oligoclonal T cells
(Oksenberg et al., 1990; 1993; Wucherpfennig et al., 1992a),
consisting of CD4+ cells invading the normal appearing
white matter around the lesion and CD8+ T cells in the
plaque margins and perivascular cuffs (Figure 46.2) 
(Traugott et al., 1983; Hauser et al., 1986). The inflamma-
tory infiltrate may also include monocytes, occasional B
cells, and infrequent plasma cells (Wucherpfennig et al.,
1992b). In chronic active lesions, inflammation composed
of macrophages and activated microglia are found at the
border of the lesion and disappear from the center core, 
suggesting the presence of ongoing inflammatory activity
along the lesion edge. The chronic inactive plaque does not
have the macrophages at the border or center of the plaque.
There is no ongoing demyelination and the histology
demonstrates demyelinated axons with fibrillary gliosis
(Lassman, 1998). 

Four pathologic categories of the lesions have been
described related to potentially different immunopathophys-
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iologic disease mechanisms, although this has yet to be
demonstrated at a molecular level (Lucchinetti et al., 1996):
1) T-cell- and macrophage-mediated demyelination; 2) 
T-cell- and macrophage-mediated, plus antibody-induced or
complement-mediated, demyelination; 3) oligodendrocyte
dystrophy and apoptosis with myelin protein dysregulation;
and 4) primary oligodendrocyte degeneration with features
similar to viral, ischemic or toxic oligodendrocyte damage.
Patterns 1 and 2 are seen in acute, early active multiple scle-
rosis, with an intense perivenous immune reaction causing
a sharply-demarcated area of demyelination and destruction
of oligodendroglia, astrocytes, and axons. There is preser-
vation of oligodendrocytes and significant remyelination
(shadow plaques), and less expression of multiple myelin
proteins, without pattern 1 or with pattern 2 deposition 
of activated complement and IgG. Pattern 3 consists of 
a cellular infiltrate of macrophages, microglia, and T
cells, no immunoglobulin, ill-defined, nonperivenous areas 
of demyelination (preservation of oligodendroglia near
venules, oligodendroglial destruction, loss, and apoptosis),
and a marked fall in myelin-associated glycoprotein (MAG)
compared to other myelin proteins. Pattern 4 consists of an
inflammatory perivenous plaque with a sharp border of
destruction and apoptotic loss of oligodendroglia with little
remyelination. This rare pattern is exclusively seen in some
patients with PPMS. It was of interest that the pattern of
pathology tended to be the same in multiple lesions from
any single individual with MS. These different pathologies
may explain why some patients with MS have a heteroge-
nous response to the same therapies. 

EPIDEMIOLOGY

The prevalence rates of MS in North America range
between 30 and 150 in 100,000. Based on a weighted mean
of several studies, the average annual incidence of MS in the
US is 3.2 in 100,000 per year. The median age of onset of
symptoms is 23–24 years of age, with a peak age of onset
for women in the early 20s, and for men in the late 30s
(Schumacher et al., 1965; Studney et al., 1993; Paty et al.,
1994). As in most diseases classified as autoimmune, there
is a clear female predominance in MS cases (3 :2) (Olek 
et al., 2000). 

Evidence exists that the genetic make-up of the individ-
ual and certain unspecified environmental exposures may
each play a role in making someone susceptible to MS.
Studies in twins (Mackay and Myrianthopoulos, 1966;
Williams et al., 1980; Heltberg and Holm., 1982; Ebers et
al., 1986; Kinnunen et al. 1987; French Research group on
MS, 1992; Mumford et al., 1992), which are discussed
below, demonstrate shared genetic risk factors for MS. At
the same time, studies of MS incidence rates in migrants
(Alter et al., 1966) and apparent epidemics of MS at 

FIGURE 46.2 Inflammatory cells composed of lymphocytes and mono-
cytes are present in the perivascular cuff of a white matter lesion (specific
cell type staining not shown). Hematoxylin-eosin ¥ 4. Histopathology pro-
vided courtesy of Gerald P. Bailey, M.D., Ph.D. and Kevin C. O’Connor,
Ph.D., Harvard Medical School, Boston, MA.
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geographic locations (Haines et al., 1996), also discussed
below, indicate a clear role for environmental factors.

Genetic Factors

Approximately 15–20% of patients have a family 
history of MS, but large extended pedigrees are uncommon,
with most MS families having no more than two or three
affected individuals. Detailed population-based studies of
familial recurrence risk (Sawcer et al., 1996) have provided
estimates for familial clustering with ls, the ratio of the 
risk of disease in the siblings of an affected individual 
compared with the general population, of approximately 
15 (Margolis and Graves, 1945; Holmes et al., 1967; 
Shakir et al., 1983; Bias et al., 1986; Trostle et al., 1986;
Sadovnik et al., 1997; Sawcer et al., 1997). In studies of
twins, the monozygotic concordance rate is 30% versus the
dizygotic rate of 5% (Sadovnick et al., 1993). When both
parents are affected with MS, 9% of the children develop
the disease (Hogancamp et al., 1997). To date, the only 
confirmed genetic feature to emerge from these efforts is 
the association and linkage of the disease with alleles and 
haplotypes from the major histocompatibility complex
(MHC) on chromosome 6p21. It has become clear that MS
represents a complex genetic disease with no clear mode of
inheritance. 

An alternative hypothesis emerging from the linkage
studies is that MS, as a common disease, is caused by
common allelic variants, each with only subtle but impor-
tant variations on function. Crude theoretical modeling of
human population history suggests that variants that have 
a high population frequency as a whole, and are likely to 
be responsible for complex traits (the common disease–
common variant hypothesis), will generally be very old and
therefore accompanied by rather little linkage dysequilib-
rium (Daly et al., 2001). Quantitatively, this may translate
to dozens of gene regions each with risk factors of less then
¥1.1–¥1.4, but which in concert lead to major risk for
disease development. It may be postulated that as popula-
tions emerged out of Africa between 60,000 and 100,000
years ago, exposure to new microbes resulted in what are
thought to be major population bottlenecks with survival 
of individuals with allelic variants allowing for resistance 
to the novel infectious event. These combinations of dif-
ferent genes providing resistance to the population, when
randomly coming together, result in a hyper-responsive
immune system with subsequent autoimmune diseases; the
price an individual may pay for the protection of the general
population. Organ specificity may have emerged because
each infectious agent involved with a population bottleneck
would select for a single MHC-restricting element and sub-
sequent antigen specificity. As MS is a complex genetic
disease, understanding which combinations of genes provide
the multitude of perhaps relatively minor risk factors, which

620 Neurologic Diseases

in the population as a whole provide protection from micro-
bial disease but together, in unfortunate random combina-
tions, result in human autoimmune disease, is a central goal
of present genetic research efforts.

Environmental Factors

Global maps of MS prevalence rates, constructed based
on multiple descriptive epidemiologic studies, reveal a non-
random geographic distribution of the disease. A diminish-
ing North to South gradient of MS prevalence was described
in the Northern hemisphere (Beebe et al., 1967; Kurtzke,
1977; Kurtzke et al., 1979; Hammond et al., 1987), with 
an opposite trend identified in the Southern hemisphere
(Hammond et al., 1988; Hogancamp et al., 1997). This 
distribution likely reflects a combination of genetic and
environmental influences. For example, in both Europe and
the US, the prevalence of MS may reflect the degree of 
Scandinavian and Northern European heritage in resident
populations (Hammond et al., 1988). Nonetheless, the
several-fold difference in the South–North prevalence in
Australia, across a genetically homogeneous population,
argues for a nongenetic effect (Armon et al., 1991). The
identity of such a latitude-based risk factor remains elusive
(Lauer, 1995; Weinshenker, 1996; Bar-Or and Smith, 2000).
Environmental deficiencies have also been known to be
associated with MS, as seen by the inverse correlation of the
world prevalence of MS and the environmental supply of
vitamin D via sunlight exposure or dietary intake of vitamin
D3 (VanAmerongen et al., 2004). At higher latitudes, the
lower exposure to the sun in the winter months is insuffi-
cient to produce vitamin D given the lower exposure to the
sun in winter months (VanAmerongen et al., 2004). Vitamin
D is known to have some anti-inflammatory effect based on
the reduction of EAE incidence and severity in animal
models given the active vitamin D metabolite. Subtle defects
in vitamin D metabolism by “polymorphisms in the vitamin
D receptor gene could be a link in determining susceptibil-
ity to MS” (VanAmerongen et al., 2004). 

Migration studies in MS have suggested that migrants
from high- to low-risk areas show a decreased rate of MS
(Alter et al., 1966; Kurtzke et al., 1970; Dean and Kurtzke,
1971; Gale and Martyn, 1995; Lauer, 1995). Furthermore,
the age at emigration appears to influence whether the
migrants acquire the risk of the new environment or retain
the risk of their home country. While such comparison
studies are fraught with difficulties because of differences 
in study design (Stazio et al., 1964; Sweeney et al., 1986;
Lauer, 1995), they do suggest that some environmental
exposure during a particular window of time (likely in early
adolescence) may contribute to the risk of developing MS.
These observations, together with studies of proposed “MS
epidemics” (Lauer, 1995), have contributed to the hypothe-
sis that MS has an infectious etiology. Despite multiple 
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candidate organisms, to date no infectious agent has been
established as the cause of MS.

The “hygiene hypothesis” as a factor in explaining the
environmental risks associated with MS has been raised by
a recent study examining the correlation of exposures to
infant siblings in early life and the risk of acquiring MS
(Ponsonby et al., 2005). The “hygiene hypothesis” states that
children who are exposed to infections early in life are less
susceptible to autoimmune disorders and allergies as infec-
tions may alter T-cell receptor (TCR) diversity, B-cell 
maturation, and increasing IgG synthesis with re-exposures.
Children growing up without exposures to siblings show
increases in type 2 and type 1 helper T-cell (Th2 and Th1)
immune disorders. A “mature” immune system from an
early age may prevent infectious triggers in later years from
causing an immunologic response that can potentially lead
to an autoimmune disease such as MS. The risk of MS was
reduced when sibling exposure was present in the first 6
years of life, and it was hypothesized that this related to
changes in immune response and childhood infection pat-
terns, which may lead to a reduction in MS risk (Ponsonby
et al., 2005).

ANIMAL MODELS

Experimental autoimmune encephalomyelitis (EAE) is
an immune-mediated disease of the CNS that is character-
ized by multifocal demyelinating plaques and perivascular
inflammatory infiltrates, primarily comprised of T cells and
monocytes, and associated with a paralytic illness. These
pathologic and clinical features provide the impetus for
studying EAE as a model of MS. EAE is mediated by CD4+

T cells that recognize a variety of CNS autoantigens and
secrete pro-inflammatory Th1-associated cytokines, such as
IFN-g and tumor necrosis factor (TNF)-a. It can be induced
in several species of animals by injection of adjuvant with
homogenized whole myelin or myelin components, such as
MBP, proteolipid protein (PLP) or MOG. The ability to
induce EAE by passive transfer of CD4+ MHC class II-
restricted T cells that are reactive with these antigens (Ben-
Nun et al., 1981; Mokhtarian et al., 1984; Fritz et al., 1985;
Zamvil et al., 1985) but not by serum from affected litter-
mates, establishes EAE as a T-cell-mediated disease. 
Susceptibility to EAE and disease severity is dictated by dif-
ferent infectious exposures and the MHC background of the
animal. The latter influences the T-cell repertoire, as well as
which portions of the myelin proteins are encephalitogenic
in any given strain.

Susceptibility to EAE is dependent on the strain of the
animal (Baker et al., 1995; Sundvall et al., 1995; Encinas
and Kuchroo, 1999). For example, mice such as the B10.Pl,
SJL/J, and PL/J are susceptible, while BALB/c and
C57BL/6 are relatively resistant. Disease severity and
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course are also influenced by the genetic background and
may range broadly from a mild, uniphasic illness, through
to aggressive relapsing–remitting and progressive disease
patterns. Thus, there exist a variety of EAE models, each of
which represents a distinct aspect of human MS. It is now
recognized that the development of EAE and the pattern of
EAE pathology are dictated by the coordinated expression
of a number of genes that are involved in the activation and
effector functions of inflammatory cells. The expression of
these genes, in turn, is modulated by the animal’s environ-
ment, such that genetically identical animals with different
infectious exposures may manifest distinct profiles of EAE
induction and phenotype. As mentioned above, an important
component of susceptibility to EAE relates to the MHC
background of the animal, which influences the T-cell reper-
toire as well as which portions of the myelin proteins are
encephalitogenic in any given strain (Fritz and McFarlin,
1989). Genes that encode for costimulatory molecules,
cytokines, chemokines, and adhesion molecules have been
the focus of intense study. Molecular genetic techniques
have enabled the dissection of the effects on disease 
phenotype, of under- (“knock-out”) and over-expression
(“transgenic”) of an ever growing array of immune-related
molecules.

The limitation of the EAE model is that a single inbred
strain of animals may reflect single patients, and the wide
range of genetic diversity and broad environmental exposure
of highly outbred humans is clearly not well modeled by
EAE. For example, the anti–TNF-a receptor antibody 
ameliorates EAE but worsens disease in patients with MS
(Andersson et al., 1997). 

Another use of the EAE model relates to the therapeutic
application of altered peptide ligands (APLs). In the animal
model, a single amino acid substitution within the peptide
sequence of an encephalitogenic myelin epitope resulted in
an APL that induced TCR antagonism, partial agonism, and
anergy when used to stimulate T-cell clones generated
against the original encephalitogenic antigen. Treatment of
EAE with the APL induced a myelin-reactive T-cell reper-
toire that was shifted with respect to its cytokine responses
from an inflammatory (Th1) towards an anti-inflammatory
(Th2) profile, and was associated with improved disease
(Karin et al., 1994; Nicholson et al., 1995). Based on these
results, an APL of the immunodominant MBP epitope was
used in a trial of MS (Nicholson et al., 1995; Windhagen et
al., 1995a; Brocke et al., 1996; Ausubel et al., 1997; 1999;
Bielkova et al., 2000; Kappos et al., 2000). Unfortunately,
clinical deterioration and a dramatic increase in new
gadolinium-enhancing lesion formation was seen in 3 of the
10 patients receiving the APL in the non-placebo-controlled
trial (Bielekova et al., 2000). In contrast, Kappos et al.
(2000), reporting results using the same APL in a placebo-
controlled double-blinded randomized trial, found no
increase in the rate of exacerbation in patients given APL
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compared to those given placebo. Despite the trial ending
early because of hypersensitivity reactions, Kappos et al.
reported that there was evidence of improvement in lesions
on MRI at the lowest 5-mg dose. They noted a regulatory
Th2 cell response to altered peptide ligand that cross-reacted
with the native peptide. Antagonists of the very late antigen-
4 (VLA-4) were very effective in treating many inflamma-
tory animal models, including EAE (Yednock et al., 1992;
Lin and Castro, 1998). In preliminary trials the humanized
anti-a4 antibody was shown to be effective at reducing new
gadolinium-enhancing lesions and relapses in MS patients,
but was later pulled from the market by the manufacturer
after patients were diagnosed with progressive multifocal
encephalopathy. 

Newer experimental techniques involving EAE and the
use of antigen-specific tolerance have emerged, including
the use of active induction of tolerance by DNA vaccination.
There have been mixed results in these EAE models. Animal
models of EAE that were injected with DNA coding for
MBP or PLP suppressed EAE but vaccination with MOG
DNA worsened the EAE (Hohlfeld and Wekerle, 2004). The
DNA vaccine may also be used to co-deliver genes for
cytokines and the DNA of the autoantigens, which can
change the clinical outcome of EAE. Garren et al. (2001)
used the vaccine combination of the DNA-encoding PLP
and the IL-4 gene, which helped to prevent EAE by shifting
the local cytokine profile from the Th1 to the Th2 pathway.
This same vaccine combination was also shown to reverse
established EAE.

PATHOGENIC MECHANISMS

Current understanding of MS immunopathology is that
autoreactive proinflammatory T cells are critical to the prop-
agation of CNS tissue injury. It appears likely that when a
genetically susceptible host immune system encounters a
common environmental antigen (such as an infectious
organism), a process of “molecular mimicry” results in the
peripheral activation of cross-reactive T cells that can
migrate to the CNS and mount pro-inflammatory responses
to myelin epitopes. However, the mere presence of auto-
reactive cells in the periphery is an insufficient explanation
for the development of autoimmune disease, given that
myelin-reactive T cells can be found in the peripheral blood
of both normal individuals and patients with MS. 

Studies demonstrate that MBP-reactive T cells in MS
patients are in an enhanced state of activation in the periph-
ery of those with MS and have less stringent stimulation
requirements compared to those isolated from normal indi-
viduals, suggesting a breach in peripheral tolerance. Zhang
et al. (1994) found that the IL-2 receptor, a hallmark of acti-
vated T cells, was expressed on MBP-reactive T cells from
MS patients but not on those obtained from normal individ-
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uals. The T-cell costimulatory pathway is represented by the
engagement of CD28 on T cells by the CD80 or CD86 
molecules, typically expressed on the surface of activated
antigen-presenting cells (APCs). Reports have demonstrated
that MBP-reactive T cells from the peripheral blood of MS
patients are also less dependent upon CD80 (B7) costimu-
lation for their activation, compared to MBP-reactive T cells
from normal individuals (Williams et al., 1994; Windhagen
et al., 1995b). Enhanced expression of CD80 was detected
on B cells in peripheral blood, in the CSF, and in CNS
plaques of MS patients compared to controls, while levels
of CD86 expression were the same. The increased expres-
sion of CD80 appeared to correlate with disease activity and,
in one study, treatment response to IFN-b-1b was associated
with normalization of the levels of CD80 expression on the
B cells of patients (Figure 46.3) (Gene et al., 1997).

Upon interaction of the T cell with the APC, the antigen-
specific T cells proliferate and divide into two subsets, clas-
sified according to the cytokine profiles that they produce
upon activation (Abbas et al., 1996; O’Garra, 1998). MHC
class II-restricted CD4+ T cells, producing IFN-g, IL-2, lym-
photoxin, and TNF-a, have been termed Th1 (inflammatory)
cells and have been clearly shown to be pathogenic in most
EAE models (Leonard et al., 1995; Segal et al., 1998). The
Th1 cytokines activate macrophages for cellular immunity.
In contrast, CD4+ T cells producing IL-4, IL-5, IL-10 or IL-
13 have been termed Th2 (anti-inflammatory) cells and have
a protective role in EAE (Khoury et al., 1992; Owens et al.,
1994; Begolka et al., 1998; Antel and Owens, 1999). TGF-
b-producing cells have been termed Th3 cells and are 
also protective in EAE. Th2 cytokines promote humoral
immune responses. Although Th2 cells are defined as anti-
inflammatory cells, this is in the context of EAE. 

Several lines of evidence support the hypothesis that Th1
cells may be pathogenic in MS. Th1 and Th2 cells express
distinct profiles of chemokine receptors. An increased pro-
portion of T cells from MS patients were shown to express
the characteristic Th1 chemokine receptor pattern and MS
plaques were found to express increased levels of the 
corresponding chemokine (Siveke and Hamann, 1998; 
Balashov et al., 1999; Sorensen et al., 1999). Analysis of
cytokine mRNA in the CSF from MS patients showed a bias
towards Th1 cytokines (Blain et al., 1994). Immunohisto-
chemical studies of MS plaques in situ have demonstrated
the presence of the proinflammatory cytokines TNF-a and
IL-12 (Hofman et al., 1989; Selamj et al., 1991; Windhagen
et al., 1995b). Interventions that shift or deviate the cytokine
responses away from a Th1 and towards a Th2 profile have
been an exploitable drug targeting route for MS.

Selective expression of adhesion molecules, chemokines
and chemokine receptors, and matrix metalloproteinases
(MMPs) has also been demonstrated on inflammatory cells,
endothelial cells, and glial cells in samples from patients
with MS. These molecules are likely to be important in
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mediating the transmigration of effector cells across the
BBB and into the CNS perivascular tissue. Invading auto-
reactive T-cells can then become reactivated upon encounter
with their antigen in the CNS. The effector profile of such
cells is likely to depend on several factors in the micro-
environment, including the cytokine milieu and the costim-
ulatory profile of local and infiltrating APCs. Further release
of local cytokines, chemokines, and MMPs may support the
recruitment of subsequent waves of infiltrating effector
cells, including T cells, monocytes, and B cells. Mechanisms
of myelin destruction and axonal damage are likely to be
multiple and include direct effects of pro-inflammatory
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cytokines, oxygen radicals, and complement-fixing anti-
bodies; antigen-specific and -nonspecific cytotoxicity; and
apoptosis. Local damage results in exposure of additional
myelin components that may become primary targets of 
subsequent waves of infiltrating cells, leading to the phe-
nomenon of “epitope spreading.” Myelin-producing oligo-
dendrocytes scarcely produce MHC class II molecules, and
thus cannot present their own autoantigens to T cells. The
autoantigens must be transferred to nearby microglia or
macrophages and are then taken up, processed, and pre-
sented by these APCs. Activation of resident CNS glial cells,
such as microglia, may provide the basis for the generation

4) Regulation of autoimmune
responses

1) Disease initiation

2) Loss of
immunoregulation

3) CNS inflammatory
events

FIGURE 46.3 Presumed pathophysiology of multiple sclerosis (MS). Four main components contribute to the patho-
physiology of MS. 1) Initiation, a presumed microbe may be taken up by an antigen-presenting cell (APC) and is pre-
sented to a myelin-reactive precursor T cell (Thp). 2) Loss of immunoregulation, CD4+CD25+ regulatory T-cells (Tregs)
are thought to be reduced in MS patients, which causes a decrease in the overall autoregulation of the autoimmune
process. 3) Central nervous system (CNS) inflammatory events, in the CNS, local APCs, microglia, present antigen to
myelin-reactive type 1 helper T (Th1) cells that secrete Th1 cytokines such as interleukin (IL)-2, interferon (IFN)-g, and
tumor necrosis factor (TNF)-a, which permit the inflammation to continue. 4) Regulation of the autoimmune responses,
three cell types enter the CNS to counterbalance the pro-inflammatory Th1 cells, which are part of the naturally-
occurring regulatory mechanisms that bring the inflammatory cascade into check by counterbalancing the Th1-
mediated proinflammatory response. The three cell types are the Th3 cells which secrete transforming growth factor
(TGF)-b; Th2 cells which secrete Th2-mediated cytokines, including IL-4, IL-13, and IL-5; and regulatory T cells (Tr1),
which secrete IL-10. See color plate section.

Reproduced from Hafler (2004), with permission conveyed through Copyright Clearence Center, Inc. 
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or maintenance of pathologic responses, even in the absence
of further infiltration of exogenous inflammatory cells. In
contrast, evidence that glial elements may play a role in the
repair and recovery from myelin injury may lead to the
development of novel therapeutic approaches in MS, and
underscores the importance of elucidating the complexities
of glial–immune interactions.

TREATMENT 

Therapeutic approaches in MS may be broadly divided
into treatments that are symptomatic and/or supportive in
nature, and treatments that are directed at the underlying
pathophysiology of the disorder. Effective medical manage-
ment of spasticity, bladder symptoms, dysesthesias, fatigue,
and depression may significantly improve daily functioning
and enhance quality of life. Ambulatory aids, patient edu-
cation, appropriate use of physical and occupational therapy
services, and psychological and social supports should all be
elements of the comprehensive management plan. 
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Over the past 6 years, the US FDA has approved 
six agents (subcutaneous IFN-b-1b, Betaferon/Betaseron®;
intramuscular IFN-b-1a, Avonex®; subcutaneous IFN-b-1a,
Rebif®; glatiramer acetate, Copaxone®; mitoxantrone,
Novantrone®; and natalizumab, Tysabri®) as disease-
modifying therapies that have been shown to alter the course
of MS (Table 46.1). They are all expensive and only par-
tially effective on average, yet their current use has marked
a milestone for both patient care and the overall under-
standing of the pathogenesis of MS given that this disease
was until recently considered to be untreatable. 

The differences in study design and outcome measure
definitions make direct efficacy comparisons between the
approved therapies problematic. 

Interferons

Compared to placebo-treated RRMS controls, treatment
with alternate-day subcutaneous injections of 8 MU of IFN-
b-1b (Betaseron) was shown to decrease the primary effi-
cacy outcome measure of frequency of relapses by 34% after

TABLE 46.1 FDA-approved therapies for multiple sclerosis

Therapy Brand name Indications Results Mechanism of action

IFN-b-1a (IM, weekly) Avonex® Treatment of RRMS 33% reduction in relapses Acts on blood–brain barrier by
Reduction of new MRI interfering with T-cell adhesion 

T2-weighted lesions and to the endothelium by binding 
the volume of enlarging VLA-4 on T cells or by 
T2-weighted lesions inhibiting T-cell expression of

Reduction in the number MMP
and volume of Reduction in T-cell activation by
gadolinium-enhancing interfering with HLA class II 
lesions and costimulatory molecules

Slowing of brain atrophy B7/CD28 and CD40/CD40L
Immune deviation of Th2 over Th1

cytokine profile 

IFN-b-1a (SC, three Rebiff® Treatment of RRMS Same as IFN-b-1a above Same as IFN-b-1a above
times/week)

IFN-b-1b (SC, every Betaseron® Treatment of RRMS Same as IFN-b-1a above Same as IFN-b-1a above
other day)

Glatiramer acetate Copaxone® Treatment of RRMS 33% reduction in relapses Induces Th2 cells that enter the 
(SC, daily) Reduction in the number CNS and mediates bystander

and volume of suppression at sites
gadolinium-enhancing of inflammation
lesions

Mitoxantrone (IV Novantrone® Worsening forms of 67% reduction in relapses Antineoplastic that intercalates 
infusions every 3 RRMS SPMS Slowed progression in DNA
months) EDSS, ambulation Suppresses cellular and humoral

index, and MRI immune response
disease activity

Natalizumab (IV, Tysabri® Relapsing MS Reduced rate of relapse (in Monoclonal antibody that blocks 
monthly injections) up to 66%) and reduced a4-integrin on surface of 

development of T cells, preventing them from 
new MRI lesions crossing the blood–brain barrier

EDSS, Expanded Disability Status Scale; MMP, metalloproteinase; RRMS, relapsing–remitting multiple sclerosis; SPMS, secondary progressive multi-
ple sclerosis.
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2 years (The IFNB Multiple Sclerosis Study Group, 1993).
A significant decrease in the accumulation of MRI lesions
was observed with treatment (The IFNB Multiple Sclerosis
Study Group, 1993), although no beneficial effect on 
clinical disability was seen over the study period. More
recent 5-year follow-up data reported that disease progres-
sion in the IFN-b-1b treated group was 35%, compared 
with 46% progression in the placebo group (The IFNB Mul-
tiple Sclerosis Study Group and The University of British
Columbia MS/MRI Analysis Group, 1995). A 30% decrease
in the annual exacerbation rate in the treated group was
maintained and MRI data showed significantly less accu-
mulation of lesion burden in the IFN-b-1b-treated group
(3.6%) compared to the placebo-treated patients (30.2%)
over 5 years. 

IFN-b-1a (Avonex, weekly intramuscular injections), a
glycosylated recombinant IFN-b, was evaluated in a 2-year
study of weekly intramuscular injections of 6 MU (30 mg).
The primary efficacy outcome measure was timed to the
onset of a sustained deterioration in disability. The propor-
tion of patients progressing by the end of the trial was 21.9%
in the treated group compared to 34.9% in the placebo
group. The annual exacerbation rate was decreased by 32%
in the treated group versus the placebo group. Treatment was
also associated with a 40% reduction in mean MRI lesion
load (Jacobs et al., 1995; 1996). The mean number of new
enhancing lesions on MRI over the 2 years was 0.80 in the
IFN-b-1a-treated group versus 1.65 in the placebo. In the
PRISMS trial, a double-blinded placebo-controlled, phase
III trial of INF-b-1a (Rebif, subcutaneous, three times
weekly) in RRMS, treatment was associated with significant
improvement in MRI parameters, which extended the prior
evidence of benefit on relapse rate and disease progression
(Li and Paty, 1999). 

Common side effects of the IFN-bs include flu-like
symptoms and injection site reactions (rarely necrosis with
IFN-b-1b). Headache and depression are less common and,
rarely, hepatotoxicity or bone marrow suppression may
occur. Neutralizing antibodies (NABs) have been reported
for both IFN-bs and remain a contentious issue. Some reduc-
tion in the biologic effect and clinical benefit of IFN-b in
NAB+ patients has been suggested (Cohen et al., 1999). The
relative antigenicity of IFN-b-1b (alternate-day subcuta-
neous administration) may be greater than that of IFN-b-1a
(weekly intramuscular administration); however, a prospec-
tive comparison has not been made. The effect of dose on
the generation of NABs is also not established. 

As a class, the IFN-bs appear to exert their effects on the
pathophysiology of MS at several sites. Converging studies
have suggested that they inhibit the migration of activated
inflammatory cells across the BBB and into the CNS
parenchyma. The IFN-bs may exert this effect at the level
of adhesion molecules and/or MMPs. As noted above, the
adhesion molecule VCAM-1 has been identified on both
microglia and endothelial cells in chronic–active MS
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lesions, and its ligand, VLA-4, has been identified on the
perivascular inflammatory cells of MS lesions. Treatment
with IFN-b-1b was associated with decreased levels of
VLA-4 on inflammatory cells in MS patients, which corre-
lated with a decrease in the MRI lesion burden (Calabresi et
al., 1997; Trojano et al., 1997). Interferon-b-1b has also been
shown to suppress T-cell expression of MMPs and inhibit T-
cell migration across the BBB (Stone et al., 1995; Leppert
et al., 1996). The rapid effect of IFN-bs on the gadolinium-
enhancing lesions of MS (Stuve et al., 1996; Stone et al.,
1997) represents a promising biologic marker of treatment
response and establishes the BBB as an important site of
action of IFN-b therapy. A possible role for IFN-b treatment
in shifting cytokines in MS from a pro-inflammatory profile
to an anti-inflammatory profile is suggested by reports that
treatment may decrease levels of TNF-a while enhancing
levels of IL-6 (Brod et al., 1996) and of immunosuppressive
cytokines (Rudick et al., 1998). Finally, by decreasing the
molecules needed for antigen presentation, IFN-b leads to a
decreased generation of autoreactive T cells, which limits T-
cell activation. The increased levels of the costimulatory
molecule CD80, reported on mononuclear cells in MS blood
and CSF, are reversed in response to treatment with IFN-
b-1a (Genc et al., 1997).

Glatiramer Acetate

Treatment with glatiramer acetate/copolymer 1 (Copax-
one, GA), a 20 mg/day subcutaneous injectable synthetic
polymer, was associated with a 2-year relapse rate reduction
(primary outcome measure) of 29% compared to placebo
control (Johnson et al., 1995). A subsequent MRI study
revealed a beneficial effect of GA on newly forming gado-
linium-enhancing lesions (Mancardi et al., 1998). GA is 
relatively well tolerated with typically mild injection site
reactions, infrequent urticarial responses, and an occasional
stereotypical vasomotor reaction. Laboratory abnormalities
have not been reported and neutralizing antibodies are not
an issue.

The differences in the side effect profiles of the IFN-bs
and GA suggest that these treatments have distinct mecha-
nisms of action. GA is a random sequence polypeptide of
the four amino acids alanine (A), lysine (K), glutamate (E),
and tyrosine (Y). In contrast to the interferons, GA has 
little effect on the BBB. GA treatment appears to induce
GA-reactive Th2-polarized T cells that are more degenerate
in their antigen recognition (Duda et al., 2000). These acti-
vated Th2 T cells may enter the CNS, where they may
mediate bystander suppression at sites of inflammation,
leading to decreased disease activity and the observed 
efficacy of GA on both clinical and MRI parameters (Yong,
2002).

Overall, the approved immunomodulating agents provide
a measurable, though only partial, benefit in the treatment
of RRMS. The suggestion that the mode of action of 
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interferons differs from that of GA raises the possibility that
together these therapies may provide additive benefit, and
such a combination trial is underway.

Natalizumab

Natalizumab (Tysabri) is a monoclonal antibody to the
VLA-4 expressed on activated T cells and monocytes. It pre-
vents adhesion of activated T cells to endothelial cells. The
FDA approved this drug for relapsing MS patients based on
data from the first year of two ongoing trials studying RRMS
patients. The AFFIRM study compared natalizumab alone
to placebo and the SENTINEL study looked at adding natal-
izumab to ongoing IFN-b-1a therapy. The initial 1-year
results demonstrated that monthly intravenous infusions
reduced clinical relapses by 66% when compared to the
placebo arm, and a significant decrease in gadolinium-
enhancing lesions was seen. However, early in 2005, the
manufacturers of the drug voluntarily removed it from the
market following the death of patients, who had been on
combination therapy for 2 years, from progressive multi-
focal leukoencephalopathy; these patients had no history of
HIV (National Multiple Sclerosis Society, 2005).

Other Therapies

Corticosteroids 

Corticosteroids are used widely in the treatment of MS,
although data supporting their use is sparse. In general, treat-
ment of acute relapses with intravenous methylprednisolone
may lead to more rapid improvement in symptoms but does
not appear to change the ultimate outcome of the flare or the
subsequent disease course. The mode of action of corticos-
teroids is not established. Relatively nonspecific suppression
of T-cell responses is suspected, although differential effects
on T-cell subsets have been reported. Steroids have been
shown to reduce the activity of MMPs and MRI evidence of
a decrease in gadolinium-enhancing lesions following treat-
ment with steroids supports a possible therapeutic role at the
BBB (Miller et al., 1992).

Cyclophosphamide 

Cyclophosphamide is an alkylating agent with potent
cytotoxic and immunosuppressive effects. A randomized,
triple arm study demonstrated a positive effect in SPMS
patients treated with a 2-week course of cyclophos-
phamide/ACTH as compared to patients who received
ACTH alone (Hauser et al., 1983). These findings led to a
randomized single-blind trial by the Northeast Cooperative
Treatment Group that tested the efficacy of outpatient intra-
venous cyclophosphamide pulses every 2 months in 
236 patients who had initially received an intravenous
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cyclophosphamide/ACTH induction (Weiner et al., 1993).
Patients with disease for shorter durations had a more ben-
eficial effect from cyclophosphamide treatment as compared
to those not receiving the pulsed cyclophosphamide 
treatment. 

Emerging Therapies

Daclizumab

Daclizumab is a humanized monoclonal antibody against
CD25 that is expressed on activated T cells. CD25 serves as
the IL-2 receptor on T cells, and when T cells are activated
by IL-2, causes further T-cell expansion. Bielekova et al.
(2004) reported on an open label phase II baseline to treat-
ment trial of daclizumab in 10 RRMS patients with break-
through disease on IFN-b therapy. Overall, there was a 
78% decrease in new gadolinium-enhancing lesions on T1-
weighted images and positive outcome with respect to safety
and improvement in clinical outcome measures. 

Statins

Statins are oral lipid-lowering agents that have
immunomodulatory actions. They work by inhibiting MHC
class II expression and costimulatory molecule expression
and affect T-cell regulation. In a recent study of 30 patients
with RRMS who received simvastatin, 80 mg/day per os for
6 months, the mean number of lesions decreased by 44% 
(P = <0.0001), and the total lesion volume decreased by 41%
(P = 0.0018) compared to pretreatment MRI (Vollmer et al.,
2004).

Bone Marrow Transplantation

Bone marrow transplantation (BMT) is currently being
studied to treat severe MS. The host immune system is first
ablated with chemotherapy or radiation therapy. Autologous
stem cells are then infused to reconstitute a new healthy
immune system to minimize the greater morbidity and mor-
tality associated with allogenic transplantation. The objec-
tive of BMT is to stabilize patients suffering from active
forms of disease (Fassas et al., 2002; Blanco et al., 2005).
Autologous hematopoitic stem cell transplantation has been
performed on 250 MS patients as part of open label phase I
and phase II trials in which both clinical and MRI measures
are followed. From a radiologic point of view, BMT causes
a long-standing suppression of gadolinium-enhancing
lesions on T1-weighted MRI scans up to 3 years in duration
after the procedure. Only 50% of the patients had a 3-year
activity-free course of MS (Yolanda et al., 2005). A prelim-
inary summary of the results shows that BMT is most appro-
priate for patients with RRMS with an expanded disability
status scale (EDSS) of <6 on entry, those with active disease,
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and those who have failed conventional treatments (Yolanda
et al., 2005). While better designed double-blind random-
ized trials might be indicated to examine the true effect of
BMT on the progressive course of the disease, it is not clear
if ultimately the benefit of this approach will ever outweight
the potentially severe side-effects associated with it. 

Summary

It appears likely that immunomodulating and immuno-
suppressive therapies provide their greatest benefit early in
the disease, during a period in which inflammatory
responses are major contributors to tissue injury. As pro-
gressive disease sets in and irreversible axonal injury
becomes the major process underlying clinical deterioration,
the relative contribution of inflammation to ongoing injury
diminishes and with it the role of anti-inflammatory thera-
pies. This may explain why treatment of patients in the pro-
gressive phase of MS with immunomodulating therapies has
been less successful.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

Major strides have been made over the past years in our
understanding of the immunopathogenic processes underly-
ing the development and course of MS. Classical themes
have been revisited with the application of modern tech-
niques. The demonstration of distinct pathologic patterns in
MS plaques suggests that several different mechanisms may
contribute to tissue injury, and that the prevailing mecha-
nism may not be the same across patients. In part, this may
reflect the remarkable genetic diversity and broad range 
of environmental exposures that together define the 
human experience. Differences in pathogenic substrates may
explain the observed heterogeneity of clinical disease course
and severity, and the differential response to therapy. A more
meaningful classification of MS that is based on defining the
underlying process in individual patients may lead to more
effective therapeutic approaches. 

A variety of imaging modalities have combined with
pathologic studies to highlight the substantial degree of
axonal injury involved in both MS lesions and in normal
appearing white matter. These abnormalities are detected
early in the course of MS and may be better predictors of
subsequent disability than clinical measures of disease activ-
ity. Indeed, neurologic disability in MS is likely to have at
least two pathologic underpinnings: inflammatory demyeli-
nation and axonal transection. Episodic demyelination
involving infiltration of inflammatory cells is the likely 
substrate of clinical flares. Recovery from these probably
reflects resolution of local inflammation and edema in the
short term. Axonal transection may remain largely silent for
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extended periods, due in part to the redundancy and func-
tional compensation potential of CNS pathways. The
process of axonal loss, however, is irreversible and beyond
a certain threshold further degeneration translates into a
slow progressive clinical decline (Bradley, 1998; Trapp et
al., 1999a; 1999b). This underscores the importance of early
diagnosis and intervention in MS. 

While proven effective, current treatment approaches are
only able to modestly impact disease progression. The
development of more effective therapies will be predicated
on advancing our understanding of the underlying disease
process. A wealth of animal and human studies have con-
tributed to a model of MS immunopathogenesis in which
activated autoreactive T cells are likely to play an important
role. By a process of molecular mimicry, exposure to an
infectious agent may activate cross-reactive autoaggressive
T cells that may then enter the CNS and mediate injury.
Alternatively, direct insult to the CNS, such as by a neu-
rotropic virus or trauma, may expose CNS epitopes in the
setting of local inflammation, and trigger autoreactive T
cells in a susceptible host. Migration of pro-inflammatory
immune cells across the BBB in MS may reflect dysregula-
tion of the complex molecular interactions involving adhe-
sion molecules, chemokines, and MMPs. It remains to be
determined whether the abnormalities in expression levels
of these molecules associated with MS reflect a true patho-
genic role or a mere epiphenomenon of the inflamed 
state. The microenvironment in which autoreactive T cells
become activated, both in the periphery and in the CNS, 
is defined in part by the local profile of cytokines and co-
stimulatory molecules, and influences the effector profile of
the T cells, which may adopt an inflammatory or anti-
inflammatory character. A pro-inflammatory environment is
likely to promote “epitope spreading” and propagation of
disease. In contrast, anti-inflammatory cells may mitigate
the injurious responses by “bystander suppression.” The
roles of B cells and humoral responses, as well as the con-
tributions of innate immunity, are receiving renewed atten-
tion. In some settings, antibodies have been implicated in
augmenting or even inducing disease. In others, they may
play a protective role. Studies into the neurobiology of MS,
and in particular the roles of microglia and astrocytes, and
the interactions of neural elements, endothelia, and inflam-
matory cells, have been revealing. Neural–immune inter-
actions occur in the normal physiologic state and may
represent important homeostatic mechanisms capable of
promoting repair and regeneration. Indeed, these principles
must be incorporated in any serious attempt to comprehen-
sively understand MS. 

Finally, ongoing studies into the mechanisms of action of
the available immunomodulators are contributing to our
understanding of the immunopathology and neurobiology of
MS, and these insights will guide the development of the
next generation of safe and effective therapies. In addition
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to targeting inflammation, future approaches will undoubt-
edly explore neuroprotective strategies designed to prevent
oligodendrocyte death and axonal transection, and comple-
mentary approaches that promote remyelination and 
recovery. 
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4) Regulation of autoimmune
responses

1) Disease initiation

2) Loss of
immunoregulation

3) CNS inflammatory
events

FIGURE 46.3 Presumed pathophysiology of multiple sclerosis (MS). Four main components contribute to the patho-
physiology of MS. 1) Initiation, a presumed microbe may be taken up by an antigen- presenting cell (APC) and is pre-
sented to a myelin-reactive precursor T-cell (Thp). 2) Loss of immunoregulation, CD4+CD25+ regulatory T-cells (Tregs)
are thought to be reduced in MS patients, which causes a decrease in the overall autoregulation of the autoimmune
process. 3) Central nervous system (CNS) inflammatory events, in the CNS, local APCs, microglia, present antigen to
myelin-reactive type 1 helper T (Th1)-cells that secrete Th1 cytokines such as interleukin (IL)-2, interferon (IFN)-g, and
tumor necrosis factor (TNF)-a, which permit the inflammation to continue. 4) Regulation of the autoimmune responses,
three cell types enter the CNS to counterbalance the proinflammatory Th1 cells, which are part of the naturally-occur-
ring regulatory mechanisms that bring the inflammatory cascade into check by counterbalancing the Th1-mediated proin-
flammatory response. The three cell types are the Th3 cells which secrete tumor growth factor (TGF)-b; Th2 cells which
secrete Th2-mediated cytokines, including IL-4, IL-13, and IL-5; and regulatory T-cells (Tr1), which secrete IL-10.

Reproduced from Hafler (2004), with permission. 
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Autoimmunity is implicated in a small but important
group of peripheral nerve diseases. These include the acute
inflammatory neuropathies eponymously referred to as the
Guillain-Barré (GBS) and Fisher syndromes, and the
chronic inflammatory demyelinating polyradiculoneuro-
pathies, both idiopathic and associated with a serum para-

protein. Substantial evidence exists for an autoimmune
pathogenesis in GBS and its subtypes. Evidence is still being
gathered to support similar processes in the chronic inflam-
matory neuropathies, including the demyelinating neuro-
pathy associated with antibodies to myelin-associated
glycoprotein (MAG). Although most current evidence sup-
ports an antibody-driven pathogenesis triggered by infec-
tion, T cell and other cellular immune components are
crucial effectors of disease. Experimental allergic neuritis
(EAN), an inflammatory model of neuropathy, has been
instructive in the detailed study of the pathogenesis of
immune-mediated neuropathies and will be discussed.

ACUTE NEUROPATHIES: THE
GUILLAIN-BARRÉ SYNDROME

Historic Background

Guillain, Barré, and Strohl described a rapidly evolving
flaccid paralysis with areflexia and albuminocytologic dis-
sociation in the cerebrospinal fluid (CSF) in 1916 (Guillain
et al., 1916). Early autopsy demonstrated both T-cell inflam-
mation and demyelination in peripheral nerves (Haymaker
and Kernohan 1949; Ashbury et al., 1969), leading to the
notion of GBS being a single pathophysiologic entity 
synonymous with acute inflammatory demyelinating
polyradiculoneuropathy (AIDP). AIDP is by far the most
common variant of GBS in the developed world. Variants
such as the Fisher syndrome (Fisher, 1956) and the axonal
variants (Feasby et al., 1986), acute motor axonal neuro-
pathy (AMAN) and acute motor and sensory axonal neuro-
pathy (AMSAN) (Yuki et al., 1990; McKhann et al., 1991;
1993), are now part of a spectrum of disease with variable
worldwide occurrence (Box 47.1; see below).
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Epidemiology

Since the near eradication of poliomyelitis, GBS has
become the most common cause of acute flaccid neuromus-
cular paralysis in the world. The incidence of GBS is 1-1.5
in 100,000 (range 0.4-4) (Hughes and Rees, 1997; Rees et
al., 1998; Emilia-Romagna Study Group, 1998). The inci-
dence increases steadily with advancing age and males are
affected more often than females by 1.25 :1 (Hadden and
Gregson, 2001). Case-control studies implicate infections
as precipitating events (see below).

Severity varies from mild with full recovery in 10% of
patients, to bedbound in 40%, to complete paralysis with
ventilatory dependence in 20%. Death occurs in 5-8% of
patients (Guillain-Barré Syndrome Study Group, 1985;
Rees et al., 1998).

Clinical Features and Subtypes

The diagnosis of GBS remains clinical, but electro-
physiologic studies help to subtype patients into diagnostic 
categories.

Acute Inflammatory Demyelinating
Polyradiculoneuropathy

AIDP accounts for >95% of patients with GBS in Europe
and North America. Patients present with a rapidly evolving
neuropathic (sensory) motor paralysis, usually ascending, in
two or more limbs over less than 4 weeks. The illness is
monophasic. Most patients have numbness, tingling or pain
and many complain of bladder disturbance, facial weakness
or swallowing difficulty (Hughes, 1990). Autonomic distur-
bance is common with arrhythmia and fluctuating blood
pressures. Tendon reflexes are absent or reduced. The 
CSF contains fewer than 50 leucocytes/ml (Asbury and
Cornblath, 1990) and CSF protein is raised in 80% of cases.
Antiganglioside antibodies may be detected in the serum
(see below) by enzyme-linked immunosorbent assay
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(ELISA), often with thin layer chromatography confirma-
tion. Assays should be performed in an experienced labora-
tory. Electrophysiologic studies typically show slowed
motor conduction velocities, delayed F-waves and preserved
compound muscle action potential (CMAP) amplitudes 
consistent with demyelination, but conduction failure and
axonal degeneration may complicate the picture.

Multifocal perivascular T-cell infiltration with demyeli-
nation, typically patchy with involvement of proximal and
terminal nerve segments, characterizes the pathology of
AIDP (Asbury et al., 1969; Hall et al., 1992; Reisin et al.,
1993; Massaro et al., 1998). Indications of blood-nerve
barrier (BNB) breakdown and deposition of activated com-
plement components can be seen in some but not all cases
of AIDP (Hafer-Macko et al., 1996b). These observations
raise the possibility that T-cell- or antibody-mediated
immune injury can predominate in an individual case.

Acute Motor Axonal Neuropathy

AMAN is a pure motor variant of GBS seen most com-
monly in China, Japan, and Mexico (Ramos-Alvarez et al.,
1969; McKhann et al., 1991; 1993; Ogawara et al., 2000),
where it accounts for almost half of cases. In Europe and
North America it accounts for only 5-20% of cases (Rees
et al., 1995b; Visser et al., 1995), probably nearer 5%. The
reasons for this are unknown. In China, AMAN occurs in
seasonal epidemics, affects more children (McKhann et al.,
1991), and is strongly associated with Campylobacter jejuni 
infection. Sensory impairment is minimal and autonomic
involvement less common. Electrophysiologic studies are
characterized by reduced CMAP amplitudes and absent F-
waves, with normal distal motor latencies and conduction
velocity (Kuwabara et al., 2000). Sensory involvement is
absent.

The pathology of axonal GBS has largely been described
from AMAN cases in northern China. The pathologic
changes indicate an antibody-mediated immune attack
directed preferentially against motor axons, causing primary
axonal degeneration in the absence of prominent T-cell
inflammation (Griffin et al., 1995; 1996a; Hafer-Macko et
al., 1996a). Macrophages may be found in the periaxonal
space, suggesting that the antigen of interest is on the
axolemma (Figure 47.1). However, since in some patients
little pathology is found (Griffin et al., 1996b) and in others
recovery is too rapid for nerve fiber degeneration and regen-
eration (Ho et al., 1997; Kuwabara et al., 1998), axonal 
conduction failure and distal neuromuscular terminal failure
must also make a prominent contribution to clinical weak-
ness in AMAN.

Acute Motor and Sensory Neuropathy

AMSAN is a more severe form of AMAN, with a more
severe course, sensory involvement, and delayed recovery

Box 47.1
Diversity of Guillain–Barré variants

Acute inflammatory demyelinating polyradiculoneu-
ropathy (AIDP); regional variants, e.g., pharyngo-
cervical-brachial 

Acute motor axonal neuropathy (AMAN)
Acute motor and sensory axonal neuropathy (AMSAN)
(Miller) Fisher syndrome (ataxia, ophthalmoplegia, and

areflexia)
Acute panautonomic neuropathy
Acute pure sensory neuropathy
Acute motor conduction block neuropathy
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FIGURE 47.1 Immunostained teased ventral root fibers from a patient with acute motor axonal neuropathy (AMAN),
4 days after the onset of neurologic symptoms. A–D, The complement activation product C3d was localized discretely
at the nodes of Ranvier (arrows) of the large myelinated motor fibers. The golden–brown immunoreaction product is at
the nodes. E–H, Many motor fibers had macrophages overlying, and extending processes into, the nodes of Ranvier
(arrows). [E and F were immunostained with the macrophage marker HAM-56; G and H for HLA-DR (major histo-
compatibility locus class II)]. See color plate section.

Reprinted from Hafer-Macko et al. (1996a). 
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(Feasby et al.,1986; Griffin et al., 1995). Sensory as well as
motor nerve roots are involved. The pathology is similar to
AMAN.

Fisher Syndrome

The Miller Fisher or Fisher syndrome (FS) (Fisher, 1956)
accounts for approximately 5% of GBS cases and comprises
ophthalmoplegia, ataxia, and areflexia without limb weak-
ness. In common usage, facial and bulbar weakness have
been included as part of the syndrome. Overlapping forms
with AIDP are not uncommon. This syndrome is strongly
associated with preceding C. jejuni infection and over 85%
of patients have antibodies to the ganglioside GQ1b, which
are almost certainly pathogenic (see below) (Willison et al.,
1993; Mizoguchi, 1998; Willison and O’Hanlon, 1999;
O’Hanlon et al., 2001). Anti-GQ1b antibodies are also found
in GBS patients with ophthalmoplegia. The pathophysio-
logic and structural bases of the clinical manifestations in
FS are still not completely resolved.

Acute Idiopathic Autonomic Neuropathies

These neuropathies are rare but are probably variants of
GBS (Kissel et al., 2001; Freeman, 2005). They present with
acute or subacute autonomic failure manifesting as presyn-
cope and syncopal episodes with a viral prodrome in 50%.
Abdominal symptoms with diarrhea, constipation, vomiting
or pain, impotence, bladder dysfunction, sweating abnor-
malities, and pupillary symptoms and signs are variable 
and not uncommon. Pandysautonomia is most common but
both pure sympathetic and parasympathetic failure are
described. There are often few sensory or motor features
other than subjective sensory disturbance and hyporeflexia.
There is albuminocytologic dissociation in the CSF, and
recently an association has been described with neuronal
nicotinic acetylcholine receptor antibodies in the serum
(Vernino et al., 2000). Recovery is often slow and 
incomplete. 

Autoimmune Features

Molecular Mimicry

Molecular mimicry has been invoked as a mechanism in
a variety of autoimmune diseases. AMAN and FS provide
some of the best available evidence to support the hypo-
thesis of molecular mimicry as a pathogenetic mechanism
underlying postinfectious autoimmune disorders. AMAN
and FS fulfill some of the Koch-Witebsky postulates sup-
porting autoantibody as pathogenic (Witebsky et al., 1957;
Rose and Bona, 1993). Antiganglioside antibodies can be
demonstrated in patient serum. They have cognate antigens
(gangliosides) enriched in peripheral nerve. It is possible to
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immunize animals (see below) with ganglioside antigens,
either purified or as whole bacteria, to produce autoantibody
and disease, albeit with difficulty. Transfer of antibody from
patient/model animal to a normal subject can sometimes
transfer disease. Furthermore, mechanisms of antibody
action are now starting to be understood. 

Antiganglioside Antibodies in Guillain-Barré Variants

Antibodies to ganglioside species are found in the serum
of patients with GBS. They are polyclonal, predominantly
IgG, and generally complement-fixing IgG1 and IgG3
(Willison and Veitch, 1994; Ogino et al., 1995; Yuki et al.,
1995; Ho et al., 1999). This implies class-switching usually
with T-cell help, both atypical of human anticarbohydrate
responses (see below). Antibodies to gangliosides GM1,
GM1(NeuGc), GM1b, GalNAc-GM1b, GD1a, GalNAc-
GD1a, GD1b, 9-O-acetyl GD1b, GD3, GT1b, GQ1b,
GQ1ba, LM1, galactocerebroside, and SGPG have been
reported in more than 200 papers on inflammatory neuro-
pathies (Willison and Yuki, 2002). Clinicoserologic corre-
lations between GBS subtypes and serum antibodies to
putative ganglioside antigens have been drawn (Rees et al.,
1995a; Jacobs et al., 1996; Ho et al., 1999; Ogawara et al.,
2000). Antibodies to gangliosides GM1 and GD1a, impli-
cated as the major target antigens in AMAN (Yuki et al.,
1993b; Rees et al., 1995a; Jacobs et al., 1996; Hadden et al.,
1998; Ho et al., 1999; Ogawara et al., 2000), can be detected
in 50-60% of AMAN patients in the Far East (Ho et al.,
1999; Ogawara et al., 2000). Antibodies to GalNAc-GD1a
and GM1b are found in motor predominant GBS in about
10-15% of cases (Ang et al., 1999; Yuki et al., 1999; 2000).
Anti-GQ1b antibodies, frequently cross-reactive with struc-
turally-related gangliosides, are present in 80-90% of
patients with FS (Willison et al., 1993; Yuki et al., 1993a;
Carpo et al., 1998). This correlation provides the strongest
association between antibodies to a specific ganglioside and
a clinical phenotype. 

Gangliosides in Peripheral Nerve

Gangliosides are sialic acid-containing glycolipids
(Figure 47.2), widely distributed in mammalian tissues, but
enriched in the nervous system. GM1, GD1b, GD1a, and
GT1b are the most abundant. A simple hypothesis to explain
the differences between GBS variants is based on the
premise that target gangliosides have differential distribu-
tion in the peripheral nervous system (PNS). In relation to
FS, GQ1b is relatively enriched in the oculomotor cranial
nerves (Chiba et al., 1993; 1997), although anti-GQ1b anti-
bodies may bind elsewhere (Willison et al., 1996; Goodyear
et al., 1999). Although ganglioside immunolocalization
studies are technically difficult, the AMAN-associated gan-
gliosides GM1 and GD1a, are localized at the nodes of
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Ranvier and in motor nerve terminals (Sheikh et al., 1999;
Gong et al., 2002). Furthermore, preferential staining of
motor nerve fibers has been demonstrated with monoclonal
anti-GD1a antibodies in rats (Gong et al., 2002) (Figure
47.3) and also with human anti-GD1a antibodies from a
patient with AMAN (De Angelis et al., 2001). Other factors,
such as variations in permeability of the BNB, density, and
accessibility of target gangliosides, and relationship to func-
tional components of the axolemma, such as ion channels,
are likely to be relevant. 

Functional Effects of Antibodies

Antibodies bind to nerves at nodes of Ranvier where gan-
gliosides (especially GM1) and channels are enriched. Some
studies indicate that anti-GM1 antibodies may block or alter

Peripheral Neuropathy 637

channel function (Takigawa et al., 1995; 2000; Weber et al.,
2000), although the exact mechanisms remain unclear
(Sheikh et al., 1999). Intraneural injection of GBS patient
serum, purified immunoglobulin or specific antiganglioside
antibodies has produced mixed results (Saida et al., 1979;
Winer et al., 1988; Sumner et al., 1992). 

An alternative site of attack is at the roots and motor
nerve terminals (MNTs) where the BNB is relatively defi-
cient. MNTs degenerate in AMAN (Ho et al., 1997) and are
disturbed electrophysiologically in FS (Uncini and Lugaresi,
1999). In an ex vivo phrenic nerve-diaphragm preparation,
Willison et al. have clearly shown that anti-GQ1b anti-
bodies bind to nerve terminals and cause complement-
dependent quantal acetylcholine (ACh) release, resulting in
neuromuscular blockade and a calcium-dependent disrup-
tion of the terminal bouton (Willison et al., 1996; Goodyear
et al., 1999; Plomp et al., 1999; O’Hanlon et al., 2001). They
have recently shown the same effect with anti-GD1a anti-
bodies, and that this effect is dependent upon GD1a antigen
density (Goodfellow et al., 2005). 

In a parallel series of patch-clamp experiments, IgG
GQ1b, GD1a, GD1b, and GM1 antibodies have been shown
to cause reversible complement independent pre- and post-
synaptic blockade, depending upon the antibody used
(Buchwald et al., 1995; 1998; 2002; Buchwald and Sheikh,
unpublished results).

Environmental Effects

C. jejuni is a gram-negative non-spore-forming
enteropathogen that is one of the most common causes of
bacterial gastroenteritis worldwide (Hughes and Rees, 1997;
Friedman et al., 2000; Oberhelman and Taylor, 2000). 

FIGURE 47.2 Ganglioside species in peripheral nerve that are potential
targets for neuropathy-associated antibodies. Note the similarity in struc-
tures between species, which allows for some cross-reactivity. All have an
intramembrane ceramide and display cell-surface oligosaccharides. IgG
antibodies to GQ1b are associated with over 90% of cases of Fisher syn-
drome, but commonly demonstrate cross-reactivity with related species
GT1b and GD1b. Antibodies to GM1 are associated with multifocal motor
neuropathy with conduction block and a worse prognosis in Guillain–Barré
syndrome. IgG antibodies to GD1a are strongly associated with acute motor
axonal neuropathy. Antibodies to GM1 and GalNAc-GD1a are also less
commonly found (see text). Gal, galactose, GalNAc, N-acetylgalac-
tosamine; Glc, glucose; NeuAc, neuraminic (sialic) acid.

FIGURE 47.3 Unfixed fresh-frozen rat motor-sensory nerve root stained
with a monospecific murine IgG anti-GD1a antibody. There is preferential
strong staining of the motor axons of the ventral root (below) compared to
the sensory axons of the adjacent dorsal root (above). Original magnifica-
tion ¥320.
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Infection with C. jejuni is found in 13-72% of patients 
with AMAN or GBS (Hughes and Rees, 1997; Hadden and
Gregson, 2001), with an overall prevalence estimated to be
around 30% (Moran et al., 2002). Only 1 in 1000 cases of
C. jejuni infection is complicated by GBS. The exact char-
acteristics of C. jejuni that determine whether GBS follows
infection are still unclear. However, a relationship of 
GBS with a number of Penner serotypes is recognized 
(Prendergast and Moran, 2000). Penner serotyping dis-
tinguishes C. jejuni strains on the basis of strain-specific,
heat-stable, extractable, capsular lipopoly- and lipooligo-
saccharides. Penner strains HS:19 (Fujimoto et al., 1992;
Yuki et al., 1992; Kuroki et al., 1993; Rees et al., 1995b;
Jacobs et al., 1997b; Sheikh et al., 1998) and HS:41
(Goddard et al., 1997) are especially over-represented in
GBS and are uncommon in patients with uncomplicated 
gastroenteritis. 

The lipopolysaccharide (LPS) and lipooligosaccharide
(LOS) of C. jejuni carry ganglioside-like moieties. Several
studies have characterized these in GBS- and diarrhea-
associated C. jejuni strains. GM1-, GD1a-, GalNAc-
GD1a-, GM1b-, GT1a-, GD2-, GD3-, and GM2-like struc-
tures have all been identified (Aspinall et al., 1993; 1994a;
1994b; Yuki et al., 1994; 1996; Sheikh et al., 1998;
Nachamkin et al., 1999; 2002). Although no GQ1b-like
structure exists, antibody-binding assays have shown the
presence of GQ1b- and GT1a-cross-reactive moieties in C.
jejuni LPS/LOSs (Yuki et al., 1994; Jacobs et al., 1995;
1997a). It is these structures that are likely to provide the
initial stimulus to autoimmune activation. 

Upper respiratory tract infection or other febrile episodes
caused by cytomegalovirus (CMV) (5-22%), Epstein-Barr
virus (EBV) (2-10%), Mycoplasma pneumoniae (5%), and
Haemophilus influenzae have all been identified as poten-
tially causative (Hadden and Gregson, 2001; Ju et al., 2004).
H. influenzae carries ganglioside-like moieties (Mori et al.,
2000). Swine flu and rabies vaccinations have also been
causatively implicated (Kaplan et al., 1982; Hemachudha et
al., 1988).

Animal Models

Attempts to generate either IgG antiganglioside antibod-
ies or neuropathy in animals by immunization with C. jejuni
were for a long while either unforthcoming or not repro-
ducible (Nagai et al., 1976; Kusunoki et al., 1996; Li et al.,
1996; Prendergast and Moran, 2000). Immunization of mice
with C. jejuni LPSs/LOSs generates mainly low-titer IgM
antibodies (Wirguin et al., 1997; Goodyear et al., 1999),
reflecting a high level of tolerance to self-gangliosides
(Bowes et al., 2002). Tolerance to self-gangliosides can be
overcome by immunization with gangliosides or C. jejuni
LPSs conjugated to adjuvant in transgenic animals lacking
complex gangliosides (Lunn et al., 2000; Bowes et al., 2002)
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(Figure 47.4). This model illustrates that where tolerance is
circumvented, potentially pathogenic antibodies can be 
generated.

A sensory ataxic neuropathy with pathologic changes in
the nerve and cord has been induced in rabbits by GD1b
immunization and passive antibody transfer (Kusunoki et
al., 1996; 1999a; 1999b). Immunization with mixed bovine
brain gangliosides or GM1 alone produced an acute flaccid
paralysis in rabbits reminiscent of human disease (Yuki et
al., 2001; Susuki et al., 2003). The implantation of a murine
IgG anti-GD1a-secreting hybridoma into mice, but not
passive transfer of the same antibody, led to an axonal 
neuropathy (Sheikh et al., 2004). Additional cytokine factors
may be required to initiate the neuropathy. 
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FIGURE 47.4 Mice lacking complex ganglioside species (GalNAcT-/-)
are able to switch class to complement-fixing IgG production when immu-
nized with keyhole limpet hemocyanin (KLH)-conjugated ganglioside.
Serologic responses of three individual GalNAcT-/- mice (open symbols)
and three wild-type mice (closed symbols) immunized with GD1a-KLH,
and a GalNAcT-/- mouse immunized with unconjugated KLH (X). Sera col-
lected at the indicated times were tested for IgG and IgM anti-GD1a anti-
body titers by ELISA. Titer values are presented as the greatest dilution
resulting in a signal which exceeded 3 SD above the control mean. Values
were tested in triplicate. i.p., Intraperitoneal; i.v., intravenous.

Reprinted from Lunn et al. (2000), with permission. 
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Cellular Mechanisms

Comprehensive evidence of T-cell involvement in GBS
has not been so forthcoming despite the central role of T
cells in the pathogenesis of EAN. Studies of animal models
and predominantly human AIDP have generated a complex
multistep pathogenesis for cellular involvement in the
autoimmune neuropathies (Figure 47.5). Macrophages are
essential effectors of damage and recovery, targeted by anti-
body and T cells (see below). 

Multifocal lymphocytic infiltration was established as the
hallmark of the pathology of GBS in early postmortem
studies (Asbury et al., 1969), but it is not always seen 
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(Cornblath et al., 1990; Honavar et al., 1991). Circulating
activated T cells are found early in the course of GBS
(Taylor and Hughes, 1989; Hartung and Toyka, 1990). ab T
cells with CD4 and CD8 ratios in similar proportions to
peripheral blood (Cornblath et al., 1990) are the predomi-
nant cells found in nerve. Restricted usage of Vb genes,
especially Vb15, suggests activation by a common antigen
or superantigen (Khalili-Shirazi et al., 1997). Furthermore,
gd T cells have also been found in, and isolated from, 
GBS-affected nerves (Khalili-Shirazi et al., 1998; Winer 
et al., 2002). gd T cells are capable of recognizing non-
protein antigen and are thus candidates for responding to
putative carbohydrate and ganglioside antigens (see above)
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FIGURE 47.5 Schematic of the immune responses in the inflamed peripheral nervous system. Basic principles of the
cellular immune responses: autoreactive T cells (T) recognize a specific autoantigen presented by major histocompati-
bility complex (MHC) class II molecules and the simultaneous delivery of costimulatory signals on the cell surface of
antigen-presenting cells, such as macrophages (MF), in the systemic immune compartment. Activated T lymphocytes
can cross the blood–nerve barrier (BNB) in order to enter the peripheral nervous system (PNS). Within the PNS, T cells
activate macrophages that enhance phagocytic activity, production of cytokines, and the release of toxic mediators, such
as nitric oxide (NO), matrix metalloproteinases (MMPs), and proinflammatory cytokines, propagating demyelination
and axonal loss. The termination of the inflammatory response is mediated, in part, by macrophages by the induction
of T-cell apoptosis and the release of anti-inflammatory Th2/Th3 cytokines, such as interleukin-10 (IL-10) and trans-
forming growth factor-b (TGF-b). CAMs, cell adhesion molecules; LT, leukotrienes; TNF-a, tumor necrosis factor-a.

Reproduced from Kieseier et al. (2004), with permission. 
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(Bukowski et al., 1998). They proliferate in vitro in response
to C. jejuni sonicates, but require either ab T cells or inter-
leukin (IL)-2/IL-15 to do so (Van Rhijn et al., 2003). Pre-
dominant use of Vg8d1 suggests activation of epithelially
(possibly gut) resident gd T cells (Cooper et al., 2000). ab
and gd T cells also probably provide the necessary help to
orchestrate class-switching of antiganglioside antibodies to
IgG1 and IgG3.

Autoantigen in the systemic compartment is processed
and presented by antigen-presenting cells (APCs). EAN can
be initiated with neuritogenic epitopes of peripheral nerve
proteins P0, P2, and PMP22 (Hughes et al., 1999) or by
adoptive transfer (AT) of sensitized T cells. Disease sever-
ity depends upon the cell or antigen dosage (Hartung et al.,
1996). Processed and unprocessed gangliosides presented in
the context of CD1 molecules on APCs also stimulate T-cell
activation in in vitro assay systems (Prigozy et al., 2001;
Shamshiev et al., 2002). A limited literature is emerging
demonstrating T-cell responses to glycolipids in multiple
sclerosis (Shamshiev et al., 1999). The development of EAN
or GBS is dependent on the presence of T cells (Holmdahl
et al., 1985) and their normal function (Holmdahl et al.,
1985; Hartung et al., 1987; Jung et al., 1992), and the normal
function of the costimulatory partners CD80/B7.1 or
CD86/B7.2 and CTLA-4/CD28 (Kiefer et al., 2000; Zhu et
al. 2001a; 2001b; Zehntner et al., 2003). 

Lymphocyte activation is revealed by greater numbers of
circulating T cells bearing activation markers and increased
concentrations of type 1 helper T-cell (Th1) cytokines, such
as interferon (IFN)-g, IL-2, IL-2 receptor, and tumor necro-
sis factor (TNF)-a (Taylor and Hughes, 1989; Hartung and
Toyka, 1990; Hartung et al., 1991; Exley et al., 1994;
Creange et al., 1996; Dahle et al., 1997). Levels of trans-
forming growth factor (TGF)-b1 are depressed (Creange et
al., 1998). In EAN, levels of IFN-g, IL-1b, IL-6, TNF-a,
TNF-b, and IL-12 are raised during development of disease
(Zhu et al., 1994; 1997). 

Homing and migration of activated T cells to the periph-
eral nerve is modulated by E-selectin and mucins binding L-
selectin and sialyl Lewis antigens (Hartung et al., 2002), and
then VCAM-1 and ICAM-1, which are both upregulated
early in GBS and EAN progression (Enders et al., 1998;
Creange et al., 2001). Blockade of VCAM-1 or its ligand
VLA-4/a4b1 integrin ameliorates EAN (Enders et al.,
1998). Selectin and integrin are released into the circulation
and may downregulate inflammation (Hartung et al., 1988).
Chemokines assist in leukocyte recruitment, localization,
and trafficking (Baggiolini, 1998; Campbell et al., 1998).
Recently, the chemokine receptors CCR1, CCR2, CCR4,
CCR5, and CXCR3 were characterized in AIDP-affected
nerves, differentially upregulated in infiltrating cell popula-
tions (Kieseier et al., 2002). 

Diapedesis through the vascular endothelium and basal
lamina is facilitated by matrix metalloproteinases (MMPs).
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MMP-2, MMP-3, MMP-7, and especially MMP-9 have
been implicated in the pathogenesis of EAN and GBS 
(Kieseier et al., 1998b; Creange et al., 1999) and correlate
with GBS severity. 

Macrophages, both resident and recruited from the cir-
culation (Hartung et al., 2002), remain the key component
in perpetuating endoneural inflammatory damage through
the release of specific immune mediators. Under inflamma-
tory conditions they continue to present antigen and induce
Schwann cells to do so also (Gold et al., 1995). Depletion
of macrophages abrogates the development of EAN, 
indicating their central role in the final common pathway 
of nerve damage. Activated macrophages target normal-
looking nerves and Schwann cells in EAN and AIDP
(Prineas, 1972; 1981; Hartung et al., 1996; Hughes et al.,
1999), probably by antibody-targeted cellular cytotoxicity
and complement-dependent mechanisms (Hafer-Macko et
al., 1996a; 1996b). Macrophage processes insinuate them-
selves between myelin lamellae and strip the myelin in
AIDP (Hughes et al., 1999) or directly attack the axon 
in AMAN (see Figure 47.1) (Hafer-Macko et al., 1996a). In 
the endoneurium, macrophages secrete a host of inflam-
matory mediators, including MMPs, TNF-a, nitric oxide,
eicosanoids, neutral proteases, lipases, and phospholipases,
which all contribute to nerve damage (Gregson and Hall,
1973; Watson et al., 1994; Redford et al., 1997a; 1997b;
Smith et al., 1999). 

Macrophages may also direct the recovery. They direct
T-cell apoptosis, reducing the ongoing response. During
recovery, the T-cell response shifts towards Th2 with rises
in IL-4 in patients (Dahle et al., 1997) and upregulation of
TGF-b1, IL-10, and cytolysin in models of disease (Kiefer
et al., 1996; Zhu et al., 1997). TGF-b1 favors recovery
(Czarniecki et al., 1988; Miller et al., 1992; Vriesendorp et
al., 1996; Zhu et al., 1997) and levels correlate with sever-
ity of GBS (Creange et al.,1998).

Synergistic Nature of Cellular and Humoral
Immune Elements

Understanding of the pathomechanisms of the acute
inflammatory neuropathies is incomplete. Neither antibod-
ies nor T cells generate disease in isolation and immuniza-
tion with any antigen induces responses in both cellular and
humoral arms of the immune system. The absence of T cells
in some biopsies is discussed above. Arguments against the
early and significant involvement of antibodies include the
absence of detectable antiganglioside antibodies, using
current methodology, in a significant proportion of GBS
(usually AIDP) cases, and the onset of AT-EAN 4 days after
transfer, before antibodies could be synthesized. However,
disease severity in AT-EAN is usually enhanced by cotrans-
ferring antibodies recognizing myelin or oligodendro-
cytes/Schwann cell epitopes (Hahn et al., 1993; Spies et al.,
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1995), although this was not confirmed when pretreatment
AIDP GBS sera were coadministered to rats with mild EAN
(Hadden et al., 2001). 

Genetic Aspects

Understanding of the role of host genetics in susceptibil-
ity to GBS is still in its infancy. No strong correlations have
been established between disease susceptibility or GBS sub-
types and host major histocompatiblility complex (MHC)
class I or class II haplotypes in several studies (Magira 
et al., 2003; Geleijns et al., 2005a). The study of single
nucleotide polymorphisms in genes for various components
of the immune response has not identified any significant
contributors (Myhr et al., 2003; Geleijns et al., 2005a;
2005b). One Dutch study identified that GBS patients
homozygous for the Fcg receptor IIa-H131 had a higher
chance of developing severe disease than patients with
FcgRIIa-R131, FcgRIIIa or FcgRIIIb genotypes or normal
controls (van der Pol et al., 2000). 

Treatment and Outcome

The effectiveness of immunotherapy for GBS is sup-
ported by good evidence (Hughes et al., 2003). Two to five
sessions of plasma exchange (PEx) hastens recovery in non-
ambulant patients, preferably started within 2 weeks of
disease onset. Intravenous immunoglobulin (IVIG) is as
effective as PEx and is still probably the intervention of
choice. The concern about possible contamination of IVIG
with prions means that written informed consent is essential
before administration. The drive to search for new, more
effective and safer therapies is stronger than ever.

A recent large randomized controlled trial (van 
Koningsveld et al., 2004), previous smaller trials, and a
Cochrane meta-analysis, have shown steroids to be at best
ineffective, and in some cases harmful. There is no indica-
tion for their use in GBS.

Complement inhibitors are already available and clinical
trials in the treatment of GBS are planned. Specific, targeted
immunoadsorption of pathogenic antiganglioside antibodies
is being developed for possible clinical use (Willison et al.,
2004).

CHRONIC NEUROPATHIES: CHRONIC
INFLAMMATORY DEMYELINATING

POLYRADICULONEUROPATHY 

Chronic inflammatory demyelinating polyradiculoneu-
ropathy (CIDP) is an acquired peripheral nervous system
disease characterized by progressive or relapsing proximal
and distal weakness with or without sensory loss. There is
good evidence to indicate that CIDP is autoimmune.
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Historic Background

Osler (1892) recognized a chronic relapsing or progres-
sive form of “multiple neuritis.” Austin (1958) described a
slowly progressive or recurrent “steroid responsive polyneu-
ropathy,” with histology indistinguishable from that seen in
GBS (Thomas et al., 1969). The term chronic inflammatory
demyelinating polyradiculoneuropathy was coined in 1975
(Dyck et al., 1975).

Epidemiology 

The prevalence of CIDP is 1.25-7 in 100,000 (Lunn et
al., 1998; McLeod et al., 1999; Mygland and Monstad,
2001). 

Clinical Features and Subtypes

The course may be progressive, relapsing-remitting,
monophasic or have a GBS-like onset. Symmetrical sensory
and motor deficits, both proximal and distal, reach their
nadir over more than 8 weeks. The cranial nerves and
diaphragm are infrequently involved. CSF examination
demonstrates albuminocytologic dissociation with raised
protein in over 90% of cases (Bouchard et al., 1999) and 
the cell count is <10 mm3 unless complicated by human
immunodeficiency virus (HIV). Electrophysiology typically
demonstrates multifocal motor conduction slowing, and
temporal dispersion and block, with delayed or absent F-
waves. Half of patients require treatment at any one time and
13% require long-term aid to walk (Lunn et al., 1999). In a
single study, 6 of 21 patients were shown to have serum
antibodies to the peripheral myelin protein P0 (Yan et al.,
2001), but this awaits confirmation. Morphologic examina-
tion demonstrates macrophage-associated demyelination in
nerve roots, plexuses, and nerve trunks with T cells in 
the endoneurium. The edema, Schwann cell proliferation,
and inflammatory infiltrates testify to the ongoing inflam-
mation. Axonal degeneration occurs in severe or late cases,
or in distal sensory nerve biopsies (Hadden and Hughes,
2003). 

As with GBS, CIDP is heterogeneous and a number of
subtypes or related conditions have emerged.

Multifocal Motor Neuropathy with Conduction Block

Multifocal motor neuropathy with conduction block
(MMNCB) (Pestronk et al., 1988) is a rare but treatable con-
dition sometimes misdiagnosed as motor neurone disease
(Nobile-Orazio, 2001). Wasting and weakness begin asym-
metrically in the distribution of a motor nerve, usually more
distal than proximal, most commonly in the upper limb. Fas-
ciculations and cramps occur. Males account for 70% of
cases. Sensory symptoms are reported in 20% of patients.
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Depending upon assay methods, between 30 and 80% of
patients have anti-GM1 antibodies in the serum (Nobile-
Orazio, 2001; Sander and Latov, 2003), some as a parapro-
tein. Rarely, anti-GD1a antibodies are described (Carpo et
al., 1996). Electrophysiologic studies demonstrate multi-
focal conduction blocks in two or more nerves with normal
sensory conduction. Many studies demonstrate evidence of
more widespread slowing or axonal degeneration (Nobile-
Orazio, 2001; Sander and Latov, 2003). 

The etiology of MMNCB remains unresolved, as it is
seldom fatal and neuropathologic material is seldom sought.
Perivascular CIDP-like inflammation has been described 
in a motor nerve biopsy (Kaji et al., 1993), and there 
are minimal findings in sensory nerves (Corse et al., 1996).
Inflammatory cellular infiltration and immunoglobulin
deposition were described in the motor roots of an autopsy
case (Oh et al., 1995). Therapeutic response to immunomod-
ulation supports an autoimmune pathogenesis (Azulay et al.,
1994; Levine and Pestronk, 1999; Federico et al., 2000; Van
den Berg-Vos et al., 2000; Leger et al., 2001; Umapathi et
al., 2002).

Multifocal Acquired Demyelinating Sensory and 
Motor Neuropathy 

Lewis and Sumner described the entity now referred to
as multifocal acquired demyelinating sensory and motor
neuropathy (MADSAM) in 1982 (Lewis et al., 1982). Elec-
trophysiologic examination demonstrates multifocal sensory
and motor involvement with conduction block.

Multifocal Acquired Sensory and Motor Neuropathy 

This group of patients is only recently described 
(Alaedini et al., 2003). Antiganglioside antibodies are found
in the serum of 48% of multifocal acquired sensory and
motor neuropathy (MASMN) cases and there is a beneficial
response to immunomodulation with IVIG and steroids. The
nerve conduction studies do not suggest demyelination and
are more consistent with axonal degeneration. These find-
ings require confirmation. 

Paraproteinemic Demyelinating Peripheral Neuropathy

Ten percent of patients with a peripheral neuropathy will
have a paraprotein in their serum. Although this should ini-
tiate a search for a malignant source, such as multiple or
solitary myeloma, most are monoclonal gammopathies of
undetermined significance (MGUS). A number of MGUS-
neuropathy syndromes are described. The most common is
a progressive sensory ataxic neuropathy with unsteadiness
and tremor associated with an IgMk paraprotein that reacts
with the HNK-1 epitope of the peripheral nerve antigen
myelin-associated glycoprotein (MAG). Up to 80% of
patients with an IgM paraprotein and a demyelinating 
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neuropathy have anti-MAG antibodies. Nerve conduction
studies reveal motor conduction slowing, particularly dis-
tally (Kaku et al., 1994; Cocito et al., 2001). Electron micro-
scopic examination of myelin in sural nerve biopsies reveals
characteristic widening of the intraperiod line not seen in
other conditions (Figure 47.6). 

Neuropathies associated with IgG or IgA paraproteins
present in a diverse group of patients with axonal and
demyelinating forms of disease. No consistent pathogenesis
has yet emerged. The demyelinating cases have a similar
therapeutic response to CIDP (Suarez and Kelly, 1993;
Notermans et al., 1994; Saperstein et al., 2001).

Chronic ataxic neuropathy with ophthalmoplegia, M-
protein, and antidisialosyl antibodies (CANOMAD) is a rare
paraproteinemic syndrome rather like a chronic FS. Its
pathogenesis is not yet resolved.

The POEMS syndrome (polyneuropathy, organomegaly,
endocrinopathy, M-protein, and skin changes) is a rare 
condition associated with both osteosclerotic myeloma and
Castleman disease. The pathogenesis does not seem to relate
to the paraprotein as that is not an essential feature of the
diagnosis. Cytokines and vascular growth endothelial factor
(VGEF) are implicated in causation (Lagueny et al., 2004). 

Autoimmune Features

Many of the features of autoimmunity displayed in the
acute neuropathies are also seen in CIDP. Both cellular and

FIGURE 47.6 Widely spaced myelin. The normal myelin lamellae are
tightly compacted and have a periodicity in electron microscope prepara-
tions of 12–15 nm. In the demyelinating neuropathy associated with IgM
paraprotein that has activity against myelin-associated glycoprotein (MAG)
(anti-MAG PDPN), the intraperiod line becomes split, giving an overall
periodicity of 30–40 nm. Note the suggestion of material within the
widened spaces, possibly IgM. Original magnification ¥105.
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humoral responses are important to the pathogenesis. Raised
circulating levels of IL-2 and TNF-a correlate with disease
activity (Hartung et al., 1991; Misawa et al., 2001). T-
lymphocyte migration into the endoneurium is facilitated by
increased levels of chemokines, cell adhesion molecules,
and MMPs (Previtali et al., 1998; 2001; Kieseier et al.,
1998a; 2004). Expression of the BNB constituents claudin-
5 and ZO-1 is altered in CIDP, perhaps contributing to the
increased BNB permeability (Kanda et al., 2004). Within the
endoneurium T cells secrete IFN-g, IL-2, TNF-a (Mathey et
al., 1999), and probably others, contributing to the inflam-
matory upregulation of effectors such as macrophages, con-
tinued recruitment, and direct nerve damage. Expression of
downregulatory cytokines IL-4, IL-10, and TGF-b is also
found, and in CIDP expression of NGF, GDNF, LIF, and
their receptors may contribute to nerve regeneration
(Yamamoto et al., 2002). 

Unlike GBS or CIDP, in the anti-MAG paraproteinemic
demyelinating peripheral neuropathy (anti-MAG PDPN)
there is evidence only of antibody-mediated immunity.
There is no evidence of macrophage-associated demyelina-
tion, T-cell infiltration into the endoneurium or upregulation
of T-cell costimulatory molecules. There is quite strong 
evidence that anti-MAG antibodies may fulfill the
Koch–Witebsky postulates. Anti-MAG antibodies can be
found in the serum of patients with characteristic clinical
presentation. MAG is expressed at the Schmidt-Lantermann
incisures, the paranodes, and on the periaxonal myelin
(Gabriel et al., 1998). It displays the HNK-1 carbohydrate
epitope shared by several other peripheral nerve antigens.
Histologic studies demonstrate IgM anti-MAG deposits on
Schwann cells that colocalize with MAG (Takatsu et al.,
1985; Gabriel et al., 1998). Electron-dense material seen
between widened lamellae is consistent with anti-MAG IgM
insinuated between the layers (Mendell et al., 1985; Ritz et
al., 1999) (see Figure 47.6). Activated complement compo-
nents have been described by some (Monaco et al., 1990;
Ritz et al., 1999). The disruption of MAG functions and
complement-mediated damage may result in alterations in
the axonal neurofilament cytoskeleton (Ritz et al., 1999;
Lunn et al., 2002) and these in turn may lead to slowing of
nerve conduction and axonal degeneration.

Immunogenetic Features

Restricted usage of T-cell receptor (TCR) genes has been
demonstrated in CIDP. The predominant TCR in CIDP is 
ab but gd T cells are found in the majority of nerve biopsy
specimens (Winer et al., 2002), again implying a possible
nonprotein immune response. No clonality has been demon-
strated in isolated T cells (Bosboom et al., 2001). However,
significant numbers of highly Th1 inflammatory natural
killer T cells, identified by expression of Va24JaQ invari-
ant TCR chain, are found (Illes et al., 2000). 
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Environmental Influences

A preceding illness, infection or vaccination has been
identified in 16% and 32% of patients with CIDP in the 6
weeks and 6 months preceding their illness, respectively
(McCombe et al., 1987; Bouchard et al., 1999). Others have
found no convincing evidence of vaccination being a trigger
(Pritchard et al., 2002). No specific provoking environmen-
tal events have so far been recognized for CIDP or the para-
proteinemic peripheral neuropathies. 

Animal Models

The pathogenesis of CIDP is in many respects similar 
to that of the acute neuropathies. There is no specific 
animal model for CIDP. Yan et al. (2000) have demonstrated
that purified IgG from patients with CIDP responsive to
plasma exchange produced conduction block and demyeli-
nation by passive transfer when the BNB was breached,
either by direct injection or by preceding passive T-cell
transfer.

In anti-MAG PDPN, passive transfer of antibodies results
in complement-mediated demyelination in cats and rabbits
(Hays et al., 1987; Willison et al., 1988), although the patho-
logic features were not similar to those seen in human
disease. Widened myelin lamellae, almost pathognomic of
the condition, were demonstrated after passive transfer to
chicks (Tatum, 1993). Induction of high-titer IgM antibod-
ies cross-reactive with human MAG by immunization with
the peripheral nerve glycolipid sulfated glucuronyl paraglo-
boside (SGPG) has been achieved in rats, rabbits, and cats
(Yamawaki et al., 1996; Kohriyama et al., 1988; Kahn et al.,
1989; Ilyas et al., 2002). However, no convincing neuro-
pathy has been demonstrated as a result.

Pathogenic Mechanisms

The final common path of macrophage-mediated
demyelination in CIDP is thought to be similar to that seen
in GBS (see above). 

Treatment and Outcome 

Steroids, IVIG, plasma exchange, and immunosuppres-
sive drugs have all been used in the treatment of CIDP.
Plasma exchange and IVIG are both very potent (Hahn et
al., 1996; van Doorn, 1996; Van Schaik et al., 2002; Mendell
et al., 2001). There was no statistically significant difference
between steroids and IVIG in a recent trial (Hughes et al.,
2001), and even though steroids are cheaper in the short
term, IVIG is currently the treatment of choice. Interferon-
b-1a was shown to be ineffective in treatment-resistant
patients (Hadden et al., 1999). There is inadequate 
evidence to properly assess anecdotally beneficial drugs,
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such as azathioprine, cyclosporine, and mycophenolate
mofetil.

In MMNCB a dramatic therapeutic response is some-
times seen to IVIG demonstrated in controlled trials, and
cyclophosphamide, interferon-b-1a, and anti-CD20 anti-
body are also of benefit (Levine and Pestronk, 1999; Azulay
et al., 1994; Federico et al., 2000; Umapathi et al., 2002;
Leger et al., 2001; Van den Berg-Vos RM et al., 2000).
Plasma exchange has no effect and interestingly steroids
often worsen the condition by an unknown mechanism. Pre-
dictors of favorable outcome are anti-GM1 antibodies,
younger age, presence of conduction block, a normal centine
kinase (CK), and less severe disease at outset (Hadden and
Hughes, 2003). Despite treatment, conduction blocks are
dynamic and weakness probably progresses slowly over
time (Taylor et al., 2000).

Anti-MAG PDPN patients only need treatment for their
neuropathy if it becomes severe and disabling. Randomized
controlled evidence of benefit is available for IVIG in the
short term (Lunn and Nobile-Orazio, 2003). Fludarabine and
anti-CD20 have been beneficial in small series of patients
(Wilson et al., 1999; Renaud et al., 2003). 

CONCLUDING REMARKS AND
FUTURE PROSPECTS

The last decade has witnessed huge advances in the
understanding of the pathogenesis of both acute and chronic
inflammatory peripheral neuropathies. GBS and CIDP are
heterogeneous clinical conditions in which humoral and 
cellular mechanisms conspire to cause disabling diseases.
Although there are still innumerable advances to be made,
our greater understanding of pathomechanisms is inspiring
trials of novel agents for treatment. The next decade will 
see the emergence of further exciting discoveries that 
will significantly reduce death and disability from GBS and
CIDP. 
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FIGURE 47.1 Immunostained teased ventral root fibers from a patient with acute motor axonal neuropathy (AMAN),
4 days after the onset of neurologic symptoms. A–D, The complement activation product C3d was localized discretely
at the nodes of Ranvier (arrows) of the large myelinated motor fibers. The golden–brown immunoreaction product is at
the nodes. E–H, Many motor fibers had macrophages overlying, and extending processes into, the nodes of Ranvier
(arrows). [E and F were immunostained with the macrophage marker HAM-56; G and H for HLA-DR (major histo-
compatibility locus class II)].

Reprinted from Hafer-Macko et al. (1996a). 
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THE NEUROMUSCULAR JUNCTION
AS A MODEL SYNAPSE

The neuromuscular junction (NMJ) is a relatively simple
synapse that consists of a motor nerve terminal and post-
synaptic motor “endplate.” The presynaptic nerve terminal
contains mitochondria and many synaptic vesicles that store
the neurotransmitter, acetylcholine (ACh). There are spe-
cialized active zones, which are the site of ACh release and
where voltage-gated calcium channels (VGCC) are concen-
trated. Voltage-gated potassium channels (VGKC) are also
found in the presynaptic motor nerve membrane. The post-
synaptic membrane is highly specialized and thrown into a
series of postsynaptic or junctional folds. The peaks of the

postsynaptic folds are electron dense, corresponding to the
distribution of the highly concentrated (10,000/mm2) ACh
receptors (AChRs). The AChRs are anchored by a cyto-
plasmic protein called RAPsyn. During development, a
soluble protein, agrin, is released from the motor nerve ter-
minal, interacts with muscle-specific kinase (MuSK) on the
postsynaptic membrane and leads to clustering of RAPsyn
and the AChRs. 

Neuromuscular transmission depends on the arrival of a
nerve impulse which depolarizes the motor nerve terminal
(Figure 48.1A). This leads to opening of the VGCCs, influx
of calcium, the calcium-dependent release of many packets,
or quanta, of ACh from the motor nerve terminal, and the
binding of ACh to the postsynaptic AChRs. The AChRs
open and allow positively charged ions to enter the muscle
fiber, leading to a depolarization of the motor endplate. This
results in the generation of an action potential that initiates
contraction of the muscle fiber. The release of ACh is
stopped when the VGKCs open and the motor nerve repo-
larizes. Meanwhile, ACh is hydrolyzed by acetylcholine
esterase (AChE), which is present in the basal lamina
between the motor nerve and the postsynaptic membrane
and in the secondary clefts (which are particularly long in
humans).

Neuromuscular transmission defects can be caused in two
main ways: a reduction in the amount of ACh released or a
reduction in the number of AChRs. In both cases, increas-
ing the duration of action of ACh by inhibition of AChE can
be a helpful symptomatic treatment. In addition, a reduction
in the number of VGKCs leads to an increase in ACh release
and muscle hyperactivity. Each of these situations can arise
as the result of the presence of autoantibodies directed
towards the AChRs or voltage-gated ion channels.
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In this chapter, myasthenia gravis will be discussed as the
model antibody-mediated disease, and the newer neurologic
diseases will be reviewed only briefly.

PERIPHERAL DISORDERS
ASSOCIATED WITH ANTIBODIES

Myasthenia Gravis

Historic Background

Table 48.1 lists some of the landmarks of myasthenia
gravis (MG) research, which are also reviewed by Vincent
and Drachman (2002) and Vincent (2002). Early studies on
MG indicated that the muscle weakness was associated with
a defect in neuromuscular transmission (Jolly, 1895) and that
the symptoms of MG were partially reversed by AChE
inhibitors (Walker, 1934). The special involvement of the
thymus in MG was demonstrated by the improvement that
followed removal of the gland during thyroid surgery by
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Ernst Sauerbruch in 1913 (Sauerbruch et al., 1913) and the
surgical treatment of a patient with thymoma (Blalock et al.,
1939). 

In 1905, Buzzard reported collections of lymphocytes—
“lymphorrhages”—in MG patients’ muscles and suggested
that MG might be due to “autotoxicity.” However, the most
dramatic advances in understanding the pathophysiology of
MG were not made until the 1960s and 1970s. Nastuk et al.
(1960) and Strauss et al. (1960) proposed an autoimmune
basis for the disease and examined the role of complement.
The occurrence of MG in young females, its association with
other autoimmune diseases, the presence of thymic pathol-
ogy, and the transfer of MG from mothers to their neonates,
leading to a reversible “neonatal MG,” led Simpson (1960)
to propose that MG was an autoimmune disease with anti-
bodies directed against an “endplate” protein. Subsequent
studies by Elmqvist et al. (1964) showed that the miniature
endplate potentials (MEPPs) were substantially reduced at
the endplates from MG muscle biopsies, compared with
control biopsies. (MEPPs are the small postsynaptic depo-

AChR in myasthenia gravis

MuSK

Non-MuSK

Calcium channels in Lambert–Eaton myasthenic syndrome

Potassium channels in neuromyotonia
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FIGURE 48.1 Ion channel targets for autoantibodies at the neuromuscular junction (NMJ). A, Neuromuscular trans-
mission depends on the calcium-dependent release of vesicles of acetylcholine (ACh). ACh binds to the ACh receptors
(AChRs) on the postsynaptic membrane, resulting in a depolarization. If depolarization reaches a critical threshold, an
action potential is initiated in the muscle, leading to contraction. ACh is immediately destroyed by acetylcholinesterase.
AChRs, voltage-gated calcium channels (VGCCs), and voltage-gated potassium channels (VGKCs) are all targets for
antibody-mediated neurologic diseases. Recently, the receptor muscle-specific kinase (MuSK) has been found to be a
target for antibodies in a proportion of patients with myasthenia gravis (MG) without AChR antibodies. B, The AChR
is a transmembrane protein with (a)2,b,g,d subunits in the fetal form and (a)2,b,d,e subunits in the adult form. A high
proportion of antibodies in MG bind to the main immunogenic regions that are on both the a subunits. In addition, many
patients’ antibodies bind to the fetal-specific g subunit. In some cases, antibodies that inhibit the function of the fetal
form, selectively cross the placenta, causing fetal muscle paralysis with severe and often fatal deformities. a-BuTx, 
a-bungarotoxin. 
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larizations that occur each time a packet of ACh is released
spontaneously.) In theory, the cause of this reduced MEPP
could be either presynaptic (less ACh released) or post-
synaptic (fewer AChRs). However, at that time, there was
no way of measuring directly the concentration of AChRs,
and it was several years before a method was recognized. In
1973, Fambrough et al., using the snake toxin a-bungaro-
toxin (a-BuTx) that binds specifically to AChRs (Chang and
Lee, 1962), showed that the number of AChRs was reduced
in MG. The same year, Patrick and Lindstrom (1973)
showed that immunization against affinity-purified AChRs
induced weakness and paralysis in rabbits that, like MG, 
was responsive to AChE inhibitors. It was then relatively
simple to show that AChR antibodies were present in MG
patients (Lindstrom et al., 1976b), and that transfer of MG
immunoglobulins to mice produced signs and electrophysi-
ologic evidence of the disease (Toyka et al., 1975). 

Electron microscopy of the NMJ shows an essentially
normal nerve terminal but the postsynaptic membrane lacks
junctional folds, there are reduced areas of contact between
the presynaptic nerve terminal and the muscle membrane,
and there is debris within the synaptic cleft (Engel et al.,
1977). These changes are consistent with an immune-
mediated attack on the postsynaptic membrane; there are
only very infrequent reports of cellular infiltration and the
mechanisms are now thought to be entirely antibody driven.
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The major pathology in MG is in the thymus gland (see
below).

Clinical and Pathophysiologic Features

Myasthenia gravis (MG) is an acquired autoimmune 
disorder in which the postsynaptic AChRs are reduced in
number or function, leading to muscle fatigue and weakness.
The weakness often starts in the eye muscles, resulting in
double vision and ptosis (drooping eyelids), but may involve
any muscle group. MG is frequently associated with thymic
abnormalities, so-called thymitis, in around 60% and
thymoma in around 10% of patients. The clinical features
are reviewed in more detail by Vincent and Drachman
(2002) and Vincent et al. (2001).

Pathogenic Role and Mechanisms of Action of
Acetylcholine Receptor Antibodies 

The AChR antibodies were first measured by immuno-
precipitation of 125I a-BuTx-labeled AChR in detergent
extracts of human muscle (Lindstrom et al, 1976a), but most
current assays employ AChRs extracted from muscle-like
cell lines that express a mixture of fetal and adult AChRs
(Figure. 48.1B) (Beeson et al., 1996). Enzyme-linked
immunosorbent assay (ELISA) and other alternative assays

TABLE 48.1 History of myasthenia gravis (MG) research

Date Key observation Reference

1672 Thomas Willis publishes what is arguably the first clinical description of MG Willis (1672)
1895 Jolly shows that defect is at the neuromuscular junction Jolly (1895)
1913; 1939 Thymectomy appears to produce clinical improvement in patients with thymoma or Sauerbruch et al. (1913); 

nonthymomatous MG Blalock et al. (1939)
1934 Mary Walker demonstrates the effectiveness of cholinesterase inhibitors as treatment Walker et al. (1934)
1960 Simpson proposes that MG is caused by antibodies to an “endplate” protein Simpson (1960)
1962 The snake toxin, a-bungarotoxin, can be used as a label for acetylcholine receptors at the Chang and Lee (1962)

neuromuscular junction
1964 Elmqvist et al. show that the miniature endplate potentials are reduced in MG Elmqvist et al. (1964)
1971 Several groups begin to purify acetylcholine receptors (AChRs) from electric organs of electric 

rays using affinity chromatography on neurotoxin columns
1973 Immunization against purified electric ray AChRs leads to an experimental autoimmune MG Patrick and Lindstrom (1973)

(EAMG) in rabbits
1973 AChRs are reduced in number at neuromuscular junctions, as determined by 125I-a-bungarotoxin Fambrough et al. (1973)

binding 
1975 MG can be passively transferred to mice by injection of patients’ IgG Toyka et al. (1975)
1976 MG patients have AChR antibodies as shown by radioimmunoprecipitation of Lindstrom et al. (1976a)

125I-a-bungarotoxin-labeled AChRs
1976–1978 Plasma exchange produces striking clinical improvement in MG, which correlates inversely with Pinching et al. (1977), 

AChR antibody levels Newsom-Davis et al. (1978)
1977 IgG and complement are present at the neuromuscular junctions in MG patients and in mice Engel et al. (1977)

with EAMG
1980 MG can present with different HLA, thymic pathology, age at onset, and muscle antibodies E.g.; Compston et al. (1980)
1981 The MG thymus contains plasma cells making AChR antibody Scadding et al. (1981)
1977–present Experimental autoimmune model used to determine pathogenic and immunologic mechanisms
1984–present Study of T cells from MG patients and their responses to AChR epitopes
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have not proved successful. AChR antibody titers are highly
variable among MG patients, ranging from 0 to >1000 nm/L,
and between individuals titers do not correlate well with
clinical severity, although the level of antibody within an
individual correlates well with clinical scores after plasma
exchange (Newsom Davis et al., 1978), thymectomy
(Vincent et al., 1983; Kuks et al., 1991), or immunosup-
pressive treatment. The presence of anti-AChR antibody is
diagnostic for MG and the levels reflect the severity of the
disease within an individual; however, by itself this does not
prove that the antibodies cause the disease. Nevertheless,
MG fulfills the criteria of Witbesky: the presence of anti-
bodies to a defined antigen, the induction of disease exper-
imentally by immunization with the purified antigen (Patrick
and Lindstrom, 1973), and transfer of such disease to naïve
litter mates by injection of serum (Lindstrom et al, 1976a);
transfer by patient’s serum (Toyka et al., 1975), and the
demonstration that these antibodies are involved in the
pathology of the human disease (Rose and Bona, 1993). 
The beneficial effects of plasma exchange and immunosup-
pression provide further confirmation. 

Information concerning the mechanisms of action of the
antibodies came from Engel et al. (1977; Engel and Arahata,
1987) who showed that IgG and complement components
are present at the NMJ, both on the postsynaptic membrane
and in the synaptic debris; the distribution of IgG corre-
sponds well with the distribution of AChRs, as shown by
peroxidase a-BuTx binding; and the amount of membrane
attack complex is inversely related to the number and
density of AChRs. 

In addition, the divalent antibodies can cross-link the
AChRs, leading to their internalization and degradation.
Drachman et al. (1978) and Stanley and Drachman (1978)
showed that the rate of AChR degradation in cultured cell
lines was increased several fold. It was particularly striking
that in vivo the half life for AChRs at the NMJ was reduced
from about 10 days to less than 5 days. However, there may
be a compensatory increase in AChR synthesis, as shown in
experimental studies of AChR turnover (Wilson et al., 1983)
and in raised mRNA levels for AChR subunits in MG
(Guyon et al., 1994) and in experimental autoimmune 
myasthenia gravis (EAMG) (Asher et al., 1990). 

Only a few investigators have described direct functional
effects of serum or an IgG preparation on the amplitudes of
MEPPs in vitro (Burges et al., 1990), although MG sera can
acutely reduce AChR function in cultured human cells (Lang
et al., 1988). Antibodies specifically inhibiting fetal AChRs
were found in two mothers with a history of recurrent fetal
arthrogryposis (see below). Potential mechanisms of func-
tional antibodies are discussed in Chapter 17.

The Acetylcholine Receptor and Antibodies 

The AChR is an oligomeric membrane protein with five
subunits: (a2, b, g, and d in embryonic or denervated muscle,
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and a2, b, d, and e at the adult endplate (Figure 48.1B)). The
AChR has not been crystallized for structural studies (this
is very difficult for multimeric membrane proteins), but
studies by Unwin (2002) have demonstrated many of the
features of the molecule.

AChR antibodies are heterogeneous in their characteris-
tics both within and between individual MG patients. The
antibodies have variable light chain and IgG subclass,
although IgG1 predominates in most patients (Vincent et al.,
1987). In many patients, a high proportion of the anti-AChR
antibody competes with monoclonal antibodies directed
toward the main immunogenic region (MIR) on the a
subunits, which is the epitope to which a majority of 
experimentally-induced antibodies bind (Tzartos et al.,
1980; 1982; 1998). However, some antibodies bind to other
sites (Whiting et al., 1986), which appear to be on other
AChR subunits (Jacobson et al., 1999a).

The antibodies are highly specific for the intact human
autoantigen and bind badly or not at all to denatured AChR
subunits or recombinant polypeptides. Their high affinity
(around 1010 M) and specificity for the human AChR suggest
that the antibodies are induced by some form of the native
AChR molecule (Vincent et al., 1987; 1998a). 

There have been few reports of monoclonal antibodies
derived from immortalized AChR-specific MG cells, owing
to the low precursor frequencies and to the difficulty in
obtaining stable IgG-secreting, rather than IgM-secreting,
hybrids or Epstein–Barr virus (EBV)-transformed lines. On
the other hand, phage-display techniques have produced
high-affinity Fabs that bind to human AChR and compete
with monoclonal AChR antibodies (Graus et al., 1997;
Farrar et al., 1997; Matthews et al., 2002). 

Clinical Heterogeneity

Myasthenia is not a single disease. In the majority of 
MG patients, generalized weakness with AChR antibodies
develops after puberty, without obvious precipitating
factors. Patients are divided in terms of their age at onset
into early and late onset, after separating out those patients
who have a thymic tumor (thymoma). This division exposes
the different thymic pathology and HLA associations in
early- and late-onset patients (Table 48.2) (Compston et al.,
1980), and it seems likely that these two subgroups 
reflect different precipitating factors, rather than an intrinsic
difference in the patients’ immune responses to a single 
precipitating factor. In addition, many non-HLA immuno-
genetic associations have been reported in MG, suggesting
that polymorphisms in other immune mediators are impor-
tant (Hjelmstrom et al., 1997; 1998), but few of these studies
have divided the patients into the subgroups described in
Table 48.2, and the associations are often weak and not
always reproducible.
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There are also patients without detectable AChR anti-
bodies, some of whom have antibodies to MuSK. In addi-
tion, there are patients with purely ocular myasthenia;
whether these have a distinct form of disease is not alto-
gether clear. The patients with AChR antibodies and gener-
alized MG will be considered first, divided into the three
main subgroups shown in Table 48.2.

Early-Onset Acetylcholine Receptor-Positive 
Myasthenia Gravis

These patients present before 40 years of age and fre-
quently have thymitis. In Northern Europeans, there is a
strong association with the HLA A1 B8 DRB1*0301
DRB*0101 DQB1*0201 DQA1*0501 ancestral haplotype
(Carlsson et al., 1990; Viera et al., 1993). 

Involvement with a particular AChR a subunit
microsatellite, i.e., a noncoding region of the gene, has also
been reported (Garchon et al., 1994) and this may be 
associated with the DRB1*0301 (Djabiri et al., 1997). This
raises the possibility that polymorphisms in gene regulatory
sequences that increase AChR expression lead to presenta-
tion of AChR by DRB1*0301 to a susceptible immune
system. Alternatively or in addition, AChR coding sequence
polymorphisms or heteroallelic mutations might result in
abnormal antigen processing. For instance, a single case
report of MG arising in a woman who had a recessive inher-
ited form of myasthenia, with heteroallelic AChR mutations,
suggested that clinically-silent AChR mutations on a single
allele might predispose to development of the autoimmune
disease (Croxen et al., 2002). However, preliminary inves-
tigations in a large number of early-onset MG patients have
not proved fruitful (Bonifati et al., 2004). 

Although the pathogenic autoantibodies depend on class
II-restricted helper T (Th) cells, the associations are stronger
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with B8 than with DR3 (Compston et al., 1980), and the hot
spot appears to be between the class II and class I region.
Various possibilities, such as genes for tumor necrosis factor
(TNF), heat-shock proteins, and transporter proteins associ-
ated with antigen processing (TAP) have been considered
(Janer et al., 1999), but it is still not clear which gene is
responsible for conferring susceptibility. 

In early-onset MG the thymus gland often contains 
T-cell areas in the medulla, some containing lymphoid fol-
licles (Levine and Rosai, 1978; Hohlfeld and Wekerle, 1994).
Lymphocytes cultured from the thymus gland synthesize
anti-AChR antibody (Scadding et al., 1981), and serum anti-
AChR levels frequently decline slowly after thymectomy
(Vincent et al., 1983). Germinal centers of the MG thymus
contain polyclonal activated B cells expressing a range of 
VH and VK genes, similar to those in the peripheral blood
lymphocytes (Guigou et al., 1991) and somatic hypermuta-
tion of B-cells occurs in thymic germinal centers (Sims et
al., 2001). These findings suggest that B cells somatically
mutate and mature in these germinal centers, but that similar
B cells are present in the periphery. It is not clear, therefore,
whether or not the disease starts in the thymus. In favor of
this possibility, the thymus contains the antigen, AChR, on
muscle-like “myoid” cells in the thymic medulla (Kao and
Drachman, 1977; Wekerle and Ketelsen, 1977; Schluep et
al., 1987), and sometimes in the germinal centers them-
selves. Careful examination of the pathology suggests that
the myoid cells are targets for autoantibody attack and that
this provokes germinal center formation (Roxanis et al.,
2002). Moreover, some of the germinal centers can be shown
to bind AChR, suggesting that they contain many AChR-
specific B cells. But whether or not germinal center forma-
tion is a primary event in the disease, or occurs secondary to
the autoimmune response, is still not clear.

TABLE 48.2 Myasthenia gravis patients divided on the basis of age at onset, thymic pathology,
HLA association, and associated autoantibodies

Subtype* Age at onset Sex M:F Typical thymic pathology HLA association Associated autoantibodies 

Early onset <41 years 1 :3 Thymitis B8, DR3 May have other tissue antibodies, 
e.g., thyroid, 

Thymoma associated Mainly 40–60 years 1 :1 Epithelial tumor containing No clear association Titin and ryanodine receptor 
many lymphocytes antibodies very common. Also 

cytokine antibodies

Late onset >40 years 1.5 :1 Normal or atrophied B7, DR2 in males Titin and ryanodine receptor 
antibodies common, particularly 
after age 60 years

AChR antibody negative 2–70 years 1 :3 Normal or atrophied in most Not known Not clear
MuSK antibody positive

AChR antibody negative 1–80 years 2 :3 Mild thymitis in some Not known Not clear
MuSK antibody negative

*These subtypes are not appropriate in patients with purely ocular MG and in other ethnic populations.
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In fact, molecular studies show that all five AChR 
subunits, including a differentially spliced isoform, are
expressed in MG thymuses (Andreetta et al., 1997), and
AChR may be expressed not only in the myoid cells but also
in thymic epithelia (Salmon et al., 1998). The presence of
AChR in normal as well as MG thymus suggests that it may
be involved in inducing T-cell tolerance in normal individ-
uals or in breaking tolerance in MG, but why the latter
occurs in MG is still unknown. 

It is widely believed that the thymus in MG generates
AChR-specific T-cells that direct antibody synthesis by B
cells both in the germinal centers in the thymus and else-
where. Since the antibody response in MG is thought to be
directed towards the native AChRs, the T cells should 
be able to recognize AChR taken up and presented by
AChR-specific B cells. Many studies have looked at T-cell
responses, lines and clones, generated from peripheral blood
lymphocytes or thymic suspensions and stimulated either
with AChR peptides or with recombinant or purified AChR
(Hawke et al., 1996; Conti-Fine et al., 1998). The rare T cells
generated against recombinant polypeptides frequently
respond to very small amounts of purified AChR antigen,
processed and presented by appropriate antigen-presenting
cell (APC), as well as to the relevant smaller peptides, sug-
gesting that they could recognize the autoantigen in vivo.
Conversely, the much more plentiful T cells that can be 
generated against synthetic AChR peptides do not appear to
respond strongly to purified AChR. These results question
the relevance to the disease of the T-cell responses gener-
ated against antigenic peptides rather than against native
antigen or larger recombinant fragments.

Muscle does not normally express MHC class II, but
there is evidence that MHC class II can be induced by viral
infections in vivo (Bao et al., 1992) or by interferon (IFN)-
g in vitro (Hohlfeld and Engel, 1990). The possibility that
the T-cell response is initiated or perpetuated by presenta-
tion of AChR peptides by class II on nonprofessional pre-
senting cells has been addressed. T-cell clones specific for
AChR a144–163 recognized AChR endogenously presented
by the TE671 muscle cell line after it was transfected with
DNA for the a and b chains of DR4.Dw4.2, or by human
myotube cultures stimulated with IFN-g (Baggi et al., 1993;
Curnow et al., 2001). The responding T cells showed only
modest proliferation, but bound to the presenting cells,
secreted IFN-g, and killed the presenting cells. 

Late-Onset Acetylcholine Receptor Antibody Positive
Myasthenia Gravis

Recent surveys of AChR antibodies in sera sent for
routine diagnosis have shown a striking increase in inci-
dence after the age of about 60 years, peaking in the late 70s
(Vincent et al., 2003a). Even when the declining numbers of
the population are taken into account, there is a fall off in
diagnosis of MG after the age of 75 years, which suggests
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that MG is being underdiagnosed in the elderly. In patients
who present with symptoms of MG after the age of 40 years,
the thymus is mainly atrophic or involuted, and there are
weak biases toward males and HLA B7, DR2 (Compston 
et al., 1980) or DR4, DQw8 (Carlsson et al., 1990). These
patients do not have a thymoma (by definition), but never-
theless are often positive for antibodies to titin, ryanodine
receptor, and cytokines (Aarli, 2001; Buckley et al., 2001b;
Somnier and Engel, 2002). The cause of the disease is
entirely unknown, and given its increasing incidence, more
efforts should be directed towards defining immunogenetic
and environmental factors that might predispose to the
development of this condition.

Thymoma-Associated Myasthenia Gravis

Thymoma, which occurs in about 10% of patients in
reported studies (a figure that may need to be revised with
the increasing number of older patients) can arise at any age,
but most patients with MG and thymoma present between
the ages of 30 and 60 years. The thymus gland is usually
removed, but the myasthenia rarely improves (Palmisani 
et al., 1994; Somnier, 1994), anti-AChR levels seldom fall
(Kuks et al., 1991), and immunosuppressive therapy is often
required. HLA associations have been reported in single
studies but no consensus has emerged. Thymomas associ-
ated with MG are epithelial in origin, corresponding mainly
to the World Health Organization type B1 and B2 (Muller-
Hermelink and Marx, 2000). 

The thymus adjacent to a thymoma often shows changes
of thymitis, and a few B-cells are present in thymoma tissue.
However, anti-AChR synthesis by thymoma cells is rare (see
above), contrasting with that which occurs in early-onset
thymuses and suggesting that the thymoma tissue does not
initiate and/or sustain the antibody response to this antigen.
However, >90% of patients with thymoma have antibodies
to antigens of striated and cardiac muscle (Aarli, 2001).
These include myosin, actin, a-actinin, ryanodine receptor,
and a particular epitope on the giant structural protein titin
(Gautel et al., 1993). Both titin and ryanodine receptor epi-
topes are expressed in cortical thymomas (Mygland et al.,
1995; Marx et al., 1996; Romi et al., 2002), although there
is some question as to their relevance (Kusner et al., 1998).
In addition, and surprisingly, antibodies to the cytokines,
IFN-a and interleukin (IL)-12, are also present in both
thymoma-related MG patients and older MG patients
(Meager et al., 1997), and in the former may predict the
recurrence of a thymoma (Buckley et al., 2001b). Both
cytokines are expressed by immune cells (probably
macrophages; Y. Kadota and N. Willcox, personal commu-
nication) in thymoma. Moreover, B cells from MG thymoma
tissue synthesize IFN-a antibodies in culture, and IFN-a-
specific IgG Fabs can be cloned and expressed by combi-
natorial library techniques from B cells present in thymoma
tissue (Shiono et al., 2003). These observations support the
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idea that the thymoma can initiate and sustain the B-cell
response to certain antigens, such as IFN-a and IL-12. 

Cultured neoplastic epithelial cells from thymomas
express epidermal growth factor receptor and Ki67, indica-
tive of their growth potential (Gilhus et al., 1995a). Inter-
estingly, CD80 expression is high in thymoma epithelial
cells in comparison with those in normal cortex, indicating
the potential for these cells to activate T-cell responses
(Marx et al., 1994). Moreover, these cells can process and
present antigens to class II restricted T cells (Gilhus et al.,
1995b), indicating that they express both the appropriate
class II molecule and the necessary processing apparatus and
accessory molecules. However, functional AChR does not
appear to be present in thymoma tissue; the AChR a subunit
is present but only at very low levels in the thymoma tissue
itself, as identified by polymerase chain reaction (Hara et al
1991; Geuder et al 1992). 

The typical MG thymoma contains large numbers of
polyclonal developing T-lymphocytes, many double positive
for CD4 and CD8 and others with the single markers of
maturing T cells (Fujii et al., 1990). The number of T cells
is often drastically depleted owing to preceding steroid
therapy (Willcox et al., 1989). The remaining lymphocytes
might either escape deletion in the disorganized cortical
epithelium, or be specifically sensitized to antigens pre-
sented and expressed by the thymoma epithelium. Although
studies on specific T cells have been difficult, there is no
doubt that the thymoma does generate potentially functional
T cells. The proportion of both CD4 and CD8 T cells con-
taining TRECs (T-cell receptor excision circles), which
gives an indication of the number of T cells recently emi-
grated to the periphery, is greatly raised in thymoma MG
cases and falls after thymomectomy (Figure 48.2) (Buckley
et al., 2001a). By contrast, TRECs are only slightly
increased in patients with early-onset MG, and are not
increased in patients with late-onset MG, indicating that
they are not just the result of thymic perturbation. Moreover,
they rise again in thymoma cases if the tumor recurs (Figure
48.2). On the other hand, double-negative CD4-/CD8-

T cells were not abnormal in thymoma cases and did not
change after surgery (Reinhardt and Melms, 2000). 

Neonatal Myasthenia Gravis and Arthrogryposis 
Multiplex Congenita

A proportion of babies born to MG mothers have tran-
sient respiratory and feeding difficulties, owing to trans-
placental transfer of maternal anti-AChR. These problems 
may be more common in the offspring of mothers who have
a high proportion of antibodies reactive with fetal-type
AChR (Vernet der Garabedian et al., 1994), although the
fetal form is thought to be replaced by the adult form from
around 33 weeks’ gestation. Occasionally, neonatal MG
occurs without maternal disease or when the mother is anti-
AChR negative. 
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A few cases of severe arthrogryposis multiplex congeni-
tal have been found in a number of consecutive pregnancies
in mothers with MG. Arthrogryposis is a condition that
develops during intrauterine life as a result of lack of fetal
movement. The baby is born with fixed joint contractures,
which can be associated with inadequate development of
lungs and failure to survive after birth. Maternal anti-AChR
antibodies, which even at high dilution completely inhibit
the function of fetal AChR (see Figure 48.1B) in an in vitro
assay, but have no affect on adult AChR function, were
present in these mothers (Polizzi et al., 2000). Moreover,
AChR-specific Fabs were relatively easy to select from the
combinatorial libraries prepared from the mothers and were
highly specific for fetal AChR (Matthews et al., 2002).
These antibodies appeared to be responsible for the com-
plete loss of fetal movement in utero and the subsequent
deformities that are incompatible with survival after birth.
An animal model of this condition has been induced 
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FIGURE 48.2 Thymomas export large numbers of T cells to the periph-
ery. The number of T-cell receptor excision circles (TRECS) in peripheral
CD4+ T cells from patients with different forms of myasthenia gravis (MG).
A, TREC levels in CD4 cells from patients with early-onset MG (EOMG),
late-onset MG (LOMG), and appropriate post-operative controls who are
age matched for each group. There are no significant differences between
patients and controls. B, TREC levels in CD4 cells from patients with
thymoma and MG on the day of their operation (thymoma), and a mean of
10 years after thymomectomy for patients who either had no evidence of
recurrence (no recurrence) or had a recurrence of their tumor (recurrence).
The mean ages were equivalent for each group. Results are presented as
box and whisker plots.
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by injecting the maternal plasmas into pregnant mice 
(Jacobson et al., 1999b).

Etiology of Acetylcholine Receptor-Positive 
Myasthenia Gravis

It is clear from the above discussion that there are prob-
ably different etiologies for the different subgroups of MG,
and that little is still known about the precipitating factors.
During the 1980s there were several reports of idiotypic net-
works involving AChR antibodies, but these findings have
not been pursued. Other evidence for molecular mimicry
between the Torpedo AChR a subunit and microbial pro-
teins, and between human AChR a157 170 and herpes
simplex glycoprotein D, have also not been followed up [for
a review see Vincent et al. (1998)]. In general, it seems
unlikely that cross-reacting antibodies could demonstrate
the heterogeneity, high affinity, and specificity that charac-
terize MG anti-AChR. Nevertheless, such a cross-reaction
could be an initiating event that leads subsequently to
autosensitization against the muscle AChR by a process of
determinant spreading. Such a process has been demon-
strated in a rabbit model (see Vincent et al., 1998).

Animal Models

The experimental autoimmune myasthenia gravis
(EAMG) model was important in stimulating the search for
AChR antibodies in MG, but will not be discussed in any
detail here [see Lindstrom (2000) and Christadoss et al.
(2002) for reviews]. 

The AChR is very immunogenic. Rats and mice can
mount strong immune responses even to syngeneic AChR in
the absence of adjuvant (Jermy et al., 1993). It is important
to realize that the proportion of antibodies that cross-react
between the immunizing protein and the recipient’s muscle
AChR depends on the closeness of the species, whereas the
clinical effects of immunization depend mainly on the sus-
ceptibility of the immunized animal’s NMJs to changes in
AChR numbers. Studies on inbred rodents demonstrated the
importance of immunogenetic factors in the susceptibility to
EAMG. C57B1/6 mice and AKR mice are the most suscep-
tible mouse strains, correlating with H-2b and Ig-1b, respec-
tively, whereas BALB/c strains are relatively resistant
(Berman and Patrick, 1980; Christadoss et al., 1979). The
basis for these differences in susceptibility, however, is still
not clear. It does not relate to the serum antibody levels
(Berman and Patrick, 1980), or to intrinsic muscle factors.
The I-Abm12 mutation in C57B1/6 mice confers resistance to
EAMG, probably by changing the T-cell repertoire and pre-
venting recognition of a146–162, a dominant T-cell epitope
(Biesecker and Koffler, 1988). Detailed analysis of the role
of class II and T-cell receptor (TCR) genes in EAMG is pro-
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vided elsewhere (Kaul et al., 1994). Recently, EAMG has
been induced in mice deficient for cytokines or accessory
molecules, or treated with soluble forms of these substances.
In general, the results demonstrate the involvement of 
Th1-dependent mechanisms in the pathogenic immune
response to AChR. For instance, not surprisingly, these
studies have shown that CD28–CD80 and CD154 (CD40L)–
CD40 interactions are important, and that IFN-g is essential
for the full immune response, whereas IL-4 does not play a
major role. Mice deficient in IL-6, by contrast, are less likely
to develop EAMG and show less germinal center formation
(Christadoss et al., 2000). 

The experimental model continues to be used for testing
approaches to specific treatments for MG, despite the fact
that the relevance of the animal model to the human disease
must be limited. Many of these approaches are reviewed
elsewhere (Christados et al., 2000; Vincent and Drachman,
2002).

Myasthenia Gravis Without Acetylcholine 
Receptor Antibodies

About 10–15% of all MG patients with generalized
symptoms do not have detectable anti-AChRs. Traditionally
they have been termed as having “seronegative MG
(SNMG).” Their symptoms are similar to those of patients
with AChR antibody “seropositive” generalized MG, but
there are some subtle differences (Vincent et al., 2003b). An
important feature is the relative lack of thymic changes in
most of these patients (Willcox et al., 1991; Verma and Oger,
1992). Thymoma is never found, and no HLA association
has been identified. Thus, on clinical and pathologic
grounds, the disease appears to have several unusual 
features. 

SNMG is clearly an antibody-mediated disease because
patients get better with plasma exchange, and passive trans-
fer to mice results in defects in neuromuscular transmission
(Vincent et al., 2003b). However, the actual mechanism by
which the antibodies cause these defects is not clear. A series
of studies indicated that SNMG is likely to be hetero-
geneous. Some patients have an IgG antibody to MuSK
(Figure 48.3) (Hoch et al., 2001; Scuderi et al., 2002). MuSK
is the receptor tyrosine kinase that is essential for clustering
AChRs during development. Interestingly, the antibodies are
not found in patients with AChR antibody-positive MG, in
patients with purely ocular MG, or in other control groups,
and thus they define a distinct form of MG (McConville 
et al., 2004). They appear to be found often in patients with
marked combined ocular and bulbar symptoms (Scuderi 
et al., 2002). How these antibodies affect neuromuscular
transmission is not clear, but given the role of MuSK during
development (Liyanage et al., 2002), it is likely that they
interfere with some aspect of MuSK signaling and alter

Ch048-P595961.qxd  2/2/06  3:16 PM  Page 660



AChR localization or stability. Interestingly, the MuSK anti-
bodies are predominantly IgG4 with smaller amounts of
IgG1 and IgG2 (McConville et al., 2004). This contrasts
with the AChR antibodies (see above), further emphasizing
the differences between AChR antibody-positive and MuSK
antibody-positive MG.

In some SNMG patients, including those with and
without MuSK antibodies, an IgM-containing fraction
inhibits AChR function in the muscle-like TE671 cell line.
This inhibition is rapid and reversible, and may be linked to
AChR desensitization (Plested et al., 2002; Spreadbury 
et al., 2005), but the target of these antibodies is not yet clear. 

Lambert–Eaton Myasthenic Syndrome

In 1957 Eaton and Lambert described a myasthenic 
syndrome that was electrophysiologically distinct from MG
(O’Neill et al., 1988). Subsequent studies showed that the
defect was a reduction in the number of packets of ACh
released per nerve impulse, contrasting with MG in which
the defect is in the number of AChRs. Lambert–Eaton myas-
thenic syndrome (LEMS) is often associated with small 
cell lung cancer (SCLC), and is also sometimes found with
paraneoplastic cerebellar degeneration and paraneoplastic
encephalomyelitis. Thus, LEMS is a member of the expand-
ing family of paraneoplastic neurologic conditions that can
be associated with CNS disease (see Chapter 68). However,
about 50% of patients never develop a tumor and have an
acquired autoimmune disease of unknown etiology. 

There are certain features of LEMS that contrast with
those in MG. First, there is more prominent involvement of
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lower limb muscles and less significant involvement of
ocular muscles in LEMS. Second, muscle strength improves
after maximal voluntary contraction and third, autonomic
features, such as dry mouth, constipation and impotence are
common.

Pathophysiology

Freeze-fracture electron microscopic studies of motor
nerve terminals in healthy human muscle biopsy samples
reveal, as in other species, double parallel rows of intra-
membranous particles (each about 10-2 nm in diameter).
These particle arrays are associated with the presynaptic
active zones that are known to be close to the site of exo-
cytosis of the transmitter (see Figure 48.1). The particles
themselves (active zone particles) appear to represent
voltage-gated calcium channels that are known to be impor-
tant for ACh release (see above). Engel and colleagues found
a highly significant reduction in the number of active-zone
particles and the number of particles per active-zone in
LEMS patients, and an increase in the number of clusters of
particles (Engel et al., 1989; Engel, 1991). 

Autoimmunity

Many LEMS patients, particularly those without a 
tumor, have other autoimmune disorders or organ-specific
autoantibodies (Lennon et al., 1982), and an increased 
association with HLA-B8 and IgG heavy chain markers
(Demaine et al., 1988). The evidence for an antibody-
mediated pathogenesis followed the paradigms outlined
above. Plasma exchange was clinically effective with the
maximal response occurring about 10 days after the treat-
ment. Patients also respond well to immunosuppressive
drugs or intravenous immunoglobulin (IVIG) therapy
(O’Neill et al., 1988).

Daily injection of LEMS plasmas or IgG fractions into
mice reproduced the principal neurophysiologic changes of
LEMS (Lang et al., 1983; Kim, 1985), although there was
little clinical evidence of disease. However, there were
changes in the number and clustering of active-zone parti-
cles, similar to those found in patients. Interestingly, com-
plement did not seem to be involved as C3-deficient mice
were as susceptible as normal mice (Prior et al., 1985), and
purified IgG was as effective as plasma. In most cases, acute
incubation in LEMS sera or IgG (1–3 h) did not affect 
neuromuscular transmission, indicating that the antibodies
did not inhibit function directly.

The clustering of the active zone particles suggested that
the divalent antibodies were acting by cross-linking adjacent
particles (Fukuoka et al., 1987), and the importance of diva-
lent antibodies was confirmed by studies on monovalent
Fab¢ (Peers et al., 1993). 
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FIGURE 48.3 Muscle-specific kinase (MuSK) antibodies in patients
without acetylcholine receptor (AChR) antibodies. MuSK antibody titers
(in nmoles of 125I-MuSK precipitated/L of serum, solid symbols) in patients
with myasthenia gravis related to sex and age at presentation. MuSK anti-
bodies are found mainly in young women. One patient presented at age 
2 years with very high titers. MuSK-antibody negative patients (open
symbols) present at any age and are both male and female. Many patients
are negative for MuSK antibodies.
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Using a sensitive immunoelectron microscopy technique,
Engel et al. (1989) localized IgG at the sites of presynaptic
active zones in mice that had received multiple intraperi-
toneal doses of LEMS IgG. The amount of IgG detected was
small, reflecting the low number of active zone particles and
their restricted localization.

Voltage-Gated Calcium Channel Antibodies

The data above strongly suggested that the active zone
particles, thought to be voltage-gated calcium channels
(VGCC), were the target for the LEMS antibodies. More-
over, it was known that SCLC cells express VGCCs on their
surface. Roberts et al. (1985) showed that the function of
these VGCCs were reduced when the cells were grown for
several days in the presence of LEMS IgG. 

The cone snail derived toxin w-conotoxin (w-CmTx)
MVIIC binds to the P or Q type VGCCs that are involved
in ACh release at the NMJ. Solubilized VGCCs prelabeled
with 1251 w-CmTx can be immunoprecipitated by 80–90%
of LEMS sera (Lennon et al., 1995; Motomura et al., 1995).
A direct relationship between the anti-VGCC antibody titer
and clinical severity was demonstrated in a longitudinal
study on individuals receiving immunosuppressive therapy,
and after a double-blind cross-over trial of IVIG treatment
in eight LEMS patients (Bain et al., 1996). Of note, the clin-
ical improvement and fall in VGCC antibodies that followed
IVIG treatment were delayed, and there was no evidence
that the injected immunoglobulins were anti-idiotypic. 

Autonomic dysfunction is common in LEMS, suggesting
that LEMS IgG may interfere with neurotransmission at
autonomic synapses. Mice injected with LEMS IgG show
reduced smooth muscle activity (Waterman et al., 1997).
However, there was no obvious clinical effect and it would
be interesting to know more about the role of these channels
in normal autonomic functions.

These studies in LEMS reflected many of the approaches
that had already proved successful in the study of MG,
emphasizing the use of experimental clinical and laboratory
techniques to investigate neurologic autoimmune diseases. 

Acquired Neuromyotonia

Neuromyotonia (NMT), or Isaacs syndrome (Isaacs,
1961), is a rare syndrome of spontaneous and continuous
muscle fiber contraction resulting from hyperexcitability of
motor nerves. Like MG and LEMS, it can be paraneoplas-
tic when associated with thymoma or SCLC (Newsom-
Davis and Mills, 1993).

Clinical Features

Clinical features include muscle stiffness, cramps,
myokymia (visible undulation of the muscle), and weakness,
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most prominent in the limbs and trunk. Increased sweating
is common. Pseudomyotonia, a slow relaxation of muscles
after contraction, may also be present. For detailed reviews
of the clinical and electrophysiologic findings, the reader is
referred to Newsom-Davis and Mills (1993) and Hart et al.
(2002). Sensory symptoms are present in some patients and
CNS symptoms, such as insomnia, hallucinations, delusions,
and personality change may also be present, when the 
condition is usually referred to as Morvan syndrome (see
below). 

The abnormal muscle activity is the result of neuronal
hyperexcitability, which may be generated anywhere along
the peripheral motor nerve (Vincent, 2000). The diagnosis
can be confirmed by typical findings on electromyography
(Newsom-Davis and Mills, 1993), which include high fre-
quency spontaneous discharges, and by the detection of anti-
bodies to VGKCs in some patients.

Autoimmunity and Antibodies to Voltage-Gated
Potassium Channels

As in MG and LEMS, NMT may be associated with 
other autoimmune diseases or other autoantibodies, and is
relatively frequently found in patients with thymoma 
(Hart et al., 2002). CSF analysis occasionally shows a raised
total IgG level or oligoclonal bands, suggesting that there 
is intrathecal IgG synthesis (Newsom-Davis and Mills,
1993).

The evidence for a pathogenic antibody was demon-
strated before its target was known. Patients respond to
plasma exchange and immunosuppression (Sinha et al.,
1991), and some signs of neuronal hyperexcitability can be
transferred to mice by injection of plasma or IgG from
patients with NMT (Shillito et al., 1995). Importantly, the
effects seen were very similar to those with the drugs 
3,4-diamino-pyridine or 4-amino pyridine, which block
VGKCs.

Antibodies to VGKCs can be detected in about 40% of
NMT patients by immunoprecipitation of 125I-a-dendro-
toxin-labeled VGKCs extracted from human frontal cortex
(Hart et al., 2002), and the level of this antibody is reduced
by immunosuppressive treatment. A proportion of the 60%
of sera negative for these antibodies may contain antibodies
to some other peripheral nerve or motor nerve terminal
protein, such as the neuronal a-7 AChR (Vernino and
Lennon, 2002).

As for the other diseases considered in this chapter, there
is no clear information regarding the etiology of NMT.
However, there are anecdotal reports of the condition occur-
ring in association with infections and some patients seem
to have a monophasic illness that recovers spontaneously
within 1–2 years (A. Vincent, unpublished observations).
These observations suggest that there may be specific con-
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ditions, probably infections, which can lead to the develop-
ment of these antibodies.

CNS DISORDERS ASSOCIATED 
WITH ANTIBODIES

A number of diseases are strongly associated with anti-
bodies to neuronal antigens, and in some of these the anti-
bodies are likely to be pathogenic. This opens a new area of
antibody-mediated CNS disorders.

Glutamic Acid Decarboxylase Antibodies
with Stiff-Person Syndrome, Cerebellar

Ataxia, and Other Disorders

Glutamate acid decarboxylase (GAD) is the enzyme
responsible for the synthesis of the inhibitory neurotrans-
mitter, g-aminobutyric acid (GABA), and antibodies to 
GAD are best known for their association with type 1 dia-
betes (T1D). Nevertheless, they were first detected in a
patient with stiff-person syndrome (SPS) associated with
diabetes (Solimena et al., 1988). SPS is a very rare condi-
tion characterized by severe muscle stiffness, particularly
affecting the spine and lower limbs, with superimposed
muscle spasms. The clinical picture appears to result from
lack of muscle relaxation that should occur in one set of
muscles when the antagonistic muscles are activated. 

GAD antibodies can now be detected by immunoprecip-
itation of 35S-labeled rabbit reticulocyte lysates expressing
GAD, or of 125I-recombinant GAD. The levels of GAD anti-
bodies in patients with neurologic diseases are usually much
higher than those of patients with T1D (Dalakas et al.,
2001b). GAD antibodies are also found in other disorders,
particularly encephalomyelitis with rigidity and myoclonus,
and sporadic cerebellar ataxia (Meinck et al., 2001).

SPS is associated with other autoimmune diseases and
with HLA-DR3 (DRb1 0301) (Nicholas et al., 1997). In
many cases, oligoclonal bands are present in the CSF, and
the CSF antibody/CSF IgG index is higher than the serum
antibody/serum IgG index, suggesting that some of the 
GAD antibody is actually made in the CNS (Dalakas et al.,
2001b), but generally the serum levels are substantially
higher than the CSF levels (Vincent et al., 1997). 

The striking association of SPS with high titers of a very
specific antibody, which is not present in the great majority
of individuals with other neurologic disorders, suggests that
the disease is immune-mediated. Moreover, one study
showed clinical improvement following administration of
IVIG (Dalakas et al., 2001a). However, since GAD is an
intracellular antigen, it may not, itself, be the target for the
pathogenic immune response. There could be other anti-
bodies directed against cell-surface determinants that are
pathogenic. 
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Rasmussen Encephalitis 

Rasmussen encephalitis (RE) is a very rare, chronic
inflammatory disease of the brain, usually occurring in
young children, and characterized by intractable focal
seizures. It typically involves one side of the brain only and
often progresses to hemiparesis. It does not respond well 
to typical anticonvulsant therapy and hemispherectomy is
often performed in order to stop the seizures.

A recent study detailed clinical and pathologic evidence
from 13 cases with histologically proven RE (Bien et al.,
2002b). After a prodromal phase, the acute phase with
seizures and focal inflammatory lesions develops. This leads
to permanent and stable hemiparesis with cerebral atrophy
and decreased seizure frequency. The histopathology of the
brains showed perivascular and parenchymal CD3 T-cells,
CD68 and HLA-DR positive microglial cells and glial fib-
rillary acidic protein (GFAP)-positive astrocytes, the major-
ity of which were characterized as “reactive,” and neuronal
cell density was reduced. In fact, the pathology of RE is not
unlike that of multiple sclerosis and is consistent with a 
T-cell-mediated process (Bien et al., 2002a). 

However, there are reports of antibodies to glutamate
receptor in RE. Two of three GluR3 immunized rabbits
developed seizures (Rogers et al., 1994) and postmortem
examination showed inflammatory changes not unlike those
in patients. GluR3 antibodies were found in sera from two
of four children using Western blot and antibody-binding
assays. Most significant was that one child showed a remark-
able improvement after plasma exchange (Rogers et al.,
1994). This latter finding has been confirmed in other
patients, and a number of studies have looked at possible
mechanisms by which GluR3 antibodies could cause
increased neuronal excitability and seizures (Whitney and
McNamarra, 1999). 

Although several reports confirm the presence of GluR3
antibodies in patients with RE, some find them also in
patients with other forms of intractable epilepsy (Wiendl 
et al., 2001), and there was little GluR3 antibody in the CSF
(Mantegazza et al., 2002). Moreover, other groups have
failed to find GluR3 antibodies by a range of techniques
(Watson et al., 2004). 

Potassium Channel Antibodies in Morvan
Syndrome and a New Form of Immune-

Responsive Limbic Encephalitis 

Antibodies to potassium channels were first identified in
patients with acquired NMT (see above), but about 20% of
these patients have CNS symptoms, such as depression,
anxiety, memory loss or sleep disorders (Heidenreich and
Vincent, 1998; Hart et al., 2002). In a few cases, NMT
is associated with autonomic dysfunction, including in-
creased sweating, and marked CNS abnormalities, including 
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insomnia, hallucinations, altered behavior, and cognitive
dysfunction, known as Morvan syndrome or Morvan fibril-
lary chorea. 

Only a few cases of Morvan syndrome have been
described but several recent cases have been shown to have
raised levels of VGKC antibodies, and symptoms improve
following plasma exchange (Liguori et al., 2001). Thymoma
has been reported in around 20% of cases, sometimes with
associated MG. In one case with CNS symptoms of memory
loss, confusion and seizures, the seizures and cognitive 
dysfunction improved slowly over a period of 2 years, while
VGKC antibodies spontaneously fell (Buckley et al., 2001c
and Vincent et al., 2004). A recent study has reported 10
patients with similar “limbic” symptoms and highly raised
VGKC antibodies, several of whom improved quite
markedly following immunotherapies (Vincent et al., 2004).
Interestingly, some patients have presented first to psychi-
atric or epilepsy clinics before developing other neurologic
features (McKnight et al., 2005). 

Importantly, the limbic symptoms are highly similar to
those experienced by patients with paraneoplastic limbic
encephalitis, which is normally considered to respond very
poorly to treatments. In patients with VGKC antibodies, by
contrast, tumors are not common, and the response to treat-
ments is often good. How the antibodies gain access to the
CNS, why only some patients have peripheral symptoms,
and why the hippocampus is the main target will be the
topics for further experimental studies.

SUMMARY

Autoimmune diseases of the nervous system are particu-
larly interesting because they include disorders caused by
highly specific antibodies directed against equally specific
ion channels or receptors. The role of antibodies to the
muscle nicotinic AChR in MG is well established and much
is now known about the immunology of the disease. The
division of MG into groups, depending on antibody status,
thymic pathology, and age at onset, has been useful in defin-
ing the existence of different clinical subtypes that may
result from different etiologies. Treatment includes anti-
cholinesterases, nonspecific immunosuppression and, in
appropriate younger patients, thymectomy. Despite much
work in animal models of MG, no disease-specific immuno-
suppressive treatments are currently available. A new form
of MG, associated with antibodies to MuSK, has been iden-
tified, and found to present some distinct clinical features. 

The experimental approaches that led to the successful
work on MG have been equally successful in demonstrating
other rare diseases caused by, or strongly associated with,
antibodies to different ion channels or other neuronal pro-
teins. Antibodies to calcium and potassium ion channels are
found in LEMS and acquired NMT, respectively, and to the
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ganglionic form of AChR in some cases of autonomic neu-
ropathy (see Chapter 17). Antibodies to glutamic-acid
decarboxylase (GAD) and to a particular form of glutamate
receptor (GluR3) have been detected in SPS and RE, respec-
tively, although their roles in causing these disorders are not
yet clear. More recently, antibodies to VGKCs have been
detected in a form of limbic encephalitis with memory loss,
confusion, and seizures. These patients often improve with
immunotherapies, suggesting an antibody-mediated CNS
disorder. 

The next 10 years should show an explosion of interest
in antibody-associated CNS disorders, leading to improved
diagnosis and the development of new experimental para-
digms to demonstrate the pathogenic relevance of antibodies
to CNS antigens. 
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HISTORIC BACKGROUND

The concept that the eye harbors autoimmune-inducing
or uveitogenic materials has been suggested by many since
the beginning of the last century. It was the demonstration
by Uhlenhuth (1903) of autoantibody production to the lens
that pioneered investigation in this area. Several investiga-
tors used homogenates from the eye, which when injected
into an animal appeared capable of inducing an intraocular
inflammatory response. Noteworthy of mention are Wacker
and Lipton (1968) and Faure (1980). 

The presence of uveitogenic antigens in the eye that are
capable of inducing disease is a well-established concept,
proposed as early as 1910 by Elschnig. Since then several
antigens have been isolated that are capable of inducing
ocular inflammatory disease similar to that seen in humans.
Retinal S-antigen or arrestin was isolated and its immuno-

logic properties partially characterized by Wacker et al.
(1977). It is one of the most potent uveitogenic antigens
defined to date. It causes an immune-mediated, bilateral 
inflammatory response in the eye, or experimental auto-
immune uveitis (EAU), when injected in microgram quan-
tities at a site far from the globe (Pfister et al., 1985). Several
other uveitogenic antigens have since been identified, such
as interphotoreceptor retinoid-binding protein (IRBP)
(Hirose et al., 1986); recoverin (Gery et al, 1994); bovine
melanin protein (Chan et al., 1994); rhodopsin (Schalken et
al., 1989); phosducin (Lee et al., 1990); RPE 65 (Ham et al.,
2002), and tyrosinase proteins (Yamaki et al., 2000). 

These studies have broadened our understanding of the
ocular immune response and allowed templates to be devel-
oped with which newer approaches to immunosuppression
can be tested. 

CLINICAL FEATURES

The uveal tract can be divided anatomically into the iris,
ciliary body, and choroid (Figure 49.1). Uveitis is usually
defined as any inflammation of the uveal tract. This inflam-
mation may be an antigen-specific, immune-mediated res-
ponse or a nonspecific response, which can be elicited by
infection, trauma or surgery. In clinical practice, any inflam-
matory reaction involving the structures of the eye—sclera,
cornea, lens, vitreous, retina, retinal pigment epithelium or
choroid (see Figure 49.1)—is considered to be uveitis.

Episcleritis is an inflammatory disease involving the
tissue that lies superficial to the sclera. Scleritis is a pain-
ful and potentially sight-threatening inflammatory disease
involving the sclera. Episcleritis is typically more acute and
less severe than scleritis and it is often idiopathic; however,
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many of the diseases associated with scleritis have also been
associated with episcleritis. The clinical examination evalu-
ates for the presence of erythema and edema of episclera or
sclera (Figure 49.2). The inflamed sclera is usually charac-
terized by a violaceous hue. Many inflammatory systemic
disorders are associated with scleritis: rheumatoid arthritis,
juvenile idiopathic arthritis, Reiter syndrome, Crohn’s
disease, ankylosing spondylitis, ulcerative colitis, poly-
myositis, polyarteritis nodosa, systemic lupus erythemato-
sus (SLE), Wegener’s granulomatosis, sarcoidosis, Lyme
disease, and Cogan syndrome. 

Uveitis can be classified based on anatomic location:
anterior, intermediate, posterior, and diffuse or panuveitis.
Anterior uveitis describes a disease predominantly limited
to the anterior segment. In the literature it is also called iritis,
iridocyclitis, and anterior cyclitis. There are many inflam-
matory systemic diseases associated with anterior uveitis,
including juvenile idiopathic arthritis, HLA-B27-associated
diseases, Behçet’s disease, and sarcoidosis. The corneal
examination may reveal keratic precipitates (Figure 49.3),
small aggregates of inflammatory cells that accumulate on
the endothelial surface of the cornea. Examination of the
anterior chamber via biomicroscopy will reveal the presence
of inflammatory cells and increased protein (flare), resulting
from spillover of inflammation from the iris and the ciliary
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body, graded in a standardized fashion (Nussenblatt and
Whitcup, 2004). An accumulation of leukocytes associated
with fibrin, layered in the lower angle of the anterior
chamber, is called a hypopyon (Figure 49.4), and is com-
monly associated with Behçet’s disease and the HLA-
B27-associated uveitidies. Inflammation of the iris may

Muscle

Optic disk

Optic nerve

Sclera
Choroid

RetinaVitreous
body

Ciliary body

Iris
Cornea

Aqueous chamber
and aqueous

humor

Lens

FIGURE 49.1 Key anatomic features of the eye.

FIGURE 49.2 Slit-lamp photograph of a patient with scleritis of pre-
sumed autoimmune etiology, having ruled out infectious etiologies. Arrow
indicates dilated episcleral and scleral vessels.
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cause synechiae (adhesions) between the iris and the lens
capsule (Figure 49.5) or the cornea. It may also develop
accumulations of inflammatory cells called nodules on the
papillary margin, referred to as Koeppe nodules, or on the
iris surface, known as Busacca nodules, commonly seen
with sarcoidosis.

Intermediate uveitis designates that subset of uveitis
where the vitreous is the major site of inflammation. Inflam-
mation in the vitreous is characterized by increased cells and
protein, vitreous haze (Nussenblatt et al., 1985) or pars plana
exudates. Retinal inflammation may cause cystoid macular
edema and retinal vasculitis. There are specific systemic
autoimmune diseases associated with this type of uveitis:
multiple sclerosis, sarcoidosis, and Lyme disease. A com-
mon form of intermediate uveitis is referred to as pars 
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planitis, which is idiopathic. Syphilis and tuberculosis are
common infectious etiologies of intermediate uveitis. 

Posterior uveitis refers to inflammation affecting the 
posterior segment, particularly the retina and the choroid.
There are numerous autoimmune diseases that are associ-
ated with posterior uveitis: Behçet’s disease, SLE, 
polyarteritis nodosa, Wegener’s granulomatosis, sarcoidosis,
syphilis, and Vogt–Koyanagi–Harada (VKH) syndrome.
There are also many infectious etiologies: ocular histoplas-
mosis, cytomegalovirus retinitis, acute retinal necrosis (vari-
cella zoster virus, herpes simplex virus), toxoplasmosis, and
immune-mediated local ocular disorders: sympathetic oph-
thalmia, birdshot retinochoroidopathy, and the “white-dot
syndromes,” which can cause posterior uveitis. In addition,
primary intraocular lymphoma can masquerade as an inter-
mediate or posterior uveitis.

Finally, panuveitis is a term reserved for inflammation
involving all segments of the eye and in which there is no
predominant site of inflammation (Nussenblatt and Whitcup,
2004). Typical systemic diseases associated with this form
of uveitis are Behçet’s disease, sarcoidosis, VKH syndrome,
and syphilis.

PATHOLOGIC FEATURES

Uveitis can be classified as granulomatous or nongranu-
lomatous. This is a clinical definition, based on the type of
inflammatory cells infiltrating the ocular tissues, as seen 
by biomicroscopy. It is not based on histopathologic analy-
sis. Biomicroscopy will reveal inflammatory precipitates
throughout the eye. The most common type of corneal
(keratic) precipitates are nongranulomatous. They are 
characterized by fine, white-colored lymphocytes, plasma

FIGURE 49.3 Slit-lamp photograph of a patient with anterior uveitis
with keratic precipitates. Arrow points to corneal endothelium with keratic
precipitates.

FIGURE 49.4 Slit-lamp photograph of a patient with ocular Behçet’s
disease and anterior uveitis, with a hypopyon. Arrow points to layer of
inflammatory cells in the anterior chamber, the hypopyon.

Reproduced from Levy-Clarke et al. (2005), with permission.

FIGURE 49.5 Slit-lamp photograph of a patient with anterior uveitis,
extensive posterior synechiae, and iris adhesions to the anterior lens
capsule. Arrows show the areas of adhesions. 
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cells, and pigment. Many etiologic factors may be respon-
sible for this type of inflammation. Granulomatous inflam-
mation forms large, greasy-appearing collections of
lymphocytes, plasma cells, and giant cells, also called
“mutton-fat” keratic precipitates. It can also cause iris
nodules, vitreous inflammatory cells, called “snowballs,”
and retinal vascular inflammation, called “candle wax drip-
pings.” This clinical classification is an important diag-
nostic clue, because the etiologic agents associated with
granulomatous uveitis form a fairly short list, including 
sarcoidosis, VKH syndrome, syphilis, tuberculosis, and 
toxoplasmosis.

EPIDEMIOLOGIC FEATURES

Studies of the prevalence of uveitis tend to compare 
community-based practices with tertiary or university-
based referral centers. An analysis of the publication by
McCannel et al. (1996) estimates that approximately 20% of
community and 18% of university or referral-based uveitis
are autoimmune in nature. A similar study by Henderly 
et al. (1987) gives an estimate of approximately 23% in a
university or referral-type practice. 

There are many demographic features that offer impor-
tant clues when evaluating a patient with uveitis. These
include age, sex, race, ethnic heritage, and geographic resi-
dence. Specific examples include juvenile idiopathic arthri-
tis associated with chronic anterior uveitis seen in children
under age 16. One half of the patients in one study report-
edly had chronic uveitis by the age of 6 (Key and Kimura,
1975). It is seen in young females with pauci-articular 
arthritis and a positive antinuclear antibody (ANA) test
(Cassidy et al., 1986). The uveitis associated with ankylos-
ing spondylitis is typically a recurrent anterior uveitis 
seen in young men between the ages of 20 and 30 years
(Brewerton et al., 1973). Sarcoidosis affects young adults
aged 20–50 years and has a slightly increased prevalence in
women. It can affect all races, but African-Americans are 10
times more likely to be affected compared to white persons,
and with chronic sarcoidosis they are more likely to develop
ocular manifestations than white persons (Jabs and Johns,
1986). VKH syndrome is a multisystem disorder, with
ocular, central nervous system, cutaneous, and vestibulo-
auditory manifestations; the ocular manifestation is usually
a severe, bilateral, granulomatous panuveitis. It is common
in Japan and certain parts of Latin America (Sugiura, 1988).
We have also noted a fairly high Native-American ancestry
among our patients. Finally, Behçet’s disease is a multi-
system disorder with ocular involvement; it is especially
common in the Far East and the Mediterranean basin (Ohno
and Matsuda, 1986). The ocular disease may be an anterior
and/or posterior uveitis, associated with retinal vasculitis
(Figure 49.6).
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AUTOIMMUNE FEATURES

Immunity in the eye is deviant and atypical. The eye’s
ability to regulate local immune responses has been attrib-
uted to several factors. First, there are several immunosup-
pressive substances in the aqueous humor of the eye, 
such as a-melanocyte-stimulating hormone (a-MSH),
vasoactive intestinal peptide (VIP), transforming-growth
factor-b (TGF-b), and macrophage-migration-inhibitory
factor (MIF), which act to modulate ocular immune
responses. Second, there are bone marrow-derived cells in
the vascularized tissues of the eye that may capture and
present antigens to immune cells. Third, surface markers,
such as CD95 ligand (Griffith et al., 1996; Ferguson and
Griffith, 1997), CD46 (Bora et al., 1993), and CD59 are
expressed in ocular parenchymal tissues; they directly
inhibit effector T-cell components of complement, thus
saving the eye from tissue damage. Also, inside the eye, both
retina and anterior chamber have a well-structured vascular
network with blood–ocular barriers that protect the eye from
intruding macromolecules. 

The ability to discriminate between self and nonself is
used for elimination of autoreactive cells. Because the eye
is considered to be an immunologically privileged organ, it
is believed that expression of ocular autoantigens occurs
exclusively within the intraocular environment (Gery and
Streilein, 1994). A classic example of organ-specific auto-
immune disease caused by autoantigens is sympathetic 
ophthalmia, a rare form of intra-ocular inflammation in
which the fellow eye develops inflammation after penetrat-

FIGURE 49.6 Fundus photograph of a patient with Behçet’s disease and
retinal vasculitis. The inferior arcade shows a branch vein occlusion. Arrow
points to areas of bleeding in the retina.

Reproduced from Levy-Clarke et al. (2005), with permission.
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ing injury of the opposite eye. The inflammation may
develop as early as several days after the penetrating insult
to decades later. Typically, it occurs in the first several weeks
(4–12 weeks). It is speculated that the injury causes primary
immunization to self-antigens. Although the target antigen
is still unknown, an experimental animal model has been
developed. In this model cutaneous immunization of
animals with retinal antigens (arrestin, rhodopsin, inter-
photoreceptor retinol-binding protein), retinal pigment
epithelial-associated antigens, and melanocyte-associated
tyrosinase results in an autoimmune uveitis, with features
characteristic of sympathetic ophthalmia (Rao, 1997). 

Substantial evidence exists that autoimmune diseases
may also be initiated or aggravated by infection. This
happens presumably when nonspecific polyclonal activation
of the immune system, either by virus or immunostimula-
tory agents such as gram-negative bacterial cell wall com-
ponents, overwhelms the normal regulatory mechanisms and
permits “forbidden clones” of cells to proliferate and cause
tissue damage. The molecular mimicry theory states that
structural similarity between invading organism and organ
tissue components may lead to persistence of the inflamma-
tory response even after the inciting agent has been quickly
cleared. It has been postulated as a mechanism for uveitis.
The primary amino acid sequence of the hepatitis B virus
DNA polymerase shows sequence homology to the retinal
S-antigen. An experimental autoimmune uveitis was in-
duced in Lewis rats using synthetic peptides (Singh et al.,
1990). Lymph node cells from rats immunized with this syn-
thetic peptide or peptide M in S-antigen showed a signifi-
cant degree of cross-reaction. As a clinical corollary, some
types of idiopathic posterior uveitis have been reported in
association with immunization with hepatitis B virus
vaccine (Brezin et al., 1995; Baglivo et al., 1996). However,
no definitive etiologic link has been made via histopathol-
ogy or immunohistochemistry. 

HORMONAL INFLUENCES

Hormones play a significant role in immunomodulation,
yet the exact mechanism is not understood. Certain hor-
mones of pregnancy, such as progesterone, a-fetoprotein, a-
2 pregnancy-associated globulin, and early pregnancy factor
are thought to have immunomodulating properties (Anon,
1976; Chakraborty and Mandal, 1993; Harness et al., 2003).
Other hormones, the levels of which increase during 
pregnancy, such as corticotrophin-releasing hormone, 
a-melanocyte stimulating hormone, estrogens, or altered
estrogen/androgen ratios, are thought to be immunosup-
pressive (Ilias and Mastorakos, 2003; Lipton and Catania,
1997). We and other researches have reported that flares of
uveitis decrease during pregnancy compared to the non-
pregnant state (Rabiah and Vitale, 2003). Many women with
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chronic recurrent noninfectious uveitis report an association
between flares and point in the menstrual cycle. Further
studies are needed to more definitively delineate hormonal
influences on uveitis.

GENETIC FACTORS

Genetic factors play a significant role in the development
of endogenous uveitis. The ability to respond to a speci-
fic immune stimulant is genetically determined. Genes for
human leukocyte antigens (HLA) are clustered in major 
histocompatibility complex (MHC) proteins, located on 
the short arm of chromosome 6. They have been linked 
to various uveitic syndromes (Table 49.1). 

Brewerton et al. (1973) were among the first to observe
that a high percentage of white patients with ankylosing
spondylitis showed HLA-B27 positivity. Khan et al. (1977)
demonstrated that HLA-B7 was associated with ankylosing
spondylitis in African-Americans to a greater degree than
HLA-B27. It is clear that HLA associations may be differ-
ent for various ethnic groups. It is possible that different
genes initiate responses that finally lead to a common
pathway resulting in a particular disease. The reasons for the
association between HLA and diseases are unclear. It has
been hypothesized that exogenous environmental factors

TABLE 49.1 Association of selected ocular diseases with
human leukocyte antigens

Human leukocyte antigen Ocular disease

HLA-A11 Sympathetic ophthalmia
HLA-A24 Tubulointerstitial nephritis–uveitis 

syndrome
HLA-A29 Birdshot retinochoroidopathy
HLA-B5 Adamantiades-Behçet’s disease
HLA-B7 Presumed ocular histoplasmosis, 

serpiginous retinochoroidopathy,
acute posterior multifocal placoid
epitheliopathy, ankylosing
spondylitis

HLA-B8 Acute anterior uveitis
HLA-B12 Ocular cicatricial pemphigoid
HLA-B27 Acute anterior uveitis, Reiter syndrome
HLA-B51 Adamantiades–Behçet’s disease
HLA-DQw3 Vogt–Koyanagi–Harada (VKH) 

syndrome
HLA-DR2 Presumed ocular histoplasmosis 
HLA-DR4 Rheumatoid arthritis, VKH syndrome, 

relapsing polychondritis
HLA-DR6 Tubulointerstitial nephritis–uveitis 

syndrome
HLA-DR15 Intermediate uveitis
HLA-DRB1*0405 Sympathetic ophthalmia
HLA-DRw53 VKH syndrome
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may play a role in expression of a disease. For example, it
has been suggested that Ia antigens are required for antigen
presentation and initiation of the immune response; if Ia
expression is inappropriate and other defects of immuno-
surveillance occur, it may result in a disease (Botazzo et al.,
1983). 

Most researchers agree that mechanisms of the autoim-
mune disease of the eye are multifactorial, so several factors
must be present to cause the disease, otherwise disease
expression would be far more common. MHC plays an
important role in determining disease susceptibility. Family
studies in patients with uveitis show that susceptibility 
to particular types of idiopathic uveitis is possibly due to
genetic background (Kimura and Hogan, 1963; Hogan et al.,
1965; Giles and Tranton, 1980; Augsburger et al., 1981; 
Culbertson et al., 1983; Doft, 1983; Wetzig et al., 1988;
Duinkerke-Eorela et al., 1990; Tejada et al., 1994; Lee,
1995). Genetic predisposition may determine the severity of
the disease. A permissive MHC in a nonpermissive back-
ground will result in a mild disease or no disease at all
(Caspi et al., 1992).

Single-nucleotide polymorphisms (SNPs) are genetic
variations found normally in genes that mediate the immune
response as opposed to those that control it. For example,
one cytokine may have several SNP variations. Some SNPs
may change the functioning of the protein. Population
studies of disease groups versus controls are able to identify
SNPs more commonly seen in disease groups and thus, are
associated with these particular autoimmune or neoplastic
diseases (Shastry, 2002). A report of 102 patients with ocular
Behçet’s disease, who were tested for a possible link
between a specific tumor necrosis factor (TNF) SNP and the
disease, found no TNF gene polymorphisms to be associ-
ated with the disease (Verity et al., 1999). 

ANIMAL MODELS

Several species of mammals have been used to establish
experimental autoimmune uveitis (EAU) models, includ-
ing guinea pigs (Collins, 1949; Kalsow and Wacker, 1973),
rabbits (Wacker and Lipton, 1968), rats (Faure, 1980; de
Kozak et al., 1981; Gery and Nussenblatt, 1986), mice
(Caspi et al., 1988), and primates (Nussenblatt et al., 1981).
Currently, mice and rats are probably the two most com-
monly used animals for EAU studies due to the availability
of inbred and other genetically-modified strains, such as
gene knock-out or transgenic animals. Typically, uveito-
genic antigens such as S-antigen, interphotoreceptor
retinoid-binding protein (IRBP), retinal pigment epithelium-
specific 65kDa protein (RPE65) or crude extract of
retina/uvea are emulsified with complete Freund adjuvant
(CFA) and injected subcutaneously into the animals (“active
immunization”). Coinjection of pertussis toxin intra-
venously or intraperitoneally has been routinely adminis-
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tered to achieve maximum EAU score. EAU can also be
induced by adoptively transferring primary T cells from dis-
eased animals with active EAU or uveitogenic cell lines to
syngeneic normal recipients. EAU induced by adoptive
transfer typically has a shortened clinical course because 
of the lack of an induction phase compared to the active
immunization protocol. 

It is noteworthy that despite the fact that both rat and
mouse EAU models have been extensively used for study-
ing molecular mechanisms of uveitis, the clinical manifes-
tations of the two models differ. Murine EAU seems to be
less acute than rat EAU, with a later onset and longer 
duration. In addition, pathologic changes in murine EAU
primarily involve the posterior segment with little anterior
segment involvement, while rat EAU usually manifests 
inflammation in both anterior and posterior segments (Gery
and Nussenblatt, 1986; Caspi et al., 1988). Although it was
shown that passive transfer of immune serum from humans
induced ocular retinitis in guinea pigs (de Kozak et al., 1976)
and there is evidence of involvement of humoral immunity
in EAU (Faure, 1980; Gery and Nussenblatt, 1986), humoral
immune response-mediated uveitis animal models have not
been widely reported or used.

PATHOGENIC MECHANISMS

The establishment of and extensive studies using EAU
models have greatly facilitated the understanding of auto-
immune uveitis. Despite some evidence of the involvement
of humoral immunity (Faure, 1980; Gery and Nussenblatt,
1986), cellular immunity is primarily responsible for the
disease (Nussenblatt et al., 1980; Gery and Nussenblatt,
1986; Caspi et al., 1986; Nussenblatt, 1987). The majority
of data support the notion that helper T-cells (Th) are the 
key players in the molecular pathogenesis of EAU models
(Caspi, 1999). While the Th1 subset has been shown to play
the predominant role, accumulated data also point to a role
for the Th2 subset (Caspi, 2002; Kim et al., 2002). In addi-
tion, the pertussis toxin, an adjuvant routinely administered
to maximize induction of EAU, has been shown to block the
induction of EAU by adoptive transfer (Su et al., 2001)
underscoring a delicate balance of the immune system in this
disease setting. Although limited, some data have also sug-
gested an important role for immunosuppressive regulatory
T cells (Tregs) and/or cytokines in EAU. Coadministration
of interleukin (IL)-2 could potentiate induction of oral tol-
erance by IRBP, accompanied by increased levels of IL-10,
IL-4, and TGF-b (Rizzo et al., 1994). Induced tolerance to
S-antigen after intratesticular injection of S-antigen into the
Lewis rat was shown to be associated with the induction of
regulatory T cells capable of secreting immunosuppressive
cytokines such as IL-4, IL-10, and TGF-b (Yotsukura et al.,
1997). An immunosuppressive neuropeptide believed to be
associated with immune privilege of the eye, a-melanocyte-
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stimulating hormone, was shown to induce CD4+CD25+

Tregs. 
Besides T-cells, other immune cells have also been in-

vestigated for their roles in the pathogenesis of EAU. For
example, dendritic cells and macrophages have been shown
to be important in EAU induction and tissue destruction
(Jiang et al., 1999). In addition, natural killer (NK) cells and
natural killer T (NKT) cells have also been implied in the
pathogenesis of EAU. One report suggested that NK cells
might play a detrimental role in EAU (Kitaichi et al., 2002)
while another study showed increased NK and NKT cells in
association with interferon (IFN)-b amelioration of EAU
(Suzuki et al., 2002). Nonetheless, the data point to poten-
tial roles for other cellular components of the immune
system that could be critical in the pathogenesis of EAU. 

Ocular Immune Responses

The ocular immune system is thought to have an innate
set of mechanisms for “effector blockade” that protects the
ocular tissue from the destructive effects of the secondary
effector phase of the immune response arc. This blockade 
in the anterior chamber is known as anterior chamber-
associated immune deviation (ACAID), where immuniza-
tion by an anterior chamber injection in experimental
animals results in an altered form of systemic immunity 
to that antigen (Streilein, 1993; 1997; Streilein-Stein and
Streilein, 2002). The eye also has soluble and membrane-
bound inhibitors, such as CD178 (FasL), which can induce
apoptosis (Green and Ferguson, 2001). Additionally, the eye
appears to have an immunosuppressive microenvironment
of chemokines and cytokines (Granstein et al., 1990;
Foxman et al., 2002). Finally, it is believed that a state of
tolerance can be induced in the eye (Ferguson and Griffiths,
1997; Ferguson et al., 2002).

Tissue Destruction

During ocular inflammatory processes, there is an influx
of T cells, B cells, macrophages, and polymorphonuclear
leukocytes (PMNs) into the choroids, choriocapillaris, and
retina. There is also local synthesis of cytokines by ocular
tissue. These changes in the ocular milieu most likely 
contribute to the ocular tissue damage seen clinically and
experimentally. The underlying pathogenesis depends on the
disease process involved and thus will vary. Immuno-
histopathology in ocular sarcoidosis shows a predominance
of lymphocytes and macrophages (Chan et al., 1987), while
ocular Behçet’s disease revealed predominantly lympho-
cytic infiltration, with some B cells and plasma cells 
(George et al., 1997). These reports indicate that cell-
mediated immunity may play a pivotal role, while others
have reported humoral-mediated immunity and also the
involvement of immune complex formation (Reinsh and
Moyer, 1991).
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Macrophages are reported to be important effector cells
for retinal tissue destruction in the animal model (Forrester
et al., 1998). However, the macrophage-mediated retinal
tissue destruction is probably under the control of antigen-
specific T cells and the cytokines that T cells release (Jiang
et al., 1999). TNF-a is a well-known cytokine capable of
tissue destruction either by direct tissue damage or by induc-
tion of apoptosis (Selmaj et al., 1991; Zheng et al., 1995),
but other factors such as free radicals, e.g., nitric oxide,
could also contribute to inflammation-induced retinal
damage (Hoey et al., 1997).

IMMUNOLOGIC MARKERS 

Recent advances have demonstrated that cytokines are
equally important in the pathogenesis of noninfectious
uveitis. The Th1 types of cytokines, such as IFN-g, IL-2,
TNF-a, and IL-12 are considered to be the primary factors
in the pathogenesis of uveitis. In humans, IFN-g and IL-2
were found to be elevated in ocular tissues with concomi-
tant infiltrating T cells in uveitic patients (Hooks et al.,
1988). IL-6 has been shown to be elevated in the aqueous
humor of patients with noninfectious uveitis (Murray et al.,
1990; Franks et al., 1992). Higher levels of TNF-a and IL-
1 have also been demonstrated in both peripheral sera and
aqueous humor samples (Palexas et al., 1992; Sakaguchi 
et al., 1998). Cytokine profile analysis of peripheral T-cells
from uveitic patients suggested that the intracellular level of
IFN-g was increased (Frassanito et al., 2003), but similar
analysis of T-cells derived from aqueous humor samples
showed decreased IFN-g compared to those from peripheral
blood (Hill et al., 2005). 

Data derived from animal EAU studies, however, have
provided more consistent insights into the molecular mech-
anisms of autoimmune uveitis. TNF-a was shown to be
detrimental to the development of EAU (Nakamura et al.,
1994; Dick et al., 1996; Robertson et al., 2003), while IL-
10 and IL-12 were suggested to be protective to the devel-
opment of EAU (Rizzo et al., 1998; Tarrant et al., 1999).
Consistent with findings in humans, IFN-g was also found
in the ocular tissues of EAU animals, and correlated with
the disease course (Chariteris et al., 1992). However, treat-
ment with anti-IFN-g antibody exacerbated EAU, while
treatment with rIFN-g ameliorated the diseases in a murine
EAU model (Caspi et al., 1994), leading investigators to
conclude that endogenous IFN-g was protective for EAU.
The same investigators also showed that IFN-g gene-
deficient mice developed EAU similar to their wild-type 
littermates, suggesting that IFN-g is not necessary for the
development of EAU (Jones et al., 1997). To further com-
plicate the issue, an independent study using IFN-g trans-
genic rats showed that overexpression of IFN-g resulted in
more severe EAU (Egwuagu et al., 1999). These studies
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underscore the complexity of cytokine networks in the
pathogenesis of EAU. 

TREATMENT AND OUTCOMES

Corticosteroids have been the mainstay of therapy for
ocular inflammatory disease since the early 1950s. However,
some diseases are steroid-resistant and for others long-term
steroid therapy carries the risk of developing unacceptable
side effects. For these patients other immunomodulatory
agents need to be added as steroid-sparing agents, so that
lower steroid doses or none at all can be used. The steroid-
sparing agents include alkylating agents (cyclophos-
phamide, chlorambucil), antimetabolites (azathioprine,
methotrexate, mycophenolate mofetil), cyclosporine, tacro-
limus, rapamycin, antibodies, and monoclonal antibodies
(daclizumab, etanercept, infliximab). 

Antibodies and monoclonal antibodies directed against
various parts of the immune cascade have not yet been used
extensively in the treatment of uveitis, with the exception of
daclizumab (Zenapax). This is a humanized anti-Tac mono-
clonal recombinant antibody. Tac is a subunit of the IL-2
receptor (IL-2R) high-affinity complex. Caspi et al. (1986)
demonstrated the presence of high affinity IL-2Rs in animal
models of uveitis. A trial of daclizumab at the National Eye
Institute (NEI) (Nussenblatt et al., 1999), suggested that
there is a benefit from daclizumab therapy for the treatment
of noninfectious uveitis. Subsequent trials at the NEI indi-
cated its usefulness for controlled disease, allowing tapering
of other immunosuppressive therapy and maintenance of
patients on daclizumab only (Nussenblatt and Whitcup,
2004); subsequent trials are underway for pediatric uveitis
and to evaluate the efficacy of various doses for noninfec-
tious uveitis. 

TNF-a is found during the acute phase of experimental
autoimmune uveoretinitis (Kim et al., 2001). Enbrel is a
TNF fusion protein that binds to and inactivates TNF, while
infliximab is a chimeric monoclonal antibody directed
against TNF-a. Our experience with both for uveitis is still
developing. We conducted a randomized, placebo-control
trial of 12 patients, to investigate the efficacy and safety of
etanercept in the treatment of juvenile idiopathic arthritis
(JIA)-associated uveitis. In this small pilot study there was
no apparent difference in anterior segment inflammation
between patients treated with etanercept and placebo (Smith
et al., 2005). Smith et al. (2001) evaluated 16 patients, 
14 receiving etanercept and 2 infliximab, for ocular and 
systemic inflammatory disease. All 12 patients with articu-
lar disease saw benefits, while only 6 of the 16 with uveitis
showed any benefit. We are currently investigating inflix-
imab for the treatment of noninfectious scleritis in an 
open label feasibility study; initial results appear very
promising. 
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In our treatment approach cytotoxic agents are often used
last, after corticosteroids, cyclosporine, and monoclonal
antibodies, for sight-threatening intraocular inflammation.
Other less widely used therapeutic modalities include 
intravenous immunoglobulin therapy, oral tolerance,
plasmapharesis, and IFN-a. In addition, nonsteroidal anti-
inflammatory agents have been used for specific diseases;
however, they have not been shown to be effective as a sole
agent in the treatment of noninfectious uveitis.

In general, the following therapeutic guidelines can be
used:

∑ Topical corticosteroids for anterior segment disease.
∑ Periocular corticosteroid for unilateral disease, the 

presence of intermediate or posterior complications, 
and in children to avoid systemic complications of 
corticosteroids.

∑ Systemic immunosuppressive agents for bilateral, sight-
threatening intermediate or posterior uveitis, or panuveitis

∑ Reserve cytotoxic agents for therapeutic failures. 
∑ For uveitis associated with infectious etiologies, specific

agents are indicated, including antivirals and antitoxo-
plasmosis therapy.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

We have learned a great deal since the advent of steroids
for uveitis in the early 1950s. Most therapies during the 20th
century tended to be monotherapy and combination therapy
only began to be used more frequently during the 1990s.
Concerns about the side effects of steroids, i.e., osteoporo-
sis, came to the attention of treating physicians relatively
early, as did the goals for therapy, including long-term
approaches that reduced secondary effects. Because of this
the use of local therapy, including intraocular therapy,
whether by injection or a time-released device, has become
more popular. So where will we be going in the 21st cen-
tury? Some of the possibilities include pharmacogenetics
study of variability in drug responses attributed to heredi-
tary factors in different populations; pharmacogenomics
determination and analysis of the genome and its products
(RNA and proteins) as they relate to drug response; evalua-
tion of patient genomes to identify which patients are the
best candidates for a specific therapy; and finally, using
cytokines as a marker for inflammation, as potential thera-
peutic targets, and to determine the level of quiescence in
chronic uveitis.
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The hypothesis that a syndrome of sudden sensorineural
hearing loss (SNHL) often accompanied by vestibular
symptoms might be of autoimmune origin was firstly pro-
posed by McCabe (1979) who based his findings on clini-
cal features, presence of abnormal immunologic tests, and 
a positive response to immunosuppressive therapy. Since
then, a number of syndromes characterized by SNHL with
overlapping clinical features have been described and
termed in different ways: autoimmune SNHL, immune-
mediated inner ear disease (IMIED), idiopathic progres-
sive bilateral SNHL, sudden SNHL, idiopathic SNHL, bilat-
eral immune-mediated Menière’s disease, autoimmune
vestibulo-cochlear disorders (Rahman et al., 2001a), gener-
ating a great confusion in the identification of patients and
in the evaluation of different studies. It is still debated
whether we can define as autoimmune all the cases of SNHL
without any apparent cause. Although most of the authors in
the field refer to these cases with the term “autoimmune
inner ear disease” or “autoimmune sensorineural hearing
loss” (Solares et al., 2003; Mathews and Kumar, 2003),
others (Stone and Francis, 2000; Garcia-Berrocal et al.,
2003) still prefer the definition of IMIED, since an auto-
immune process can not always be identified. Immune-
mediated inner ear disease may be a process confined to the
inner ear, and antibodies against a vast array of different
molecular weight inner ear antigens may be found in a per-

centage of these patients; in this case, the process can be
identified as an organ-specific autoimmune disease. In other
cases, IMIED is a feature of a systemic disorder, such as
primary vasculitides, or of systemic autoimmune diseases.
Indeed a systemic autoimmune disorder can be present in
nearly one-third of patients with IMIED.

CLINICAL FEATURES

Immune-mediated inner ear disease is characterized by
the presence of rapidly progressive, often bilateral SNHL,
and frequently by vertigo, tinnitus, and a sense of aural full-
ness, sometimes indistinguishable from Menière’s disease at
the beginning. Immune-mediated inner ear disease usually
leads to irreversible damage within hours or days of the
onset and involves both ears, often asynchronously. Some-
times the disease shows an initial fluctuating course of
remissions and relapses typical of an autoimmune disease.
Since the devastating sequelae of IMIED may be avoided
with the early institution of aggressive immunosuppression,
a prompt diagnosis represents a major goal for the clinician.
The clinical manifestations are shared with entities of dif-
ferent etiologies such as vascular, toxic, metabolic, genetic,
traumatic, and infective; therefore, all the possible non-
immune-mediated causes of SNHL need to be excluded.
Menière syndrome, characterized by hearing loss and
episodes of vertigo, tinnitus, and aural fullness, may accom-
pany several causes of inner ear inflammation, including
IMIED. In the absence of an identifiable cause, this syn-
drome is termed Menière’s disease considered of auto-
immune origin at least in 30–40% of the cases (Yoo et al.,
2001; Riente et al., 2004). Time course is the most impor-
tant criterion to differentiate IMIED from Menière’s
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disease—in the latter hearing loss occurs over a long period
of time, sometimes of several years. Moreover Menière’s
disease is usually limited to one ear in the majority of the
cases. Due to the many different etiologies which can lead
to SNHL and to the absence of specific diagnostic markers,
Garcìa-Berrocal et al. (2002a) have proposed the following
criterion to correctly assess IMIED as a distinct entity:

1. Major criteria: bilateral involvement, presence of sys-
temic autoimmune disease, positive antinuclear anti-
bodies (ANA), reduced number of naïve T-cells
(CD4RA), and recovery of more than 80% of hearing.

2. Minor criteria: unilateral involvement, young/middle
aged patient, often female, presence of antibodies against
HSP70, and good response to steroid therapy.

The suspicion of IMIED would be supported by the pres-
ence of three major criteria or two major and more than two
minor criteria. The same authors (Garcìa-Berrocal et al.,
2003) used these criteria to characterize and evaluate the
response to therapy of 69 patients with recent-onset 
SNHL of different origin, such as viral, vascular, immune-
mediated, and idiopathic. Patients with IMIED had the best
and the earliest recovery rate of hearing after therapy, but
also a higher rate of recurrence, typical of an autoimmune
disorder. However, patients with profound hearing loss 
(>90 dB) have a low percentage of recoveries, regardless of
the etiology. The criteria proposed by Garcìa-Berrocal et al.
need to be validated by different groups in a greater number
of patients. In particular, we think that the presence not only
of ANA but also of other autoantibodies such as anticardio-
lipin antibodies, antithyroid antibodies, rheumatoid factor,
or myeloperoxidase-antineutrophil cytoplasmic antibodies
(Bachor et al., 2005; Toubi et al, 2004; Takagi et al., 2004)
may suggest the presence of an autoimmune response also
against the inner ear. Moreover, we believe that a positive
therapeutic response to corticosteroid administration has to
be considered a major criterion for the diagnosis of IMIED
(Ruckenstein, 2004).

Due to the lack of a reliable diagnostic test, limited
positron emission tomography of the inner ear, in associa-
tion with anti-HSP70 antibody determination, has been 
proposed as a useful technique for assessing IMIED
(Mazlumzadeh et al., 2003).

Association with Systemic 
Autoimmune Diseases

Hearing loss, both sensorineural and conductive, has
been reported in patients with rheumatoid arthritis (Raut 
et al., 2001; Ozcan et al., 2002; Salvinelli et al., 2004) and
with primary Sjögren syndrome (Boki et al., 2001). Anti-
cardiolipin antibodies have been found associated with the
presence of SNHL in patients with Sjögren syndrome
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(Tumiati et al., 1997) and with systemic lupus erythemato-
sus (SLE) (Naarendorp and Spiera, 1998; Green and Miller,
2001; Kastanioudakis et al., 2002). Moreover SNHL can be
present in patients with primary antiphospholipid syndrome
(Vyse et al., 1994; Chapman et al., 2003). The histopatho-
logic features of temporal bone described in eight subjects
affected by SLE showed various degrees of hair-cell loss and
atrophy of the organ of Corti, marked cochlear inflamma-
tory infiltrate or formation of fibrous tissue and new bone
throughout the cochlea, and degeneration of the spiral liga-
ment, findings very similar to the known features of IMIED
(Yoon et al., 1989; Sone et al., 1999). Sensorineural hearing
loss has also been reported in progressive systemic sclero-
sis (Kastanioudakis et al., 2001) and in ulcerative colitis
(Kumar et al., 2000).

Association with Primary Vasculitides

Sensorineural hearing loss is often an early symptom of
primary vasculitides, which usually affect both the middle
and the inner ear. The best example is Wegener granulo-
matosis (Kempf, 1989; Takagi et al., 2002) characterized by
chronic otitis media leading to conductive hearing loss;
SNHL is often associated and is related to vasculitis of the
inner ear. Similar findings may be present in patients with
relapsing polychondritis (Trentham and Le, 1998; Malard 
et al., 2002) characterized by vasculitis of the labyrinthine
artery and inflammation of the cartilage within the inner ear.
Sensorineural hearing loss has been described in polyarteri-
tis nodosa (Tsunoda et al., 2001), microscopic polyangiitis
(Koseki et al., 1997), Behçet disease (Narvaez et al., 1998;
Adler et al., 2002), and Kawasaki disease (Silva et al., 2002).

Cogan Syndrome

Cogan syndrome is a chronic inflammatory disease char-
acterized by three main clinical features: vestibulo-auditory
dysfunction, interstitial keratitis, and vasculitis (St. Clair and
McCallum, 1999). It occurs primarily in children and young
adults and was first described by Cogan in 1945. Systemic
manifestations occur in approximately half of the cases (Van
Doornum et al., 2001); fever and weight loss are associated
with active vasculitis, which can involve the aorta, aortic
arch vessels, or medium vessels (Vollersten, 1990). Central
and peripheral nervous system abnormalities may be present
in up to 50% of the subjects (Bicknell and Holland,1978;
Albayram et al., 2001).

Morbidity in Cogan syndrome results from permanent
hearing loss and from cardiovascular disease.

Inner ear pathology reveals endolymphatic hydrops, infil-
tration of the spiral ligament with lymphocytes and plasma
cells, degeneration of the sensory receptors and supporting
structures of the cochlea and vestibular apparatus, and
demyelinization and atrophy of the vestibular and cochlear
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branches of the eighth cranial nerve. In some cases exten-
sive new bone formation can be observed.

The cause of the disease is unknown; upper respiratory
tract infections may precede the onset of the disease, sug-
gesting an infectious origin (Vollertsen et al., 1986). Auto-
immunity has been implicated because of the presence of
serum antibodies to a mixture of corneal antigens and inner
ear extracts (Helmchen et al., 1999; Disher et al., 1997). We
have demonstrated that Cogan syndrome is an autoimmune
disease and that DEP1/CD148 is the pathogenetically rele-
vant autoantigen (Lunardi et al., 2002). Using the peptide
library approach (Devlin et al.,1990), already applied to the
study of systemic sclerosis (Lunardi et al., 2000), we iden-
tified a peptide recognized by the sera of all the patients. The
peptide is homologous to autoantigens and the major core
protein l1 (Bartlett and Joklik, 1988) of reovirus type III,
which causes mild rhinitis and pharyngitis. Peptide-specific
IgG antibodies isolated from patients’ sera recognized the
viral protein, suggesting a viral involvement in the patho-
genesis of the disease, possibly through a molecular
mimicry mechanism (Zhao et al., 1998).

The peptide showed homology with the high cell density
enhanced protein tyrosine phosphatase-1 (DEP1/CD148),
which is highly expressed on both endothelial cells 
(Takahashi et al., 1999) and supporting cells of the inner 
ear (Kruger et al., 1999) and with connexin-26, a gap-
junction protein expressed in the inner ear (Kikuchi et al.,
2000). Affinity-purified antibodies against the peptide
obtained from the patients recognized CD148 and connexin-
26 in human cochlear extracts. DEP1/CD148 is a wide-
spread cell-surface antigen, and its distribution explains the
clinical spectrum of Cogan syndrome. Connexin-26 repre-
sents a major system of intercellular communication and its
loss results in injury to the organ of Corti, leading to hearing
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loss; moreover, mutations in the connexin-26 gene are
responsible for the majority of cases of congenital deafness.
Connexin-26 shows homology with connexin-43 and con-
nexin-50, gap-junction proteins present in corneal fibro-
blasts and epithelium, and this homology may explain the
involvement of the eye in the disease. Peptide-specific anti-
bodies were shown to bind human cochlea by immuno-
histochemistry (Figure 50.1).

To prove that these autoantibodies are pathogenic and
that the identified autoantigen is relevant to Cogan syn-
drome, we induced the clinical features of the disease in
animals (Balb/c mice and rabbits New Zealand White
(NZW)) following either passive transfer of peptide-specific
autoantibodies or active immunization with autoantigen
peptides. The animals developed hearing loss as assessed by
auditory brainstem responses (Figure 50.2).

We have tested patients with Cogan syndrome and iso-
lated SNHL for the presence of antibodies directed against
the DEP1/CD148, reovirus, and connexin-26 peptides. Table
50.1 shows the results obtained so far: sensitivity and speci-
ficity were respectively: 93.7% and 75% for anti-CD148
antibodies, 87.5% and 43.8% for antireovirus antibodies and
81.5 and 62.5% for anti-connexin-26 antibodies (Lunardi C.
and Puccetti A. unpublished data).

EVIDENCE OF AUTOIMMUNITY

Different antibodies directed against autoantigens that are
either specific to the inner ear or widely distributed have
been described in patients with SNHL of unknown origin.
The presence of antibodies against type II and type IX col-
lagens as well as against other autoantigens in patients with
Menière’s disease and with IMIED has been reviewed by

A B
Figure 50.1 Antibodies against the Cogan peptide bind human cochlea. Human cochlea immunostained with anti-
bodies purified against an irrelevant peptide (negative control, A) and with antibodies purified against the Cogan peptide
(higher magnitude, B). (See color plate section).

Reprinted with permission from Elsevier, from Lunardi et al. (2002).
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Yoo et al. (2002). The Kresge Hearing Research Institute-3
(KHRI-3) antibody binds to guinea pig inner ear supporting-
cell antigen, which has been found to be homologous to the
human choline transporter-like protein 2, expressed in the
inner ear, making this protein a possible target for auto-
immune aggression in IMIED (Nair et al., 2004). Anti-
endothelial cell autoantibodies have been reported in some
patients with SNHL and may represent a marker of vasculi-
tis or vascular damage of the inner ear, which leads to 
leukocyte infiltration and local immunoglobulin production
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(Cadoni et al., 2002; Mathews and Kumar, 2003). The detec-
tion of antibodies against the myelin protein P0 (30 kDa)
has given conflicting results (Boulassel et al., 2001a; Nuti 
et al., 2002; Passali et al., 2004). Besides antibodies against
the 30 kDa protein, Boulassel et al. (2001a) reported also
the presence of antibodies against a 42 kDa protein identi-
fied as b-actin and against a 68 kDa protein, identified as
HSP70 by some authors (Billings et al., 1995; Bloch et al.,
1999), but not by others (Yeom et al., 2003). The Western
blot test for HSP70 has a very low sensitivity (Garcia-
Berrocal et al., 2002b); however, its positivity seems to cor-
relate with steroid responsiveness in subjects with IMIED
(Hirose et al., 1999). The 58 kDa inner ear protein recog-
nized by the sera of some patients with SNHL, has been
identified as cochlin, a molecule highly expressed in the
cochlea (Boulassel et al., 2001b). Cochlin and b-tectorin
have been used to induce SNHL in animal models (see
below). Table 50.2 summarizes the putative autoantigens
believed or proved to be involved in the pathogenesis of
IMIED.

We can conclude that sera of patients with SNHL recog-
nize a large array of proteins of variable molecular weight,

35 dBI II
III

IV

IV
I

II III

80 dB

0

12  µV

10 ms

Figure 50.2 Grand average of auditory brainstem responses (ABRs)
obtained from the same 6 mice before (upper trace) and 1 week after (lower
trace) the third injection of purified antibodies directed against the Cogan
peptide. A higher stimulus intensity (80 versus 35 dB) was needed to obtain
much smaller and delayed responses (lower trace), consistent with hearing
loss. The traces shown were obtained with above threshold stimuli in order
to clearly identify the single components. The delay of waves II, III, and
IV suggests an impaired transmission along the auditory pathway from the
acoustic nerve to the midbrain. Data represent amplitude of the response in
microvolt (mV) (y axis) versus time elapsed from stimulus in milliseconds
(x axis). The time of stimulus delivery (click) is coincident with the 0 of
the x axis; no pre-stimulus baseline is shown.

Reprinted with permission from Elsevier, from Lunardi et al. (2002).

TABLE 50.1 Anti-CD148, antireovirus, and anticonnexin-26
antibodies in patients with Cogan syndrome and

sensorineural hearing loss (SNHL)

Number of patients with

Anti-CD148 Antireovirus Anticonnexin-26

Cogan syndrome 15/16 14/16 13/16
SNHL 6/16 9/16 6/16

Sensitivity and specificity, respectively: 93.7% and 75% for anti-CD148
antibodies, 87.5% and 43.8% for antireovirus antibodies, and 81.5 and
62.5% for anticonnexin-26 antibodies (Lunardi C. and Puccetti A., unpub-
lished data).

TABLE 50.2 Putative autoantigen targets in immune-mediated inner ear disease (IMIED) and
Cogan syndrome

Molecular Induces hearing 
weight (kDa) Reference loss in animals Reference

IMIED
Collagen type II Yoo et al., 2002 No Harris et al., 1986
Collagen type IX Yoo et al., 2002 ? -
Myelin protein P0 30 Boulassel et al., 2001a No Boulassel et al., 1998
b-actin 42 Boulassel et al., 2001a ? -
HSP70 68 Billings et al., 1995; Bloch et al., 1999 No Billings et al., 1998
Choline transporter-like protein 2 Nair et al., 2004 ? -
Cochlin 58 Boulassel et al., 2001b Yes Solares et al., 2004
b-tectorin 43 Boulassel et al., 2001b Yes Solares et al., 2004

Cogan syndrome
DEP1/CD148 Lunardi et al., 2002 Yes Lunardi et al., 2002
Connexin-26 Lunardi et al., 2002 Yes Lunardi et al., 2002
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only a few of which have been identified so far. However,
there is no direct proof that any of the antibodies directed
against such autoantigens may be immunopathogenic and
cochleopathic in IMIED. Indeed, the majority of them could
not induce SNHL in immunized animals (see below).

The first evidence for an implication of autoreactive T-
cells was reported by McCabe and McCormick (1984) who
observed leukocyte migration inhibition by T cells exposed
to inner ear extracts. More recently, Lorenz et al. (2002)
reported an increased number of inner ear-specific IFN-g
producing T cells in the peripheral blood of patients with
SNHL believed to be of autoimmune origin. These findings
indicated that pro-inflammatory T cells specific for as yet
unknown inner ear antigens may play a role in the develop-
ment and progression of inner ear autoimmunity.

ANIMAL MODELS

A major barrier in understanding the pathophysiology of
IMIED derives from the paucity of inner ear tissue avail-
able. This problem underlines the importance of animal
models for this disorder, which may provide insights into
pathogenesis, diagnosis, and treatment of IMIED. Immu-
nization with the better characterized putative autoantigens,
such as collagen type II, HSP70, and myelin P0, have failed
to elicit hearing loss (Harris et al., 1986; Billings et al., 1998;
Boulassel et al., 2001c). Attempts to develop animal models
of IMIED have been made by immunizing guinea pigs with
either isologous or bovine inner ear homogenates (Harris,
1987; Yamanobe and Harris, 1993; Gong et al., 2002); this
model was hampered by the vast array of immunologically
active components involved, making it impossible to iden-
tify the specific self-antigens involved in disease initiation
and progression. The use of fractions of inner ear proteins
has partially addressed this problem (Tomiyama, 2002),
which will be solved by the availability of recombinant 
antigens (Billings, 2004). Gloddeck et al. (1999) induced
SNHL in naïve Lewis rats following passive transfer of acti-
vated T cells specific for bovine inner ear extract, demon-
strating the role of T cells in the initiation and pathogenesis
of SNHL. A recent experimental confirmation of the impor-
tance of T cells was recently provided by Solares et al.
(2004), who showed that SWXJ mice immunized with 
peptides derived from two proteins of the inner ear, cochlin
and b-tectorin, had significant hearing loss. Two selected
peptides elicited a CD4+ T-cell response of the Th1-like 
phenotype. Moreover, the passive transfer of peptide-
activated CD4+ T cells into naïve SWXJ recipients induced
leukocytic infiltration of the inner ear and hearing loss.
However, it is not clear whether cochlin and b-tectorin are
implicated in IMIED in humans, or how accurately this
model reflects events occurring in the spontaneous disease
(Billings, 2004).
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The administration of monoclonal antibody (KHRI-3)
directed either against the guinea pig inner ear supporting
cell antigen (Nair et al., 1995) or against the type II colla-
gen fragment CB11 induced SNHL with loss of hair cells,
inflammatory cell migration, and endolymphatic hydrops
(Matsuoka et al., 2002) suggesting that these antibodies also
play a critical role in autoimmunity of the inner ear.

TREATMENT

Since IMIED may result in severe deafness and vestibu-
lar dysfunction, patients must be treated aggressively and
immediately after the onset of the symptoms. The mainstay
of therapy is high dose corticosteroids (1 mg/kg/day) (Chen
et al., 2003) continued for at least 2 weeks and then for
another 2 weeks in case of improvement. The steroid is then
tapered over a period of between 2 and 3 months, and in
some cases maintained at low dosage for a long period (e.g.
methylprednisolone 4 mg/day). In case of deterioration of
symptoms or of no significant improvement during the first
2 weeks of treatment, other immunosuppressive agents are
added such as cyclophosphamide (CYP), 2 mg/kg/day, or
methotrexate (MTX), 7.5–20 mg/wk. Because of the well-
known side effects of CYP, clinicians prefer the use of MTX;
however, despite the preliminary favorable responses 
(Kilpatrick et al., 2000; Matteson et al., 2001; Rahman et
al., 2001a; Matteson et al., 2003), the only controlled trial
published so far does not support the efficacy of long-term
MTX in maintaining the improvement achieved with gluco-
corticoid therapy (Harris et al., 2003). Since MTX is slow
acting, its effect may start too late in a disease that rapidly
leads to hearing loss. McCabe (1989) reported the promis-
ing results obtained with the CYP-prednisolone combination
therapy. We have used oral methylprednisolone and CYP
pulse therapy in two particularly rapid and severe cases; this
therapy blocked and reverted the hearing loss.

The results obtained with steroids and aggressive
immunosuppression are variable (Broughton et al., 2004;
Loveman et al., 2004; Ruckenstein, 2004) depending on the
characteristics of the patients included, on the severity of the
hearing loss at the beginning of the treatment, and on how
early the therapy is started.

Etanercept, a tumor necrosis factor-a receptor blocker,
has been used in a few cases with apparent efficacy; the
addition of leflunomide or of other immunosuppressive
agents was necessary to maintain the results obtained in
some patients (Rahman et al., 2001b). However recent
reports do not support the efficacy of etanercept (Choi et al.,
2004; Cohen et al., 2004). There are reports on the utility of
plasmapheresis (Luetje, 1989; Luetje and Berliner, 1997),
therapeutic apheresis of low-density lipoproteins (LDL)
(Bosch, 2003), and fibrinogen (Suzuki et al., 2003). 
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Suckfull et al. (2002) reported the beneficial effects of a
single fibrinogen/LDL apheresis compared with conven-
tional infusion treatment and prednisolone for 10 days. In
controlled studies, the use of antiviral therapy with valacy-
clovir (Tucci et al., 2002) and acyclovir (Uri et al., 2003;
Westerlaken et al., 2003) in addition to steroids was not
more beneficial than steroids alone. Finally, there are recent
reports on the utility of low-molecular-weight heparins (Yue
et al., 2003; Mora et al., 2004) and antioxidants (Joachims
et al., 2003) in addition to the usual therapy, and on the effi-
cacy of intravenous infusion of tissue plasminogen activa-
tor (Mora et al., 2003) alone. In case of permanent severe
bilateral hearing loss, the auditory function may be partially
replaced with a cochlear implant—an electrical prosthesis
with electrodes inserted into the cochlea through mas-
toidectomy (Cohen et al., 1993). Cochlear implants have
been successfully used in patients with Cogan syndrome
(Minet et al., 1997; Cinnamon et al., 1997). Of the 16
patients with Cogan syndrome we are following at the
moment, eight (age range 7–25 years) have undergone
multichannel cochlear implant, resulting in a great improve-
ment of their quality of life, without any complication.

CONCLUDING REMARKS

It is now evident that the inner ear is not an “immuno-
logically privileged” site and may mount an immune
response against both foreign and self-antigens. The associ-
ation of IMIED with systemic autoimmune diseases pro-
vides evidence that autoimmunity can damage the inner ear,
but it does not address organ-specific disease. Antibodies
directed against different inner ear antigens have been iden-
tified in some patients; however, they are neither diagnostic
nor correlate with disease state. In the future the major goals
for research in this field will be: 1) the identification of
pathogenetically relevant autoantigen(s); 2) the develop-
ment of a highly specific diagnostic test; and 3) a better
knowledge of the immunopathologic mechanisms in an
organ as inaccessible as the inner ear.
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Celiac disease (also called gluten-sensitive enteropathy
or celiac sprue) has autoimmune components of which the
highly disease-specific antibodies to the enzyme tissue
transglutaminase (TG2) are particularly striking. Notwith-
standing, celiac disease is most often categorized as a food
hypersensitivity or intolerance disorder. The disease is pre-
cipitated in genetically susceptible individuals by the inges-
tion of wheat gluten and similar proteins of other cereals.
Some historic findings that have led to our current under-
standing of celiac disease as a chronic inflammatory disorder
with autoimmune components are listed in Box 51.1. If the
critical role of gluten were not known, celiac disease would
likely have been considered as a classical autoimmune
disease. 

Among the chronic inflammatory disorders with auto-
immune components, celiac disease stands out as a particu-
larly good model since the precipitating antigen is known
and the affected organ—the small intestine—is easily
accessed. Insight into the pathogenesis of this disorder is rel-
evant for a large group of diseases for which the genetic and
environmental components are poorly characterized. 

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical Features and Associated Disorders

Celiac disease may present in early childhood soon after
the introduction of gluten-containing food. Previously, a dra-
matic and even fatal clinical picture with diarrhea, anorexia,
failure to thrive, abdominal distention, and growth retarda-
tion was regarded as typical. Today, most children present
with a milder, pauci- or mono-symptomatic disease that
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resembles the picture in adults (Mäki et al., 1988). Many of
the symptoms associated with the milder disease form, like
chronic fatigue, joint pain, and neuropsychological prob-
lems do not directly point to a small intestinal disorder
(Murray, 1999; Fasano and Catassi, 2001; Farrell and Kelly,
2002), and neither do complications like osteoporosis,
reduced fertility, peripheral neuropathy, epilepsy with cere-
bral calcifications or the blistering skin disorder dermatitis
herpetiformis (Ciacci et al., 1996; Hin et al., 1999; Collin
and Reunala, 2003; Fasano et al., 2003; Hadjivassiliou et al.,
2003; Sanders et al., 2003). The changes in the phenotype
have been paralleled by an increase in incidence, which is
mostly attributable to better diagnosis and identification of
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the pauci- or mono-symptomatic cases. The coexistence 
of (auto)immune diseases is striking, particularly type 1 
diabetes (Green et al., 1962; Cronin et al., 1997; Koletzko 
et al., 1998), Sjögren syndrome (Collin et al., 1994), auto-
immune thyroid disorders (Collin et al., 1994; Counsell et
al., 1994) connective tissue disease (Collin et al., 1994), and
IgA deficiency (Mawhinney and Tomkin, 1971; Cataldo et
al., 1997; Heneghan et al., 1997). One study indicated that
prolonged gluten exposure in patients with celiac disease
increases the risk of contracting autoimmune diseases
(Ventura et al., 1999), but this has not been confirmed
(Sategna et al., 2001). Like many of the autoimmune dis-
orders, pediatric and adult celiac disease show a gender bias
with a female-to-male ratio of approximately 2 :1 (Ciacci et
al., 1995; Ivarsson et al., 2003b).

Pathologic Features

The diagnosis of celiac disease is defined by typical
gluten-induced alterations of the small intestinal mucosa.
These changes can, according to the criteria introduced by
Marsh (1992), be classified into three stages: the infiltrative,
the hyperplastic, and the destructive lesion. In the infiltra-
tive lesion the mucosal architecture is normal, but there 
is an increased infiltration of intraepithelial lymphocytes
(IELs) in the villous epithelium. The hyperplastic lesion is
similar to the infiltrative lesion, but in addition has hyper-
trophic crypts. The last stage, the destructive lesion, is now
often subgrouped into partial, subtotal or total villous
atrophy (Marsh 3A–C); the latter corresponding to the
classic flat lesion (Oberhuber et al., 1999). The classic flat
lesion, in addition to the increased IELs, is characterized 
by swelling of the lamina propria and infiltration of CD4+

ab T-cells, plasma cells, macrophages/dendritic cells, mast
cells, and neutrophils in the same compartment. Typical
examples of small intestinal biopsies of celiac disease
patients are shown in Figure 51.1. 

Several molecules with immune function have altered
expression in the celiac lesions (Figure 51.2). Particularly
striking is the epithelial expression of HLA class II mole-
cules, with strong expression of DR and DP molecules 
but little or no expression of DQ molecules (Marley et al.,
1987; Scott et al., 1987). Another interesting molecule with
increased expression in untreated celiac disease (and other
autoimmune diseases, including type 1 diabetes) is the tight
junction modulator zonulin (Fasano et al., 2000; Wang et al.,
2000). This upregulation of zonulin is potentially important
as it leads to an increased intercellular transport across the
epithelium. 

Epidemiologic Features

Celiac disease is primarily a disease of white persons.
More than half the cases are now diagnosed in adult life,

Box 51.1
Important historical achievements in the study of

celiac disease pathogenesis

First description of a condition resembling celiac disease
by Aretheus from Cappodocia (second century AD)

First precise description of the disorder (Gee, 1888)
Suggestion that banana diet can cure the disease (Haas,

1932)
Wheat gluten identified as a causative agent (Dicke,

1950)
Villous atrophy and crypt hyperplasia found to be

pathognomonic for the disease (Paulley, 1954) 
Celiac disease of childhood and adult nontropical sprue

share the same pathogenesis (Rubin et al., 1960)
Familial clustering of biopsy-proven celiac disease

(MacDonald et al., 1965)
First diagnostic criteria of pediatric celiac disease from

ESPGAN (Weijers et al., 1970)
Celiac disease found to be an HLA-associated disorder

(Falchuk et al., 1972; Stokes et al., 1972)
Existence of autoantibodies to reticulin detected (Alp and

Wright, 1971; Seah et al., 1971)
Cell-mediated immunity to gliadin in celiac disease

intestinal biopsy specimens (Ferguson et al., 1975)
HLA-DQ2 heterodimer (DQA1*05/DQB1*02) identi-

fied as the primary HLA susceptibility factor (Sollid et
al., 1989) 

Criteria for histological classification of the mucosal
lesion (Marsh, 1992)

Isolation of gliadin-specific, HLA-DQ2 restricted T cells
from intestinal biopsies (Lundin et al., 1993)

Celiac disease autoantigen identified as tissue transglut-
aminase (Dieterich et al., 1997)

Role of tissue transglutaminase (TG2) for making 
gluten peptides more immunogenic by deamidation
recognized (Molberg et al., 1998; van de Wal et al.,
1998a)
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even after the age of 60 years. Many of these cases may 
have had undetected celiac disease in childhood, whereas in
others the disease appears to have started later. The natural
history and timing of conversion to seropositivity and/or
mucosal inflammation are not fully understood. 
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Until recently, celiac disease was considered a fairly rare
disorder, except in some European countries. Recent sero-
logic screening studies have, however, shown a uniform
prevalence throughout Europe of around 1 in 130 to 1 in 300
in the USA (Fasano et al., 2003). Even higher prevalences

A B

C
FIGURE 51.1 Histology of small intestinal biopsies. A, Normal intestine with long, slim villi and discrete crypts. 
B, Celiac disease Marsh 1 lesion (often referred to as an infiltrative lesion). The epithelium is seeded by intra-
epithelial lymphocytes (IELs) but the villi are not significantly shortened and there is little crypt hyperplasia. The patient
had a positive endomysium test and clinical celiac disease. C, Celiac disease Marsh 3C lesion. No villi are seen and
there is predominant crypt hyperplasia. Note the marked increase of intraepithelial lymphocytes. The different stages of
villous structure that define the Marsh 2, 3A (partial villous atrophy), and 3B (subtotal villous atrophy) lesions are not
shown. See color plate section.

Courtesy of I. N. Farstad, Rikshospitalet.
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(1 in 100) have been found in Finnish and UK schoolchild-
ren (Mäki et al., 2003; Bingley et al., 2004) and among
45–76-year olds in the UK (West et al., 2003). 

Between 1985 and 1995 there was an epidemic of celiac
disease in Sweden among children younger than 2 years
with a three-fold increase in incidence (Ivarsson et al.,
2000). The sharp rise and subsequent abrupt decrease in
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incidence was likely related to changes in infant feeding
habits, including the amount of gluten given, the age at intro-
duction of gluten to the diet, and whether or not breastfeed-
ing was ongoing when gluten was introduced. Notably, the
risk for celiac disease was reduced in those children who
were breastfed at the time of gluten introduction (Ivarsson
et al., 2002).
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FIGURE 51.2 The celiac small intestinal lesion. A, Depiction of the intestinal mucosa with emphasis on the factors
taking part in the development and control of celiac disease. The parts of the gluten proteins that are resistant to pro-
cessing by luminal and brush border enzymes will survive digestion, and can be transported across the epithelial barrier
as polypeptides. Gluten peptides are deamidated by tissue transglutaminase (TG2), which, in the intestinal mucosa, is
mainly located extracellularly in the subepithelial region, but is also found in the brush border. TG2 may also be
expressed by antigen-presenting cells (APCs) like macrophages and dendritic cells. CD4+ T cells in the lamina propria
recognize predominantly deamidated gluten peptides, presented by HLA-DQ2 or -DQ8 molecules on the cell surface
of the APC. B, HLA-DQ2 and -DQ8 molecules have preference for binding peptides with negatively-charged amino
acids (DQ2 in positions P4, P6, and P7; and DQ8 in positions P1 and P9) and thereby bind gluten peptides deamidated
by TG2 (illustrated by conversion of small circles to triangles) with increased affinities. C, Model of how gluten-
reactive T cells control the formation of antibodies to TG2 with intramolecular help. During the deamidation reaction,
gluten peptides and TG2 form enzyme–substrate intermediates that are fairly stable (thiolester linkage). Such complexes
of gluten and TG2 bound by surface immunoglobulin (Ig) of TG2-specific B cells will be endocytosed, and deamidated
gluten peptides will be released for binding to DQ2 or DQ8 molecules. After transport to the cell surface of the HLA
molecules with bound peptides, gluten-reactive T cells can recognize the deamidated gluten peptides and thereby provide
T-cell help to the TG2-specific B cell. TCR, T-cell receptor.
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AUTOIMMUNE FEATURES

Autoantibodies

Untreated celiac disease patients (on a wheat-containing
diet) usually have increased levels of antibodies against
wheat gluten, several other food antigens, and autoantigens
present in the mucosa. The autoantibodies in celiac disease
are primarily directed against the Ca2+-activated (extracellu-
lar) form of the enzyme TG2 (Dieterich et al., 1997),
although antibodies to calreticulin and actin are also found
(Clemente et al., 2000; Sanchez et al., 2000, Granito et al.,
2004). The antibodies to TG2 are both of the IgA and IgG
isotypes, but the IgA antibodies, which are primarily pro-
duced in the intestinal mucosa (Marzari et al., 2001), demon-
strate the highest disease specificity. 

It is uncertain whether autoantibodies play a role in the
pathogenesis of celiac disease. A weak inhibitory effect of
the autoantibodies on certain TG2-catalyzed reactions has
been reported (Esposito et al., 2002; Dieterich et al., 2003).
This may be relevant to lesion formation. TG2 is involved
in the formation of active transforming growth factor (TGF)-
b by cross-linking of the TGF-b-binding protein (Nunes et
al., 1997). Indirect inhibition of TGF-b activation may have
broad effects, including dysregulation of the enterocytes and
immune cells. Outside of its enzymatic activity, TG2 is
involved in the attachment and motility of fibroblasts and
monocytes via interactions with integrins and fibronectin
(Akimov and Belkin, 2001; Balklava et al., 2002). Hence,
the celiac villous atrophy could be caused by TG2 autoan-
tibodies disturbing the migration of fibroblasts and epithe-
lial cells from the crypts to the tips of the villi (Halttunen
and Mäki, 1999). Autoantibodies to TG2 may also be
involved in the extra-intestinal manifestations of celiac
disease, although the mechanisms are not understood. One
interesting observation comes from celiac patients 
with dermatitis herpetiformis. It appears that these patients,
in addition to their anti-TG2 antibodies, have antibodies that
target TG3, a transglutaminase that is uniquely found in the
dermal papillae of dermatitis herpetiformis patients (Sardy
et al., 2002).

The mechanism underlying the formation of the auto-
antibodies in celiac disease is not understood. The produc-
tion of anti-TG2 IgA antibodies is likely to be dependent on
cognate T-cell help to facilitate isotype switching of auto-
reactive B cells (Sollid et al., 1997). Autoreactive T cells
specific for TG2 could provide the necessary help for B-cell
production of anti-TG2 IgA, but since TG2 is expressed in
the thymus such cells are unlikely to survive thymic selec-
tion. An alternative explanation could be that the complexes
of gluten and TG2, likely in the form of thiolester-linked
enzyme substrate intermediates (Fleckenstein et al., 2004),
permit the gluten-reactive T cells to provide help to the TG2-
specific B cells by a mechanism of intramolecular help (see
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Figure 51.2C). This model can explain why the serum TG2
antibodies in celiac disease disappear when patients are put
on a gluten-free diet. When the gluten goes, so does the 
T-cell help needed for the B cells to switch isotype and 
differentiate into plasma cells (Sollid et al., 1997). 

Autoreactive Intra-epithelial Lymphocytes 

Untreated celiac disease is characterized by an in-
creased density of proliferating T-cell receptor (TCR) ab+

CD8+CD4- and TCR gd+ CD8-CD4- cells in the villous
epithelium. All these IELs express the epithelial homing
marker CD103 (integrin aEb7) (Jabri et al., 2000). In con-
trast to the TCR ab+ CD8+ IELs that return to normal when
gluten is removed from the diet, the TCR gd+ IELs remain
at an elevated level. A typical immunohistochemistry slide
demonstrating some of these TCR subsets is shown in Figure
51.3. Many of the IELs coexpress innate [natural killer (NK)
cell] receptors recognizing nonclassical HLA molecules.
IELs expressing CD94/NKG2, a receptor for HLA-E, are
increased in active celiac disease (Jabri et al., 2000), and
many IELs express the NK receptor NKG2D (Roberts 
et al., 2001) and/or the Vg1Vd1 gd TCR (Halstensen et al.,
1989) (Figure 51.3B). Both these receptors recognize the
non-classical MHC molecules expressed by stressed entero-
cytes (Groh et al., 1998; Bauer et al., 1999). The innate
immune system has developed mechanisms to eliminate
stressed cells (Gleimer and Parham, 2003). Killing of MIC-
expressing stressed enterocytes by NKG2D-expressing IELs
or by Vg1Vd1 gd T cells may be an important autoimmune
component of celiac disease. The expansion and activation
of IELs in celiac disease seems to be driven by interleukin
(IL)-15 (Jabri et al., 2000; Mention et al., 2003), but the
mechanism leading to this increased expression is poorly
understood.

GENETIC FEATURES

The high prevalence of celiac disease (10%) among first-
degree relatives indicates that the susceptibility to this
disease is strongly influenced by inherited factors (Ellis,
1981). Familial clustering is stronger in celiac disease 
than in most other chronic inflammatory diseases with a
multifactorial etiology (Risch, 1987). The strong genetic
influence in celiac disease is further supported by a very high
concordance rate (around 75%) in monozygotic twins
(Greco et al., 2002). Both HLA and non-HLA genes con-
tribute to the genetic predisposition, and assuming a multi-
plicative model of disease genetics, it has been estimated
that the overall importance of non-HLA genes is greater 
than that of HLA genes (Petronzelli et al., 1997; Risch,
1987). This estimation is, however, uncertain as increased
sharing of environmental factors within families may lead
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to an overestimation of the role of the non-HLA linked
genes. 

HLA Genes

The current data suggest that the overall susceptibility to
develop celiac disease is associated with two conventional
DQ molecules: primarily to DQ(a1*05,b1*02) (=DQ2) and
less pronounced to DQ(a1*03,b1*0302) (=DQ8). DQ mol-
ecules bind peptides and present these to CD4+ helper T cells
(Th) carrying the ab TCR. This genetic evidence points
towards a central role for CD4+ T-cells in controlling disease
development. 

Most celiac disease patients carry the DR3–DQ2 
haplotype (the DRB1*0301–DQA1*0501–DQB1*0201
haplotype), or are DR5–DQ7/DR7–DQ2 heterozygotes
(i.e., they carry the DRB1*11/12–DQA1*0505–
DQB1*0301/DRB1*07–DQA1*0201–DQB1*0202 haplo-
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types) (Keuning et al., 1976; Ek et al., 1978; Mearin et al.,
1983; Tosi et al., 1983; Trabace et al., 1984). Celiac disease
patients with these DR–DQ haplotype combinations thus
share the same functional DQ molecule on the cell surface,
encoded by genes carried in the cis (e.g., DQA1*05 and
DQB1*02 carried on the same haplotype) or trans position
(e.g., DQA1*05 carried on a different haplotype from
DQB1*02) (Figure 51.4) (Sollid et al., 1989). Celiac 
disease patients who are DQA1*05 and DQB1*02 negative
frequently carry the DRB1*04–DQA1*03–DQB1*0302
haplotype (i.e., DR4–DQ8 haplotype). Taken together, 
the genetic and functional data favor DQ8 as the primary
disease-susceptibility determinant in these patients. 
The very few remaining celiac disease patients who 
are neither DQ2 (DQA1*05/DQB1*02) nor DQ8
(DQA1*03/DQB1*0302) carry either the a or the b chain
of the DQ2 heterodimer (i.e., DQA1*05 or DQB1*02)
(Karell et al., 2003).

A B
FIGURE 51.3 Typical features of celiac disease lesions as illustrated by immunohistochemistry. A, Marsh 3C lesion.
CD3+ T cells are stained green and the epithelium is stained red. The striking and typical finding is the heavy infiltra-
tion of T cells within the epithelium. B, Marsh 1 lesion. CD3+ T cells are stained green, T-cell receptor (TCR) gd+ cells
are stained red and the epithelium is stained blue. There is a high proportion of intraepithelial lymphocytes (IELs)
expressing both CD3 and TCR gd (seen as yellow cells), but the majority of CD3+ IELs is TCR gd- (i.e., TCR ab+).
The significance of the infiltration of T cells in the lamina propria and the epithelium is discussed in the text. See color 
plate section.

Courtesy of I. N. Farstad and Helge Scott, Rikshospitalet. 

Ch051-P595961.qxd  2/28/06  4:03 PM  Page 698



Non-HLA Genes

Much less is known about the non-HLA genes in this dis-
order. There are several reports that imply involvement of
the gene for the negative costimulatory molecule CTLA4,
or a neighboring gene (such as those encoding CD28 or
ICOS). However, the overall effect of this gene is small
(Holopainen et al., 1999; Naluai et al., 2000; King et al.,
2002; Popat et al., 2002). 

Several genome searches for risk factors have been per-
formed in celiac disease (Houlston et al., 1997; Greco et al.,
1998; 2001; King et al., 2000; Holopainen et al., 2001;
Naluai et al., 2001; Liu et al., 2002; van Belzen et al., 2003)
With the exception of the HLA genes, there is relatively little
consensus between the results, which most likely indicates
that each of the non-HLA genes has a relatively modest
effect. Gene–gene interactions and disease heterogeneity in
the outbred human population could also produce such a
picture. The region that has most consistently been linked 
to celiac disease is on the long arm of chromosome 5
(5q31–33) (Greco et al., 2001; Naluai et al., 2001; Liu et al.,
2002). In a meta-analysis of data from several European
populations, this region reached genome-wide significance,
leaving little doubt that a susceptibility gene exists in this
region (Babron et al., 2003). There is also accumulating evi-
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dence for a susceptibility factor on chromosome 11q (Greco
et al., 1998) and chromosome 19p13 (van Belzen et al.,
2003). 

ENVIRONMENTAL INFLUENCES

Wheat Gluten and Similar Proteins of Barley,
Rye, and Oats

Due to their high content of proline and glutamine
residues, the proteins of wheat gluten are collectively
referred to as prolamines. They are usually classified into 
a-, g- and w-gliadins and high and low molecular weight
(HMW and LMW) glutenins (Shewry et al., 2003). The
number of unique prolamine proteins is enormous due to the
hexaploid nature of the wheat genome, multiple encoding
loci, and allelic variation. A single wheat cultivar may
express more than 100 different gliadin proteins (Anderson,
2001). The high content of proline residues makes the pro-
lamines particularly resistant to gastrointestinal digestion.
This has important implications for their immunogenicity
for T cells. 

Clinical observations suggest that the prolamins of barley
and rye are also toxic for celiac disease patients (Farrell and

0201 0501 0301 0301 0505
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HLA-DQ2
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11/12

DQB1* DQA1* DRB1*DQB1* DQA1* DRB1*

β chain α chain

DR5−DQ7DR3−DQ2

DR7−DQ2

HLA-DQ2 heterodimer encoded in transHLA-DQ2 heterodimer encoded in cis

FIGURE 51.4 HLA association in celiac disease. The majority of celiac disease patients expresses a particular HLA-
DQ2 (DQA1*05/DQB1*02) heterodimer. This HLA molecule is either encoded in the cis position in individuals who
are DR3-DQ2, or in the trans position in individuals who are DR5–DQ7/DR7–DQ2 heterozygous. The polypeptides
encoded by DQA1*0501 and DQA1*0505 differ by one residue in the leader peptide, whereas those encoded by
DQB1*0201 and DQB1*0202 differ by one residue in the membrane proximal domain. It is unlikely that these substi-
tutions have functional consequences. 

Courtesy of Nature Publishing Group.
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Kelly, 2002). Given the similarities between the prolamine
genes of barley, rye, and wheat this is to be expected (Vader
et al., 2003). With the oat prolamins the situation is more
complex. Several feeding studies have suggested that oats
are safe for celiac disease patients (Janatuinen et al., 1995;
Srinivasan et al., 1996; Hoffenberg et al., 2000; Janatuinen
et al., 2002; Størsrud et al., 2003), but it is now clear that
some celiac patients are oat intolerant (Lundin et al., 2003).
Interestingly, the celiac lesions of these patients harbor T
cells specific for modified peptides derived from oat pro-
lamins (Arentz-Hansen et al., 2004). These oat epitopes
closely resemble gliadin T-cell epitopes (see below). 

Other Environmental Factors 

A possible role of infections in the development of celiac
disease was indicated in a recent report from Sweden. In
children younger than 2 years, a positive correlation was
found between celiac disease risk and being born during the
summer, which may be related to the fact that children born
in the summer are first exposed to dietary gluten during the
winter when infections are more prevalent (Ivarsson et al.,
2003a). In addition, case–control data were presented which
indicated that celiac patients experience 3 or more episodes
of infection more than referents. Adenovirus 12 was pro-
posed as a candidate factor because one of its proteins dis-
plays partial linear homology over 12 amino acids with an
a-gliadin (Kagnoff et al., 1984). Subsequent epidemiologic
studies have, however, not confirmed this hypothesis. 

ANIMAL MODELS

Different approaches have been taken to establish an
animal model of celiac disease, but none have demonstrated
mucosal immunopathology and genetic features mimicking
the human disorder. So far, it has not been possible to induce
gluten-sensitive enteropathy in mice made transgenic for 
the HLA-DQ2 (Chen et al., 2002; 2003) or HLA-DQ8
(Black et al., 2002). Possibly, the failure of gluten to induce
enteropathy in mice may relate to nonpermissive back-
ground genes of the mouse strains used so far. Notably, a
fraction of HLA-DQ8 transgenic mice on a nonobese 
diabetic (NOD) background develops a dermatitis herpeti-
formis-like skin disorder after systemic immunization with
gluten, but no apparent enteropathy (Marietta et al., 2004).
Food-induced enteropathy can, however, be induced also in
rodents, as demonstrated in hen egg lysozyme TCR trans-
genic mice orally fed with hen egg lysozyme and a Cox-2
inhibitor (Newberry et al., 1999). Of interest for celiac
disease, transgenic mice overexpressing human IL-15 in
intestinal epithelial cells develop intestinal inflammation
confined to the proximal small intestine with reduced villus
length, marked infiltration of lymphocytes, and vacuolar
degeneration of the villus epithelium (Ohta et al., 2002). 
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PATHOGENETIC MECHANISMS

Effects of Gluten Challenge on the 
Intestinal Mucosa 

Co-culturing celiac biopsies with gluten proteins has,
over the past 30 years, provided useful insights into the
pathogenesis of celiac disease. The first of these organ
culture studies demonstrated that the small intestinal epithe-
lium of untreated celiac patients improved in the absence of
gluten (Townley et al., 1973; Browning and Trier, 1969).
Later, the model was used to link gluten exposure directly
to T-cell activation when Halstensen et al. (1993) showed
that gluten challenge of biopsies from treated celiac patients
induced CD25 (IL-2 receptor a chain) expression on lamina
propria T cells (Figure 51.5). One advantage of the organ
culture system is that it has allowed semikinetic analyses on
the effects of gluten. These studies have suggested two dif-
ferent waves of immune activation: a rapid wave that occurs
within hours, including overexpression of HLA-DR mole-
cules on enterocytes, and a later wave dominated by activa-
tion of resident T cells (Maiuri et al., 1996). Peptide 31–43
of a particular a-gliadin, A-gliadin, which prevents the
increase in enterocyte height seen during culture of intesti-
nal biopsies from untreated celiac disease patients (De Ritis
et al., 1988), was recently demonstrated to rapidly activate
factors in the innate immune system in biopsies of treated
celiac disease patients (Maiuri et al., 2003). 

Studies of biopsies taken from patients following oral
challenge with gluten proteins have also provided important
results. Marsh (Marsh, 1992; Marsh and Crowe, 1995)
orally challenged a large number of well-treated patients
with gluten and sampled biopsies at several time points
thereafter. Morphologic changes were induced in all
patients, and the mucosal response was directly related to
the amount of gluten given. At higher doses, mucosal
damage was severe but the mucosa recovered rapidly
(within 24–72 h). 

Gluten-Reactive CD4+ T Cells 

T cells specific for various gluten proteins can be isolated
from the small intestinal biopsies of the majority of celiac
disease patients (Lundin et al., 1993; Molberg et al., 1997;
Troncone et al., 1998; van de Wal et al., 1998b; Ellis et al.,
2003), but not from biopsies obtained from disease controls
(Molberg et al., 1997). In contrast, both patients and many
control subjects have gliadin-reactive T cells in their periph-
eral blood. These T cells use many different HLA molecules
for antigen presentation (DR, DQ, and DP) (Gjertsen et al.,
1994; Jensen et al., 1995), and their reactivity is not
enhanced by deamidation of the gliadin (Molberg et al.,
1998). This implies that many individuals can be immuno-
logically sensitized to gluten without having small intestinal
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pathology. The gluten-specific T cells derived from the
intestinal celiac lesions display a remarkable feature; they
are invariably restricted by the disease-associated DQ2 or
DQ8 molecules (see Figure 51.2A) (Lundin et al., 1993;
1994). Most gluten proteins, including a-gliadins, g-
gliadins, and LMW and HMW glutenins appear to be rec-
ognized by these DQ2- and DQ8-restricted T cells, although
with variable frequency (Lundin et al., 1997; Sjöström et al.,
1998; van de Wal et al., 1999; Anderson et al., 2000; Arentz-
Hansen et al., 2000; 2002; Vader et al., 2002b; Ellis et al.,
2003; Molberg et al., 2003). The intestinal T-cell responses
to gluten are thus characterized by their heterogeneity. The
existence of multiple epitopes is related to the enormous 
heterogeneity of gluten proteins (see above).

Role of Tissue Transglutaminase 

The role of the TG2 enzyme in the pathogenesis of celiac
disease is not completely understood, but clearly encom-
passes more than simply being the target of the autoanti-
bodies in the disease. There are high levels of active TG2 in
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the inflamed lesions of untreated celiac disease patients
(Bruce et al., 1985) and the gluten proteins are excellent 
substrates for TG2 (Larre et al., 1993). Most importantly,
however, the T cells within the celiac lesions predominantly
recognize gluten peptides modified by TG2 (van de Wal et
al., 1998a; Molberg et al., 1998; 2001; Arentz-Hansen et al.,
2000; Vader et al., 2002b). 

TG2 catalyzes a post-translational transamidation or
deamidation of specific glutamine residues within its sub-
strate proteins (Folk, 1983; Lorand and Graham, 2003). In
the transamidation reaction, the glutamine becomes cross-
linked to a protein-bound lysine or a polyamine, whereas the
deamidation reaction results in conversion of the glutamine
to glutamic acid. The enzyme displays regional selectivity
for particular glutamine residues in the gliadin peptides, and
the spacing between the targeted glutamine and proline
residues seems particularly important for the specificity.
Good targets are QXP and QXXF (Y, W, M, L, I, V),
whereas a Q followed directly by a P will not be targeted
(Fleckenstein et al., 2002; Piper et al., 2002; Vader et al.,
2002a). The enzyme is thus involved in the selection of
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FIGURE 51.5 Gluten-induced activation of T cells within intestinal biopsies of celiac disease patients. A, T-cell acti-
vation, as evaluated by induction of CD25 expression, following a 24-h ex-vivo stimulation of celiac biopsies with a
chymotryptic digest of bread wheat gluten with the immunodominant 33-mer peptide fragment of the a-2 gliadin. The
figure shows data from three treated adult celiac disease patients with good T-cell reactivity (S. Tollefsen et al., unpub-
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were collected from treated celiac disease patients (S. Tollefsen et al., unpublished data).
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DQ2-restricted T-cell epitopes. The fact that the glutamic
acid residues created by TG2-mediated deamidation play a
crucial role in DQ2/DQ8 binding and T-cell recognition pro-
vides indirect evidence that TG2 is involved in the mucosal
deamidation of gluten peptides (see Figures 51.2A and B).
Direct evidence for the in situ deamidation of gluten pro-
teins by TG2 was provided by a study of celiac biopsies
challenged with digests of gliadin (Molberg et al., 2001).
The T-cell lines derived from these biopsies displayed only
weak reactivity to gliadins, but responded efficiently to the
TG2-treated variants of the same proteins. 

T-Cell Epitopes of Gluten Proteins 

There exist multiple T-cell epitopes in gluten proteins
(Table 51.1), and T cells with several distinct specificities
can be isolated from small intestinal biopsies of a single
patient. Notwithstanding, there is a hierarchy within the epi-
topes that have been characterized. For instance, among the
a-gliadins there are epitopes that are immunodominant and
are recognized by T-cells from almost all patients (Arentz-
Hansen et al., 2000), whereas reactivity to other epitopes can
only be found in a minority of patients. T cells specific for
these a-gliadin epitopes become detectable in the peripheral
blood of treated celiac disease patients following an in vivo
challenge with gluten (Anderson et al., 2000). Interestingly,
a total of 6 copies of 3 of the immunodominant epitopes of
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a-gliadin (DQ2-a-I, DQ2-a-II, and DQ2-a-III) are
expressed in some gliadins within a 33-mer fragment that is
resistant to degradation by all gastric, pancreatic, and intesti-
nal brush border membrane proteases (Shan et al., 2002).
This 33-mer fragment is superstimulatory to T cells. We
believe that a final and unambiguous definition of all DQ2-
and DQ8-restricted gluten epitopes recognized by gut T cells
will be difficult. While many of the epitopes are dissimilar
when aligned according to their DQ2-binding motif, some
have high degrees of similarity. In fact, T-cell clones exist
that cross-react with similar sequences of a- and g-gliadins,
and with sequences of LMW glutenins and g-gliadins (Vader
et al., 2002b).

Recent experiments using organ culture assays have
demonstrated that the gluten epitopes recognized by the
intestinal T-cells from DQ2- and DQ8-positive patients
induce immune activation in situ (Martucci et al., 2003;
Mazzarella et al., 2003). Recently, in vivo instillation of a
peptide containing the DQ2-a-I and DQ2-a-II epitopes has
been shown to induce morphologic changes in the intestinal
mucosa (Fraser et al., 2003). These changes were more pro-
nounced than those seen in a previous in vivo challenge
study that used a peptide derived from a distinct a-gliadin
(A-gliadin 31–49) (Sturgess et al., 1994). 

Despite the absence of a single pathogenic motif, the
gluten epitopes recognized by gut T cells are generally very
rich in proline and glutamine residues (see Table 51.1). In

TABLE 51.1 HLA-DQ2 restricted T-cell epitopes of gluten proteins

Native sequence of 9-mer
T-cell epitope Epitope defined from core region of epitope§

a-I (Var1) a-Gliadin, recombinant* PFPQPQLPY Crystal¶

a-III (Var2 of a-I) a-Gliadin, recombinant* PYPQPQLPY TCC¶

a-II a-Gliadin, recombinant* PYPQPQLPY DQ-TCC**
Glia-a20 a-Gliadin, peptide† FRPQQPYPQ TCC¶

g-I g-Gliadin, natural‡ PQQSFPQQQ DQ-TCC**
g-II (Glia-g30) g-Gliadin, natural‡ IQPQQPAQL TCC¶

g-III g-Gliadin, recombinant* QQPQQPYPQ TCC¶

g-IV g-Gliadin, recombinant* SQPQQQFPQ TCC¶

g-VI g-Gliadin, recombinant* QQPFPQQPQ TCC¶

Glia-g2 g-Gliadin, unknown PYPQQPQQP
Glu-5 (Var1) Not defined, natural‡ QIPQQPQQF TCC¶

Glu-5 (Var2) Not defined, natural‡ QLPQQPQQF TCC¶

Glt-17 (Var1) LMW glutenin, peptide† PFSQQQQPV TCC¶

Glt-17 (Var2) LMW glutenin, peptide† PFSQQQQPI TCC¶

LMW, low molecular weight.
*Identified from fragments of recombinant gliadin protein digests.
†Identified from panels of synthetic peptides. 
‡Identified from fragments of natural gliadin or gluten protein digests.  
§Core 9-mer region interacting with DQ2 is shown. T-cells usually require additional flanking residues for recognition. Glutamine residues deamidated
by tissue transglutaminase are underlined.
¶Defined by the crystal structure of the peptide–DQ2 complex.
¶Register defined from minimal fragment recognized by specific T-cell clones (TCCs) and binding motif of DQ2.
**Register defined from minimal fragment recognized by specific T-cell clones (TCCs) and DQ2-binding assay.
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several of the epitopes, proline residues are found in four of
the nine residues in the core region (Sollid, 2000). The key
role of prolines in the epitopes is underscored by the obser-
vation that DQ2-restricted T-cell epitopes in a- and g-
gliadins often cluster in regions with the highest density of
proline residues (Arentz-Hansen et al., 2002). This cluster-
ing probably reflects the resistance to gastrointestinal diges-
tion by proline, the importance of proline for the fine
specificity of TG2, and the increased immunogenicity
imposed by multivalency.

Presentation of Gluten Peptides by 
DQ2 or DQ8 

Stable binding of peptides in the membrane distal groove
of the HLA molecules is achieved by multiple hydrogen
bonds between the amino acids of HLA and the peptide main
chain atoms. Amino acid residues that differ between the
polymorphic variants of HLA molecules contribute to the
formation of specific binding pockets that can accommo-
date side chains of peptide amino acids, so-called anchor
residues. The peptide interactions with HLA mainly take
place in a core region of nine residues. Within this region,
side chains of peptide amino acids in positions P1, P4, P6,
P7, and P9 dock into pockets of the class II binding site.
DQ2 has a unique preference for binding peptides with neg-
atively charged side chains at the three middle anchor posi-
tions (Johansen et al., 1996; van de Wal et al., 1996; 1997;
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Vartdal et al., 1996). The recently solved X-ray crystal struc-
ture of DQ2 complexed with the DQ2-a-I epitope (QLQPF-
PQPELPY) provides a clue to explaining why DQ2 is
predisposing to celiac disease by presenting gluten peptides
(Figure 51.6) (Kim et al., 2004). The glutamic acid at P6,
which is formed by tissue transglutaminase catalyzed
deamidation, is an important anchor residue as it participates
in an extensive hydrogen-bonding network involving Lys-
b71 of DQ2. It is likely that Lys-b71 is important for the
binding preference of negatively-charged residues at the P4
and P7 pockets in other peptides by electrostatic interactions
(Kim et al., 2004). The a-I peptide–DQ2 complex retains
critical hydrogen bonds between the HLA molecule and the
peptide backbone despite the presence of many proline
residues in the peptide that are unable to participate in
amide-mediated hydrogen bonds. The positioning of proline
residues so that they do not interfere with backbone hydro-
gen bonding results in a reduction of available HLA binding
registers for gluten peptides, and impairs the likelihood of
establishing favorable side chain interactions. The HLA
association in celiac disease can thus be explained by a supe-
rior ability of DQ2 (and DQ8) to bind the biased repertoire
of proline-rich gluten peptides that have survived gastroin-
testinal digestion and that have been deamidated by TG2. It
is also known that MHC molecules are important for deter-
mining the repertoire of peripheral T cells during maturation
in the thymus. A thymic effect of the same DQ molecules
on the TCR repertoire selection is, however, not excluded
by these results.

FIGURE 51.6 Three-dimensional structure of the binding site of HLA-DQ2 complexed with a deamidated gliadin
peptide (DQ2-a-I epitope—carbon, yellow; nitrogen, blue; oxygen, red). The electrostatic potential surface of DQ2 is
shown as red (negative) and blue (positive). Courtesy of the Proceedings of the National Academy of Sciences of the
United States of America.
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Musosal Antigen-Presenting Cells 

The activation of gluten-reactive T-cells by stimulating
biopsies with gluten implies that antigen-presenting cells
(APCs) exist within the biopsy, but the nature of these cells
has not been identified. Just beneath the epithelium in the
normal mucosa is a high number of macrophage/dendritic-
like cells that stain positive for CD68. It is conceivable that
these cells are involved in sampling of luminal antigens. The
expression of HLA class II, ICAM-1, and CD25 molecules
is increased in these macrophage/dendritic-like cells, sug-
gesting that they are activated in the disease state (Sturgess
et al., 1990; Halstensen et al., 1993). 

Effector Mechanisms Leading to 
Mucosal Alterations 

The celiac lesion is characterized by increased enterocyte
proliferation in the crypts, partly driven by keratinocyte
growth factor (KGF) produced by stromal cells (Salvati et
al., 2001) and apoptotic loss of surface epithelial cells (Moss
et al., 1996; Maiuri et al., 2001). The apoptosis of the epithe-
lium can be secondary to the mucosal inflammation and can
involve cytotoxic IELs. 

Despite the lack of detailed knowledge of the effector
mechanisms involved in the creation of the celiac lesion,
there is a large body of evidence that suggests that inflam-
matory cytokines, particularly interferon (IFN)-g, are
involved. Messenger RNA for IFN-g is abundant in biopsies
taken from untreated patients and is rapidly induced when
biopsies from treated patients are challenged ex vivo with
gluten (Nilsen et al., 1998) (see Figure 51.5B). IFN-g is also
produced by the intestinal, gluten-specific CD4+ T cells
(Nilsen et al., 1998), and by IELs (Forsberg et al., 2002;
Olaussen et al., 2002). The induction of IFN-g is probably
mediated by IL-18 and IFN-a rather than IL-12 (Nilsen 
et al., 1998; Monteleone et al., 2001a; Salvati et al., 2002).
Interestingly, there are several reports on the occurrence of
clinical celiac disease in patients receiving IFN-a therapy
for malignancy or viral hepatitis (Bardella et al., 1999; 
Cammarota et al., 2000; Monteleone et al., 2001a). IFN-a
has also been shown to induce activation of Th1 cells in a
fetal gut explant model of T-cell-driven enteropathy 
(Monteleone et al., 2001b). 

IL-15 appears to be another important cytokine in 
celiac disease. In active celiac disease there is increased
expression of IL-15, both in the lamina propria (Maiuri 
et al., 2000) and in the epithelium (Mention et al., 2003).
Enterocyte-bound IL-15 can activate and expand IELs
(Mention et al., 2003). In addition to the effect on IELs, 
IL-15 has been shown to induce epithelial CD95(Fas)
expression promoting apoptosis of epithelial cells (Maiuri et
al., 2000). The expression of IL-15 increases following in
vitro gluten challenge of celiac biopsies, and it has been
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demonstrated that certain gluten peptides can directly acti-
vate the innate immune system, leading to IL-15 production
(Maiuri et al., 2003). This innate effect of gluten is only seen
in celiac disease patients, questioning whether some part of
the adaptive immune system may be involved in the pro-
duction of IL-15. 

The activation of Th1 cells, which recognize gluten pep-
tides presented by DQ2 or DQ8 molecules, can be consid-
ered to be a key event in the development of celiac disease,
and this could explain the dominant genetic role of HLA.
The products of the other predisposing genes may partici-
pate in pathway(s) that lead to lesion formation. The minor
genetic effects of the non-HLA genes may indicate a lack of
critical checkpoints along these pathways in susceptible
individuals, or that there are several different pathways that
lead to lesion formation. The role of the innate immune
system and whether there are genetic polymorphisms in any
innate immune genes that predispose to celiac disease devel-
opment need to be studied further. 

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Serologic Markers 

Accumulating evidence suggests that more than 95% of
untreated celiac disease patients have high titers of serum
IgA antibodies directed against the human TG2 enzyme
(Dieterich et al., 1998; Sulkanen et al., 1998; Sblattero et al.,
2000; Hansson et al., 2002; Wong et al., 2002).The devel-
opment of enzyme-linked immunosorbent assays (ELISAs)
with human recombinant TG2 as antigen has allowed both
the routine detection of anti-TG2 antibodies in clinical prac-
tice and large population-based screening for celiac disease.
These ELISA tests are now rapidly replacing the laborious
detection of anti-endomysium IgA antibodies (i.e., anti-
TG2), which was based on immunofluoresence staining of
endomysial TG2 in tissue sections. In addition to the anti-
TG2 antibodies, untreated celiac disease patients also have
increased titers of IgA antibodies against gluten and gliadin,
but these antibodies are less disease specific. 

Some celiac disease patients undoubtedly present with
negative serologies (Dahele et al., 2001; Kaukinen et al.,
2002b), and an intestinal biopsy should therefore always be
taken when there is high clinical suspicion of celiac disease
(Farrell and Kelly, 2002). Notably, false-positive anti-TG2
tests do also occur, particularly in patients with inflamma-
tory bowel disease (Carroccio et al., 2002; Dahele et al.,
2001). A recent report from Finland identified some children
who were positive for anti-TG2 in archival serum samples
but who later were seronegative (Mäki et al., 2003). It is not
known if these children had transient celiac disease, but 
this is clearly a possibility. Anti-TG2 antibodies of the IgG
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isotype are useful in evaluating patients with selective IgA
deficiency, but should otherwise not be tested for (Collin,
1999; Murray, 1999; Fasano and Catassi, 2001).

Other Immunologic Markers

As almost all celiac disease patients carry DQ2 or DQ8,
HLA typing can thus be used to exclude the diagnosis with
high probability. However, as these HLA variants are also
present in a large proportion of the healthy population, this
test has low positive predictive value (Kaukinen et al.,
2002a). Immunohistochemical staining of intestinal biopsies
with antibodies against TCR gd and other T-cell markers 
are of clinical benefit in selected cases (Jarvinen et al.,
2003).

TREATMENT AND OUTCOME

The current treatment for celiac disease is a life-long
gluten exclusion diet. The disease is largely a benign dis-
order, particularly in patients detected by screening (West et
al., 2003). Although celiac disease patients overall have an
increased relative risk for non-Hodgkin lymphoma of the
gastrointestinal tract, the absolute risk is low and lower than
previously anticipated (Askling et al., 2002; Catassi et al.,
2002). A large Italian study it was found that the overall mor-
tality rate in celiac disease patients was twice that in con-
trols (Corrao et al., 2001). This increased mortality was
accounted for by increased death rates in the first 3 years
after diagnosis. The gluten-free diet has been considered to
be protective against the development of malignancy, but
this notion was not supported by a recent study from the US
(Green et al., 2003). 

The most frequent reason for no or incomplete clinical
improvement is poor dietary compliance (Ciacci et al.,
2002), but it is clear that some patients do have refractory
disease that does not respond to an adequate diet. The clini-
cal evaluation and treatment of such patients are difficult
(Ryan and Kelleher, 2000). A majority of patients with
refractory celiac disease have monoclonal expansions of
IELs, which in some patients progress to overt enteropathy-
associated T-cell lymphoma (Cellier et al., 2000).

Novel Therapeutic Options 

Many patients cope easily with the gluten-free diet.
Others find that the dietary restrictions are laborious and
have negative impact on their quality of life. Better alter-
natives are thus called for. It is promising that the greater
insight into the molecular mechanisms involved in the
intestinal T-cell reactivity to gluten seems to be uncovering
novel targets for therapy. There are already some attractive
possibilities. The activation of CD4+ gluten-reactive T cells
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is a critical checkpoint in the development of celiac disease,
and interference with this step should be an effective way to
control the disease. One possibility, which is basically an
extension of today’s treatment with a gluten-free diet, is to
produce cereals with bread-making properties but that are
devoid of T-cell epitopes, either through breeding programs
or transgenic technology. Another possibility is enzyme
supplementation with the aim of either destroying T-cell 
epitopes directly or facilitating their gastrointestinal prote-
olysis (Figure 51.7A) (Hausch et al., 2002; Shan et al.,
2002). Prolylendopeptidases are particularly attractive
enzymes as they target the proline-rich regions of gluten that
harbor the T-cell epitopes. TG2 is a target for intervention
because of the critical role it plays in generating gluten T-
cell epitopes (Figure 51.7B). Analogs of gluten peptide-
containing “warheads” that function as irreversible
inhibitors of human TG2 have been designed (Hausch et al.,
2003). One possible problem with this approach is that TG2
inhibitors may have unacceptable side effects, as TG2 is
involved in many different physiologic processes, including
programmed cell death (Aeschlimann and Paulsson, 1994).
TG2 inhibitors may also not be specific for TG2, but may
affect the function of other transglutaminases. Another strat-
egy would be to aim directly at the gluten-reactive T cells
and eliminate or anergize them in situ by coadministering
gluten and agents that alter the outcome of T-cell activation,
such as antibodies to CD154 (Monk et al., 2003) or CD3
molecules (Chatenoud, 2003) (Figure 51.7C). Alternatively,
it may be possible to silence gluten-specific T cells directly
using soluble dimers of HLA–peptide complexes, as such
dimers have been shown to induce the apoptosis of antigen-
specific T cells as a result of inappropriate stimulation
(Appel et al., 2001). However, the increasing number of
characterized gluten epitopes would complicate this
approach. The central role of DQ2 and DQ8 in presenting
gluten peptides offers yet another target for intervention.
Blocking the binding-sites of these HLA molecules would
prevent presentation of disease-inducing gluten peptides
(Figure 51.7D). The challenge with this approach will be to
find an efficient way to target and block the binding sites 
of DQ molecules, which are continuously synthesized by
APCs. Whatever new therapeutic modality is introduced in
celiac disease, it will have to prove better than the current
gluten-free diet regime with regard to its long-term safety
and outcome. This fact must be taken into consideration
when devising new treatments. 

CONCLUDING REMARKS AND
FUTURE PROSPECTS 

Considerable progress has been made in recent years in
the understanding of the molecular basis for celiac disease,
but several new questions have emerged. Many of these
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relate to the autoimmune aspects of the disease. Is celiac
disease an autoimmune disorder? To what extent are the
autoimmune components of celiac disease involved in the
disease development? How relevant are the findings of T-
cell recognition of post-translationally-modified peptides
and autoantibody formation driven by an exogenous food
antigen for other autoimmune disorders? Can it be that other
autoimmune disorders are driven by immune responses to
foreign, not yet identified, antigens? Finally, is it true that a
gluten-free diet can protect against development of associ-
ated autoimmune diseases, and if so, can this knowledge be
used to understand autoimmunity in general? We are sure
that studies of celiac disease will continue to provide inter-
esting answers.
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A B

C
FIGURE 51.1 Histology of small intestinal biopsies. A, Normal intestine with long, slim villi and discrete crypts. B,
Celiac disease Marsh 1 lesion (often referred to as an infiltrative lesion). The epithelium is seeded by intraepithelial
lymphocytes but the villi are not significantly shortened and there is little crypt hyperplasia. The patient had a positive
endomysium test and clinical celiac disease. C, Celiac disease Marsh 3C lesion. No villi are seen and there is predom-
inant crypt hyperplasia. Note the marked increase of intraepithelial lymphocytes (IELs). The different stages of villous
structure that define the Marsh 2, 3A (partial villous atrophy), and 3B (subtotal villous atrophy) lesions are not shown.

Courtesy of I. N. Farstad, Rikshospitalet.
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A B
FIGURE 51.3 Typical features of celiac disease lesions as illustrated by immunohistochemistry. A, Marsh 3C lesion.
CD3+ T-cells are stained green and the epithelium is stained red. The striking and typical finding is the heavy infiltra-
tion of T-cells within the epithelium. B, Marsh 1 lesion. CD3+ T-cells are stained green, T-cell receptor (TCR) gd+ cells
are stained red and the epithelium is stained blue. There is high proportion of intraepithelial lymphocytes (IELs) express-
ing both CD3 and TCR gd (seen as yellow cells), but the majority of CD3+ IELs are TCR gd- (i.e., TCR ab+). The sig-
nificance of the infiltration of T-cells in the lamina propria and the epithelium is discussed in the text.

Courtesy of I. N. Farstad and Helge Scott, Rikshospitalet. 
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FIGURE 51 .6  Three-dimensional structure of the binding site of HLA-DQ2 complexed with a deamidated gliadin 
peptide (DQ2-ct-I epitope--carbon, white: nitrogen, blue; oxygen, red). The electrostatic potential surface of DQ2 is 
shown as red (negative) and blue (positive). 

Com'tesy of Dr Chu-Young Kim. 

A B 

FIGURE 52.1 Images fi'om wireless capsule cndoscopy. A, Normal 
small bowel. B, Deep linear ulcer in the small intestine of a patient with 
Crohn disease. 

Courtesy of Dr Peter Legnani. 

A B 

FIGURE 52.2, Colonoscopic images. A, Normal colon. B, Sigmoid colon 
in severe ulcerative colitis, showing erythema, ulceration, and hemorrhage. 
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Inflammatory bowel disease (IBD) is divided into 2 dis-
tinct but related entities: Crohn’s disease (CD) and ulcera-
tive colitis (UC). While the two diseases share some
features, there are important clinical differences between
them, and so they will be presented separately for part of
this discussion. It should also be noted that the etiology and
pathophysiology of IBD is not yet clearly established; 

furthermore, the degree to which these diseases are truly
autoimmune in nature is increasingly unapparent.

HISTORY

Numerous case reports exist from the 19th century
describing inflammatory diseases of the small and large
intestine that may have represented CD (Baron, 2000). Ileo-
cecal inflammation as seen in CD is also characteristic of
intestinal tuberculosis, which was the most commonly 
recognized disease of the small intestine at that time. As
microscopy evolved, case series exist of patients with
inflammation and strictures of the ileocecal region that were
determined to be neither tuberculous nor malignant. These
strongly suggest that CD, as we presently know it, existed
at least as far back as the 19th century. In fact, the first real
report of terminal ileitis (later termed CD) was made by a
Scottish physician, Dalziel, in 1824.

The seminal work describing CD, however, was a paper
from the Mount Sinai Hospital in New York by Burrill B.
Crohn’s, Leon Ginzburg, and Gordon D. Oppenheimer
(1932) entitled “Regional Ileitis: A Pathologic and Clinical
Entity.” The authors described a series of 14 patients oper-
ated upon by Dr. A. A. Berg with granulomatous inflamma-
tion of the terminal ileum. The title of the paper reflected
Crohn’s belief that the disease affected only the ileum
(Wells, 1952) despite evidence, presented by Ginzburg and
Oppenheimer (1932) and others, of cases affecting the small
and large intestine. Interestingly, the disease came to be
known as Crohn’s disease only because the authors agreed
to list their names alphabetically and because the surgeon
Berg humbly declined to be included as an author (Baron,
2000).
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Early work on UC was also complicated by difficulty in
distinguishing it from infectious colitides such as bacillary
dysentery. Credit for the discovery of UC as a distinct 
entity has been given to Samuel Wilks (1859) who termed
it “idiopathic colitis.” The term “ulcerative colitis” was first
used by Hale-White (1888), although in retrospect these
patients may not have had UC but rather irritable bowel 
syndrome (Baron, 2000). Further work was facilitated by 
the introduction of the electric sigmoidoscope; studies by 
Sir William Hurst (1909) and also Lockhart Mummery
(Mummery, 1907) helped to clarify the appearance of the
colon in UC.

EPIDEMIOLOGY AND
ENVIRONMENTAL FACTORS

The highest rates of IBD are found in northern Europe,
the United Kingdom, and North America (Loftus, 2004).
However, it is increasingly recognized that IBD can occur
in persons from other areas such as Africa, Latin America,
and Asia. Extrapolation of incidence and prevalence rates
for North America as presented by Loftus (2004) and
suggest the following: approximately 780,000 persons in the
U.S. and Canada have UC and 630,000 have CD. Between
7,000 and 46,000 new diagnoses of UC are made yearly and
between 10,000 and 47,000 new diagnoses of CD are made.
Similar to multiple sclerosis, IBD does appear to be more
frequent in the northern latitudes (Blanchard et al., 2001;
Sonnenberg et al., 1991).

Inflammatory bowel disease may present at any age;
however, it is most commonly diagnosed in the second or
third decade of life. There does not seem to be a major
gender preference in IBD. Other than genetic risk factors,
which will be addressed in a separate section, several envi-
ronmental risk factors have been hypothesized to predict 
the development or course of IBD. Cigarette smoking is an
important risk factor with divergent effects on CD and UC.
Numerous studies have confirmed that smoking is associ-
ated with a higher risk of developing CD (Calkins, 1989),
an earlier need for surgery for CD (Sands et al., 2003), and
earlier relapse after surgery (Timmer et al., 1998). Con-
versely, cigarette smokers are less likely to develop UC
(Calkins, 1989) or to require colectomy for UC (Boyko 
et al., 1988). In numerous case–control studies as well as a
meta-analysis by Koutroubakis et al. (2002), appendectomy
has been shown to protect against the subsequent develop-
ment of UC. The pathophysiologic and protective effects of
smoking and appendectomy are as yet unclear. Numerous
other environmental factors have been studied, including
breastfeeding, diet, measles vaccination, oral contraceptives,
and various infectious agents. However, none of these have
been conclusively shown to affect the development or
course of IBD.
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CLINICAL AND 
PATHOLOGIC FEATURES

Disease Presentation

Crohn’s Disease

A hallmark of CD is its ability to involve any part of the
gastrointestinal (GI) tract from mouth to anus. Multiple sites
in the intestine can be affected in the same individual. The
inflammation in CD, as distinct from UC, is discontinuous;
diseased bowel is separated by areas of healthy bowel (so-
called “skip lesions”). The location of CD in the bowel
usually falls into one of three patterns: isolated small bowel
disease, combined small and large bowel disease, or isolated
colitis. The most commonly affected segment of bowel 
is the terminal ileum, which is diseased in two-thirds of
patients (Munkholm and Binder, 2004). Colonic involve-
ment in CD typically does not involve the rectum, which is
always involved in UC. A small percentage of patients have
disease of the duodenum, jejunum, or esophagus only.

Crohn’s disease can also be divided into 3 types of
disease behavior: pure inflammatory, stricturing, or fistuliz-
ing. These behavior types are not mutually exclusive;
however, the combination of disease behavior and location
can nonetheless often dictate clinical presentation. For
example, a common presentation of CD is inflammatory
disease of the terminal ileum with symptoms of pain, diar-
rhea, and weight loss. When inflammatory disease involves
the colon, a more UC-like syndrome ensues with diarrhea
and occasional rectal bleeding. Stricturing disease can be
more subtle in development, with a long time course of 
relatively normal bowel function before symptoms of pain,
bloating, and eventually obstruction ensue.

The ability of CD to cause fistulae reflects its transmural
nature. Ulcerative colitis involves only the mucosal layer of
the GI tract while CD can involve all layers from mucosa to
serosa. When inflammation is severe enough to extend from
mucosa to serosa, fistulae result such that the contents of the
intestinal tract spill out into an adjacent space. The perianal
region is the most common site of fistula development in
CD. Approximately 20% of patients with CD will have peri-
anal fistulae (Schwartz et al., 2002) which present clinically
with perianal abscesses that may spontaneously drain. Fis-
tulas can also arise in the bowel and invade other parts of
bowel, bladder, vagina, or psoas muscles causing abscesses
or frank drainage of stool.

Another characteristic feature of CD is its capacity to
recur following surgery. Resection of an affected segment of
bowel followed by reanastomosis of the histologically unin-
flamed margins invariably (98% by endoscopy) leads to the
development of recurrent disease at the anastomosis, gener-
ally on the proximal side, although other sites can develop
disease. The predilection for this site of recurrence may
relate to the presence of an overgrowth of luminal micro-
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organisms or potentially to vascular factors. In contrast,
surgery for UC is associated with a “cure.” Since UC is a
colonic disease, the surgery—total proctocolectomy and end
ileostomy—completely removes the site where disease can
exist. However, this concept has had to be reassessed in
recent years. A new surgical approach, restorative procto-
colectomy, eliminates the ileostomy and involves the 
creation of a reservoir, fashioned from the terminal ileum,
which resides within a denuded rectal muscular tube. Up to
50% of UC patients develop a syndrome called pouchitis
within the ileal reservoir that is clearly bacterially driven 
i.e. it responds to antibiotic therapy. Interestingly, patients
with familial polyposis, a premalignant non-inflammatory
disease of the colon, rarely if ever develop pouchitis fol-
lowing a similar procedure. This clinical observation pro-
vides evidence for a broader mucosal immune defect in UC
patients that is only exposed following the “colonization” of
the pouch flora.

Ulcerative Colitis

Ulcerative colitis affects only the colon. As a result, its
presentation is more consistent than that of CD. It usually
presents with symptoms of diarrhea and rectal bleeding.
Abdominal pain and constitutional symptoms (fever, weight
loss) are less frequent than in CD, except in severe UC
flares. The amount of colon that is involved in UC can vary
from the entire colon (pan-colitis) to just the most distal part
(left-sided colitis or proctitis). As a rule, the more proximal
colon will only be affected when the more distal area is as
well. Thus the endoscopic findings of isolated right-sided
colitis (in combination with other features such as rectal
sparing) argue strongly for a diagnosis of CD as opposed to
UC. Isolated proctitis can present as tenesmus or rectal
bleeding in the absence of diarrhea given the normal proxi-
mal colon. Infrequently, pan-colitis can progress to toxic
megacolon, a massively dilated colon with accompanying
fever and tachycardia; immediate surgery is most often 
indicated for this condition.

Pathology

Microscopy of specimens from endoscopic mucosal
biopsies or surgical resections can help ascertain the diag-
nosis of IBD and occasionally distinguish between UC and
CD. Common features of IBD include ulceration, acute and
chronic inflammatory infiltrate, crypt abscesses, and crypt
distortion. Though suggestive of IBD, these changes can
sometimes be seen in other conditions such as infectious
colitis. The findings of transmural inflammation (usually
discernible only in surgical specimens) or of non-caseating
granulomas suggest a diagnosis of CD as opposed to UC.
Unfortunately, granulomas may be identified in as few as
15% of endoscopic biopsies (Okada et al., 1991), and there-
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fore the absence of granulomas does not rule out CD. The
cellular infiltrate in the CD mucosa is one of activated 
lymphocytes (mostly T-cells) and macrophages. In UC, 
neutrophils and mast cells predominate although activated
lymphocytes and macrophages are present as well.

There are characteristic gross features of CD and UC that
can be seen by the naked eye at surgery or during endoscopy.
The propensity to have normal areas interspersed with areas
of active inflammation in CD (“skip lesions”) favors the
development of a classical gross feature called cobbleston-
ing. Longitudinal fissures dissect normal mucosa, leading 
to this finding. Furthermore, the transmural nature of the
inflammatory process in CD is seen as “creeping fat” with
envelopment of the bowel with fat starting from the mesen-
teric border. Stricturing is also a common feature of CD with
fixed fibrotic stenotic segments interspersed throughout the
bowel. Areas of the bowel proximal to the stenotic segment
are dilated and, therefore, subject to bacterial overgrowth,
potentially worsening the malabsorption seen in this disease.
In contrast, UC is characterized by an ulcerated, edematous,
and friable mucosa with frank bleeding. The continuous
nature of the inflammatory process allows a reasonable
assessment of the degree of disease activity at all sites just
by looking at the rectum (unless the patient is on topical
medications).

Colorectal Cancer and Inflammatory 
Bowel Disease

The most feared complication of IBD is the development
of colorectal cancer (CRC). Numerous studies have con-
firmed the increased risk of CRC in UC as well as Crohn’s
colitis. A meta-analysis by Eaden (2001) found the preva-
lence of CRC in patients with UC to be 3.7%. In anatomi-
cally extensive Crohn’s colitis, the risk of colon cancer is
similar (Sachar, 1994). The factors that increase risk of CRC
in patients with IBD include duration and extent of disease,
family history of CRC, and presence of primary sclerosing
cholangitis (Itzkowitz and Harpaz, 2004); the most impor-
tant of these is duration of disease. Colorectal cancer is
rarely found in patients with less than 7 years of colitis. After
10 and 20 years of disease, the risk of CRC is 2% and 8%,
respectively (Eaden, 2001).

The molecular mechanisms of CRC development in the
sporadic population (those without IBD) have been exten-
sively studied. In sporadic CRC, there is a sequence of muta-
tions that leads to carcinogenesis. For example, a mutation
in the APC gene is the initiating event, while mutations in
p53 occur late in carcinogenesis. In colitis-associated CRC,
the p53 mutations occur earlier and APC mutations occur
late if at all (Itzkowitz, 2004). Clinically, mutations that
appear earlier in the pathway are reflected in the develop-
ment of dysplasia, precancerous changes that can be
detected on mucosal biopsy. Colonoscopic surveillance 
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programs are recommended for patients with long-standing
colitis to detect early evidence of malignancy and then
perform colectomy before the development of CRC.

Extraintestinal Manifestations

Although IBD is considered a primary disease of the
bowel, it is a systemic disease. The most commonly
involved organs outside the gut are the skin, joints, eyes, and
liver. Many of the extraintestinal manifestations of IBD 
are associated with other autoimmune and inflammatory 
disorders or can exist as primary disorders.

The most common skin manifestation of IBD is erythema
nodosum (EN), which typically presents as painful red
nodules on the pretibial region. It occurs in 5–10% of
patients with IBD (Greenstein et al., 1976), is more frequent
in women, and both flares and resolves along with the under-
lying bowel disease. Erythema nodosum also occurs with
sarcoidosis, post-streptococcal infection, and oral contra-
ceptive use. Pyoderma gangrenosum (PG) is less common
but more troublesome than EN; it begins as a fluctuant
nodule on the skin with eventual ulceration and central
necrosis. It is most commonly observed on the trunk and
extremities. Unlike EN, PG does not parallel the activity of
underlying IBD. It can frequently occur in the absence of
IBD or precede the development of IBD.

The joint manifestations of IBD include both axial and
peripheral arthropathies. The axial arthropathies of IBD are
ankylosing spondylitis (AS) and isolated sacroiliitis (see
Chapter 33). Both present with back pain as a result of
inflammation of the sacroiliac joint, but only in AS is there
progressive involvement of the spinal column with severe
limitation of mobility. Between 50% and 80% of patients
with IBD-associated AS are HLA-B*27 positive (Orchard
and Jewell, 2004); presumably, possession of this allele
affects the presentation of an as yet unknown bacterial
antigen. The course of AS is independent of the bowel
disease. The most common peripheral arthropathy of IBD is
the type I or pauciarticular arthritis, which can present as
pain and swelling of the knees, wrists, ankles, or other joints.
The arthritis is typically asymmetric, involves fewer than
four joints, and does not cause destruction or erosion of the
joints. This form of arthritis usually resolves with improve-
ment of the underlying bowel disease.

Ocular involvement in IBD ranges from inflammation of
the more superficial layers, such as the conjunctiva and
sclera, to the inner layers such as the uvea. Superficial
involvement can cause redness and irritation, but the devel-
opment of pain or blurry vision suggests uveitis and war-
rants prompt ophthalmologic evaluation with a slit-lamp
exam. Treatment with topical steroids is usually effective,
and permanent loss of vision is rare.
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The major extraintestinal manifestation of IBD in the
liver is primary sclerosing cholangitis (see Chapter 55). This
is a chronic cholestatic disease, which can present initially
with abnormal liver chemistries, with the subsequent devel-
opment of jaundice and then cirrhosis.

Differential Diagnosis

Common examples in the differential diagnosis of IBD
are presented in Table 52.1. There is no pathognomonic clin-
ical feature or test that allows one to make a diagnosis of
CD or UC with absolute certainty. However, a careful exam-
ination of clinical, endoscopic, radiographic, laboratory, and
pathologic data will usually allow the clinician to make a
diagnosis (Figures 52.1 to 52.3). Features of the disease may
change over time, occasionally even requiring a modifica-
tion of the original diagnosis. In approximately 10% of
patients with colitis, a distinction between UC and CD
cannot be made; this is termed indeterminate colitis. Sero-
logic tests may be helpful in this situation (see Serologic
Markers).

Genetics

Several factors point to a genetic contribution to the 
etiology of IBD. Rates of IBD are considerably higher in
certain ethnic groups such as Ashkenazi Jews compared with
others living in the same geographic area. Relatives of
patients with IBD also have a higher rate of developing 

TABLE 52.1 Examples of the major categories in the
differential diagnosis of inflammatory bowel disease

Category Examples

Infectious Bacterial (Salmonella, Shigella, Escherichia coli, 
Yersinia, Clostridium difficile, Campylobacter)

Viral (Cytomegalovirus)
Mycobacterial (M. tuberculosis, M. avium-

intracellulare)
Parasitic (Entamoeba histiolytica, Strongyloides, 

Giardia) 

Vascular Vasculitis (polyarteritis nodosa, Henoch-Schönlein 
purpura)

Radiation-induced enteritis
Ischemia

Oncologic Lymphoma, adenocarcinoma, carcinoid, metastatic 
disease

Inflammatory Microscopic colitis, diverticular colitis, diversion 
colitis, celiac disease

Functional Irritable bowel syndrome

Drug-induced Nonsteroidal anti-inflammatory drugs

Ch052-P595961.qxd  2/2/06  3:19 PM  Page 716



Inflammatory Bowel Diseases: Ulcerative Colitis and Crohn’s Disease 717

the disease. For monozygotic twins, the concordance rate 
is approximately 40–60% for CD and 5–20% for UC 
(Halfvarson et al., 2003; Orholm et al., 2000; Subhani et al.,
1998). This suggests that CD may have more of a genetic
basis, but, clearly, since both rates are much less than 100%
the environment must play a role as well. Between 5% and
10% of patients with IBD will have an affected first-degree
relative, and the subtype (CD vs. UC) will be the same in
75–80% of cases (Binder, 1998). This corresponds to about
a 15-fold increased risk of disease if one has a first-degree
relative with IBD (Peeters et al., 1996; Satsangi et al., 1994).
Lastly, certain rare genetic syndromes include IBD or 
an IBD-like component; these include Turner syndrome, 
Hermansky-Pudlak syndrome, and glycogen storage disease
type Ib.

Much effort has been directed towards identifying the
specific genes involved in IBD. Genome-wide screening
using microsatellite markers have identified seven loci,

A B
Figure 52.1 Images from wireless capsule endoscopy. A, Normal small
bowel. B, Deep linear ulcer in the small intestine of a patient with Crohn’s
disease. (See color plate section.)

Courtesy of Dr Peter Legnani.

A B
Figure 52.2 Colonoscopic images. A, Normal colon. B, Sigmoid colon
in severe ulcerative colitis, showing erythema, ulceration, and hemorrhage.
(See color plate section.)

A

B
Figure 52.3 Histology of inflammatory bowel disease. A, Crohn’s
disease in the left colon showing a non-necrotizing granuloma, inflamma-
tory cell infiltrate, and Paneth cell metaplasia. B, Ulcerative colitis showing
crypt architecture distortion, hemorrhage, ulceration, and inflammatory cell
infiltrate. (See color plate section.)

Courtesy of Dr Mikhail Tismenetsky.

named IBD1–7, that meet criteria for linkage to IBD (Ahmad
et al., 2004). In 2001, the first CD susceptibility gene was
identified within the IBD1 locus on chromosome 16q12
(Hugot et al., 2001; Ogura et al., 2001a; Hampe et al., 2001).
This gene, named CARD15 (formerly called NOD-2),
encodes an intracellular protein containing two C-
terminal caspase recruitment domains (CARDs), a nuclear
binding domain, and a leucine-rich repeat (LRR) region
(Ogura et al., 2001b). All of the described CD mutations are
in the LRR. The LRR appears to be involved in recognition
of peptidoglycans (muramyl dipeptide) from gram-positive
bacteria (Chamaillard et al., 2003). In vitro evidence sug-
gests that mutations in the LRR region may affect innate
immunity by decreasing the ability of intestinal epithelial
cells and macrophages to clear luminal and intracellular bac-
teria (Hisamatsu et al., 2003). Normal activation of CARD15
results in the activation of NFkB, which promotes an inflam-
matory response (Ogura et al., 2001b). CARD15 mutations
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appear to affect this pathway but the exact mechanisms are
still unclear.

There are three common mutations within or near the
LRR region on CARD15 that are associated only with CD
and not UC. Of patients with CD, 10–30% are heterozygotes
for these mutations, and 10–15% are homozygotes or com-
pound heterozygotes (Hugot et al., 2001; Ogura et al.,
2001a; Hampe et al., 2001). In controls without CD, 8–15%
are heterozygotes and 0–1% are homozygotes. Carrying one
of these mutations increases the relative risk of CD signifi-
cantly, although the absolute risk remains small (Table 52.2).
Numerous studies have shown that CARD15 variants are
associated specifically with younger age of onset, ileal
disease, and stricturing phenotype (Lesage et al., 2002;
Ahmad et al., 2002). Of note, the contribution of CARD15
to CD is strongest in whites; studies of African-Americans
populations show weaker associations (Bonen et al., 2002),
while CARD15 mutations have not been found in Asians
(Inoue et al., 2002).

The identification of CARD15 as a CD susceptibility gene
is an important development in IBD research. However, only
a minority of cases of CD worldwide are associated with
CARD15 mutations. The relevant genes on other loci are
beginning to be elucidated. IBD3 on chromosome 6 contains
the major histocompatibility complex (MHC) regions;
numerous studies have shown various HLA associations
with CD and UC (Stokkers et al., 1999). IBD5 on chromo-
some 5 has recently been shown to contain the organic
cation transporter (OCTN) gene cluster. Homozygosity for
two linked single-nucleotide polymorphisms in the OCTN
gene cluster confers a 3- to 5-fold increase in the risk of CD
(Peltekova et al., 2004). Furthermore, possessing both the
OCTN and CARD15 mutations increases the risk of CD
much more. The OCTN genes are expressed in the intesti-
nal epithelium, but their function has not yet been explored.
Variation in DLG5, a newly discovered gene on chromo-
some 10, appears to increase the risk of both UC and CD
(Stoll et al., 2004). DLG5 may be important in the patho-
genesis of IBD as it encodes a protein involved in mainte-
nance of epithelial integrity. Clearly, there is much that
remains to be learned about the genetic basis of IBD.
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ANIMAL MODELS OF
INFLAMMATORY BOWEL DISEASE

Probably the greatest advance in the study of IBD has
been in the identification of a number of animal models
(Table 52.3). These models have enabled investigators to
test hypotheses regarding the pathophysiology and treatment
of IBD. Initial animal models were based on the induction
of intestinal inflammation by a chemical agent. These chem-
ically induced models are limited in that acute, rather than
chronic, inflammation is usually the result. In addition, there
does not appear to be a convincing role for T-lymphocytes
in the majority of these models. Recently, genetically engi-
neered mice and rats have been developed whereby chronic
models of T-lymphocyte-mediated injury, more consistent
with the human disease, can be tested.

Chemically-Induced Models

A representative example of a chemically-induced model
of IBD is the dextran-sodium sulfate (DSS) model. Admin-
istration of 5% DSS in drinking water can induce an acute
colitis in most mice with symptoms such as bloody diarrhea
and weight loss (Cooper et al., 1993). Repeated administra-
tion of DSS can also induce chronic inflammation. Histo-
logic changes ensue such as inflammatory cell infiltration
and ulcerations (Sartor, 2004). However, the role of intesti-
nal bacteria is questionable as germ-free mice are also sus-
ceptible to DSS-induced colitis (Kitajima et al., 2001). The
effects of DSS appear to be directed at the intestinal epithe-
lium (?direct toxic injury/effect). Furthermore, it does not
appear that T-lymphocytes are important in this model as
SCID mice will also develop colitis in response to DSS
(Axelsson et al., 1996). Several other chemical agents have
been used in mice and rats such as acetic acid, indomethacin,
trinitrobenzene sulfonic acid (TBNS), and oxalazone (the
latter 2 involving different sub-populations of T-cells, Th1
and Th2, respectively). These models appear to be more
useful in studying epithelial response to injury rather than
true chronic immune-mediated injury. However, they have
been used extensively in drug discovery.

TABLE 52.2 Relative and absolute risk of Crohn’s disease
based on genotype variants*

Relative risk Absolute risk

No variant 1 7 ¥ 10-4

Simple heterozygote 3 2 ¥ 10-3

Homozygous 38 3 ¥ 10-2

Compound homozygous 44 2 ¥ 10-2

*Data from Hugot et al. (2001).

CARD15

TABLE 52.3 Commonly used animal models of
inflammatory bowel disease

Category Examples

Chemically-induced Dextran-sodium sulfate, acetic acid, 
indomethacin, trinitrobenzene sulfonic acid,
oxalazone, peptidoglycan-polysaccharide

Genetic IL-2-/-, IL-10-/-, TCRa-/-

Transfer CD45RBhigh T-cell to SCID mice
Spontaneous C3H/HeJ Bir, SAMP-1/Yit, cotton-top tamarin
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An interesting variant of the induced model is the pepti-
doglycan-polysaccharide (PG-PS) enterocolitis model. 
Peptidoglycan-polysaccharide is a component of bacterial
cell walls that stimulates inflammation via activation of
NFkB. Injection of PG-PS directly into the wall of the ileum
and colon induces a chronic enterocolitis, peripheral arthri-
tis, and anemia in Lewis rats (McCall et al., 1994; Sartor et
al., 1996). This chronic inflammation is T-lymphocyte medi-
ated and reversed by corticosteroids (Herfarth et al., 1998).

Genetic Models

A common theme for the development of these models is
the deletion of a gene encoding a cytokine or its receptor.
Interleukin 2 (IL-2) is necessary for T-cell replication, reg-
ulatory T-cell activation, as well as programmed cell death.
Mice deficient in IL-2 actually have increased numbers 
of activated T cells early in life, perhaps from defective
apoptosis (Kneitz et al., 1995). The IL-2-/- mouse de-
velops pancolitis, diarrhea, weight loss, and eventual death
(Sadlack et al., 1993). Histologic changes resemble those of
IBD. In this model there is also evidence of autoimmunity
as they develop autoimmune hemolytic anemia at an early
age. In fact many mice fail to survive long enough to
develop the IBD due to the profound anemia seen at an early
age. Evidence suggests that T cells secreting a Th1 cytokine
profile are the mediators of colitis in this model (Ehrhardt
et al., 1997). Germ-free mice develop only a mild colitis, if
any (Schultz et al., 2001). The dominant T-cell nature of this
and other models has been underscored by the finding that
IBD is still seen in the IL2-/- mouse even in B-cell deficient
mice. In fact, in some models the absence of B cells is asso-
ciated with an even more aggressive course (i.e., TCRa-/-

mouse). Thus the animal models of IBD have helped to raise
further doubt regarding the autoimmune nature of these 
diseases.

Interleukin 10 is an important inhibitory cytokine that can
cause a decrease in T-cell activation. SPF IL-10-/- mice
develop a progressive pan-colitis with weight loss (Kuhn 
et al., 1993). The ability of antibodies to interleukin 12 (anti-
IL-12), interferon-g (anti-IFNg) and tumor necrosis factor
(anti-TNF) to block colitis highlights the importance of the
Th1 response, as in the IL-2-/- model (Davidson et al., 1998).
As in the IL2-/- mouse, B-cells do not appear to play a pos-
itive role in the development of intestinal inflammation in
the IL10-/- model. However, the role of commensal bacteria
in pathogenesis of the colitis is suggested by observations
that germ-free mice do not develop colitis, and that subse-
quent introduction of such bacteria will induce a rapid
inflammatory response (Sellon et al., 1998). Furthermore,
probiotics and antibiotics prevent or ameliorate colitis
(Madsen et al., 2000). Interestingly, administration of non-
steroidal anti-inflammatory drugs (NSAIDs) to IL-10-/-

mice results in a much more rapid development of colitis
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(Berg et al., 2002). Inhibition of prostaglandins by NSAIDs
may hasten colitis by interfering with important immuno-
modulatory functions and by disrupting the intestinal epithe-
lium, leading to an abnormal inflammatory response to
intestinal bacteria.

The TCRa-/- mouse also develops colitis spontaneously
around 10–14 weeks of age but the immune response in the
gut is more Th2 in nature (Mombaerts et al., 1993). These
findings support the concept that an immune imbalance of
any type (Th1 or Th2) is poorly tolerated by the mucosal
immune system and that tight regulation is critical for
normal mucosal homeostasis. T-cells are the major regula-
tors of this mucosal homeostasis; B-cells and antibodies,
while present in abundant quantities, play a regulatory rather
than an inflammatory role in disease development.

Transfer Models

Adoptive transfer of CD45RBhigh CD4+ T cells from
normal mice to SCID mice induces non-bloody diarrhea,
weight loss, and death within 4–8 weeks (Morrissey et al.,
1993). CD45RBhigh is a marker of naïve T cells (as well as
Th1 cells), and expression decreases once T cells are acti-
vated. Interestingly, co-transfer of CD45RBlow CD4+ T cells
prevents colitis, suggesting that these cells have an impor-
tant regulatory function. Evidence suggests that colitis in
this model is induced by naïve T cells in the presence of
commensal enteric bacteria (Sartor, 2004). This model was
the first to truly document the role of regulatory cells in
mucosal homeostasis. This has led to the concept that the
defect in IBD is related to an overzealous immune response
due to a defect in immune regulation.

Spontaneous Models

There are two inbred strains of mice, the C3H/HeJ Bir
mouse (Sundberg et al., 1994) and the SAMP-1/Yit mouse
(Matsumoto et al., 1998), that develop a Crohn’s-like phe-
notype with ileocolonic and perianal disease. These sponta-
neous models are presumed to be genetic mutations but have
yet to be fully elucidated. Some gene candidates have been
identified and are similar to disease modifying genes in 
the IL-10-/- model. The cotton-top tamarin in captivity 
will spontaneously develop a chronic colitis with periodic
flares of disease and ultimately colonic adenocarcinoma
(Chalifoux and Bronson, 1981). This model is used less 
frequently due to limited access to the animals.

IMMUNOPATHOGENESIS

Since the mid-1990s there has been an explosion in 
our knowledge of IBD pathogenesis. Such advances have
directly contributed to the growing number of specific 
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biologic therapies for IBD. These advances have come from
the identification of a large number of animal models,
genome-wide scans leading to the identification of a gene
NOD2/CARD15 (Hugot et al., 2001; Ogura et al., 2001a)
associated with CD (as well as two other genes OCTNI/II
and DLG5) (Peltekova et al., 2004; Stoll et al., 2004), and a
renewed appreciation of the existence of regulatory cells.
We have also learned from the successes and failures of
available targeted biologic therapies in humans. The overall
hypothesis guiding the current advances is that IBD occurs
as a result of a dysregulated CD4+ T-cell response to a
number of bacterial antigens (normal flora) in a genetically
susceptible host. The animal models have served to under-
score the role of the luminal flora. In virtually every model
identified to date (over 50 described), the animals fail to
develop disease when reared in a germ-free environment
(Podolsky, 1997). When normal flora are added, disease
ensues rapidly. In some studies, addition of as few as one
nonpathogen is sufficient to initiate the disease process. Fur-
thermore, more recent studies from Sartor’s group (Rath 
et al., 2001) suggest that specific bacteria trigger disease in
different locations. Such a finding goes a long way towards
explaining the segmental nature of CD. The models have
also provided validation of the hypothesis regarding the
concept that CD is a multigenic disorder and that the input
of different genes provides the substrate for specific disease
expression. For example, an IL-10-/- mouse on a C57BL/6
background develops disease early, but if the same defect in
IL-10 is bred onto other backgrounds there is a modification
of the disease expressed (ranging from more severe to 
protected from disease) (Powrie, 1995). Therefore, IBD is
clearly a multigenic disorder providing a rationale for the
variability in disease expression. We have also learned that
the animal models are not really classical IBD. The over-
whelming majority of models have colonic disease only and
respond to therapies that have no effect on human disease
(e.g. IL-10) (Lindsay and Hodgson, 2001). However, most
importantly, we have learned that multiple distinct immune
defects can result in overt clinical and histologic disease.
Defects in innate immunity (targeted STAT3 knockout in
macrophages) (Welte et al., 2003) as well as in Th1 and Th2
immune responses can lead to inflammation.

The take-home message is that too much of any type of
immune response is poorly tolerated in the mucosal immune
system. This makes immunologic sense since the mucosal
immune system is continuously challenged by bacterial and
dietary antigens, but a state of suppressed and controlled
immunity is the norm. Disruption of this control in any way
results in inflammation. Failure to regulate the inflammation
results in its persistence. Oxazalone colitis occurs because
of an overproduction of IL-13 by NK T cells (Heller et al.,
2002). TNBS colitis is Th1 driven (Neurath et al., 2000).
How these correlate to human CD or UC has yet to be
defined.
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The genetic defects described have a common feature 
in that the gene products are expressed in the epithelium.
NOD2/CARD15 is an intracellular pattern-recognition
receptor recognizing muramyl dipeptide on gram-positive
organisms (Girardin et al., 2003). The mutations result in a
failure to signal and may be related to a loss of regulation
of TLR2 signaling, or the persistence of intracellular bacte-
ria in intestinal epithelial cells (IECs) or macrophages
(Watanabe et al., 2004). Persistent intracellular infection is
associated with granuloma formation similar to that seen in
CD. OCTNI and II are cation transporters found in IECs 
(Peltekova et al., 2004) and in part may contribute to 
permeability or integrity of the mucosal barrier.

The identification of genes associated with IBD has
served to clarify some of the pathogenetic issues, but the
major focus of various laboratories studying these diseases
has been on the role of the immune system. While there are
several “camps” focused on a given cell type or component
of the immune system responsible for development of
disease (epithelial cell, T cell, innate immunity, adaptive
immunity, macrophage/DC), the final outcome will likely be
some mixture of the various models. Defects in permeabil-
ity have been described for years, but a specific defect has
not been identified (Meddings, 1997). Epithelial cells are at
the interface between the outside world and the enormous
lymphoid mass that is the Gut-associated lymphoid tissue
(GALT). Epithelial cells can sample antigen, present it to T
cells, form a tight barrier, transport IgA, and secrete pro- and
anti-inflammatory cytokines and chemokines (Mayer and
Shlien, 1987; Kaiserlian et al., 1989; Mostov, 1994; Jung et
al., 1995; Allez et al., 2002). Due to the normal differentia-
tion process of the IEC these properties may differ from the
crypt to the surface. The IEC also expresses a large number
of nonclassical class I molecules embedding its role as a
bridge between innate and adaptive immunity (Campbell et
al., 1999). Dendritic cells and macrophages also communi-
cate with both arms of the immune system, and each has
been implicated in human disease and murine models.

As alluded to above, there is increasingly less evidence
that B cells and antibodies play a role in the disease process
of IBD. This may be different in CD or UC: in CD, classic
Th1-mediated immunopathology is seen (i.e. granulomas, T-
cell, and macrophage activation); in UC, the pathology is
more reminiscent of an Arthus reaction, where neutrophil
emigration and mast cell degranulation are commonplace.
Immune complexes might form in the tissues and activate
the complement cascade. However, the initial description of
anti-epithelial cell antibodies has yielded to the increasing
evidence that many of these antibodies are cross-reactive
with anti-bacterial antibodies. In addition, there is limited
evidence to support the concept that these antibodies actu-
ally play an active role in the disease process other than
potentially as a complement-activating immune complex as
suggested above. The perinuclear antineutrophil cytoplas-
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mic antibody (pANCA) associated with UC is a marker of
the disease and persists even after colectomy (see below).
Its titer does not correlate with disease activity and transfer
of these antibodies from mouse models fails to transfer
disease. Similarly the anti-40 kDa epithelial antibody
described by Das that has been shown to recognize
tropomyosin V does not vary with activity of disease. The
TCRa-/- mouse does develop these antibodies, and they
have been shown to co-localize with terminal complement
components, but no-one has been able to document that they
can either trigger or foster the disease. The finding that
colitis can develop in B cell deficient mice as well as in
humans with hypogammaglobulinemia raises doubts as to
whether these diseases are classically autoimmune. More
persuasive are the findings that both T and B cells react
inappropriately to the patient’s own gut flora, contributing
to the persistence of the inflammatory process.

However, the greatest focus relating to disease patho-
genesis has been on the CD4+ T cell. Studies from a large
number of groups have documented the enhanced activation
status of these cells in the lamina propria in IBD patients
(Pallone et al., 1987). Isolated lamina propria mononuclear
cells (LPMCs) from inflamed areas secrete high levels of
cytokine (IFN-g, IL-12, TNF-a in CD; IL-5, IL-13 in UC)
(Colpaert et al., 2002; Monteleone et al., 1997). They also
demonstrate a defect in apoptosis (Boirivant et al., 1999).
Once activated, the cells persist. This is in direct contrast to
normal lamina propria lymphocytes (LPLs) where there is
easy induction of apoptosis after activation. This activation
is inappropriate in an immune system that is highly regu-
lated and tolerant of luminal antigens in the normal state.
Duchmann et al. (1995) reported that patients with IBD fail
to demonstrate tolerance to their own flora. Kraus et al.
(2004) extended this to show that tolerance to a soluble
protein antigen (oral tolerance) was defective in both UC
and CD. Direct evidence for a defect in regulatory T cells
(Tregs) in the gut of human IBD patients is lacking. It is
becoming increasingly apparent that a large number of dis-
tinct Treg populations exist in the GI tract. In fact, all of the
Tregs described to date have been identified in the gut (oral
tolerance and Th3 cells) or as a component of an intestinal
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inflammatory disorder (Tr1 cells and graft-versus-host dis-
ease [GvHD], CD4+CD25+foxp3+ Tregs and autoimmune
gastritis in the mouse). If anything, there appears to be an
increase in the amount of suppressive cytokines present in
the lamina propria of IBD patients (increased TGF-b in CD,
increased IL-10 in both UC and CD, and recent studies
showing an increase in CD4+CD25+ Tregs in IBD tissues—
areas of active disease) (Makita et al., 2004; Kelsen et al.,
2005). Whether these are functional and/or appropriately
placed within the mucosal immune milieu has not been
addressed. Studies in mice strongly suggest that defects in
Tregs provide the substrate for murine IBD. However, in all
cases, the number of Tregs required to abrogate disease in
these models (i.e. in a transfer model) is consistently greater
than would be expected to exist in vivo in the normal state.
The concept remains that it is the inability of the mucosal
immune system to regulate an active mucosal immune
response that allows for disease persistence.

Thus the current model provides a number of therapeu-
tic insights. These have been exploited providing valuable
therapies for the intractable patients.

SEROLOGIC MARKERS

A variety of serologic markers have been identified in
patients with IBD. The best-described markers include
pANCA, and anti-Saccharomyces cerevisiae antibodies
(ASCA); pANCA is associated with ulcerative colitis and is
distinguished from the ANCA associated with Wegener and
other vasculitides in that the target antigen is located in the
perinuclear region and is sensitive to degradation by DNase
I (Targan and Karp, 2004). The exact target of pANCA in
UC is thought to be the histone H1 protein. The ASCA is
associated with CD and targets mannose sequences in the
cell wall of the yeast S. cerevisiae (Sendid et al., 1996). The
prevalence of pANCA and ASCA in patients with and
without IBD is listed in Table 52.4. These prevalence data
can be used to devise serologic strategies for diagnosing CD
and UC. However, the utility of these strategies is debatable
as no combination of serologies can make the diagnosis 

TABLE 52.4 Prevalence, measured by three different groups, of perinuclear antineutrophil
cytoplasmic antibody (pANCA) and anti- antibody (ASCA) positivity in

patients with Crohn’s disease (CD), ulcerative colitis (UC), and controls

UC CD Controls

Reference pANCA+ (%) ASCA+ (%) pANCA+ (%) ASCA+ (%) pANCA+ (%) ASCA+ (%)

Peeters et al. (1996) 50 14 6 60 3–8 3–11
Quinton et al. (1998) 65 12 15 61 1 1
Ruemmele et al. (1998) 57* 6† 13* 55† 0a 5†

*Indirect immunoflourescence after DNase. †IgG or IgA ASCA.

Saccharomyces cerevisiae
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of UC or CD with absolute certainty. Serology may be 
particularly helpful in the 10% of IBD patients with inde-
terminate colitis, in which the distinction between UC and
CD cannot be made on clinical grounds (Joosens et al.,
2002).

Serology has been used not only for diagnostic purposes
but also for prediction of disease course. The subset of CD
patients who are pANCA+ uniformly have a more UC-like
disease with left-sided colonic involvement, bleeding,
mucus discharge, urgency, and the requirement for topical
therapy (Vasiliauskas et al., 1996). These patients may 
be less likely to respond to infliximab therapy than the
pANCA-CD patients (Taylor et al., 2001). This suggests that
CD and UC may not be as much distinct diseases as they
are two ends of a spectrum of disease. Patients with UC who
have high titers of pANCA may be more likely to develop
the complication of pouchitis after ileal pouch-anal anasto-
mosis (Fleshner et al., 2001).

Several new antibodies have been discovered in CD
patients. The first is the outer membrane porin C antibody
(Omp-C). Anti-Omp-C is directed against a protein in the
outer membrane of Escherichia coli and has been recently
shown by Landers et al. (2002) to be present in 55% of
patients with CD. The same group has identified another
antibody, I2, which recognizes a bacterial protein associated
with Pseudomonas flourescens. I2 antibodies were found 
in 50% of CD patients. The presence of anti-Omp-C and I2
in CD patients suggests that loss of tolerance to microbial
antigens may in fact be important in the pathogenesis of
IBD.

TREATMENT

The medical treatment of IBD involves a growing arma-
mentarium of medications, as a fundamental knowledge of
disease pathogenesis expands. Many of these drugs are used
for both UC and CD. Clinical trials are hampered by a con-
sistent finding of placebo response rates of about 30%. Some
of the major classes of medication will be presented here,
with specific mention of their use in CD and UC.

Aminosalicylates

The first aminosalicylate used in IBD was sulfasalazine,
which consists of 5-aminosalicylic acid (5-ASA) bound to
the antibiotic sulfapyridine via an azo-bond. This bond is
split by enzymes present in colonic bacteria. It is the free 
5-ASA that is released into the colon that exerts the thera-
peutic effect. 5-ASA has multiple anti-inflammatory prop-
erties including inhibition of production of IL-1 (Mahida 
et al., 1991), interference with binding of TNF (Shanahan et
al., 1990), and as a free radical scavenger (Ahnfelt-Ronne
et al., 1990). These effects appear to be mediated in part 
by inhibition of the activation of NFkB (Bantel et al., 
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2000). The most commonly used aminosalicylate in the
treatment of IBD today is mesalamine. Various mesalamine
preparations exist including coated drugs designed to 
delay release until the terminal ileum or colon, and topical
enemas or suppositories for treatment of the distal colon and
rectum.

Glucocorticoids

Corticosteroids are used extensively in the treatment of
IBD. Glucocorticoids are steroid hormones that bind to
cytosolic receptors and are then translocated to the nucleus
where they affect transcription of various genes. This leads
to inhibition of various proinflammatory mediators such 
as cytokines, leukotrienes, adhesion molecules, and nitric
oxide synthase (Sands, 2002). Most patients with active 
UC or CD will respond to courses of oral glucocorticoids,
although occasionally the intravenous route is required for
severe disease. In many patients, however, tapering the drug
will lead to a flare; this phenomenon is termed steroid-
dependence. The well-known side effects of chronic steroid
use are common and troublesome; these include diabetes,
bone loss, acne, moon facies, and adrenal suppression.
Attempts to limit these side effects have resulted in other
formulations such as topical foam and enemas, which can
be effective for left-sided colonic disease. Budesonide is an
oral glucocorticoid that undergoes extensive first-pass
metabolism in the liver. As a result, high topical levels are
achieved in the GI tract with only about 10% systemic
absorption and thus less steroid side effects (Edsbacker 
et al., 1999). Budesonide has been shown to have some 
efficacy as a treatment for mild-to-moderately active CD
(Greenberg et al., 1994; Tremaine et al., 2002).

Thiopurines

The thiopurines include azathioprine and 6-mercapto-
purine (6-MP). Azathioprine is metabolized to 6-MP, which
can eventually be converted into a number of metabolites
including 6-thioguanine nucleotides (6-TG). The therapeu-
tic effect is thought to be due to induction of apoptosis of
activated T-cells. The beneficial effect of thiopurines is gen-
erally not seen until after 3–6 months of use. The ideal use
of thiopurines is as so-called “steroid-sparing” agents: to
allow for the discontinuation of steroids in the patient who
requires chronic or frequent use. Clinical studies have con-
firmed the utility of the thiopurines as steroid-sparing agents
effective in inducing and maintaining remission in CD and
UC (Present et al., 1980; George et al., 1996). The side
effects of thiopurines are far less than those of glucocorti-
coids but include leukopenia, pancreatitis, and hepatitis.
Interestingly, genetic variations in the enzyme thiopurine
methyltransferase increase the risk of leukopenia by increas-
ing 6-TG levels.
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Infliximab

An exciting development in IBD is the approval of the
first so-called “biological” agent. Infliximab is a chimeric
monoclonal antibody against TNFa. The exact mechanism
of action of infliximab is unknown. It appears that neutral-
ization of soluble TNF is not the primary mechanism, since
the soluble TNF-receptor etanercept is not effective in CD
(Sandborn et al., 2001). Recent data suggest that binding of
infliximab to membrane-bound TNF on inflammatory cells
leads to apoptosis (Lugering et al., 2001; Van Den Brande
et al., 2003) or reverse signaling resulting in the inhibition
of cytokine synthesis by tissue macrophages.

For moderate-to-severe luminal (non-fistulizing) CD that
is resistant to other therapies, an intravenous infusion of
infliximab will lead to clinical response in more than half of
patients within 2–4 weeks (Targan et al., 1997). Infliximab
is also effective in the treatment of perianal fistulae due to
CD (Present et al., 1999). After initial treatment with inflix-
imab for luminal or fistulizing CD, a regimen of infliximab
given every 2 months is effective in maintaining remission
(Hanauer et al., 2002; Sands et al., 2004). Antibodies to
infliximab (ATIs) are of concern in that they appear to
increase the risk of infusion reactions and limit effectiveness
(Baert et al., 2003); maintenance dosing and concomitant
immunomodulator use will decrease the formation of these
ATIs. The safety profile of infliximab is excellent. The major
side effects are infusion reactions, which are generally mild
and easily managed. Inhibition of TNF with infliximab can
cause reactivation of latent intracellular infections (e.g.
tuberculosis) and, therefore, all patients need to be screened
for tuberculosis prior to treatment.

New Biologic Therapies

Inhibitors of Inflammatory Cytokines

As mentioned, the use of infliximab is limited by the for-
mation of ATIs. Several other antibodies to TNF have been
developed in an attempt to reduce immunogenicity. CDP571
is an IgG4 humanized monoclonal antibody to TNF. The
largest placebo-controlled study of CDP571 in CD showed
benefit only in the subgroup of patients with elevated base-
line serum C-reactive protein (CRP) (Sandborn et al., 2004).
The use of the marker CRP may be important in the future
in identifying patients whose disease is truly inflammatory
in nature and, therefore, would benefit from anti-TNF
therapy. CDP870 is an anti-TNF Fab fragment conjugated
to polyethylene glycol (PEG). The conjugation to PEG is
used to prolong the half-life of the Fab fragment and reduce
immunogenicity. However, an exploratory randomized
study of CDP870 in CD failed to show a significant effect
on clinical response (Winter et al., 2004). Adalimumab is a
fully human IgG1 antibody to TNF that is already approved
in the USA for the treatment of rheumatoid arthritis. Pre-
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liminary open-label studies suggest that adalimumab is safe
and effective in the treatment of CD in patients who have
had attenuated responses to infliximab (Papadakis et al.,
2005). Further studies with adalimumab are underway.

Etanercept is a fully human fusion protein of the p75 TNF
receptor with the Fc portion of IgG1. Although efficacious
in rheumatoid arthritis, a placebo-controlled trial in CD
failed to show any benefit (Sandborn et al., 2001). The lack
of efficacy may be related to the fact that unlike infliximab,
etanercept does not bind to membrane-bound TNF to induce
apoptosis of inflammatory cells.

IL-12 has been shown in various animal models to be an
important component of the Th1-mediated immune response
in CD. A study of a weekly subcutaneous injections of
human monoclonal antibody to IL-12 in patients with CD
provides preliminary evidence for the efficacy of this new
drug (Mannon et al., 2004).

Adhesion Molecule Inhibitors

Natalizumab is a humanized monoclonal antibody
against a4 integrin. The integrins are a family of adhesion
molecules on the cell surface of leukocytes that bind to
endothelial cells. This binding is upregulated at sites of
inflammation and leads to recruitment of leukocytes to these
tissues. A large study of natalizumab in CD showed some
improvement in clinical response (Ghosh et al., 2003);
further studies are underway. Another antibody against the
more specific target a4b7 integrin, LDP-02, has shown effi-
cacy in induction of remission in UC. However, the recent
description of 3 cases of progressive multifocal leukoen-
cephalopathy (PML) in patients with multiple sclerosis or
CD have resulted in the removal of this agent from the ther-
apeutic armamentarium.

T-Cell Inhibitors

The ability to directly modulate the T-cell response could
lead to benefit in the treatment of CD and UC. Monoclonal
antibodies have been developed against the T-cell surface
molecule, CD-3. CD-3 is associated with the T-cell receptor
and is expressed on all T cells. Visiluzimab binds to CD-3
and is thought to induce apoptosis of T cells; it is presently
being studied as a treatment for severe, steroid-resistant UC.
Visiluzimab has been noted to cause a profound but tempo-
rary depletion in peripheral T cells limiting concerns regard-
ing development of opportunistic infections.

Apheresis Procedures

Photochemotherapy involves ex vivo exposure of 
autologous peripheral blood mononuclear cells to 8-
methoxypsoralen and long-wavelength ultraviolet A light.
The cells are subsequently re-infused into the patient. Photo-
activation leads to an immune response against pathogenic
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T-cell clones. This has been used successfully against T-cell
lymphomas, and appears to be promising in the treatment of
steroid-dependent CD (Reinisch et al., 2001).

Another technique involves exposure of blood to an
extracorporeal filter containing cellulose acetate beads or
woven fiber filters, which provide selective adsorption of
granulocytes and monocytes or granulocytes and monocytes
and lymphocytes, respectively. This leads in turn to a
decrease in the number of inflammatory cells in the blood
and eventually to a decrease in such cells in the intestine.
Japanese investigators have demonstrated that weekly treat-
ments with this device has efficacy in the treatment of UC
(Hanai et al., 2004; Yamamoto et al., 2004).

Hematologic Strategies

Several rare immunodeficiencies involving neutrophils,
monocytes, or macrophages have CD-like intestinal inflam-
mation, suggesting that defects in innate immunity are
important. This has led to the use of growth factors such as
granulocyte-monocyte colony-stimulating factor (GM-CSF)
to treat CD. A recent open-label study of GM-CSF was very
promising (Dieckgraefe and Korzenik, 2002).

In a different approach, a preliminary study of autologous
hematopoietic stem cell transplant for the treatment of CD
reported a sustained remission in 11 of 12 patients (Oyama
et al., 2005). Although encouraging, it is as yet unclear 
if the improvement is secondary to the transplant itself or to
the intense immune ablative pretransplant conditioning
regimen.

SUMMARY

Inflammatory bowel disease is a complex, multifactorial
disease with a wide range of clinical presentations and com-
plications. Great strides have been made recently in under-
standing the immunopathology and genetics of the disease.
The pathogenesis of IBD appears to represent an abnormal
response by T-cells to normal gastrointestinal flora on a
genetically susceptible background. Advances in our under-
standing of IBD have already led to an explosion of new tar-
geted therapies. Further research will undoubtedly lead to
better treatment and perhaps even cure or prevention of
disease.
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FIGURE 51 .6  Three-dimensional structure of the binding site of HLA-DQ2 complexed with a deamidated gliadin 
peptide (DQ2-ct-I epitope--carbon, white: nitrogen, blue; oxygen, red). The electrostatic potential surface of DQ2 is 
shown as red (negative) and blue (positive). 

Com'tesy of Dr Chu-Young Kim. 
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FIGURE 52.1 Images fi'om wireless capsule cndoscopy. A, Normal 
small bowel. B, Deep linear ulcer in the small intestine of a patient with 
Crohn disease. 

Courtesy of Dr Peter Legnani. 
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FIGURE 52.2, Colonoscopic images. A, Normal colon. B, Sigmoid colon 
in severe ulcerative colitis, showing erythema, ulceration, and hemorrhage. 



A B
FIGURE 52.3 Histology of irritable bowel disease. A, Crohn disease in the left colon showing a non-necrotizing
granuloma, inflammatory cell infiltrate, and Paneth cell metaplasia. B, Ulcerative colitis showing crypt architecture dis-
tortion, hemorrhage, ulceration, and inflammatory cell infiltrate.

Courtesy of Dr Mikhail Tismenetsky.
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FIGURE 53.1 Pathological features of autoimmune hepatitis (AIH) A, An autopsy specimen of a liver in advanced
AIH illustrating coarse nodular cirrhosis and shrunken left lobe. B–F, photomicrographs from cases of AIH type 2. B,
Interface hepatitis illustrating lymphocytic infiltrate in portal trail of liver abutting an adjacent liver lobules. C, Bridg-
ing necrosis illustrating necroinflammatory infiltrates connecting portal tracts and a likely forerunner to fibrosis and cir-
rhosis. D, Lobular hepatitis illustrating extra lobular lymphocytic infiltrates, damaged hepatocytes and prominence of
(spindle-shaped) Kupffer cells. E, Lobular hepatitis illustrating severely degraded liver cells surrounded by lympho-
cytes, and prominence plasma cells. F. Periportal hepatitis illustrating (arrow) a shrunken eosinophilic remnant of an
hepatocytic that has undergone apoptosis (Councilman body).

A, from Joske and King, (1955).
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In the 1940s, the first reference to “chronic active hepati-
tis” was in relation to protracted viral hepatitis in soldiers
(Barker et al., 1945). In the 1950s, there was recognized
from Walderström in Sweden, Kunkel in the USA, and
Wood and colleagues in Australia, a “malignant” chronic
hepatitis affecting mainly young women, marked by sys-
temic features and pronounced hyperglobulinemia (Mackay
and Tait, 1994). Persisting high aminotransferase activities
in blood and inflammation in the liver justified its designa-

tion as chronic active hepatitis (CAH). An immunologic
basis for CAH was proposed, based on antinuclear antibod-
ies (ANA) first detected by the test for lupus erythematosus
(LE) cells, and a complement fixation (CF) reaction for 
anticytoplasmic antibodies (Mackay and Gajdusek, 1958).
In the 1960s, ANA were detected more readily by indirect
immunofluorescence (IIF) (Holbrow et al., 1963), and a
further serologic reactivity was described by IIF as smooth
muscle antibody (SMA) (Johnson et al., 1965; Whittingham
et al., 1966). Also, efficacy of treatment with corticosteroid
drugs alone, or with 6-mercaptopurine/azathioprine, became
established (Mackay, 1968). These discoveries prompted
replacement of the initially coined term lupoid hepatitis
(Mackay et al., 1956) by autoimmune hepatitis (AIH)
(Mackay et al., 1965). In the 1970s, efficacy of immuno-
suppressive treatment was substantiated by placebo-
controlled trials (Cook et al., 1971; Soloway et al., 1972;
Murray-Lyon et al., 1973; Kirk et al., 1980) that indicated
greatly enhanced survival. Another autoantigenic reactivity
was recognized by IIF to liver and kidney microsomes
(LKM1) (Rizzetto et al., 1973). In the 1980s, anti-LKM1
was seen to distinguish two serologically distinct but other-
wise similar forms of AIH (Homberg et al., 1987), type 1
(ANA and SMA) and type 2 (anti-LKM1). The identity of
the LKM1 autoantigen as a cytochrome P450 isoform (2D6)
was established biochemically and by gene cloning and,
hereby, the relatively infrequent AIH type 2 differs strikingly
from AIH type 1 for which a definitive disease-specific
autoantigen has not yet been identified.

Until the late 1960s, CAH had been used generically for
all types of chronic hepatitis, with cases mostly segregat-
ing into autoimmune and cryptogenic groups. However,
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identification of viruses responsible for acute and chronic
hepatitis, viruses A, B and later C (HAV, HBV, HCV), led
to the recognition, in the 1970s, of chronic viral hepatitis
(due to viruses B and C). The realization that “CAH” com-
prised multiple entities (Mackay, 1972) led to disuse of the
term CAH, and a need was seen for a clearer identification
of AIH. Consensus reports in 1993 and 1998 were prepared 
by a representative expert panel of hepatologists, the 
International Autoimmune Hepatitis Group (IAIHG), with 
diagnostic criteria and a scoring system that weighted the
net strength of the diagnosis for research purposes (Johnson
and McFarlane, 1993; Desmet et al., 1994; Alvarez et al.,
1999).

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical Features

Autoimmune hepatitis is a female-predominant disease
with reported female-to-male sex ratios ranging from 4–6:1.
Although AIH has a bimodal age distribution with peak
occurrences between 10 and 30 years and 40 and 50 years
(Mackay, 1975), current experience suggests that AIH can
occur across all age ranges (Parker and Kingham, 1997;
Schramm et al., 2001). Nevertheless, among the Japanese an
elderly presentation is more common (Toda et al., 1997). 
In sharp contrast, AIH type 2 occurs mostly in children
between the ages of 2 and 14 years, with severe inflamma-
tory activity (Homberg et al., 1987), but some 5% of cases
in Southern Europe are in older men, often in association
with HCV infection (Lunel et al., 1992; Michel et al., 1992;
Vergani et al., 2004). Elsewhere than in central Europe, AIH
type 2 seems infrequent (Mackay, 2004). Additionally,
outside of Europe, the presence of anti-LKM1 in chronic
hepatitis C is likewise infrequent (Reddy et al., 1995). And
further, epitope reactivities of anti-LKM1 in Europeans with
chronic hepatitis C differ from those of anti-LKM1 in spon-
taneous AIH type 2.

Autoimmune hepatitis presents in 50% of cases as an
indolent non-resolving hepatitis, in 25% as acute or even 
fulminant hepatitis (Crapper et al., 1986; Desmet et al.,
1994; Porta et al., 1990, Nikias et al., 1994), and in 25% as
an asymptomatic illness with incidentally discovered abnor-
mal laboratory indices (Hay et al., 1989). The symptoms and
signs are those for any form of hepatitis, and include
anorexia, fatigue, jaundice, right upper abdominal discom-
fort, and enlargement of the liver and spleen. A former
requirement for a 6-month observation period to define
chronicity is now dispensable (Johnson et al., 1993; Alvarez
et al., 1999). Approximately one-third of those affected 
are asymptomatic, but most become symptomatic during
follow-up (Kogan et al., 2002). As the disease advances, fea-
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tures that are generic to cirrhosis of the liver supervene.
Various extrahepatic expressions pointing to an autoimmune
background include coexisting autoimmune thyroiditis,
ulcerative colitis, thrombocytopenias, rheumatoid arthritis,
or systemic lupus erythematosus (SLE). Considerable 
discussion is generated by the coexistence of features of 
AIH with those of other autoimmune liver diseases (see
Chapters 54 and 55), called overlap syndromes (Mackay
2000; Woodward and Neuberger, 2001). Perhaps the greater
proportion of cases of the usual overlap, that of AIH with
primary biliary cirrhosis (PBC), actually represents the latter
disease (Lohse et al., 1999; Kinoshita et al., 1999).

Pathologic Features

The characteristic histologic lesion, first called piecemeal
cirrhosis (Popper et al., 1965) and later interface hepatitis,
consists of lymphoid accumulation and hepatocellular
destruction at junctions of liver lobules and portal tracts
(Figure 53.1). In acute phases, mononuclear cells are seen
invading liver lobules, in close contiguity with damaged
hepatocytes, described as lobular (panacinar) hepatitis
(Wilkinson et al., 1978). Kupffer cells are prominent in liver
sinusoids. Zones of necrosis between portal tracts tend to
coalesce, called bridging necrosis, a pattern of injury
regarded as a forerunner of the scarring that initiates
macronodular cirrhosis (Schalm et al., 1977). Hepatocytes
appear ballooned or necrotic or as shrunken eosinophilic
remnants, formerly known as Councilman bodies, and 
now as apoptotic cells (Searle et al., 1987). The lymphoid
infiltrates show prominence of plasma cells, consistent with
an earlier disease designation as plasma cell hepatitis (Page
and Good, 1960). Notably, these florid necro-inflammatory
changes are “wiped clean” with use of prednisolone (Czaja
et al., 1984). Other manifestations of AIH include 1)
perivenular (zone 3) necrosis with or without inflammation
of the portal tracts (Pratt et al., 1997; Te et al., 1997; 
Singh et al., 2002; Misdraji et al., 2004); 2) giant syncytial
multinucleated hepatocytes (Phillips et al., 1991; Devaney
et al., 1992); and 3) coincidental bile duct injury (Ludwig 
et al., 1984). More detailed descriptions are available else-
where (International Group of Pathologists, 1977; Dienes,
1989).

Epidemiology

Autoimmune hepatitis is cited as more prevalent among
populations of Northern European extraction, and may share
the polar–equatorial gradient characteristic of many auto-
immune diseases. However, actual prevalences have been
ascertained only for populations of Norway, Iceland, Alaska,
and Japan, with these being rather lower than for many other
autoimmune diseases (Mackay and Toh, 2002). Even so,
AIH has been described in African Americans, Brazilians,
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Argentinians, Arabs, and subcontinental Indians. The inci-
dence of AIH among Norwegians was 1.9 in 100,000
persons per year with a point prevalence of 16.9 in 100,000
(Boberg et al., 1998). A higher prevalence was reported
among Alaskan natives, 43 in per 100,000 population 
(Hurlburt et al., 2002). In the USA, AIH may effect some
100,000 to 200,000 persons (Jacobson et al., 1997), although
precise incidence and prevalence data are not available.

Genetic and indigenous risk factors probably affect
disease occurrence in different regions and ethnic popula-
tions; the prevalence of AIH among Northern European
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white groups accords with a high frequency of HLA-DR3
and -DR4 and, expectedly, AIH occurs with a similar fre-
quency in the derivative populations of North America and
Australia (Donaldson et al., 1991). HLA-DR3 is rare in
Japan, and there AIH is associated with HLA-DR4 (Seki 
et al., 1992). Overall, the prevalence of AIH type 1 appears
greatly to exceed that of AIH type 2. Accepting some degree
of case selection bias in earlier reports, the contribution of
AIH to all cases of CAH in the 1960s was high—e.g., 60%
in Melbourne, Australia, and 30% in Mainz, Germany
(Mackay, 1985). Subsequently, this contribution has been
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Figure 53.1 Pathological features of autoimmune hepatitis (AIH) A, An autopsy specimen of a liver in advanced
AIH illustrating coarse nodular cirrhosis and shrunken left lobe (Case reported by Joske and King, 1955). B–F, pho-
tomicrographs from cases of AIH type 2. B, Interface hepatitis illustrating lymphocytic infiltrate in portal trail of liver
abutting an adjacent liver lobule. C, Bridging necrosis illustrating necroinflammatory infiltrates connecting portal tracts
and a likely forerunner to fibrosis and cirrhosis. D, Lobular hepatitis illustrating extra lobular lymphocytic infiltrates,
damaged hepatocytes and prominence of (spindle-shaped) Kupffer cells. E, Lobular hepatitis illustrating severely
degraded liver cells surrounded by lymphocytes, and prominence of plasma cells. F, Periportal hepatitis illustrating
(arrow) a shrunken eosinophilic remnant of a hepatocytic that has undergone apoptosis (Councilman body). (See color
plate section.)
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strikingly reduced by waves of chronic hepatitis due to HBV
and HCV. There is a perception that the incidence of AIH
may be decreasing, although one of us (IMcF) believes that
in the UK it may be increasing, perhaps because of greater
awareness. Whatever the case, AIH was not represented
among causes of mortality from all types of liver disease in
the USA (Vong and Bell, 2004), either because of its actual
rarity, certification errors, or efficacy of contemporary
therapy.

AUTOIMMUNE FEATURES

Autoimmune hepatitis belongs to that puzzling group of
autoimmune disorders in which there is a disease-specific
target organ yet non-organ-specific serologic markers, and it
remains one of the less well understood in regard to both
inductive and effector processes. This section provides an
analysis of the range of antigenic reactants in the context of
the defined serologic types, 1 and 2.

Autoimmune Hepatitis Type 1

In AIH, hypergammaglobulinemia reaches levels up to 
10g/L, which is seen in few other autoimmune diseases. 
The high serum levels of immunoglobulin G (IgG) are not
explicable by a response to any single antigen or autoanti-
gen and may reflect polyclonal B-cell activation as one of
the pathogenetic components of the disease. Patterns of
serologic reactants in AIH by IIF are shown in Figure 53.2.
Fluctuations in level reflect the degree and duration of
inflammatory activity, and a decrease marks efficacy of
treatment.

Nuclear Antigens

In AIH type 1, there are multiple nuclear reactants. Anti-
nuclear antibodies in untreated cases give homogeneous
labeling by IIF, but this tends to fade during remission,
revealing other coexisting patterns and reactants. The sensi-
tivity of ANA for diagnosis of AIH type 1 (allowing for tech-
nical variations) would be 70%, but its specificity is low.

Nucleosome

As much by analogy with SLE as by direct observations,
the reactant for ANA in AIH is taken to be the nucleosome
(Mackay, 2001), an octamer with two coils of DNA (each of
146 bp), wrapped around the small nuclear proteins, the his-
tones of which there are five main classes, H1, H2A, H2B,
H3, and H4. A linear array of nucleosomes forms the
primary chromatin fiber, which condenses into a quaternary
protein structure and could generate an autoepitope for both
T and B lymphocytes (Czaja et al., 2003). There is accom-
panying reactivity to histones, occasionally to native double-
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stranded DNA, and also to a variety of characterized and
uncharacterized non-nucleosomal nuclear proteins (Czaja et
al., 1994; 1995; 1997a) that may result from epitope spread-
ing. On a “wheat and chaff” analogy, certain antibodies
(wheat) seem pathogenetically relevant, while others (chaff)
seem an incidental and irrelevant consequence of inflam-
matory activity and cellular degradation.

Double-stranded (ds) DNA

Studies on the frequency of anti-dsDNA in AIH have
given divergent results. In two representative studies,
employing either radioimmunoprecipitation (RIP) (Smeenk
et al., 1982), or RIP together with IIF on Crithidia luciliae
(Leggett et al., 1987); positivity rates were 10% and 16%
(transient 8%, persisting 8%), respectively. Technical
factors, case selection, and disease activity would materially
influence results.

Others

The variety of ANA reactivities in AIH type 1 (Czaja and
Norman, 2003; Mackay, 2004) resembles that in other 
multisystem autoimmune diseases, and does not provide
additional diagnostic assistance nor pathogenetic clarity.

Cytoplasmic Antigens

Various anti-cytoplasmic reactivities in AIH have been
characterized at the molecular level.

Soluble Liver Antigen/Liver Pancreas Antigen

A liver-pancreas antigen (LP) was identified by comple-
ment fixation (Berg et al., 1981) and reactivity to it in AIH
reported by Stechemesser et al. (1993). Independently, a
soluble liver antigen (SLA) was detected by inhibition
enzyme-linked immunosorbent assay (ELISA) (Manns et
al., 1987), which later became co-identified with LP. The
SLA was successively nominated as cytokeratins 8,18
(Wächter et al., 1990) and glutathione S-transferase (Wesier-
ska-Gadek et al., 1998), but cloning from cDNA expression
libraries identified SLA/LP as the UGA-serine transfer
RNA-protein complex (tRNP(Ser)Sec) (Wies et al., 2000; Costa
et al., 2000; Volkmann et al., 2001; Torres-Collado et al.,
2004), and a member of the family of serine hydroxymethyl
transferases (Gelpi et al., 1992; Kevenbeck et al., 2001).
Anti-SLA/LP initially appeared to define a novel (third)
serologic type of AIH, because it occurs in some cases that
are otherwise seronegative (Baeres et al., 2002). However
anti-SLA/LP coexists with other autoantibodies, in AIH type
1 particularly (Kanzler et al., 1999), but also occasionally in
AIH type 2 and autoimmune sclerosing cholangitis (Vergani
et al., 2004). Anti-SLA/LP is closely associated with HLA
DR3, with relapse after corticosteroid withdrawal (Czaja 
et al., 2002), and with greater severity (Ma et al., 2002).
However, all of the autoantibodies, and also serum IgG, are
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present at higher levels in more severe types of AIH, and so
anti-SLA/LP is not unique in this respect.

Ribosomal P Proteins

Antibodies to ribosomal P proteins (RPP) occur mostly
in the setting of SLE (16% of cases), but were earlier
described in “SLE and liver dysfunction” (Koren et al.,
1993).
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Ribosomal P proteins are present in the cytoplasm of all
cells and comprise a set of three phosphoproteins, P0, P1,
and P2, of molecular weight 38, 19, and 17 kDa, respec-
tively. Natural RPP exists as a pentamer of P0 and two
copies of P1 and P2 (Zampieri et al., 2003) with each
polypeptide sharing a C-terminal 22-residue (C22) immuno-
dominant epitope that is detectable on the surface of cultured
hepatoma cells. Anti-RPP are cited as a particular example

A

C

E F

D

B

Figure 53.2 Serologic expressions of autoimmune hepatitis (AIH) by indirect immunofluorescence. A, Antinuclear
antibody (ANA) from an AIH type 1 serum on cells of HEp2 cell line illustrating typical homogeneous pattern of label-
ing. B, Smooth muscle antibody (SMA) on mouse from an AIH type 1 serum illustrating labeling of submucosal smooth
muscle layer, muscularis mucosal (thin band), and thin vertical strands in mucosa suggestive of anti-actin reactivity. C,
Antiactin reactivity on mouse liver by an AIH type 1 serum illustrating polygonal pattern due to labeling of submem-
branous actin of hepatocytes. D, Anti-intermediate filament reactivity on cultured fibroblast of an SMA-positive but anti-
actin-negative serum; this reactivity is not specific for AIH. E, Antineutrophil cytoplasmic antibodies (ANCA) reactivity
on granutocytes exposed to an ANCA-positive serum, as seen in vasculitic and other diseases (see Chapter 65); note
that the perinuclear ANCA seen in AIH may be a true antineutrophil nuclear autoantibody (see text). F, Anti-LKM1
reactivity on mouse liver by an AIH type 2 serum illustrating evenly granular labeling of cytoplasm of hepatocytes
throughout the lobule. (See color plate section.)
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of autoantibodies that penetrate living cells, with possible
adverse intracellular effects (Koscec et al., 1997). There has
been no systematic analysis of the frequency or epitope
specificity of anti-RPP in AIH, and this is needed.

Neutrophil-specific Cytoplasmic Proteins

High titers of “granulocyte-specific” ANA in AIH were
described in the 1960s (Smalley et al., 1968). They were
later identified with antineutrophil cytoplasmic antibodies
(ANCA), the cytoplasmic reactants for which clump with a
perinuclear distribution and so simulate ANA. The two well-
characterized species of ANCA, cytoplasmic (c) and peri-
nuclear (p) that have particular disease associations and
molecular identity (see Chapters 59 and 65), but the ANCA
of AIH are not directed at either of the two main ANCA anti-
gens, proteinase 3 or myeloperoxidase (Targan et al., 1995).
The reactant in AIH has been ascribed to lactoferrin, elas-
tase, a 50 kDa nuclear envelope protein restricted to 
neutrophil-myeloid lineages, or a high mobility group
(HMG) protein (Mackay and Toh, 2002). Currently, the
AIH-associated pANCA are cited as “atypical,” and appear
to react with nuclear lamina proteins, thereby justifying their
earlier designation as “granulocyte-specific ANA,” and
current designation as antineutrophil nuclear antibodies
(ANNA) (Terjung et al., 2001).

Hepalaminin

A recently described novel protein specific for the 
cytoplasm of hepatocytes and cholangiocytes, and called
hepalaminin, consists of laminin p-2 fused to an unknown
polypeptide (Fukuda et al., 2004). Responses to hepalaminin
were postulated to exacerbate hepatic inflammation in
chronic viral hepatitis.

Cytoskeletal Elements (Enriched in Smooth Muscle)

Cytoskeletal autoantibody was initially detected on
gastric mucosal smooth muscle (SMA) (see Figure 53.2) and
was validated as a marker for AIH by Toh (1979) and Kurki
and Virtanen (1984). The reactant is cytoskeleton compris-
ing abundant filamentous proteins that support cellular 
organization, contractility, locomotion, and pseudopod
extrusion. Cytoskeletal proteins include 6 nm microfila-
ments (actin), 15 nm intermediate filaments (vimentin,
desmin, and others), and 30 nm microtubules (tubulin) (Toh,
1979). Testing for SMA on different tissues by IIF showed
particular patterns with vessels (SMA-V), glomerular
mesangium (SMA-G), and renal tubular brush borders
(SMA-T) (Bottazzo et al., 1976). SMA-T signifies actin
microfilaments, as seen by testing sera on cultured cells on
which SMA-positive sera label actin “cables” spanning the
long axis of the cell (Toh, 1979; Muratori et al., 2002). 
Non-actin SMA are attributable to incidental antifilament
reactivity after infections, particularly viral (Toh, 1979).
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Whether actin is the exclusive cytoskeletal autoantigen in
AIH is debated (Vergani et al., 2004). The specificity and
sensitivity of anti-actin for the diagnosis of AIH is high
(~80%); however, some 16% of patients with AIH and SMA
lack anti-actin (Czaja et al., 1996a). Since anti-actin posi-
tivity is associated with a worse overall outcome, it has
prognostic as well as diagnostic utility.

Actin as an Autoantigen

Actin is a fascinating autoantigen. It is a globular protein
found as one of the most abundant proteins, only in eukary-
otic cells. The extreme conservation of actin structure in
eukaryote evolution is attributed to the large number, some
70, of actin binding proteins including myosin that would
exert high selective pressure (Galkin et al., 2002; Dos 
Remedios et al., 2002). These are three isoforms a, b, and
g, with minor differences in sequence. Monomeric G actin
protein (mw 46kDa) readily polymerizes to form helical 
filaments, so providing force-generating effects for cel-
lular movement. Various actin-binding proteins regulate 
the multiple-step polymerization–depolymerization cycle,
whereas others cross-link polymeric (filamentous, F) actin
into bundles or networks. Autoantigenicity resides in the
polymerized F-actin state. Surprisingly, given the advanced
structural knowledge of actin and its binding partners (Dos
Remedios et al., 2003), there has been rather meager dialog
between cell biology and immunopathology in the context
of actin autoimmunity. All cells contain actin, and hepato-
cytes are richly endowed, evident by the “polygonal” IIF
labeling pattern when liver is used as substrate for anti-actin
antisera (Mackay and Toh, 2002). Two populations of anti-
actin autoantibodies (AAA) were described in AIH sera,
natural (N)AAA and disease-associated (D)AAA. The latter
were shown to have undergone isotype and subclass switch-
ing, were likely antigen-driven, and may recognize a differ-
ent and disease-specific epitope (Zamanou et al., 2003).

Liver Membrane Antigens

Non-identified Membrane Components

The liver cell membrane has been long-suspected as a site
of an autoantigenic reactant (Meyer zum Büschenfelde et al.,
1980). Analysis by immunoblot of AIH sera on partially
purified liver membrane preparations shows multiple reac-
tants of widely differing molecular weight. However, none
appears promising, since the intensity of immunoblot signal
fades when sera are diluted beyond 1:1000 or when remis-
sion stage antisera are tested, and weakly reactive counter-
parts of many of the components are seen with sera from
other inflammatory liver diseases (Frazer et al., 1987;
Swanson et al., 1990; Matsuo et al., 2000). Hence, these
multiple reactants may be consequential to hepatocellular
degradation.
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Anti-190 kDa Molecule

A human IgM monoclonal autoantibody generated from
blood lymphocytes of a patient with AIH type 1 reacted
specifically with the hepatocyte surface membrane (190 kDa
molecule) and had complement-dependent cytotoxicity for
hepatocyte-derived cell lines (Yamauchi et al., 2004). This
observation redirects attention to humoral cytotoxicity as an
immunopathogenic element in AIH.

Asialoglycoprotein Receptor

The asialoglycoprotein receptor (ASGPR) was identified
in 1984 as a component of liver membrane protein pre-
parations used as antigenic substrates for studies with AIH
sera (McFarlane et al., 1984a; McFarlane, 1996). It is a
highly conserved hepatocyte-specific glycoprotein involved
in the binding and endocytosis of serum glycoproteins for
disposal by the liver. A multinational study on anti-ASGPR
reactivity by radioimmunoassay and ELISA, using the puri-
fied receptor as antigen, showed a 76% positivity rate in
AIH, but positive results in 7.6–11% of cases with other
liver diseases, indicating limited specificity (Treichel et al.,
1994). However, anti-ASGPR was strongly and quantita-
tively associated with severity of interface hepatitis in these
conditions (McFarlane et al., 1984b; Czaja et al., 1996b),
and may become useful in defining end points of therapy.
The structure and function of the ASGPR, its antibody and
T-cell responses to it in disease, and potential autoepitopes
are described by Treichel and Meyer zum Buschenfelde
(1998).

Autoimmune Hepatitis Type 2

Microsomal Antigens

According to different pathogenetic backgrounds, several
liver and kidney microsomal (LKM) antigens have been
described and designated as LKM1, LKM2, LKM3 and LM.
Studies by immunoblot (Waxman et al., 1988; Zanger et al.,
1988; Guegen et al., 1988) revealed that most were isoforms
of the cytochrome P450 oxidase (CYP) enzyme family, and
function as autoantigens in various autoimmune liver dis-
orders (Bogdanos and McFarlane, 2003).

Cytochrome P450 2D6—LKM1 Antigen

Anti-LKM1 react by IIF with liver cells and the proxi-
mal P3 segment of renal tubules (Rizzetto et al., 1973) (see
Figure 53.2). Definitive identification of the target as
CYP2D6 was achieved by molecular cloning from a gene
expression library (Manns et al., 1989; Guegen et al., 1989).
Anti-KLM1 antibodies inhibit CYP 2D6 enzyme function in
vitro (Zanger et al., 1988). Epitope analysis using candidate
synthetic peptides and ELISA identified five CYP2D6 
antigenic regions recognized by anti-LKM1, located at the
amino acid (aa) ranges 193–212, 257–269, 321–351,
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373–389, and 410–429, with other minor regions as well
(Obermeyer-Straub et al., 2000) (Figure 53.3). Mostly the
antibodies reacted either with a main antigenic site,
aa257–269 (DPAQPPRD) (Manns et al., 1991), or a second
major site, aa321–351 (Yamamaoto et al., 1993a; Kerkar et
al., 2003), whereas in chronic hepatitis C epitopes for anti-
LKM1 were located at aa208–273 (Yamamoto et al., 1993b;
Ma et al., 1994; Dalekos et al., 1999; Bogdanos and McFar-
lane, 2003). However, a differing antigenic site, aa181–245,
was described by Kitazawa et al. (2001). According to the
latest data, antibody-binding sites on a three-dimensional
structure of CYP450 2D6 are shown in Figure 53.3
(Sigimura et al., 2002).

Cytochrome P450 2C9. 2E1, 3A—LKM2 Antigen

Anti-LKM2 reactivity was recognized by Beaune et al.
(1987) in acute and chronic hepatitis induced by exposure
to tienilic acid, a drug which is no longer marketed, and
called LKM2. The autoantigenic reactant was identified as
the CYP450 isoform, 2C9. There are various other drugs or
toxins that can induce an immune-mediated hepatitis with
LKM2-type reactivities, and remarkably each is associated
with the particular CYP isoform that hydroxylates the drug,
as described in detail by Manns and Obermeyer-Straub
(1997), and shown in Figure 53.4. Examples include reac-
tivity to CYP450 2E1 in halothane hepatitis or occasionally
alcohol-induced hepatitis, or to CYP450 3A in anti-
convulsant hepatitis; in general, for drug-induced types of

Novel Epitope

Major Linear Epitope

Minor Epitope

Minor Epitope

Figure 53.3 A three dimensional representation of cytochrome P450
2D6 showing various epitope regions. A major epitope region (red) at
amino acids 257–269 is a reactant for autoantibodies in autoimmune hepati-
tis (AIH) type 2, and it has sequence homology with the intermediate-early
protein IE 175 of herpes simplex virus type 1 (Manns et al., 1991). An
epitope region (green/yellow) is a reactant for autoantibodies in AIH type
2 and chronic hepatitis C. Minor epitopes at amino acids 373–389 and
amino acids 410–429 are shown in light blue and dark blue, respectively.
(See color plate section.)

From Sigimura et al. (2002), and reproduced with permission from
Autoimmunity.
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hepatitis, disease and serologic expressions fade when the
provocative agent is withdrawn.

Cytochrome P450 1A2—LM Antigen

In drug-induced hepatitis provoked by the anti-hyperten-
sive medication dihydralazine, serologic reactivity by IIF is
organ-restricted to the CYP450 1A2 isoform in liver micro-
somes (LM) (Bourdi et al., 1990). These also occur in chil-
dren with AIH as part of the autoimmune polyendocrine
syndrome type 1 (APS1).

Cytochrome P450 2A6 Antigen

In the APECED/APS1 syndrome antibodies to another
liver-expressed cytochrome P450, CYP2A6 were described,
but in contrast to anti-CYP1A2, these were not exclusively
associated with liver disease (Obermayer-Straub et al.,
2001). Interestingly, molecular mimicry involving T-cells
between CYP2A6 and epitopes of the hepatitis C core
protein was described by Kammer et al. (1999) but, in regard
to B cells, anti-CYP2A6 occur only rarely in chronic hepati-
tis C (Dalekos et al., 2003).

UDP glucuronosyl transferase—LKM3 Antigen

Anti-LKM-like reactivity was recognized in 1983 in
hepatitis delta (D) virus infection (Crivelli et al., 1983). 
The reactant, identified as the bilirubin-conjugating enzyme
uridine-5¢-diphosphate glucuronosyl transferase (UGT)
rather than a CYP450 isoform (Philipp et al., 1994), was
called LKM3. A B-cell epitope is common to several
members of family 1 UDP-glucuronosyl transferases. Sera
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from 3 of 18 cases of AIH type 2 reacted mainly against
UGT 1A1, the principal isoform required for the glu-
curonidation and disposal of bilirubin (Strassburg et al.,
1996).

Liver Cytosol Antigen Type 1 (LC1)

Autoantibodies were recognized by Martini et al. (1988)
to a soluble, organ-specific liver cytosolic antigen LC1 in
cases of spontaneous AIH type 2. Anti-LC1 was said to be
more specific for AIH type 2 than anti-LKM1, but it has
since been demonstrated in chronic HCV infection (Lenzi 
et al., 1995), and occasionally in AIH type 1 (Vergani et al.,
2004). Anti-LC1 elutes from liver cytosol as a protein of
240–290 kDa but, since there is a 62 kDa signal by de-
naturing immunoblot, the protein likely exists as a tetramer
(Abauf et al., 1992). LC1 can be detected by IIF on liver 
by a progressively decreasing homogeneous labeling of
hepatocytes towards the central vein of the lobule, 
by immunoblot, and by counter-immunoelectrophoresis 
(Muratori et al., 1995). Molecular cloning revealed LC1 to
be the enzyme forminotransferase cyclodeaminase (FTCD)
(Lapierre et al., 1999), which has two domains—a globular
FT domain containing conformational epitopes joined by a
short linker to the CD domain (Muratori et al., 2001).

T-Lymphocyte Reactivity to 
Hepatic Autoantigens

Details on the participation of T-cells in the pathogene-
sis of AIH are scanty because of the lack of experimental
models, the non-availability (for AIH type 1) of identified
or recombinant autoantigens, and, perhaps, the relatively
“lower profile” of AIH among the autoimmune disorders.
Immunohistochemical studies indicated that T lymphocytes
predominated among cells in the intrahepatic infiltrates
(Frazer et al., 1985), but their antigenic specificity is 
undefined. Various earlier studies on cytotoxic activities of 
blood T cells on hepatocellular targets might not withstand
contemporary scrutiny, but might bear repeating with
modern technologies, given that they pointed to the possi-
bility in AIH of antibody-dependent cellular cytotoxicity
(ADCC) as a mechanism of liver cell damage (Mackay,
1985). The cellular immune responses to ASGPR described
by Treichel and Meyer zum Buschenfelde (1998) could be
relevant here.

GENETIC FEATURES

Evolving methods for identification of the multiple loci
for genetic risk for autoimmunity promise much (see 
Chapters 20 and 21). It will be interesting to know, when
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Figure 53.4 Cytochrome P450 isoforms (CYPs) and uridine-5¢-
diphosphate glucuronosyl transferase 1 (UGT1) as autoantigenic targets in
various types of hepatitis, occurring in spontaneous autoimmune hepatitis
(AIH) type 2 (red), or associated with drug reactions (blue), or hepatitis
virus infection (green), or other spontaneous autoimmune conditions
(orange). (APS1, autoimmune polyendocrine syndrome type 1.) (See color
plate section.)

From Manns and Obermeyer-Straub (1997) and reproduced with per-
misstion from Hepatology.
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data from genome-wide screening for AIH types 1 and 2 do
become available, which loci are AIH-specific, and which
are generic for autoimmunity.

Human Leukocyte Antigen (Major
Histocompatibility Complex) Alleles

Risk Alleles

Associations were recognized between AIH type 1 and
HLA alleles A1 and B8 by Mackay and Morris (1972), and
then DR3. Family studies revealed that HLA A1-B8-DR3
was inherited as a haplotype, with DR3 as the likely primary
risk allele (Mackay and Tait, 1980); the estimated relative
risk conferred by DR3 was 6–7. Included in the DR3 
haplotype were null alleles (gene deletion) for complement
(C4A) (Tait et al., 1989), implicating C4 deficiency as an
additional risk factor. A weaker association with HLA-DR4
was recognized by Donaldson et al. (1991). Two immuno-
genetic subsets of AIH type 1 include the DR3 subset
(younger age of onset, more severe disease, and higher
requirement for liver transplantation), and the DR4 subset
(older age more benign disease) (Czaja et al., 1997b). Mol-
ecular genotyping has revealed a high representation (52%
vs. 19% in controls) of the DRB1*0301-DRB3*0101-
DQA1*0501-DQB1*0201 haplotype, and an association 
in DRB3*0101-negative subjects with the DR4 allele,
DRB1*0401 (54% vs. 23% in controls). DRB1*0301 and
DRB1*0401 each encode a shared motif, amino acids
LLEQKR, at positions 67–72 in the DRb polypeptide chain
of the HLA DR, with the presence of lysine (K) at DRb 71
proposed as a determinant of susceptibility (Strettel et al.,
1997).

The genetic determinants of AIH type 2 are uncertain.
HLA DR7 and the allele DRB1*0701 were implicated in
cases from Germany by Czaja et al., (1997b) and South
America by Bittencourt et al. (1998), but with insufficient
case numbers for a confident association.

A Disease Susceptibility Motif

Explanations for HLA-disease associations (see Chapter
5) include the presence, within the antigen-binding groove
of MHC class II molecules, of a disease susceptibility motif
(DSM) that efficiently presents an autoantigenic peptide to
responder T cells. The observations in AIH type 1 are that
DRB1*1501, which encodes ILEQAR at DRb 67–72, is 
protective in white Northern European and North American
patients (Doherty et al., 1994), and this motif differs from
the presumed DSM, LLEQKR, at two positions, isoleucine
(I) at DRb67 and alanine (A) at DRb71. The substitution of
I for L at DRb67 is neutral whereas A for K at DRb71
replaces a highly charged polar amino acid with a non-polar
amino acid, so likely influencing antigen binding and
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immunocyte recognition, and in turn susceptibility to
disease (Czaja and Donaldson, 2000). Converse to this argu-
ment, the DSM could function by inefficient presentation of
self antigens by dendritic cells during negative selection in
the thymus, and so impair deletional tolerance.

Ethnic Differences

Different ethnic groups have different susceptibility
alleles. Those for AIH type 1 are DRB1*0405 for Japanese
(Seki et al., 1992), DRB1*0405 in Argentine adults (Pando
et al., 1999), DRB1*1301 in Argentine children (Fainboim
et al., 1994), DRB1*13 and DRB1*03 for Brazilians 
(Goldberg et al., 2001), and DRB1*0404 for Mestizo Mex-
icans (Vazquez-Garcia et al., 1998). This multiplicity of 
different MHC-encoded risk alleles suggests that different
alleles can encode one or more common determinants
(shared motifs) which are critical for disease expression 
or that, in different geographic regions, the genes which
promote AIH are selected by region-specific etiologic
factors. Protracted infection with HAV has been associated
with DRB1*1301, which is implicated in the occurrence of
AIH type 1 (Fainboim et al., 2001). Perhaps children with
DRB1*1301 in South America are naturally selected to have
prolonged exposure to virus and liver antigens during HAV
infection, so conferring increased risk of developing AIH.
In this fashion, the susceptibility allele for the disease within
a geographical region may be a clue to an etiologic agent.

Non-MHC Alleles

TNF-A

Various non-MHC alleles have been identified, or sus-
pected, as risk elements for AIH type 1. The tumor necrosis
factor-a (TNF-a) gene promoter TNF-A results in high con-
stitutive and induced levels of TNF-a (Cookson et al., 1999;
Czaja et al., 1999) and has a weak effect on risk.

CTLA-4

The cytotoxic T-lymphocyte antigen-4 (CTLA-4) is a
molecule that normally downregulates T-cell responses. The
CLTA-4 G allele, representing a polymorphism in exon 1
(position 49 A/G), is at higher frequency in AIH type 1 than
in controls (Agarwal et al., 2000a; Djilali-Saiah et al., 2001).

SLE1

The sle1 gene region identified in murine models of SLE
has a likely ortholog in humans at 1q22-22, and includes
multiple genes that contribute to production of antibodies to
nuclear (chromatin) antigen, and hence is a suspect locus for
AIH type 1.
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Fas

The Fas gene (tumor necrosis factor receptor super
family-6 or TNFRSF6) encodes the apoptosis-related mole-
cule CD95 (Fas), noting that apoptosis is critically involved
in immune regulation (see Chapter 70). There are high con-
stitutive levels of CD95 expression on hepatocytes, Kupffer
cells, and sinusoidal endothelial cells, and hence the liver
may be an important site for apoptosis-mediated immuno-
cyte destruction (Galle et al., 1995). CD95 is abundantly
expressed on activated lymphocytes, and the ligand CD178
(FasL) can be expressed on liver cells after oxidative stress.
If enhanced apoptosis were to contribute to collateral
damage in AIH type 1, this could lead to abnormal display
of autoantigen (see Chapter 15); conversely, impaired apop-
tosis may extend the effects of activated immunocytes and
so perpetuate disease (see Chapter 70). Patients with AIH
with the TNFRSF6*G,G or *A,G genotype have higher
serum levels of aspartate aminotransferase and IgG at pre-
sentation than do patients with the TNFRSF6*A,A genotype
(Agarwal et al., 2000b).

MHC Class I Chain-Related A Gene

The MHC class I chain-related A gene (MICA) is highly
polymorphic, and encodes a stress-inducible protein that
interacts with the NKG2D receptor of various immune
effector cells, including cytotoxic T cells and natural killer
(NK) cells (Molinero et al., 2002; Vivier et al., 2002). As
sensors of cell stress, the MICa molecules identify cells that
can be targeted and destroyed by cytotoxic immunocytes
including gd T lymphocytes. Furthermore, they act as
restriction elements for NK and NK T-cells, which consti-
tute a large resident population within the liver. Homozy-
gosity for the MICA*008 allele confers an increased risk of
AIH (OR = 2.2), but the association may be simply due to
linkage with the ancestral 8.1 haplotype and DRB1*0301
(McKiernan et al., 2002). Homozygosity for the MICA*008
allele may lead to the activation of CD4+ and CD8+ T lym-
phocytes that are not readily targeted by cytotoxic immuno-
cytes bearing the NKG2D receptor; reduced clearance of
these activated T-lymphocytes may in turn increase the risk
and severity of hepatocyte injury.

Vitamin D Receptor

The polymorphic gene encoding the vitamin D receptor
(VDR) can modulate immune responses (Adorini, 2002).
Vitamin D receptors are expressed on blood monocytes and
activated T-lymphocytes, and 1,25 hydroxyvitamin D can
inhibit lymphocyte activation, prevent dendritic cells from
differentiating into antigen presenting cells, decrease pro-
duction of type 1 cytokines, and increase expression of inter-
leukin 4 (IL-4) and transforming growth factor-b (TGF-b).
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Polymorphisms of the VDR gene occur more commonly
among patients with AIH type 1 than in controls, and Fok
polymorphisms of the VDR distinguish patients with AIH
from those with PBC who have mainly BsmI polymor-
phisms (Vogel et al., 2002).

AIRE

An AIH type 2-like disease with anti-LKM antibodies is
inherited as an autosomal recessive disease, APS1, marked
by autoimmune polyendocrinopathy, candidiasis, and ecto-
dermal dystrophy (APECED) (Manns et al., 1990; Sacker 
et al., 1980; Clemente et al., 1997; Gebre-Medhir et al.,
1997; Obermeyer-Straub et al., 2001). This disease is asso-
ciated with a recessively inherited mutation on chromosome
21q22.3 (see Chapter 38). The nonfunctional gene product
is the autoimmune regulator (AIRE), a transcriptional factor.
Deficiency of AIRE causes impaired intrathymic negative
selection/deletional tolerance to various tissue-specific
autoantigens. CYP1A2 and CYP2A6 are the autoantigens
described in associated with AIRE-deficiency liver disease
(Clemente et al., 1998). Curiously, these particular autoanti-
genic reactants differ from the CYP2D6 isoform character-
istic of classical AIH type 2 (Obermeyer-Straub et al., 2001).

Analysis of Genetic Risk for Autoimmunity

We suggest that predisposition to autoimmunity in
general is attributable to the inheritance, together with MHC
risk alleles, of a large “package” of immune response genes
of low potency or penetrance acting through any one of four
pathways. First, by influencing overall immunologic
responsiveness and/or tolerance, as judged by clustering of 
multiple autoimmune expressions in patients and/or their
families, and exemplified by genes particular to female sex,
or genes influencing apoptosis. Second, by directing
immune responses to particular tissues or autoantigens,
exemplified by effects of class II HLA (MHC) alleles, or
perhaps genes involved in the assembly and structure of T-
and B-cell antigen receptors. Third, by influencing events
during and after immune activation, including expression of
costimulatory molecules such as CTLA-4, pro-inflammatory
cytokines, or chemokines or their receptors. Fourth, by con-
ferring vulnerability on a particular target tissue, as so-called
“end-organ” genes.

ENVIRONMENTAL INFLUENCES

It is dogma that environment contributes substantially to
autoimmunity, but the nature of the agents, and the way
these operate, remain cryptic (see Chapters 22 and 23). Virus
infection ranks highly, and candidates have included
measles virus (now dismissed), Epstein–Barr virus, hepati-
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tis viruses, and others. Interestingly, the surge of case reports
on autoimmune-type CAH in the 1960s coincided in time
with the last major endemic wave of HAV infection. But
even if virus infections were to be implicated, what might
be their mode of action? One explanation is simply
“spillage” of autoantigenic cellular fragments in a geneti-
cally predisposed host, perhaps abetted by the cytokine-rich
milieu of the antiviral response in which potentially self-
reactive T cells can, as “bystanders,” become coincidentally
activated. A popular explanation is molecular (epitope)
mimicry, with the evidence strongest in the case of initiation
of AIH type 2 by HCV, although most childhood cases 
of AIH type 2 occur “spontaneously” in the absence of 
infection with HCV, and the mimicry sequences between
CYP2D6 and the HCV polyprotein (Manns et al., 1991) are
not particularly impressive.

Medicinal drugs induce acute or chronic hepatitis occa-
sionally with serologic expressions that may simulate those
of AIH type 1 or type 2, but these syndromes typically
recede after the offending drug is withdrawn. Such drugs
include a-methyl dopa and minocycline that provoke AIH
type 1-like disease, but act in an undefined way, perhaps by
causing interference with peripheral tolerogenesis. Drugs
that provoke AIH type 2-like disease (anti-LKM2 or other
cytochrome P450 enzymes) appear to act by generation of
drug-associated neoepitopes in the course of enzymatic dis-
posal, thereby inducing autoimmune reactions (Liu and
Kaplowitz, 2002).

ANIMAL MODELS

Close animal models of AIH have proven difficult to gen-
erate by conventional procedures (Mackay and Toh, 2002).
Those that have been developed are reviewed by Vierling
(2003). Acute and, under certain conditions, chronic hepati-
tis can be induced by injection of the plant lectin, con-
canavalin A (Tiegs et al., 1992), and illustrate effector
pathways for hepatocellular damage dependent on pro-
inflammatory cytokines (Howell, 2002); however, since
autoimmune features do not supervene, the model does not
address the inductive phases of AIH.

There are well-exploited models of autoimmunity depen-
dent on transgenically introduced proteins (see Chapter 26),
wherein the encoded proteins elicit natural self-tolerance
but, on suitable provocation, are induced to function like
autoantigens. One example is the introduction of the trans-
gene under a promoter that can be activated in postnatal life,
illustrated by the metallothionine (Met) promoter that is acti-
vated by exposure to heavy metals. Mice with a transgene
construct comprising Met-ovine growth hormone (Met-
oGH) could be induced by exposure to a heavy metal (zinc)
to express oGH extracellularly and secrete it as a foreign
protein; the outcome was a giant mouse, which developed a
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characteristic interface and lobular hepatitis with oval 
cell proliferations and, terminally, hepatocellular carcinoma
(Orian et al., 1990; Hardy et al., 1997). Another illustrative
system in mice was based on transgenic allo-MHC class I
molecules (H-2Kb), which, after activation of the transgene
(Met-Kb), caused a severe CD8 T-cell driven hepatitis. The
inflammatory process, however, dissipated in time as a result
of intrahepatic tolerogenesis and/or activation-induced cell
death of lymphocytes (Bertolini et al., 1995). In a further
development of similar transgenic technology, in which the
transgene was expressed in both liver and lymph nodes,
Bowen et al. (2004) found that when naïve CD8+ T cells
were activated in lymph nodes hepatitis ensued, but not so
when naïve T cells were activated in the liver.

Various other genetic manipulations are cited by Lapierre
et al. (2004). Moreover, these authors developed a model of
AIH type 2 by DNA immunization in mice with a construct
comprising coding sequences for the antigenic regions of
CYP2D6 and FTCD, leading to development of a T-cell pre-
dominant hepatitis with autoantibodies to CYP2D6 (LKM1)
and FTCD (LC 1).

PATHOGENIC MECHANISMS

Autoimmune hepatitis belongs to a family of autoim-
mune diseases in which there is organ-directed pathology to
the liver, but multisystem-type autoantibodies. The added
complexity is that the liver is a lymphoid organ with an
abundant resident population of cells of the innate and adap-
tive immune systems (Kita et al., 2001), and an intrahepatic
milieu tilted towards tolerogenesis. Notwithstanding, 
intrahepatic immune responses can be long sustained, as
illustrated by the persistently destructive pathologies seen 
in chronic viral and autoimmune hepatitis. Autoimmune
hepatitis could be regarded as a genetically biased immune
response to products of apoptotic or necrotic hepatocellular
breakdown with ensuing self-perpetuating damage after the
initial injury. Such products would undergo endocytosis 
by intrahepatic dendritic or other antigen-presenting cells
that express MHC risk alleles, and would be transported to
regional lymph nodes where there is presentation of self
peptide-MHC and induction of reactive T cells. However,
the actual peptide that is presented is still a mystery, perhaps
an epitope sequence derived from F-actin in AIH type 1, or
an epitope sequence derived from CYP2D6 in AIH type 2.
Effector processes are just as poorly defined as are induc-
tive processes, with both T-cell or antibody-dependent cel-
lular cytotoxicity seen as credible mechanisms.

Finally, there is occurrence of de novo AIH in trans-
planted human liver allografts for diseases other than AIH
(Mieli-Vergani and Vergani, 2004; Miyagawa-Hayashino 
et al., 2004). Sounding first a cautionary note on whether
these cases are actual AIH or merely rejection, the possible
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occurrence of AIH de novo merits serious investigation for
clues to the pathogenesis of the naturally occurring disease.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

The specification of, and agreement on, criteria for diag-
nosis by the IAIHG was a distinct advance (see earlier).
These criteria include results for autoimmune serologic
assays, which, unfortunately, are not always ideally per-
formed. A recent report from a Serology Subcommittee of
IAIHG regarded traditional IIF as the mainstay for diagno-
sis and discrimination of the two major types of AIH
(Vergani et al., 2004) (Table 53.1). The initial screening
should be performed on frozen unfixed sections from a com-
posite tissue block that includes kidney, liver, and stomach,
with a secondary screening if needed on a cell-line (HEp2)
for patterns of ANA reactivity. The distinction of SMA
and anti-actin reactivities can require special tissue sub-
strates (Mackay and Toh, 2002), and sera should be pre-
heated (56∞C, 30 min) to eliminate interfering serum factors
(Cancado et al., 2001). Arbitrary cut-off titers for IIF posi-
tivity were set at 1:40, but should be lower for children
(Vergani et al., 2004). Practicalities may dictate the use of
commercially available sections, for which mild fixation is
usually used to improve shelf-life, but with attendant loss 
of clarity of IIF patterns. In commercial laboratories, there
will be a preference for semiautomated assays, usually an
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ELISA, using recombinant or purified native antigens.
Those currently available include anti-SLA-LP, SMA, and
anti LKM1, but so far these have been validated only 
“in-house.”

The lack of well-standardized assays has led to a poorly
founded perception of unreliability (low specificity) of
routine serologic procedures for the diagnosis of AIH, even
to the degree that these were seen as dispensable for diag-
nosis (Pratt and Kaplan, 2000). The hope is that, following
the lead of the diabetes community (see Chapter 74), stan-
dard reference sera can become available, that international
serum exchange workshops can be inaugurated to validate
existing assays, and that evaluation of new substrates can be
undertaken as these come on stream, based on the autoanti-
gens described earlier.

TREATMENT AND OUTCOME

The treatment of choice for AIH is immunosuppression,
comprehensively reviewed by Heneghan and McFarlane
(2002). The preference is for prednisolone monotherapy in
children and young females, in combination with azathio-
prine in adults. This standard regimen has been in use world-
wide for many years since its introduction in the 1960s
(Mackay, 1968), and evidence-based treatment guidelines
have been promulgated by the American Association for the
Study of Liver Diseases (Czaja and Freese, 2002). Immuno-
suppression markedly improves the clinical status, bio-

TABLE 53.1 Methods, associations, and reactants for autoantibodies in liver diseases

Conventional method Molecularly
Autoantibody of detection* based assays Disease association Molecular target(s)

ANA IIF N/A AIH-1; overlap syndromes Multiple targets, particularly chromatin

SMA IIF N/A AIH-1; overlap syndromes Microfilaments (actin?); intermediate
filaments (vimentin, etc.)

Anti-LKM-1 IIF† ELISA, IB, RIA AIH-2; HCV infection (5%) Cytochrome P450 2D6

Anti-LC1 IIF, DID, CIE ELISA, RIA AIH-2 Formiminotransferase cyclodeaminase

SLA/LP Inhibition ELISA ELISA, IB, RIA AIH-1; AIH-2 & AIH-negative tRNP(Ser)Sec (see text)
for other reactivities

Atypical IIF N/A AIH-1; sclerosing cholangitis Unidentified antigen(s) at nuclear periphery
pANCA
(pANNA)

AMA IIF ELISA, IB, RIA primary biliary cirrhosis E2 subunits of 2-oxo-acid dehydrogenase 
complexes, particularly PDC-E2

AIH, autoimmune hepatitis; AMA, anti-mitochondrial antibody; ANA, anti-nuclear antibody; CIE, counter-immuno-electrophoresis; DID, double dimen-
sion immunodiffusion; ELISA, enzyme linked immunosorbent assay; IB, immunoblot; IIF, indirect immunofluorescence; LC1, anti-liver cytosol type 1 anti-
body; LKM-1, anti-liver/kidney microsomal antibody type 1; pANCA, perinuclear anti-neutrophil cytoplasmic antibody; pANNA, perinuclear anti-neutrophil
antibody; SLA/LP, anti-soluble liver antigen/liver pancreas antibody; RIA, radio-immunoprecipitation assay; SMA, anti-smooth muscle antibody.

*IIF—recommended cut-off titer for positivity is 1:40 except in children (see text). †Anti-LKM-1 and AMA both stain renal tubules and are frequently
confused (see text).

From Vergani et al. (2004), reproduced with permission from Journal of Hepatology
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chemical indices of liver dysfunction, and histologic 
abnormalities, and greatly influences survival (Soloway 
et al., 1972; Roberts et al., 1996). Corticosteroids may also
decrease hepatic fibrosis or prevent its progression by reduc-
ing inflammatory activity (Czaja and Carpenter, 2004).
More than 90% of patients with AIH experience an initial
clinical, biochemical, and histologic remission, and only 2%
fail to show some response. Response is usually evident
within days or weeks at the most, and the induction doses
of prednisolone of 40–60 mg daily can be tapered after 2–4
weeks to maintenance daily doses of 10 mg or even less.
Liver functional indices and serum IgG levels should be
assessed monthly for 3 months and thereafter at 3-month
intervals. Autoantibody titers decrease during remission,
often to negative, but are not useful markers of disease
course (Czaja, 1999). Repetitive liver biopsies are 
unnecessary.

Treatment should be continued for at least 2 years. 
Thereafter some 80% of treatment responders will relapse
whereas, if maintenance treatment is continued for four
years, fewer (only 33%) will relapse (Kanzler et al., 2001;
Heneghan and McFarlane, 2002). Post-treatment relapse
requires reintroduction of immunosuppression and mainte-
nance for an indefinite period on either low dose (5–
15 mg/day) of prednisolone (Czaja, 1990) or azathioprine
monotherapy at 2 mg/kg body weight (Johnson et al., 1995);
azathioprine as monotherapy does not induce, but can
sustain, remission. Recent data have shown that long-term
azathioprine confers less risk for oncogenic and teratogenic
complications than previously suspected. Relapse and
retreatment do not preclude the possibility of ultimately sus-
taining a long-term remission without therapy. Patients with
HLA DR3 less frequently experience full remission, and
relapse rates are higher than for others, so that HLA DR3 is
more prevalent among transplanted patients with AIH
(González-Koch et al., 2001).

There are certain situations where the decision to treat
AIH must be debatable. The first is AIH that appears 
biochemically, serologically and histologically “definite”
yet the patient is asymptomatic, the diagnosis having been
made incidentally and functional indices are only mildly
deranged: does one commit such patients to a 2-year course
of prednisolone or simply maintain surveillance. Evidence-
based medicine does not help here but, considering the risk
of slow evolution to “cryptogenic” cirrhosis, we lean to
therapy. The second is “treatment-resistant” AIH, a relative
term since it includes patients that require drug doses above
accepted safety ranges, and also patients (of uncertain
number) who are non-compliant with prescribed regimens.
Small trials have been made of numerous alternative
immunosuppressive agents, cyclosporine A, FK506,
mycophenolate mofetil, cyclophosphamide, and budes-
onide, but outcomes have not been encouraging enough 
to warrant formal evaluations. Hence, a modified standard
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regimen is recommended, with a watch for effects of drug
overdose, and liver transplantation a medium-term option.
The serologic type of AIH, 1 or 2, does not influence treat-
ment except for the some 5% of cases of type 2 that carry
markers for HCV infection, wherein antiviral regimens may
be preferable.

Notwithstanding the efficacy of “standard therapy,” some
cases of AIH undergo slow evolution to cirrhosis and liver
insufficiency. Autoimmune hepatitis is among the best indi-
cations for transplantation with long-term (5-year) survival
rates over 90%. Recurrence of disease after liver transplan-
tation is managed by post-transplant immunosuppression,
and does not prejudice long-term outcome (Manns and Bahr,
2000).

CONCLUDING REMARKS, 
FUTURE PROSPECTS

Hepatologists who are keen for a (much needed) better
understanding of etiopathogenesis of AIH are, in a sense,
victims of their successes! The disease is infrequent relative
to the 0.1–1% prevalence for various other autoimmune dis-
orders but, added to this, contemporary protocols for diag-
nosis and therapy are so well accepted and effective that
research into the basic nature of AIH lacks the profile that
pertains for the more prevalent and less successfully treat-
able autoimmune diseases. Increasingly, it is being ascer-
tained, based particularly on autoantibody prevalences in
long-archived serum samples, that autoimmune diseases
have a prolonged subclinical phase (incubation period)
before disease becomes overt, and AIH is likely no excep-
tion. If so, an initiating event to pathogenesis would be unde-
tected. The problems relating to AIH remain abundant. What
initiates the disease? What (for type 1) is the true autoanti-
gen? Why (for type 1) is anti-actin such a striking marker?
How (for type 2) does reactivity to CYP2D6 participate in
pathogenesis? How does the special “lymphoid milieu” of
the liver influence the expression of intrahepatic autoimmu-
nity? What role do T cells play in either type of AIH? How
earnestly should we seek to develop models based on trans-
genic systems? Will Treg cells intrude into AIH as for so
many other autoimmune conditions? And so the list goes on.
Supporters of research in hepatoimmunology should be sus-
tained by the thought that lessons learned from the liver
could have implications extending well beyond the capsule
of this large, multifunctional, and immunologically interest-
ing organ.
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A B
FIGURE 52.3 Histology of irritable bowel disease. A, Crohn disease in the left colon showing a non-necrotizing
granuloma, inflammatory cell infiltrate, and Paneth cell metaplasia. B, Ulcerative colitis showing crypt architecture dis-
tortion, hemorrhage, ulceration, and inflammatory cell infiltrate.

Courtesy of Dr Mikhail Tismenetsky.
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FIGURE 53.1 Pathological features of autoimmune hepatitis (AIH) A, An autopsy specimen of a liver in advanced
AIH illustrating coarse nodular cirrhosis and shrunken left lobe. B–F, photomicrographs from cases of AIH type 2. B,
Interface hepatitis illustrating lymphocytic infiltrate in portal trail of liver abutting an adjacent liver lobules. C, Bridg-
ing necrosis illustrating necroinflammatory infiltrates connecting portal tracts and a likely forerunner to fibrosis and cir-
rhosis. D, Lobular hepatitis illustrating extra lobular lymphocytic infiltrates, damaged hepatocytes and prominence of
(spindle-shaped) Kupffer cells. E, Lobular hepatitis illustrating severely degraded liver cells surrounded by lympho-
cytes, and prominence plasma cells. F. Periportal hepatitis illustrating (arrow) a shrunken eosinophilic remnant of an
hepatocytic that has undergone apoptosis (Councilman body).

A, from Joske and King, (1955).
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FIGURE 53.2 Serologic expressions of autoimmune hepatitis (AIH) by indirect immunofluorescence. A, Antinuclear
antibody (ANA) from an AIH type 1 serum on cells of HEp2 cell line illustrating typical homogeneous pattern of label-
ing. B, Smooth muscle antibody (SMA) on mouse from an AIH type 1 serum illustrating labeling of submucosal smooth
muscle layer musculares mucosal (thin band) and then verticle strands in mucosa suggestive of antiactin reactivity. C,
Antiactin reactivity on mouse liver by an AIH type 1 serum illustrating polygonal pattern due to labeling of submem-
branous actin of hepatocytes. D, Anti-intermediate filament reactivity on cultured fibroblast of an SMA positive but anti-
actin negative serum; this reactivity is not specific for AIH. E, Antineutrophil cytoplasmic antibodies (ANCA) reactivity
on granutocytes exposed to an ANCA-positive serum, as seen in vasculitic and other diseases (see Chapter ••); note that
the perinuclear ANCA seen in AIH may be a true antineutrophil nuclear autoantibody (see text). F, Anti-LKM1 reac-
tivity on mouse liver by an AIH type 2 serum illustrating evenly granular labeling of cytoplasm of hepatocytes through-
out the lobule.
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FIGURE 53.3 A three dimensional representation of cytochrome P450 2D6 showing various epitope regions. A major
epitope region (red) at amino acids 257–269 is a reactant for autoantibodies in autoimmune hepatitis (AIH) type 2, and
it has sequence homology with the intermediate-early protein IE 175 of herpes simplex virus type 1 (Manns et al., 1991).
An epitope region (green/yellow) is a reactant for autoantibodies in AIH type 2 and chronic hepatitis C. Minor epitopes
at amino acids 373–389 and amino acids 410–429 are shown in light blue and dark blue, respectively.

From Sigimura et al. (2002), and reproduced with permission from Autoimmunity.
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FIGURE 53.4 Cytochrome P450 isoforms (CYPs) and uridine-5¢-diphosphate glucuronosyl transferase 1 (UGT1) as
autoantigenic targets in various types of hepatitis occurring in spontaneous autoimmune hepatitis (AIH) type 2 (red), or
associated with drug reactions (blue) or hepatitis virus infection (green), or other spontaneous autoimmune conditions
(orange). (APS1, autoimmune polyendocrine syndrome type 1.)

From Manns and Obermeyer-Straub (1997) and reproduced with permisstion from Hepatology.

FIGURE 55.2 Portal tract inflammatory cell infiltrate in a case of juve-
nile sclerosing cholangitis positive for anti-nuclear and anti-smooth muscle
antibodies. Plasma cells and lymphocytes cross the limiting plate invading
the parenchyma (interface hepatitis). The arrow points to a damaged bile
duct.
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The first description of biliary cirrhosis, albeit possibly
secondary, can be traced back to the work of the Italian
pathologist Giovanni Battista Morgagni in 1761, while the
first report of non-obstructive biliary cirrhosis was by
Addison and Gull in 1851. For this reason, the entity was
then known as the Addison–Gull syndrome (Reuben, 2003)
until the term primary biliary cirrhosis (PBC) was finally
accepted in medical literature (Ahrens et al., 1950). In 1959,
Sherlock presented the first series of patients affected by
PBC who had been followed over the previous decade and
noted that patients presented with pruritus as well as with
signs and symptoms of endstage liver disease including
jaundice (Sherlock, 1959). In most cases, the diagnosis was
made after laparotomy, once the physical examination or the
referred symptoms had suggested the presence of cholesta-
sis. The association between serum antimitochondrial anti-
bodies (AMA) and PBC was first recognized in 1965 by
Walker and colleagues who described the specific fluores-
cence pattern due to reactivity with antigens present in 
cytoplasmic organelles; such reactivity was found almost
exclusively in sera from affected individuals (Walker et al.,
1965). In 1987, the AMA antigens were cloned and identi-
fied as subunits of the pyruvate dehydrogenase complex
(PDC) located on the inner mitochondrial membrane
(Gershwin et al., 1987). This discovery led to the develop-
ment of more sensitive assays for the determination of
AMA, although indirect immunofluorescence remains the
method of routine testing in most clinical centers.
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CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Diagnosis

The diagnosis of PBC, although in some cases suggested
by symptoms or clinical signs (see below), is based on three
objective criteria. This triad consists of detectable serum
AMA (titer >1:40), increased enzymes indicating cholesta-
sis (i.e. alkaline phosphatase) for longer than 6 months, and
a compatible or diagnostic liver histology (Heathcote,
2000). A classification proposed by a British group (Metcalf
et al., 1997) indicates a “probable” diagnosis when two out
of the three criteria (most often AMA-positivity and com-
patible liver histology, but normal liver enzymes) are
present. Accordingly, a “definite” diagnosis can be made in
the presence of all three states. This classification may be
overly strict as the vast majority of asymptomatic AMA-
positive individuals will eventually develop a classical
picture of PBC during follow-up. Moreover, patients lacking
detectable AMA (especially when indirect immunofluo-
rescence is used) but otherwise presenting signs of PBC
should be regarded as affected by “AMA-negative PBC” (or
“autoimmune cholangitis”), as they appear to follow a
similar natural history when compared to their AMA-
positive counterparts (Invernizzi et al., 1997). Although it
remains critical for the assessment of the histologic stage,
the issue of whether a liver biopsy is still needed for the
diagnosis of PBC is still highly debated. Currently, per-
forming a liver biopsy seems not to be indicated when the
other two diagnostic criteria are met. However, histology
should be pursued to establish the diagnosis of PBC in the
presence of serum AMA and serum alkaline phosphatase
less than 1.5 times the upper normal level (Zein et al., 2003)
or in the absence of detectable AMA.

Asymptomatic/Symptomatic Primary 
Biliary Cirrhosis

In a large number of cases (20–60%) the diagnosis of
PBC is established in the absence of symptoms indicating 
a liver condition or cholestasis (Inoue et al., 1995). The
number of asymptomatic patients at the time of diagnosis
has been increasing with time since the earlier series
descriptions when the majority of patients were diagnosed
when jaundice was already present (Ahrens et al., 1950).
The increasing number of symptomless patients most likely
also represents the growing awareness of the syndrome as
well as, perhaps more importantly, the availability of more
sensitive noninvasive tests. Interestingly, however, symp-
tomless patients are commonly older than symptomatic
ones, thus possibly implying differences in the progression
of PBC in these two groups (Howel et al., 2000). We note,

750 Intestinal, Hepatic, and Pancreatic Diseases

however, that during extended clinical follow-up most
AMA-positive patients will eventually develop PBC-associ-
ated symptoms, such as fatigue, pruritus, or right upper
abdominal pain (Metcalf et al., 1997). In the later stages of
the disease, when liver cirrhosis appears, symptoms of
advanced liver disease, such as complications of portal
hypertension or jaundice, may also develop. The most
common symptoms accompanying PBC are fatigue and pru-
ritus. Physical findings may include skin hyperpigmentation,
hepatosplenomegaly, and xanthelasmas (caused by deposi-
tion of cholesterol). Jaundice may appear in advanced stages
and is now less common than described in early reports
(Sherlock and Scheuer, 1973), where patients were diag-
nosed when severe liver impairment had already developed.
Endstage symptoms are those of all liver cirrhosis and
include ascites, encephalopathy, and upper digestive bleed-
ing. In some cases, however, endoscopic signs of portal
hypertension, such as varices or gastropathy, can be encoun-
tered during what is apparently early stages PBC—i.e.,
without histologic evidence of liver cirrhosis—and appears
to be secondary to presinusoidal fibrosis and inflammation
induced by granulomas (Navasa et al., 1987).

Clinical features

Fatigue

Fatigue, roughly defined as reported severe distress and
disability, may affect up to 70% of patients with PBC. The
symptom may be overlooked by patients, particularly
middle-aged women, who might believe it a consequence of
aging. Similar prevalence rates can be observed in other
autoimmune conditions including systemic lupus erythe-
matosus in which, however, fatigue often correlates with
depression rather than with immunologic markers or inflam-
mation. In PBC, the severity of fatigue is also independent
of the severity of liver disease or its other symptoms 
(pruritus or severe cholestasis) and independent of psy-
chiatric factors. Impairments in central neurotransmission
(Jones and Yurdaydin, 1997) or corticotropin-releasing
hormone response (Swain and Maric, 1995), and, more
recently, morphologic abnormalities of the central nervous
system due to accumulation of manganese have been pos-
tulated as putative causes of fatigue in PBC (Forton et al.,
2004). No medical treatment has been shown effective in
alleviating this symptom, although fatigue has never been
included as an endpoint in any of the large controlled 
clinical trials.

Pruritus

Pruritus is considered the second most common symptom
of PBC, affecting 20–70% of patients with PBC and 
jaundice. Longitudinal data show that the vast majority of
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patients will experience this symptom during progression of
the disease, and its appearance most commonly precedes
jaundice by months or years. Pruritus can be localized or
diffuse, but at the time of onset it is more frequently local-
ized to specific areas. Typically, the symptom worsens at
night, following contact with certain fabrics (wool), or in
warm climates. However, the pruritus of cholestasis is not
mediated in the skin. The two main hypotheses to explain
the pathogenesis of pruritus implicate either serum bile-acid
retention secondary to chronic cholestasis, or alternatively
but not exclusively, an amplified release of endogenous
opioids (Bergasa et al., 2000).

Treatment of pruritus in PBC is often challenging for the
clinician. Trials of antihistamines or phenobarbital for the
treatment of the symptom have proven these medications to
be ineffective, whereas the use of cholestyramine (4 g before
and after the first meal) ameliorates pruritus. In selected
cases poorly responsive to resins, rifampicin has been used
to achieve rapid symptom relief; its prolonged use, however,
is not recommended. Since experimental evidence indicates
that the opioid neurotransmitter system, rather than bile acid
retention alone, might mediate pruritus in chronic chole-
stasis, a central mechanism has been proposed. This hypo-
thesis is supported by data (Jones and Bergasa, 1999)
demonstrating that opioid receptor ligands with agonist
properties mediate pruritus and that endogenous opioid-
mediated neuromodulation in the central nervous system is
increased in chronic cholestasis. For these reasons, treatment
with opiate antagonists such as naltrexone 50 mg/day is 
currently being used for pruritus in PBC. The efficacy of 
naltrexone has been assessed in one controlled clinical study
that has also indicated that side effects were temporary and
usually did not require specific treatment (Terg et al., 2002).
Studies of the behavioral consequence of the pruritus of
cholestasis, scratching activity, allow for the design of 
clinical trials with objective and well-defined endpoints. The
efficacy of sertraline, so far evaluated only in one clinical
study (Browning et al., 2003), is promising but warrants
further evaluation. In patients with intractable pruritus, liver
transplantation is the ultimate therapeutic option.

Portal Hypertension

As mentioned above, portal hypertension is a common
finding in patients with PBC, but significantly fewer patients
now present with acute digestive bleeding or other signs of
portal hypertension compared with the first reported series
of affected individuals. Interestingly, portal hypertension in
PBC does not imply the presence of liver cirrhosis. Longi-
tudinal studies indicate that approximately 58% of untreated
patients will eventually develop endoscopic signs of portal
hypertension over a 4-year follow-up (Lindor et al., 1997).
Signs of portal hypertensions should be monitored in indi-
viduals affected by PBC but the phenomenon should be
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regarded as less life-threatening than if it occurred in the
context of other chronic liver conditions.

Reduction in Bone Density

A metabolic bone disease is found in PBC with acceler-
ated bone loss due to reduced bone deposition being noted
in patients compared with sex- and age-matched healthy
individuals. These findings are still somewhat contentious
and conflicting data have been reported. A mild reduction of
bone density (osteopenia) is present in about 30% of patients
while frank osteoporosis is diagnosed in 10% of patients.
The bone loss can, moreover, worsen after liver trans-
plantation, possibly due to the administration of specific
immunosuppressive drugs. The mechanisms leading to
metabolic bone alterations are not completely understood as
no significant changes in the metabolism of calcium and
vitamin D can be found in patients with PBC. Current treat-
ment of bone loss includes oral calcium supplementation,
weight-bearing activity, and oral vitamin D replacement (if
a deficiency is present). Post-menopausal hormone replace-
ment therapy should be considered as effective and as prone
to cause side effects in women with PBC as in the general
population. However, as estrogens have been associated
with worsening of the cholestatic pattern, jaundice and signs
of liver failure should be monitored closely particularly
during the first months of treatment. Efficacy and safety of
treatment with calcitonin, sodium fluoride, alendronate, and
etidronate are under evaluation or have provided limited
efficacy.

Hyperlipidemia

Alterations in the blood lipid profile are a common
finding in PBC (up to 85% of patients present with hyper-
lipidemia) and often precede the diagnosis. Both serum 
cholesterol and serum triglyceride levels can be raised.
Interestingly, however, such alterations do not correlate 
with increased incidence of cardiovascular events or athero-
sclerosis (Longo et al., 2002). Of note, the degree of 
hyperlipidemia does not correlate with the presence of 
cutaneous xanthelasmas. Treatment with ursodeoxycholic
acid (UDCA) may reduce blood lipid levels via unknown
mechanisms.

Steatorrhea and Malabsorption

Long-standing cholestasis leads to steatorrhea by induc-
ing bacterial overgrowth syndrome in the gut. The mecha-
nism is mediated by the impaired flow of bile acids to the
small intestine and is commonly found in advanced stages
of PBC (Lanspa et al., 1985). Oral replacement of medium-
chain triglycerides for long-chain compounds, along with an
overall reduction of fat in the diet can be offered as the
treatment for symptoms. Pancreatic enzyme replacement
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medications can also improve the symptoms when pancre-
atic insufficiency is suspected. Empirical antibiotic regimens
can treat the bacterial overgrowth but their use, particularly
when prolonged, should be carefully evaluated.

Malabsorption of fat-soluble vitamins is commonly
found in advanced stages of PBC (Phillips et al., 2001). The
most common deficiency, involving vitamin A, although
almost always symptomless, is present in 20% of cases. 
Oral replacement therapy can overcome impaired absorp-
tion, and monitoring of serum concentrations is recom-
mended after 6–12 months to avoid potential hepatotoxicity
or overcorrection. In less common deficiencies such as
vitamin E (potentially leading to ataxia), vitamin K (influ-
encing coagulation), and vitamin D (see metabolic bone
loss), oral or parenteral supplementations are safe and 
effective.

Associated Conditions

Various disorders, particularly other autoimmune syn-
dromes, have been reported as associated with PBC. As
many as 70% of patients with PBC will present another
autoimmune disease (Talwalkar and Lindor, 2003). Table
54.1 lists the most commonly associated diseases and 
conditions and their prevalence in PBC. Some degree of
impaired alveolar function and renal tubular acidosis, in
both cases rarely burdened by symptoms or clinical signifi-
cance, were found in 39% and 50% of PBC cases, respec-
tively (Costa et al., 1995; Pares et al., 1981). Among
autoimmune conditions, keratoconjunctivitis sicca and
Raynaud phenomenon are most commonly associated with
PBC but also systemic sclerosis is not uncommon. Among
autoimmune diseases rarely associated with PBC, cases
have been reported for systemic lupus erythematosus and
multiple sclerosis, while the prevalence among PBC cases
of inflammatory bowel diseases and pulmonary fibrosis is in
both cases below 5%.
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Malignancies

Similarly to other chronic liver conditions that lead to 
cirrhosis, PBC at the stage of cirrhosis can be complicated
by the occurrence of hepatocellular carcinoma (HCC) and
patients should be periodically monitored (Findor et al.,
2002). From the clinical perspective, therefore, this implies
that in PBC patients with cirrhosis, the screening for HCC
should be performed using ultrasonography (and computed
tomography in selected cases) twice a year to estimate the
prognosis and to choose among therapeutic alternatives, 
particularly when orthotopic liver transplantation (OLT) is
being evaluated. Apart from liver cirrhosis, there seem not
to be any PBC-specific risk factors for the development of
HCC (Findor et al., 2002). The treatment of HCC in PBC
should follow the same guidelines as in other chronic liver
diseases. No association with cholangiocellular carcinoma
or other malignancies has been identified.

Natural History

The clinical course of PBC presents a very wide range of
progression rates, with some patients remaining stable and
asymptomatic for decades and others rapidly advancing
towards endstage liver disease in just a few years. For
descriptive purposes, however, the natural history of the
disease can be divided into three time periods. First, patients
experience an asymptomatic stage, lasting up to 20 years, in
which the diagnosis is usually made based on occasional
tests or referral for investigation of non-specific symptoms.
Later on, a symptomatic phase, lasting up to 5 years, can be
observed in which mild jaundice may also appear. Ulti-
mately, patients show a rapid pre-terminal stage character-
ized by severe jaundice and complications of liver cirrhosis.
Although the diagnosis is now made more frequently within
the first stage, it is clear that the high variability of presen-
tation time-points militates against the development of 

TABLE 54.1 Prevalence of disorders associated with primary biliary cirrhosis (PBC)
derived from clinical studies. Other associations suggested by limited case reports

are not indicated herein

Disorder Prevalence in PBC (%) Reference

Keratoconjunctivitis sicca 75 Tsianos et al., 1990
Renal tubular acidosis* 50 Pares et al., 1981
Reduced alveolar diffusion capacity* 39 Costa et al., 1995
Raynaud phenomenon 32 Marasini et al., 2001
Hashimoto’s disease 11 Elta et al., 1983
Celiac disease 6 Kingham and Parker, 1998
Systemic sclerosis 12 Marasini et al., 2001

*Usually of limited or no clinical significance.
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prognostic models or the reaching of definitive conclusions
about the natural history of the disease. Studies on patients
followed over a long period of time, however, have provided
indications on the progression of PBC.

Asymptomatic/Symptomatic Primary Biliary Cirrhosis

The presence of symptoms at the time of presentation, as
indicated above, should be regarded as a major factor deter-
mining survival rates of patients with PBC.

Initial studies indicated that symptomless PBC is accom-
panied by survival rates over 10 years similar to the sex- and
age-matched general population. However, longitudinal
studies indicate that 67% of precirrhotic patients will
develop liver cirrhosis over a 7-year period (Roll et al.,
1983), while up to 70% of asymptomatic patients will
develop symptoms over a longer follow-up (Mitchison et al.,
1986). Further, regression models indicate that asympto-
matic patients with PBC present significantly lower survival
rates during long-term observation when compared with the
general population. At the present state of knowledge, it
appears reasonable to conclude that, among asymptomatic
patients, survival should be considered shorter than the
general population once symptoms develop during follow-
up, while patients with PBC who remain symptomless over
a 5-year follow-up have a survival rate equal to same-sex
unaffected individuals of similar age (Springer et al., 1999).
We also note that a recent report has suggested that the
shorter survival of asymptomatic patients over time might
be due to a higher prevalence of nonhepatic causes of death
in such groups, compared with deaths related to PBC (31%
vs. 57%, respectively) (Prince et al., 2004). These observa-
tions, albeit interesting and possibly compatible with data
on comorbidity in PBC, present potential implications in the
clinical management that need further study.

Patients with symptomatic PBC show a more rapid 
progression to late-stage disease and a worse prognosis 
than their asymptomatic counterparts. It should be noted,
however, that such progression is to be considered slow as
the symptomatic phase may last for several years. The mean
survival time among these patients is estimated in the 6–10
year range (Pares and Rodes, 2003). Multivariate analysis
among symptomatic patients with PBC has indicated 
several factors that can negatively influence the prognosis
including clinical features (older age, presence of ascites,
edema, or hepatic encephalopathy), analytical features
(hyperbilirubinemia, hypoalbuminemia), and histologic 
features (presence of fibrosis or cirrhosis) (Pares and Rodes,
2003).

Mathematical Prognostic Models

Several prognostic models have been proposed for PBC
over the past decades, but convincing validation has been
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obtained for only a few. Currently, the model based on the
Mayo score is the most widely accepted and utilized for 
estimating expected survival (Grambsch et al., 1989). The
formula takes into account clinical (age, presence of ascites),
as well as biochemical variables, based on cholestasis
(bilirubin levels) and liver function (prothrombin time,
albumin). It should be noted that the major limitation to wide
clinical application of this as well as other models is the 
fact that they rely on single-point measures and variables,
thus providing a static representation of a dynamic entity.
Attempts have been made to remove this limitation by 
deriving a numerical factor for the yearly increase in a risk
score for PBC, but this often fails to account for the highly
variable course of the disease. It is also debatable whether
pharmacologic therapies, such as UDCA, actually influence
the natural history of the disease over long periods (see
below).

HISTOLOGY

The utility of histologic assessment in PBC has been
widely debated. We believe that obtaining a liver biopsy
specimen provides important data to determine the stage of
the disease, both at presentation and during the follow-up
(Heathcote, 2000). As a compatible histology is one of the
three internationally accepted diagnostic criteria, it should
be pursued in those in whom the diagnosis is suspected but
AMAs are negative and alkaline phosphatase levels normal.
The possibility of a sampling error should be considered
and, in case of variable staging within a single biopsy, the
highest stage should be accepted (Ludwig, 2000).

According to Ludwig’s classification (Ludwig et al.,
1978), histology identifies four stages of PBC. Morpholog-
ically, stage I shows portal-tract inflammation with predom-
inantly lymphoplasmacytic infiltrates, resulting in vanishing
septal and interlobular bile ducts (diameter <100mm). At this
stage, the diagnosis of PBC should be regarded as highly
probable if duct obliteration and granulomas are observed,
in the absence of sarcoidosis or tuberculosis. In stage II, a
periportal inflammatory infiltrate is observed. Signs of
cholangitis, granulomas, and florid proliferation of ductules
are typical in this stage. Stage III is characterized by the
appearance of septal or bridging fibrosis, with ductopenia
(over half of the visible interlobular bile ducts having van-
ished). As in other cholestatic conditions, copper deposition
in periportal and paraseptal hepatocytes can be present at
this stage. Stage IV corresponds to frank cirrhosis. Peculiar
characteristics of PBC that can be found at any histologic
stage include epithelioid granulomas with no signs of
caseous necrosis such as in tuberculosis. A large retrospec-
tive study has demonstrated that 23.8% cases of granulomas
encountered in unselected liver biopsies were to be 
attributed to PBC. The mechanisms leading to granuloma 
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formation are still largely unknown, although experimental
findings suggest that gram-positive bacteria through lipo-
teichoic acid might initiate the process (Tsuneyama et al.,
2001) while osteopontin might also mediate the recruitment
of mononuclear cells (Harada et al., 2003). The observation
of eosinophils in the portal tract is a specific finding in PBC
histology (Goldstein et al., 2001), although its significance,
alongside a peripheral hypereosinophilia, is currently poorly
understood (Neuberger, 1999).

AUTOIMMUNE FEATURES

Several clinical and experimental findings strongly imply
an autoimmune pathogenesis for PBC (Selmi et al., 2004).
Common features of other autoimmune conditions seem to
apply only in part to PBC. First, autoantibodies should be
present in patients with the disease. Primary biliary cirrho-
sis is characterized by the presence of detectable AMA in
approximately 90% of affected individuals (Mackay et al.,
2000), although we note that patients lacking AMA can
present with a similar disease picture and progression as
found in AMA-positive subjects (Invernizzi et al., 1997)
seemingly arguing against a pathogenic role for these
autoantibodies. Autoreactive T cells, both CD4+ and CD8+

have been identified in AMA-negative PBC and such lym-
phocytes and AMA recognize overlapping epitopes within
the mitochondrial antigens (Ishibashi et al., 2003). Second,
autoantibodies should interact with the target antigen, the
passive transfer of autoantibodies should reproduce the 
clinical features, and experimental immunization with the
antigen should produce a model disease. As mentioned
above, no direct proof has yet been provided for a direct
pathogenic role of AMA in the bile duct injury observed in
PBC. Similarly, no convincing animal model has been
described (see below), although AMA can be generated in
experimental animals following immunization. Thirdly, in
autoimmune diseases the reduction of autoantibody levels
should ameliorate the disease; this criterion is poorly ful-
filled in PBC, where there is no correlation between 
the pattern or titer of AMA and progression of the disease
(Bogdanos et al., 2003). Finally, it is well-established that
most autoimmune diseases are responsive to immunosup-
pressive therapy. In PBC, all immunosuppressive agents
have proven relatively ineffective (see below).

Antimitochondrial Antibodies

Antimitochondrial antibodies are directed against com-
ponents of the 2-oxoacid dehydrogenase (2-OADC) family
of enzymes within the mitochondrial respiratory chain
(Gershwin et al., 2000). Specifically, the main recognized
antigens are the E2 and E3 binding protein (E3BP) compo-
nents of the pyruvate dehydrogenase complex PDC (fre-
quently presenting cross-reactivity) and the E2 components
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of the 2-oxoglutarate dehydrogenase and branched-chain 2-
oxoacid dehydrogenase complexes (OGDC and BCOADC).
The mapping of AMA epitopes within such molecules has
been achieved using partial constructs and combined pep-
tides. Data indicated that AMA recognize closely-related
conformational epitopes including the inner lipoylated
domain of PDC-E2, BCOADC-E2, and OGDC-E2 
(Gershwin et al., 2000). In all three molecules, in fact,
contact sites contain the three amino acid motif DKA, with
lipoic acid covalently bound to the lysine (K) residue. It is
not clear whether lipoic acid participates in the epitope
recognition by AMA; apparently conflicting results indi-
cated that AMA bind to both the lipoylated and unlipoylated
forms of PDC-E2 (Quinn et al., 1993), while they can also
bind to lipoic acid attached to a non-2-OADC peptide 
(Bruggraber et al., 2003).

Antinuclear Antibodies

As many as 50% of patients with PBC present serum anti-
nuclear antibodies (ANA). The pathogenic role of ANA in
PBC is still poorly understood, or perhaps it could be said
that their pathogenic role is no better understood than that
of AMA. The two immunofluorescence patterns most often
encountered in PBC are “nuclear rim” and “multiple nuclear
dots,” based on the recognition by the autoantibodies of
gp210 and nucleoporin 62 (within the nuclear pore complex)
and of Sp100 and promyelocytic leukemia protein (PML),
respectively. Interestingly, the presence of serum reactivity
against proteins from the nuclear pore complex (gp210, p62)
in PBC was found associated with a more severe disease in
a cross-sectional study (Invernizzi et al., 2001). On the other
hand, the nuclear body proteins Sp100 and PML have been
shown to be complexed with small ubiquitin-like molecules
(SUMO) for cell transport regulation, and SUMO are in turn
independent antigens specific for ANA-positive PBC (Janka
et al., 2005).

Autoreactive T cells

A number of mononuclear cells can be found in the area
surrounding damaged bile ducts in PBC. T-helper (CD4+),
TCRab+, and CD8+ T cells are most commonly seen among
such cells, perhaps secondary to high levels of IFN-g acting
as a chemotaxic stimulus. Autoreactive T cells have been
well characterized in PBC from both the liver and periph-
eral blood of affected patients. PDC-E2-specific autoreac-
tive CD4+ T-cell (T-helper) clones were isolated by in vitro
stimulation of intrahepatic or peripheral lymphocytes to
PDC-E2 (Van de Water et al., 1991; 1995). The autoepitope
for T cells overlaps with the B-cell (AMA) epitope and
includes the lipoyl-lysine residue located at amino acid
residue 174 of the inner lipoylated domain of the protein
(Shimoda et al., 1995). Interestingly, a specific increase 
of between 100- and 150-fold in the frequency of PDC-
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E2163–176-specific CD4+ T-cells in the hilar lymph nodes and
liver when compared with that in periphery is observed in
PBC (Shimoda et al., 1998). Autoreactive cytotoxic T
lymphocytes (CTLs) are also well characterized in PBC and
currently considered major effectors in the tissue injury
encountered in PBC. The MHC class I restricted epitope for
CTLs, namely amino acids 159–167, also maps in close
vicinity to the epitopes recognized by CD4+ cells and by
AMA (Kita et al., 2002b) . Similarly to CD4+ cells, more-
over, the recent use of tetramer technology has shown a 10-
fold higher prevalence of PDC-E2159–167-specific CTLs in the
liver compared with peripheral blood of patients with PBC
(Kita et al., 2002c). Figure 54.1 illustrates the structure of
tetramers used for MHC-peptide coupling in cell-immunity
studies.

EPIDEMIOLOGY

Epidemiology and Geoepidemiology

Most of the epidemiologic data used to determine the
incidence and prevalence rates of PBC are descriptive, with
some studies containing methodological flaws such as non-
uniform case definition. The performance of a population-
based study to ascertain the prevalence of PBC is
challenging, as a noninvasive highly sensitive marker is not
currently available (the most specific candidate, AMA,
being negative in 5–10% of patients) and the absence of a
register of patients does not allow the recognition of all
cases. Primary biliary cirrhosis is considered to be most
prevalent in England, Scandinavia, and specific areas of the
United States, although a factitious prevalence due to more
exhaustive epidemiologic studies from these countries com-
pared with other areas cannot be excluded. Table 54.2 indi-
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cates a synopsis of the epidemiologic data available (Selmi
et al., 2004). Prevalence rates for PBC vary widely in dif-
ferent geographic areas and have been reported to be as high
as 402 in 1 million.

Sex Differences and Gravidity

Similarly to other autoimmune diseases, women, primar-
ily middle-aged, outnumber men by as much as 10 : 1 among
patients with PBC (see Table 54.2). The prevailing expla-

monomer

peptide

MHC

biotin

avidin

fluorochrome

tetramer

Figure 54.1 Structure of peptide-MHC tetramers used for the isolation
of specific autoreactive T cells. The tetramer based on streptavidin-biotin
is the most widely used and is represented. Recombinant MHC molecules
(HLA class I, II, or non-typical II can be used), are incubated with peptide
to form peptide-MHC complex, which is biotinylated. Only autoreactive T
cells specifically reacting with the presented peptide recognize the tetramer,
and the presence of a fluorochrome allows detection of such cells by flow
cytometry.

TABLE 54.2 Synopsis of population-based epidemiologic studies of primary biliary cirrhosis

Annual incidence
Year Location No of cases (per million) Prevalence (per million) Gender ratio (M/F)

1980 Sheffield, UK 34 5.8 54 1 : 16
1980 Dundee, UK 21 10.6 40.2 1 : 9.5
1983 Newcastle, UK 117 10 37–144 1 : 14
1984 Malmoe, Sweden 33 4–24 28–92 1 : 3
1984 Western Europe 569 4 23 (5–75) 1 : 10
1985 Orebro, Sweden 18 14 128 1 : 3.5
1987 Glasgow, UK 373 11–15 70–93 -
1990 Umea, Sweden 111 13.3 151 1 : 6
1990 Ontario, Canada 225 3.26 22.4 1 : 13
1990 Northern England 347 19 129–154 1 : 9
1995 Victoria, Australia 84 - 19.1 1 : 11
1995 Estonia 69 2.27 26.9 1 : 22
1997 Newcastle, UK 160 14–32 240 1 : 10
2000 Olmsted County, MN, USA 46 27 402 1 : 8

Modified from Selmi et al. (2004b).
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nation for the striking predominance of disease in females
is the effects of sex hormones on the immune system,
although conclusive data are not available. It has also been
reported that female PBC cases have significantly more
pregnancies than controls, although no explanation is avail-
able for this observation (Parikh-Patel et al., 2002).

GENETIC FEATURES

Familial Primary Biliary Cirrhosis

Primary biliary cirrhosis is more frequent in relatives of
affected individuals and the term “familial PBC” has been
coined to indicate families that have more than one case.
Variable rates of familial PBC are seen in different geo-
graphic areas, possibly due once again to different methods
of case definition. In general, data indicate that 1–6% of
PBC cases have at least one family member presenting the
disease (Selmi et al., 2004). Such familial prevalence rates
are significantly higher than general population prevalence
estimates (see Table 54.2), thus indicating a genetic predis-
position to the disease. However, the difficulty in evaluating
these data is that prevalence rates in the general population
are still uncertain, and control groups are not always
included in the family studies.

Twin Studies

The concordance rate observed among monozygotic
twins for PBC is 63%, among the highest reported in
autoimmunity, reinforcing the idea of an important role of
genetics in disease susceptibility (Selmi et al., 2004).

Association Studies

Several studies have attempted to identify genes associ-
ated with PBC. No family study of genetic linkage has been
performed, possibly because PBC is a relatively rare disease
and it is, therefore, difficult to obtain DNA samples from a
large number of representative families. All available studies
were designed in a controlled, cross-sectional fashion but
were prone to multiple sampling errors and biases of incor-
rect estimations. A multi-hit genetic model seems to apply
to PBC, with different genetic variants conferring suscepti-
bility (first hit) and others influencing disease progression
(second hit). For this reason, most authors investigating
genetic factors in PBC have studied the role of such factors
in susceptibility to the disease (comparing allele and geno-
type frequencies in patients and controls), as well as in its
severity (through the analysis of clinical characteristics of
patients carrying different genotypes or alleles). No defini-
tive association of PBC susceptibility or progression could
be identified in these studies (Jones and Donaldson, 2003).
When an association has been found, it has proven to be
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weak or limited to specific geographic areas. We note, more-
over, that this also applies to the study of the variants of
MHC (including type I, II, and III loci) in which, different
from most autoimmune diseases, reported associations 
were often weak or limited to specific geographic areas 
(Invernizzi et al., 2005). Similar findings were also reported
from the study of the genetic variants of immunomodulatory
molecules, enzymes producing vasoactive compounds, bile-
acid transporters. Among immunomodulatory molecules, we
note that weak associations have been reported with poly-
morphisms of genes coding for chemokines IP-10 and MIG
and chemokine receptors CXCR5 and CXCR3, toll-like
receptor 9, and cytotoxic T lymphocyte associated antigen-
4 (CTLA-4). In the future, definitive indications on the
genetics of PBC may be obtained by methods based on
inheritance by descent techniques on large series of affected
and unaffected family members and should be encouraged.
Such an approach will lead to more reliable findings com-
pared with the use of cross-sectional association studies
based on the comparison of allelic frequencies in cases and
controls.

Sex Chromosomes

Similar to other autoimmune diseases more commonly
diagnosed in women following reproductive years (Lambert
and Nelson, 2003), fetal microchimerism has been sug-
gested in PBC, with the hypothesis of a higher prevalence
of small amounts of fetal (paternal) DNA found in mothers
with PBC. First, it was suggested that the presence of fetal
DNA in the liver of affected women years after pregnancy
might predispose to PBC (Fanning et al., 2000); indepen-
dent findings, however, have not confirmed such hypothesis
(Invernizzi et al., 2000; Tanaka et al., 1999a).

Genes mapping on the X chromosome are critical to the
maintenance of physiological sex hormone levels and, more
importantly, of immune responsiveness. Invernizzi and col-
leagues reported an age-dependent enhanced monosomy X
in the peripheral white blood cells of women with PBC 
(Invernizzi et al., 2004b). This observation seems to indicate
a polygenic model for PBC with an X-linked major locus 
of susceptibility in which genes escaping inactivation are the
major candidates. On the other hand, it can also be hypoth-
esized that susceptibility to PBC is the result of a multigenic
complex inheritance model where Y-linked genes might
exert a protective role.

ENVIRONMENTAL INFLUENCES

Risk Factors

Although genetics should be regarded as the major deter-
minant in susceptibility to PBC, several other factors have
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been proposed, including a history of previous infections,
comorbidity with other autoimmune diseases, and lifestyle
factors, such as smoking and a high-fat diet. Most evidence
was obtained from large questionnaire-based studies, which
showed associations of PBC with past smoking habit, the
presence of other autoimmune diseases, previous tonsillec-
tomy and a history of vaginal or urinary tract infection in
females only (Parikh-Patel et al., 2001). Box 54.1 lists the
proposed risk factors for the development of PBC.

Proposed Environmental Factors

The lack of strong genetic associations for PBC has
meant that environmental factors have received attention as
possible triggers of autoimmunity in PBC. A list of proposed
factors is given in Box 54.2. Attention has focused on two
main agents, infectious (bacteria and viruses) and chemical
(xenobiotics).

The ability of infectious agents, particularly bacteria, to
induce autoimmune responses in experimental settings has
been documented, and molecular mimicry is the most
widely studied mechanism explaining these observations
(Van de Water et al., 2001). Briefly, this paradigm suggests
that microbes present peptides sharing different degrees of
homology with self-proteins, thus leading to a promiscuous
antibody and cell-mediated immune response capable of
reacting with both microbial and self-epitopes. T-cell acti-
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vation produces cross-reacting T cells leading to self-tissue
destruction, thus perpetuating the autoimmune response,
possibly through the degeneracy of the T-cell receptor and
cross-priming. Of the bacterial strains suggested to lead to
PBC through molecular mimicry (Selmi and Gershwin,
2004), most evidence has been reported for Escherichia coli,
mostly based on the reports of an increased prevalence of
urinary tract infections in patients with PBC (Parikh-Patel
et al., 2001). We also note that, based on serum cross-reac-
tivity, several infectious agents have been proposed for the
initiation of PBC, including Klebsiella pneumoniae, Proteus
mirabilis, Staphylococcus aureus, Salmonella minnesota,
Mycobacterium gordonae, Neisseria meningitidis, and Try-
panosoma brucei (Van de Water et al., 2001). More recently,
the common commensal yeast Saccharomyces cerevisiae
has also been investigated in PBC, based on the expression
of AMA antigens in extra-mitochondrial sites (Ghadimine-
jad et al., 1988) but serologic studies indicated that the 
reactivity against the yeast (anti-Saccharomyces cerevisiae
antibodies; ASCA) was not specific for the disease 
(Muratori et al., 2003). Interestingly, contrasting evidence
has been collected on the role of Chlamydia pneumoniae in
the pathogenesis of PBC. Abdulkarim and colleagues
detected the bacterial antigen and RNA in 100% of PBC
explanted liver sections compared with 8.5% of controls
(Abdulkarim et al., 2004) while a different immunologic and
molecular approach could not confirm this hypothesis
(Leung et al., 2003a). Finally, our group has recently pro-
vided serologic data suggesting that a ubiquitous xenobiotic-
metabolizing gram-negative bacterium, Novosphingobium
aromaticivorans, is the best candidate yet for the induction
of PBC, as it elicits a specific antibody reaction (estimated
to be 100- to 1000-fold higher than against E. coli) and its
16S rRNA-specific sequences were detected in human fecal
samples (Selmi et al., 2003). For completeness, we also note
that a novel human beta-retrovirus has been identified in 
lymph nodes and other samples from patients with PBC (Xu
et al., 2003), thus suggesting that this mouse mammary
tumor (MMTV)-like virus might play a role in the patho-

Box 54.1
Proposed risk factors and their association with

primary biliary cirrhosis (PBC)

Significant associations

∑ Female gender
∑ Non-PBC autoimmune disease (particularly auto-

immune thyroiditis)
∑ Vaginal or urinary tract infection
∑ Previous tonsillectomy
∑ Chronic bronchitis

Doubtful associations

∑ History of shingles
∑ Previous hepatitis A infection
∑ Previous surgery (particularly appendectomy, uterine

surgery)
∑ Former smoking habit

No association

∑ Dietary fat intake
∑ Childhood diseases

Modified from Parikh-Patel et al. (2001).

Box 54.2
Environmental agents proposed to be important in

primary biliary cirrhosis onset

Infections
Chemicals and xenobiotics
Medicinal drugs
Contraceptive pills
Foods
Vaccines
Deficient sunlight/vitamin D
Pregnancies/microchimerism
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genesis of PBC. However, our laboratory failed to confirm
this hypothesis using a different molecular and immunologic
approach on a large series of patients and controls (Selmi
and Gershwin, 2004), therefore discouraging the use of 
any anti-retroviral therapy in PBC (Gershwin and Selmi,
2004).

Xenobiotics are foreign compounds that may either alter
or complex to defined self or non-self proteins, inducing 
a change in the molecular structure of the native protein 
sufficient to induce an immune response. Such immune
responses may then result in the cross-recognition of the self
form, which could in turn perpetuate the immune response,
thus leading to chronic autoimmunity. A role for specific
compounds has been proposed in a number of autoimmune
conditions (Table 54.3). Figure 54.2 depicts the proposed
pathogenic pathway by which xenobiotics may induce PBC
in genetically susceptible individuals. Interestingly, most
xenobiotics are metabolized in the liver, thereby increasing
the potential for liver-specific alteration of proteins. Exper-
iments showed that specific organic structures attached to
the mitochondrial antigens were recognized by sera from
PBC patients with a higher affinity than native forms of such
antigens (Long et al., 2001). Such findings indicated for the
first time that an organic compound may serve as a mimo-
tope for an autoantigen, thus further providing evidence for
a potential mechanism by which environmental organic
compounds may cause PBC. One halogenated compound
was capable of inducing AMA production in animal models
(Leung et al., 2003b). This model did not lead to production
of liver lesions; however, it appeared to simulate the stage
of the disease in humans where AMA is present prior to the
appearance of liver damage. The AMA-positivity, moreover,
was reversible after the immunization ceased (Amano et al.,
2004).

It is of note that the vast majority of data on molecular
mimicry in PBC were obtained from the study of humoral
immunity (i.e., AMA), either in patient sera or animal
models, while the study of cellular autoimmunity is limited.
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An extensive study of autoreactive CD4+ T-cell clones by
Shimoda et al. (2003) has demonstrated that molecular
mimicry takes place between T-cell epitopes of PDC-E2 and
gp210 (an ANA antigen in PBC), thus suggesting that
immunospreading may occur from mitochondrial proteins to
nuclear proteins, similar to that hypothesized for bacterial
antigens. Supporting evidence was obtained by our group
also for autoreactive CD8+ T cells. Results indicated that 
a peptide derived from the gram-negative Pseudomonas
aeruginosa (belonging to the same family as N. aromati-
civorans) showed a higher binding affinity to the T-cell HLA
than PDC-E2 (Kita et al., 2002a).

TABLE 54.3 The role of xenobiotics in autoimmune disease

Compound Associated autoimmune condition

Mercury (Bagenstose et al., 1999; Yoshida and Gershwin, 1993) Immune complex formation
Glomerulonephritis

Iodine (Rose and Burek, 2000) Autoimmune thyroiditis
Vinyl chloride (D’Cruz, 2000) Scleroderma-like disease
Contaminated L-tryptophan (Hess, 1999; Simat et al., 1999) Eosinophilia myalgia syndrome
Toxic oil (Rao and Richardson, 1999; Yoshida et al., 1993) Scleroderma-like disease
Silica (Steenland and Goldsmith, 1995) Rheumatoid arthritis

Systemic lupus erythematosus (SLE)
Scleroderma

Halothane (Obermayer-Straub et al., 2000; Pumford et al., 1997) Autoimmune hepatitis
Canavanine (Babu et al., 1999) SLE-like syndromes
6-bromohexanoate (Selmi et al., 2003) Primary biliary cirrhosis

+ +

xenobiotic

Exposure
to xenobiotic

Metabolism in liver

Lipoic
Acid

Self-antigen Altered-Self Altered-Self

Loss of tolerance
to native PDC-E2

AMA

PDC-E2PDC-E2PDC-E2

Figure 54.2 Proposed pathway by which xenobiotics might break tol-
erance and give rise to primary biliary cirrhosis (PBC). According to such
theory, xenobiotics are transported to the liver through the portal circula-
tion. In the liver, xenobiotics are then metabolized (possibly through the
cytochrome P450 pathways) and their metabolites form adducts with the
lipoylated domains of the mitochondrial antigens (PDC-E2). Such adducts
in turn induce changes in the structure of the native proteins, which are now
recognized as non-self, thus raising a humoral response (AMA) against
both the modified and the unmodified forms and perpetuating the auto-
immune response.
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ANIMAL MODELS

The development of an animal model would be extremely
helpful in elucidating the undoubtedly multifactorial causa-
tion and progression of PBC. Several models, mostly
murine, have been proposed. The first reported animal
model for PBC was observed in an inbred rabbit strain 
with spontaneous nonsuppurative cholangitis. However, the
AMA response was weak (Tison et al., 1982). In later
attempts, PBC epithelial cells and purified PDC-E2 with
lipopolysaccharide (LPS) or recombinant polypeptides of
PDC-E2 were injected intravenously into neonatally
thymectomized A/J mice (Kobashi et al., 1994) and
C57BL/6 mice (Hayashi et al., 1989), respectively. Antimi-
tochondrial antibodies were induced in both these models,
but no PBC-like pathologic changes in the liver were
observed. A graft-versus-host disease (GvHD) model has
also been developed based on the observation that the 
histology of PBC shared some characteristics with human
GvHD, but no specific serologic response was generated
against mitochondrial antigens (Vierling et al., 1989). The
injection of PBC cell repertoire into human severe combined
immunodeficient (SCID) as well as knockout murine
models, has also been pursued, with conflicting and 
non-definitive results (Krams et al., 1989). In 2000, a British
group reported that the immunization of SJL/J mice with
PDC-E2 led to autoimmune cholangitis associated with T
cells that display a mixed cytokine profile similar to that
observed in PBC. Such findings were later proven to be non-
specific, as bile duct inflammation was found also after
immunization with control peptides under the same condi-
tions (Sasaki et al., 2002). More recently, our group has
reported that immunization of rabbits with a specific halo-
genated compound coupled with albumin could elicit AMA
development (Selmi et al., 2003), but not liver lesions.

A number of obstacles still militate against the develop-
ment of a consistent and reliable animal model for PBC. An
important one is likely to be the long latent period between
AMA and liver pathology appearance (as observed in
humans), which is at odds with the short life expectancy 
of the animals used (particularly mice). Moreover, and 
possibly more importantly, we need to take into account that
an enormous “constellation” of genetic conditions must be
met in order to produce a specific phenotype, as indicated
by the growing experience with the non-obese diabetic
(NOD) mouse model for type 1 diabetes (Johansson et al.,
2003).

PATHOGENIC MECHANISMS

Several theories have been proposed for the pathogene-
sis of the immune-mediated tissue injury observed in PBC.
In all cases, such theories should not be regarded as 
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independent from other etiologic factors leading to PBC
susceptibility (i.e., genetic background, environmental 
triggers), but rather as effector mechanisms leading to the
clinical manifestations.

Expression of PDC-Like Antigens on 
Cell Membranes

The highly selective destruction of biliary epithelial cells
(BEC) is one of the unique features of PBC. As all nucle-
ated cells in the body contain at least some mitochondria,
the target antigens are continually being presented in asso-
ciation with MHC class I in all tissues. Why then are BECs
singled out for destruction? An explanation for this comes
from the observation that certain anti-PDC-E2 antisera react
not only with PDC-E2 in mitochondria but also additional
material located at the apical end of the BEC in close appo-
sition to the surface (Van de Water et al., 1993). The degree
of staining is quite intense, suggesting large amounts of this
apically located material. Such a staining pattern is not seen
in any other cells of the body, other than salivary duct epithe-
lial cells, which are frequently a target of immune attack in
PBC. Thus, there appears to be aberrant expression of a mol-
ecule that shares epitopes with PDC-E2 exclusively in the
cells targeted by the immune system (Joplin et al., 1997).
Further, this apical staining occurs very early in the natural
history of PBC, even before the appearance of MHC class
II on BECs (Tsuneyama et al., 1995a), and it is not detected
in other liver diseases such as autoimmune hepatitis or
primary sclerosing cholangitis. Finally, this aberrant apical
staining is detected in liver samples from patients with
AMA-negative PBC (Tsuneyama et al., 1995b). What is the
identity of this apically and surface-located material in the
BECs of PBC patients? This is still mysterious, and the dif-
ficulty of obtaining liver samples has significantly slowed
progress. Livers from patients obtained at the time of trans-
plantation have very few intact intrahepatic bile ducts so that
laser dissection of BECs yields very few cells. Studies that
have been performed have shown that the material is not
immunologically identical to PDC-E2 as only some murine
anti-human PDC-E2 monoclonal antibodies react with it.
However, it may be a truncated product or it may be PDC-
E2 that is complexed with other molecules (perhaps xeno-
biotics) in a way that masks epitopes. There is no significant
difference in the amount of PDC-E2 transcript present in
PBC liver compared with normal liver, suggesting that the
observation may not be secondary to overexpression of
PDC-E2. However, there is seldom a good correlation in
eukaryotic cells between mRNA transcript levels and abun-
dance of protein in the cell. Mass spectrometric studies of
BECs from PBC suggested that the material had a different
molecular mass to PDC-E2, making it either a breakdown
product or a molecular mimic (Yip et al., 1996). The matter
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rests there at present but the increasing sensitivity of pro-
teomics methods may eventually provide a means to sequ-
ence or otherwise fingerprint the material. In the interim it
is only possible to speculate. If the material is derived from
PDC-E2, perhaps there are sequence variants common in
PBC patients that lead to an altered turnover of the mole-
cule, thus leading to the accumulation of PDC-E2 only in
specific BECs. In this scenario, moreover, chemicals (xeno-
biotics) metabolized by the liver could significantly modify
PDC-E2, possibly leading to the production of such variants
(Long et al., 2002). Perhaps abnormal splicing during syn-
thesis of PDC-E2 mRNA could result in an endoplasmic
reticulum targeting signal instead of a mitochondrial target-
ing signal at the N-terminus of PDC-E2. This mechanism
would be responsible for the delivery of PDC-E2 into the
endoplasmic reticulum and Golgi apparatus via the secre-
tory route. Although fascinating, this theory is currently sup-
ported only by observations using transmission electron
microscopy (Jorge et al., 2002). The other alternative is that
it is a molecular mimic perhaps associated with microbial
infection or left over from prior infection. Whatever its iden-
tity, it is noteworthy that the material is found in association
with IgA and the polymeric Ig receptor (Fukushima et al.,
2002; Migliaccio et al., 1998) on the cell membranes of
BECs.

The Role of Immunoglobulin A

The IgA isotype of immunoglobulin is the most common
form found on all epithelial surfaces, including the biliary
epithelium. It is, therefore, possible that the selective injury
in PBC is mediated by AMA-IgA binding to the mitochon-
drial antigen, thus inducing cell dysfunction and death. Our
group has demonstrated that IgA from PBC patients co-
localizes with the PDC-E2 (or cross-reactive material) both
in the cell cytoplasm and on the apical membrane of BECs,
whereas no co-localization could be observed with antibod-
ies from healthy subjects (Fukushima et al., 2002). The IgA
that is found on the mucosal surface arrives there by uptake
and trafficking across the BEC in association with the poly-
meric Ig receptor. It is possible that during this transport
process, IgA with antimitochondrial specificity may contact
its cognate antigen and that the complex may lead to dele-
terious effects. Evidence for this is provided by a study in
which IgA was purified from PBC patient sera and incubated
with canine kidney cells transfected with the human poly-
meric Ig receptor. Uptake of IgA into the cells led to a sig-
nificant activation of caspases suggesting that apoptosis was
being induced. Incubation with control IgA did not lead to
caspase stimulation, providing evidence for a direct patho-
genic role of anti-PDC-E2 IgA. IgA titers were directly cor-
related with the degree of caspase activation. (Matsumura 
et al., 2004). Presumably, in PBC patients, further cellular
damage arises with time as AMA IgA transcytoses the BEC.
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Molecular Mimicry by Infectious Agents

The cross-reactivity of AMA with prokaryotic antigens
(particularly with the microbial respiratory-chain enzymes)
has been reported for a number of microbes, including E.
coli. This cross-reactivity is not particularly surprising given
the conserved sequence of PDC-E2 across all species, from
eubacteria to mammals (Van de Water et al., 2001). Indeed
it is proposed that mitochondria originated following uptake
of bacteria into the precursors of eukaryotic cells and 
maintenance as intracellular symbionts. Thus, it becomes
difficult to tease out a causal role for microbial proteins 
in pathogenesis given their phylogenetic relationship to the
human autoantigen. One line of argument that we have taken
is that the breaking of tolerance and induction of auto-
immunity would be more likely to occur when the microbial
protein is extremely similar in sequence. We have recently
suggested that a gram-negative ubiquitous bacterium, N.
aromaticivorans, sharing the highest homology with human
PDC-E2 yet described and capable of metabolizing xenobi-
otics, is the best candidate so far identified for the induction
of PBC via molecular mimicry (Selmi et al., 2003). A
necessary requirement of such a scenario would be the 
exposure of the patient to the candidate bacteria, either
accompanied by overt signs of infection or not. A number
of studies have tried to search for bacterial species within
the liver and biliary tract of patients with PBC, but data have
so far failed to define bacteria specific only to PBC liver
(Tanaka et al., 1999b). A priori however, it is not clear that
the bacteria would necessarily need to be present in these
tissues as infection, and tolerance breakdown may occur
anywhere including the urinary tract. Further the bacteria
may well have disappeared by the time the patient presents
with PBC, further complicating the search.

Researchers from one group have reported the presence
of a beta-retrovirus in the liver and the lymph nodes of 
some patients with PBC, and that the culture of normal
BECs in the presence of an homogenate of such PBC lymph
nodes induced the expression of a PDC-E2-like antigen on
cell membrane (Xu et al., 2003). Although intriguing, this
latter observation has not been confirmed (Selmi et al.,
2004).

Briefly, we can summarize our theory on molecular
mimicry in PBC as follows. The microorganism (possibly
the ubiquitous N. aromaticivorans) enters the human system
through the digestive mucosa. Bacterial mimics containing
lipoic acid residues at this point might be modified by xeno-
biotics to form immunoreactive adducts. This modification
would be then sufficient to trigger the innate immune system
to initiate a cascade of local inflammatory events, via Toll-
like receptors, for example, thus resulting in local dendritic
cell activation and antigen processing. Mucosal antigen-
presenting cells (APC) in turn activate autoreactive T and B
cells that are directed to the liver through the portal system.
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T cells participate directly in the autoimmune injury and/or
further recruit autoreactive lymphocytes. B cells, on the
other hand, secrete AMA, particularly of the IgA type. These
antimitochondrial IgA are then transported to the vascular
side of the bile duct cell, where they react with the PDC-E2-
like molecules located on the luminal surface cell mem-
brane. This binding then initiates the apoptotic signaling
cascade. Ultimately, the immune complexes of post-
apoptotic PDC-E2 and IgG-AMA and the direct cytopathic
effects of autoreactive T cells (and possibly AMA) con-
tribute to the tissue injury observed in PBC.

IMMUNOLOGIC MARKERS 
FOR DIAGNOSIS

Antimitochondrial Antibodies

Antimitochondrial antibodies are highly specific for PBC
and can be detected in up to 95% of patients, depending on
the diagnostic methodology used. In most cases, indirect
immunofluorescence techniques are used for initial screen-
ing of cases. It should be noted, however, that such methods
have a limited sensitivity and, particularly at lower dilutions
of sera, low specificity for PBC, with the latter probably
responsible for the encountered cases of non-PBC AMA
positivity. Commercially available enzyme-linked immuno-
sorbent assays (ELISAs) can also be used to detect AMA,
although such assays are less sensitive than immuno-
fluorescence. When AMA are tested with more recently
developed techniques, based on the use of recombinant
mitochondrial antigens (with immunoblotting), the sensitiv-
ity and specificity of the test are significantly higher,
approaching 100% (Miyakawa et al., 2001). However, these
methods are currently only performed at selected centers and
are not readily available to the physician for diagnostic 
purposes. Accordingly, immunofluorescence continues to be
available as the main diagnostic test for use in commercial
laboratories.

Antinuclear Antibodies

In a subset of patients with PBC approaching in some
cases 50%, autoantibodies are directed at nuclear antigens.
Patients who are ANA-positive are more frequently AMA-
negative, possibly because of the lack of a masking effect
of these latter antibodies in such sera. Antinuclear anti-
bodies are currently tested by immunofluorescence,
although commercial ELISA kits for individual antigens are
becoming available. Cumulatively, such “nuclear rim” and
“nuclear dots” patterns should be considered as highly spe-
cific for PBC (Worman and Courvalin, 2003), thus being an
important diagnostic tool particularly in AMA-negative
patients. Finally, we note that patients with PBC and CREST
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syndrome (but not overt systemic sclerosis) present 
anticentromere antibodies (ACA) in 10–15% of cases 
(Bernstein et al., 1982).

TREATMENT AND OUTCOME

Several medical treatments have been investigated in
patients with PBC. Currently, ursodeoxycholic acid
(UDCA) is the only accepted therapy and has received US
Food and Drug Administration approval.

Ursodeoxycholic Acid

Ursodeoxycholic acid accounts for 4% of the bile acid
pool in human bile. Compared with other bile acids, such as
chenodeoxycholic and deoxycholic acids, UDCA is more
hydrophilic. Its absorption (3–60% following oral dose)
occurs mainly in the small intestine, and its presence
decreases cholesterol secretion into bile, possibly lowering
its conversion to bile acids. Cumulatively, the proposed
mechanism of action of UDCA in PBC is based on modifi-
cation of the bile-acid pool, reduction in pro-inflammatory
cytokines, effects on apoptosis and on vasoactive mediators
(Lazaridis et al., 2001). However, since UDCA anti-
inflammatory effects are found only in bile ducts, it has been
assumed that its effect is mediated by the modification of
the bile acid pool. Doses of UDCA ranging from 13–
20mg/kg lead to optimum bile enrichment. Long-term sur-
vival with UDCA therapy has been noted to be higher than
predictions based on mathematical models for PBC and an
extensive meta-analysis of published trials indicated that
such increased survival is obtained only when an adequate
dose (>13mg/kg) is used (Gluud and Christensen, 2002). A
complete biochemical response to UDCA (normalization of
serum liver tests in absence of cirrhosis) is achieved in
approximately 40% of treated patients (Leuschner et al.,
2000).

Other Drugs

Based on success rates observed in other autoimmune
diseases, the use of immunosuppressive drugs was
attempted in PBC; however, efficacy was poor (Oo and 
Neuberger, 2004). Corticosteroids, azathioprine, cyclo-
sporine, methotrexate, penicillamine, and colchicine have
not been shown to influence the severity or progression 
of the disease or are associated with serious side effects.
Their use should be considered only in combination with
UDCA in selected cases (i.e., when features of autoimmune 
hepatitis overlap with PBC). In the event of an unsatisfac-
tory response to UDCA alone, these drugs are still consid-
ered, but the lack of efficacy and the risk of serious side
effects makes their use highly debatable. Inconclusive
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results from pilot studies or case reports of single or UDCA-
combinations of bezafibrate (Itakura et al., 2004), mycophe-
nolate mofetil (Talwalkar et al., 2005), and tamoxifen
(Invernizzi et al., 2004a; Reddy et al., 2004) require future
long-term studies, possibly not limited to patients unre-
sponsive to UDCA treatment.

Orthotopic Liver Transplantation

Orthotopic liver transplantation is considered the ulti-
mate treatment for end-stage PBC, and PBC is among the
most common indications for transplantation worldwide
(MacQuillan and Neuberger, 2003). Post-OLT survival rates
are 92% and 85% at 1 and 5 years, respectively. A retrans-
plantation is needed in fewer than 10% of patients. Ortho-
topic liver transplantation appears to be beneficial also with
regard to PBC symptoms of fatigue and pruritus, as well as
bone loss. The AMA status does not change after OLT, and
recurrence of PBC following OLT is found in 25% of
patients after 5 years (Liermann Garcia et al., 2001). Inter-
estingly, however, this seems to reproduce a new start of the
disease with a long latency between AMA appearance and
clinical manifestation of the disease (Balan et al., 1993).
Recurrence rates could be influenced by the use of specific
immunosuppressive post-OLT regimens. Interestingly, the
frequency of OLT for PBC in a large series from the United
Kingdom was reported as decreasing over the past decades,
alongside an increased age at the time of transplantation
(Liermann Garcia et al., 2001). Cumulatively, such data
could once again indicate that the natural history of PBC
might be influenced by earlier diagnosis or medical treat-
ment. The use of UDCA in transplanted patients is currently
considered safe, and no contraindications have been identi-
fied so far.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

Primary biliary cirrhosis should be considered a unique
disease within the range of autoimmunity. Future efforts
should be dedicated to overcoming some of these concep-
tual and logistic difficulties. First, only study of a very large
number of representative families will unravel the genetic
basis of PBC. Given the relatively rare prevalence of the
disease, only a worldwide effort will allow the collection of
a population of families large enough (and with two or three 
generations available) to guarantee enough statistical power
for a linkage analysis. Second, the role of xenobiotics and
infectious agents in the onset of PBC should be further
probed, particularly with respect to the efforts for the 
development of an animal model and using detailed epi-
demiologic studies to ascertain the exposure to specific 
environmental factors. Third, it is crucial to determine the
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pathogenic role of AMA in the bile duct damage of PBC.
Once again, the development of an animal model appears to
be the only way to provide a clear demonstration of such
pathogenic mechanism. Finally, from a clinical standpoint,
new clinical trials are needed to identify novel therapies in
the long-term treatment of PBC. Together with the already
present trend towards an earlier diagnosis of the disease, a
better efficacy of medical treatment, possibly using specific
monoclonal antibodies or hematopoietic stem cell trans-
plant, will be the cornerstone to reducing the need for OLT
in patients affected by PBC.
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Sclerosing cholangitis (SC) is a chronic cholestatic dis-
order of unknown etiology, characterized by inflammation
and progressive obliterative fibrosis of the intrahepatic
and/or extrahepatic bile ducts. It progresses slowly and often
asymptomatically to biliary cirrhosis, liver failure, and/or
cholangiocarcinoma. The latter can occur any time during
the course of the disease.

HISTORIC BACKGROUND

Sclerosing cholangitis was first described in 1924 by a
Parisian surgeon, P.L.E. Delbet (Delbet, 1924), who reported
a patient with “irregular fibrosis and stenosis of the biliary
tree.” In 1927, R.T.J. Miller referred to a similar condition

as a “benign stricture of common bile duct” (Miller, 1927).
Until the 1960s, SC remained largely undiagnosed, with
only few cases reported in the literature (Delbet, 1924;
Lafourcade, 1925; Judd, 1926). In 1964 (Holubitsky and
McKenzie, 1964), the condition was called for the first time
“primary sclerosing cholangitis” to distinguish it from SC
secondary to lesions of the bile ducts or systemic disease
like primary or secondary immunodeficiencies. Until the
advent of endoscopic retrograde cholangiopancreatography
and percutaneous transhepatic cholangiography, recognition
was rare, being made at laparotomy in patients with persis-
tent jaundice. With the availability of cholangiography the
disease is now recognized in anicteric patients, and its
reported prevalence in both adults and children is increas-
ing. The association of SC with ulcerative colitis (UC) 
was first clearly established in 1966 (Warren et al., 1966),
though inflammatory involvement of the liver parenchyma
in inflammatory bowel disease (IBD) had been described as
early as 1899 by Lister (Lister, 1899).

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical Features

Primary SC has long been considered a disease confined
to adulthood, but it is now clear that it occurs in all age
groups, with some features being unique to children. In adult
primary SC, the majority of patients are male. They are often
initially asymptomatic, and identified on the basis of abnor-
mal liver function tests, in particular elevated levels of 
alkaline phosphatase (AP) and/or g-glutamyltransferase
(GGT). These patients may also have increased levels of
immunoglobulins G and M (IgG, IgM) and positive auto-
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antibodies. Some patients may present with entirely normal
AP (Balasubramaniam, et al., 1988). Further investigations
are usually prompted by the persistence of laboratory abnor-
malities. Cholangiography shows the characteristic changes
of SC, i.e., multifocal strictures and dilatations, usually
involving both the intrahepatic and extrahepatic bile ducts
(Figure 55.1). In early stages, ulcerations of the common
bile duct similar to those seen in the colon in early ulcera-
tive colitis may be seen. Some patients, usually with asso-
ciated IBD, have chronic cholestasis and hepatic histology
compatible with primary SC but normal findings on cholan-
giography. This condition, called “small duct SC” (Wee 
and Ludwig, 1985), may represent an early stage of classic
primary SC and is associated with a significantly better 
long-term prognosis. Patients with primary SC may have
advanced radiologic and histologic disease without overt
symptoms. Increase in serum bilirubin with a decrease in
serum albumin heralds impending liver failure. The most
common symptoms of decompensation are jaundice,
fatigue, itching, and weight loss. Fever and acute cholangi-
tis are uncommon, being present in 10–15% of the cases
(Kaplan, 1991). Primary SC is a risk factor for the develop-
ment of colorectal adenocarcinoma that is independent with
or without the presence of IBD.

In childhood, idiopathic SC is characterized by florid
autoimmune features, including elevated titers of auto-
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antibodies, in particular antinuclear antibodies (ANA) and
anti-smooth muscle antibodies (SMA), elevated IgG, and
interface hepatitis (Figure 55.2) (Gregorio et al., 2001).
Since these features are shared in common with autoimmune
hepatitis (AIH), in the absence of cholangiographic studies,
many of these children are diagnosed with and treated for
AIH, though the diagnosis of SC may become apparent
during follow-up. To ascertain the relative prevalence of SC
and AIH in childhood, a prospective study was conducted
over a period of 16 years, in which all children presenting
with liver disease and elevated levels of aspartate amino-
transferase (AST) and IgG and positive autoantibodies
underwent cholangiography and liver biopsy both at pre-
sentation and follow-up (Gregorio et al., 2001). Approxi-
mately 50% of the patients had alterations of the bile ducts
characteristic of SC at presentation, though less advanced
than in adult SC (Figure 55.3), often in the absence of his-
tologic features suggesting bile duct involvement. Fifty-five
percent were female. Presentation ranged from symptoms
indistinguishable from those of acute hepatitis to a pro-
longed history of liver dysfunction or the incidental finding
of abnormal liver function tests. Inflammatory bowel disease 
was diagnosed in 44%, but also in 18% of the children with
AIH. Cholestatic biochemistry was rare, with most children
having normal GGT and AP. A laboratory index significantly
different between SC and AIH was an increased AP/AST
ratio in SC. Ninety seven percent of the children with SC
had ANA and SMA. One child with normal cholangiogra-
phy at presentation progressed to severe SC 8 years later.

Overlap between primary SC and AIH has been described
also in adult patients (Rabinovitz et al., 1992; Lawrence,
1994; Schrumpf and Boberg, 2001), who similarly to chil-
dren have elevated levels of circulating immunoglobulins
and non-organ-specific autoantibodies and interface hepati-
tis on liver biopsy. In these patients, treatment with corti-
costeroids may, at least temporarily, induce biochemical and
clinical improvement in selected cases. (Boberg et al.,
1996).

Figure 55.1 Cholangiogram of an adult patient with primary scleros-
ing cholangitis showing severe widespread strictures and dilatations of the
intra- and extrahepatic bile ducts.

Figure 55.2 Portal tract inflammatory cell infiltrate in a case of juve-
nile sclerosing cholangitis positive for anti-nuclear and anti-smooth muscle
antibodies. Plasma cells and lymphocytes cross the limiting plate invading
the parenchyma (interface hepatitis). The arrow points to a damaged bile
duct.
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Histological Features

Histologically, primary SC has been divided into four
stages, though this classification is used more as a research
tool than for clinical management (Ludwig et al., 1986). In
Stage 1, there is degeneration of the bile duct epithelial cells
and infiltration of the bile ducts by mononuclear cells, with
occasional neutrophils. The portal tracts may be expanded
because of fibrosis and edema, and may show proliferation
of bile ducts, vacuolization of ductular epithelial cells, and
concentric layers of connective tissue surrounding individ-
ual bile ducts (onionskin fibrosis). Stage 2 is characterized
by more widespread fibrosis and inflammation, which infil-
trates the periportal parenchyma with damage of periportal
hepatocytes (interface hepatitis). A prominent feature is bile
ductopenia. This becomes more severe in Stage 3, where bile
ducts may be absent and porto-portal bridging fibrosis
prominent, with cholestasis in periportal and paraseptal
hepatocytes. Stage 4 is characterized by frank biliary 
cirrhosis.

The typical onionskin fibrosis lesion (Figure 55.4) is
rarely seen on a percutaneous liver biopsy, where paucity of
normal bile ducts with nonspecific portal tract fibrosis and
inflammation are the most common findings. In view of the
variable and largely nonspecific histologic lesions, the diag-
nosis of SC rests on cholangiographic imaging.

Epidemiologic Features

Adult primary SC affects mainly patients in their third to
fourth decade of life with a male-to-female ratio of 2:1 (Lee
and Kaplan, 1995). There is a strong association between
primary SC and IBD, particularly ulcerative colitis (Fausa
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et al., 1991; Olsson, 1991). Patients with primary SC and
without IBD are more likely to be female (Rabinovitz, 1990)
ranging from 21% in Japan to 82% in Northern Europe
(Schrumpf and Boberg, 2001). Of the primary SC patients
with IBD, some 85% have UC, and the remainder have
Crohn’s colitis. Conversely, approximately 4% of patients
with IBD will either have or develop primary SC.

An early Norwegian population study showed an inci-
dence of primary SC of 1.3 and a prevalence of 8.5 for
100,000 inhabitants (Boberg et al., 1998). These values were
considered higher than for the rest of Europe and the United
States. However, a recent report from Minnesota, USA
(Bambha et al., 2003), shows an incidence of primary SC in
men of 1.25 and in women of 0.54 per 100,000 person-years.
The prevalence of primary SC in 2000 was 20.9 per 100,000
men and only 6.3 per 100,000 women.

Little is known of the epidemiology of childhood SC,
though genders appear to be equally represented (Gregorio
et al., 2001).

AUTOIMMUNE FEATURES

A high proportion of patients with primary SC have cir-
culating autoantibodies, including ANA, SMA, and anti-
neutrophil cytoplasmic antibodies (ANCA) (Cullen and
Chapman, 2003). Possibly of pathogenic relevance is the
observation that sera from two-thirds of patients with
primary SC have circulating autoantibodies against amino
acid sequences shared in common by colon and biliary
epithelial cells (Mandal et al., 1994). Other autoantibodies
described in primary SC include anti-endothelial cell 

Figure 55.3 Cholangiogram of a child with sclerosing cholangitis
showing moderate strictures and dilatations of the intrahepatic bile ducts.

Figure 55.4 ‘Onionskin’ fibrosis around a damaged bile duct. This is
the characteristic lesion of sclerosing cholangitis, but is rarely seen in 
percutaneous liver biopsies.
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antibody (35%; Gur et al., 1995), anticardiolipin antibody
(4–66%; Angulo et al., 2000), antithyroperoxidase (7–16%;
Angulo et al., 2000), antithyroglobulin (4%; Gur et al.,
1995), and rheumatoid factor (15%; Angulo et al., 2000).
The presence of these autoantibodies in association to 
abnormalities of the complement system (Senaldi et al.,
1989) and elevated circulating immune complexes 
(Bodenheimer et al., 1983; Minuk et al., 1985) suggest a
possible immune pathogenesis in primary SC. This is sup-
ported by the early histologic findings of a mononuclear
inflammatory infiltrate in the portal tracts—comprising lym-
phocytes, macrophages, and plasma cells—with interface
hepatitis. This histologic picture, particularly evident in the
juvenile form of SC, is undistinguishable from that of AIH
(Gregorio et al., 2001).

GENETIC FEATURES

The occurrence of primary SC in members of the same
family suggests a genetic predisposition (Quigley et al.,
1983). Immunogenetic studies have contributed towards 
the understanding of the influence of the immune system on
the development and progression of primary SC. Small,
early studies identified significant associations with both
HLA B8 and DR3 (Schrumpf et al., 1982; Chapman et al.,
1983; Shepherd et al., 1983). Subsequent investigations
(Donaldson et al., 1991; Farrant et al., 1992; Mehal et al.,
1994; Chapman, 1995; Olerup et al., 1995; Spurkland et al.,
1995; Moloney et al., 1998; Bernal et al., 1999; Mitchell 
et al., 2001b; Norris et al., 2001; Wiencke et al., 2001; 
Donaldson and Norris, 2002) in different European 
populations uncovered three potential susceptibility 
haplotypes: the first being A1-Cw*0701-B8-MICA*008-
TNFA*2-DRB3*0101-DRB1*0301-DQA1*0501-
DQB1*0201, the second DRB3*0101-DRB1*1301-DQA1*
0103-DQB1*0603, and the third MICA*008-DRB5*0101-
DRB1*1501-DQA1*0102-DQB1*0602, and three different
protective haplotypes, the first encoding DRB4*0103-
DRB1*0401-DQA1*03-DQB1*0302, the second DRB4-
DRB1*0701-DQA1*0201-DQB1*0303, and the third the
MICA*002 allele. A key role in conferring susceptibility and
resistance appears to be played by specific amino acids at
position DQb-87 and DQb-55, respectively (Donaldson and
Norris, 2002).

A range of non-major histocompatibility complex (MHC)
immunoregulatory genes have been studied in relation to
primary SC, including cytotoxic lymphocyte antigen-4
(Saarinen et al., 1998; Agarwal et al., 2000), tumor necrosis
factor-a (Bernal et al., 1999; Mitchell et al., 2001b), and
interleukins 1 and 10 (IL-1 and IL-10) (Donaldson et al.,
2000), with controversial results. Since the end result of
inflammation in primary SC is periductal fibrosis, the
reported association between a polymorphism of MMP-3
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(stromelysin) (Satsangi et al., 2001), a gene involved in the
regulation of the production and destruction of extracellular
matrix, and susceptibility to primary SC and its progression
is of interest. Susceptibility and resistance to primary SC are
likely not to be linked to individual loci, but to the contri-
bution of different alleles according to the model of a
“complex genetic disease” (Nepom, 1990).

ENVIRONMENTAL INFLUENCES

A number of environmental factors have been proposed
in the pathogenesis of the bile duct injury typical of SC,
including chronic portal bacteremia (Brooke et al., 1961),
toxic bile acid metabolites produced by the enteric flora
(Carey, 1964), toxins produced directly by the enteric 
bacteria (Palmer, 1972), chronic infections (Finegold and 
Carpenter, 1982; Fox et al., 1998; Ponsioen et al., 2002), 
and ischemic vascular damage (Ludwig et al., 1989). The
close association between primary SC and UC has led to the
hypothesis that the initiating step in primary SC is the access
of intestinal bacteria, through an inflamed and leaky bowel
wall, to the portal circulation (Boden et al., 1959; Warren 
et al, 1966). Though one study did demonstrate portal bac-
teremia in patients with UC after colonic surgery (Brooke 
et al., 1961), this observation has not been confirmed. The
role of toxic bile acid metabolites generated by the gut flora
is also uncertain, since no major abnormalities in the com-
position and concentration of bile acids have been found in
the bile and portal blood of patients with either primary SC
or chronic IBD (Siegel et al., 1977).

ANIMAL MODELS

Several animal models of SC have been developed, none,
however, faithfully mimicking the human condition. They
include models involving: 1) bacterial cell-wall components
or colitis; 2) biliary epithelial and endothelial cell injury; and
3) toxic intraluminal injury of the biliary tract.

Bacterial Cell Wall Components or Colitis

Bile duct lesions similar to SC have been reproduced in
rats with small bowel bacterial overgrowth (Lichtman and
Sartor, 1990; 1991; Lichtman et al., 1991a; 1991b; 1991c;
Sartor et al., 1996) The disease develops only in susceptible
strains of rat, suggesting a crucial influence of the genetic
make up. The innate immune response appears to play a
major role, with production of IL-12, interferon-g,
macrophage and natural killer cell activation, and secretion
of proinflammatory cytokines.

Focal strictures of intrahepatic bile ducts follow intraperi-
toneal injection of peptidoglycan-polysaccharide prepared
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from the cell wall of group A streptococcus in rats 
(Cromartie et al., 1977).

Pericholangitis and periductular fibrosis can be induced
in rabbits by injecting muramyl dipeptide (MDP), a bacter-
ial cell-wall fragment, into the submucosa of the rectum and
colon (Kuroe et al., 1996a; 1996b). If MDP is injected with
complete Freund’s adjuvant the rabbit develops granuloma-
tous colitis (Kuroe et al., 1996a), while if it is injected with
long-chain fatty acid the animal develops colitis without
granulomas (Kuroe et al., 1996b).

Cholangitis is induced by N-formyl L-methionine L-
leucine L-tyrosine (fMLT) in rats with colitis. In this model,
colitis is induced in rats by intrarectal administration of 15%
acetic acid, followed by daily intrarectal infusion of fMLT
(Yamada et al., 1994), a pro-inflammatory peptide secreted
by Escherichia coli, which undergoes enterohepatic circula-
tion and is a strong chemo-attractant for neutrophils and
macrophages. The fMLT appears in bile within 3 hours. 
One day after injection, the portal tracts are infiltrated by
macrophages and neutrophils. By day 4, CD4+ and CD8+ T
cells are present in the peribiliary infiltrates and are attached
to the biliary epithelia (Yamada et al., 1999). Carageenan
treatment, which reduces the number of macrophages, also
reduces the cholangitic lesions, suggesting that bacterial
chemotactic peptides, normally sequestered in the gut, can
cause small duct cholangitis if they gain access to the portal
circulation through an inflamed colonic mucosa.

Biliary Epithelial and Endothelial Cell Injury

Ueno et al. showed that immunization with highly puri-
fied cholangiocytes leads to the development of nonsuppu-
rative cholangitis (Ueno et al., 1996). Immunohistochemical
studies revealed that portal tract infiltrates around bile ducts
consisted of CD3+ T-lymphocytes, some expressing MHC
class II antigen, a sign of activation.

Induction of experimental graft-versus-host disease
across minor histocompatibility antigens in the mouse
results in a severe involvement of both intrahepatic and
extrahepatic bile ducts, with features of nonsuppurative
cholangitis (Ueno et al., 1998; Vierling et al., 1989) 2–3
months post-transplantation, which persists long term.

Intra-arterial infusion of floxuridine in dogs or rhesus
monkeys causes fibrous inflammation and diffuse focal stric-
turing of intra- and/or extrahepatic bile ducts (Dikengil et
al., 1986). Similarly, infusion of ethanol into the hepatic
arteries of rhesus monkeys induces diffuse focal strictures
and dilatation of intrahepatic bile ducts, lymphocytic infil-
tration of the portal tracts, and portal fibrosis (Doppman and
Girton, 1984), with cholangiographic features similar to
those of human SC. These experiments corroborate the clin-
ical observations in humans that direct injury of the hepatic
arterial branches or capillary plexi can trigger mechanisms
leading to SC, as seen in periarteritis nodosa of the hepatic
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artery (Le Thi Huong et al., 1989) or in the bile duct damage
after infusion of floxuridine into the hepatic artery (Ludwig
et al., 1989).

Hepatobiliary injury has been induced in female Lewis
rats by portal vein injection of 2,4,6-trinitrobenzene sulfonic
acid (TNBS), a chemical hapten that binds to lysine residues
and facilitates immune responses against haptenated pro-
teins. The histopathology is characterized by periportal
inflammation and bile ductular proliferation. In addition,
ANCA with perinuclear and cytoplasmic staining is
observed in 40% of the rats (Orth et al., 1999).

Toxic Intraluminal Injury of the Biliary Tract

In both male Sprague-Dawley rats (Mourelle et al., 1995)
and in female Lewis rats (Orth et al., 2000) retrograde instil-
lation of TNBS into the distal biliary tract stimulates inflam-
matory and immunologic events culminating in portal tract
inflammation and fibrosis, cytokine production, diffuse focal
stricturing of the intra- and extrahepatic bile ducts, and
development of ANCA and SMA reactivities.

Histologic and cholangiographic features suggestive of
SC are seen in male Sprague-Dawley rats fed with a-
naphthylisothiocyanate (ANIT), a substance toxic to intra-
hepatic bile ducts (Lichtman et al., 1995; Tjandra et al.,
2000). Portal tract inflammatory infiltrate with macrophages
and lymphocytes appears by day 4, progression of portal
inflammation by day 7, and extensive fibrosis by day 14.

Summary

While no animal model fulfils the attributes of an ideal
primary SC model, those induced by bacterial cell-wall
components and biliary infusion of the hapten TNBS exhibit
several characteristics of primary SC and recapitulate the
strong association between primary SC and IBD and the
production of pANCA.

PATHOGENIC MECHANISMS

Primary SC is associated with a variety of immunologic
changes. Early findings showed that T cells were decreased
in the circulation but increased in the portal tract (Whiteside
et al., 1985; Lindor et al., 1987; Snook et al., 1989) and that
the CD4+/CD8+ lymphocytes ratio and the B-lymphocytes in
the circulation were increased (Lindor, 1997). A sensitiza-
tion to biliary antigens and enhanced expression of class II
antigens on biliary epithelial cells were described 
(McFarlane et al., 1979; Chapman et al., 1988; Broome et
al., 1990). The relevance of these mainly descriptive find-
ings has been questioned. For example, the mere ligation of
bile ducts in rats enhances the expression of class II anti-
gens on bile-duct cells (Hu et al., 1996). The strong associ-
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ation between primary SC and IBD has led to the hypothe-
sis that the initial insult in primary SC is the reaction of a
genetically susceptible host to bacterial cell-wall products
entering the portal circulation through a permeable gut wall,
either due to colitis or during episodes of intestinal infection
(Vierling, 1998). This may lead to activation of Kupffer cells
in the liver, with the consequent production of peribiliary
cytokines and chemokines that attract inflammatory cells. As
a result of this peribiliary inflammatory process, concentric
fibrosis around the bile ducts would ensue, with consequent
ischemia and atrophy of the biliary epithelial cells. Bile 
duct loss would then lead to progressive cholestasis, and
eventually to biliary cirrhosis. Primary SC, however, exists
also in the absence of IBD, may present several years before
IBD or after colectomy, and colectomy does not alter the
course of the disease (Cangemi et al., 1989; Fausa et al.,
1991).

An interesting recent hypothesis, supported by some
experimental evidence, proposes a role for an enterohepatic
circulation of lymphocytes, whereby intestinal lymphocytes
produced in the gut mucosa during active inflammation
recirculate as memory cells through the liver (Grant et al.,
2002). Activated intestinal lymphocytes express a4b7, a
gut-specific homing receptor that binds its coreceptor
mucosal addressin cell adhesion molecule-1 (MAdCAM-1),
which is gut specific. The liver endothelial cells in primary
SC express aberrantly MAdCAM-1, providing a docking
station for lymphocytes originating from the gut. Thus, it
would not be the microorganism or product thereof that trig-
gered the immune-mediated liver inflammation of primary
SC, but memory T cells activated in the gut and capable of
microbe/self cross-reactivity. This process would initiate in
the colon, since primary SC is associated with UC and
Crohn’s colitis. The long life of memory T cells would
explain why the disease may occur a long time after colec-
tomy and why colectomy does not affect the course of
primary SC. This hypothesis is attractive, but does not
explain why primary SC can exist without IBD, though sub-
clinical intestinal inflammation may be sufficient to trigger
the process.

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Patients with primary SC often have elevated levels of
IgG and IgM and circulating autoantibodies, in particular
ANA, SMA, and ANCA. The relevance of these autoanti-
bodies in the diagnosis of primary SC is a matter of debate.
The presence of ANA has been described in 7–77%
(Wiesner and LaRusso, 1980; Chapman 1986; Zauli et al.,
1987; Klein et al., 1991; Gur et al., 1995; Angulo and
Lindor, 1999), SMA in 13–20% (Wiesner and LaRusso,
1980; Chapman et al., 1986; Klein et al., 1991), and ANCA

772 Intestinal, Hepatic, and Pancreatic Diseases

in up to 88% (Cullen and Chapman, 2003) of the patients.
In the juvenile form of autoimmune SC, 97% of the patients
are positive for ANA and/or SMA (Gregorio et al., 2001).
The variability of the reported prevalences is almost cer-
tainly due to the lack of standardization in autoantibody
detection. It would be advisable to apply to primary SC the
same guidelines used in the diagnosis of AIH, where ANA
and SMA are considered positive at a titer of more than 1:40
in adults (>1 : 20 in children) when tested on frozen com-
posite sections of rodent liver, kidney, and stomach (Johnson
and McFarlane, 1993; Alvarez et al., 1999).

Antineutrophil cytoplasmic antibodies are a fairly con-
sistent feature of primary SC, but are also detected in a high
proportion of patients with other autoimmune diseases, in
particular UC (Frenzer et al., 1998) and type 1 AIH (Targan
et al., 1995; Zauli et al., 1997). The ANCA associated with
primary SC and AIH type 1 are distinct from cytoplasmic
ANCA (c-ANCA) and classical perinuclear ANCA
(pANCA) (Terjung and Worman, 2000), which are diagnos-
tic seromarkers for Wegener granulomatosis and micro-
scopic polyangitis, respectively. Primary SC, UC, and AIH
are associated with “atypical pANCA,” which have a dis-
tinct staining pattern on indirect immunofluorescence
microscopy (Terjung et al., 2001). Recent evidence indicates
that the target of “atypical pANCA” is located within the
nuclear membrane, and for this reason it has been proposed
to rename it perinuclear antineutrophil nuclear antibody 
(p-ANNA) (Terjung et al., 2000).

TREATMENT AND OUTCOME

Several choleretic, immunosuppressive, and antifibrotic
agents have been used to treat adult primary SC, but no drug
has been shown to alter its natural history. Ursodeoxycholic
acid (UDCA) is a hydrophilic bile acid that stabilizes liver
cell membranes exposed to toxic concentrations of the 
naturally occurring chenodeoxycholic acid. A prospective 
randomized double-blind placebo-controlled trial in adult
patients with primary SC showed an improvement in labo-
ratory tests in patients receiving 13–15 mg/kg/day UDCA,
but this was not accompanied by long-term beneficial
changes (Lindor, 1997). It has been suggested (Mitchell et
al., 2001a), and some evidence provided (Harnois et al.,
2001), that higher doses of UDCA (25–30 mg/kg/day) can
be of benefit.

Despite anecdotal reports of improvement with gluco-
corticoids and azathioprine in adult patients with primary 
SC (Myers et al., 1970; Javett, 1971), their use is contro-
versial. Other drugs that have not been found effective
include penicillamine, methotrexate, colchicine, cyclo-
sporine, cholestyramine, nicotine, and pentoxifylline.
Tacrolimus was reported to improve liver function tests in a
small pilot study, which, however, was uncontrolled, of short
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duration, and lacked histologic and cholangiographic data
(Van Thiel et al., 1995).

In the juvenile form of SC, which has strong autoimmune
features, treatment with steroids and azathioprine akin to
that used in AIH, has been reported to be beneficial in
abating the parenchymal inflammatory lesion, but to be less
effective in controlling the bile-duct disease (Gregorio 
et al., 2001). The positive response to immunosuppression
observed in these young patients contrasts with the disap-
pointing results reported in adult primary SC, possibly
because the latter present with a much more advanced
disease.

The median reported survival in adult patients with
primary SC is 10–12 years from diagnosis (Wiesner et al.,
1989; Farrant et al., 1991). The disease runs a progressive
course, and most asymptomatic patients eventually develop
symptoms of chronic cholestasis and biliary cirrhosis
(Porayko et al., 1990). Older age, high serum bilirubin and
AST, low albumin, hepatosplenomegaly, variceal bleeding,
presence of IBD, and advanced histologic stage are inde-
pendent predictors of a poor prognosis (Angulo and Lindor,
1999).

For patients with advanced SC, liver transplantation is the
only effective therapeutic option, and, for optimal results, it
should be offered when the disease is not too advanced.
Current 3-year survival rates are 85–90%. Interestingly,
patients transplanted for SC have a significantly higher 
rate of developing non-anastomotic biliary strictures 
after surgery (Sheng et al., 1993; Feller et al., 1996). This,
together with the frequent finding of histologic features con-
sistent with SC in post-transplant biopsies (Harrison et al.,
1994; Narumi et al., 1995), has suggested that the disease
can recur in the graft, though diagnosis of recurrence is
made difficult by other post-transplant complications that
can affect the bile ducts. A definition for recurrent SC has
been proposed by the Mayo Clinic (Graziadei et al., 1999)
and includes: 1) diagnosis of SC before transplant; 2)
cholangiographic features of SC less than 90 days after
surgery or histology showing fibrous cholangitis and/or
fibro-obliterative lesions with or without ductopenia, biliary
fibrosis, or biliary cirrhosis; 3) exclusion of hepatic artery
thrombosis, chronic ductopenic rejection, anastomotic 
stricture, non-anastomotic stricture less than 90 days from
surgery, donor/recipient ABO incompatibility. Using this
definition, SC recurrence has been reported in 20% of trans-
planted patients (Graziadei et al., 1999). In general, recur-
rent SC does not appear to have a major negative impact on
medium-term patient or graft survival. The activity of IBD
after transplantation is variable, but has been reported to be
more severe, especially in units where steroid immuno-
suppression is withdrawn early (Papatheodoridis et al.,
1998; Gow and Chapman et al., 2000). Colorectal cancer
affects 5–7% of patients with primary SC after liver 
transplantation, in particular those with a long history of
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ulcerative colitis and pan-colitis (Loftus et al., 1998;
MacLean et al., 2003; Vera et al., 2003). To prevent this life-
threatening complication, annual surveillance and colec-
tomy in selected high-risk patients with longstanding severe
colitis have been advocated (Loftus et al., 1998; Gow PJ,
Chapman, 2000; Vera et al., 2003).

CONCLUDING REMARKS—
FUTURE PROSPECTS

There is a large body of evidence suggesting that primary
SC is an immune-mediated disease. Yet, the consensus
among physicians is that adult primary SC does not respond
to immunosuppressive treatment. It can be argued that the
juvenile form of SC, characterized by unambiguous sero-
logic and histologic features of autoimmunity, and respon-
sive to immunosuppression, represents the early stage of
adult primary SC. In contrast to juvenile SC, adult primary
SC has an insidious onset, being often completely asympto-
matic, and could represent a late “burnt out” stage of the
same condition, too advanced to respond to treatment. The
discrepancy in sex distribution between juvenile SC, which
is slightly more common in females, and adult primary SC,
which has a male preponderance, could be due to the fact
that the disease is more progressive in males. A plausible
alternative is that the course of the disease, more aggressive
and symptomatic in young females frequently diagnosed as
having AIH, is favorably modified by early immuno-
suppressive treatment.

Both SC and AIH could lie within the spectrum of the
same disease process. Future studies should determine how
frequently AIH evolves to SC and what is the ultimate
outcome of juvenile SC treated with immunosuppression.
The composition of the mononuclear cell infiltrate should be
analyzed in both AIH and SC, and the possible intestinal
origin of the liver-infiltrating lymphocytes investigated. In
view of the strong association of SC with UC, a condition
deemed to have a T-helper 2 profile (Bouma and Strober,
2003), the T-helper profile of adult primary SC, juvenile SC,
and AIH should be determined. Moreover, regulatory T cells
that are key to preventing manifestations of autoimmunity
should be analyzed, also in view of an early report indicat-
ing that CD4+CD25+ regulatory T-cells are decreased in both
juvenile SC and AIH (Longhi et al., 2004).
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FIGURE 53.3 A three dimensional representation of cytochrome P450 2D6 showing various epitope regions. A major
epitope region (red) at amino acids 257–269 is a reactant for autoantibodies in autoimmune hepatitis (AIH) type 2, and
it has sequence homology with the intermediate-early protein IE 175 of herpes simplex virus type 1 (Manns et al., 1991).
An epitope region (green/yellow) is a reactant for autoantibodies in AIH type 2 and chronic hepatitis C. Minor epitopes
at amino acids 373–389 and amino acids 410–429 are shown in light blue and dark blue, respectively.

From Sigimura et al. (2002), and reproduced with permission from Autoimmunity.
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FIGURE 53.4 Cytochrome P450 isoforms (CYPs) and uridine-5¢-diphosphate glucuronosyl transferase 1 (UGT1) as
autoantigenic targets in various types of hepatitis occurring in spontaneous autoimmune hepatitis (AIH) type 2 (red), or
associated with drug reactions (blue) or hepatitis virus infection (green), or other spontaneous autoimmune conditions
(orange). (APS1, autoimmune polyendocrine syndrome type 1.)

From Manns and Obermeyer-Straub (1997) and reproduced with permisstion from Hepatology.

FIGURE 55.2 Portal tract inflammatory cell infiltrate in a case of juve-
nile sclerosing cholangitis positive for anti-nuclear and anti-smooth muscle
antibodies. Plasma cells and lymphocytes cross the limiting plate invading
the parenchyma (interface hepatitis). The arrow points to a damaged bile
duct.
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A unique form of chronic pancreatitis characterized by
elderly male preponderance, minimal abdominal pain, irreg-
ular narrowing of the pancreatic duct, and swelling of the
pancreatic parenchyma has been referred to as autoimmune
pancreatitis. Autoimmune pancreatitis, the term used in this
chapter, is also characterized by hypergammaglobulinemia,
histologic evidence of lymphoplasmacytic inflammation and
fibrosis, and a favorable response to glucocorticoid treat-
ment. These findings suggest that autoimmune mechanisms
are involved in the pathogenesis of this disease. Another
characteristic feature of this disease is high serum IgG4 
concentrations, which are closely associated with disease
activity. This disease has been frequently misdiagnosed as
pancreatic cancer, leading to unnecessary surgery.

HISTORIC BACKGROUND

In 1961, Sarles et al. first reported this disease as “chronic
inflammatory sclerosis of the pancreas.” They summarized
the clinical characteristics as: minimal or no severe abdom-

inal pain, emaciation, jaundice, nonalcoholic background,
hyperglobulinemia, diffuse enlargement of the pancreas, no
dilatation of the pancreatic duct, and histologically marked
lymphocytic infiltration. Waldram et al. (1975) then reported
an association in these patients with salivary gland lesions
and sclerosing cholangitis. Nakano et al. (1978) reported
patients with Sjögren syndrome and pancreatitis who had
been successfully treated with corticosteroids. Kawaguchi et
al. (1991) then designated this condition as a lymphoplas-
macytic sclerosing pancreatitis based on a detailed patho-
logic study. Toki et al. (1992) focused on the characteristic
radioimages of pancreatic duct examination, and reported 
four patients as having an unusual type of chronic pancre-
atitis showing diffuse irregular narrowing of the entire main
pancreatic duct by endoscopic retrograde cholangiopancre-
atography (ERCP). They summarized the clinical features
and designated this condition as autoimmune pancreatitis
based on clinical findings, laboratory evidence of hyper-
gammaglobulinemia, positive autoantibodies and lympho-
plasmacytic infiltration in the pancreas, and a favorable
response to corticosteroid treatment (Yoshida et al., 1995;
Ito et al., 1997). Since then, many patients have been diag-
nosed based on these characteristic clinical findings. A
number of case reports or reports of small series of cases
have been published using various other terms such as “non-
alcoholic duct-destructive chronic pancreatitis” (Ectors et
al., 1997), “chronic sclerosing pancreatitis” (Motoo et al.,
1997) and “chronic pancreatitis with diffuse irregular 
narrowing of the pancreatic duct” (Wakabayashi et al.,
1998). 

In 2001, a new classification system was proposed 
for chronic pancreatitis, based on etiologic risk factors,
toxic-metabolic causes, idiopathic, genetic, autoimmune,
recurrent severe acute pancreatitis-associated chronic pan-
creatitis, and obstructive chronic pancreatitis (the TIGAR-O
risk classification system) (Etemad and Whitcomb, 2001).
An autoimmune mechanism was first recognized in this 
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classification system, and isolated autoimmune chronic 
pancreatitis and syndromic autoimmune pancreatitis were
separately identified. “Autoimmune pancreatitis” seems to
be equivalent to isolated autoimmune chronic pancreatitis in
this system. Hamano et al. (2001) reported that patients with
autoimmune pancreatitis frequently and specifically have
high serum IgG4 concentrations that correlate well with
disease activity, suggesting that this disease is a discrete
clinical entity different from ordinary chronic pancreatitis. 

In 2002, The Japanese Pancreas Society proposed 
Japanese diagnostic criteria for autoimmune pancreatitis: 1)
diffuse irregular narrowing of the main pancreatic duct and
enlargement of the pancreas (essential); 2) serum elevations
of g-globulin and/or IgG, and/or the presence of autoanti-
bodies; and 3) fibrosis with lymphoplasmacytic infiltration
in pancreatic tissue. Such diagnostic criteria will allow us to
be more stringent in our diagnosis and to differentiate these
conditions from pancreatic cancer (Steinberg et al., 2003). 

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Clinical Features

We analyzed the clinical findings in over 40 patients with
autoimmune pancreatitis who fulfilled the diagnostic crite-
ria proposed by The Japanese Pancreas Society in 2002.
These findings are summarized below.

The male-to-female ratio was 34:8 (male 81%), and the
mean age of occurrence was 62 ± 9 years (range 38–76),
suggesting that this disease shows an elderly male prepon-
derance. Few patients complained of severe attacks of pan-
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creatitis, but many had mild-to-moderate epigastralgia or
discomfort (78%). The clinical symptoms were thus differ-
ent from those of acute or severe pancreatitis. A striking
feature was an obstructive jaundice in 68% of patients,
which was caused by the stenosis or obstruction of the 
intrapancreatic common bile duct (Yoshida et al., 1995;
Horiuchi et al., 1998; 2001). Diabetes mellitus (DM) was
often observed and the majority was thought to have type 2
DM; some patients improved after steroid therapy (Tanaka
et al., 2000).

Laboratory Tests

Laboratory tests showed several abnormal findings
related to the obstructive jaundice, such as elevated serum
levels of bilirubin, biliary enzymes, and transaminase in
70–80% of patients. The tumor-associated antigen, CA19-9,
was elevated in 50% of patients, probably due to the
cholestasis and not to a malignant process. Serum elevations
of pancreatic enzymes were mild or moderate, and were
found in 60% of patients. Serum elevations of g-globulin and
IgG were found in 59% and 70%, respectively. Decreased
exocrine and endocrine function by the bentiromide test and
HbA1c were found in 66% and 51%, respectively (Horiuchi
et al., 1998; 2001) (Table 56.1). 

Imaging

Abdominal ultrasonography (US) showed characteristic
sonolucent swelling—the so-called “sausage-like” appear-
ance (Figure 56.1), and dilatation of the common bile duct.
Computed tomography (CT) with contrast material revealed

TABLE 56.1 Normal blood results and abnormal results for patients with
autoimmune pancreatitis

Results for autoimmune pancreatitis patients

Test (normal values) Mean Range Abnormal (%)

White blood cells (3500–9800/ml) 5929 2130–10.700 2/42 (5)
Eosinophils (%) 5.3 0–20 12/33 (36)
Amylase (44–127 Im/L) 231 82–2622 26/42 (62)
Elastase (100–400ng/dl) 1190 69–5000 16/24 (67)
Total bilirubin (0.3–1.2mg/dl) 4.0 0.4–20.9 29/42 (69)
Alkaline phosphatase (124–367 m/L) 1279 132–5562 33/42 (79)
g-GTP (8–50 IU/L) 645 10–1980 34/42 (81)
AST (12–37 IU/L) 191 13–854 30/42 (71)
ALT (7–45 IU/L) 286 12–1003 32/42 (76)
g-Globulin (<2g/dl) 2.23 0.8–4.31 24/41 (59)
IgG (800–1800mg/dl) 2314 892–4562 28/40 (70)
IgE (0–400 IU/ml) 370 8–1024 10/30 (33)
CA19-9 (<37 IU/ml) 108 0–919 18/34 (53)
HbA1c (4.3–5.8%) 6.3 4.5–11.0 20/39 (51)
Bentiromide test (>70%) 60.6 22–90 19/29 (66)
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swelling and delayed enhancement of parenchyma, result-
ing in a peripheral low-density area and a capsule-like rim
(Figure 56.2). Absence of pancreatic duct dilatation or pan-
creatic stones or pseudocysts have been reported to be char-
acteristic features of this disease and are commonly shown
by US, CT, and magnetic resonance imaging (MRI)
(Yoshida et al., 1995).

ERCP showed a characteristic pancreatogram of diffuse
irregular narrowing with the following characteristics: 1)
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narrow caliber; 2) wall irregularity—both of which can
extend for some distance; and (3) the absence of upstream
dilatation (Figure 56.3). Approximately 50% of patients
showed these changes throughout the main pancreatic duct;
however, in other patients, focal changes were restricted 
to the pancreatic head or tail, which made differentiation
from pancreatic cancer difficult in these cases. During
follow-up, focal changes often progressed to diffuse disease
(Horiuchi et al., 2002a). In patients with severe narrowing
of the pancreatic duct, a pancreatogram may show obstruc-
tion of the main pancreatic duct (Fernández-del Castillo 
et al., 2003). 

Cholangiography showed severe narrowing of the lower
bile duct, which was caused by swelling of the head of the
pancreas. However, intraductal ultrasonography (IDUS)
showed that thickening of the bile duct wall also contributed
to narrowing of the bile duct. In some cases, bile duct
changes extended to extrapancreatic regions, such as the
intrahepatic bile duct system; these cases showed similar
findings to primary sclerosing cholangitis (PSC) (Figure
56.4). Gallium-67 scintigraphy showed characteristic hilar
and pancreatic accumulation during the active stage of the
disease (Saegusa et al., 2003).

Extrapancreatic Lesions

Another characteristic feature of this disease is a variety
of complications or extrapancreatic lesions, such as swelling
of lacrimal and salivary glands (Kamisawa et al., 2003),
sclerosing cholangitis (Erkelens et al., 1999; Horiuchi et al.,
2001; Nakazawa et al., 2001), retroperitoneal fibrosis
(Hamano 2002), hilar lymphadonopathy (Saegusa, 2003),
gastric mucosal disease (Shinji et al., 2004), and hypothy-
roidism (Komatsu et al., 2005). These extrapancreatic

FIGURE 56.1 Abdominal ultrasonography of autoimmune pancreatitis,
showing characteristic sonolucent swelling, the so-called “sausage-like”
appearance.

FIGURE 56.2 Computed tomography with contrast material of auto-
immune pancreatitis, showing swelling and delayed enhancement of
parenchymal tissue, resulting in a peripheral low-density area and a
capsule-like rim. 

FIGURE 56.3 Endoscopic retrograde cholangiopancreatography in
autoimmune pancreatitis showing the characteristic pancreatogram of
diffuse irregular narrowing.
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lesions have often been misdiagnosed as Sjögren syndrome,
PSC, urethral tumor, sarcoidosis, or gastric ulcer. It should
be stressed that salivary gland or lacrimal gland lesions and
sclerosing cholangitis differ from typical Sjögren syndrome
and classical PSC, respectively, because they show a favor-
able response to corticosteroid therapy and characteristic
findings on blood tests or pathology. The diversity of extra-
pancreatic lesions found in this disease may coincide with
those of multifocal fibrosclerosis, which is an uncommon
fibroproliferative systemic disorder with multiple manifes-
tations, including retroperitoneal fibrosis, sclerosing cholan-
gitis, Riedel thyroiditis, fibrotic pseudotumor of the orbit,
and fibrosis of the salivary glands (Comings et al., 1967). It
is possible that autoimmune pancreatitis is a pancreatic 
manifestation of this systemic fibrosing disease (Kamisawa
et al., 2003). 

Misdiagnosis of Pancreatic Cancer

Patients with autoimmune pancreatitis sometimes receive
a diagnosis of pancreatic cancer because of the preponder-
ance of this disease in the elderly, obstructive jaundice,
serum elevations of CA19-9, and irregular narrowing or
obstruction of the pancreatic duct. Pathologic analysis after
pancreaticoduodenectomy (Whipple resection), performed
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because of a diagnosis of pancreatic cancer, led to a revised
diagnosis of autoimmune pancreatitis (lymphoplasmacytic
sclerosing pancreatitis) in 2.2% of patients (Hardacre et al.,
2003). Due to similar pathologic findings, this disease has
also been diagnosed as pancreatic lymphoma (Horiuchi et
al., 1996). 

Pathologic Features

On gross examination, the involved pancreas appears
glistening white, is firm or hard, and may be enlarged or
show mass lesions. The lesion may be limited to one portion
of the pancreas, most commonly the head, or may involve
the body, tail, or entire organ. Lymphoplasmacytic infiltra-
tion and fibrosis are characteristic microscopic features of
the pancreatic lesions, and in some cases result in the for-
mation of lymphoid follicles. Immunostaining has demon-
strated that T-cells predominate over B-cells among the
infiltrating lymphocytes. The infiltrating plasma cells char-
acteristically bear IgG4 (Hamano et al., 2002). The cell infil-
tration is prominent around the pancreatic duct, resulting in
stenosis or obstruction of the duct, stasis of the pancreatic
secretions, and damage to the pancreatic lobules. Obliterat-
ing phlebitis is another characteristic feature, which shows
a marked cellular infiltration of the venous wall and venous
thrombosis (Kawaguchi et al., 1991). Conspicuous negative
features typically include absence of calculi in ducts,
absence of pseudocysts, and absence of more than minimal
fatty necrosis. The histologic features observed in the extra-
pancreatic lesions such as in the salivary glands (Kamisawa
et al., 2003) or retroperitoneal fibrosis (Hamano et al., 2002)
often resemble those seen in the pancreas.

Epidemiologic Features

The incidence of autoimmune pancreatitis in Japan or in
the world at large is not known. However, between Sep-
tember 1994 and September 2002, we identified 42 patients
with autoimmune pancreatitis among the 2,215,000 popula-
tion of the Nagano prefecture in Japan (Takayama et al.,
2004). Accordingly, autoimmune pancreatitis is a rare dis-
order, though its exact prevalence remains unknown.

AUTOIMMUNE FEATURES

The positive rates for various autoantibodies are summa-
rized in Table 56.2. Positive rates for antinuclear antibody
were 40%, and those for other antibodies were 10–30%. No
patient had a positive test for SS-A or SS-B antibodies, or
antimitochondrial antibodies, which are the disease-specific
antibodies for the diagnosis of Sjögren syndrome and
primary biliary cirrhosis (PBC), respectively. These findings
suggest that the autoantibodies found in autoimmune pan-

FIGURE 56.4 Endoscopic retrograde cholangiopancreatography in
autoimmune pancreatitis showing the characteristic intrahepatic bile duct
changes similar to those of primary sclerosing cholangitis.
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creatitis are not pathogenic, and that patients have a ten-
dency to produce various autoantibodies that are not disease
specific. The occasional coexistence of pancreatitis with
salivary gland lesions and cholangitis suggests shared target
antigens. Carbonic anhydrase II and lactoferrin are distrib-
uted in the cells of several exocrine organs, including the
pancreas, salivary glands, and biliary duct. In this context,
carbonic anhydrase II or lactoferrin have been proposed as
candidate target antigens, but the presence of autoantibod-
ies for these antigens is not sufficiently specific or sensitive
(Kino-Ohsaki et al., 1996; Okazaki and Chiba, 2002).
Autoantibody for a-fodrin, which is a candidate autoantigen
for the development of Sjögren syndrome, is useful for dis-
criminating cases with extrapancreatic lesions, such as scle-
rosing cholangitis or swelling of the salivary and lacrimal
glands (Horiuchi et al., 2002b). 

In peripheral blood or pancreatic tissue, activated CD4+

or CD8+ T-cells bearing HLA-DR molecules are aggregated
mainly around the pancreatic duct, and pancreatic ducts
express HLA-DR molecules (Okazaki et al., 2000). CD4+ T-
cells are subdivided into type 1 helper T (Th1) and Th2 cells
based on profiles of cytokine production (see Chapter 7). In
some cases of autoimmune pancreatitis, CD4+ Th1 cells pre-
dominate over Th2 cells, suggesting that Th1 cytokines are
essential for the induction and maintenance of this disease,
whereas Th2 cytokines are involved in disease progression
(Okazaki and Chiba, 2002). 

Protein electrophoresis of patient’s sera showed a poly-
clonal band in the rapidly migrating fraction of g-globulins.
Immunoelectrophoresis confirmed that this polyclonal band
was caused by a high serum concentration of IgG4. We
found serum IgG4 elevation in 90% of patients with
autoimmune pancreatitis, but in very few patients with other
conditions, including pancreatic cancer, chronic pancreati-
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tis, and Sjögren syndrome, suggesting that IgG4 is a 
sensitive and specific marker for this disease. In addition,
IgG4 correlates well with disease activity. Similar to IgG4,
IgG4-type immune complexes are also elevated in the serum
and correlate well with disease activity (Hamano et al.,
2001). 

GENETIC FEATURES

HLA-DR4 and -DQ4 are the markers most frequently
associated with autoimmune pancreatitis among MHC class
I and class II molecules. Among DR4 and DQ4 subtypes,
the frequencies of DRB1*0405 and DQB1*0401 are signif-
icantly higher in patients with autoimmune pancreatitis than
in normal subjects and those with chronic pancreatitis. In the
Japanese population, DRB1*0405 is known to be in strong
linkage disequilibrium with DQB1*0401, resulting in 
formation of the DRB1*0405 DQB1*0401 haplotype. The
DRB1*0405 DQB1*0401 haplotype in autoimmune pan-
creatitis shows no significant association with any HLA
class I molecules, in contrast to the B54 DRB1*0405
DQB1*0401 haplotype reported in autoimmune hepatitis
(Seki et al., 1990; 1992), suggesting that autoimmune 
pancreatitis has a different immunogenetic background 
from autoimmune hepatitis. Accordingly, the DRB1*0405
DQB1*0401 haplotype is specifically associated with sus-
ceptibility to autoimmune pancreatitis, and may play a 
functional role in antigen presentation and induction of an
autoimmune response (Kawa et al., 2002). The relative
linkage disequilibrium value for both risk alleles is 100% in
the Japanese population. Thus, it is difficult to determine
which allele is actually associated with susceptibility to
autoimmune pancreatitis.

TABLE 56.2 Positive rates for autoantibodies in patients with autoimmune pancreatitis

Antibody Cut-off value Number of positive tests Positive rate (%) Method Substrates

Antinuclear antibody (ANA) <1:40 24/44 54.5 IFL Hep-2
<1:80 17/44 38.6

Anti-dsDNA antibody <12 IU/ml 2/44 4.5 ELIAS dsDNA
Anti-SS-A antibody <10 0/37 0.0 ELISA SS-A/Ro protein
Anti-SS-B antibody <15 0/37 0.0 ELISA SS-B/La protein
Antimitochondrial antibody <7 2/44 4.5 ELISA M2 antigen*
Anti-smooth muscle antibody <1:20 9/44 20.5 IFL Tissue sections of rat 

stomach and kidney
Rheumatoid factor (RAPA) <10 IU/ml 13/44 29.5 TIA IgG
Antithyroglobulin antibody <10 IU/ml 7/41 17.1 ELISA Thyroglobulin
Antithyroid peroxidase antibody <10 IU/ml 5/41 12.2 ELISA Thyroid peroxidase
Any autoantibodies (<1:40 ANA) 35/44 79.5

(<1:80 ANA) 31/44 70.5

*Recombinant PDC-E2, BBCOADE-E2, OGDC-E2.
ELISA, enzyme-linked immunosorbent assay; IFL, indirect immunofluorescence; TIA, turbidimetric immunoassay.
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ANIMAL MODELS

A putative animal model of autoimmune pancreatitis was
created by immunizing neonatally thymectomized mice with
carbonic anhydrase II or lactoferrin, and also by transferring
immunized spleen cells to nude mice (Uchida et al., 2002).
Inflammation was found to be present in the pancreas of
immunized neonatally thymectomized mice and of all mice
receiving whole spleen cells or CD4+ cells. Carbonic anhy-
drase II- or lactoferrin-immunized mice developed apoptotic
duct cells or acinar cells, respectively. These findings
suggest that an immunologic mechanism against carbonic
anhydrase II or lactoferrin is involved in the pathogenesis 
of this pancreatitis model, in which the effector cells 
appear to be Th1-type CD4+ T-cells, although this requires
confirmation.

PATHOLOGIC MECHANISMS

Because serum IgG4 and IgG4-type immune complexes
are closely associated with disease activity, they may play a
major role in the pathogenesis of autoimmune pancreatitis.
To date, the pathologic effects of IgG4 and IgG4-type
immune complexes have been reported in limited settings,
such as in pemphigus and membranous nephropathy. Pem-
phigus vulgaris and pemphigus foliaceus are autoimmune
skin diseases (see Chapter 57) characterized by the presence
of IgG4-type autoantibodies against the cell-adhesion mol-
ecules desmoglein-3 and -1; the IgG4-type antidesmoglein
antibodies may even cause the characteristic skin lesions of
acantholysis. In autoimmune pancreatitis, IgG4-type auto-
antibody may induce an inflammatory response after inter-
action with an undefined target antigen. IgG4 is unique
among the IgG subclasses in its inability to fix C1q com-
plement and its low affinity for target antigens, resulting in
the formation of a unique type of immune complex. In the
pathogenesis of membranous nephropathy, these character-
istics of IgG4 may account for the slow rate of clearance of
IgG4-type immune complexes from the circulation, and for
the formation of membrane-attack complexes in tissues by
an alternative pathway, or the mannose-binding lectin
pathway. As we found high serum concentrations of IgG4-
type immune complexes in most patients with autoimmune
pancreatitis who had active inflammation, the same mecha-
nism may be operating in the pathogenesis of this disease. 

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Positive rates for various immunologic markers are as
follows: raised g-globulin 60%, raised IgG 70%, any of the
described autoantibodies 80%, and raised IgG4 90%. Serum
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IgG4 elevation is observed in very few patients with other
conditions, i.e., pancreatic cancer, chronic pancreatitis,
Sjögren syndrome, PBC, and PSC, suggesting that IgG4 is
the most sensitive and specific immunologic marker for
diagnosis (Hamano et al., 2001). IgG4-type immune com-
plexes are another useful marker, but we do not yet have a
reliable assay system. Although autoantibodies to carbonic
anhydrase II and lactoferrin have been reported to be useful
markers, their diagnostic value for autoimmune pancreatitis
has not been fully accepted because of their insufficient sen-
sitivity and specificity (Kino-Ohsaki et al., 1996, Okazaki
and Chiba, 2002). 

TREATMENT AND OUTCOME

For autoimmune pancreatitis, intensive treatment for
acute pancreatitis is not required. Most patients with auto-
immune pancreatitis respond favorably to corticosteroid
treatment, resulting in an improvement in symptoms, labo-
ratory tests, and imaging findings. However, no general
agreement has been reached regarding the general usage of
corticosteroids for all patients, as we have found sponta-
neous remission in some patients who needed a biliary
drainage procedure for obstructive jaundice. It is possible,
however, that early corticosteroid therapy could prevent the
residual structural changes of pancreatic parenchyma, such
as duct change or fibrosis. Corticosteroid treatment is
mandatory for patients who are in a highly active state with
systemic manifestations, such as sclerosing cholangitis or
retroperitoneal fibrosis. For other cases, corticosteroid
therapy remains optional. 

As autoimmune pancreatitis is a new disease entity and
there are no therapeutic guidelines for this condition, the
regimen of steroid therapy was initially based on that for
other autoimmune diseases. Patients who showed obstruc-
tive jaundice and diffuse pancreatic swelling were treated
with 40mg/day of prednisolone for 4 weeks, after which the
dose was reduced by 5mg/week over 7 weeks until a dose
of 5mg/day was reached. Maintenance therapy was con-
tinued, at 2.5–5mg/day, if the autoimmune process did not
resolve. 

Surgery is often necessary for differentiation from 
malignancy.

To clarify the long-term outcome of autoimmune pan-
creatitis, we performed a follow-up study for periods longer
than 12 months (median follow-up: 54.5 months; range:
13–111 months). Twenty-six percent of patients who had
been treated with prednisolone had recurrent attacks and
19% developed pancreatic calculi during a median follow-
up period of 22 months. Because 55% of patients who suf-
fered relapse showed pancreatic calculi, this appears to be
significantly associated with relapsing compared with non-
relapsing cases. These findings suggest that autoimmune
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pancreatitis has the potential to be a progressive disease with
pancreatic lithiasis (Takayama et al., 2004), contrary to a
previous report (Yoshida et al., 1995). As few patients suf-
fered from acute attacks, acute inflammation would only
play a minor role in pancreatic stone formation. Incomplete
obstruction of the pancreatic duct system and stasis of pan-
creatic secretions provide another possible explanation for
the formation of pancreatic calculi.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

Autoimmune pancreatitis is clearly distinguishable 
from ordinary chronic pancreatitis, and shows a distinctive
disease profile with characteristic high serum IgG4 concen-
trations. However, the following issues remain to be clari-
fied: 1) the target antigen recognized by IgG4 autoantibody
and the role of IgG4 elevation; 2) details of extrapancreatic
lesions with respect to systemic disease, such as multifocal
fibrosclerosis; 3) therapeutic strategies, including corticos-
teroid therapy; and 4) long-term outcome with respect to the
pancreatic structure and function, and predisposition to
malignancy.

Autoimmune pancreatitis seems to receive particular
attention in Japan. Articles on this disease have been mainly
published from Japan, with some from Europe and the USA.
The major reason for this bias is probably the special inter-
est in this disease in Japan during the past 10 years, and
many patients in other countries have been overlooked or
given another diagnosis (Kim et al., 2004). Recent increas-
ing awareness of the entity will result in an increase in the
diagnosis of autoimmune pancreatitis worldwide.
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Autoimmune bullous diseases are rare disorders affecting
skin and mucous membranes that are mediated by patho-

genic autoantibodies against desmosomal or hemidesmo-
somal antigens of squamous epithelium (Diaz and Giudice,
2000). In the epidermis, neighboring keratinocytes adhere 
to each other through organelles known as desmosomes,
whereas at the dermoepidermal junction hemidesmosomes
anchor the epidermis to the dermis. The majority of these
antigens recognized by these autoantibodies is desmo-
somal and hemidesmosomal transmembrane glycoproteins
involved in epidermal cell–cell and epidermal–dermal
adherence.

The desmosome contains two parallel intracellular
plaques, which are located just underneath the cell mem-
branes of neighboring cells (Figure 57.1A). The narrow
extracellular space shared by two cells, at the level of the
desmosome, constitutes the desmosomal core. The desmo-
somal plaques serve as insertion sites for intracellular 
cytokeratins and are composed of large molecular weight
proteins, whereas the core contains a group of transmem-
brane calcium-dependent cell adhesion molecules known as
desmosomal cadherins. They include desmogleins (Dsg1–4)
and desmocollins (Dsc1–3) (Getsios et al., 2004). The 
isoforms of these desmosomal cadherins vary in different 
cell types. While Dsg1 is expressed throughout the epider-
mis with predominance in the upper layers of this tissue,
Dsg3 is expressed mainly in the suprabasal layers of the 
epidermis. 

The hemidesmosomes, located on the dermal pole of the
epidermal basal cells, also contain an intracellular plaque
and a core structure (Figure 57.1B). The extracellular space,
called the lamina lucida (corresponding to the desmosomal
core), separates these cells from the underlying basal lamina
(composed of collagen IV) (Diaz and Giudice, 2000). The
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FIGURE 57.1 A, Schematic diagram of the desmosome and B, hemidesmosome. BP, bullous pemphigoid; CP, 
cicatricial pemphigoid; EBA, epidermolysis bullosa acquisita; PF, pemphigus foliaceus; PNP, paraneoplastic pemphi-
gus; PV, pemphigus vulgaris.

sub-basal lamina region contains other matrix molecules and
the anchoring fibers (collagen VII). The hemidesmosomal
plaque, linked to the cytokeratin network, contains two
intracellular proteins, BP230 and plectin. The lamina lucida
contains the ectodomains of two transmembrane proteins,
BP180 and a6b4 integrin, and laminin 5.

The pemphigus syndromes include diseases that are 
characterized by loss of epidermal cell–cell cohesion
(named acantholysis) (Civatte, 1943) and autoantibodies
against desmosomal cadherins (Beutner and Jordon, 1964;

Anhalt and Diaz, 2001). This group comprises the two clas-
sical forms of pemphigus: pemphigus vulgaris (PV) and
pemphigus foliaceus (PF). PV is characterized by supra-
basilar acantholysis and anti-Dsg3 IgG autoantibodies,
whereas PF is characterized by subcorneal acantholysis and
anti-Dsg1 IgG autoantibodies. Other infrequent forms of
pemphigus include paraneoplastic pemphigus (PNP), drug-
induced pemphigus, and IgA pemphigus (Table 57.1). 

The pemphigoid syndromes and other rare subepidermal
autoimmune blistering diseases (see Table 57.1) are charac-
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terized by separation of the epidermis from the dermis.
Bullous pemphigoid (BP), the most common autoimmune
bullous disease seen in the elderly (Lever, 1965), is charac-
terized by subepidermal blisters and autoantibodies against
the hemidesmosomal BP180 and BP230 antigens (Stanley
et al., 1981; Mutasim et al., 1985; Labib et al., 1986). Other
subepidermal blistering diseases, such as cicatricial pem-
phigoid (CP), herpes gestationis (HG), lichen planus pem-
phigoides (LPP), and linear IgA dermatoses (LAD) exhibit
distinctive clinical, histologic, and immunogenetic features,
and share a humoral autoimmune response to the BP180
antigen. The remaining acquired subepidermal blistering
diseases show autoantibody responses to structural 
molecules of the dermal extracellular matrix; they include
epidermolysis bullosa acquisita (EBA) and dermatitis 
herpetiformis (DH). The antigen in EBA is collagen VII 
and in DH is a tissue transglutaminase. The autoantibody
response in all these autoimmune skin diseases belongs to
the IgG class, except in IgA pemphigus, LAD, and DH,
where the immunoglobulin class is IgA.

Passive transfer of IgG from patients with PV, PF, PNP,
and CP, or rabbit antiserum against BP and EBA autoanti-
gens, into experimental animals duplicated the main skin
features of the human disease in these animals, suggesting
that these autoantibodies are indeed pathogenic (Anhalt et
al., 1982; Roscoe et al., 1985; Liu et al. 1993; Amagai et al.,
1998; Chen et al., 2004). Numerous studies have demon-
strated that unique epitopes within the respective antigens
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are bound by pathogenic autoantibodies in these patients
(Guidice et al., 1993; Lapiere et al., 1993; Mahoney et al.,
1998; Zillikens et al., 1998; Christophoridis et al., 2000;
Sekiguch et al., 2001; Sardy et al., 2002; Li et al., 2003;
Zone et al., 2004).

Little is known about the etiology and how the auto-
immune response is triggered in these disorders except in
the endemic form of PF (also known as fogo selvagem),
where an environmental etiology is strongly suggested. In
this chapter we shall review the current clinical, histologic,
and immunologic features of the most common forms of
autoimmune bullous diseases (PV, PF, and BP), and briefly
discuss other infrequent forms of pemphigus and other
subepidermal autoimmune bullous diseases.

PEMPHIGUS VULGARIS

Clinical and Histopathologic Features

PV is the most severe and common form of pemphigus
(Lever, 1965). It affects skin and mucous membranes.
Although found in all ethnic and racial groups, the disease
is more prevalent in Jewish patients exhibiting the HLA
DRB1*0402 allele. Patients affected are usually in their
fourth to sixth decade of life. The disease usually begins
with painful ulcerations or erosions of the oral mucosa
(mucosal PV), which may last for several months. This

TABLE 57.1 Autoimmune blistering diseases of the skin

Disease Cleavage site Skin organelle Autoantigens Pathogenic autoantibodies

Pemphigus vulgaris Suprabasilar acantoholysis Desmosome Dsg3 Passive transfer
Pemphigus foliaceus Subcorneal acatoholysis Desmosome Dsg1 Passive transfer
Paraneoplastic pemphigus Suprabasilar acantoholysis Desmosome, Dsg3, Dsg1 and Passive transfer (Dsg3)

hemidesmosome plakin family
Drug-induced pemphigus Suprabasilar acantoholysis Desmosome Dsg1 ?

(commonly)
IgA pemphigus Subcorneal/intraepidermal Desmosome Dsg1 ?

pustules
Bullous pemphigoid Subepidermal Hemidesmosome BP180 and Passive transfer (BP180)

BP230 antigens
Herpes gestationis Subepidermal Hemidesmosome, BP180 antigen Passive transfer

lamina lucida
Cicatricial pemphigoid Subepidermal Hemidesmosome BP180 antigen, Passive transfer (laminin 5)

laminin 5, a6b4 
integrin

Lichen planus pemphigoid Subepidermal Hemidesmosome BP180 antigen ?
Linear IgA dermatoses Subepidermal Hemidesmosome BP180 fragments ?
Epidermolysis bullosa Anchoring fibers Type VII collagen

acquisita Subepidermal Passive transfer
Dermatitis herpetiformis Subepidermal Dermal papilla Transglutaminase ?

Dsg, desmoglein; DSC, desmollin.
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process is gradually followed by involvement of the skin
(mucocutaneous PV), where the disease produces flaccid
blisters and erosions. Other squamous epithelial tissues
(e.g., nasal, esophageal, larynx, pharynx, conjunctival,
vaginal, and rectal) may also be involved. 

Histologically, the epithelial lesions of PV show intraepi-
dermal blisters that are located above the basal cell layer of
the epidermis (superbasilar acantholysis) (Figure 57.2, left
panel). The basal cells remain attached to the dermis but lat-
erally detached from each other, producing the histologic
sign known as “row of tombstones” (Lever, 1965). Inflam-
matory infiltration is usually negligible, but early lesions
may show eosinophilic spongiosis. 

792 Cutaneous Diseases

Autoimmune Features

Autoantibodies

The serum of PV patients contains IgG autoantibodies
that stain the epidermal intercellular spaces (ICSs) by indi-
rect immunuofluoresence (IF), producing titers that roughly
correlate with disease activity (Beutner and Jordon, 1964).
Direct IF of perilesional epidermis reveals IgG bound to ker-
atinocyte cell surfaces. These autoantibodies are predomi-
nantly of the IgG4 subclass (Jones et al., 1988). 

The target antigen recognized by PV autoantibodies is
Dsg3, a 130-kDa desmosomal core glycoprotein (Amagai et
al., 1991). While patients with limited mucosal lesions have

A
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F

FIGURE 57.2 Left panel, clinical (A), histologic (B), and immunofluorescent (C) features of pemphigus vulgaris
(PV). Right panel, mouse model of PV. The key features of the human disease are reproduced in these animals by passive
transfer of PV autoantibodies (D–F). See color plate section.
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autoantibodies to Dsg3 exclusively, patients who develop
skin lesions may possess another population of autoanti-
bodies against Dsg1, the autoantigen of PF (Ding et al.,
1997). It is well established that about 50% of PV patients
show autoantibodies against Dgs3 and Dsg1. Mucosal
epithelium expresses Dsg3 predominantely, whereas the
lower epidermis coexpresses both Dsg1 and Dsg3, compen-
sating their function in pathologic states (compensation
theory) (Mahoney et al., 1999a). Thus, anti-Dsg3 auto-
antibodies alone are not sufficient to induce spontaneous
blisters in the skin, but they are pathogenic to mucosal
epithelium. 

Dsg1 and Dsg3 belong to the cadherin superfamily of
calcium-dependent cell adhesion molecules and share high
sequence homology (Getsios et al., 2004). The ectodomain
of these glycoproteins are composed of four cadherin repeats
(EC1–4) and a variable extracellular anchor (EC5) (Figure
57.3). The six putative calcium-binding motifs residing on
the ectodomain are believed to be involved in maintaining
the conformation and adhesive function of Dsg3. A putative
adhesion site (RAL) is located on the EC1 domain. The
ectodomain of Dsg3 has been expressed in the baculovirus
system and employed to adsorb pathogenic autoantibodies
from PV serum. The affinity-purified autoantibodies against
Dsg3 induced suprabasilar acantholysis in neonatal mice
(Amagai et al., 1992; Ding et al., 1999). These pathogenic
autoantibodies recognize conformational and calcium-
dependent epitopes located on the EC1 domain of Dsg3
(Sekiguch et al., 2001), which is believed to be involved in
the adhesive function of the molecule.

Pathogenic Role

Several studies have demonstrated the correlation of PV
autoantibody titers and disease extent and activity. Further,
it was observed that these autoantibodies are present in the

Bullous Skin Diseases: Pemphigus Pemphigoid 793

serum of babies born to mothers with active disease. This
PV neonatorum was transient, i.e., the skin lesions healed
spontaneously and the autoantibodies disappeared from the
serum of the babies shortly after birth. In vitro studies also
showed that PV IgG can induce acantholysis in skin organ
cultures and cell detachment in primary epidermal cell cul-
tures. The in vivo passive transfer studies, demonstrating
that PV IgG is able to faithfully reproduce the disease in
neonatal mice, finally attributed a pathogenic role to PV
autoantibodies (see Figure 57.2, right panel) (Anhalt et al.,
1982). These pioneer studies were extended to demonstrate
that PV autoantibodies are able to induce disease by passive
transfer in a process that is independent of activation of 
complement or plaminogen activator (Anhalt et al., 1986;
Mascaro et al., 1997; Mahoney et al., 1999b). 

Another area of intense research is addressing the mole-
cular mechanisms of acantholysis, i.e., how PV autoanti-
bodies trigger cell detachment. Earlier ultrastructural studies
showed that PV autoantibodies bind keratinocyte cell sur-
faces, forming clusters of immune complexes that are inter-
nalized and fused with lysosomes (Patel et al., 1984). Mice
passively transferred with PV IgG showed binding of these
autoantibodies to the epidermal ICSs and initiation of the
process of cell detachment in the spaces between desmo-
somes. This process was followed by desmosome splitting
and completes cell detachment (Takahashi et al., 1985).
Similar findings were also reported in an active mouse
model for PV (Shimizu et al., 2004). 

Two hypotheses on the molecular mechanisms of acan-
tholysis are currently under investigation: impairment of 
the adhesive function of Dsg3 by steric hindrance (Diaz 
and Marcelo, 1978) and the activation of intracellular 
signaling pathways by binding of PV autoantibodies to Dsg3 
(Caldelari et al., 2001; Kitajima, 2003; Rubenstein et al.,
2004). Results of these studies are promising.

- - - -

EC1 EC2 EC3

Dsg1

Dsg3 EC5

EC5

Keratinocyte

EC4EC3EC2EC1

EC4

FIGURE 57.3 Molecular structure of desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3). Dsg1 and Dsg3 are structurally
similar desmosomal transmembrane glycoproteins. The extracellular domain of the two molecules contains four 
cadherin-like domains (EC1–EC4) and a membrane-proximal domain (EC5). The black stripes represent six putative
Ca2+-binding motifs found in the cadherin repeats.
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T-Cell Activation

Like for most other antibodies, induction of anti-Dsg3
autoantibodies is also T-cell dependent. Indeed, in vitro
anti-Dsg3 antibody production by autoreactive B cells was
abolished upon depletion of CD4+ T cells (Nishifuji et al.,
2000). Other investigators have successfully derived T-cell
clones from PV patients that proliferated when stimulated
with various Dsg3 peptides (Wucherpfennig et al., 1995; Lin
et al., 1997; Veldman et al., 2004). Most of the T-cell epi-
topes identified are located in the first three ectodomains 
of Dsg3. The HLA restrictions and cytokine profiles of the
T-cell clones have been characterized. It was shown that 
the reactivity of one of these T-cell clones with the 
Dsg3 peptide (residues 190–204) was restricted to the PV-
associated DRB1*0402 allele, and secreted high levels 
of type 2 helper T (Th2)-cell cytokines (Wucherpfennig 
et al., 1995). Similarly, CD4+ T cells from PV patients
responsive to three polypeptides (residues 145–192, 240–
303, and 570–614) were also restricted to HLA-DR and
exhibited a Th2-like cytokine profile (Lin et al., 1997).
These studies suggest that Th2 cells are relevant in the
induction of Dsg3-specific autoantibodies. However, a
recent study by Veldman et al. (2004) showed that not only
autoreactive Th2 cells are present in PV patients, but also
Th1 cells. It was suggested that both Th1 and Th2 cells may
be involved in the production of PV autoantibodies, since
the ratio of Dsg3-specific Th1:Th2 cells in PV patients 
correlated well with the serum autoantibody titers of these
patients. 

Interestingly, Dsg3-specific T cells are not only detected
in PV patients, but also detected in healthy individuals who
carry PV-susceptible HLA alleles (Veldman et al., 2004).
However, in contrast to PV patients, Dsg3-responsive T-cell
clones from healthy donors exhibit exclusively Th1 [inter-
feron (IFN)-g] cytokine profiles. Of note, nonpathogenic
anti-Dsg3 autoantibodies have been detected in first-degree
relatives of PV patients, which are mainly IgG1 subclass
(Bhol et al., 1995; Kricheli et al., 2000). 

Genetic Features

HLA alleles may play important roles in the development
and progression of PV (Sinha et al., 1988; Delgado et al.,
1997). Two haplotypes, DR4 (DRB1*0402 or 0406)/
DQB1*0302 and DR14 (DRB1*1401, 1404, or 1405)/
DQB1*0503) are strongly associated with PV in different
ethnic groups. It is suggested that the association of
DRB1*0402 and DQB1*0503 is primary, whereas the asso-
ciation of DRB1*1401 and DQB1*0302 is secondary due to
linkage disequilibrium. While DRB1*0402 is highly associ-
ated with PV in Jewish and white patients, DQB1*0503 is
found in non-Jewish patients. 
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Animal Models

Autoantibody Passive Transfer Model

As described above, neonatal mice have been used as
targets for passive transfer experiments of PV IgG (Anhalt
et al., 1982). The small size of these animals and their lack
of hair allow the use of smaller amounts of IgG and the
lesions are easily visible on the hairless skin. PV IgG 
transferred into neonatal mice reproduces the clinical, 
histologic, and immunologic features of human disease 
(see Figure 57.2, right panel). The disease induced in these
animals is dose-dependent and also correlates with the titers
of PV autoantibodies detected in the sera of the injected
mice.

Active Immunization Model

Efforts to induce PV phenotype in adult mice by con-
ventional active immunization with human Dsg3 have been
largely unsuccessful. The immunized animals, however, do
produce antibodies that were able to induce skin blisters
when passively transferred into neonatal mice (Fan et al.,
1999). Amagai et al. (2000) have developed an active mouse
model of PV using a novel strategy to overcome the barrier
of self-tolerance. They immunized Dsg3 knock-out mice
(Koch et al., 1997) with human Dsg3, and adoptively trans-
ferred the splenocytes from these immunized animals to
immunodeficient mice, Rag-2-/-, which express Dsg3 in
their epidermis. The recipient mice produced anti-Dsg3 anti-
bodies and showed suprabasilar acantholysis histologically.
Some of the animals developed spontaneous crusted ero-
sions on the skin around the snout. 

PEMPHIGUS FOLIACEUS

Clinical and Histopathologic Features

Unlike PV, PF affects skin only, where the disease man-
ifests as superficial blisters and erosions that may lead to
crusting and formation of keratotic plaques (Figure 57.4, left
panel). The skin lesions initially involve the central areas 
of the face, scalp, the mid chest, and the upper back. From
these areas the disease may spread to involve the entire
body, producing an exfoliative erythroderma. Histologic
examination of these lesions reveals subcorneal vesicles and
acantholysis, predominantly in the upper layers of the
stratum spinosum (Lever, 1965). 

The classical form of PF is nonendemic and is seen spo-
radically in different parts of the world. A second form of
PF is endemic and was originally described in certain states
of Brazil under the name of fogo selvagem (FS) (Diaz et al.,
1989). Endemic forms of PF have also been reported in
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Colombia and Tunisia. Epidemiologic studies suggest envi-
ronmental triggers for FS development (Aoki et al., 2004). 

Autoimmune Features

Autoantibodies

Similar to PV, PF patients are also characterized by anti-
epidermal ICS autoantibodies, predominantly of the IgG4
subclass (Rock et al., 1989). These autoantibodies are
detected bound to diseased epidermis and circulating in the
serum of the patients. These titers roughly correlate with
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disease extent and activity. The IgG4 autoantibodies are
pathogenic as demonstrated by passive transfer studies
(Figure 57.4, right panel) (Rock et al., 1989). Activation of
the complement cascade or plasminogen activator is not
required for the induction of acantholysis by these autoan-
tibodies in the mouse model (España et al., 1997; Mahoney
et al., 1999b). 

Dsg1, expressed mostly in the superficial layers of the
epidermis, is the target antigen of PF autoantibodies. 
Affinity-purified anti-Dsg1 antibodies from PF serum are
able to induce disease in neonatal mice (Amagai et al.,
1995). The majority of PF autoantibodies recognize 
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FIGURE 57.4 Left panel, clinical (A), histologic (B), and immunofluorescent (C) features of endemic pemphigus
foliaceus (PF) (fogo selvagem). Right panel, mouse model of PF. The animals have been passively transferred with
human PF IgG (and IgG4) and develop skin lesions (D), which histologically (E) are similar to the human disease. The
human anti-Dsg1 autoantibodies are detected bound to the lesional epidermis (F) and circulating in the mouse serum.
See color plate section.

ch057-P595961.qxd  2/28/06  4:11 PM  Page 795



conformational and calcium-dependent epitopes residing in
the N-terminal amino acids 1–161 of Dsg1 (Sekiguch et al.,
2001). We have recently shown that the anti-Dsg1 autoanti-
bodies in FS recognize different domains of the ectodomain
of the molecule. In the preclinical stage of FS or during
disease remission and in normal individuals not exhibiting
skin disease, the anti-Dsg1 autoantibodies recognize the
EC5 domain only. On the contrary, FS anti-Dsg1 auto-
antibodies from patients showing active disease or during
disease relapses recognize the EC1/EC2 domains (Li et al.,
2003). Although the majority of PF/FS autoantibodies are of
the IgG4 subclass, it appears that epitope specificity, rather
than the subclass of IgG, is the driver of the pathogenicity
of the autoantibodies (Li et al., 2002; Hacker-Foegen et al.,
2003). Considering these findings, we hypothesized that an
environmental agent(s) cross-reacts with the EC5 domain of
Dsg1 and triggers an initial nonpathogenic anti-EC5 auto-
immune response (Figure 57.5) (Diaz et al., 2004). In geneti-
cally predisposed individuals, the autoimmune response
may undergo intramolecular epitope spreading toward 
pathogenic epitopes on the EC1/EC2 domains of Dsg1,
which leads to disease onset. 

T-Cell Activation

It has been demonstrated that CD4+ T-cell lines and
clones derived from peripheral blood of FS patients show a
proliferative response when incubated with the Dsg1
ectodomain (Lin et al., 2000a). The stimulation of these
CD4+ T cells is HLA-DR restricted. Moreover, these cells
secrete Th2-like cytokines. The Dsg1 epitopes recognized
by these T cells have not yet been characterized.

796 Cutaneous Diseases

Genetic Features

The HLA alleles strongly associated with FS are
DRB1*0404, *1406, *1402 (relative risk = 14) and *0102
(relative risk = 7.3) (Moraes et al., 1997). A common epitope
of LLEQRRAA, the residues 67–74 of the third hyper-
variable region of the DRB1 molecule, is shared by these 
susceptibility alleles. Similarly, a strong association of
DRB1*0102 and DRB1*0404 is also found in nonendemic
PF patients in France (Loiseau et al., 2000). Interestingly,
two susceptible alleles in PV, DRB1*1401 and DQB1*0503,
have been reported also with high frequencies in Italian and
Japanese PF patients (Lombardi et al., 1999; Miyagawa et
al., 1999). 

Animal Models

The classic animal model of PF was developed by pas-
sively transferring IgG from PF patients into neonatal mice
(Roscoe et al., 1985). These animals develop skin blisters,
which show the typical histologic features of the human
disease, i.e., subcorneal vesicles (Figure 57.4, right panel).
The extent of the disease correlates well with the indirect 
IF titers of human autoantibodies detected in the mouse
model. These animals develop classical ultrastructural sub-
corneal acantholysis (Futamura et al., 1989). The disease
was induced as a complement-independent process and by
monovalent PF IgG fragments as well (España et al., 1997).
Despite the availability of recombinant human and murine
Dsg1, studies on inducing disease by active immunization
have been unsuccessful.

EC1 EC4Dsg1 EC5    

Keratinocyte

EC2

Normal

PreclinicalFS onset

IgG4 IgG1/IgG4

Environmental
triggers

EC3

FIGURE 57.5 Proposed intramolecular epitope spreading in fogo selvagem (FS). An environmental factor(s) may
initiate the production of nonpathogenic IgG1 and IgG4 antibodies against the EC5 domain of Dsg1. In certain genet-
ically predisposed individuals, intramolecular epitope spreading results in the generation of predominantly IgG4 anti-
bodies against the EC1 and EC2 domains of the molecule, resulting in disease.
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Environmental Factors Involved in 
Fogo Selvagem

A remarkable characteristic of FS is its epidemiology.
Several independent lines of evidence indicate that FS is
precipitated by exposure to an environmental factor(s) (Aoki
et al., 2004). Anti-Dsg1 autoantibodies have been detected
in 55% of normal individuals living in an area exhibiting a
high prevalence (3.4%) of FS (Warren et al., 2000). Remark-
ably, anti-Dsg1 autoantibodies are also detected in FS
patients before the clinical onset of disease. These antibod-
ies are a mixture of IgG1 and IgG4 subclasses and recog-
nize the EC5 domain of Dsg1 (Warren et al., 2003; Li et al.,
2003). A case–control epidemiologic study points to a
hematophagous insect as a prime etiologic agent of FS 
(Diaz et al., 1989). For example, we have recently detected
anti-Dsg1 EC5 antibodies in the sera of patients with
onchocerciasis, leishmaniasis, and Chagas disease, exhibit-
ing no skin lesions of FS (Diaz et al., 2004). It is known that
hematophagous vectors (black flies, sand flies, and kissing
bugs, respectively) are involved in the transmission of the
respective tropical disease. It is postulated that the saliva 
of these vectors may contain Dsg1 cross-reactive antigens
showing certain degrees of sequence homology with the
EC5 domain of the molecule, thus inducing a nonpathogenic
anti-EC5 domain autoantibody response. This finding may
be an example of molecular mimicry. Identification of envi-
ronmental triggers for FS would shed some light on the
pathogenetic mechanisms involved in a human organ-
specific autoimmune disease. 

OTHER TYPES OF PEMPHIGUS 

Paraneoplastic Pemphigus

PNP is a severe mucocutaneous disease that runs a
usually lethal course in patients with underlying lympho-
proliferative malignancy, i.e., non-Hodgkin lymphoma,
chronic lymphocytic leukemia, and Castleman diseases
(Anhalt et al., 1990; Anhalt, 2004). Patients exhibit severe
stomatitis and skin lesions that may be vesiculobullous, or
show erythema multiforme or lichen planus features. In
approximately 30% of patients there is a bronchiolitis oblit-
erans syndrome with severe respiratory insufficiency. 

Histologic examination of the skin lesions reveals ker-
atinocyte necrosis, basal cell vacuolization, and suprabasi-
lar acantholysis. Direct IF shows deposition of IgG and C3
in the epidermal intercellular spaces (as in pemphigus) and
along the basement membrane zone (BMZ). The unique and
characteristic immunologic finding in PNP patients is the
polyclonal autoantibody response against structural antigens
of the desmosome and hemidesmosome. The antigens 
that have been characterized, besides Dsg3 and Dsg1, are
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members of the plakin family of proteins, including desmo-
plakin I and II, BP230, envoplakin, periplakin, and plectin,
which are components of the desmosomal and hemi-
desmosomal plaques. Removal of anti-Dsg3 autoantibodies 
from PNP sera abrogates the pathogenicity of the IgG 
fraction (Amagai et al., 1998). Affinity-purified anti-Dsg3
antibodies are able to induce skin lesions in neonatal mice.
Autoantibody-mediated disease may explain only part of the
complex epithelial injury found in these patients. Other
mechanisms of tissue injury that has been proposed are those
of cell-mediated cytotoxicity. 

It has been proposed that the autoantibody response in
PNP is primarily directed against tumor antigens that cross-
react with epithelial structural proteins. Additionally, the
tumor may produce cytokines that modulate the auto-
immune response. Interestingly, Wang et al. (2004) have
demonstrated that tumor B cells are able to produce anti-
epidermal antibodies.

The diagnosis of PNP is made clinically, histologically,
and immunologically. By indirect IF, the serum of PNP
patients typically stains rat bladder epithelium, which pro-
duces negative results when stained with the serum of PV
or PF. Immunoprecipitation techniques using radiolabeled
keratinocyte extracts reveal reactivity with the plakin 
proteins. 

Drug-Induced Pemphigus

Certain drugs, particularly thiol-containing drugs, such as
penicillamine and captopril, may induce clinical and histo-
logic features of PF, and less commonly PV. The majority
of drug-induced pemphigus patients exhibit circulating
autoantibodies to the epidermal ICSs and epidermal-bound
IgG. In cases of drug-induced PF, the autoantibodies recog-
nize Dsg1. Some of these drugs have been shown to cause
acantholysis directly in vitro. Drug-induced pemphigus may
be transient and usually resolves upon withdrawal of the
medication, although in rare cases the disease may run a
chronic course. The mechanisms involved in the induction
of the autoimmune response by drugs in pemphigus remain
obscure.

IgA Pemphigus

This clinical variant of pemphigus is unique because of
its clinical and histologic phenotype. Clinically, patients
show superficial clusters of small vesicles and pustules, in
some cases producing annular patterns. The Nikolski sign is
positive and the great majority of patients show no mucosal
lesions. The histologic features show, in addition to the acan-
tholysis, an intense neutrophilic infiltrate in the epidermis.
This infiltrate may be subcorneal or located in the mid-
epidermis. The immunologic hallmark of this form of pem-
phigus is the presence of IgA class autoantibodies directed
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to the epidermal ICSs (like PV or PF). The antigen recog-
nized by some of these antibodies has been shown to be
another desmosomal core cadherin, named desmocollin 1
(Hashimoto, 2001). The pathogenic role of these IgA
autoantibodies has not been demonstrated. Further, the
intense neutrophilic infiltrate of the epidermis and a rapid
response of the disease to dapsone (a neutrophilic targeted
drug) might indicate a unique IgA-mediated pathway of
tissue damage.

BULLOUS PEMPHIGOID

Clinical and Histopathologic Features

BP is the most common autoimmune bullous disease
affecting primarily the skin (Lever, 1965). It is estimated
that about 5–10 new cases are seen yearly in a large hospi-
tal referral center in the USA. BP occurs most frequently in
the elderly (60–80 years of age) and affects men and women
equally. The skin lesions usually begin as urticarial plaques
or erythematous papules, which evolve into large, tense
bullae filled with clear fluid (Figure 57.6, left panel). Histo-
logic examination of these lesions shows detachment of 
the epidermis from the dermis producing subepidermal blis-
ters. The upper dermis exhibits an inflammatory infiltrate,
including eosinophils, neutrophils, lymphocytes, and mono-
cytes/macrophages. The predominant inflammatory cells in
early lesions are usually eosinophils. Histologic evidence of
mast cell degranulation has also been reported (Wintroub et
al., 1978).

Autoimmune Features

Autoantibodies

BP patients have circulating and tissue-bound IgG
autoantibodies directed against two hemidesmosomal pro-
teins (Mutasim et al., 1985) known as the BP230 (BPAG1)
and the BP180 (BPAG2, type XVII collagen) antigens
(Jordon et al., 1967; Stanley et al., 1981; Labib et al., 1986).
The autoantibodies to BP180 are predominantly of the IgG1
and IgG4 subclasses (Laffitte et al., 2001). In addition to IgG
autoantibodies, IgE autoantibodies to BP180 are found in
the majority of untreated BP patients (Dimson et al., 2003).
Only antibodies to BP180 have been demonstrated to be
pathogenic in neonatal mice (Figure 57.6, right panel) (Liu
et al., 1993).

The BP230 antigen is an intracellular hemidesmosmal
plaque protein belonging to the plakin family (Tanaka et al.,
1991), whereas the BP180 antigen is a hemidesmosomal
transmembrane protein belonging to the collagen family
(Giudice et al., 1992). The BP180 protein shows a type II
orientation, with its N-terminal region toward the intracel-
lular hemidesmosomal plaque and its C-terminal half pro-
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jecting into the extracellular milieu of the BMZ. The anti-
BP180 autoantibodies from BP patients recognize multiple
epitopes that cluster within the noncollagen 16A (NC16A)
domain of the BP180 ectodomain (Giudice et al., 1993) (see
Figure 57.8A). It has been reported that the serum levels of
autoantibodies to BP180 NC16A in patients are directly 
correlated to disease severity (Haase et al., 1998). 

T-Cell Activation

It has been reported that BP180-specific autoreactive 
T cells recognize epitopes located predominantly on the
NC16A domain of the molecule (Budinger et al., 1998; Lin
et al., 2000b). These T lymphocytes express CD4+ memory
T-cell surface markers and exhibit a Th1/Th2 mixed
cytokine profile. 

Genetic Features

HLA studies involving American, Japanese, and British
BP patients showed no significant association between the
disease and HLA-A, -B, -C, and -DR loci, while a marked
increase in the HLA-DR5 allele was found in BP patients
from France (Seignate et al., 1987; Venning et al., 1989).
More recently, studies have demonstrated that HLA-
DQB1*0301 is associated with BP in white patients
(Delgado et al., 1996), whereas DRB1*0403, 0406, or
DRB1*1101 have high frequency in Japanese patients
(Okazaki et al., 2000).

Animal Models

IgG Passive Transfer Model

Early studies on passive transfer of human BP IgG 
containing anti-BP180 and anti-BP230 autoantibodies to
neonatal mice were unsuccessful. It was found later that the
murine BP180 protein did not react with human anti-BP180
antibodies largely due to differences at the amino acid 
level of the NC16A of the molecule. This problem was over-
come by raising rabbit antibodies against a segment of
murine BP180 homologous to the human epitope. It was
demonstrated that these anti-BP180 antibodies were patho-
genic if passively transferred into neonatal mice. The
animals recapitulate the key clinical and histologic features
of the human disease (see Figure 57.6, right panel) (Liu et
al., 1993). 

In contrast to the PV and PF mouse models, the sub-
epidermal blistering in mice induced by anti-BP180 anti-
bodies depends on complement activation and a subsequent
cascade of inflammatory events, including mast cell degran-
ulation and neutrophil infiltration (Figure 57.7). Proteolytic
enzymes (neutrophil elastase and gelatinase B) released
from recruited neutrophils are the final effector molecules
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FIGURE 57.6 Bullous pemphigoid (BP). Left panel, key clinical, histologic and immunofluorescent features of BP.
Large, tense blisters and erosions are seen in flexural areas (A). The histology reveals subepidermal blisters (B). Direct
immunofluorescence (IF) shows in situ deposition of IgG (C) and C3 (D) at the cutaneous basement membrane zone
(BMZ). Right panel, mouse injected with rabbit antimurine BP180 antibodies. The animals develop skin blisters (E).
The histology of these lesions shows dermal–epidermal separation with an inflammatory infiltration (F). Direct IF shows
in situ deposition of rabbit IgG (G) and mouse C3 (H) at the BMZ. See color plate section. 
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that cause the epidermal–dermal separation seen in skin
lesions (Liu, 2004). 

Active Immunization Model

Recently, we have developed a new BP animal model by
active immunization of adult C57BL/6J mice with a recom-
binant murine BP180 antigen. Figure 57.8A and B shows
the ectodomains of the human and murine BP180 antigen,
respectively, and the selected region of the murine protein
used to immunize the animals. Three weeks after the boost-
ing immunization, some of the immunized mice developed
subepidermal blisters and a dermal inflammatory neu-
trophilic infiltrate. Perilesional skin of these animals 
showed in vivo deposition of IgG and C3 at the BMZ (Figure
57.8C). The autoimmune response in these animals is an
MHC class II-restricted T-cell response (Liu, 2004).
Remarkably, BALB/c and SJL mice were unable to mount
a pathogenic autoantibody response upon immunization
with the murine BP180 antigen.

OTHER SUBEPIDERMAL 
BULLOUS DISEASES

Herpes Gestationis (Pemphigoid Gestationis)

HG, also known as pemphigoid gestationis (PG), is a
variant of BP affecting pregnant women primarily. The inci-
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dence is about 1 in 50,000 pregnancies. The disease usually
develops during the second or third trimester of pregnancy
or in the immediate postpartum period. HG has rarely been
associated with underlying trophoblastic tumors. Similar to
BP, HG patients develop subepidermal blisters and linear
deposition of C3 at the BMZ (Provost and Tomasi, 1973).
The sera of these patients is usually negative by conven-
tional indirect IF assays but become positive when comple-
ment fixation to the skin is assayed (HG factor) (Provost and
Tomasi, 1973). The HG factor was found to be a comple-
ment-fixing autoantibody against the BP180 antigen (Jordon
et al., 1976; Katz et al., 1976; Morrison et al., 1988; Giudice
et al., 1993). This autoantibody is predominantly IgG1 and
recognizes the same epitope (within the BP180 NC16A
domain) as BP autoantibodies. BP180-specific T cells also
recognize the BP180 NC16A and express a CD4+ Th1
memory phenotype (Lin et al., 1999). Like BP, HG is also
associated with DQB1*0301. Interestingly, less than 5% of
the neonates of mothers with HG develop transient sub-
epidermal vesicles with maternal IgG bound to perilesional
skin. The mechanism of autoimmunity in HG and the role
of pregnancy are not fully understood.

Cicatricial Pemphigoid

CP, also known as mucous membrane pemphigoid, is a
group of heterogeneous diseases characterized by subepi-
thelial blistering involving mucous membranes exclusively
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BK a–BP180 IgG

FIGURE 57.7 Proposed mechanism of subepidermal blister formation in experimental bullous pemphigoid. Sub-
epidermal blistering is an inflammatory process that develops in the following steps: 1, anti-BP180 IgG binds to the
pathogenic epitope of BP180 antigen in basal keratinocytes (BK); 2, the molecular interaction between BP180 antigen
and anti-BP180 IgG activates the complement system (C¢); 3, C¢ activation products C3a and C5a cause mast cells (MC)
to degranulate; 4, proinflammatory mediators released by MC recruit neutrophils (PMN); 5, infiltrating PMNs release
proteolytic enzymes, including neutrophil elastase (NE) and gelatinase B (MMP-9); 6, proteolytic enzymes degrade
BP180 and other extracellular matrix proteins, leading to subepidermal blistering.
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(Korman and Cooper, 2000). The oral and ocular surfaces
are most commonly involved, while skin lesions occur only
in one-third of CP patients. A striking clinical feature of CP
is that healing of the lesions leads to scarring and dysfunc-
tion of the affected organs. For example, ocular involvement
may cause blindness due to corneal scarring and fibrosis.
Direct IF reveals linear deposition of IgG, IgA or C3 along
the epithelial BMZ (Egan et al., 2003). Similarly esophageal
involvement may lead to strictures of this organ (Egan et al.,
1999). CP is also associated with DQB1*0301 (Delgado et
al., 1996).

The heterogeneity of CP is reflected in the sites involved
by the autoimmune disease and the syndromes it may
produce (ocular only, oral mucosal only, mucocutaneous,
and multiple sites). These syndromes may reflect the tissue
specificity of targeted autoantigens. The majority of CP
patients show circulating IgG autoantibodies against BP180
antigen (Balding et al., 1996). Some of these CP autoanti-
bodies recognize the C-terminal domain of BP180, which is
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different from BP. A subset of CP patients exhibits circulat-
ing autoantibodies against laminin 5, also known as epi-
lagrin (Domloge-Hultsch et al., 1994; Egan et al., 1999).
Experimentally, it was shown that antilaminin 5 antibodies
are able to induce subepidermal blisters in neonatal mice
(Lazarova et al, 1996). Many patients with ocular involve-
ment have autoantibodies against a6b4 integrin (Tyagi et al.,
1996). The pathogenic role of the various autoantibodies
found in CP and their link to scarring remain to be eluci-
dated. An association of cancer with some CP cases with
antilaminin 5 autoantibodies has been reported, but it is not
known why these CP patients have an increased relative risk
for cancer (Egan et al., 2003).

Lichen Planus Pemphigoides

LPP is characterized by bullae arising on lichen planus
papules. Some authors suggest LPP is the concurrence of
lichen planus (LP) and BP, while others consider LPP as an
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FIGURE 57.8 Active model of bullous pemphigoid (BP). A, Schematic diagram of the human BP180 antigen. The
C-terminal extracellular region is made up of a series of collagen-like domains (yellow rectangles) interrupted by non-
collagen domains (black bars). The major epitope (NC16A) recognized by BP autoantibodies is depicted by the red oval.
B, Mouse BP180 antigen used to immunize mice. This antigen (referred to as mBP180ABC) contains the largest non-
collagen domain (NC14A) and part of the largest collagen-like domain. mBP180ABC harbors four epitopes, one of
which (red) is pathogenic. C, 8–10-week-old C57BL/6J mouse immunized with mBP180ABC. Some of these mice
developed BP-like skin lesions, starting the third week after the boosting immunization (a). Histologic examination
shows subepidermal blistering (b). Direct immunofluorescence shows in vivo deposition of autoantibodies at the base-
ment membrane zone (c). d, dermis; e, epidermis; v, vesicle. See color plate section.
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entity in its own right. In contrast to BP, LPP is seen in
younger patients and the blisters are often distributed on the
distal extremities. Like BP, linear deposition of IgG and C3
is found along the BMZ. LPP IgG autoantibodies recognize
an epitope in NC16A of the BP180 antigen that is not reac-
tive with BP autoantibodies (Zillikens et al., 1999). 

Linear IgA Disease

LAD is a subepidermal blistering disorder characterized
by pruritic lesions and linear deposition of IgA autoanti-
bodies at the BMZ (Nemzer et al., 2000). Mucosal mem-
brane involvement is common (60–80%). LAD can be
subdivided into adult-onset, childhood-onset, and drug-
induced LAD (Zone et al., 2004). The histology of lesional
and perilesional skin reveals subepidermal vesicles with
neutrophilic infiltration along the BMZ and in the superficial
dermis. 

IgA autoantibodies in LAD serum react with multiple
antigenic peptides derived from the BP180 ectodomain. The
most common antigenic peptides for the major type of LAD
(the lamina lucida type), detected by immunoblotting using
epidermal extracts, are the 97-kDa protein (LABD97) and
the 120-kDa antigen (LAD-1), which are considered to be
the proteolytic fragments of the BP180 polypeptide (Zone
et al., 2004). These findings suggest that the majority of
LAD autoantibodies recognize epitopes on LABD97 and
LAD-1, which are different from those bound by BP auto-
antibodies on the intact BP180 molecule.

Epidermolysis Bullosa Acquisita

EBA is an acquired subepithelial blistering disease of the
skin and mucous membranes mediated by IgG autoantibod-
ies against type VII collagen (O’Toole and Woodley, 2000).
Lesions occur predominantly on areas of trauma and often
heal with scarring, like CP. Subepidermal blister are formed
as a result of detachment of the epidermis at the level of the
sub-basal lamina densa, as demonstrated by ultrastuctural
studies (see Figure 57.1). EBA is associated with HLA-DR2
(Gammon et al., 1988).

The target antigen of EBA is type VII collagen (C-VII),
which is confined to anchoring fibers of the sub-basal lamina
densa region of the skin. EBA autoantibodies react with four
major epitopes within the N-terminal noncollagenous NC1
domain of C-VII. It is hypothesized that binding of these
autoantibodies may interfere with dimer formation of the C-
VII molecule or may impair the association of C-VII with
its ligands, laminin 5 and fibronectin. It has also been sug-
gested that complement activation by the autoantibodies
induces inflammation and blistering. EBA IgG autoantibod-
ies, when injected into neonatal mice, induced microscopic
subepidermal blisters below the lamina densa similar to the
human disease. Furthermore, rabbit antihuman type VII col-
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lagen NC1 domain IgG also induced EBA-like lesions in
adult hairless mice and nude mice bearing human skin grafts
(Chen et al., 2004). 

Dermatitis Herpetiformis

DH is an IgA-mediated skin blistering disease character-
ized by intensive pruritic erythematous papules and vesicles
symmetrically distributed over extensor surfaces (Bagheri
and Hall, 2000). The skin rash is gluten dependent and
responds to a gluten-free diet. Skin biopsies from DH lesions
show a characteristic neutrophilic infiltration in the upper
dermis involving the dermal papillae. Perilesional and
normal skin in DH shows a granular deposition of IgA along
the BMZ. It has been shown that DH patients possess in 
their sera IgA autoantibodies that recognize epidermal trans-
glutaminase (Sardy et al., 2002). It is unknown if these 
antitransglutaminase autoantibodies are pathogenic or an
epiphenomenon, but the autoantibodies can be used as a sen-
sitive serologic marker for DH. A remarkable feature of DH
is its high association with celiac disease, another IgA
related gluten-sensitive (GSE) disorder involving the small
intestine. Patients with DH and GSE share an increased
expression of the HLA-A1, HLA-B8, and HLA-DR3, and
HLA-DQA1*0505 and DQB1*02 genes (Sollid, 2000) and
a humoral response to transglutaminases. Both diseases are
exacerbated by the intake of gluten-containing food. The
mechanisms of gluten-induced autoimmunity and the rela-
tionship of the IgA autoantibody response to transglutami-
nase in DH remain unclear (see Chapter 51).

TREATMENT 

The aim of therapy in all autoimmune blistering diseases
of the skin is to abrogate the pathogenic autoantibodies and
to decrease the tissue inflammatory response triggered by
some of these antibodies. Elimination of pathogenic autoan-
tibodies from the patient is accomplished by immunosup-
pression or plasmapheresis. The inflammatory response in
the skin may be modulated by using topical or systemic
steroids or drugs that are known to impair the effector func-
tion of neutrophils such as dapsone. It is understood that sys-
temic steroids may modulate the antibody production and
also benefit the local inflammatory response in the skin. 

Systemic corticosteroids are the first line of therapy for
patients with all clinical forms of pemphigus and pem-
phigoid. Doses of prednisone in the range of 1.0 mg/kg
every morning are used initially. If patients continue to de-
velop new lesions, the dose of prednisone can be increased
incrementally to 2.0 mg/kg; however, in our practice we
rarely exceed a total dose of 100 mg/day. The use of aza-
thioprine, cyclophosphamide, methotrexate or mycopheno-
late mofetil as adjunctive therapy is beneficial in controlling
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the disease and enhancing the chances of inducing a pro-
longed remission. They are excellent steroid-sparing agents.
Patients must be fully evaluated clinically and tested for
hematologic, renal and liver function parameters before
starting treatment. The doses and side effects for any of these
drugs are described in detail in dermatologic textbooks. 

The mortality rate for patients with pemphigus has been
reduced to less than 10%; however, these patients are prone
to develop severe complications of the therapy, i.e., osteo-
porosis, diabetes, hypertension, and obesity.

It is well documented that some patients are “resistant”
to all these therapeutic modalities. These rare patients may
benefit from plasmapheresis or parenteral infusions of
human immunoglobulin. Recently, it has been reported that
therapy with anti-CD20 humanized monoclonal antibodies
may induce clinical and serologic remissions in severe cases
of pemphigus (Salopek et al., 2002; Dupuy et al., 2004). 

Dapsone is the drug of choice in DH. It exerts its anti-
inflammatory effects through direct action on the neutro-
phil by interfering with the myeloperoxidase–hydrogen 
peroxide–halide-mediated cytotoxic system in neutrophils.
Dapsone can cause hemolysis and methemoglobinemia and
therefore, it is mandatory to assay the levels of the enzyme
glucose 6-phosphate dehydrogenase (G6PD) prior to begin-
ning dapsone therapy as G6PD-deficient patients may expe-
rience severe hemolysis. Other side effects of dapsone, such
as hepatitis and thrombocytopenia, may need to be moni-
tored. Patients with LAD or IgA pemphigus also show a
remarkable clinical response to dapsone. These diseases
may be kept in remission with small doses of dapsone. Addi-
tionally, CP and certain cases of BP can respond favorably
to dapsone.

Therapy for patients with EBA is limited since most of
the drugs used to control other autoimmune blistering 
diseases do not change the course of this disease in most
patients. The use of systemic steroids, immunosuppressive
drugs or dapsone may be individualized in each patient.
Removal of underlying malignancy, steroids, immunosup-
pressive drugs and supportive therapy has been attempted in
PNP patients. The prognosis for these patients, however, is
poor.
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FIGURE 57.2 Left panel, clinical (a), histologic (b), and immunofluorescent (c) features of pemphigus vulgaris (PV).
Right panel, mouse model of PV. The key features of the human disease are reproduced in these animals by passive
transfer of PV autoantibodies (d–f).
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FIGURE 57.4 Left panel, clinical (a), histologic (b), and immunofluorescent (c) features of endemic pemphigus foli-
aceus (PF) (fogo selvagem). Right panel, mouse model of PF. The animals have been passively transferred with human
PF IgG (and IgG4) and develop skin lesions (d), which histologically (e) are similar to the human disease. The human
anti-Dsg1 autoantibodies are detected bound to the lesional epidermis (f) and circulating in the mouse serum.
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FIGURE 57.6 Bullous pemphigoid (BP). Left panel, key clinical, histologic and immunofluorescent features of BP.
Large, tense blisters and erosions are seen in flexural areas (a). The histology reveals subepidermal blisters (b). Direct
immunofluorescence (IF) shows in-situ deposition of IgG (c) and C3 (d) at the cutaneous basement membrane zone
(BMZ). Right panel, mouse injected with rabbit antimurine BP180 antibodies. The animals develop skin blisters (e).
The histology of these lesions shows dermal–epidermal separation with an inflammatory infiltration (f). Direct IF shows
in-situ deposition of rabbit IgG (g) and mouse C3 (h) at the BMZ.
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FIGURE 57.8 Active model of bullous pemphigoid (BP). A, Schematic diagram of the human BP180 antigen. The
C-terminal extracellular region is made up of a series of collagen-like domains (yellow rectangles) interrupted by non-
collagen domains (black bars). The major epitope (NC16A) recognized by BP autoantibodies is depicted by the red oval.
B, Mouse BP180 antigen used to immunize mice. This antigen (referred to as mBP180ABC) contains the largest non-
collagen domain (NC14A) and part of the largest collagen-like domain. mBP180ABC harbors four epitopes, one of
which (red) is pathogenic. C, 8–10-week-old C57BL/6J mice immunized with mBP180ABC. Some of the mice devel-
oped BP-like skin lesions, starting the third week after the boosting immunization (a). Histologic examination shows
subepidermal blistering (b). Direct immunofluorescence shows in-vivo deposition of autoantibodies at the basement
membrane zone (c). d, dermis; e, epidermis; v, vesicle.

FIGURE 63.3 Fulminant myocarditis. The myocardium is replaced by
a marked polymorphous inflammatory infiltrate composed predominantly
of lymphocytes and macrophages with rarer eosinophils and neutrophils.
Global myocyte injury and loss is noted. No giant cells are present. (H&E
100¥).

FIGURE 63.1 Lymphocytic myocarditis. There is a heavy infiltrate of
large activated lymphocytes throughout the myocardium. Myocyte necro-
sis is noted in the middle of this image. Fibrosis is present on the right side
of the image. (H&E 400¥).
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An autoimmune pathomechanism has been discussed or
confirmed for several dermatologic diseases within the past
decades. The pathogenesis of these diseases is multifactor-
ial and autoimmune mechanisms are often only one com-
ponent of a complex pathophysiology. Some of these
diseases typically affect only the skin and do not involve
other organ systems, unlike the systemic autoimmune 
disorders. However, subsets of patients may be identified
who develop either another autoimmune disease, such as
Hashimoto’s thyroiditis, or in whom another organ system
is involved, such as the joints. The autoimmune background
of these skin diseases has implications for their treatment,
since immune-modulating or -suppressing agents are often
effective. The pathophysiologic background of these dis-

eases notably includes an abnormal T-cell response, but also
autoantibody production against self-antigens within the
skin.

ALOPECIA AREATA

Alopecia areata has a long medical history, first being
described in the year 57 AD by Celsus. There is a vast
knowledge regarding its pathogenesis and therapy. This
disease is quite often associated with certain environmental
exposures or particular individual incidents. The high spon-
taneous remission rate for alopecia areata has led to a wide
range of therapies to promote hair growth, including com-
plementary modalities. Strong direct and indirect evidence
supports an autoimmune etiology for alopecia areata.

The exact incidence of alopecia areata is not known. A
study from the US has revealed a lifetime risk as high as
1.7% (Safavi et al., 1995). The disease occurs most fre-
quently within the second and third decades of life. 

Clinical Features

Alopecia areata starts usually with one or several areas
of hair loss in the scalp, beard or other hair-bearing sites.
The eyebrows or eyelashes are also often affected. The skin
area within the area of hair loss appears normal; no signs 
of atrophy are present (Figure 58.1). Within the areas of
active hair shedding, a short fractured hair shaft may be
identified, the characteristic “exclamation point” hair. Com-
plete scalp involvement, called alopecia totalis, may occur
suddenly or during prolonged progressive disease, and com-
plete or nearly complete loss of the entire body hair, called
alopecia universalis, may also occur. In 1–2% of affected
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individuals, alopecia areata is further described as the ophi-
asis type, in which the hair loss occurs particularly within
the retroauricular and occipital area, and alopecia areata
diffusa type, which is characterized by a sudden diffuse hair
loss without the typical circumscribed areas. 

The course of the disease is generally characterized by
recurrent hair loss and recovery. However, especially in
alopecia areata totalis, universalis, and ophiasis, sponta-
neous recovery of hair growth often does not occur, result-
ing in persistent alopecia. Several factors indicative of a
poor outcome have been identified, including the early onset
of disease, a severe and long-standing course of the disease,
and the presence of nail changes or atopic eczema. The nail
changes include dimples and transverse furrows. Other
organ systems are not affected and the most distressing 
consequence is the psychosociologic stigmatization of 
these young patients; social isolation and the development
of secondary psychotic diseases are common.

Important differential diagnoses of alopecia areata are tri-
chotillomania, tinea capitis, alopecia syphilitica, cutaneous
lupus erythematodes, lichen planopilaris, and idiopathic
scarring alopecia.

Pathophysiology

During its cycle the hair turns from an anagen into a
catagen and finally into a telogen hair. In the adult scalp the
anagen stage (active growth) lasts 3 years, catagen stage
(regression) 3 weeks, and telogen stage (resting period) 3
months. At any one time, 84% of the scalp hairs are in the
anagen stage, 2% in the catagen stage, and 14% in the
telogen stage.

Headington (1991) has suggested that the pathophysio-
logy of alopecia areata can be divided into four distinct
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stages: 1) acute hair loss; 2) persistent baldness; 3) partial
telogen to anagen conversion; and 4) normal recovery. Lym-
phocytic infiltrates in the peribulbar area of the anagen 
follicles are observed in all stages. The follicular structures
become miniaturized and as a result are identified most
superficially in the dermis. In the early active phase of hair
loss, diminutive follicles are predominantly observed in the
early or late catagen stages and these persist into the chronic
active phase of baldness. In long-standing cases, the inflam-
matory infiltrates in the skin appear to diminish (Messenger
et al., 1986). Lymphocytes may invade both the bulbs and
the outer root sheaths of early recovering anagen hairs. The
lymphocytic infiltrates in the peribulbar area consist of sub-
stantial numbers of helper T cells (CD4/CD8 ratio 4 :1). The
ability of the hair follicles to self-recover is retained, and 
if the hair follicle re-enters the anagen stage, it can be 
either attacked again by the infiltrating lymphocytes or can
undergo spontaneous growth (Messenger et al., 1986). The
presence of peri- and intra-follicular CD4+ and CD8+ lym-
phocytic infiltrates suggests a T-cell-mediated autoimmune
pathogenesis of the disease. Recently, a reduction of
CD4+CD25+ regulatory T cells was identified in mice suf-
fering from alopecia areata (Zoller et al., 2002).

Genetic Features

There is a genetic background in 10–25% of alopecia
areata patients. Several HLA markers have been associated
with alopecia areata, including DR-4, DR-5, DR-6, DR-7,
DR-11, and several DQB-1 alleles (McElwee et al., 2001).
Studies have identified polymorphisms for proinflammatory
genes, including tumor necrosis factor (TNF)-a (Galbraith
and Pandey, 1995), interleukin-1 receptor (IL-1R) (Cork et
al., 1995), and the IL-1b gene (Galbraith et al., 1999). It is
assumed that these polymorphisms within proinflammatory
genes are associated with the clinical appearance and 
severity of alopecia areata.

Animal models have been established to study the patho-
physiology of alopecia areata, notably in the C3H/HEJ
mouse and the Dundee Experimental Board Rat (DEBR).
Initial immunohistochemistry studies from affected patients
indicated that the keratinocytes from hair follicles in lesions
of alopecia areata are characterized by the expression of
major histocompatibility complex (MHC) class I and class
II, but also CD54 (Messenger and Bleehen, 1985). Such
antigen-presenting molecules are not expressed within the
normal hair follicle, because this is an immune-privileged
organ that is protected from the immune system (Paus et al.,
1994). Several as yet unidentified autoantigens induce a loss
of this immune privilege of the hair follicle, resulting in
increased expression of MHC- and CD54, and leading to the
possibility of antigen presentation by hair follicle cells. The
responsible autoantigens in hair follicles have not yet been
identified. However, the expression of MHC class I plays a

FIGURE 58.1 Typical clinical appearance of alopecia areata.
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central role, as CD8+ T cells are located within the center of
the peri- and intra-follicular infiltrates close to the MHC
class I-expressing keratinocytes. Several studies have
demonstrated the central role of CD8+ T cells in the DEBR
model by showing hair growth following depletion of CD8+

T cells (McElwee et al., 1996). This was confirmed in a
humanized severe combined immune deficiency (SCID)
mouse model (Gilhar et al., 1999). CD8+ T cells target the
hair follicle keratinocytes and melanocytes by inducing
apoptosis through CD95–CD178(CD95L) interaction
(Bodemer et al., 2000). It has been shown that animals with
a defective CD95–CD178(CD95L) system are resistant to
alopecia areata (Freyschmidt-Paul et al., 2003b). The induc-
tion of apoptosis within the hair follicle keratinocytes and
melanocytes leads to dystrophic changes and the hair shaft
is not formed regularly. 

Several other cell types may be also involved in alopecia
areata, including macrophages, dendritic cells, CD4+ T cells,
and B-lymphocytes. The cytokine profile of isolated T cells
from mice with alopecia areata reveals both a Th1 and Th2
profile in addition to increased TNF-a and IL-6 production
(Zoller et al., 2002). Also, autoantibodies have been
described in mouse and man (Tobin et al., 1997), but this is
most likely a secondary effect as autoantibodies seem not to
be directly involved in the development of hair loss. 

Treatment

As mentioned above, the high spontaneous remission rate
of alopecia areata means that many treatments have been
described. When results of controlled prospective studies are
not available, the possibility of spontaneous regrowth of hair
needs to be considered. 

Corticosteroids are widely used for the treatment of
alopecia areata, but only two controlled studies with topical
application of steroids have been published (Pascher et al.,
1970; Leyden and Kligman, 1972). Another treatment
option for alopecia areata is the induction of an allergic
contact dermatitis with dinitrochlorobenzol (DNCB)
(Happle and Echternacht, 1977). The efficacy of DNCB was
confirmed in several controlled studies, therefore excluding
the possibility of a spontaneous remission of the disease
(Happle and Echternacht, 1977; Freyschmidt-Paul et al.,
2003a). However, the success rate ranges from 29 to 78%
with a median efficacy rate of 51% (Freyschmidt-Paul et al.,
2003a). Future therapeutic approaches could include the
application of molecules that are apparently able to pene-
trate the hair bulbus and inhibit either the CD95–CD178
(CD95L) interaction or MHC class I expression within the
hair follicle keratinocytes. Unfortunately, the new topical
immune modulators do not reach the hair bulbus in suffi-
cient concentrations to have an effective immunosuppres-
sive effect. Finally, several biologics are being considered,
including antibodies to TNF-a/TNF-a receptor antagonists,
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and molecules, which interfere with costimulatory pathways
like CTLA-4, although an efficacy–cost analysis will be nec-
essary for these treatments. 

VITILIGO

Clinical Features

Vitiligo is an acquired depigmenting disorder character-
ized by the loss of melanocytes from the epidermis. It occurs
with a frequency of 0.1–2% in various populations. Several
types of vitiligo are distinguished according to the distribu-
tion of the lesions. Vitiligo that is segmental or focal is called
localized vitiligo. Generalized vitiligo, which most com-
monly affects the face, upper trunk, backs of the hands,
genitals, and periocular areas, is characterized by lesions in
a symmetrical distribution. 

Stable patches of vitiligo often have an irregular border
but are sharply demarcated from the surrounding skin
(Figure 58.2). In some cases, the surrounding skin is hyper-
pigmented. A slight rim of erythema at the border may rarely
be seen in expanding lesions, together with a thin zone of
transitory, partial pigmentation. Hairs and patches of vitiligo
usually become wholly white. The scalp and eyelashes are
rarely affected.

Pathophysiology

A central process in vitiligo is the destruction of
melanocytes at the dermoepidermal junction. The periphery
of expanding lesions is hypopigmented rather than com-
pletely depigmented, and still shows a few dopa-positive
melanocytes and some melanin granules in the basal layer.

FIGURE 58.2 Vitiligo with typical loss of skin pigment. The border is
irregular, but sharply demarcated from the surrounding skin.
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In the outer border of patches of vitiligo, melanocytes are
often prominent and demonstrate dendritic processes filled
with melanin vacuoles. Sometimes, a superficial perivascu-
lar mononuclear cell infiltrate is observed at the border of
depigmented areas. 

Three major hypotheses for the pathogenesis of vitiligo
are currently discussed. The first, and longest standing, con-
siders vitiligo to be an autoimmune disease (Ongenae et al.,
2003). The second, the neurogenic hypothesis, suggests that
an accumulation of neurochemical substances damages the
melanocytes, resulting in decreased melanin production
(Lazarova et al., 2000). The third, the biochemical hypoth-
esis, implicates cytotoxic metabolites from melanin synthe-
sis as responsible for the destruction of melanocytes
(Schallreuter et al., 2004). However, the list of other 
etiologic factors includes a deficiency of unidentified
melanocyte growth factors, genetic defects, and an intrinsic
defect in the structure or function of melanocytes (Ongenae
et al., 2003). 

The association between vitiligo, autoimmune disorders
and the presence of organ-specific antibodies, as well as the
fact that nonsurgical repigmenting therapies have immune-
modulating effects, support the idea of an autoimmune
pathogenesis for vitiligo. However, the exact mechanisms
remain unclear, including whether autoimmunity is the
primary cause or whether an abnormal immune response is
simply a secondary effect. Also, different pathogenic path-
ways may be involved in the various clinical types of
vitiligo. The neural hypothesis is thought to be involved in
segmental vitiligo, whereas the biochemical or autoimmune
hypothesis is thought to relate to generalized or focal non-
dermatomal vitiligo. 

In addition to the association with other autoimmune 
disorders and organ-specific antibodies, many other auto-
immune features have been described during the course of
vitiligo. These include deviations in T-cell and natural killer
(NK) cell profiles (al-Fouzan et al., 1995). Immune histo-
chemical studies of the perilesional area in generalized
vitiligo reveals CD4+ and CD8+ T cells in the infiltrate (often
with an increased CD8:CD4 ratio), which express activation
molecules such as IL-2R and MHC class II. The T cells
secrete interferon (IFN)-g, which enhances T-cell trafficking
to the skin by increasing CD54 expression (al Badri et al.,
1993a; 1993b). An activated phenotype of the T-cell–medi-
ated immune system was confirmed in vitiligo by detecting
significantly increased levels of the soluble IL-2R (CD25),
especially on T cells in generalized, focal, and nonder-
matomal types of vitiligo (Honda et al., 1997). Also, tissue
fluids from the margin of hypopigmented macules, espe-
cially in active disease, contain higher levels of soluble IL-
2R than uninvolved skin of the same patient (Caixia et al.,
1999). A substantial number of infiltrating T cells express
cutaneous lymphocyte antigen (CLA), which is typical for
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skin-homing T cells (Le Poole et al., 1996). A recent study
localized CLA+ cytotoxic T cells to disappearing
melanocytes in generalized vitiligo. A focal epidermal
expression of CD54 and MHC class II at the site of inter-
action of skin-homing T cells and melanocytes was detected.
The primary target of the immune-mediated attack on the
keratinocytes–melanocyte unit is unknown. MHC class II-
restricted melanocyte killing by T cells has been suggested
by some authors (al Badri et al., 1993b). Keratinocytes may
contribute to this process by presenting melanocyte antigens
in an MHC class II-restricted manner after phagocytosis of
melanosomes. However, the changes observed in epidermal
keratinocytes with altered expression of antigen-presenting
molecules suggest a primary involvement of keratinocytes
in vitiligo. 

In addition to T-cell infiltrates, macrophages are abundant
in the dermis. The role of Langerhans cells, which act as
antigen-presenting cells, is unclear. A depletion of epider-
mal Langerhans cells in active and repigmenting non-
segmental vitiligo, and their reappearance in stable
nonsegmental vitiligo, have been described (van den 
Wijngaard et al., 2000). Apoptosis as a primary pathophyi-
ologic event in vitiligo has been suggested recently (Huang
et al., 2002). In addition, an imbalance in cytokines in the
epidermal microenvironment of lesional vitiligo has been
demonstrated (Moretti et al., 2002). 

A variety of circulating autoantibodies have been
detected in sera from patients with vitiligo (Bystryn, 1989).
These autoantibodies are directed to nonpigment cell anti-
gens (common tissue antigens), cytoplasmic pigment cell
antigens, and pigment cell surface antigens. Antibodies to
surface endocytoplasmatic antigens of melanocytes have
been of interest. These autoantibodies belong to the IgG iso-
types, and subclasses of IgG1, IgG2, and IgG3 have been
described (Harning et al., 1991). The significance of these
autoantibodies has so far not been elucidated. It was sug-
gested that antimelanocyte antibodies mediate melanocyto-
toxicity, whereas coexisting antikeratinocyte antibodies may
occur secondary to cellular damage. However, the antibody
response may also be secondary to a primary melanocyte
destruction mediated by other mechanisms. As yet, only a
few autoantigens have been identified. Tyrosinase and
tyrosinase-related proteins 1 and 2 (TRP-1 and TRP-2) are
key enzymes involved in melanin synthesis and have been
implicated as autoantigens (Kemp et al., 1998). Passive
immunization with TRP-1 monoclonal antibodies induces
melanoma regression and vitiligo-like depigmentation in
mice (Hara et al., 1995). However, antibody-mediated
destruction requires membrane expression of the target anti-
gens. Recently, the sur-face receptor, melanin-concentrating
hormone receptor 1 (MCHR1), was detected as an antibody
target in 16% of vitiligo sera. Although the antibodies are
highly disease-specific, this neuropeptide receptor is
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involved in the regulation of melanogenesis but it is not
expressed by melanocytes (Kemp et al., 2002). Sox trans-
cription factors, e.g., Sox9, are involved in the differentia-
tion of tissues derived from the neural crest (Cheung and
Briscoe, 2003) and were identified as melanocytic autoanti-
gens in vitiligo associated with other autoimmune diseases
(Hedstrand et al., 2001).

All-in-all, the pathogenic role of antimelanocyte anti-
bodies remains unclear. Although the incidence and serum
level of antibodies to melanocyte antigens was found to 
correlate with the disease activity, the extent of depigmen-
tation, presence of other autoimmune diseases, and cellular
and biochemical effects must be considered (Naughton 
et al., 1986). Finally, there is evidence that both cellular 
and humoral immunity cooperate in the destruction of
melanocytes in vitiligo patients.

Genetic Features

Familial clustering of cases is not uncommon. A poly-
genic basis has been suggested. There is an increased fre-
quency of several autoimmune disorders in vitiligo patients
and first-degree relatives. These include autoimmune
thyroid disease, pernicious anemia, Addison’s disease, sys-
temic lupus erythematosus (SLE), and inflammatory bowel
disease. Such associations indicate that vitiligo has common
etiologic links with other autoimmune diseases (Alkhateeb
et al., 2003) Also, coexistence of vitiligo and psoriasis or
lichen planus has been reported (Rubisz-Brzezinska et al.,
1996; Dhar and Malakar, 1998; Hwang et al., 1998). In
vitiligo patients, there is a strong familial association and
relation to atopy. In a study from Asia, a significant per-
centage (60–70%) of affected patients had an associated per-
sonal and family history of atopy (Tan et al., 2002). Other
studies have suggested vitiligo susceptibility loci on chro-
mosomes 7, 8, and 17 (Spritz et al., 2004). Although these
family clusterings and genetic linkage studies suggest that
genetic factors predispose to vitiligo, a clear transmission
pattern and cosegregation of vitiligo with specific mutations
have not been demonstrated.

Treatment

Treatment of vitiligo is based on immune modulatory and
immunosuppressive approaches (Valkova et al., 2004). In
general, the efficacy of different types of treatment is vari-
able and in some patients only cosmetic covering gives sat-
isfactory results. Topical corticosteroids are most useful on
small patches of recent onset. One percent betamethasone
valerate may be used on the face and a superpotent agent,
such as 0.05% cobetasol propionate, on the body. If there is
no response within 3 months, treatment should be stopped;
full response, if it occurs, may take many months. Recently,
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in uncontrolled studies, topical calcipotriol has shown a pos-
sible beneficial effect in patchy areas of vitiligo depigmen-
tation, either alone or in combination with ultraviolet (UV)
therapy (Cherif et al., 2003; Vasquez-Lopex et al., 2003).
Furthermore, UV-light preventing measures using UV-
protection emulsions will help by reducing increased 
pigmentation of the normal skin, as well as protecting the
depigmented skin areas. 

Local and systemic PUVA-therapy (psoralen + UVA) is
the first-line treatment for adults with a reported skin repig-
mentation of up to 80–90% (Cherif et al., 2003; Valkova et
al., 2004). However, as the long treatment duration with
PUVA results in significant UVA exposure, new treatments
are being sought. These include PAUVA, the systemic appli-
cation of phenylalanine followed by UVA radiation, and
KUVA, in which systemic khellin and UVA are combined
(Valkova et al., 2004). 

Punch grafting is recommended as a treatment for 
localized nonprogressive vitiligo resistant to conventional
therapies (Agarwal, 2004). Here autologous keratinocytes
may act as a source of growth factors like leukotrienes,
endothelin, basic epidermal growth factor, and stem cell
factor, which stimulate donor melanocytes to proliferate and
migrate into the vitiligo patch, or alternatively to release
growth factors that diffuse into the surrounding vitiligo
patch and stimulate the viable but dormant melanocytes. 

The 308-nm excimer laser has been used in the manage-
ment of stable plaque psoriasis and has been proposed for
the treatment of vitiligo (Asawanonda et al., 2000; Baltas et
al., 2001; Spencer et al., 2002). Unlike narrow-band UVB
phototherapy and PUVA, the 308-nm excimer laser modal-
ity can selectively treat single vitiligous patches, sparing
nonaffected areas. However, among the physical methods
known to be effective for treating vitiligo, the 308-nm XeCL
excimer laser may considerably improve vitiligo and is well-
tolerated.

PSORIASIS

The term psoriasis is derived from the Greek psora,
meaning scurf, itch, rash. The first clear description was by
Willan in 1808 (Willan [re-edited] 1950). 

Clinical Features

Psoriasis is divided into different subtypes, including
psoriasis vulgaris, generalized pustular psoriasis, and local-
ized pustular psoriasis. The most common form is psoriasis
vulgaris, which is a common chronic inflammatory skin dis-
order that affects approximately 2–5% of the white popula-
tion (Henseler and Christophers, 1985) and 0.1–0.3% of 
the population in the Far East (Sagoo et al., 2004). It is 
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characterized by pink to red papules and plaques. The
lesions are of variable size, sharply demarcated, and covered
with scales (Figure 58.3). Both sexes are equally affected
and 75% of patients develop the disease before the age of
40 years (Henseler and Christophers, 1985). Two peaks of
age onset have been described; one at 20–30 years and a
smaller peak at 50–60 years, suggesting that two forms of
the disease exist. However, there are exceptions to this since
in some families in which there is early onset and severe
disease, there appears to be segregation dependent on a
highly penetrant autosomal-dominant susceptibility gene
distinct from HLA. Psoriasis can also occur with other
inflammatory autoimmune diseases, notably psoriatic arthri-
tis (10–30% of cases) (Ruderman and Tambar, 2004). 

In the fully developed lesions of psoriasis the histologic
picture is characterized by: 1) acanthosis with regular elon-
gation of the rete ridges and thickening in the lower portion;
2) thinning of the suprapapillary epidermis with the occa-
sional presence of small spongioforme pustules; 3) pallor of
the upper layers of the epidermis; 4) a diminished to absent
granular layer; 5) confluent parakeratosis; 6) the presence of
Munro microabscesses (parakeratosis with neutrophils); 7)
elongation and edema of the dermal papillae; and 8) tortu-
ous capillaries. Of all these features, Munro microabscesses
are characteristic for psoriasis. As a rule Munro micro-
abscesses are found easily in early lesions but are few in
number or absent in long-standing lesions. A bleeding point,
which may be produced by gentle scraping of the skin
(Auspitz sign), corresponds to the tips of the papillae. In
ordinary psoriasis, the spongiforme pustule of Kojoi is a
very small micropustule that is seen only in early active
lesions, whereas it occurs as a macropustule in all variants
of generalized pustular psoriasis and represents a character-
istic histologic lesion. The epidermis contains an infiltrate
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of mononuclear cells and neutrophils can often be seen
migrating from the capillaries in the papillae into the 
epidermis.

Pathophyisology

The pathogenesis of psoriasis is due to a combination of
a genetic predisposition and particular environmental 
exposures that include injury, infection, stress or certain
medications (Guilhou, 1998). An intriguing characteristic of
psoriasis is the Köbner phenomenon, which is the appear-
ance of isomorphic pathologic lesions following skin trauma
in patients with preexisting cutaneous disease (Weiss et al.,
2002).

Characteristic features of psoriasis suggest an immune-
mediated process (Robert and Kupper, 1999). Several lines
of direct and indirect evidence suggest that T-cells play a
crucial role in pathogenesis (Wrone-Smith and Nickoloff,
1996; Gilhar et al., 1997; Bos and De Rie, 1999). Partially
identified antigens, like superantigens but probably also 
keratinocyte-derived antigens, induce specific CD4+ T cells.
The presence of antigen-specific CD4+ T cells secreting type
1 cytokines, IFN-g, IL-2, and TNF-a was demonstrated 
in psoriatic skin lesions (Nickoloff, 1991; 1999; Kupper,
2003). In addition, memory T cells present in psoriatic
lesions express the CLA molecule on their surface and pre-
dominate in the skin, whereas in inflammatory diseases
involving tissues other than the skin, predominantly CLA-

T cells are present (Picker et al., 1993). CLA is an adhesion
molecule that mediates the initial tethering of T cells to the
endothelium in cutaneous postcapillary venules (Picker et
al., 1993; Fuhlbrigge et al., 1997). E-selectin is the endothe-
lial ligand for CLA and its expression is upregulated during
cutaneous inflammation (Groves et al., 1992). The prefer-
ential expression of E-selectin in skin helps select for CLA+

T cells. Furthermore the activation of T cells through
chemokines, other integrins, and cell adhesion molecules is
also required (Springer, 1994). The expression of unique
chemokine receptors by CLA+ T cells and the preferential
expression of their respective chemokine ligands by skin
cells increase the specificity of these T cells for the skin
(Campbell et al., 1999). The type 1 cytokine bias has also
been observed in circulating blood T cells from psoriatic
patients (Lowes et al., 2004). Imbalance between Th1 and
Th2 cells in psoriasis was supported by a deficiency of IL-
10 in psoriatic lesions. Moreover, with curative antipsoriatic
therapy, an increase in IL-10 mRNA expression was
observed in peripheral blood mononuclear cells (Asadullah
et al., 1998). IL-10 therapy given either intralesionally or
subcutaneously resulted in a marked reduction of psoriatic
lesions (Asadullah et al., 1998; 1999). These data suggest
that psoriasis is an inflammatory CD4+/Th1-mediated
autoimmune disorder but the culprit autoantigens have still
not been identified. 

FIGURE 58.3 Sharply demarcated psoriatic plaques.
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Further evidence implicating the immune system in pso-
riasis has come from clinical studies. Drugs that act by sup-
pressing the activity of T cells, such as cyclosporine, FK506,
and the recently developed biologics, are effective in 
treating psoriasis (Krueger, 2002). Further evidence for 
T-cell-based susceptibility has come from bone marrow
transplantations, in which psoriasis of the donor has been
transmitted to the recipient (Eedy et al., 1990). 

Other evidence has come from animal models. The 
injection of activated blood-derived T-lymphocytes from 
a patient with psoriasis into SCID mice bearing autologous
human grafted skin resulted in psoriatic plaques and the
presence of T-cells with NK cell receptors that accumulate
immediately before the onset of acute cutaneous lesions
(Nickoloff and Wrone-Smith, 1999). T cells isolated from
involved psoriatic skin enhance keratinocyte proliferation.
The normal cycle of maturation of keratino-cytes is 28–30
days, whereas in psoriasis this is accelerated to 3–4 days
(Guilhou, 1998). During lesion formation, inflammation
precedes epidermal hyperproliferation. Also, increased
numbers of T cells have been demonstrated in the unin-
volved skin of patients with psoriatics (Baadsgaard et al.,
1990).

Genetic Features

In 1980 an association of psoriasis with HLA class 
I alleles was demonstrated, particularly HLA-Cw6
(Tiilikainen et al., 1980). Although not all affected family
members are HLA-Cw6+, this locus shows a strong concor-
dance with severity of disease (Gudjonson et al., 2002). As
the penetrance of HLA-Cw0602 is only 10%, additional
environmental effects or additional genetic susceptibility
factors are implicated. Analysis of concurrence of different
autoimmune disorders in family members has shown that
patients with inflammatory bowel disease and psoriasis
share the haplotype HLA-A3, B35, Cw4, and DR-2 (Sels 
et al., 1997).

The localization of a second psoriasis susceptibility 
locus to chromosome 17q25 was demonstrated following a
genome-wide linkage scan on eight multiply affected fami-
lies (Tomfohrde et al., 1994). In this study the family con-
tributing the greatest evidence for linkage had 20 affected
members and the penetrance of the disease was very high
(80–90%). In 1996, linkage of PSORS3 to chromosome
4q35 was reported in a set of Irish families (Matthews 
et al., 1996). Additional genome-wide scans have revealed
evidence for linkage to chromosome 1q21 (PSORS4) in 
families from the Lazio region of Italy. Others have shown
linkage to chromosome 3q21 (PSORS5) in Swedish families
and 19p13 in German families (Lee et al., 2000). The 
function of genes at these particular loci has not been deter-
mined. However, the identification of multiple susceptibil-
ity loci for psoriasis indicates that psoriasis and psoriatic
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arthritis are genetically heterogeneous (Alarcon-Riquelme, 
2003).

Recently, the examination of gene transcripts and 
peptides with altered expression levels, including a global
genome-wide expression study (Zhou et al., 2003), has 
identified a large number of dysregulated genes and gene
clusters, involving particularly epithelial proliferation and
the immune system. However, studies have not yet provided
sufficient information to identify the molecular defects
underlying the disease.

Treatment

Treatment of psoriasis depends on the severity of the
disease and the effectiveness of the treatment chosen. It
includes local and systemic approaches as well as balneo-
phototherapy. Topical treatment includes the usage of topical
vitamin D analogs and retinoids (Takahashi and Iizuka,
2004; Yamauchi, et al., 2004), or combinations of topical
treatments (combinations of dithranol, vitamin D3 and
retinoids, with a topical corticosteroid can be very effective).
The major targets of action of these topical substances are
the hyperproliferative keratinocytes. Also, new topical
immune modulators like tacrolimus and pimecrolimus are
effective in psoriasis (Lebwohl et al., 2004; Wolff, 2004).
These substances are approved only for the treatment of 
atopic dermatitis. Future new developments are most 
probably the peroxisome proliferation-activating ligands
(PPAR-L) (Kuenzli and Saurat, 2004). These have been
demonstrated to play an important pathophysiologic role in
psoriasis and clinical trials using PPAR-L are underway.

Phototherapy

Phototherapy remains a central treatment option for pso-
riasis vulgaris. Photochemotherapy and various methods to
deliver narrow-band UVB can be used either as monother-
apy or in combination with other agents to treat moderate
and severe psoriasis. In 1991, a consensus guideline recom-
mended PUVA for patients requiring second-line therapy
(Ibbotson et al., 2004). TL-01 UVB has become more
widely available and is replacing the less effective broad-
band sources (Bandow and Koo, 2004). For patients with
skin phototypes I–III with chronic plaque psoriasis, TL-01
UVB phototherapy is the treatment of first choice for those
requiring photo(chemo)therapy. PUVA should generally be
reserved for those patients whose psoriasis does not respond
adequately to TL-01 UVB (Dawe et al., 2003).

Current Therapeutic Strategies

Systemic immune therapy includes the suppression 
of type 1 cytokine-mediated autoimmune reactions and/or
immune modulation shifting from a type 1 to type 2 immune
response. There is a beneficial effect of the type 2 cytokines
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IL-10 and IL-11 (Asadullah et al., 1998). Currently used
antipsoriatic drugs include methotrexate, cyclosporine,
fumeric acid, azathioprine or mycophenolate mofetil (Geilen
et al., 2001; Heydendael et al., 2003; Balasubramaniam 
et al., 2004; Bigby, 2004). The development of spe-
cific immune-modulating or selective suppressive agents
includes the large-scale production of humanized, chimeric
or purely human antibodies and the development of anti-
sense RNA preparations.

Selective T-cell depletion is achieved with a fusion toxin
protein DAB389IL-2 (depletion of activated T-cells express-
ing IL-2 receptor). It is effective in severe psoriasis, but the
side effects are severe and prolonged immunosuppression
can occur (Gottlieb et al., 1995; Bagel et al., 1998). Another
approach is the blockade of T cells by directly targeting 
critical surface proteins involved in the process of T-cell
activation, or blocking critical type 1 cytokines. Several bio-
logics have already shown considerable clinical efficacy for
the treatment of psoriasis in well-designed clinical studies.
In a phase II multicenter study on 145 patients, efazilumab
(an anti-CD11a antibody that inhibits integrin-binding 
molecule) induced over 50% improvement in “physicians’
global assessment” after 8 weeks of treatment in 48% of
patients compared to 15% of patients given placebo (Papp
et al., 2001). Anti-TNF-a agents are in clinical trials (Mease
et al., 2000; Chaudhari et al., 2001). Etanercept has recently
been approved for the treatment of psoriatic arthritis. 

Another method of selective depletion of autoreactive
lymphocytes is by blocking the T-cell receptor (TCR)
assuming that autoreactive T cells in psoriasis are oligo-
clonal (Chang et al., 1994; Menssen et al., 1995). There is
also extensive research on chemokine-blocking drugs.
However, the development of selective immune modulatory
drugs, which may be considered both anti-inflammatory and
immunosuppressive, is complicated by the fact that leuko-
cytes are governed by a complicated network of many and
partly redundant chemokines and their receptors (see
Chapter 18). Further data are given on various biologics for
treatment of psoriasis in Chapter 76.

Psoriasis has a major adverse impact on quality of life
and causes much psychological and physical disability. The
efficacy of several biologic agents is already proven, and
some have been registered for clinical use in psoriasis. Yet,
despite these recent advances, the ideal antipsoriatic med-
ication has still to be developed. What is needed is a safe,
orally administered compound that provides greater than
80% reduction in disease activity in a significant (>70%)
number of patients.

CHRONIC URTICARIA

Hippocrates described urticaria as a distinct entity, but
many different subtypes have been recognized during the
past century. Approximately 25% of individuals develop an
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acute urticaria during their lifetime, which is usually a self-
limiting disease with the resolution of symptoms in under 6
weeks. If symptoms persist longer, chronic urticaria can be
specified, which affects approximately 1% of the population. 

Clinical Features

Urticaria is characterized by the rapid appearance of
wheals, which may be accompanied by angioedema. Three
typical features are characteristics of a wheal: 1) a central
swelling of variable size surrounded by a reflex erythema or
flare (Figure 58.4); 2) associated itching or sometimes
burning; and 3) short duration with normal appearances
usually within 24 h. On histologic examination the classical
transient wheal shows edema of the epidermis and the upper
and mid-dermis, with dilation of postcapillary venules and
lymphatics of the upper dermis. 

Pathophysiology

Many different factors have been implicated in chronic
urticaria, including bacterial infections, adverse reactions to
medications or foods, IgE-mediated allergies, and underly-
ing autoimmune diseases, such as SLE. 

Depending on the duration of the wheal, a mixed inflam-
matory perivascular infiltrate of variable intensity consists
of neutrophils and/or eosinophils, macrophages, and CD4+

T cells (Haas et al., 1998). In different subtypes of urticaria,
alteration of adhesion molecules and cytokine expression is
seen in uninvolved skin (Hermes et al., 1999).

Greaves (2002) developed the concept of autoimmune
urticaria, postulating that a subgroup of chronic urticaria
patients (approximately one-third of patients) has an auto-
immune pathophysiology involving activation of cutaneous
mast cells. This concept began with the observation that
intracutaneous injections of autologous sera caused positive

FIGURE 58.4 Urticarial lesions with a central swelling of variable size
surrounded by a reflex erythema.
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skin reactions (Malmros, 1946). This autologous serum skin
test (ASST) procedure has been used to identify autoreactive
chronic urticaria patients (Hide et al., 1993), but only skin
reactions >1.5mm should be regarded as positive (Sabroe et
al., 1999a). A subgroup of ASST-positive chronic urticaria
patients has autoantibodies against FceRI and/or IgE. Such
autologous autoantibodies can degranulate mast cells and
basophils and may also induce urticaria-like skin reactions
in healthy individuals. These observations were subse-
quently confirmed by other authors (Fiebiger et al., 1995;
1998; Tong et al., 1997; Sabroe et al., 1999b; Wedi et al.,
2000; Zuberbier et al., 2000). 

The ASST may be regarded as a useful screening test
when used as described by Sabroe et al. (1999b), but its sen-
sitivity and specificity are each only around 80%, and the
diagnosis of an autoimmune urticaria cannot be exclusively
based on it. Anti-Fce-RI autoantibodies and the anti-IgE
autoantibodies, which may be present in such patients, can
be determined either by Western blot or enzyme-linked
immunosorbent assay (ELISA). However, these detection
systems do not give any explanation of the functional 
relevance of these antibodies, if present. Only by using cell
activation assays can functional data be obtained. This 
cell activation system is based on enrichment of human
basophils, which are stimulated with the patient’s sera, with
measurements of histamine production. Studies by Kaplan
(2002) have suggested that complement also is involved in
the activation of mast cells and/or basophils in patients with
chronic autoimmune urticaria. The analysis of cell activa-
tion assays shows that the presence of anti-FceRI and IgE
autoantibodies does not necessarily lead to mast cell degran-
ulation. This observation has led to the concept that mast
cell activating and nonactivating autoantibodies can be 
distinguished. However, it has also been shown that some
patients with a positive ASST have no anti-IgE or anti-IgE
receptor antibodies, indicating that there may be other as 
yet unidentified autoantibodies, e.g., against mast cell 
membrane components. 

Other autoimmune features, particularly antithyroid per-
oxidase autoantibodies, have been observed in autoimmune
urticaria patients (Nettis et al., 2002); thus, among 624
patients with chronic urticaria, there was evidence of thyroid
immunity in 14% versus an expected 6% (Nettis et al.,
2002).

Treatment

Treatment of chronic urticaria, particularly in patients
with an autoimmune background, requires antihistamines
and/or leukotrienes in high dosages, and often immune
modulatory and/or immunosuppressive treatments are nec-
essary. In some patients even the addition of such treatment
is unsatisfactory and they become severely handicapped by
the chronic itching course of the disease.
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A few reported studies suggest efficacy of removal of
autoantibodies by plasmapheresis (Grattan et al., 1992;
2000; Greaves, 2000). Alternatively, immunologic treatment
with agents that inhibit antibody formation has been
reported, particularly usage of cyclosporine (Fradin et al.,
1991; Toubi et al., 1997; Grattan et al., 2000), or high
dosages of intravenous immunoglobulin (O’Donnell et al.,
1998). However, such treatments are costly and should be
reserved for therapy refractory patients.

CONCLUSION

Taken together, several dermatologic diseases with a
diverse clinical picture have an autoimmune background.
Many other skin diseases, like Behçet’s disease, which is 
characterized by a vasculitis with mucocutaneous, ocular,
arthritic, vascular, and other manifestations, have also been
discussed as autoimmune diseases. Over the past years more
knowledge has been obtained on the mechanisms of many
of these diseases. This has had an impact on treatment,
which now includes immunosuppressive and immune-mod-
ulating agents. As more biologics become available for the
treatment of autoimmune diseases, they become an increas-
ing area of interest for dermatology, given the likely appli-
cation of such substances for the treatment of autoimmune
skin diseases. However, in this regard, the severity of the
disease has to be considered in relation to the costs of the
drug and its potential side effects. As the genetic background
plays an important, although as yet undefined, role in
autoimmune skin diseases, the possible coexistence of
autoimmune diseases of the skin and other tissues must be
considered. Every patient presenting with an autoimmune
disorder and concomitant skin manifestations should get a
dermatologic consultation to unravel associated auto-
immune skin disease.
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Kidney diseases that are caused by autoimmune
processes may result from: 1) direct antibody-mediated

attack against kidney antigens (anti-glomerular basement
membrane disease); 2) immune complex deposition [sys-
temic lupus erythematosus (SLE)]; or 3) antibody-induced
leukocyte activation, endothelial cell injury, and glomeru-
lonephritis [antineutrophil cytoplasmic antibody (ANCA)
disease]. Although many other kidney diseases are at least
partially immune-mediated in nature, we will concentrate on
these three diseases as the best examples of autoimmunity
in the kidney.

ANTI-GLOMERULAR BASEMENT
MEMBRANE DISEASE

Anti-glomerular basement membrane (anti-GBM)
disease is the only kidney disease in which it is definitely
known that antibodies develop against a native renal
antigen—the a3 helix of collagen IV. Ernest Goodpasture
first described two patients with renal failure and pulmonary
hemorrhage in the early 20th century, although the eponym
“Goodpasture’s disease” was not suggested until 1958
(Stanton and Tange, 1958). In the 1960s it was discovered
that a subset of patients with these clinical signs had 
circulating antirenal antigen antibodies with deposition of
immunoglobulin in the kidney (Salama et al., 2001a). Cur-
rently, the pulmonary–renal syndrome can be caused by
more than just anti-GBM disease; cryoglobulinemia, SLE,
and systemic vasculitides, such as ANCA disease, are also
potential culprits. However “Goodpasture’s disease” and
“Goodpasture syndrome” are terms reserved for those pul-
monary–renal syndrome patients with antibodies against the
GBM epitope.
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Nephritis, ANCA-Associated Glomerulonephritis
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Clinical, Pathologic, 
and Epidemiologic Features

Collagen IV is a normal constituent of basement mem-
branes and thus is distributed widely throughout the body.
Six homologous proteins, numbered a1 through a6, assem-
ble into triple-helical protomers that interlock to form the
final collagen IV network (Sundaramoorthy et al., 2002).
Most collagen IV is composed entirely of a1.a1.a2 pro-
tomers, which are basement membrane proteins produced
and assembled during fetal development. During in-utero
maturation these are gradually replaced by a3.a4.a5 pro-
tomers in the basement membranes of the glomerulus, renal
tubules, lung, cochlea, and eye (Cashman et al., 1988).
a5.a5.a6 protomers replace some of the original protomers
in Bowman’s capsule, skin, and smooth muscle, but these
are not affected in anti-GBM disease (Hudson et al., 2003).

All collagen IV protein helices consist of a middle col-
lagenous region bounded by two noncollagenous domains.
The proteins initially associate noncovalently via C-
terminal noncollagenous domain interactions, which induce
winding of the central collagenous regions into a triple 
helix (Sundaramoorthy et al., 2002). The final collagen IV
network is formed by the globular head–globular head inter-
action of the C-terminal domains of two adjacent protomers
and the association of four N-terminal domain regions into
a large lattice. The glomerular capillary endothelial cells 
and podocyte foot processes attach directly to the collagen
IV matrix via integrins and dystroglycans (Mundel and
Shankland, 2002).

The overwhelming majority (>99%) of patients with anti-
GBM disease develop antibodies specific for a single base-
ment membrane epitope in the collagen IV molecule. The
“Goodpasture epitope” is made up of nine discontinuous
amino acids in the C-terminal noncollagenous domain of the
a3 helix [a3(IV)NC1] (Hellmark et al., 1999; Gunnarsson
et al., 2000) (Figure 59.1). Although there are sporadic
reports of patients with anti-GBM disease who do not have
antibodies against this particular epitope or collagen IV
(despite the presence of linear immunoglobulin staining on
immunohistochemical examination of renal tissue), these
cases are rare. 

Anti-GBM disease is rare—responsible for less than 5%
of all glomerular disease. In white persons, approximately
one new case of anti-GBM disease is diagnosed per million
people each year, with the incidence in other ethnic popula-
tions even lower (Bolton, 1996; Pusey, 2003). Anti-GBM
disease has been reported in individuals of all ages and both
genders. A bimodal distribution exists, with disease increas-
ing in frequency in young-to-middle aged men and elderly
women; however, the first peak may be due to increased
exposure to exacerbating environmental factors such as cig-
arette smoke (Donaghy and Rees, 1983; Hudson et al., 2003;
Pusey, 2003).

822 Urogenital Diseases

Rapidly progressive glomerulonephritis and pulmonary
hemorrhage are the typical clinical manifestations of anti-
GBM disease. Patients with pulmonary hemorrhage may be
asymptomatic with bleeding only noted upon thoracic radi-
ography or airway endoscopy, or may present with a range
of clinical signs from fatigue to cough to fulminant hemop-
tysis. Many anti-GBM patients with lung involvement have
a history of cigarette smoking or other environmental expo-
sure that may exacerbate pulmonary signs (Donaghy and
Rees, 1983). Anti-GBM patients with lung involvement
usually do not have advanced kidney disease at first diag-
nosis because pulmonary-related symptoms are more easily
observed by the patient, and thus diagnosis may occur earlier
(Hudson et al., 2003).

Thirty to 40% of anti-GBM patients have isolated kidney
involvement (Pusey, 2003). As with pulmonary disease,
glomerulonephritis due to anti-GBM disease may cause a
spectrum of clinical signs and clinicopathologic findings at
initial presentation. Rarely, patients may present with inci-
dental proteinuria; however, most have clinical signs refer-
able to more severe kidney dysfunction. Patients typically
have an active urine sediment, proteinuria, and hematuria.
Reduction in renal function may be minimal at the time of
diagnosis, although most patients are azotemic and many
require dialysis. Younger patients commonly have rapidly
progressive pulmonary and kidney disease, whereas older
patients have a higher incidence of slowly progressive
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FIGURE 59.1 Schematic of the region of a3(IV)NC1 that contains the
anti-glomerular basement membrane antibody epitope. The critical amino
acids which make up the discontinuous epitope are colored in blue. Grey
amino acids represent a nonantigenic loop that separates a distant antigenic
glutamine residue from the other eight antigenic amino acid residues. The
thick black lines are disulfide bonds between cysteine residues. Modified
from Gunnarsson et al., 2000. See color plate section.
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kidney disease without precipitous declines in renal and 
pulmonary function (Hudson et al., 2003). Hypertension is
uncommon until endstage kidney disease is imminent.

The most common finding by light microscopy in renal
biopsies from patients with anti-GBM disease is diffuse
necrotizing crescentic glomerulonephritis. More than 50%
of glomeruli are typically affected. GBMs may be disrupted
and the mesangium and Bowman’s space filled with 
infiltrating lymphocytes, macrophages, and neutrophils. 
Chronically affected kidneys may exhibit tubulo-interstitial
nephritis and fibrosis of glomeruli. Although the light micro-
scopic appearance of renal biopsies from patients with anti-
GBM disease usually reflects the rapidly progressive nature
of the disease, examination of kidneys from patients with
mild or early disease may reveal normal to mildly affected
glomeruli. Similarly, patients with chronic smoldering
disease without severe clinicopathologic abnormalities may
have global sclerosis and fibrosis without obvious glomeru-
lonephritis and necrosis. ANCA disease or membranous
nephropathy is occasionally found in patients with anti-
GBM disease; histologic changes typical of these diseases
may thus occur as well. Electron microscopy of kidneys
from patients with anti-GBM disease reveals nonspecific
findings of inflammation, including leukocyte infiltration.
As expected the GBM is periodically disrupted, but 
electron-dense deposits are typically absent.

Regardless of appearance on light or electron mic-
roscopy, immunofluorescence microscopic findings are
diagnostic for anti-GBM disease. Anti-IgG stains show
intense diffuse linear staining of the GBM in all patients
(Figure 59.2). Occasional patients have staining of tubular
membranes as well, depending on the specificity of the anti-
GBM antibodies. Antibodies are predominantly IgG1 and
IgG4, although IgM and IgA may also occur. C3 deposition
is also typical although not universal in anti-GBM disease;
C1q deposition is rare. Diabetic nephropathy and fibrillary
glomerulonephritis also are associated with linear stain-
ing by immunofluorescence microscopy, but the site of
immunoglobulin deposition is not the GBM and the pattern
of staining is not identical.

Autoimmune Features

The role of autoantibodies in disease pathogenesis has
been clearly demonstrated. Anti-GBM antibodies bind to the
renal and alveolar basement membranes, inducing comple-
ment fixation and leukocyte recruitment and activation.
Passive transfer of serum from human patients or animal
models to naïve animals results in glomerulonephritis.
Disease remission and amelioration of renal damage in
humans is directly associated with removal of antibodies via
plasmapheresis and decrease in anti-GBM antibody titer.

Although anti-a3(IV)NC1 antibodies are the diagnostic
hallmark of anti-GBM disease, disease induction and pro-
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gression is likely dependent on cell-mediated mechanisms
as well. The precise role of autoreactive T cells is not under-
stood, although differences in the peripheral blood T-cell
repertoire of affected patients have been reported (Cairns
et al., 2003). The a3(IV)NC1 Goodpasture epitope is
expressed in normal human thymic tissue, and thus auto-
reactive T lymphocytes should be eliminated during 
negative selection; however, peripheral blood T cells with
anti-a3(IV)NC1 specificity and a type 1 helper T (Th1)
cytokine profile are found in patients with acute anti-GBM
disease (Derry et al., 1995; Merkel et al., 1996; Salama et
al., 2001a; Cairns et al., 2003). One study has provided evi-
dence that patients may have decreased numbers of
a3(IV)NC1-specific CD4+CD25+ regulatory T cells (Tregs),
thus allowing autoreactive T lymphocytes to proliferate and
induce disease (Salama et al., 2003). 

Genetic Features

Susceptibility of humans and mice to anti-GBM disease
is highly associated with particular major histocompatibility
complex (MHC) II alleles. Approximately 80% of patients
with anti-GBM disease carry the HLA-DRB1*1501 or
HLA-DRB1*04 alleles, as compared to only 20% of indi-
viduals in the general population (Phelps and Rees, 1999).
Mouse strains with the MHC H-2s, H-2b, or H-2d alleles
develop experimental anti-GBM disease following immu-
nization with a3(IV)NC1, whereas those with H-2k are 
resistant; similarly, rat strains with MHC Rt1-l alleles have

FIGURE 59.2 Glomerulus from a patient with anti-glomerular basement
membrane (GBM) disease showing linear staining of the GBM for IgG.
There is negative staining in the right lower quadrant of the glomerulus 
at a site of necrosis in which the GBM has been destroyed. See color 
plate section.

Courtesy of J. Charles Jennette.
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differing susceptibility to disease as compared to those 
with Rt1-k alleles (Kalluri et al., 1997; Reynolds et al.,
1998). This may reflect an increased ability to present anti-
genic a3(IV)NC1-derived peptides for recognition by self-
reactive T cells in the periphery, or on the contrary an
inability to present a3(IV)NC1-derived peptides to T lym-
phocytes in the thymus during cell maturation, which would
normally compromise deletion of autoreactive cells. Regard-
less, development of disease is polygenic, as two different
WKY rat strains with identical MHC haplotypes are not
equally susceptible to experimental anti-GBM disease
(Reynolds et al., 2002a).

Environmental Influences

Epidemiologic studies and case reports have suggested
an association between anti-GBM disease and several envi-
ronmental agents. The first description of “Goodpasture 
syndrome” was in two patients with influenza-like clinical
signs, and sporadic reports of an association between these
two diseases can still be found (Salama et al., 2001b). The
facts that clusters of anti-GBM disease do occur, and that
20–60% of patients report a prodromal upper respiratory
tract infection, increase the suspicion of involvement of
infection or toxin-triggered events (Perez et al., 1974).
Hydrocarbon and cigarette smoke exposures have been asso-
ciated with anti-GBM disease, particularly in patients with
significant pulmonary hemorrhage (Stevenson et al., 1995).
Similarly, lithotripsy, antimyeloperoxidase ANCAs, and
other causes of “renal trauma” have occasionally been
reported to be associated with the development of anti-GBM
disease (Xenocostas et al., 1999).

Historically it was hypothesized that damage to the pul-
monary or renal basement membranes by environmental
agents exposed a previously cryptic a3(IV)NC1 antigen,
thus allowing anti-GBM disease to develop. However, puri-
fied antibodies cause disease in animal models without con-
current tissue damage, and thymic medullary cells in normal
children express the anti-GBM epitope, implying that the
immune system at one point is tolerant of this region of the
protein (Wong et al., 2001). It is more likely that the above-
mentioned conditions exacerbate pre-existing disease, and
asymptomatic patients thus develop overt clinical signs
through increased accessibility of antigen to preexisting
antibodies. Patients with asymptomatic or clinically mild
anti-GBM disease may thus have faster progression of their
disease, and a false temporal association is assumed when
fulminant clinical signs develop.

Animal Models

Experimental anti-GBM disease can be induced in chick-
ens and rodents by immunization with sonicated GBM 
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collagen, purified collagen IV NC1 trimers, or recombinant
a3(IV)NC1. Less commonly, a prime-boost strategy using
allotypic antibodies is used to induce experimental anti-
GBM disease in mice and rats (Wakayama et al., 2000). 
In this technique, initial immunization with polyclonal
immunoglobulins from a nonhost species is given so that the
recipient animal is sensitized to the Fc antibody fragment of
the donor species. A second immunization with purified 
anti-GBM antibodies from the same foreign species leads 
to a faster inflammatory response and glomerulonephritis.
However, because the resultant glomerulonephritis is likely
due to the anti-allotypic antibody response, rather than a true
anti-GBM immune response, this model is not favored by
most investigators.

Animals with experimental anti-GBM disease develop
variable degrees of proteinuria, hematuria, azotemia, and
pulmonary hemorrhage. Although analogous to anti-GBM
disease, rodents with experimental anti-GBM disease have
linear antibody staining of the tubular basement membra-
nes and non-a3(IV)NC1 regions of the GBM in addition to
the Goodpasture epitope; this occurs because antibodies
develop against multiple components of the collagen
immunogen. In rodents, the frequency of disease induction,
rate of onset of clinical signs, and severity of experimental
anti-GBM disease is highly strain dependent. For example,
WKY/CR rats and SJL or DBA mice develop rapidly 
progressive glomerulonephritis with large numbers of
glomeruli affected, whereas WKY/Olac rats and several
mouse strains (including NOD and AKR mice) develop less
severe to negligible disease (Kalluri et al., 1997; Reynolds
et al., 1998; Hopfer et al., 2003). Mice deficient in the FcgIIb
antibody receptor are particularly susceptible to experi-
mental anti-GBM disease (Nakamura et al., 2000). When
immunized with collagen, greater than 90% of FcgIIb 
receptor-deficient mice develop anti-GBM disease within 8
weeks; in other mouse models disease typically develops in
25–60% of mice, and may take up to 3 months to manifest
(Nakamura et al., 2000; Hopfer et al., 2003).

Induction of experimental anti-GBM disease has been
accomplished by transfer or stimulation of T cells specific
for anti-GBM epitopes. Disease has been produced in 
chickens by transfer of mononuclear cells from birds previ-
ously immunized with bovine collagen, and in rats by 
activation or transfer of a3(IV)NC1-specific T cells or
immunization with a peptide fragment of a3(IV)NC1 (Wu
et al., 2003; 2004). This disease-inducing peptide is pre-
sumptively a T-cell epitope that activates a3(IV)NC1-
specific T cells (Wu et al., 2003; 2004). The peptide used 
in these studies significantly overlaps with the known
a3(IV)NC1 Goodpasture antigen. However, antibodies
induced in this peptide model are of a different specificity
from naturally-occurring antibodies from human patients,
and glomerulonephritis develops prior to the production of
anti-GBM antibodies.
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Pathogenic Mechanisms

As discussed above, the initiation and progression of 
anti-GBM disease likely requires both antibody- and cell-
mediated mechanisms. Production of a3(IV)NC1-specific
antibodies requires presentation of antigen-derived peptides
by cognate T cells. Binding of antibodies to the GBM results
in leukocyte recruitment through Fc receptor binding, and
complement fixation and activation via the classic pathway.

Studies of animal models have provided additional 
data on the likely immunogenesis of anti-GBM disease.
Glomerulonephritis can be induced following immunization
with components of collagen IV both in B-cell-competent
(i.e., antibody producing) and -deficient mice and chickens
(Dean et al., 2005). Additionally, disease is induced in 
RAG-/- mice (i.e., B- and T-cell deficient) by transferring
serum from affected B-cell-competent mice. Infiltrating T
cells in WKY rats with experimental disease are of restricted
clonality, suggesting a specific T-lymphocyte response
rather than a generalized inflammatory recruitment of all
effector T cells (Walters et al., 2004). Depletion of CD8+ T
cells, blockade of the CD40 costimulatory pathway, or
blockade of the CD28-CD80(B7) “second signal” pathway
all prevent induction of experimental anti-GBM disease in 
rats, providing further evidence of a critical role of T
lymphocytes (Reynolds et al., 2000; 2002b; 2004). Block-
ade of various cytokines in rodent models likewise modu-
lates the severity of experimental anti-GBM disease. Studies
on the role of macrophages in animal models demonstrate
that antibodies are required for cell recruitment, and that
these cells contribute to glomerular damage (Kaneko et al.,
2003; Kuroda et al., 2004).

Immunologic Markers in Diagnosis

Demonstration of anti-GBM antibodies within serum or
by immunofluorescence antibody staining of renal biopsy
specimens is diagnostic for disease. The rare patient will
have anti-GBM antibodies that are not specific for the
a3(IV)NC1 antigen, although the clinical course and renal
biopsy findings are identical to those with classic anti-GBM
disease (Salama et al., 2002; Levy et al., 2004). Magnitude
of serum antibody titer does not predict patient survival or
need for dialysis at diagnosis; however, anti-GBM antibody
titer is directly associated with eventual maintenance of
renal function in those patients who are not dialysis depen-
dent at initial presentation (Segelmark et al., 2003). Anti-
GBM antibody affinity does not correlate with outcome
(Segelmark, et al., 2003).

Approximately 30% of patients with anti-GBM disease
have ANCAs; 5% of ANCA vasculitis patients have anti-
GBM antibodies (Levy et al., 2004). ANCAs are specific for
myeloperoxidase in the vast majority of these patients,
although antibodies against proteinase-3 and other neu-
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trophil cytoplasmic antigens may occur (Levy, et al., 2004).
Differentiation of these two diseases in the presence of both
antibodies is based on clinical features, relative magnitude
of titers, and renal biopsy findings. The relative concentra-
tion and specificity of the anti-GBM antibodies in patients
with or without ANCAs are similar (Hellmark et al., 1997;
Levy et al., 2004). Patients with both anti-GBM antibodies
and ANCAs tend to be significantly older, are more likely
to need dialysis at the time of presentation, and have sys-
temic inflammatory disease that is more characteristic of
ANCA-associated vasculitis (Levy et al., 2004). Despite
these differences patients with both antibodies do not have
significantly different mortality or frequency of pulmonary
hemorrhage from patients with anti-GBM antibodies only.
Because of the relapsing nature of ANCA-associated vas-
culitis and the potential for systemic clinical signs, patients
with anti-GBM disease should have ANCA titers measured
routinely.

Treatment and Outcome

The mainstays of treatment of anti-GBM disease are
immunosuppression and reduction in circulating anti-GBM
antibodies by plasmapheresis. The high association between
the presence of anti-GBM antibodies and ongoing glomeru-
lonephritis in affected patients makes decrease in antibody
titer a priority. Plasmapheresis effectively removes unbound
anti-a3(IV)NC1 antibodies, while cytotoxic agents inhibit
continued production of new antibodies by inhibition of B-
cell function. Glucocorticoids decrease antibody production
and also reduce inflammation within the kidney via inhibi-
tion of leukocyte recruitment and function.

A standardized treatment regimen has been proposed
based on successful treatment of a large cohort of patients
(Levy et al., 2001). Initial treatment is with high-dose oral
prednisolone and cyclophosphamide; prednisolone is
tapered over several months, while cyclophosphamide is
continued for 2-3 months. Plasma exchange is performed
daily until the anti-GBM titer returns to normal concentra-
tions or for 1 week; post-exchange transfusion of fresh
frozen plasma is recommended if pulmonary hemorrhage is
present (Levy et al., 2001). Supportive treatment for renal
failure and pulmonary compromise is given as needed.
Given this protocol, patients with initial serum creatinine
concentration less than 5.7 mg/dl (435 mmol/L) have signif-
icantly greater long-term survival; patients who require
dialysis at presentation or have global crescentic glomeru-
lonephritis on renal biopsy are more likely to remain depen-
dent on dialysis long-term (Levy et al., 2001). All the
patients with initial serum creatinine less than 5.7 mg/dl sur-
vived, with 95% renal survival. At the time of last follow-
up, 84% of this cohort was still alive, with 74% renal
survival (median follow-up time was 10 years) (Levy et al.,
2001).
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Following resolution of clinical signs and reduction 
of anti-GBM antibodies to normal levels, immunosuppres-
sive therapy can be tapered and discontinued in most
patients. Continued monitoring of urine for increases in
protein or blood, and occasional measurement of anti-GBM
serum antibody concentration, are recommended during
dose reductions. Long-term prognosis for patients who
survive the immediate post-diagnosis period is good. The 1-
year survival rate is typically greater than 75% (Pusey,
2003). Patients with anti-GBM disease often remain free of
clinical signs for life after successful treatment, although
relapse occurs rarely (Pusey, 2003).

A rarer type of anti-GBM disease occurs in patients with
Alport syndrome following renal transplantation. Alport
syndrome is due to a mutation in the a5 chain of collagen
IV; patients typically have progressive proteinuria and
glomerulopathy, and eventual renal failure (Hudson et al.,
2003). Following renal transplantation a subset of Alport
syndrome patients develop antibodies against the trans-
planted normal collagen IV molecule, to which the trans-
plant recipient would not expect to be tolerant due to lack
of thymic expression during maturation. However, the
immunosuppressive regimen given to renal transplant recip-
ients is usually sufficient to prevent development of anti-
GBM disease.

SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is a multiorgan disease with diverse manifestations.
For a thorough discussion of this disease and its nonrenal
clinical and autoimmune features the reader is referred to
Chapters 27 and 28. The focus here will be the effects of
SLE on the kidney, referred to as lupus nephritis.

The term “lupus erythematosus” was first used in the
mid-to-late 1800s to describe patients with cutaneous
lesions such as malar or discoid rashes (Lahita, 2004). This
disease was recognized as a systemic illness in 1872, when
the first list of criteria for diagnosis was published (Lahita,
2004). Lupus nephritis was first reported in the early 20th
century in two patients with SLE-associated facial rashes; a
second report described the typical pathologic glomerular
lesions in lupus nephritis (Osler, 1904; Lahita, 2004). Cases
of renal-limited SLE were recognized soon thereafter
(Lahita, 2004). Concepts on the nature of SLE were revolu-
tionized by the description by Hargraves (1969) of the lupus
erythematosus (LE) cell, which prompted studies in the
1950s on the detection of antinuclear autoantibodies in SLE
(see Chapters 28 and 72).

Clinical, Pathologic, 
and Epidemiologic Features

Four of eleven diagnostic criteria outlined by a 1982
modified American Rheumatism Association standardized
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protocol are required for diagnosis of SLE (Tan et al., 1982).
One of these 11 diagnostic criteria is renal involvement,
referred to as lupus nephritis. Although renal biopsy is
required for definitive diagnosis of lupus nephritis, persis-
tent proteinuria (>0.5 g/day or greater than 3+ albumin on
urine dipstick) or the presence of cellular casts are accept-
able for a presumptive diagnosis of nephritis, particularly if
a biopsy is contraindicated (Tan et al., 1982). Presence of
additional criteria, such as clinicopathologic findings more
specific for SLE (i.e., anti-dsDNA antibodies or hypocom-
plementemia) may also increase the likelihood of correct
diagnosis of lupus nephritis in the absence of histopathol-
ogy (Dooley et al., 2004).

The incidence of lupus nephritis in SLE at the time of
first diagnosis is high. Early studies reported clinicopatho-
logic evidence of kidney disease in greater than 50% of
patients, and in some reports approached 80% (Dubois and
Tuffanelli, 1964; Estes and Christian, 1971). However,
likely due to earlier diagnosis of SLE, the incidence of
nephritis at diagnosis has decreased to approximately
25–50% depending on the diagnostic criteria used (Alarcon
et al., 2002; Cooper et al., 2002).

Lupus nephritis is much more common and severe in
black persons at the time of diagnosis, as compared to white
persons (Ballou et al., 1982; Cervera et al., 1993; Appel and
Valeri, 1994; Dooley et al., 1997; Cooper et al., 2002). In
the USA, development of kidney disease in patients without
overt lupus nephritis at diagnosis is more likely in Hispanic
individuals (Alarcon et al., 2002). Although SLE is signifi-
cantly more common in females, males may be more likely
to have renal involvement, regardless of ethnicity (Cooper
et al., 2002). Likewise, although SLE is primarily a disease
of adulthood, children are much more likely to have severe
kidney disease (Cervera et al., 1993; McCurdy et al., 1992). 

The clinical signs and histologic changes seen in lupus
nephritis are highly variable. Clinical manifestations range
from asymptomatic to acute nephritic disease, nephrotic
syndrome, or endstage kidney disease. The severity of
disease often correlates with the type of histologic change.
Thus, biopsy and characterization of the renal lesions in
patients with lupus nephritis are recommended to refine
prognosis and to guide therapy. Additionally, serial biopsies
have been associated with an improved long-term progno-
sis (Bajaj et al., 2000; Yoo et al., 2000). 

The standardized classification system for lupus nephri-
tis was revised in 2004 under the auspices of the Interna-
tional Society of Nephrology (ISN) and the Renal Pathology
Society (RSP) (Table 59.1) (Weening et al., 2004). This
updated classification scheme is a revision of the previously
used World Health Organization (WHO) system. In this
system lupus nephritis is subdivided based on the type and
severity of glomerular pathology; however, tubular, intersti-
tial, and vascular lesions often occur in SLE patients as well,
and may independently influence clinical presentation and
prognosis. For a thorough discussion of the updated classi-

Ch059-P595961.qxd  2/28/06  4:13 PM  Page 826



fication, interpretation, and differences from the previous
system the reader is referred to Weening et al. (2004).

Autoimmune Features

SLE results from hyperactivation of B cells, production
of autoantibodies against multiple self-antigens, and activa-
tion of cell-mediated immunity secondary to deposition of
immune complexes (see Chapters 16 and 28).

Although immune deposits in the kidneys of patients with
SLE typically contain IgG, IgM, IgA, and complement, IgG
clearly predominates. Antibodies result in lupus nephritis
through complement fixation and leukocyte recruitment via
Fc receptor ligation (Couser, 1990). Sites of antibody depo-
sition within the kidney may vary, and localization to the
subepithelial or subendothelial spaces versus basement
membrane, antibody affinity and isotype, and antigen-
specificity of the various autoantibodies all may influence
the development and severity of lupus nephritis (Vlahakos
et al., 1992).

Autoreactive T cells are present in SLE. Lymphocyte
infiltration of affected organs is common, particularly the
kidneys in lupus nephritis. Persistent or aberrant T-cell 
activation may be the initiating defect in SLE; abnormal 
154(CD40L) expression on lymphocytes and decreased
CD4+CD25+ Treg activity have both been implicated (Desai-
Mehta et al., 1996; Powrie and Maloy, 2003).

Genetic Features

Of the genes that have been associated with the devel-
opment of SLE, Fc receptor polymorphisms have the
strongest association with development of nephritis (see
Chapter 16). Allelic or single nucleotide polymorphisms of
the FcgRIIa, IIb and IIIa genes have been identified with
increased risk for development of SLE (Salmon et al., 1996;
Wu et al., 1997; Seligman et al., 2001; Edberg et al., 2002;
Su et al., 2004). These altered Fc receptors may increase sus-
ceptibility to lupus nephritis or affect its rate of progression
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by altering or inhibiting clearance of immune complexes, 
or by inappropriately activating leukocytes, which bind
deposited complexes (Salmon and Roman, 2001; Tsao,
2004).

Environmental Influences

Studies have not identified any environmental factors that
predispose specifically to lupus nephritis. The association of
certain autoantibody subsets with kidney disease may argue
that unidentified environmental factors dictate the final
repertoire of the SLE autoantibodies, and thus expressions
of lupus nephritis. Unlike spontaneous SLE, drug-induced
SLE syndromes are less likely to cause lupus nephritis
(Shapiro et al., 1984; Speirs et al., 1989; Short and 
Lockwood, 1995).

Animal Models

SLE naturally occurs in dogs, cats, and horses. Although
disease in these species is rare and poorly characterized,
reports indicate that most cases would satisfy the standard-
ized diagnostic criteria used in humans. Approximately 50%
of dogs with SLE develop lupus nephritis based on the pres-
ence of proteinuria; progression to renal failure is a common
cause of morbidity and mortality (Chabanne et al., 1999).
Histopathologic findings in renal biopsies have not been
well characterized in this species, but immune complex
deposition is a common finding, with variable amounts of
proliferative or membranous changes (Center et al., 1987;
Chabanne et al., 1999). SLE is much rarer in cats and horses,
but nephritis is still a consistent finding (Werner and
Gorman, 1984; Pedersen and Barlough, 1991).

Both induced and spontaneously-occurring mouse
models of SLE exist (see Chapter 26). Most of these models
develop nephritis to varying degrees. The best-characterized
spontaneous models of lupus nephritis are the MRL/lpr 
and NZB/NZW F1 mice (Peutz-Kootstra et al., 2001).
MRL/lpr mice are homozygously defective for the Faslpr

TABLE 59.1 Abbreviated classification of lupus nephritis, revised by the International Society of
Nephrology (ISN) and the Renal Pathology Society (RSP), 2004

Class I Minimal mesangial lupus nephritis Normal light microscopy; mesangial immune deposits visible only by immunofluorescence
microscopy. Formerly known as class IIa

Class II Mesangioproliferative lupus nephritis Mesangial proliferation visible by light microscopy. Presence of immune deposits,
glomerulonephritis, or fibrosis exclude classification as class II. Formerly known as class IIb

Class III Focal lupus nephritis Glomerulonephritis with lesions found in <50% of glomeruli. Lesions are subclassified based 
on activity (active versus chronic). Lesions are usually segmental

Class IV Diffuse lupus nephritis Glomerulonephritis with lesions found in 50% or more of glomeruli. Lesions are subclassified 
based on activity (active versus chronic) and distribution of glomerular lesions (segmental 
versus global)

Class V Membranous lupus nephropathy May occur in conjunction with class III or class IV lesions

Class VI Advanced sclerosing lupus nephritis Most glomeruli (minimum of 90%) are globally sclerosed and “endstage”
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gene, which is essential for normal lymphocyte apoptosis
(Theofilopoulos et al., 1985a). These mice invariably
develop immune complex glomerulonephritis (Theofilopou-
los and Dixon, 1985). NZB/NZW F1 mice spontaneously
develop autoantibodies with similar antigenic targets as
humans with SLE; lupus nephritis develops due to immune
complex deposition (Theofilopoulos et al., 1985b). Although
the precise gene or genes responsible for NZB/NZW F1
mouse autoimmunity is unclear, polymorphisms in class II
MHC molecules, tumor necrosis factor (TNF)-a, and the Sle
gene loci have been implicated (Mocsai et al., 1999; Morel
et al., 1999; Rozzo et al., 1999). The finding that these and
various other mouse strains can all develop lupus nephritis
despite a wide variety of genetic defects supports the
hypothesis that naturally-occurring SLE in humans is a 
syndrome with multiple etiologies.

Pathogenic Mechanisms

Lupus nephritis is predominantly an immune complex
disease. Antibody–antigen complexes may form in the
peripheral circulation and then be deposited within the
kidney, or unbound antigens may first be planted within 
the renal parenchyma with later in situ antibody binding.
There is also evidence that lupus nephritis may be due in
part to autoantibodies against native renal antigens, particu-
larly components of the GBM and extracellular matrix, 
such as a-actinin and laminin (Ben-Yehuda et al., 1995;
Mostoslavsky et al., 2001).

Regardless of the site of complex formation, not all
autoantibodies are equally likely to result in kidney disease
in SLE patients. Although serum autoantibody titers do cor-
relate with presence and severity of nephritis, some patients
with high titers do not develop kidney disease, whereas
others with low titers may have severe nephritis (Chien 
et al., 2001; Horvath et al., 2001; Reveille, 2004; Linnik et
al., 2005). Eluted antibodies from the kidneys of patients
with lupus nephritis are not consistently of the same antigen
specificity as circulating autoantibodies (Mannik et al.,
2003). Autoantigen or immune complex charge and isoelec-
tric point may determine affinity of binding to the GBM or
mesangium (Vogt et al., 1990; Suenaga and Abdou, 1993;
Woitas and Morioka, 1996). Anti-DNA and antihistone 
antibodies, in particular, may be more nephritogenic than
other autoantibodies due to their overall charge (Xie et al.,
2003; Cortes-Hernandez et al., 2004). Anti-dsDNA anti-
bodies may also cross-react with native GBM antigens, and
linear staining of renal tissue may be visible by immuno-
fluorescence (Vlahakos et al., 1992; Foster et al., 1993;
Lefkowith et al., 1996; Mostoslavsky et al., 2001). Auto-
antibodies that are frequently found deposited within
kidneys of lupus patients include anti-C1q-CLR, anti-SS-A,
anti-Sm, anti-SS-B, antihistone, and antichromatin anti-
bodies (Mannik et al., 2003).
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The severity of interstitial T-cell infiltration in renal 
biopsies in lupus nephritis correlates with renal function
(Alexopoulos et al., 1990). Infiltrating T cells in the kidney
are often oligoclonal and of different specificity from
peripheral blood T cells, indicating expansion of a specific
subpopulation of cells rather than nonspecific recruitment
during inflammation (Massengill et al., 1998; Murata et al.,
2002). Recruitment of inflammatory cells is not solely
dependent upon binding of immune complex autoantibodies
with renal Fc receptors, as experimental Fcg receptor knock-
out mice still have localization of immune complexes to the
kidney, although nephritis is significantly reduced (Clynes
et al., 1998). This finding implies that inflammation is more
dependent upon binding of nonrenal Fc receptors, likely
those found on circulating leukocytes. 

Immunologic Markers in Diagnosis

The sole method for definitive diagnosis of lupus nephri-
tis is renal biopsy; however, if biopsy is contraindicated then
the simultaneous presence of proteinuria, anti-dsDNA anti-
bodies, hypocomplementemia, and active urine sediment are
accepted by the American College of Rheumatology to be
substitutable secondary criteria (Dooley et al., 2004). 

Lupus nephritis can occur in any SLE patient with any
autoantibody profile; however, specific antibodies or anti-
body repertoires are associated with a higher incidence of
kidney disease (Lefkowith et al., 1996). The strongest asso-
ciation identified thus far is with anti-RNA–protein conju-
gate antibodies. Anti-Ro/SSA or anti-Sm antibodies, with 
or without concurrent anti-U1RNP, predict development of
nephritis in approximately 50% of SLE patients. In contrast,
anti-U1RNP alone or concurrent anti-Ro/SSA and anti-
La/SSB are protective, with less than 10% of patients devel-
oping nephritis (Lefkowith et al., 1996). These associations
between specific autoantibodies and lupus nephritis may be
modified by other heritable factors, as the predictive value
of these repertoires varies with race and gender (McCarty
et al., 1993). Other antibodies associated with nephritis
include anti-C1q-CLR, antiheparan sulfate, and anti-
endothelial cell antibodies (D’Cruz et al., 1991; Coremans
et al., 1995; Ravirajan et al., 2001).

SLE and other diseases caused by immune complexes
cause hypocomplementemia. Measurement of serum com-
plement concentrations, particularly the C4 and C5 compo-
nents and total hemolytic complement (CH50), may aid in
prediction of lupus nephritis (Appel et al., 1978; Jarrett 
et al., 1981; Milis et al., 1992; Wada et al., 2004).

Treatment and Outcome

Immunosuppressive therapy is the mainstay of treatment
of lupus nephritis. Unfortunately, the optimal drug or drugs
and the appropriate treatment regimens are still unclear. It
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does appear that treatment should be tailored to the class of
lupus nephritis present on renal biopsy. However, study
results are often conflicting and the recent modification of
the lupus nephritis classification system makes interpreta-
tion of historic studies even more difficult. Regardless, it
appears that mild forms of lupus nephritis (class I and II)
carry a generally good prognosis, and for these, aggressive-
ness of treatment should instead be based on the severity of
any extrarenal disease manifestations. The poorer long-term
prognosis of class III and IV lupus nephritis justifies aggres-
sive immunosuppressive therapy. Cyclophosphamide in par-
ticular is used for treatment of cases with proliferative lupus
nephritis and membranous lupus nephropathy who do not
respond to corticosteroid monotherapy. Several studies have
shown no benefit from plasmapheresis despite the positive
association between decreased antinuclear antibody titers
and improved outcome (Lewis, 1992; Wei et al., 1993;
Wallace et al., 1998).

Of newer drugs mycophenolate mofetil (MMF) is an
attractive alternative in patients with cyclophosphamide 
toxicity or for rescue therapy in cyclophosphamide-resistant
lupus nephritis (Glicklich and Acharya, 1998; Dooley et al.,
1999). Patients with newly diagnosed diffuse proliferative
lupus nephritis are equally likely to remit with oral MMF
and prednisone, oral cyclophosphamide and prednisone, or
azathioprine and prednisone; additionally, the incidence of
serious infection is reduced with MMF (Chan and Hooi,
2000; Chan et al., 2000). Induction with intravenous (rather
than oral) cyclophosphamide at high- or low-dose regimens
(either of which is followed by azathioprine) appears to be
equally effective at inducing and maintaining remission of
proliferative lupus nephritis (Houssiau and Jadoul, 2002).
Long-term maintenance with oral azathioprine or MMF
appears safer than continued intravenous cyclophosphamide
(Contreras et al., 2004). An emerging SLE-specific therapy
is LJP 394, a synthetic construct of short dsDNA sequences
known to be epitopes for SLE autoantibodies (Alarcon-
Segovia et al., 2003).

Several independent factors have been identified as pre-
dictors of long-term renal function and patient survival. A
prospective cohort study of patients with lupus nephritis has
shown that severe renal failure (serum creatinine greater
than 2.4 mg/dl), black race, hematocrit less than 20%, and
chronic or active histologic lesions, particularly if crescents
or interstitial fibrosis are present, are associated with a worse
outcome (Austin et al., 1994). Other studies have identified
black race, hypertension, and length and number of times
out of remission as risk factors for disease progression
(Esdaile et al., 1989; Ward and Studenski, 1992; Dooley 
et al., 1997; Alarcon et al., 2002). Clinicopathologic find-
ings of azotemia, nephritic urine sediment, hypocomple-
mentemia, thrombocytopenia, high anti-DNA antibody titer,
and proliferative glomerulonephritis with or without simul-
taneous membranous nephropathy also predict a worse
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outcome (Banfi et al., 1985; Esdaile et al., 1989; Nossent 
et al., 1990; Reveille et al., 1990; Derksen and Meilof,
1992). Histopathologic lesions associated with aggressive,
ongoing inflammation (i.e., diffuse proliferative and pro-
gressive focal proliferative nephritis) are more serious than
mesangial or membranous nephropathy (Baldwin et al.,
1970; Gladman et al., 1989).

ANCA GLOMERULONEPHRITIS

Here we focus on the pathogenesis, autoimmune features,
and treatment of ANCA-associated glomerulonephritis and
renal failure. Nonrenal manifestations of ANCA-associated
small vessel vasculitis are discussed in Chapter 65. 

Glomerulonephritis and renal failure were associated
with small vessel vasculitis prior to the initial description of
ANCAs (see Chapter 65). The similar histologic appearance
of glomerular lesions noted in Wegener granulomatosis,
microscopic polyangiitis, Churg-Strauss syndrome, and
renal-limited small vessel vasculitis were only explained
once the unifying presence of ANCAs was discovered.

Clinical, Pathologic, 
and Epidemiologic Features

The clinical presentation of ANCA disease can vary
widely, depending on the disease phenotype (i.e., Wegener’
granulomatosis, microscopic polyangiitis, Churg-Strauss
syndrome, or renal-limited small vessel vasculitis), organ
system(s) affected, and chronicity and severity of disease.
Regardless of these variables, all ANCA-associated small
vessel vasculitis patients have arteriolar and capillary wall
inflammation. Fibrinoid necrosis of the vessel walls with
karyorrhexis and leukocyte infiltration are classic lesions.

Rapidly progressive glomerulonephritis secondary to
vasculitis is one of the most common clinical manifestations
of ANCA disease. Renal involvement is found in approxi-
mately 90% of patients with microscopic polyangiitis, 80%
of patients with Wegener granulomatosis, 45% of patients
with the Churg-Strauss syndrome, and by definition 100%
of patients with renal-limited small vessel ANCA vasculitis
(Jennette and Falk, 1997a; 1997b). The severity of kidney
disease at presentation is variable, although proteinuria,
hematuria, and renal failure are regularly seen. Kidney
disease in patients with Wegener granulomatosis may be
more aggressive than in those with microscopic polyangiitis
or Churg-Strauss syndrome (Franssen et al., 2000). 

The epidemiology of ANCA disease is presented in
Chapter 65.

Renal biopsy in patients with ANCA disease glome-
rulonephritis reveals vascular lesions and necrotizing
glomerulonephritis with crescents (filling of Bowman’s
space with inflammatory cells and cellular debris secondary
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to rupture of the visceral epithelium). These lesions are
severe, with 50% or more of glomeruli often involved;
glomerulonephritis is global, diffuse, and crescents are 
frequently circumferential. These glomerular lesions are
indistinguishable from the rapidly progressive glomerulone-
phritis seen on light microscopy in patients with anti-GBM
disease. Affected glomeruli sclerose over time; a single
kidney biopsy specimen may contain glomeruli with both
acute and endstage lesions. However, unlike anti-GBM
disease, ANCA disease is pauci-immune; immunofluo-
rescent microscopy fails to reveal deposition of significant
amounts of immunoglobulin. Electron microscopy reveals
generalized inflammation, breaks in the GBM, and a lack of
electron-dense immune deposits.

Autoimmune Features

ANCAs occur in greater than 80% of patients with 
pauci-immune small vessel vasculitis. These antibodies are
specific for neutrophil and monocyte granule proteins, with
a given patient typically having antibody reactivity to a
single antigen. The major neutrophil granule protein targets
of ANCA are proteinase-3 (PR3, a serine protease) and
myeloperoxidase (MPO, a lysosomal enzyme that produces
hypochlorous acid). Indirect immunofluorescence staining
of neutrophils using serum from ANCA patients results in
cytoplasmic fluorescence. PR3-ANCAs produce a cyto-
plasmic staining pattern (a C-ANCA pattern), whereas
MPO-ANCAs produce a perinuclear cytoplasmic staining
pattern (P-ANCA). The majority of Wegener granulomato-
sis patients have PR3-specific ANCAs, whereas Churg-
Strauss syndrome and renal-limited vasculitis patients
usually have MPO-ANCAs; microscopic polyangiitis
patients are equally likely to have PR3- or MPO-ANCAs. A
minority of patients in all disease phenotypes have ANCAs
that are specific for neither PR3 nor MPO. ANCAs are IgG,
mostly of the IgG1 subclass, with lesser amounts of IgG3
and IgG4. There is no single epitope on either PR3 or MPO
that is uniformly recognized by ANCAs from different
patients; additionally a single ANCA patient can have anti-
bodies against multiple epitopes of a single protein target.

The role of T cells in the pathogenesis of ANCA disease
is unclear. Autoreactive T cells specific for PR3 or MPO are
inconsistently present, and may be found in some normal
patients (King et al., 1998; van der Geld et al., 2000; Popa
et al., 2002; Winek et al., 2004). However, there is evidence
that the T-cell repertoire in general in ANCA patients is not
normally regulated, as cells may be generally activated
above normal levels, or have exaggerated skewing of
cytokine profiles in response to antigenic stimulation 
(Christensson et al., 2000; Masutani et al., 2003). CD4+ T
cells from ANCA patients, which proliferate in response to
ANCA antigens or nonspecific stimulation, may be either
Th1 or Th2; cytokine polarization may be linked to ANCA
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disease subtype, organ distribution, or whether disease is
localized or systemic (Tomer et al., 1999; Masutani et al.,
2003; Sanders et al., 2003).

Genetic Features

There have been no genetic associations made as yet
between any specific allele or gene and development of
glomerulonephritis (as opposed to other organ involvement)
in patients with ANCA disease. Genetic features of ANCA
disease in general are discussed in Chapter 65.

Environmental Influences

Although statistical associations have been made
between environmental exposure to some chemicals and
development of ANCA disease (see Chapter 65), no specific
links have been made to kidney disease.

Animal Models

The best model of ANCA disease thus far has been
induced in MPO-/- mice (see Chapter 65), and there are no
naturally-occurring animal models. However, anti-MPO
ANCAs and systemic autoimmune disease have been
reported in cats treated with propylthiouracil (Aucoin et al.,
1985; Waldhauser and Uetrecht, 1996). The frequency of
occurrence of these side effects has precluded use of propyl-
thiouracil in treatment of naturally-occurring hyper-
thyroidism in this species, and unfortunately extensive
studies have not been done characterizing the resultant
disease. Naturally-occurring ANCAs have recently been
described in dogs with inflammatory bowel disease
(Allenspach et al., 2004). The presence of ANCA correlates
with disease, but the antigen specificity of canine ANCAs is
unknown.

Pathogenic Mechanisms

Binding of ANCAs to their specific antigens in combi-
nation with Fc region binding to an Fc receptor results in
neutrophil and monocyte activation with induction of the
respiratory burst, degranulation, and release of cellular
inflammatory products into the microenvironment (Falk 
et al., 1990b; Lai and Lockwood, 1991; Keogan et al., 1992;
Savage et al., 1992; Mulder et al., 1994; Porges et al., 1994;
Johnson et al., 1997b; Kettritz et al., 1997). Interaction of
these leukocytes and their products with the endothelium
results in inflammatory damage and vasculitis (Falk et al.,
1990b; Dolman et al., 1993; Gross et al., 1993; De’Oliviera
et al., 1995).

The extent to which the F(ab¢)2 region contributes to
ANCA-mediated effects is debated. However antibody–
antigen interactions are clearly fundamental for the neu-
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trophilic perturbations required for vascular injury (Lai and
Lockwood, 1991; Keogan et al., 1992; Kettritz et al., 1997;
Alcorta et al., 2002; Yang et al., 2002). ANCA-mediated
effects on neutrophils and monocytes depend on both the
F(ab¢)2 region binding to its antigen and the engagement of
the Fc region with the Fc receptor (Porges et al., 1994;
Mulder et al., 1995; Reumaux et al., 1995; Johnson et al.,
1997b; Kocher et al., 1998; Kobold et al., 1999; Locke 
et al., 1999; Yang et al., 2002). 

Binding of ANCA is known to affect gene expression in
leukocytes, and thus presumptively alter intra- and inter-
cellular signaling. In vitro treatment of leukocytes from
healthy donors with ANCA IgG or F(ab¢)2 results in 
activation of a number of genes, including differentiation-
dependent gene 2 (DIF-2), interleukin-8 (IL-8), cyclooxyge-
nase-2 (COX-2), IL-1b, and p21(ras) (Brooks et al., 1996;
Yang et al., 2002; Williams and Savage, 2005). It is unknown
how exactly ANCAs mediate their effects on signaling path-
ways. ANCAs may cross-link surface antigens, resulting in
clusters of associated molecules in lipid raft-like structures,
particularly if the antigens are bound to other cell-surface
proteins such as Mac-1 (CD11b/CD18) or other b2 integrins
(Kurosawa et al., 2000; Calderwood et al., 2005). 

Alterations in intracellular signaling pathways have been
shown to occur following ANCA binding. ANCA induce
significant GTPase activity through activation of Gi proteins
and diminish FMLP-induced PKC activation and IP3 gener-
ation, thus possibly modulating calcium-dependent path-
ways (Lai and Lockwood, 1991; Williams et al., 2003;
Williams and Savage, 2005). ANCA-induced signals are
synergistic with TNF-a effects, indicating that autoantibod-
ies could affect Src-family kinase pathways (Reumaux et al.,
1995; Kettritz et al., 1997). Similarly ANCA-activated tran-
scription of the IL-1b gene may imply activation of p38
MAPK (Brooks et al., 1996; Hashimoto et al., 1999). Impor-
tantly, gene expression profiling of patients with ANCA
disease should become a noninvasive approach to deter-
mining disease activity, as demonstrated for IgA nephropa-
thy (Preston et al., 2004). 

The lack of ANCAs or ANCA–antigen deposits within
the renal vasculature has made it particularly challenging 
to demonstrate a causal role for these autoantibodies in
glomerulonephritis. The endothelium was originally consid-
ered a direct target of ANCA-mediated effects because of
the hallmark histologic pattern of necrotizing vascular
injury, but how ANCAs interact with endothelial cells is
unclear as PR3 and MPO are restricted to myeloid lineage
cells (Chen et al., 1995; Sturrock, 1996). It was speculated
that cytokines induced PR3 and MPO expression on the
endothelial cell surface, but PR3 or MPO mRNA transcripts
could not be demonstrated in endothelial cells using TaqMan
PCR (Mayet et al., 1993a; 1993b; 1997; Johnson et al.,
1997a; King et al., 1995; Sibelius et al., 1998; Pendergraft
et al., 2000). 
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A mechanistic link between ANCA binding to neutrophils
and glomerular lesions was deduced from studies of neu-
trophil PR3. Extracellular PR3 can traverse the endothelial
plasma membrane and induce apoptosis (Yang et al., 2001).
Cell death is linked with sustained activation of c-Jun N-
terminal kinase 1 (JNK 1), a primary apoptosis signaling
pathway in endothelial cells (Preston et al., 2002). PR3 also
functions as a caspase-like protease, cleaving proteins that
are normal caspase substrates during the apoptotic program
(Jiang et al., 1994; Levkau et al., 1998; Kang et al., 2001;
Preston et al., 2002; Witko-Sarsat et al., 2002; Pendergraft
et al., 2004b). Cleavage of NF-kB, p21Waf1/Cip1/Sdi1, and IL-1b
(caspase-1-like activity) and the Sp1 transcription factor
(caspase-2- and -3-like activity) has been reported (Coeshott
et al., 1999; Pendergraft et al., 2004b; Piedrafita and Pfahl,
1997). Inflamed bowel tissue shows detectible levels of 
PR3 protein coincident with proteolytically-cleaved
p21Waf1/Cip1/Sdi1 (Pendergraft et al., 2004b). Thus, PR3 is not
merely a protease that degrades matrix proteins but also
specifically processes angiotensinogen, TGF-b1, and TNF-
a (Csernok et al., 1996; Coeshott et al., 1999; Bank and
Ansorge, 2001; Ramaha and Patston, 2002). Less is known
about MPO-induced endothelial cell injury. Endothelial cells
also internalize MPO by an energy-dependent process
(Baldus et al., 2001; Yang et al., 2001). However, unlike
PR3, MPO does not cause apoptosis but rather increases
intracellular oxidant radical concentration. 

The epitope targets of PR3 and MPO ANCA are
unknown. The data point to a limited number of epitopes,
all of which require an intact tertiary structure (van der Geld
et al., 2004). Because both MPO and PR3 have distinct func-
tional domains, ANCA-binding sites could be responsible
for the differences in disease presentation.

Dogma is that neutrophil granule protein genes are irre-
versibly silenced before the cells leave the bone marrow.
However, mature leukocytes from the majority of ANCA
patients with active disease have high levels of PR3 and
MPO mRNA (Yang et al., 2004). Increased transcripts cor-
relate with disease activity and absolute neutrophil values,
but not with “left shift” (i.e., neutrophil immaturity), drug
treatment regimen, serum inflammatory cytokine concentra-
tion, hematuria, proteinuria, ANCA titer, serum creatinine,
sex, or age (Yang et al., 2004). This anomaly appears to be
ANCA disease specific, as upregulation of these genes was
not observed in patients with endstage kidney disease,
rheumatoid arthritis or SLE, or in healthy volunteers. Thus,
increased transcription of PR3 and MPO may lead to
increased protein on the cell surface, conferring risk for the
development of ANCA disease (Halbwachs-Mecarelli et al.,
1995; van Rossum et al., 2004). In addition to the presence
of anti-MPO or -PR3 autoantibodies, a second critical com-
ponent in the etiology of this disease may be the reactiva-
tion of once-silenced genes, leading to increased antigen
availability. 
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Immunogenesis of ANCA: Theory of 
Autoantigen Complementarity

A recent report offers a new theory of how PR3-ANCA
disease, and perhaps other autoimmune diseases, could
develop (Pendergraft et al., 2004a). This theory proposes
that the initiator of the autoimmune response is not an
autoantigen or an exogenous mimic, but rather a peptide or
protein that is “antisense” or “complementary” to the
autoantigen. The first immune response is production of 
an antibody specific for this complementary protein. This is
followed by an antiantibody (i.e., anti-idiotypic antibody)
response, whereby a second immunoglobulin is produced
that reacts not only with the first antibody, but also with the
corresponding “sense” or self-protein because of surface
contour complementarity. 

The initiating event in autoantigen complementarity 
is an immune response against a protein complementary in
structure to the autoantigen (Figure 59.3A and B). Comple-
mentary proteins could be of exogenous microbial origin;
for example, complementary PR3 has homologies with pro-
teins from many different microbes and viruses. Among
these microbes are Ross River virus, Staphylococcus aureus,
and Entamoeba histolytica, all of which have been previ-
ously linked with ANCA disease (Davies, 1982; Pudifin et
al., 1994; Stegeman et al., 1994). Pertinent to this finding,
the onset of ANCA disease is commonly associated with a
flu-like illness (Falk et al., 1990a). Alternatively, patients
may be producing complementary PR3 protein themselves.
Recent reports of naturally-occurring antisense transcripts in
humans indicate that individuals do in fact transcribe anti-
sense RNA (Lehner et al., 2002). However, PR3 antisense
RNA has not been reported in the antisense transcriptome
database, indicating that antisense PR3 has not yet been
identified in healthy individuals. Leukocytes from PR3-
ANCA subjects reveal the presence of PR3 antisense RNA
in approximately 50% of cases (Pendergraft et al., 2004a).
Whether these antisense transcripts are or can be translated
into a protein product to produce the complementary protein
is unknown, but translation of an antisense transcript has
been reported (Van Den Eynde et al., 1999). It may be that
aberrantly expressed antisense transcripts are a component
of many human diseases (Lavorgna et al., 2004). 

Among patients with PR3-ANCA disease, 21% have
antibodies specific for a recombinant protein complemen-
tary to PR3, whereas only 1% of normal patients or patients
with non-PR3 glomerular diseases are seroreactive to this
protein (Pendergraft et al., 2004a). These antibodies may
themselves induce an immune response, which is the second
proposed event in autoantigen complementarity. Antibodies
are known occasionally to act as antigens themselves, and
elicit antiantibody antibodies (known as anti-idiotypes),
according to the idiotypic network theory (Jerne, 1974). The
antigen-binding region (paratope) of an antibody elicits an
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immune response that results in an anti-idiotype directed
against the antigen-binding region. Production of anti-
idiotypic antibodies following immunization with antigens
or antibodies has been extensively reported (Erlanger et al.,
1986; Hill and Erlanger, 1988; Erlanger, 1989; Shoenfeld,
1994; 2004; Shoenfeld et al., 2002). Therefore, anticomple-
mentary PR3 antibodies produced following exposure to
complementary PR3 could themselves induce an immune
response, resulting in the generation of anti-anticomple-
mentary PR3 antibodies. In fact, affinity-purified anti-
PR3-ANCAs bind specifically to anticomplementary-PR3
antibodies, proving that these antibodies are an idiotypic
pair (Pendergraft et al., 2004a). 

Antigen–antibody complementarity states that the vari-
able region of an antibody molecule is structurally and
chemically complementary to the epitope region of the
bound antigen (Smith et al., 1987; Blalock and Bost, 1988;
Bost and Blalock, 1989; Blalock, 1990; Root-Bernstein and
Rallo, 2004). Therefore, because anticomplementary PR3
antibodies bind both complementary PR3 and their anti-
idiotypic antibody, both these molecules would be expected
to be structurally identical at the epitope regions. It follows
then that just as complementary PR3 is expected to bind
PR3, the anti-idiotypic antibodies would bind PR3 as well;
these anti-idiotypic antibodies are PR3-ANCA and repre-
sent the third and final event proposed by autoantigen 
complementarity (Figure 59.3C).

To test the feasibility of these three events, mice were
immunized with recombinant complementary human PR3
protein and then evaluated for production of antihuman 
PR3 antibodies. As predicted, the mice produced not only 
anticomplementary PR3 antibodies, but antihuman PR3
antibodies as well; PR3-reactive antibodies produced a cyto-
plasmic (C-ANCA) pattern when examined by immuno-
fluorescence (Pendergraft et al., 2004a).

Immunologic Markers in Diagnosis

Concurrent presence of kidney disease and ANCA has 
a relatively high sensitivity and specificity for diagnosis 
of ANCA glomerulonephritis. Available serum markers,
including determination of the precise ANCA target antigen,
have little use in predicting presence or later development
of kidney disease if clinicopathologic evidence of renal
insufficiency or failure is absent. Use of immunologic
markers for diagnosis of ANCA disease in general is
reviewed in Chapter 65.

Treatment and Outcome

Immunosuppressive treatment of patients with ANCA
disease is described in Chapter 65. The short-term renal
outcome of patients with ANCA-associated glomerulo-
nephritis is relatively good, with an average patient and renal
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• “Antisense RNA” is a general term used to describe a sequence of 
RNA that is complementary to messenger RNA (mRNA).  Antisense
RNA is transcribed from the opposite strand of DNA than the one
normally used for the RNA transciption.

• A “complementary protein” is one that is translated from antisense 
RNA (Blalock, 1990).  The hydropathy of the complementary 
protein is exactly opposite to that of the mRNA-coded protein from 
that same gene.   Thus the individual folding patterns result in 
mirror image structures that can interact in a lock and key manner. 
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  a complementary protein
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FIGURE 59.3 A, Schematic of the theory of autoantigen complementarity. The theory proposes that the immunogen
that begins the sequence of events leading to the production of autoantibodies is not the autoantigen or its mimic, but
rather its complementary peptide or its mimic. Step 1: The complementary proteins may be introduced by invading
microbes or they may be produced by the individual through translation of antisense RNA. An antibody is produced in
response to the complementary protein. Step 2: A second antibody is elicited against the first antibody, referred to as an
anti-idiotypic response. Step 3: The resultant anti-idiotypic antibodies react with the autoantigen, whose amino acid
sequence is complementary to the sequence of the initiating antigen. Step 4: Complementary proteins have a natural
affinity because the hydropathy of one is the opposite of the other. B, Definition of terms used in the theory of autoanti-
gen complementarity. C, Schematic of anti-PR3 antibody (ANCA) production as a result of an anti-idiotypic response.
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survival at 1-year of approximately 75%. Outcome 
is worse in older patients, patients with endstage kidney
disease, or those with severe azotemia at first diagnosis
(Booth et al., 2003). Higher creatinine or lower glomerular
filtration rate at the time of presentation, persistent protein-
uria, and chronic renal lesions, including interstitial fibrosis,
tubular atrophy, and glomerulosclerosis, are negative prog-
nostic indicators (Hauer et al., 2002; Neumann et al., 2005).
Long-term remission without disease relapse occurs in
60–75% of patients.

CONCLUDING REMARKS AND
FUTURE PROSPECTS

Anti-GBM disease, SLE, and ANCA-associated
glomerulonephritis are among several kidney diseases that
are immune mediated in nature. Other diseases may be 
consequences of infectious agents, resulting in immune
complex deposition, notably membranoproliferative
glomerulonephritis or cryoglobulinemic glomerulonephritis,
or due to breaks in mucosal immunity, such as IgA
nephropathy, or may be secondary to in situ formation of
immune complexes, such as membranous nephropathy
(Table 59.2). There is also an array of tubulo-interstitial
nephritides that may be immune mediated in origin, partic-
ularly those associated with drug hypersensitivity or autoan-
tibodies to the tubular basement membrane. Each of these
entities presents the opportunity for substantial review,
although each shares common effector pathways of inflam-
mation with the three diseases described in detail. Membra-
nous glomerulopathy and IgA glomerulonephritis bear
names derived from their immunohistologic patterns of
kidney injury without regard to their primary pathogenesis,
which remains unclear—most target antigens involved in the
genesis or maintenance of aberrant immune responses
affecting the kidneys remain elusive. Studies using comple-
mentary proteins, as described herein, may afford clues as
to these, as yet, unknown agents. Certainly, if these inciting
antigens and precise epitopes were to be established, more
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specific and less toxic drugs could be used to supplement or
even replace the nonspecific immunomodulating drugs that
have hardly changed over the past 30 years.
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HISTORIC BACKGROUND

The demonstration that the sera of animals sensitized
with testicular homogenate or semen were able to immobi-
lize spermatozoa was first reported over 100 years ago. 
Pioneered by Voisin (Voisin et al., 1951) and Freund (Freund
et al., 1953), the first experimental model of autoimmune
orchitis, induced by active immunization with homologous
testicular antigens and adjuvant, was developed. Between
1970 and 1980, most research focused on the study of anti-
bodies to sperm antigens as a cause of male or female infer-
tility, independent of orchitis, and a major effort was made
to standardize the methods of detecting sperm antibodies.
Later, research interest shifted to defining the nature of
testis-specific autoantigens. As yet, no well-characterized
sperm antigen has been identified as a target in sperm

autoimmunity or as a suitable candidate antigen in male
gamete contraceptive vaccine development. 

In this chapter, we review current knowledge on clinical
male infertility, with emphasis on autoimmune orchitis and
its pathogenetic mechanism.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Male infertility associated with immunologic mecha-
nisms may result from the presence of sperm antibodies or
autoimmune disease of the testis and its excurrent ducts. In
the first case, antibodies, once generated, may result in infer-
tility by a variety of mechanisms, mainly disturbances in
sperm transport or disruptions in gamete interaction. In the
second case, immunopathologic damage of the testis (and its
excurrent ducts) occurs through T-cell-mediated mecha-
nisms triggered by antigens or pathogens that disrupt testic-
ular immunoprivilege.

Male Infertility Associated with 
Sperm Antibodies

Male infertility may result from the binding of antisperm
antibodies (ASAs) to ejaculated sperm. Clinically, ASAs are
found in 3–12% of men with infertility, compared to 0–2%
of the general male population [reviewed by Turek and 
Lipshultz (1994)]. The ASAs present in local secretions of
the genital tract rather than serum are associated with infer-
tility [reviewed by Marshburn and Kutteh (1994)]. 

Importantly, data from in vitro fertilization programs
indicate that a reduced fertilization rate is associated with
IgA and IgG antibody binding to the head region of sperm.

Orchitis and Male Infertility

841

LIVIA LUSTIG*
*Centro de Investigaciones en Reproducción, Facultad de Medicina,

Universidad de Buenos Aires, Buenos Aires, Argentina

KENNETH S. K. TUNG†

†Department of Pathology, University of Virginia, Charlottesville,
Virginia, USA

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

Copyright © 2006, Elsevier Inc.
All rights reserved.

Ch060-P595961.qxd  2/28/06  4:14 PM  Page 841



Many potentially important human and animal sperm
molecules [reviewed by Frayne and Hall (1999) and Bohring
and Krause (2003)] have been identified by means of serum
antibodies from infertile patients or monoclonal antibodies
that affect different fertilization events—motility, cervical
mucus penetration, acrosome reaction, zona binding, zona
penetration, oolema binding, and pronucleous formation. 

Analysis of the cognate antigens of the ASAs involved 
in the process of fertilization improves the identification of
immunogenic proteins that are candidates for immune 
contraception.

Obstruction or injury of the male reproductive tract is
associated with ASA formation, since leakage of large quan-
tities of sperm antigens can induce antibody production.
Sperm antibodies attendant to vasectomy may be responsi-
ble for infertility in some patients following vasovasostomy.
Indeed, ASAs are common in patients with congenital
absence of the vas deferens associated with cystic fibrosis
(Box 60.1). 

Male Infertility Associated with 
Autoimmune Orchitis

Autoimmune orchitis is well documented in sponta-
neously infertile animals and in experimental models of
autoimmune orchitis. Human autoimmune orchitis is repre-
sented by the granulomatous orchitis of noninfectious
origin, aspermatogenesis associated with testicular immune
complex deposits, and orchitis associated with systemic
viral infections.

Clinically, granulomatous orchitis causes mild testicular
pain or swelling. The main challenge is to distinguish it from
a tumor; sonographic studies and biopsy may help the diag-
nosis. The histopathology of the testis shows granuloma for-
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mation as an accumulation of histiocytes, macrophages, and
epithelioid and multinucleated giant cells, associated with
loss of germ cells. 

Autoimmune orchitis can be accompanied by epididymi-
tis and vasitis, although genetic evidence suggests that each
can occur as an independent entity (Roper et al., 1998). As
in orchitis, spermatic granulomas of noninfectious origin
can occur in the epididymis and the vas deferens as an
autoimmune response to the host’s own extravasated 
spermatozoa, inducing local immunoglobulin production
and accumulation of T lymphocytes (Saravanamuthu et al.,
1991). Sperm granuloma are commonly seen in men who
have had a vasectomy. However, most cases of orchi-
epididymitis are due to infection [reviewed by Chan and
Schlegel (2002) and Delavierre (2003)] and the main route
is retrograde propagation from the vas deferens. Epi-
didymitis can also be iatrogenic, a complication of treatment
with amiodarone a drug used for cardiac arrhythmias, and
although the exact mechanism of this disease is unknown,
the lymphocyte infiltration present in a sterile microenvi-
ronment suggests an autoimmune phenomenon.

Two studies in the 1980s (Salomon et al., 1982; Lehman
et al., 1987) on testis biopsies from infertile men described
deposits of IgG and/or complement (C3) or immunocom-
plexes in the basement membranes (BM) of seminiferous
tubules and damage of the germinal epithelium. Although
the evidence for immune complex-induced orchitis is not yet
confirmed, the alterations are consistent with the observa-
tion in the infertile mink (Tung et al., 1981) and in rats 
and guinea pigs passively immunized with antibodies to 
BM antigens (Denduchis and Lustig, 1981; Lustig et al.,
2000).

Focal orchitis, presumably due to an autoimmune mech-
anism, is also observed following testicular damage induced
by trauma, physical agents, torsion, biopsy or tumor. Histo-
logic evidence of interstitial and/or intratubular inflamma-
tory cells accompanied by loss of germ cells has been
described: 4.8% of testicular biopsies from 166 men with
azoospermia or oligozoospermia had focal or general leuko-
cyte infiltration (Suominen and Söderström, 1982). 

Nistal et al. (2002) evaluated the focal orchitis present in
cryptorchidic testes of men not previously treated for 
cryptorchidism or antecedents of infectious diseases, and
detected focal lymphoid infiltrates in the interstitium and/or
seminiferous tubules associated with lesion of the germinal
epithelium in 44% of 50 patients. The authors suggest that
an alteration in the blood–testis barrier (BTB) allows 
antigens to enter the testicular interstitium and stimulate an
autoimmune process.

Most reported cases of spontaneous autoimmune orchitis
are associated with an infectious disease, usually following
a viral infection. The pathogens are thought to induce orchi-
tis by disrupting the mechanisms of testicular immuno-

Box 60.1
Human pathologies or conditions associated with

antisperm antibodies

Testis
∑ Granulomatous orchitis
∑ Orchitis associated with viral infections (mainly

mumps virus and HIV) and other infectious agents
∑ Orchitis associated with cryptorchidism or tumor
∑ Orchitis associated with trauma, torsion, or biopsy

Vas deferens
∑ Vasectomy
∑ Vasectomy reversal
∑ Agenesia of vas deferens
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privilege rather than through a direct cytopathologic effect.
The best-known orchitogenic viruses in humans are the
mumps virus and human immunodeficiency virus (HIV).
The symptoms of mumps in most prepubertal boys are
limited to infectious parotitis; however, 5–37% of adults
with mumps infection also develop orchitis. Lymphocytic
infiltration followed by oligozoospermia with tubular
atrophy and fibrosis contribute to transient or permanent
subfertility or infertility. The mumps virus does not appear
to induce germ cell transformation and may not be directly
spermatogenotoxic. However, mumps virus replicates in
Leydig cells in vitro, inhibits testosterone secretion, and
induces production of the interferon (IFN)-g-induced protein
10, a chemokine that recruits leukocytes (Le Goffic et al.,
2002; Mouchel et al., 2002). 

Acquired immune deficiency syndrome (AIDS) patients
often suffer from orchitis, hypogonadism, oligozoospermia
or azoospermia. It has been suggested that reduction in
testosterone levels in AIDS patients may result from a reduc-
tion in Leydig cell number or of their function. For example,
alteration of the hypothalamic–pituitary–gonadal axis can be
caused by proinflammatory cytokines [reviewed by Dejucq
and Jégou, (2001)]. Kierszenbaum (1995) speculates that the
uncommon perivascular accumulation of CD4+/HIV+ cells
and cytokine production could affect the integrity of the
BTB and favor the development of autoimmune orchitis. 
For example, antibodies against sperm antigens have been
reported in AIDS patients. 

The autoimmune component of orchitis associated with
infections was investigated in several experimental models,
including infection with myxoma virus (Fountain et al.,
1997) and Sendai virus, which is closely related to mumps
virus (Melaine et al., 2003). In mice unilaterally infected
with Listeria monocytogenes, the contralateral testis devel-
oped orchitis without detectable microorganisms, providing
evidence for an autoimmune component in infectious orchi-
tis (Mukasa et al., 1995). This was supported by disease
transfer to uninfected recipients by CD4+ T cells from
infected donors. It was further shown that the gd T cells
reduced ab pathogenic T-cell function through cytokines,
mainly IL-10 and TGF-b (Mukasa et al., 1998). 

TESTICULAR IMMUNOREGULATION

Testicular antigens expressed in haploid germ cells
appear after puberty when immunocompetence is already
established. The ability of the testis to tolerate these
autoantigens as well as to survive in the testicular intersti-
tium of transplanted foreign tissue has led to the considera-
tion that the testis is an immunoprivileged organ. The
mechanisms of testis autoimmune disease prevention are
described in Box 60.2 (Tung et al., 2000). 
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ANIMAL MODELS AND
PATHOGENIC MECHANISMS 

Studies on experimental autoimmune orchitis (EAO)
have helped elucidate disease mechanisms as well as the
systemic regulation that normally prevents disease.

Animal Models

EAO can be elicited by three approaches: 1) immuniza-
tion with testis antigens with or without adjuvants; 
2) passive transfer of testis-sensitized lymphocytes; and 
3) manipulation of the normal immune system, such as by
thymectomy at day 3 after birth (d3TX) or the transfer of
defined T-cell populations from normal inbred mice to syn-
geneic athymic nu/nu mice recipients. In addition, auto-
immune orchitis occurs spontaneously in the dark mink,
beagle dog, and aging rat.

EAO is elicited by immunization with testis antigen in
complete Freund adjuvant (CFA) in guinea pigs (Voisin et
al., 1951) or with testis antigen in CFA and Bordetella per-
tussis toxin in mice (Kohno et al., 1983) or rats (Doncel et
al., 1989), or by repeated subcutaneous injections of viable
testicular cells, without adjuvants in mice (Sakamoto et al.,
1985; Itoh et al., 1991a). Tung et al. (1994) have given a
detailed description of the protocols for testicular auto-
immune disease. 

Pathogenic autoimmune responses to antigens in the 
male gonad are directed to haploid germ cells in the testis,

Box 60.2
Mechanisms of gonadal autoimmune 

disease prevention

Systemic immunoregulation (systemic tolerance
mechanism)
∑ Regulation of pathogenic self-reactive T cells by reg-

ulatory T cells (Takahashi et al., 1998; Thornton and
Shevach, 1998)

Regional immunoregulation 
(testis immunoprivilege)
∑ Blood–testis barrier (incomplete immunologic barrier

that limits the access of germ cell antigens to the
immune cells and antibodies) (Yule et al., 1988; 
Pelletier, 2001)

∑ Presence of regulatory T-cells in the testicular inter-
stitium (Mukasa et al., 1995; 1998)

∑ Secretion of multiple immunosuppressor factors by
macrophages, Sertoli and Leydig cells (De Cesaris et
al., 1992; Tung et al., 2000; Hedger, 2002)
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including spermatozoa. Although numerous EAO-inducing
testis proteins have been isolated, their identity and function
are only partially known [reviewed by Tung et al. (2000)]. 

d3TX or other manipulations that deplete regulatory T
cells (Tregs; CD4+CD25+) also induce EAO, and the fact 
the disease is suppressed by normal T cells indicates that,
although potentially orchitogenic CD4+ T cells exist in
normal mice, their action is prevented by natural Tregs. 
The activation of these cells by endogenous antigens or 
their molecular mimic, or defective immunoregulation can
elicit autoimmune response and tissue injury (Tung et al.,
2000).
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Pathogenetic Mechanisms

Cellular Mechanisms

EAO is characterized by an interstitial lymphomono-
nuclear cell infiltrate and damage of the seminiferous
tubules. The histopathologic distribution of the initiation of
inflammation differs between active versus passive EAO: in
subcapsular seminiferous tubules far from the rete testis and
in straight tubules adjacent to the rete testis (a region more
permeable to circulating IgG), respectively (Figure 60.1).
Passive EAO experiments in which testis or sperm antigen-
specific T-cells that have been activated in vitro transfer

C D

FIGURE 60.1 Predominant histopathologic lesions from mice with A, actively induced experimental autoimmune
orchitis (active EAO) and B–D, from recipients of testis-sensitized lymphocytes (passive EAO). A, A common
histopathologic finding in active EAO is found under the testicular capsule (arrow), away from the rete testis (R). O,
orchitis. Original magnification ¥50. B, In passive EAO, inflammation in the regions of the straight tubules, adjacent to
the rete testis (R), is common, and this leads to severe dilation of seminiferous tubules. Original magnification ¥50. 
C, In passive EAO, inflammation in the rete testis (R) is severe and obstructs the lumen. Original magnification ¥200.
The asterisk shows the capsule adjacent to the rete testis. D, In passive EAO, dilated seminiferous tubules have atten-
uated but intact germinal epithelium, without evidence of orchitis. Original magnification ¥400.

Reproduced from Tung et al. (1987), with permission.
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severe orchitis and vasitis to syngeneic euthymic mice
(Tung et al., 2000) indicate that pathogenic autoreactive T
cells against highly specific testis peptides are responsible
for the disease. All orchitogenic T-cell clones express CD4,
which recognizes peptides in association with MHC class II
molecules present in testicular macrophages and dendritic
cells, mainly around straight tubules (Tung et al., 1987).
Then, orchitis spreads to peripheral seminiferous tubules. T
cells produce interleukin (IL)-2 and interferon (IFN)-g, but
not IL-4, which is typical of type 1 helper (Th1) CD4+ T
cells. The germ cells undergo apoptosis, and the CD95-
CD178 (Fas–Fas L) and tumor necrosis factor (TNF)-
a–TNF receptor (TNFR)1 systems are involved in this
process (Suescun et al., 2003; Theas et al., 2003). Moreover,
the in vivo injection of antibodies to TNF-a markedly
reduced the severity of EAO in mice transferred with path-
ogenic T-cell clones (Yule and Tung, 1993).

Humoral Mechanisms

Although autoantibodies to sperm antigens or immune
complexes can be detected in EAO, antibody response alone
is not sufficient to cause tissue injury. However, the auto-
antibody binding to a tissue antigen can cause a redistribu-
tion of T-cell-mediated inflammation.

GENETICS

Genetic analysis of inbred mouse strains indicates that
susceptibility or resistance to autoimmune orchitis is poly-
genic and strongly influenced by both H2-linked and non-
H2-linked genes (Person et al., 1992). The histamine H1
receptor (Hrh1) was definitively identified as the first
“shared” non-MHC-linked gene controlling susceptibility to
autoimmune orchitis and encephalomyelitis (Ma et al.,
2002). These results provided a mechanistic basis for the
genetic role of Bordetella pertussis-induced histamine sen-
sitization (Bphs)/Hrh1 in eliciting pathogenic T cells during
the induction phase of autoimmune disease. Nine chromo-
somal regions have been linked to EAO and many of these
loci are found in regions that govern susceptibility to other
autoimmune disease, such as experimental autoimmune
encephalitis and type 1 diabetes of nonobese diabetic mice.
Microsatellite analysis has mapped distinct chromosomal
regions that encode susceptibility to orchitis, epididymitis,
and vasitis in EAO, demonstrating the independent regula-
tion of susceptibility to these pathologies (Roper et al.,
1998).

Autoimmune orchitis is a component of the autoimmune
polyglandular syndromes (APS) that exist as two major clin-
ical entities, APS I and APS II, which differ in age of pre-
sentation, characteristic patterns of disease combinations,
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and modes of inheritance (see Chapter 38). Gonadal failure
is more frequently associated with APS I than with APS II.

Recently, two novel immune mechanisms have been
identified in patients with APS. APS I patients have a point
mutation in the AIRE gene (21q23.3), which encodes a tran-
scription factor of unknown function (The Finnish–German
APECED Consortium, 1997; Pitkanen and Peterson, 2003).
Mice with the knock-out AIRE gene spontaneously develop
APS (Anderson et al., 2002). Because the AIRE protein,
expressed in a thymic medullary epithelial cell, influences
ectopic expression of peripheral tissue antigens in this
thymic cell lineage, a dysfunctional AIRE can result in
defective central T-cell tolerance (Liston et al., 2003). A
second group of APS II patients has an intact AIRE gene,
but a defective CD4+CD25+ Treg function (Kriegel et al.,
2004). 

TREATMENT AND OUTCOME 

In patients with high levels of ASAs, corticosteroid treat-
ment has been used to reduce antibody titers, but a direct
correlation between ASA titers and fertility has not been
observed (Marshburn and Kutteh, 1994). 

In recent years new drugs have been used to prevent 
testicular autoimmunity in mice. Ablake et al. (2002)
demonstrated that deoxyspergualin is capable of suppress-
ing alloimmune and autoimmune reactions in experimental
models. The authors suggested that the drug may interfere
with the function of CD4+ Th1 cells by altering autoantigen
presentation and/or by inhibiting T-cell production of IFN-
g. Itoh et al. (1998) demonstrated that a single injection of
anti-IFN-g monoclonal antibody may successfully down-
regulate testicular autoimmunity in mice with EAO. 

More recently, Ito et al. (2004) suggested agents such as
a-melanocyte-stimulating hormone (MSH), insulin growth
factor (IGF)-1, TGF-b1 or FK506 as promising candidates
for immunoprivilege restoration and for suppressing MHC
I expression in different autoimmune entities, like mumps
autoimmune orchitis.

In assisted reproduction, intracytoplasmic sperm injec-
tion (ICSI) is the primary choice of treatment for immuno-
logic infertility, especially when ASAs are located in/on the
sperm head [reviewed by Lombardo et al. (2001)].

CONCLUDING REMARKS 

Human testicular autoimmune diseases remain incom-
pletely defined and should be a major focus of future
research. Nevertheless, research based on models of auto-
immune orchitis has contributed significantly to our under-
standing of the interactions between immune cells and
somatic and germ cells of the testis, as well as the overall
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concepts of autoimmune disease pathogenesis. The
CD4+CD25+ Tregs play a central role in the control of
immune reactivity. New targets for specific therapies may
be developed by identifying the mechanisms by which reg-
ulatory cells function and the intracellular signaling cas-
cades activated during autoimmune pathology. In addition,
the recent finding of a single gene (AIRE) defect causing a
systemic human autoimmune polyglandular syndrome pro-
vides an exciting tool for exploring molecular therapy for
these autoimmune diseases.
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HISTORIC FEATURES

The concept of autoimmune ovarian disease (AOD), or
oophoritis, was suggested over 35 years ago. Irvine observed
that Addison’s disease was associated with a higher than
expected occurrence of premature ovarian failure (POF, or
premature menopause before age 40), and steroid cell
autoantibodies to adrenal and ovary (Irvine et al., 1968).
Independently, antibodies to oocyte cytoplasm were
detected in women with infertility (Vallotton and Forbes,
1966). Until recently, studies of the autoimmune basis of
POF were more common than studies of AOD in infertility.
Interestingly, an animal model of autoimmune ovarian
failure, based on mice thymectomized on neonatal day 3,
was reported at about the same time (Nishizuka and
Sakakura, 1969).

AOD has been identified primarily by indirect and cir-
cumstantial evidence according to the criteria summarized
by Rose and Bona (1993). Circumstantial evidence for 
AOD includes lymphocytic infiltration of ovarian follicles
in women with POF, frequent association of POF and infer-
tility with other autoimmune diseases, and a tendency of
POF to be familial. Indirect evidence for an autoimmune
disease of the ovary includes the association of ovarian
autoantibodies with POF and some types of infertility
[reviewed in Luborsky (2002b)]. 

CLINICAL, PATHOLOGIC AND
EPIDEMIOLOGIC FACTORS

Clinical Features

AOD usually presents as POF or infertility (Figure 61.1;
Table 61.1), although these phenotypes represent hetero-
geneous etiologies. 

Etiologies of POF include induction by radiation or
chemotherapy (Chiarelli et al., 1999), environmental factors
(Vermeulen, 1993; Cooper et al., 1999; Silbergeld and
Flaws, 1999), genetic defects and chromosomal deletions
(Davis, 1996; Hoek et al., 1997), and unexplained POF. POF
is empirically defined as ovarian failure before the age of 
40 (Cramer and Xu, 1996; WHO, 1996; Hoek et al., 1997).
Like natural menopause around the age of 50, premature
menopause is identified by cessation of menstrual cycles 
for 1 year, accompanied by elevated follicle-stimulating
hormone (FSH) and reduced estradiol levels in blood
(WHO, 1996). AOD is associated with POF of unknown or
iatrogenic etiology (Luborsky, 2002b).
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Infertility is the inability of a couple to conceive for at
least 1 year during unprotected intercourse (WHO, 1992).
Of the diagnostic categories of infertility, ovarian auto-
immunity is primarily associated with unexplained infertil-
ity (Luborsky, 2002b). Unexplained infertility is identified
by exclusion, after normal results for semen analysis,
postcoital test, ovulation (luteal-phase progesterone), and
tubal patency are obtained in a standard clinical evaluation
(Forti and Krausz, 1998). 

Women with infertility and ovarian autoantibodies tend
to have lower than expected estradiol responses to
gonadotropin hormone stimulation (i.e., “poor responders”)
(Meyer et al., 1990) and lower pregnancy rates following
infertility treatment (Luborsky and Pong, 2000). Poor
responders with ovarian antibodies are younger than poor
responders without ovarian antibodies (Luborsky et al.,
2002b) (Figure 61.2). This suggests that although some 
poor responses are associated with early stages of the meno-
pause progression and reduced number of functional folli-
cles, others are associated with an autoimmune process. 
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FIGURE 61.1 Association of ovarian autoantibodies with premature
menopause and unexplained infertility. The optical density (OD) values
obtained by ovarian antibody assay and the corresponding number of pos-
itive values are shown. Immunoassay results for ovarian antibodies in dif-
ferent groups of women are shown as a box and whiskers plot of OD values.
The horizontal line represents the control mean plus two standard devia-
tions. Values above the line are positive. CTL, control women with normal
menstrual cycles or natural menopause and no diagnosed autoimmune
disease; INF(u), unexplained infertility and no prior hormone stimulation;
INF(t), unexplained infertility and at least two cycles of in-vitro fertiliza-
tion; PCOS, polycystic ovary syndrome; POF, premature ovarian failure;
POP, women aged 18–45 years from a blood bank (anonymous); RAB,
recurrent fetal loss.

TABLE 61.1 Association of ovarian antibodies with
premature menopause and unexplained infertility.

Prevalence of ovarian antibodies in same groups as in 
Figure 61.1, and the corresponding significance 

compared with controls

Prevalence of ovarian 
Group antibodies (%) (P)

Control (CTL) Reference
Blood bank (POP) 17 (NS)
Unexplained infertility [INF(u)] 33 (<0.001)
Unexplained infertility [INF(t)] 61 (<0.001)
Premature ovarian failure (POF) 53 (<0.001)
Polycystic ovary syndrome (POS) 25 (NS)
Recurrent fetal loss (RAB) 18 (NS)
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FIGURE 61.2 Ovarian autoantibodies discriminate between low estro-
gen responses associated with autoimmunity and those associated with
aging. Age and estradiol responses are compared in patients with infertil-
ity, undergoing hormone stimulation during in-vitro fertilization treatment.
Ovarian antibodies (OVAB) were associated with lower than expected
estradiol responses to follicle-stimulating hormone (FSH). Data are dis-
played as a box and whiskers plot of the response to FSH, defined as a ratio
of the peak estradiol/dose of FSH. The median, range (whiskers), 25th–75th
percentile (box), and outliers (circles) are shown. Normal responders were
32.5 ± 4.6 years old, low responders without ovarian antibodies (NEG)
were 37.1 ± 3.8 years old (P = 0.013 compared to normal responders), and
low responders with ovarian antibodies (POS) were 33.4 ± 4.2 years old 
(P = 0.6 compared to normal responders). This observation suggests that
although some poor responses are associated with ovarian failure associ-
ated with early stages of natural menopause, other poor responses are asso-
ciated with an autoimmune process that occurs at a younger age.

Reproduced from Luborsky et al. (2002b), with permission.
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In addition to the risk of other autoimmune diseases
(Hoek et al., 1997), such as polyglandular syndrome (Baker,
1997), POF is associated with a risk of osteoporosis (Anasti
et al., 1998; Luborsky et al., 2002b) and cancer-related mor-
tality (Cooper and Sandler, 1998) that is higher than for
menopause. However, there is no information on the rela-
tive risk of osteoporosis or other health factors specifically
in women with autoimmune POF. 

Pathology

Evidence of ovarian pathology is derived from ovarian
biopsy. The ovary contains a pool of follicles, which are the
functional units of the ovary. A group of primordial follicles
are recruited each cycle, and under the influence of hor-
mones, grow and differentiate. In women with POF, histo-
logic features of ovarian inflammation range from extreme
cellular destruction with no evidence of primordial follicles,
to follicles with lymphocyte invasion, often seen as “cysts”
in existing follicles, to normal follicles with no obvious
inflammation (Russell et al., 1982; Fox, 1992). Lymphocytic
infiltrates tend to be associated with growing and maturing
follicles rather than primordial follicles in humans (Rebar
and Connolly, 1990). Similar variations in ovarian structure
have been confirmed by ultrasound of women with POF
(Conway et al., 1996; Kalantaridou and Nelson, 2000).
Because there is no rationale for biopsies in women with
infertility, there is little information on the pathology of
ovarian autoimmunity associated with infertility. 

Epidemiology

There are no epidemiologic studies of AOD. The preva-
lence of POF in population studies is about 1% based on ele-
vated FSH (Coulam et al., 1986) or cessation of menstrual
cycles before the age of 40 (Cramer and Xu, 1996). In a 
multiethnic population study, POF occurred at a general
prevalence of 1.1% and varied by ethnic group, with a lower
prevalence among Japanese women (Luborsky et al.,
2002a). 

Using autoantibodies as an indicator, about 40–70% of
women with POF have AOD, or about one to two million
women in the US (Luborsky, 2002a). This suggests that
AOD is not as rare as Addison’s disease, myasthenia gravis
or systemic lupus erythematosus (SLE), and may rank with
moderately prevalent autoimmune diseases such as type 1
diabetes (insulin-independent diabetes mellitus), pernicious
anemia, and multiple sclerosis (Jacobson et al., 1997). 

It is difficult to determine the prevalence of AOD in infer-
tility since study group definitions may differ, and different
antibody tests are often used. In general, about 10% of
women experience infertility and about 20% are classified
as unexplained (WHO, 1992; Collins, 1995). Ovarian anti-
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bodies are detected in 30–60% of cases of unexplained 
infertility (Luborsky et al., 1999; 2000a). 

AUTOIMMUNE FEATURES

Autoantibodies

Several types of ovary-specific autoantibodies have been
reported, including those to microsomal antigens, granu-
losa cells, thecal cells, zona pellucida (ZP), and oocytes
[reviewed in Luborsky (2002b)]. Ovarian antibodies are
detected in serum of both POF and infertility patients by
immunohistochemistry (Cameron et al., 1988; Muechler 
et al., 1991; Belvisi et al., 1993; Betterle et al., 1993; Horejsi
et al., 2000), enzyme immunoassay (Sontag et al., 1982;
Luborsky et al., 1990; Meyer et al., 1990; Barbarino-
Monnier et al., 1991; Wheatcroft et al., 1994; 1997a;
Fenichel et al., 1997; Wheatcroft and Weetman, 1997),
immunoprecipitation (Coulam and Ryan, 1979) and Western
blot (Wheatcroft et al., 1997a). The prevalence of ovarian
autoantibodies reported in different studies varies depend-
ing on the test and study group. 

ZP antibodies are detected in serum of women with 
POF and infertility by immunohistochemistry (Shivers and
Dunbar, 1977; Buckshee and Mhaskar, 1985; Damewood 
et al., 1986; Mikulikova et al., 1989; Mantzavinos et al., 
1993; Smith and Hosid, 1994), enzyme immunoassay 
(EIA) (Singh and Mhaskar, 1985; Hovav et al., 1994;
Ulcova-Gallova and Mardesic, 1996; Ivanova et al., 1999),
and passive hemagglutination (Kamada et al., 1992;
Mantzavinos et al., 1993; Ulcova-Gallova and Mardesic,
1996). Antibodies to oocyte cytoplasm detected by
immunohistochemistry and EIA were also reported 
(Damewood et al., 1986; Luborsky et al., 1990; Meyer et al.,
1990; Horejsi et al., 2000). The typical prevalence of ZP or
oocyte antibodies ranges from 30% to 60%, depending on
the test format and study group definition. 

Autoantibodies to ovarian antigens, ZP, and oocytes 
also are detected in follicular fluid obtained at oocyte
retrieval during controlled ovarian hyperstimulation of
infertility patients undergoing in-vitro fertilization (IVF)
(Mantzavinos et al., 1993; Papale et al., 1994; Horejsi et al.,
2000; Luborsky et al., 2000a). Interestingly, the content of
ZP antibodies among follicles is heterogeneous, with some
follicles showing no detectable antibody (Papale et al.,
1994). 

Cellular Immunity

In women with POF, profiles of total T-cell subtypes also
appear to be shifted in favor of CD4 subtypes, along with
an overall increase in total CD8+ and CD4+ lymphocytes
(Miyake et al., 1987; Huang et al., 1996; Lin et al., 1998).
The ratio of CD4+/CD8+ cells is increased in both infertility
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and POF compared to normal control women (van Kasteren
et al., 2000). Other markers of immune activation are also
altered, e.g., B cells (Hoek et al., 1993), interleukin-2 
receptor (IL2-R) expression (Nelson et al., 1991), major 
histocompatibility complex (MHC) class II expression on
granulosa cells (Hill et al., 1990; Giglio et al., 1994), and
complement activity (Wheatcroft et al., 1997a) are
increased, and tumor necrosis factor (TNF)-a (Naz et al.,
1995), natural killer (NK) cells (Hoek et al., 1993), and
antigen presentation and surveillance are decreased (Arif 
et al., 1999; Yan et al., 2000). Interestingly, some immune
parameters are reversed by estrogen therapy (Ho et al., 1988;
1993; Hoek et al., 1993). 

Faustman and colleagues showed that diabetes, SLE,
Sjögren syndrome, rheumatoid arthritis, myasthenia gravis,
as well as POF, are associated with a reduced density of con-
formationally correct HLA class I proteins (Faustman et al.,
1991; Fu et al., 1993; Li et al., 1995; Yan et al., 2000). This
suggests that autoimmunity is associated with a reduced
ability to present peptide fragments of antigens and to main-
tain peripheral tolerance. About 70% of POF cases are asso-
ciated with abnormal antigen processing (Yan et al., 2000),
which is similar to our estimate that 69% of POF is auto-
immune, based on autoantibody detection (Luborsky et al.,
1990). 

GENETIC FEATURES

In general, the genetics and risk factors for all auto-
immune disease expression remain to be fully elucidated.
Autoimmune diseases tend to run in families and thus there
is a genetic component. However, autoimmunity is not
expressed clinically in all twin pairs (Faustman et al., 1991;
Li et al., 1995; Fu et al., 1998), suggesting that secondary
factors have a role in inducing autoimmune disease in 
susceptible individuals. 

There is little information on the genetic component of
AOD. Genetic studies of POF have not differentiated
autoimmune from nonautoimmune POF (Bione et al., 1998;
Bondy et al., 1998; Christin-Maitre et al., 1998; Laml et al.,
2002). In general, POF has a genetic component since it is
familial as well as sporadic (Cramer et al., 1995). A prelim-
inary report of an association between POF, antibodies to 3-
b hydroxy steroid dehydrogenase and a distinctive HLA-DQ
molecule suggested that presentation of antigenic peptides
to T lymphocytes by HLA-DQ molecules with Asp57-b
chains is important in the pathogenesis of autoimmune POF
(Arif et al., 1999). The autoimmune regulator gene (AIRE)
in polyglandular syndrome type I has been identified but it
is unclear if this is related to ovarian failure (Ruan et al.,
1999). 

POF is also associated with GALT (galactose-1-
phosphate uridyl transferase) polymorphism (Cramer et al.,
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1989; 1994; Cooper et al., 1994), fragile X syndrome 
(Partington et al., 1996; Kenneson et al., 1997; Uzielli et al.,
1999; Marozzi et al., 2000) and inhibin gene defects (Laml
et al., 2002). Inhibin is a product of ovarian granulosa cells
and regulates (inhibits) pituitary FSH. A Finnish study
reported that defects in the FSH receptor were associated
with POF (Aittomaki et al., 1995; 1996), although subse-
quent studies in other countries have not confirmed this
finding (Whitney et al., 1995; da Fonte Kohek et al., 1998;
Layman et al., 1998; Conway et al., 1999; Layman, 1999;
Takakura et al., 2001), suggesting a founder effect in
Finland. The relationship of these genetic defects to AOD
was not investigated.

ENVIRONMENTAL INFLUENCES

There is little information on environmental influences
that might trigger AOD, but based on twin studies it is likely
that there are environmental triggers. Smoking and some
toxins reduce the age at menopause (Silbergeld and Flaws,
1999) and contribute to infertility (Hruska et al., 2000), but
a relationship to autoimmunity has not been shown. Galac-
tose consumption and altered galactose metabolism have
been associated with POF (Santoro, 2001). 

ANIMAL MODELS

The pathogenesis of AOD has been investigated in
several murine models. Three of these are particularly infor-
mative: 1) AOD induced by immunization with a murine
ZP3 peptide (pZP3) that contains both T-cell epitopes and a
native B-cell epitope (Rhim et al., 1992) (Figure 61.3); 2)
AOD that develops spontaneously in mice thymectomized
on day 3 after birth (d3TX) (Nishizuka and Sakakura, 1969);
and 3) AOD in neonatal mice triggered by maternal antibody
to murine ZP3 (Setiady et al., 2003). 

An autoimmune disorder of the ovaries is induced when
regulatory CD25+ T cells are depleted by d3TX. In these
mice, endogenous ovarian antigens spontaneously stimulate
pathogenic T-cell responses within 2–3 weeks, and this leads
to ovarian inflammation, followed rapidly by ovarian
atrophy and development of oocyte antibodies. An impor-
tant cytoplasmic oocyte autoantigen was identified by Tong
and Nelson (Tong and Nelson, 1999; Tong et al., 2000;
2002) by screening an ovarian cDNA library with antiserum
from the thymectomized mouse model. The antigen is an
oocyte-specific molecule that functions in the two-cell
embryo post-fertilization. Although the mouse protein, iden-
tified as MATER (maternal antigen that embryos require)
and its human homolog are highly conserved, it is not clear
if the MATER antigen is relevant to human ovarian auto-
immune disease. One of the aod genetic loci (aod 5), 
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FIGURE 61.3 Histopathology of experimental autoimmune oophoritis induced by immunization with the ZP3
(330–342) peptide in complete Freund adjuvant. A, Inflammatory cells have replaced the oocytes in the center of a 
Graffian follicle; many lymphoid cells can be seen amid granulosa cells. Original magnification, ¥100. B, A granuloma
is found in the interstitial region. Original magnification, ¥200. C, In severe oophoritis, all oocytes disappear; inflam-
mation is not present, and the ovary is atrophic. Original magnification, ¥100. D, Ovaries with autoimmune oophoritis
show in-vivo binding of IgG antibody to the zona pellucida, as demonstrated by direct immunofluorescence. Original
magnification, ¥100.

Reproduced from Rhim et al. (1992), with permission.
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mentioned below, has been mapped to the region that
encodes MATER (Roper et al., 2003). 

AOD also can be induced by stimulation by exogenous
antigens through the mechanism of T-cell epitope molecu-
lar mimicry. Thus, immunization with foreign or unrelated
self-peptides with partial sharing of amino acid residues
appears critical for T-cell induction (Luo et al., 1993; Garza
and Tung, 1995). At least one infectious agent has been
implicated in the pathogenesis of AOD. The enteric nema-
tode (the rodent pinworm) operates as a cofactor and,
together with a nonimmunogenic stimulus from ovarian
pZP3, elicits AOD in neonatal mice. Infected mice are
imprinted with long-term memory for the autoantigen and
mount a rapid and intense autoimmune response when chal-
lenged at a later date (Agersborg et al., 2001). The CD4+

type 1 helper T cell (Th1) is the major pathogenic T cell,
requiring both CD28 and CD40 ligand costimulatory path-
ways for T- and B-cell activation (Griggs et al., 1996). In
addition, there is evidence that CD4+ Th2 cells also elicit
AOD that result in eosinophilic oophoritis, with autoreac-
tive T cells producing IL-4 and IL-5, but no interferon
(IFN)-g (Agersborg et al., 2001). In human ovarian autoim-
mune disease, mononuclear cells are the dominant infiltrat-
ing cells, although some patients had dominant eosinophilic
inflammation (Lewis, 1993).

An unexpected mechanism of autoantibody induction
and an unexpected action of autoantibody in tissue inflam-
mation were uncovered during the study of AOD induced
by pZP3 in adult mice. Ovarian antibodies are stimulated
spontaneously and rapidly by endogenous ovarian antigens
in mice in which T cells for ovarian antigen have been acti-
vated (Lou et al., 1996; Bagavant et al., 1999). Thus, mice
immunized with a pZP3 that lacks native B-cell epitopes
develop IgG ZP3 antibodies that recognize distant B-cell
epitopes of ZP3, and the antibodies do not cross-react with
the pZP3 immunogen. The antibody response is abrogated
in mice with ovarian ablation. Thus, autoreactive B cells to
ovarian antigens are not tolerized but are primed by endoge-
nous antigens. This discovery, made in parallel with studies
on diversification of autoantibody responses to lupus
autoantigens, provides the critical evidence that endogenous
antigens can drive a diversified antibody response. Secondly,
although ZP antibodies do not cause AOD, they influence
the distribution of AOD induced by CD4+ T cells. Atretic
follicles in the ovarian interstitial space are the prime targets
for pathogenic T cells, and T-cell-mediated interstitial
oophoritis is compatible with normal ovarian function
(Bagavant et al., 1999). In the presence of ZP antibody, the
T-cell–mediated inflammation is “retargeted” or shifted to
the ovarian follicles, leading to ovarian atrophy (Lou et al.,
2000).

A recent model of neonatal AOD was induced by mater-
nal antibody to ZP3 in the progeny. The antibody forms
immune complexes in neonatal ovaries, which activate
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innate cells, including NK cells. Interestingly, immune 
complexes are also processed by antigen-presenting cells
(APCs) and stimulate a de novo pathogenic T-cell response
that causes severe oophoritis and atrophy (Setiady et al.,
2003; 2004). Importantly, the same antibody does not cause
ovarian disease in adult mice, and this is due to the presence
of competent CD4+CD25+ regulatory T cells (Tregs) in the
adults. 

Finally, the pathogenesis of AOD has been investigated
by mapping disease-associated genetic loci. Studies on
genetic loci that influence AOD induced by d3TX have
uncovered six non-H2 chromosomal loci associated with
ovarian inflammation, autoantibody induction, and ovarian
atrophy (Wardell et al., 1995; Teuscher et al., 1996; Roper
et al., 2003). 

PATHOGENIC MECHANISMS

Pathogenic mechanisms associated with AOD in humans
are not well studied. There is some evidence for cytotoxic
mechanisms. Cytotoxic T-cell subsets (CD8 and NK cells)
are elevated in the peripheral circulation in POF (Giglio
et al., 1994) and complement breakdown product C3a is 
elevated in women with unexplained infertility and elevated
FSH (Wheatcroft et al., 1997b). 

Direct actions of autoantibodies on ovarian function were
sought but not found. Antibodies from women with POF did
not alter gonadotropin action in vitro (van Weissenbruch
et al., 1991; Anasti et al., 1995; Lambert et al., 1996),
although FSH-induced granulosa cell division and growth
were blocked by immunoglobulin from POF sera in one
study (van Weissenbruch et al., 1991). Antibodies to par-
tially purified luteinizing hormone (LH) receptor in POF and
infertility were reported (Austin et al., 1979; Moncayo 
et al., 1989). However, stimulating or inhibiting antibodies
to gonadotropin receptors were not detected in serum from
POF patients tested in functional assays with primary cul-
tures (Wheatcroft et al., 1994; Lambert et al., 1996) or cell
lines transfected with recombinant receptor (Anasti et al.,
1995). 

The majority of reports suggest antibodies to ZP are asso-
ciated with altered fertilization [reviewed in Luborsky
(2002b)]. Antibodies from POF sera were reported to block
oocyte maturation and alter Ca2+ channel flux (Hotsuliak and
Ianchii, 1999). There is relatively little information on the
identity of specific oocyte or ZP autoantigens. 

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Ovarian autoantibodies are the main diagnostic indicator
of AOD. Antibodies are detected by immunoassay or
immunohistochemistry, and results may vary slightly
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depending on the antigen preparation and assay conditions.
There are currently few commercial assays or routine ser-
vices for detecting ovarian antibodies. Current research is
directed at identifying the specific target antigens that will
lead to routine commercial tests. 

Potential specific antigens have been investigated. The
enzymes involved in steroid hormone biosynthesis in ovary
and adrenal were likely candidates. The major adrenal
enzyme involved in cortisol biosynthesis, 21-hydroxylase
(CYP21), was identified in isolated Addison’s disease and
with polyglandular syndrome (Peterson and Krohn, 1994;
Song et al., 1994; Arif et al., 1996; 1999; 2001; Chen et al.,
1996; Peterson et al., 1997; Seissler et al., 1999; de Carmo
Silva et al., 2000). It was suggested that 17-a hydroxylase
(CYP17), the comparable enzyme in the ovary responsible
for conversion of progesterone to androgens as precursors
to estrogen, is a major antigen in POF. However, consistent
with the rare occurrence of steroid cell antibodies that cross-
react with steroidogenic tissues (adrenal, placenta, Leydig
cells, and granulosa cells) in isolated POF, antibodies to
recombinant CYP21 and CYP17, and side-chain cleavage
(CYP11A1) enzymes were not major antigens in isolated
POF (Chen et al., 1996; Tanaka et al., 1997; Reimand et al.,
2000). Similarly, we found that about 20% of infertility sera
react with CYP17 (Luborsky, 2002a), suggesting it is a pos-
sible antigen, but it does not account for the majority of anti-
ovarian antibodies.

Gonadotropin receptors were also investigated as a
potential antibody target. There is no clear evidence for anti-
FSH or anti-LH receptor antibodies. Other receptors
involved in regulation of ovarian cell growth and function,
such as those for various growth factors, have not been
investigated. 

TREATMENT AND OUTCOME

There is no standardized treatment specifically for AOD.
Women with infertility may seek assisted reproductive
methods. These methods are sometimes successful.
However, reduced fertilization (Mantzavinos et al., 1993;
Papale et al., 1994; Ivanova et al., 1999), poor response 
to gonadotropin stimulation (Hovav et al., 1994), and
decreased pregnancy rates (Unlu et al., 1990; Kamada et al.,
1992) were associated with ZP antibodies in all but one
study (Curtis et al., 1991). Likewise, ovarian antibodies
were associated with poor response to gonadotropin (Meyer
et al., 1990; Luborsky et al., 2002b), and reduced pregnancy
rates (Barbarino-Monnier et al., 1991; Horejsi et al., 2000;
Luborsky and Pong, 2000). 

The heterogeneity of follicles with respect to ZP anti-
bodies (Papale et al., 1994) may explain the partial success
of infertility treatment, since there appear to be some
“normal” follicles despite the presence of autoimmunity.
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Fertilization was reduced or absent in follicles with ZP anti-
bodies, and was normal in follicles without autoantibodies
within the same ovary. 

Spontaneous reversal of POF, or reversal of POF during
or after estrogen therapy, or “intermittent” POF have been
reported (Alper and Garner, 1985; Alper et al., 1986; Boyers
et al., 1988; Letterie et al., 1990; Blumenfeld et al., 1993;
Fenichel et al., 1997). Conway et al. (1996) showed by ultra-
sound that 60% of women had follicular structure. Some
women with POF exhibit intermittent estradiol increases
(Boyers et al., 1988), mature follicles (Nelson et al., 1994),
and evidence of follicular activity by ultrasound (Conway
et al., 1996). Interestingly, Fenichel et al (1997) reported that
four of 46 women with POF spontaneously conceived
during estrogen therapy and of the four, three had ovarian
antibodies. 

Low-dose corticosteroid treatment has been used to sup-
press the autoimmune reaction in POF or infertility. Most
reports of successful treatment are anecdotal. Success with
low-dose corticosteroid treatment of POF with autoimmu-
nity confirmed by ovarian biopsy (Sedmak et al., 1987;
Kalantaridou et al., 1999) or ovarian antibody (Rabinowe,
1986; Luborsky et al., 1990) has been reported. Because 
follicles are recruited at least 1–2 months before the growth
and activation cycle, it may require several months for re-
expression of normal follicle function after treatment. Two
of our POF patients with ovarian antibodies spontaneously
resumed menstrual cycles and became pregnant 2 months
after corticosteroid immunosuppression with no exogenous
hormone stimulation (Luborsky et al., 1990). Similarly,
hormone stimulation of patients with AOD and infertility
1–2 months after immunosuppression was successful 
(Rabinowe, 1986; Barbarino-Monnier et al., 1995; Geva et
al., 1999). Controlled clinical trials have not been reported
and there are concerns about the side effects of immuno-
suppressants (Kalantaridou et al., 1999).

FUTURE PROSPECTS

The next significant advance in characterizing AOD will
be definitive identification of the specific antigens and devel-
opment of standardized tests based on use of specific anti-
gens. This will improve clinical diagnosis and permit more
precise studies of disease pathogenesis, health risks associ-
ated with ovarian autoimmunity, and genetic and environ-
mental factors associated with disease susceptibility. 
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HISTORIC BACKGROUND

The relationship between rheumatism and heart disease
was first observed by Pitcairn in 1788. It was subsequently
described in a textbook approximately 10 years later by
Baillie. Since then, several major contributions to the asso-
ciation between acute rheumatism and heart disease have
indicated that rheumatic fever (RF) is primarily a disease of
children (Baggenstone and Titus, 1968). Bouillaud (1840)
made an important remark, “rheumatic fever licks the joint
but bites the heart.” Cheadle’s observation in 1889 that the
disease was more frequent in families suggested a genetic
pattern of susceptibility. An etiologic agent responsible 
for RF and thus for rheumatic heart disease (RHD) was
sought by several investigators in the period between 1900

and 1940. Many viruses and bacteria were suspected to be
the cause of RF. In 1930, Coburn focused on the b-hemolytic
Streptococcus pyogenes as the possible causative agent 
of RF (Baggenstone and Titus, 1968).

CLINICAL, PATHOLOGIC AND
EPIDEMIOLOGIC FEATURES

The clinical signs and symptoms of RF are the same
throughout the world. In the 1950s Jones established the
major criteria for diagnosing initial attacks of RF—
polyarthritis, carditis, and chorea (Special Writing Group of
the Committee on Rheumatic Fever, Endocarditis, and
Kawasaki Disease of the Council on Cardiovascular Disease
in the Young of the American Heart Association, 1992).
These criteria remain useful today, despite small periodic
changes. Arthritis is one of the earliest and most common
features of the disease, present in 60–80% of patients. It
usually affects the peripheral large joints; small joints and
the axial skeleton are rarely involved. Knees, ankles,
elbows, and wrists are most frequently affected. The arthri-
tis is usually migratory and very painful. Carditis, the most
serious manifestation of the disease, occurs a few weeks
after group A streptococcal infection, and usually presents
as a pancarditis. Endocarditis is the most serious sequel and
frequently leads to chronic RHD. Mitral and aortic regurgi-
tation are the most common events caused by valvulitis.
Sydenham chorea is characterized by involuntary move-
ments, especially of the face and limbs, muscular weakness,
and disturbances of speech, gait, and voluntary movements.
It is usually a delayed manifestation, and is often the 
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sole manifestation of acute RF. Other manifestations, such
as subcutaneous nodules and erythema marginatum, can 
also occur during episodes of RF and are characterized 
by nodules on the surface of the joints and skin lesions,
respectively.

RF is a sequel of throat infection by S. pyogenes, affect-
ing 3–4% of untreated children. RHD develops 4–8 weeks
(or later) after group A streptococci infection in 30–45% of
individuals with RF. 

Studies by Rebecca Lancefield (1941) classified strepto-
cocci groups by serology based on their cell wall polysac-
charides (groups A, B, C, F and G). The S. pyogenes, or
group A streptococci, cell wall is composed of carbohy-
drates, such as N-acetyl b-D-glucosamine linked to a poly-
meric rhamnose backbone. Group A streptococci contain M,
T, and R surface proteins and lipoteichoic acid (LTA), which
is involved in bacterial adherence to throat epithelial cells.
The M protein, which extends from the cell wall, is com-
posed of two polypeptide chains of approximately 450
amino acid residues, in an a-helical coiled-coil configura-
tion. The N-terminal portion presents antigenic variations
but has high homology except for the first 11 amino acid
residues that define the different serotypes, of which 120
have been identified to date. The C-terminal half is con-
served and contains multiple repeat regions (Fischeti, 1991). 

Some of the 120 different serotypes of group A strepto-
cocci have been consistently found to be more frequently
associated with RF, whereas others are more often associ-
ated with acute glomerulonephritis. These serotypes or
strains are called rheumatogenic and nephritogenic, respec-
tively (Stollerman, 1997). 

The M protein is the most important bacterial antigenic
structure and shares structural homology with a-helical
coiled-coil human proteins like cardiac myosin, tropo-
myosin, keratin, laminin, vimentin, and several valvular 
proteins. The pathogenic mechanisms involved in the devel-
opment of RF and RHD are not fully understood. It is 
considered that the molecular mimicry mechanism is
responsible for the cross-reaction between streptococcal
antigens and human tissue proteins, mainly heart tissue 
proteins in susceptible individuals. It is now clear that the
disease is mediated by both humoral and cellular immune
responses and that the cellular arm of the immune response
is more closely involved in the development of RHD. 

The incidence of RF in developed countries has declined
over the past decades. However, the prevalence in develop-
ing areas is still high, having been estimated as up to 24 in
1000 individuals (Stollerman, 1998). Data from the World
Health Organization (WHO) have shown that 25–40% of
cardiovascular diseases in developing countries are due to
RF. RF occurs most frequently among children and adoles-
cents between the ages of 5 and 18 years, coinciding with
the age distribution of the highest prevalence of streptococ-
cal infections. It occurs equally in males and females and it
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is more prevalent among groups of low socioeconomic
status. 

AUTOIMMUNE FEATURES

The pathogenesis of RHD depends on several host factors
that mediate a pathologic autoimmune response triggered by
a defensive immune response against S. pyogenes. Genetic
predisposition is one of the leading factors contributing to
the development of autoimmunity. Several HLA class II
alleles have been associated with the development of
humoral or cellular-mediated diseases and are considered as
genetic markers. One explanation for the association of
autoimmune diseases, such as RHD, with some HLA class
II alleles could be the fact that these molecules expressed 
on the surface of antigen-presenting cells (APCs), e.g.,
macrophages, dendritic cells, and B lymphocytes, trigger
activation of some T-cell populations upon specific self-
antigen stimulation, leading to autoimmune reactions.

In both acute and chronic RHD, mononuclear cells
(macrophages, T and B lymphocytes) infiltrate the heart
(Raizada et al, 1983; Kemeny et al, 1989). T and B 
lymphocytes are able to react against self-antigens through
molecular mimicry (Guilherme et al, 1995; Cunningham,
2000, respectively). It has recently been shown that the pres-
ence of cross-reactive antibodies in the heart leads to initial
tissue inflammation through the action of complement, and
to the destruction of myocardial muscle fibers and the valvu-
lar endothelial surface. T-cell infiltration takes place through
the activated valvular endothelium and the upregulation 
of certain adhesion molecules, such as VCAM-1, promotes
lymphocyte adhesion to the endothelium (Cunningham,
2003). 

Furthermore, in acute rheumatic carditis, Aschoff 
bodies, the pathognomonic sign of the disease, develop 
in the myocardium and/or endocardium. The Aschoff 
body is a granulomatous lesion containing both T and B 
lymphocytes, macrophages, Anitschkow cells, multinucle-
ated cells, and polymorphonuclear leukocytes (Virmani et
al, 1999). It is interesting to note that different inflammatory
cytokines, such as interleukin (IL)-1, tumor necrosis factor
(TNF)-a, and IL-2 have been found, depending on the
developmental phase of the Aschoff body (Fraser et al.,
1997). These cytokines and others such as interferon (IFN)-
g play a role in the amplification and maintenance of
rheumatic heart lesions.

T-cell recognition is mediated by the T-cell receptor
(TCR). Combinations of genes for the TCR generate around
1018 possible receptors. Both receptor chains have three
regions, designated the complementarity-determining re-
gions CDR1, CDR2, CDR3; CDR1 and CDR2 of the TCR
interact with major histocompatibility complex (MHC) 
molecules. The peptide side chains of the MHC–peptide
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complex on the surface of APCs interact most closely with
the hypervariable region of the TCR (CDR3) encoded by the
V–D–J region on the TCR b chain. The interactions of HLA
class II molecules (mainly DR and DQ) and antigen (micro-
bial or self-antigens) drive the T-cell response (Figure 62.1)
and can lead to pathologic or physiologic autoimmunity, as
defined by Cohen (2001).

GENETIC FEATURES

RF/RHD occurs only in a select group of individuals, and
certain genes appear to be responsible for the disease.
Several genetic markers and some molecules involved in 
the control of immune responses have been studied. Thus,
Patarroyo et al. (1979) described an alloantigen on the
surface of B cells, designated 883, which was present in 
high frequency in RF patients. The alloantigen 883 is prob-
ably related to the HLA class II molecules. A monoclonal
antibody, named D8/17, was produced against B cells 
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from RF patients bearing the 883 alloantigen; however, this
monoclonal antibody recognizes another antigen with vari-
able levels of expression on the surface of B cells of RF
patients (10–20%). The D8/17 antigen was present in
increased frequency in RF patients (90–95%) (Zabriskie et
al.,1985).

Association between different HLA class II antigens and
RF/RHD has been found in several populations (Table 62.1).
HLA-DR7 was the allele most consistently associated with
RF (Guilherme et al., 1991; Ozkan et al., 1993; Weidebach
et al., 1994, Guédez et al., 1999; Visanteiner et al., 2000;
Stanevicha et al., 2003). The association of DR7 with dif-
ferent DQ-B or DQ-A alleles seems to be associated with
the development of multiple valvular lesions (MVLs) or
mitral valve regurgitation (MVR) in RHD patients (Guédez
et al., 1999; Stanevicha et al., 2003). HLA-DR53, another
HLA class II molecule, is in linkage disequilibrium with
HLA-DR4, -DR7, and -DR9. This allele strongly associated
with RF/RHD in two studies with mulatto Brazilian patients
(Guilherme et al., 1991; Weidebach et al., 1994), but not in
Brazilian white patients (Visanteiner et al., 2000). Although

HLA Class II molecules

DR and /or DQ, a and b chains

Peptide ~ 15 amino acid residues

TCR—a and b chains

CDR 1, 2—interact with HLA 
molecules

CDR3—interacts with peptide

b

APC

CD3

T cell

a b

3
3

12
21

a

FIGURE 62.1 Trimolecular complex: T-cell receptor (TCR), MHC class II molecules, and immunogenic peptide
interactions. Antigen-presenting cells (APCs), such as monocytes in the blood, macrophages in the tissue, dendritic cells,
and B lymphocytes take up microbial antigens or self-antigens from damaged tissue, intracellular proteins, generating
different peptides by enzymatic degradation. Peptides combined with MHC molecules are presented to CD4+ or CD8+

T lymphocytes, depending on the nature of the protein (extra- or intra-cellular, respectively). Interactions between amino
acid residues take place. Complementarity-determining regions (CDRs) 1 and 2, in the a and b chains of the TCR, inter-
act with MHC molecules. CDR3 interacts with the peptide. The peptide interacts only with certain predefined residues
of the MHC molecules. In the case of rheumatic heart disease, streptococcal and self-antigens are presented mainly to
CD4+ T cells by HLA class II molecules (DR and DQ).
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DR53 had not been described in previous studies, DR4 
and DR9 were associated with RF in American white
patients and Arabian patients (Ayoub et al., 1986; Rajapkase
et al., 1987), whereas in Egyptian and Latvian patients, DR7
was associated with the disease (Guédez et al., 1999;
Stanevicha et al, 2003) (see Table 62.1). In Japanese RHD
patients susceptibility to mitral stenosis seems to be in part
controlled by the HLA-DQA gene or by genes in close 
disequilibrium linkage with HLA-DQA*0104 and
DQB1*05031 (Koyanagi et al., 1996). HLA-DQA*0501
DQB*0301 with DRB1*1601 (DR2) was associated with
RHD in a Mexican Mestizo population (Hernandez-Pacheco
et al., 2003) (see Table 62.1). The differences in HLA class
II alleles associated with the RF/RHD in different popula-
tions are probably due to the ability of these HLA molecules
to present various streptococcal epitopes.
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ENVIRONMENTAL INFLUENCES

Low socioeconomic status is a marker of regions where
RF and RHD are still prevalent. Overcrowding, poor living
conditions, and reduced access to healthcare facilitate the
spread of streptococcal infections and the development of
the disease in individuals with a genetic predisposition. Cold
and/or humid climates and high altitude may also increase
the prevalence of the disease (Jarvis, 2003).

PATHOGENIC MECHANISMS

The pathogenic mechanisms involved in the development
of RF/RHD are not fully understood. However, RF/RHD 
is the most convincing example of molecular mimicry in

TABLE 62.1 HLA class II and rheumatic fever (RF)/rheumatic heart disease (RHD)

Country Population HLA Clinical picture References

South Africa African DR1, DR6 RF/RHD Maharaj et al. (1987)

Brazil Mulatto DR1 Sydenham chorea Donadi et al. (2000)

USA American black DR2 RF/RHD Anastasiou-Nana et al. (1986)

USA American white DR4, DR9 RF/RHD Anastasiou-Nana et al. (1986),
Ayoub et al. (1986)

Saudi Arabia Arabians DR4 RF/RHD Rajapakse et al. (1987)

India Indian DR3. DQW2 RF/RHD Jhinghan et al. (1986), 
Taneja et al. (1989)

Turkey Turkish DR11 RF/RHD Olmez et al. (1992)

Turkey Turkish DR3, DR7 RHD Ozkan et al. (1993)

Brazil Mulatto DR7, DR53 RF/RHD Guilherme et al. (1991)

Brazil Mulatto Allogenotype RF/RHD Weidebach et al. (1994)
Taq1 DRb 13,81kb†

Brazil White DR7 RF/RHD Visentainer et al. (2000)

Egypt‡ Egyptian DRB1*0701 RHD–MVR Guédez et al. (1999)
DQA1*0201

DRB1*13 RHD
DQA1*0501,
DQA1*0301

Latvia‡ Latvian DRB1*0701 RF/RHD–MVL Stanevicha et al. (2003)
DQB1*0302

DRB10701 RF/MVR and Sydenham
DQB1*0401 chorea

Japan‡ Japanese DQA1*0104, RHD–mitral stenosis Koyanagi et al. (1996)
DQB1*05031

Mexico‡ Mestizo DRBq*1602, RHD Hernandez-Pacheco et al. (2003)
DQA1*0501,
DQB1*0301

†Defined by RFLP study, 13.81 kb fragment corresponds to the HLA DR53 antigen.
‡Studies from Egypt, Japan, Latvia and Mexico employed molecular methods (PCR).
MVL, multivalvular lesions; MVR, mitral valve regurgitation.
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human pathologic autoimmunity, given the cross-reactions
between streptococcal antigens and human tissue proteins,
mainly heart tissue proteins, which follow throat infection
by S. pyogenes in susceptible individuals.

RHD is mediated by both humoral and cellular immune
responses, but data described in the past 20 years by us and
others define RHD as an essentially T-cell-mediated disease.
The presence of human and animal antibodies against strep-
tococcal antigens and human heart tissue proteins were
described more than 50 years ago, but their role in the devel-
opment of heart lesions was unknown. Several studies con-
ducted by the Cunningham group showed that cross-reactive
antibodies could bind to the endothelial surface, leading 
to inflammation, cellular infiltration, and valve scarring
(Galvin et al., 2000). The upregulation of the adhesion mol-
ecule VCAM-1 after binding of cross-reactive antibodies to
the valvular endothelium facilitates cellular infiltration
(Roberts et al., 2001). These data definitively established the
role of the heart tissue cross-reactive antibodies in the early
stages of inflammation and T-cell infiltration in RHD
lesions. 

We shall first describe the major humoral features, fol-
lowed by the cellular data that have contributed to the
current knowledge of autoimmune reactions in RHD, con-
sidered to be the human model par excellence for post-
infection autoimmune diseases.

Humoral Immune Response

Heart-reactive antibodies were first described by Calveti
(1945). Kaplan and Suchy (1964) demonstrated the presence
of streptococcal and anti-heart cross-reactive antibodies in
sera of animals immunized with streptococcal cell wall
products, and in sera from RF and RHD patients. They
coined the term “biology mimicry” to explain the mecha-
nism for the observed cross-reactivity between human and
streptococcal antigens. Kaplan (Kaplan and Svec, 1964) 
also found immunoglobulins and complement bound to 
the myocardium of patients with acute RF. After this initial
work, several studies were conducted using sera from
immunized animals and humans, or monoclonal antibodies,
demonstrating the presence of cross-reactive antibodies to
streptococcal antigens and human proteins. Among human
proteins, cardiac myosin is one of the most studied and
seems to be a major cross-reactive antigen [reviewed by
Cunningham (2000)]. 

We have recently analyzed the humoral response against
overlapping peptides of the N-terminal portion of the M5
protein and we have identified 11 immunodominant epitopes
that are recognized by patients with mild RHD, most with
associated Sydenham chorea (Faé et al., 2004). Anti-
bodies from patients with severe RHD recognized five N-
terminal epitopes. Only two epitopes, M5(83–103) and
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M5(181–200), were recognized by antibodies from mild and
severe RHD patients (Figure 62.2). 

Group A streptococcal antigens, such as hyaluronic acid,
M protein N-terminal epitopes, cell wall components 
(rhamonose, N-acetyl-glucosamine, and peptidoglycan–
polysaccharide complexes), and pyrogenic toxins cross-
reacted with human proteins, such as laminin, keratin, actin,
vimentin, myosin, and tropomyosin [reviewed by 
Cunnimgham (2000)]. 

Cellular Immune Response

Studies of the cellular arm of the immune response began
in the early 1970s. In light of the important role played by
T cells in RF, studies have shown increased numbers of
CD4+ T cells in human peripheral blood when compared
with normal individuals (Bathia et al, 1989). Also, periph-
eral T cells are able to recognize streptococcal cell wall and
tissue antigens when assessed by proliferation assay of tri-
tiated thymidine incorporation (Read et al., 1974; Gray et
al., 1981). The cytotoxic activity of CD8+ T cells from
normal peripheral blood towards immortalized human heart
cells was also described (Dale et al., 1981). A predominance
of CD4+ T cells in rheumatic heart lesions was the first evi-
dence for CD4+ T-cell involvement in RHD (Raizada et al,
1983). The isolation of T cells from heart valves of patients
with RF led Yoshinaga et al. (1995) to compare the reactiv-
ity of phytohemagglutinin (PHA)-stimulated T-cell lines
from heart valve specimens and peripheral blood lympho-
cytes; such T cells recognized cell wall and membrane strep-
tococcal antigens, but failed to react with the M protein,
myosin or other mammalian cytoskeletal proteins. 

We have shown the significance of molecular mimicry
between b-hemolytic streptococci and heart tissue by analy-
sis of the T-cell repertoire leading to local tissue damage in
RHD. Thus, infiltrating T-cell clones from heart lesions of
RHD patients with severe RHD do recognize M protein pep-
tides and heart tissue-derived proteins, and there are three
M5 immunodominant regions (residues 1–25, 81–103, and
163–177) that cross-react with several heart protein frac-
tions, mainly those derived from valvular tissue, with mole-
cular masses of 95–150, 43–63, and 30–43 kDa (Guilherme
et al., 1995). Employing a proteomics approach, we charac-
terized a number of mitral valve proteins identified by 
molecular weight and isoelectric point. Four valve-derived
proteins with molecular masses ranging between 52 and 79
kDa and different isoelectric points cross-reacted with the
M5 immunodominant peptides and were recognized by pro-
liferation assay with intralesional T-cell clones from patients
with severe RHD (Faé et al., 2005). Figure 62.3 illustrates
rheumatic heart lesions and shows the predominance of
CD4+ T cells in lesion sites, as well as streptococcal and
heart tissue-derived protein reactivity with intralesional
CD4+ T-cell clones. 
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Peripheral blood T lymphocytes from RF/RHD patients
also recognize M5 peptides and valve proteins. The M5 epi-
topes that were preferentially recognized by T lymphocytes
from patients with RF presenting mild carditis and/or Syden-
ham chorea (M5 epitopes 11–25 and 111–130) differed from
those recognized by patients with severe RHD (M5 epitopes
81–96, 83–103, 101–120, 131-150, and 183-201). Both
groups of patients recognized the M5(163–177) epitope (see
Figure 62.2).

The M5(81–96) epitope is included in the M5(81–103)
epitope, which is an immunodominant region recognized by
intralesional T cells, and was preferentially recognized in
patients with severe RHD and expressing HLA-DR7+DR53+

(Guilherme et al, 2001). These data suggest a role for the
HLA class II molecules DR7 DR53 in presenting the strep-
tococcal immunodominant peptide to the TCR, and show the
significance of the propensity of DR7 to cause severe RHD
in Brazilian patients, and probably in other populations in
which this class II allele is also associated with RHD and
the development of valvular lesions (see Table 62.1).
Several other valve-derived proteins were also recognized
by peripheral blood T lymphocytes, including vimentin and
other cytoskeleton proteins.

Myosin/M5 protein cross-reactive T-cell epitopes were
investigated in mice immunized with intact cardiac myosin
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(Cunningham et al., 1997). Lymph-node T cells were 
tested by proliferation assays against overlapping M5 
peptides, and seven regions, termed NT4/5/6, B1B2, B2,
B2B3A, and B3A, were predominantly recognized. The
NT5/6 and B1B2/B2 regions aligned with the M5 regions
previously identified by our group, namely M5(81–103) and
M5(163–177), respectively (Table 62.2). Robinson et al.
(1991) obtained lymph node T-cell clones from mice immu-
nized with recombinant M5 protein that recognized M5 epi-
topes; however, of the M5 epitopes recognized by the mouse
T-cell clones, only one region, M5 (1–35), could be aligned
with the M5 (1–25) region recognized by human heart-
infiltrating T-cell clones (see Table 62.2). 

Superantigens are proteins that polyclonally activate T
cells through an MHC class II-dependent, but haplotype-
unrestricted, mechanism. Proliferative responses to super-
antigens are limited to T cells expressing a particular
TCR-BV gene, but are independent of the antigen specificity
of the TCR. The M protein plays an important role in host
antistreptococcal immune response and for this reason a
putative superantigenic property was investigated in the
1990s. A superantigenic effect of streptococcal M5 protein
preparations (pepsin-cleaved fragment, pepM5) for normal
human T cells expressing TCR-BV2, BV4, and BV8 was
found (Kotb et al., 1990; Tomai et al., 1990; Watanabe-

Residues       Peptide sequences                                                                   Mild RHD/chorea patients                        Severe RHD patients 

                                  B cell                  T cell                          B cell               T cell     

11–25   QRAKEALDKYELENH 

21–40  ELENHDLKTKNEGLKTENEG 

41–60                  LKTENEGLKTENEGLKTEKK 

81–96    DKLKQQRDTLSTQKET 

83–103          LKQQRDTLSTQKETLEREVQN 

101–120    NGDLTKELNKTRQELANKQQ 

111–130                                TRQELANKQQESKENEKALN 

121–140    ESKENEKALNELLEKTVKDK 

131–150                              ELLEKTVKDKIAKEQENKET 

141–160                                                         IAKEQENKETIGTLKKILDE 

163–177   ETIGTLKKILDETVK 

181–200                     KILDETVKDKLAKEQKSKQN 

183–201                         LDETVKDKLAKEQKSKQNI 

191–210 LAKEQKSKQNIGALKQELAK 

FIGURE 62.2 Immunodominant epitopes of the streptococcal N-terminal region of the M5 protein recognized by
peripheral T and B lymphocytes in rheumatic heart disease (RHD) and Sydenham chorea patients. Peptide sequences
M5(1–25), M5(81–96), M5(83–103), and M5(163–177) were based on the sequence of the M5 protein published 
by Manjula et al. (1984). For other peptides the sequences were taken from Miller et al. (1988). Gray boxes, B 
lymphocyte reactivity; black boxes, T lymphocyte reactivity.
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A

B

   Myocardium   proteins   MW (kDa)    Aortic valve proteins  MW (kDa) M5 peptides

>150 95–150 65–95 44–65 30–44 24–30 >150 90–150 65–90 43–65 30–43 10–30 1–20 11–25 62–82 81–96 83–103 163–177

# 1

# 2
# 3

# 4

# 5

# 6

 

C

Mitral valve proteins M5   Peptides

MW (kDa) 79 56–52 54–53 59–56 1–20 11–25 81–96 83–103 163–177 183–201 121–140

pI 5.12 5.94 7.64  7.76

# 4

# 6

 

Infiltrating CD4+ T lymphocytes

Mitral valve lesions

Infiltrating CD4+ T 

Mitral valve lesions

FIGURE 62.3 Intralesional T-cell reactivity against heart tissue proteins and streptococcal peptides. A, Left: mitral
valve from a rheumatic heart disease patient showing verrucae lesions (arrow). Right: immunohistochemistry of mitral
valve lesions showing infiltrating CD4+ T lymphocytes (arrows). Magnification: 200¥. B and C, Reactivity of CD4+ T-
cell clones obtained from heart lesions of six patients. B, Twelve T-cell clones (patients 1–6) and C, four T-cell clones
(patients 4 and 6) showing cross-reactivity between heart tissue proteins identified by molecular weight (MW) and M5
peptides, and MW, isoelectric point (pI), and M5 peptides, respectively. 
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Onishi et al., 1994). However, the superantigenic effect was
later discounted by other studies that showed that the super-
antigenicity of pepM1 and pepM5 was due to contamination
with pyrogenic exotoxins, which themselves had a po-
tent superantigen effect on BV2-bearing human T cells
(Fleischeir et al., 1992; Li et al., 1997). 

We analyzed TCR-BV usage in peripheral blood and
heart-infiltrating T-cell lines from patients with severe RHD,
looking for oligoclonal b chain expansions in line with
antigen-driven immune responses. Our results showed the
expansion of several BV families with oligoclonal profiles
among heart-infiltrating T cells, favoring the absence of
superantigenicity of M proteins in RHD patients (Guilherme
et al., 2000). 

Cytokines

The cytokine pattern produced by helper T (Th) cells in
response to a given antigen is crucial in driving the humoral
or cellular immune response. 

RF exhibits different clinical features, such as arthritis,
chorea, carditis, erythema marginatum, and subcutaneous
nodules. Each may involve particular autoantigens as targets
of pathologic autoimmunity. Arthritis and mild RHD, fre-
quently associated with chorea, are partly due to a patho-
logic autoimmune reaction, probably mediated by Th2-
type cytokines and leading to an exaggerated humoral
response, as reported by several authors [reviewed by 
Cunningham (2000)]. On the other hand, severe RHD 
is mediated mainly by T lymphocytes by a delayed-
hypersensitivity type reaction, leading to local inflamma-
tion, as mentioned above. 

The evaluation of proinflammatory cytokine levels pro-
duced by peripheral blood and tonsillar mononuclear cells
after streptococcal antigen and pokeweed mitogen stimula-
tion from RF/RHD patients without congestive heart failure
showed different patterns with peripheral blood mono-
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nuclear cells (PBMCs) or tonsillar cells. TNF-a, IL-1, and 
IL-2 were overproduced by PBMCs but underproduced by
tonsillar mononuclear cells (Miller et al., 1989). Increased
production of IL-2 in patients with acute RF or active RHD
has been reported, with these patients also showing high
numbers of CD4+CD25+ T cells, suggesting expansion of
activated CD4+ T cells in peripheral blood during the active
phase of the disease (Morris et al., 1993). 

In heart lesions, during the acute phase of RHD, the 
production of IL-1, TNF-a, and IL-2 correlated with the 
progression of the Aschoff nodule (Fraser et al., 1997).
Recently, we showed that intralesional mononuclear cells
from heart lesions predominantly secrete IFN-g and TNF-a
in both acute RF and chronic RHD, with low IL-4 produc-
tion (Guilherme et al, 2004). The predominant Th1-type
cytokine produced mainly by CD4+ T cells infiltrating 
valvular tissue could mediate the severe RHD valve lesions,
and an ability of myocardial infiltrating cells to produce 
regulatory cytokines could contribute to a milder degree of
myocardial damage in RHD.

ANIMAL MODELS

In the 1980s it was demonstrated that macrophages of
mice infected with group A streptococcus extracts could
induce heart lesions when transferred to syngeneic recipi-
ents, as well as a specific response to syngeneic heart
extracts in vitro; this model suggested a key role for
macrophages, involving the selection of antigens for pre-
sentation to the TCR (Dos Reis et al., 1982). It has been
shown, by using M protein synthetic peptides, that immu-
nization with certain peptides could induce inflammatory
heart disease in mice (Huber and Cunningham, 1996). 

Recently, injection of M6 recombinant protein in Lewis
rats was shown to induce myocarditis and inflammatory
valvular heart lesions similar to those seen in RHD. A lymph

TABLE 62.2 Murine immunodominant T-cell epitopes of the N-terminal portion of the
streptococcal M5 protein

M5 epitope* Sequence Reference

1–35 AVTRGTINDPQRAKEALDKYELENHDLKTKNEGLK Robinson et al. (1991)
40–58 (NT4) GLKTENEGLKTENEGLKTE Cunningham et al. (1997)
59–76 (NTS) KKEHEAENDKLKQQRDTL
72–89 (NT6) QRDTLSTQKETLEREVQN
137–154 (B1B2) VKDKIAKEQENKETIGTL
150–167 (B2) TIGTLKKILDETVKDKIA
163–180 (B2B3A) KDKIAKEQENKETIGTLK
(B3A) IGTLKKILDETVKDKLAK

*M5(1–35) were recognized by lymph node cells  and T-cell clones from BALB/c mice, and aligned with M5(1–25) recognized by human peripheral T
cells and heart-infiltrating T-cell clones from rheumatic heart disease patients. NT5/6 and B1B2/B2 shared sequences with the M5(81–103) and  M5(163–177)
immunodominant regions recognized by human T cells. 
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node CD4+ T-cell line obtained from a rat immunized with
M6 recombinant protein responded to the M6 recombinant
protein and cardiac myosin by a proliferation assay (Quinn
et al., 2001). Following their experiments in animal models,
the same group characterized different segments of car-
diac myosin capable of inducing myocarditis or valvulitis
(Galvin et al., 2002); they described cardiac myosin S2
region epitopes which induced autoimmune myocarditis
associated with an upregulation of inflammatory cytokine
production in Lewis rats, but without induction of valvuli-
tis (Li et al, 2004). 

IMMUNOLOGIC MARKERS 
IN DIAGNOSIS

Acute-phase reactants and particularly C-reactive pro-
tein are useful for diagnosis of acute RF, for exclusion of
other diseases, and for monitoring inflammatory activity
(Binotto et al., 2002). Elevated or rising levels of antistrep-
tolysin O (ASO) are used to document a previous infection
with group A streptococcus, there being a remarkable
response during the acute phase of RF. The specificity of this
test is 93% when ASO levels are above 960 IU/ml. The
detection of autoantibodies and T-cell reactivity of patients
with RF and RHD in the sera and peripheral blood, respec-
tively, against streptococcal M protein could help to evalu-
ate the autoimmune responses, but are not currently used for
diagnosis.

TREATMENT AND OUTCOME

Prevention of initial attacks of RF requires the eradica-
tion of group A streptococcus from the pharynx. Antibiotic
therapy is recommended. Benzathine penicillin G is the
antibiotic of choice for primary and secondary prevention of
RF. In cases of penicillin allergy, other antibiotics should be
used as recommended (Dajani et al, 1995). During episodes
of arthritis, salicylates continue to be the first-line treatment,
but other nonsteroidal anti-inflammatory drugs can also be
used. Moderate-to-severe carditis is usually an indication for
cortiscoteroids, although efficacy in reducing sequelae has
not been proven. 

CONCLUDING REMARKS AND
FUTURE PROSPECTS

RF/RHD is the most convincing example of molecular
mimicry in which the response against S. pyogenes triggers
autoimmune reactions with human tissues. The development
of RHD involves a complex interplay of autoimmune reac-
tions in which several major factors are implicated. CD4+ T
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lymphocytes are the prime effectors of heart lesions, and
display a degenerate pattern of antigen recognition. Several
self-antigens, such as vimentin, myosin, and other mitral
valve-derived proteins, are recognized by reason of molec-
ular mimicry of streptococcal-immunodominant peptides,
particularly in individuals with a genetic predisposition.
Some HLA class II alleles have been shown to be genetic
markers of susceptibility to RF, particularly HLA-DR7
which is associated with RHD in several countries with 
populations of different genetic backgrounds. Furthermore,
DR7 when combined with certain HLA-DQ alleles seems to
be associated with the development of multiple valvular
lesions in RHD patients. Autoimmune reactions are 
mediated mainly by heart-infiltrating CD4+ T lymphocytes;
however, a few CD8+ T cells also infiltrate the heart lesions.
Th1-type cytokines seem to predominate in heart lesions,
especially in valvar lesions. In addition, the deficiencies in
IL-4-producing cells in valvular tissue may contribute to the
progression of the lesions. 

All this information creates a new picture of the devel-
opment of RHD, opening new possibilities for immuno-
therapy. Molecular knowledge of the autoimmune reactions
mediated by intralesional T cells will certainly aid in the
choice of streptococcal-protective epitopes for the construc-
tion of an effective and safe vaccine. 
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HISTORIC BACKGROUND

The role of autoimmunity in cardiovascular disease has
long been a topic of investigation in the clinic and the lab-
oratory. Years of research effort were devoted to establish-
ing a link between streptococcal infection and rheumatic
heart disease on the basis of an autoimmune response (see
Chapter 62). Chagas’ disease is believed to be based on a
cross-reaction of antibodies to Trypanosoma cruzi with
myocardial or cardiac conductive tissue (Cunha-Neto et al.,
2004). Finally, post-pericardiotomy syndrome and postmyo-
cardial infarction syndrome are sometimes cited as instances
of an autoimmune response instigated by damaged or
necrotic tissue (Maisch et al., 1979). This chapter reviews
the evidence linking autoimmunity with two important
forms of heart disease, myocarditis and dilated cardio-

myopathy. It must be stated, ab initio, that immunologic 
testing has so far not been effective in allowing a clear dis-
tinction between autoimmune and other etiologies of these
diseases.

The classic description of myocarditis was given by
Corvisart in 1812 [reference in Gravanis and Sternby
(1991)], but for many years progress in studying the disease
was impeded by the uncertainties of clinical diagnosis.
Definitive diagnosis was dependent upon autopsy examina-
tion. Interest in the disease increased in recent years because
of the availability of better, antemortem diagnostic tools,
especially the endomyocardial biopsy, greater understanding
of the role of cardiotropic viruses, and the potential of new
modalities of therapy.

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Myocarditis

While myocarditis may be asymptomatic, the major fea-
tures include arrhythmias (palpitations, dizziness, syncope,
or sudden cardiac death), embolic events, congestive heart
failure, or cardiogenic shock. These clinical findings can be
supported by electrocardiographic changes, such as non-
specific ST-T wave abnormalities and atrial or ventricular
arrhythmias. Two-dimensional echocardiography, a non-
invasive way of evaluating heart size and function, may
show normal ventricular size with thick walls and decreased
contractility early in the illness or progressive heart enlarge-
ment with thinning of the muscle in chronic cases. Biven-
tricular enlargement is seen in chronic cases. A pericardial
rub may be detected, indicating pericardial irritation with or
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without a pericardial effusion. As the disease progresses,
gallop rhythms and signs of congestive heart failure appear.
The patient may recall a recent viral illness with symptoms
of malaise, chills and fever, upper respiratory or gastro-
intestinal symptoms, myalgia and chest pain. The majority
of cases, however, cannot be traced back to an obvious pre-
ceding illness. Most patients with myocarditis present with
either left ventricular failure or arrhythmias as their only
clinical signs.

None of the clinical features described here is diagnostic
of myocarditis. Before the widespread use of the endomyo-
cardial biotome, the diagnosis could only be established
with certainty by postmortem examination (Mason and
O’Connell, 1989). Even now, most patients who are diag-
nosed clinically with myocarditis do not meet the strict
pathologic standards of the disease, referred to as the Dallas
criteria.

Studies of the occurrence of myocarditis in North
America, Europe, and Japan have suggested that the 
incidence varies widely in different areas (Jacobson et al.,
1997). Prevalence figures of 1.06, 3.5, 5.4, and as high as
10 have been reported in different series (Gravanis and
Sternby, 1991). The reasons for these wide differences are
not known, but may be related to the differing diagnostic
criteria used or may reflect exposures to different types and
strains of cardiotropic viruses, as well as genetic differences
in the host populations. The 5-year survival of biopsy-
proven myocarditis in adults is only 56% (Grogan et al.,
1995). In pediatric populations, the prevalence and mortal-
ity are even higher. Noren et al. (1976) described histologic
evidence of latent myocarditis in 4.2% of accidental deaths
of children and 16.7% of unexplained, unexpected deaths,
suggesting that unsuspected myocarditis may be a signi-
ficant cause of unexpected death in children (Liberthson,
1996). 

Felker et al. (2000) and McCarthy et al. (2000) have
demonstrated that the prognosis of cardiomyopathy in
patients with myocarditis is dependent on the clinical patho-
logic classification of their initial disorder. Patients with ful-
minant myocarditis, who do not die within the first 2 weeks,
have a survival rate which is virtually identical to that of
age-matched controls. Patients with subacute myocarditis
who develop persistent left ventricular dysfunction have an
outcome that is virtually identical to that of patients with
idiopathic dilated cardiomyopathy. Patients with chronic
persistent myocarditis, while they continue to have myo-
cardial inflammation, have no deterioration in ventricular
function and usually have a normal survival. Patients with
chronic active myocarditis and who have ongoing inflam-
mation and fibrosis develop a restrictive cardiomyopathy
severe enough to require transplantation within 2-3 years
(Lieberman et al., 1991). Patients with giant cell myocardi-
tis (Cooper et al., 1997) develop rapidly progressive mildly
dilated but severely hypofunctional cardiomyopathy and
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have a life-expectancy, without vigorous treatment, that is
measured in months.

The so-called Dallas criteria, the consensus of a group 
of cardiovascular pathologists, led to better standardization
of the histopathologic examination (Aretz et al., 1986).
Active myocarditis requires the presence of mononuclear
inflammation associated with adjacent myocyte damage
(Figure 63.1). Myocyte damage can take the form of necro-
sis or myocyte vacuolization. The term borderline myocardi-
tis is applied when an unequivocal diagnosis of myocarditis
cannot be made either because the inflammatory infiltrate 
is too sparse or because the damage to the myocyte is 
not clearly demonstrable (Figure 63.2). The terminology
used for subsequent biopsies is ongoing, resolving or
resolved myocarditis. Ongoing myocarditis indicates persis-
tent myocardial inflammation associated with myocyte
damage. Resolving myocarditis resembles borderline
myocarditis, but reparative fibrosis is evident. Resolved or
healed myocarditis is diagnosed if no inflammatory infiltrate
is seen.

The Dallas criteria also require that myocarditis must be
distinguished from the histologic pattern of myocardial
injury evident in ischemic heart disease. The inflammatory
infiltrate in myocarditis is composed primarily of mono-
nuclear cells, although in the more acute phases poly-
morphonuclear cell infiltration is common. A prominent
eosinophilia is seen in hypersensitivity myocarditis.

The Dallas criteria, which have been used extensively 
for clinical trials, may be too insensitive to diagnose many
patients with inflammatory heart disease. Utilizing the
Dallas criteria even in patients who have died of myocardi-
tis, and with five tissue samples, it is only possible to estab-
lish a histologic diagnosis of myocarditis in approximately

FIGURE 63.1 Lymphocytic myocarditis. There is a heavy infiltrate of
large activated lymphocytes throughout the myocardium. Myocyte necro-
sis is noted in the middle of this image. Fibrosis is present on the right side
of the image. (H&E 400¥). See color plate section.
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54% of patients (Chow et al., 1989; Hauck et al., 1989).
Additionally, in Towbin et al.’s (1994) study of children with
suspected clinical myocarditis (67% of these patients had
adenoviral infection), 13 of the 26 patients positive for viral
nucleic acid by the polymerase chain reaction (PCR) did not
display the histopathologic features that would allow the
diagnosis of myocarditis to be established. Finally, Wojnicz
et al. (2001) and Frustaci et al. (2003), utilizing upregula-
tion of HLA by endomyocardial biopsy or the presence of
antiheart antibodies as markers of an autoimmune response,
identified patients with suspected myocarditis who appeared
to respond to immunosuppressive therapy. It is anticipated
that by utilizing other markers of immune activation it 
will be possible to identify a subpopulation of myocarditis
patients who are likely to respond to immunosuppressive
therapy.

There are several distinct histologic forms of myocardi-
tis. Drug- or allergy-mediated myocarditis is characterized
by an eosinophilic infiltrate. Fulminant myocarditis demon-
strates intense infiltration in virtually all sections with
marked myocyte necrosis (Figure 63.3). Chronic active
myocarditis reveals ongoing myocardial inflammation asso-
ciated with fibrosis and occasional giant cells (Lieberman et
al., 1993). Giant-cell myocarditis is a rare but frequently
fatal form of myocarditis (Figure 63.4) (Cooper et al., 1997).
The victims are primarily young, healthy adults who die
suddenly of heart failure or ventricular arrhythmia. Although
cardiac transplantation may be curative, several instances 
of recurrent disease in the transplanted heart have been
reported. Histologic findings in giant-cell myocarditis are
diffuse myocardial necrosis with numerous multinucleated
giant cells and a mixed inflammatory infiltrate of lympho-
cytes and macrophages. Collections of eosinophils are seen
in some patients.
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Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a chronic form of
heart disease characterized by left and right ventricular
dilatation and impaired contraction (Gravanis and Ansari,
1987). The clinical spectrum is broad, ranging from indi-
viduals with asymptomatic cardiomegaly to patients who
present with severe congestive heart failure. Patients may
also display symptoms or signs of arrhythmia or systemic
embolization with or without congestive heart failure. Other
signs include systemic or pulmonary venous congestion,

A B
FIGURE 63.2 Borderline myocarditis. A, A single cluster of perivascular lymphocytes is present. No myocardial
damage is identified. (H&E 400¥). B, A CD8 immunohistochemical stain highlights the infiltrating T lymphocytes. (H&E
400¥). See color plate section.

FIGURE 63.3 Fulminant myocarditis. The myocardium is replaced by
a marked polymorphous inflammatory infiltrate composed predominantly
of lymphocytes and macrophages with rarer eosinophils and neutrophils.
Global myocyte injury and loss is noted. No giant cells are present. (H&E
100¥). See color plate section.
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cardiomegaly, gallop rhythms, and mitral or tricuspid regur-
gitation. The diagnosis requires exclusion of heart failure
due to other causes, such as coronary artery disease, toxic
exposure, drug allergy, medication (adriamycin) effect or
physical agent injury. Once heart failure is established in a
patient with DCM, the expected outcome is poor, with a 5-
year mortality of 46% (Grogan et al., 1995).

A large number of etiologic agents have been associated
with DCM (Felker et al., 2000), including coronary artery
disease, infections and metabolic, endocrinologic, and nutri-
tional disturbances, as well as toxins and drugs. However,
in approximately 50% of patients, no specific etiology can
be identified. The same pathologic process probably results
from a number of different etiologies.

In 1985, the prevalence of DCM in Olmsted County,
Minnesota, was 36.5 in 100,000. African-American race and
male gender were associated with increased risk (Cetta and
Michels, 1995). The incidence of DCM in Malmö, Sweden,
was reported to be 10 in 100,000 per year (Torp, 1981), and
estimated in Great Britain at 0.7–7.5 in 100,000 per year,
with a prevalence in 1985 of 8.3 cases in 100,000 (Williams
and Olsen, 1985). In a nationwide study in Finland, the 
incidence of DCM among children and adolescents was 0.34
in 100,000 per year, with a prevalence in 1991 of 2.6 in
100,000. The number of new cases increased each year over
the 10-year study period (Arola et al., 1997). Since a number
of these patients utilize significant medical resources in their
care or eventually require cardiac transplantation, there is a
great need for early and definitive diagnosis.

It is still uncertain how many cases represent progression
from myocarditis to DCM (Dec et al., 1985). In practice,
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endomyocardial biopsy is not routinely performed in
patients with DCM, so that a possible link between these
diseases is based mostly on relatively small case series and
anecdotal case reports. For example, Kline and Saphir
(1960) documented progressive myocardial failure and
death in a series of patients within months to years after
acute myocarditis. Miklozek et al. (1986) found that 12 of
16 patients diagnosed as having viral myocarditis had con-
tinued cardiac functional abnormalities. Abelmann (1984)
reported that half of 16 patients had cardiac symptoms or
physical evidence of persistent cardiac dysfunction after
recovery from acute myocarditis. Most symptomatic rela-
tives of DCM patients with left ventricular dysfunction have
evidence of myocardial inflammation consistent with early
or mild myocarditis (Mahon et al., 2002). 

Like myocarditis, DCM may be associated with 
Coxsackievirus infection. In 50 infants and children with
DCM, Ayuthya et al. (1974) found significantly increased
titers of neutralizing antibody to Coxsackieviruses. Initially,
Bowles et al. (1986) and Kandolf et al. (1987) demonstrated
Coxsackievirus B-specific nucleic acid sequences in heart
tissue of a small number of patients with DCM. Since then
molecular testing has become increasingly sophisticated.
Towbin et al. (1994) demonstrated that children with sus-
pected myocarditis were PCR positive for viral etiologies on
endomyocardial biopsy (26 of 38 samples from 34 patients).
Additionally, the viral sequences demonstrated were more
frequently adenoviral (15) than enteroviral (8).

In cases of DCM, the heart assumes a globular shape 
due to enlargement of all of the chambers, especially the 
left ventricle (Gravanis and Ansari, 1987). The histologic
findings are generally nonspecific, and include myocardial 
cell hypertrophy and an increase in interstitial fibrous con-
nective tissue. In areas of degeneration of the myocardial
fibers, small clusters of lymphocytes may be seen. This
finding may blur the distinction of DCM from myocarditis.

AUTOIMMUNE FEATURES AND
IMMUNOLOGIC MARKERS

Circulating Antibodies

The ambiguities in diagnosing inflammatory disease of
the heart muscle are evident. Although the availability of
endomyocardial biopsy has helped to clarify the situation,
many cases are still inconclusive. There is, at present, a need
for noninvasive, inexpensive diagnostic procedures to dis-
tinguish autoimmune from other forms of inflammatory
heart disease. Much evidence points to a significant role of
autoimmunity in some animal models of heart muscle
disease. It is logical, therefore, to propose that serologic
tests, based on the demonstration of circulating autoanti-
bodies to cardiac antigens, might be useful in the identifica-

FIGURE 63.4 Giant cell myocarditis. The myocardium is infiltrated by
a patchy and diffuse inflammatory infiltrate composed primarily of lym-
phocytes and macrophages. Multiple collections of giant cells are seen
within the infiltrate along with eosinophils. There is significant injury and
loss of myocytes in areas of inflammation, while adjacent myocardium is
relatively uninvolved. (H&E 50¥). See color plate section.
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tion of autoimmune forms of myocarditis and DCM in
humans. The literature was recently reviewed by Caforio et
al. (2002) and Rose and Cihakova (2004).

Immunofluorescence

Immunofluorescence tests utilize cardiac tissue of rat or
human origin. Both frozen sections and isolated myocytes
have been employed. Antibody generally localizes at the
surface of the myocyte, giving a sarcolemmal or myolem-
mal pattern, or on the striations, producing a fibrillar pattern.
Whether these two immunofluorescent patterns represent
antibodies of different specificities is unclear, because both
patterns can be seen in sera from mice immunized with puri-
fied cardiac myosin. A major problem in the interpretation
of indirect immunofluorescence is the high prevalence of
reactions obtained with sera from healthy control subjects.
Maisch (1987) found that 91% of patients with myocarditis
gave positive reactions with human or rat cardiocytes, but
31–35% of healthy controls showed similar reactions,
although generally at lower levels. Neumann et al. (1990)
used more conservative criteria, so that 59% of patients with
biopsy-proven myocarditis were positive, as were 20% of
patients with DCM. In contrast, none of the healthy controls
and only 4% of patients with ischemic heart disease were
positive in this test under the conditions used.

Western Immunoblot

The Western immunoblot is potentially more sensitive
than immunofluorescence and is capable of identifying 
particular antigens recognized by heart-reactive antibodies.
Neumann et al. (1990) detected heart-reactive antibodies 
in 48 of 103 samples from biopsy-proven myocarditis or
DCM patients by immunofluorescence, whereas 97 of the
103 samples exhibited reactivity by Western immunoblot-
ting. No single pattern of antigen reactivity was unique to
patients with myocarditis or DCM, but myocarditis sera
showed an elevated prevalence of antibody against myosin
heavy chain, whereas cardiomyopathy sera exhibited a
greater prevalence of reactivity against cardiac muscle actin.
Many normal sera reacted with the same antigen, but gen-
erally in lower titers. A quantitative immunoassay, such as
an enzyme-linked immunosorbent assay (ELISA) using
purified human cardiac myosin heavy chain, therefore, is
needed for clinical evaluation of these antibodies.

Immunoassay with Defined Antigens

Among the well-characterized antigens used for the study
by immunoassay of antibodies in sera of patients with
myocarditis and DCM are myosin (Neumann et al., 1990;
Caforio et al., 1992), laminin (Wolff et al., 1989) and b1-
adrenergic receptors (Limas et al., 1989), and the mito-
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chondrial components, adenine nucleotide translocator
(ANT) protein (Schultheiss et al., 1986) and branched-chain
ketodehydrogenase (BCKD) (Ansari et al., 1988).

ANT facilitates the transport of ATP into the cytosol and
the return of ADP to the inner mitochondrial space. There-
fore, it plays a significant role in the energy metabolism of
the myocardiocyte. Using a sensitive ELISA, Schultheiss 
et al. (1986) found that autoantibodies directed to ANT
were significantly elevated in 24 of 32 patients with DCM.
Control sera from patients with coronary heart disease, alco-
holic cardiomyopathy, and hypertrophic obstructive 
cardiomyopathy were all within normal limits. Since there
was less binding of the autoantibodies to the analogous ANT
protein from the liver, there was a suggestion of specificity
for the cardiac-specific isoform of ANT. Cloning and
sequencing of the three isoforms of ANT confirmed the iden-
tity of the antigen and identified two protein sequences that
react with sera from cardiomyopathy patients (Neckelmann
et al., 1987).

IgG fractions of serum were found to inhibit nucleotide
exchange in myocytes. Preabsorption of the antisera by 
isolated heart mitochondria reduced the inhibition of the
ADP–ATP catalytic activity. In addition to showing that
these antibodies are functionally effective, these experi-
ments suggest that some determinants of the ANT protein
are accessible on the surface of the myocardiocyte, possibly
as epitopes shared with connexon or calcium channel 
molecules embedded in the sarcolemma (Morad et al., 1988;
Schultheiss et al., 1988).

These results show that many patients with myocarditis
and DCM develop autoantibodies to a number of cardiac
constituents. Large-scale evaluation is necessary before it
can be concluded that detection of any single antibody, or
group of antibodies, is sufficiently sensitive and specific to
replace the endomyocardial biopsy as a primary diagnostic
tool. It does seem, even at this early stage of investigation,
that a decline in some antibody titers during treatment may
predict a favorable therapeutic response (Müller et al.,
2000).

None of these antibodies to cardiac antigens is known to
play a direct pathogenetic role in the disease. However, the
presence of antibodies to b1-adrenergic receptors in DCM
and Chagas’ disease is highly suggestive of a direct patho-
genetic effect, since the antigen is accessible on the surface
of the myocardiocyte. b1-Adrenergic receptor antibodies
can induce apoptosis in isolated adult cardiomyocytes
(Staudt et al., 2003) and antibodies activating the receptors
are associated with reduced cardiac function in chronic heart
failure (Jahns et al., 1999). Antibodies to the mitochondrial
antigens, ANT and BCKD, may also have adverse conse-
quences on cardiac function. It is not clear, however,
whether these antibodies have access to their target antigens
in vivo. Morad et al. (1988) have provided evidence that
ANT antibodies interfere with calcium flux in the isolated

Ch063-P595961.qxd  2/28/06  4:16 PM  Page 879



myocardial cell, perhaps because a related antigen is
expressed at the cell surface.

While the pathogenetic importance of antibodies is still
controversial, the finding that reduction of immunoglobulins
in plasma by an immunoadsorption column benefits 
cardiomyopathy patients provides strong evidence of their
involvement (Wallukat et al., 1996; Dorffel et al., 2000;
Müller et al., 2000). Although immunoadsorption does not
establish the specificity of the autoantibodies that are
depleted, reduction of certain immunoglobulin subclasses
(IgG3) may be especially beneficial (Staudt et al., 2002).

There is little information about circulating T cells in
human disease, although findings from studies in experi-
mental animals indicate that they play a key role in induc-
ing myocarditis (Smith and Allen, 1991).

Immunologic Assessment of Biopsies

In addition to studies of circulating antibody, immuno-
logic methods can contribute to the diagnosis of heart
disease by the identification of immunoglobulin and com-
plement in biopsy specimens. Hammond et al. (1988) found
that 55% of patients with active myocarditis had deposits of
IgG and complement component C3 in their biopsies.
Thirty-nine percent of borderline myocarditis (inflammation
without myocyte necrosis) cases and 6% of DCM cases were
also positive. Patients with other autoimmune diseases, such
as systemic lupus erythematosus and scleroderma, some-
times showed deposits of IgG and C3 in their heart tissue,
but these usually were coarse, granular deposits in the inter-
stitial spaces of the myocardium or endocardium, probably
representing immune complexes.

Immunofluorescence with defined antisera has been used
to identify infiltrating cells in cardiac biopsies. Luppi et al.
(2003) found that the myocardium of myocarditis and DCM
patients was infiltrated by macrophages and CD4+ and CD8+

T lymphocytes. In the majority of patients, the T-cell recep-
tor (TCR) repertoire was restricted with a polyclonal expan-
sion of the Vb7 gene family. Evidence of Coxsackievirus
infection was also found.

The expression of MHC class I and class II antigens in
biopsy specimens was evaluated by Herskowitz et al.
(1990). In control samples, only low levels of MHC class I
molecules were expressed on interstitial cells and vascular
epithelium, while MHC class II could not be demonstrated
immunohistologically. Increased myocardial expression of
MHC class I and de novo expression of class II antigens
were found in 85% of the myocarditis patients and 33% of
the DCM patients.

GENETIC FEATURES

Because of the possible autoimmune origin of myo-
carditis and DCM in humans, and the well-documented
association of experimental myocarditis with the major 
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histocompatibility complex (MHC) in mice (Rose et al.,
1988), a number of studies to determine the relationship with
the human MHC (HLA) have been carried out. Anderson 
et al. (1984) reported that DCM patients had an increased 
frequency of HLA-DR4 and a decreased frequency of 
HLA-DR6. These findings were corroborated by Limas 
et al. (1990), who also demonstrated an increased frequency
of HLA-DR4 in DCM patients. A genetic predisposition
toward cardiac autoimmunity was demonstrated, in that 
72% of HLA-DR4+ patients had anti-b1-adrenergic receptor
antibodies compared with 21% of HLA-DR4- patients. In
the largest study to date, Carlquist et al. (1991) reconfirmed
these findings and also found that the DR4-DQw4 haplotype
conferred heightened risk of disease. In a meta-analysis of
five studies, they confirmed that the DR4 association with
myocarditis was sustained among different patient popula-
tions. No differences in disease phenotypes have been
reported.

A predominance of myocarditis in males has been
reported in a number of studies. The proportion of male
patients is about 60% (Lieberman et al., 1991; Mason et al.,
1995). In this respect, myocarditis differs from most auto-
immune diseases, which predominantly affect females.

ENVIRONMENTAL FEATURES

Myocarditis has both infectious and noninfectious
causes. As noninfectious agents of myocarditis, a number of
drugs have been implicated, acting either directly as toxic
agents or as triggers of an allergic response. This section
deals with infectious myocarditis; there is little information
on cardiac autoimmunity in other forms.

Acute myocarditis is associated with infections of many
types, including bacterial, rickettsial, viral, mycotic, proto-
zoan, and helminthic. Several viruses have been implicated
in this disease and, in some cases, multiple viruses may be
detected in the heart. In Europe and North America, among
the most common agents are the enteroviruses and the 
adenoviruses. Grist and Bell (1974) reported that Coxsackie-
virus group B infections were associated with at least half
of the acute cases of myocarditis. By immunofluorescence,
Burch et al. (1968) found Coxsackievirus B antigen in the
myocardium of 30.9% of routine autopsy specimens of
myocarditis. Serotype B3 is identified most frequently. More
recent studies have suggested that adenoviruses are more
prevalent in pediatric patients (Bowles et al., 2003).

By using molecular genetic methods, enteroviral and 
adenoviral genomes were detected in 10–35% of endo-
myocardial biopsies from patients with myocarditis or 
DCM (Baboonian and McKenna, 2003; Pauschinger et al., 
2004). Among the other viruses found were parvovirus,
cytomegalovirus (CMV), influenza A virus, Epstein–
Barr virus, and respiratory syncytial virus (Bowles et al.,
2003). 
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Like other enteroviruses, Coxsackieviruses enter the ali-
mentary tract and are acid stable. They multiply in the small
intestine. Following replication, viremia develops, seeding
the infectious agents in selected tissues. As an obligatory
intracellular parasite, the virus must enter a cell through
receptor-mediated endocytosis. The virus receptor deter-
mines the tropism of the virus. Cardiotropic CB3 employs
myocyte surface molecules as receptors, whereas hepato-
tropic or diabetogenic virus strains utilize receptors on hepa-
tocytes or pancreatic islet cells, respectively. The infection
may cause cell death directly, or act indirectly to stimulate
an immunopathic host response (Huber, 1997). Coxsack-
ievirus B3 RNA can persist in the myocardium for many
days after infectious virus is no longer demonstrable
(Klingel et al., 1992) and may, even without the ability to
multiply, cause ventricular compromise in the face of a stim-
ulated immune system (Wessely et al., 1998).

The CB3 genome is a single molecule of positive-sense
RNA of approximately 7400 nucleotides in length. The
genome codes for four capsid proteins as well as for the 
nonstructural proteins necessary for viral replication. A
comparison of cloned cDNA from cardiovirulent and non-
cardiovirulent strains showed that sites within a nontrans-
lated region and in the capsid protein affect virulence (Tracy
et al., 1996).

Nutrition also plays a role in determining susceptibility
to viral myocarditis. Beck et al. (1995) demonstrated that
mice fed a diet deficient in selenium and infected with a non-
cardiovirulent strain of CB3 developed severe myocardial
damage. Virus isolated from the hearts was fully virulent;
six point mutations distinguished the virulent strains. The
accumulation of these multiple mutations may be the result
of greater viral replication in the hearts of selenium-deficient
mice and may be attributable to decreased immune
responses compared to selenium-adequate mice (Levander
and Beck, 1997). These results may shed light on the 
etiology of an endemic form of cardiomyopathy known as
Keshan disease, seen primarily in selenium-deficient regions
of China (Abelmann, 1984).

Chagas’ disease is a major cause of heart muscle disease
in Latin America, responsible for 50,000 deaths annually
(Tanowitz et al., 1992). It is caused by the hemoflagellate,
Trypanosoma cruzi, which is transmitted to humans via the
bite of the reduviid bug, triatomina. Most patients initially
have only mild, influenza-like symptoms, but 10–30% of
infected individuals develop fulminant myocarditis. Chronic
Chagas’ disease may present with arrhythmias, thromboem-
bolic events, and congestive heart failure. It represents a par-
ticularly lethal form of cardiomyopathy, as survival after
presentation is two- to four-fold shorter than that of patients
with other forms of DCM (Cunha-Neto et al., 2004).

Antibodies to a number of cardiac antigens, including
fibronectin, laminin, and myosin are found in many patients
with chronic Chagas’ disease, as well as with other forms 
of DCM (Ballinas-Vedugo et al., 2003). Molecular mimicry
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between T. cruzi and heart disease has been cited as a mech-
anism to explain the production of autoantibodies during
infection (Kalil and Cunha-Neto, 1996). A number of can-
didate antigens have been described, including a heart-
specific epitope of cardiac myosin heavy chain and a 12-
amino acid peptide of Fl160, a 160-kDa protein on the
surface of T. cruzi that mimics a similar protein found on
mammalian axonal and myenteric plexus cells (Van Voorhis
et al., 1991). The latter antibody is of special interest because
of the occurrence of megacolon, megaesophagus, and other
neuropathies during chronic Chagas’ disease. Among the
other antigens described as possible initiators of cross-
reactive responses are a peptide of the second extracellular
loop of the b1-adrenergic receptor (Ferrari et al., 1995), a 
T. cruzi ribosomal protein R13 (Motran et al., 2000), a 
ribosomal P protein (Kaplan et al., 1997), and cha. The latter
antigen is recognized by T-cells of patients as well as anti-
bodies (Girones et al., 2001).

Kawasaki syndrome is an acute febrile disease of infants
and young children that is often associated with myocardi-
tis. Although the etiology is uncertain, available evidence
implicates bacterial infection. Cunningham et al. (1999)
showed that sera from 5 of 13 patients with Kawasaki 
syndrome recognized peptides from the light meromysin
region of human cardiac myosin and had a different pattern
of reactivity from acute rheumatic fever sera.

ANIMAL MODELS AND
PATHOGENIC MECHANISMS

Since enteroviruses are most often implicated in human
myocarditis and DCM, these agents have been widely used
to investigate the pathogenetic mechanisms of these dis-
eases. Although infections by CB3 are relatively common,
the development of clinically significant myocardial disease
in humans is quite uncommon, suggesting that differences
in host response play a critical role in disease susceptibility.
These differences are likely to be genetically determined and
may relate to the expression of virus-specific receptor on
heart tissue or to the immune response of the host. Because
it is difficult to examine the role that genetic polymorphisms
play in humans, investigators have developed models of
Coxsackievirus-induced myocarditis in mice, for which a
large number of genetically different, inbred strains are
available.

All strains of mice tested developed acute myocarditis,
starting 2 or 3 days after CB3 infection. The disease reached
its peak on day 7 and gradually resolved, so that by day 21
the heart was histologically normal. In a few strains of mice,
however, the myocarditis persisted (Rose et al., 1987).
Further studies resolved CB3-induced myocarditis into two
distinct phases (Rose et al., 1986). The first phase occurred
during the first week after infection and was characterized
by focal necrosis of myocytes and an accompanying focal
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acute inflammatory response with a mixed-cell infiltrate
consisting of polymorphonuclear and mononuclear cells.
The second phase became evident about 9 days after infec-
tion and was fully manifest 15–21 days after infection.
Histologically, the inflammatory process was diffuse rather
than focal and consisted mainly of a mononuclear intersti-
tial infiltrate. Little or no myocyte necrosis was evident at
that time. Infectious virus could be cultured only during the
first phase of disease; no virus was isolated after day 9.
Heart-reactive autoantibodies were present in all strains that
developed the second phase of myocarditis. Only certain
inbred strains of mice developed this secondary autoimmune
myocarditis. Susceptibility was determined primarily by
non-H2 background genes, although H2-encoded differ-
ences influenced the severity of the autoimmune disease
(Rose et al., 1988). This finding suggested that the second
phase represented an autoimmune response initiated by 
molecular mimicry between the virus and heart antigens 
(Cunningham, 2004). Available evidence suggests that the
autoimmune response depends upon virus-induced damage
to the heart, since Horwitz et al. (2000) found that transgenic
mice expressing interferon (IFN)-g in their pancreatic b cells
failed to develop CB3-induced myocarditis, even though the
virus proliferated in other sites. This work challenges the
concept of molecular mimicry as the mechanism initiating
the autoimmune response and suggests that it is due to a
“bystander effect” (Rose, 2000). The virus infections may
serve as an adjuvant for the cardiac antigens liberated during
the viral infection of the heart (Rose, 2000).

The demonstration of autoantibodies in the late phase 
of CB3-induced myocarditis provided the opportunity to
evaluate the pathogenic significance of the autoimmune
response. The first step was characterization and isolation of
the target antigen. Alvarez et al. (1987) and Neu et al.
(1987a) showed that cardiac myosin heavy chain was the
major antigen. Using purified mouse cardiac myosin incor-
porated in complete Freund’s adjuvant (CFA), Neu et al.
(1987b) were able to produce cardiac lesions that resembled
the late phase of CB3-induced myocarditis. Moreover, the
inbred strains of mice that were genetically susceptible to
the late-phase disease were also susceptible to myosin-
induced myocarditis, whereas the strains resistant to the
autoimmune phase following viral myocarditis were also
resistant to myosin-induced myocarditis. The disease is also
induced by short peptides derived from cardiac myosin
heavy chain, and by injecting dendritic cells loaded with
peptide (Pummerer et al., 1996; Kohno et al., 2000; 
Eriksson et al., 2003). Taken together, these investigations
show that the late phase of CB3-induced myocarditis, which
occurs in a few genetically susceptible strains of mice,
results from an autoimmune response to cardiac-specific
determinants on the myosin heavy chain molecule.

Coincident with the humoral autoimmune response to
myosin among both CB3-infected and cardiac myosin-
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immunized mice, autoreactive T cells are evident. Huber and
Job (1983) demonstrated that CB3 infection of BALB/c
mice results in the induction of two populations of cytotoxic
T cells, one of which is specific for CB3-infected myocytes
and one specific for uninfected myocytes. Although the
antigen specificity of the latter population has not been
determined, Huber et al. (1988) suggested that the re-
activity was directed against novel determinants that were
expressed on the myocyte surface as a consequence of
altered myocyte metabolism. Neumann et al. (1991)
reported that spleen cells from CB3-infected mice respond
to stimulation in vitro with myosin. Also, Smith and Allen
(1991) were able to demonstrate, in mice immunized with
cardiac myosin, the presence of myosin-specific spleen 
cells by stimulation in vitro of cellular proliferation. Mice
depleted of either CD4+ or CD8+ T cells failed to develop
myocarditis when immunized with cardiac myosin 
(Pummerer et al., 1993). Several groups have reported suc-
cessful transfer of disease from immunized to susceptible
mice with T cells (Pummerer et al., 1996; Afanasyeva et al.,
2001a).

The pathogenetic role of antibody has also been investi-
gated (see Chapter 7). Neumann et al. (1992) eluted anti-
body from the hearts of myosin-immunized or CB3-infected
mice and showed that it reacted with cardiac myosin. These
findings strengthened earlier reports of IgG and complement
deposition in the hearts of mice with myocarditis and sug-
gested that antibody as well as T cells participate in the
pathologic process. They further suggested that myosin, an
intracellular protein, is expressed on the cell surface wholly
or in part during the disease. Liao et al. (1995) showed that
myosin-specific monoclonal antibody can transfer disease in
DBA/2 mice, which express myosin or a myosin-like mole-
cule in the myocardial extracellular matrix. It is possible,
therefore, that both humoral and cellular immune processes
contribute in differing degrees to the continuing pathology
in accordance with the mouse strain investigated. In A/J
mice, the disease shows the classic signs of both type 1
helper T-cell (Th1) and Th2 responses (Afanasyeva et al.,
2001a; 2001b). Both interleukin (IL)-12 and IL-4 are
required for full expression of the typical lesions. Unex-
pectedly, IFN-g downregulates the pathogenic immune
response to cardiac myosin and reduces the post-viral phase
of myocarditis (Afanasyeva et al., 2004; Fairweather et al.,
2004a). IFN-g-deficient mice develop a severe form of heart
muscle disease, resembling DCM and often leading to func-
tional evidence of heart failure (Afanasyeva et al., 2005).

Recent investigations direct attention to the critical 
role of the initial, innate immune response in switching 
from harmless autoimmunity to a pathogenic autoimmune
response (Lane et al., 1991; 1992; 1993; Fairweather 
et al., 2004a; 2004b). Administration of pro-inflammatory
cytokines, IL-1 or TNF-a, to genetically resistant B10.A
mice confers susceptibility to myocarditis after challenge
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with CB3 or murine myosin in CFA. On the other hand,
antibody to TNF-a or IL-1 receptor antagonist prevents or
delays the onset of myocarditis in genetically susceptible A/J
mice, leading to the conclusion that these early inflamma-
tory mediators are required for autoimmune myocarditis,
possibly by inducing nitric oxide and reactive oxygen inter-
mediates (Rose and Hill, 1996).

Myocarditis can be induced in mice by other viruses,
including mouse CMV, a herpes virus. Sublethal mouse
CMV infection of BALB/c mice induces inflammation of
the heart similar to that seen in the CB3-induced disease of
mice (Lawson et al., 1992; Lenzo et al., 2003). Infectious
virus was not detected in the heart after 10 days, but anti-
bodies to cardiac myosin were evident. As described above,
Chagas’ disease in humans is caused by T. cruzi, and is also
associated with autoimmunity to cardiac myosin heavy
chain (Cunha-Neto et al., 2004). Thus, immunity to cardiac
myosin is a feature common to autoimmune myocarditis
induced by diverse infectious agents, making it more likely
that endogenous antigen of the host is responsible for the
induction of disease.

Myocarditis and autoantibodies to cardiac myosin heavy
chain occur spontaneously in mice expressing the human
MHC molecule HLA-BQ8 (Taylor et al., 2004), showing
that autoimmune disease can occur in the absence of 
infections.

Okazaki et al. (2003) reported that mice deficient in 
the programmed cell death-1 (PD-1) immunoinhibitory
coreceptor develop DCM accompanied by production of
antibodies to cardiac troponin I. Administration of mono-
clonal antibody to troponin induced cardiac dilatation and
dysfunction, indicating that different cardiac-specific anti-
gens may induce a similar autoimmune disease in mice.

TREATMENT AND OUTCOME

Until recently, the only treatment for myocarditis and
DCM has been supportive therapies, such as bedrest and
treatment of heart failure, arrhythmias, and embolic events
if present. In many centers, cardiac transplantation has
become the eventual treatment of choice in patients with
refractory heart failure. The role of immunosuppressive
therapy in myocarditis remains controversial. Numerous
reported studies on relatively small numbers of patients have
generally found that, while some individuals respond 
well to immunosuppression (prednisone and cyclosporine),
others fail to respond or even have serious adverse reactions
that preclude continued treatment. The major problem at
present is surely the difficulty in distinguishing immune-
mediated cardiac disease from infectious, genetic or toxic
forms of the disease. Obviously, until there are reliable 
biomarkers to distinguish autoimmune myocarditis/DCM,
treatment cannot be rational or capable of evaluation.

Myocarditis and Dilated Cardiomyopathy 883

A placebo-controlled study of the treatment of idiopathic
DCM was performed by Parrillo et al. (1989). The study
demonstrated that unselected patients with DCM overall did
not benefit substantially from immunosuppressive therapy,
but a small, if transient, benefit was demonstrated in patients
who had histologic evidence of active inflammation by
biopsy.

Mason et al. (1995) assigned a series of patients with a
histopathologic diagnosis of myocarditis (based on the
Dallas criteria) and a low left ventricular ejection fraction to
receive conventional therapy, with or without a 24-week
course of prednisone plus cyclosporine or azathioprine. The
outcome assessed was improvement in the left ventricular
ejection fraction at 28 weeks compared with a placebo
control group. No significant functional improvement was
seen with immunosuppressive therapy. It should be noted,
however, that during the establishment of the trial as many
as 2233 patients with a clinical and pathologic diagnosis of
myocarditis were presented for entry by their cardiologists,
but only 111 met the strict Dallas criteria; i.e., some 95% 
of patients with a preliminary diagnosis of myocarditis
failed to fulfill the Dallas criteria. The patients who would
be expected to benefit most from immunosuppressive treat-
ment are those with primarily autoimmune rather than viral
myocarditis.

This interpretation is favored by the report of Kühl and
Schultheiss (1995), who selected 48 patients presenting with
mild-to-severe heart failure and immunohistologic evidence
of an active immunologic process on biopsy. After a 6-
month treatment with 6-methylprednisolone, 23 experienced
objective improvement in cardiac function. The suggestion
of this study is that in a subgroup of patients with an active
immunopathologic process immunosuppressive treatment
will confer clinical benefit.

Wojnicz (2001) evaluated 202 patients with idiopathic
DCM by endomyocardial biopsy. Eighty-four of these 202
had HLA class II+ biopsies. Those patients were randomized
to immunosuppressive therapy or placebo. While the major
outcome of the trial (death, transplantation or hospitaliza-
tion) was unchanged by treatment, the ejection fraction in
the treated population rose from 24% to 36%, while it was
virtually unchanged in the placebo group (25% to 27%). In
addition, subjective parameters of improvement were noted
at 3 months in 72% of the immunosuppressive therapy
patients compared with only 21% of the control group.
Frustaci et al. (2003) identified 112 of 652 patients with
new-onset left ventricular compromise who had a presenta-
tion compatible with myocarditis. Forty-one of the 112 had
progressive heart failure despite standard heart failure 
management. This patient population was treated with 
prednisone and azathiaprine. Twenty of the 41 patients
responded while 21 did not. The investigators determined
retrospectively that those who responded had antiheart anti-
bodies by immunofluorescence, and those who failed to
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respond had persistent virus demonstrated by PCR analysis
of the endomyocardial biopsy. Additionally, Jones et al.
(1991) demonstrated that in 20 patients with Dallas criteria-
positive myocarditis, those with borderline myocarditis had
a greater improvement in their ejection fraction by echo-
cardiography and stroke work index from right heart
catheterization than those with frank myocarditis. These
studies suggest that there soon may be more sensitive and
specific biomarkers for immune-mediated heart disease than
are currently available by the Dallas criteria.

Different myocarditis populations may respond differ-
ently. Patients with fulminant myocarditis usually resolve
spontaneously and there is suggestive evidence that
immunosuppressive therapy may worsen the outcome. In
contrast, the treatment of giant-cell myocarditis with
immunosuppression may improve the prognosis by slowing
progression of the disease (Cooper, 2002), suggesting that
this form of the disease is an autoimmune variant.

Other therapeutic approaches have been based on the
possible pathogenic role of humoral antibodies. As
described above, several investigators reduced the level of
circulating immunoglobulin by means of an immuno-
absorption column, and showed improvement in cardiac
function. McNamara et al. (2001) demonstrated in a trial of
72 patients with new onset cardiomyopathy that 2 g/kg of
intravenous immunoglobulin failed to improve ejection 
fraction or survival when compared with placebo-treated
patients. Importantly, both groups increased their ejection
fraction by 14–16% at 6 and 12 months and had transplant-
free survivals of 92% at 1 year.

On the premise that many patients with myocarditis or
idiopathic DCM have an undisclosed persistent viral infec-
tion, Miric et al. (1994) treated a series of 180 patients with
IFN-a or thymomodulin. Left ventricular function, exercise
tolerance, and survival rate were significantly improved in
patients given the immunomodulatory therapy. Kühl et al.
(2003) treated 22 patients with proven viral myocarditis with
IFN-b. The treatment was well tolerated. All patients cleared
the viral genome and showed improved left ventricular 
function.

The above studies make it obvious that treatment of
myocarditis and DCM is still problematic. As more is
learned about the pathogenetic mechanisms in these dis-
eases, treatments can be individualized.

PERSONAL THOUGHTS

The diseases described in this chapter exemplify the
broad range of cardiovascular disorders with which auto-
immune responses have been implicated. Until very recently
the role of autoimmunity in cardiovascular diseases had
been rather neglected. Yet, before the early 1960s, rheumatic
fever was a major topic of investigation. Although the
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decline of rheumatic fever in the 1960s accounted for a loss
of interest in this topic, it must be recognized that the studies
of rheumatic fever were the stimulus for many current con-
cepts of autoimmunity and autoimmune disease. The renais-
sance in cardiovascular immunology followed efforts to
define the role of autoimmunity in myocarditis and DCM.
There is now a substantial challenge in developing reliable
and robust in vitro assays that define autoimmune heart dis-
orders with the same sensitivity and specificity now avail-
able in autoimmune disorders affecting other major organs.
These studies have also served as the impetus to delineate
the contribution of autoimmunity to other enigmatic cardio-
vascular diseases such as atherosclerosis (see Chapter 64).
Further, they have served as a general model for studies
relating infection to the onset of autoimmune disease.
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FIGURE 57.8 Active model of bullous pemphigoid (BP). A, Schematic diagram of the human BP180 antigen. The
C-terminal extracellular region is made up of a series of collagen-like domains (yellow rectangles) interrupted by non-
collagen domains (black bars). The major epitope (NC16A) recognized by BP autoantibodies is depicted by the red oval.
B, Mouse BP180 antigen used to immunize mice. This antigen (referred to as mBP180ABC) contains the largest non-
collagen domain (NC14A) and part of the largest collagen-like domain. mBP180ABC harbors four epitopes, one of
which (red) is pathogenic. C, 8–10-week-old C57BL/6J mice immunized with mBP180ABC. Some of the mice devel-
oped BP-like skin lesions, starting the third week after the boosting immunization (a). Histologic examination shows
subepidermal blistering (b). Direct immunofluorescence shows in-vivo deposition of autoantibodies at the basement
membrane zone (c). d, dermis; e, epidermis; v, vesicle.

FIGURE 63.3 Fulminant myocarditis. The myocardium is replaced by
a marked polymorphous inflammatory infiltrate composed predominantly
of lymphocytes and macrophages with rarer eosinophils and neutrophils.
Global myocyte injury and loss is noted. No giant cells are present. (H&E
100¥).

FIGURE 63.1 Lymphocytic myocarditis. There is a heavy infiltrate of
large activated lymphocytes throughout the myocardium. Myocyte necro-
sis is noted in the middle of this image. Fibrosis is present on the right side
of the image. (H&E 400¥).
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FIGURE 64.1 Acetone-fixed human umbilical vein endothelial cells stained in indirect immunofluorescence for the
presence of HSP60 (FITC, green) and counterstained with TRITC-labelled phalloidin (red). A, unstressed cells, and B,
heat stressed cells (42 ∞C for 30 min). Note the weak mitochondrial staining in A, most probably reflecting mild stress
from the culture conditions, and the significant upregulation of HSP60 expression in the mitochondria and cytoplasm
in B. Laser confocal scanning microscope, original magnification ¥1000.

A B
FIGURE 63.2 Borderline myocarditis. A, A single cluster of perivascular lymphocytes is present. No myocardial
damage is identified. (H&E 400¥). B, A CD8 immunohistochemical stain highlights the infiltrating T lymphocytes. (H&E
400¥). See color plate section.

FIGURE 63.4 Giant cell myocarditis. The myocardium is infiltrated by a patchy and diffuse inflammatory infiltrate
composed primarily of lymphocytes and macrophages. Multiple collections of giant cells are seen within the infiltrate
along with eosinophils. There is significant injury and loss of myocytes in areas of inflammation, while adjacent
myocardium is relatively uninvolved. (H&E 50¥). See color plate section.
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The pathogenesis of autoimmune diseases is multifacto-
rial. A literature search shows that most groups worldwide
working on autoimmune disease continue to concentrate
their efforts on the elucidation of an abnormally functioning
immune system as the primary cause of clinically overt 
manifestations of autoimmunity. Our concept for the patho-
genesis of autoimmune diseases, including early atheros-
clerosis, differs markedly from the general dogma, since it
assigns a major importance to the susceptibility of the target
structure to attack by preexisting humoral and cellular
autoreactive immune effector mechanisms (Wick et al.,
1987). This concept has been developed from studies in the
obese strain (OS) of chickens, an animal model with an
hereditary, spontaneously occurring, autoimmune disease
that resembles human Hashimoto’s thyroiditis (Wick et al.,
1989). Soon after hatching, OS chicks present with symp-
toms of hypothyroidism that are due to a severe mono-
nuclear cell (MNC) infiltration of the thyroid glands, leading
to their complete destruction within 3–4 weeks. In the
periphery, this event is accompanied by humoral and cellu-
lar autoimmunity against thyroglobulin. When OS chickens
are crossed with birds from a normal healthy inbred strain,
the F1 chicks still display the hallmarks of severe peripheral
autoimmune reactivity, albeit without thyroid infiltration

(Neu et al., 1985) (Table 64.1). Further analyses of F2 and
back-cross generations have provided a rather unique
picture, since in this model only a relatively small number
of genes seem to be involved (Kroemer et al., 1989).

The development of spontaneous autoimmune thyroiditis
in OS chickens is based on the presence of two sets of essen-
tial genes, one responsible for the autoreactivity of the
immune system and the other for target organ susceptibility.
The former comprises three to five dominant genes, while
organ susceptibility is encoded by a single recessive gene
(Hala, 1988). One of the dominant autoimmunity-associated
genes is responsible for interleukin (IL)-2 hyperproduction,
another for increased expression of the IL-2 receptor (IL-
2R) (Kroemer and Wick, 1989). The role of the other two
genes has not been identified, but they include neither a
certain major histocompatibility complex (MHC) haplotype
(B locus in chickens) nor a restricted, albeit preferential, use
of a given T-cell receptor (TCR) V gene (Cihak et al., 1995).
The recessive gene responsible for target organ susceptibil-
ity has not been identified, but preliminary evidence points
to the possibility that it may be associated with a suscepti-
bility of thyroid epithelial cells to viral infection (Kuhr 
et al., 1994; Hofmann et al., 2003). 

This concept, which attaches a major importance to the
role of the target structure in the development of organ-
specific as well as systemic autoimmune diseases, has
formed the basis of all subsequent work by our group in this
field and has gained special momentum in the context of the
development of our “autoimmune” hypothesis of athero-
genesis (Wick et al., 2004). As described below, the origi-
nal version of this hypothesis was based on the observation
of a preexisting immunity in nearly all humans against a
phylogenetically highly conserved group of antigens
belonging to the stress proteins, also called heat-shock 
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proteins (HSPs) (Young and Elliott, 1989). Specifically, we
have shown humoral and cellular immunity against HSPs
belonging to the 60-kDa family (HSP60), which show high 
bacterial–human homology (Karlin and Brocchieri, 2000).
This anti-HSP60 immunity can be induced by infection or
vaccination, as well as bona-fide autoimmunity against
altered autologous HSP60. This protective, beneficial anti-
HSP60 immunity only becomes detrimental, leading to the
development of the first inflammatory stages of atheroscle-
rosis, when the target cells, in this case arterial endothelial
cells (ECs), express the stress protein HSP60 as a response
to their confrontation with classical risk factors for athero-
sclerosis, such as hypertension, diabetes, biochemically
altered, e.g., oxidized, low-density lipoproteins (oxLDLs),
and toxins, e.g., cigarette smoke. In other words, risk factors
for atherosclerosis make the target cells susceptible to attack
by a pre-existing immune reaction, and atherosclerosis is
therefore the price we pay for maltreating our vascular
system (Wick et al., 1995). The fact that atherosclerosis can
afflict nearly everybody is based on two prerequisites: 1) the
presence of adaptive as well as innate immunity against
HSP60 in all healthy humans, as mentioned above; and 2)
the subjection of mechanically (by arterial blood pressure)
pre-stressed arterial ECs to unnatural additional stress con-
ditions in the form of modern risk factors for atherosclero-
sis not “foreseen” by natural selection during phylogeny and
human development. Clinically manifest atherosclerosis is
classified as an age-associated disease, since early, still
symptomless, lesions do not impair the reproductive capac-
ity that in the past has driven the shaping of the human
genome. 

It should be emphasized, however, that our interest, as
well as the validity of this concept, concerns only the initial
stages of atherogenesis rather than the complicated late
lesions. Furthermore, we exclusively focus on “conven-
tional” atherosclerosis, which can afflict nearly everyone,
rather than special forms, such as the genetically-determined
familial hypercholesterolemia in LDL-receptor-deficient
patients. This is also the reason why we only rarely resort
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to animal models of latter forms of atherosclerosis, e.g.,
LDL-receptor or ApoE knock-out mice.

DEFINITIONS AND EXPERIMENTAL
BACKGROUND

The arterial wall is composed of four layers: 1) the
innermost monolayer lining of ECs is separated by a base-
ment membrane from 2) the so-called intima, which consists
of connective tissue and a few smooth muscle cells (SMCs);
3) the media consists of SMCs, and the outer layer, 4) the
adventitia, which connects the artery with its surrounding
tissue, also harbors nerves and small vessels (vasa vasorum)
that penetrate the wall of larger arteries, providing blood
supply to areas that are too distant from the lumen to be
maintained by simple diffusion. Atherosclerosis starts in the
intima and until the early 1990s it was general dogma that
so-called fatty streaks, cushion-like cholesterol-rich micro-
scopically visible lesions, represented the first stage of the
disease, later followed by more severe changes, so-called
atherosclerotic plaques (Stary et al., 1994; 1995). The latter
have a tendency to exulcerate and even calcify, leading to
the formation of thromboses and hence sequelae such as
myocardial infarction, stroke, and occlusion of peripheral
arteries, e.g., in the legs. 

Pathologists originally distinguished arteriosclerosis
from atherosclerosis. The former, as the name implies, is
characterized by thickening and hardening (sclerosis) of 
the arterial wall due to infiltration by MNCs, proliferation
of pre-existing fibroblasts with increased formation of extra-
cellular matrix (ECM) proteins, notably various types of col-
lagen, and the immigration and subsequent proliferation of
SMCs from the media into the intima. Atherosclerosis was
considered a special form of arteriosclerosis, the hallmark
of which is foam cells, i.e., macrophages and SMCs that
have taken up biochemically modified LDL, e.g., oxLDL,
via scavenger receptors. In recent years, this distinction has
been abandoned by most authors and atherosclerosis fre-
quently serves as a common term for the different forms of
the disease, and is so used in this chapter. 

In the past 20 years, reports pointing to inflammatory
processes that take place within atherosclerotic lesions have
appeared in the scientific literature with increasing fre-
quency (Ridker, 1999; Ross, 1999, Hansson, 2001; Libby 
et al., 2002). However, these papers mainly concentrate on
the histologic, electron microscopic, and immunohistologic
analyses of advanced lesions where, in addition to the
above-mentioned macrophages derived from blood-borne
monocytes, T cells can also be demonstrated in high fre-
quency (Hansson et al., 1989). Thus, histologic investiga-
tions of specimens from young adults secured within the
framework of the PDAY (Pathobiological Determinants of
Atherosclerosis in Youth) study originally did not mention

TABLE 64.1 Target organ susceptibility in
autoimmune disease

Disease phenotype

Spontaneous
autoimmune Antithyroglobulin 

Chicken strain* thyroiditis autoimmunity

Obese strain (OS) ++++ ++++

Normal white æ æ
leghorn (NWL)

(OS ¥ NWL)F1 æ ++++
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pathologic inflammatory processes in general, or identify the
phenotype of lesion-infiltrating MNCs in particular (McGill
et al., 2000). 

Early in our work, we conducted an elaborate immuno-
histologic study of arterial specimens with early and mild
lesions derived from young donors (younger than 35 years)
and more severe lesions from old (older than 65 years)
donors, and found clear evidence that the first cells to arise
in the intima were not macrophages and SMCs but rather
CD3+ T-cells (Xu et al., 1990). The majority of these T cells
infiltrating the intima were CD4+ and carried the TCRab.
They showed the characteristics of activation, i.e., expres-
sion of CD25 and HLA-DR. Interestingly, an unexpectedly
high percentage of T cells in these early lesions were
TCRgd+ (10–15% as compared to 1–2% in the peripheral
blood). These cells mainly expressed the TCR V d1 chain,
similar to gd+ T cells in the mucosa-associated lymphoid
tissue (MALT), while the TCR V g9/d2+ was present in the
same frequency as in peripheral blood (Kleindienst et al.,
1993). Here it is important to mention that gd+ T cells at dif-
ferent sites of the MALT show a preferential, non-MHC-
restricted reactivity with HSP60, i.e., a bacterial antigen that
apparently assumed an important antigenic role during 
evolution (Born, 1991).

In the course of our original immunohistologic studies,
we also had the opportunity to analyze the carotid artery of
a 1-year-old baby. Unexpectedly, we found considerable
accumulations of MNCs in the intima at the arterial branch-
ing points, which are subjected to increased (turbulent)
hemodynamic stress and are known to be predilection sites
for the possible later development of atherosclerosis. As
described below, we then performed an extensive series of
experiments that led to the concept of the existence of a 
vascular-associated lymphoid tissue (VALT) as a so far
unknown site of an (inner) surface line of defense (Wick et
al., 1997; Waltner-Romen et al., 1998; Millonig et al., 2001).
In a similar investigation on specimens from the PDAY
study, we confirmed the presence of early inflammatory T-
cell-dominated intimal infiltrations, a finding supplemented
by the demonstration of dendritic cells (DCs) and mast cells.
B cells were scarce and CD56+ K/NK cells were not detected
(Millonig et al., 2002).

In our attempts to elucidate the antigenic specificity of
the intralesional lymphocytes, we resorted to the classical
technique of inducing autoimmune diseases in normal
animals. We immunized normocholesterolemic rabbits with
human plaque proteins as well as plaque proteins derived
from Watanabe rabbits, which develop hypercholes-
terolemia due to the genetically determined absence of the
LDL receptor. Delipidated total plaque proteins were emul-
sified in complete Freund adjuvant (CFA) and used for the
immunization. Ovalbumin (OVA) served as a negative
control. Our original intention was to identify the culprit
protein moiety among the plaque proteins in case athero-
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sclerotic lesions could be induced by this approach (Xu 
et al., 1992). To our surprise, all three groups, including the
OVA-immunized animals, developed atherosclerotic lesions
that were histologically characterized by abundant intimal
infiltration with MNCs, mainly lymphocytes. Since CFA
was the only common denominator in these experiments, 
we then immunized rabbits with CFA alone, which again
resulted in the development of atherosclerotic lesions. Since
heat-killed mycobacteria are the main active component in
CFA, we then focused on this constituent. It is known from
other experiments that HSP60 of mycobacteria (mHSP65, 
a 65-kDa protein) is a qualitatively and quantitatively 
important component of these microorganisms (van der Zee,
1998). Immunization with recombinant mHSP65 had the
same atherosclerosis-inducing effect as CFA alone. Immu-
nization with mHSP65 plus feeding a cholesterol-rich diet
significantly aggravated the development of these lesions.
Furthermore, while the early inflammatory lesions in nor-
mocholesterolemic rabbits were still reversible, this was not
the case for the severe lesions in immunized plus choles-
terol-fed rabbits (Xu et al., 1996). We also included controls
that were not immunized but only received a cholesterol-
rich diet. While it was not unexpected that in vitro cultured
T-cell lines derived from lesions of mHSP65-immunized
rabbits showed a significant reactivity against this antigen,
it was surprising that T cells derived from lesions of unim-
munized hypercholesterolemic animals also displayed sig-
nificantly higher stimulation indices in response to mHSP65,
as compared to peripheral blood T-cells of the same animals
(Xu et al., 1993a).

Similar experiments were then conducted in apoprotein
E knock-out and wild-type C57/BL6 mice. In addition,
immunization with oxLDL and a non-HSP60-containing
adjuvant was performed in these animals. The results
showed that the atherosclerosis that develops spontaneously
in hypercholesterolemic mice is aggravated by immuniza-
tion with mHSP65 (George et al., 1999), while induction of
immunity to oxLDL had a protective effect (George et al.,
1998). So, in addition to confirming the pro-atherogenic
effect of HSP60, these studies also solved another contro-
versy, i.e., they disproved a similar effect of immunity to
oxLDL. Also, in the murine system, passive transfer of 
atherosclerosis was achieved by T cells from mHSP65
C57/BL6 immunized donors to histocompatible recipients
(George et al., 2001). Furthermore, peroral induction of
immune tolerance against mHSP60 made such animals
resistant to the subsequent induction of atherosclerosis by
appropriate immunization (Harats et al., 2002). As expected,
mHSP65 immunized rabbits and mice also developed
humoral antibodies against this antigen, but passive transfer
via this mechanism has not yet been attempted. 

Reactivity of human T-cells derived from advanced
lesions against HSP60 has been described (Mosorin et al.,
2000), but so far it has not been possible to perform similar
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experiments with T cells harvested from early lesions that
are clinically not yet apparent.

HEAT-SHOCK PROTEINS

HSPs are proteins that are expressed by prokaryotic 
and eukaryotic cells as a response to various stress factors,
e.g., heat (hence the name), mechanical stress, toxins, and
oxygen radicals (Young, 1992). HSPs are classified accord-
ing to their molecular weights, which range from very 
large (90–100 kDa) to small (<10 kDa) (Craig et al., 1993).
HSP60 is a special case since, as mentioned above, it is not
only an important and highly antigenic component of bac-
teria and parasites, eliciting immune responses in all animals
and humans, but also plays a major role in several autoim-
mune diseases. HSP60 is phylogenetically highly conserved.
Thus, it shows over 95% homology between different bac-
terial species, and an overall 55% homology with eukary-
otic, e.g., human, HSP60 (Jones et al., 1993). HSP60
executes an important physiologic task during the assembly
and transport of intracellular proteins. In addition, it acts as
a chaperone, i.e., it associates with cellular proteins under
mildly stressful conditions, protecting them from denatura-
tion (Benjamin and McMillan, 1998; Craig et al., 1993). 

HSP60 is a mitochondrial protein (Figure 64.1).
However, it is transported from that site into the cytoplasm
and even to the cellular surface (Soltys and Gupta, 1997; Xu
et al., 1994) where it seems to act as a danger signal for the
innate and adaptive immune system. HSP60 is, of course,
expressed by many cells of the body, but ECs are a special
case because they are the first to be encountered by 
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circulating antibodies and cells of the adaptive and innate
immune system, respectively.

It has recently been shown that extracellular HSP60 can
also bind passively to highly conserved pattern-recognition
receptors (PRRs), i.e., Toll-like receptors (TLRs) and CD14
(Bulut et al., 2002; Habich et al., 2002). HSP60 belongs to
the pathogen-associated molecular patterns (PAMPs), which
are present on the surface of pathogens and also in solution.
Binding of such ligands to TLRs leads to internalization of
the ligand–receptor complex and initiation of signal trans-
duction via the mitogen-activated protein kinase (MAPK)
pathway (Akira et al., 2001). This activation is effected via
various transcription factors, but mainly NF-kB. HSP60 acts
as a ligand for TLR-4 and TLR-6, the former in association
with CD14. The potential role of the TLR in the develop-
ment of atherosclerosis has been reviewed recently by
Michelsen et al. (2004); the focus is the triggering of sig-
naling via TLR-4 by foreign pathogens and endogenously
generated ligands. A recent report based on data from the
BRUNECK study (Kiechl and Willeit, 1999) involving a
very large number of volunteers suggests a significant role
for TLR-4 polymorphism in atherogenesis (Kiechl et al.,
2002). It remains, however, to be clarified if HSP60 binding
to different TLR isotypes also involves alteration of signal
transduction.

With respect to the adaptive immune response against
antigenic determinants that are accessible on the surface of
target cells, various scenarios are conceivable. Thus, 
peptides derived from autochronous HSP60 will be pre-
sented in the context of MHC class I molecules on the
surface of ECs, where they can be recognized by HSP60-
reactive CD8+ cells. In addition, conformational HSP60 

FIGURE 64.1 Acetone-fixed human umbilical vein endothelial cells stained in indirect immunofluorescence for the
presence of HSP60 (FITC, green) and counterstained with TRITC-labelled phalloidin (red). A, unstressed cells, and B,
heat stressed cells (42 ∞C for 30 min). Note the weak mitochondrial staining in A, most probably reflecting mild stress
from the culture conditions, and the significant upregulation of HSP60 expression in the mitochondria and cytoplasm
in B. Laser confocal scanning microscope, original magnification ¥1000. See color plate section.
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epitopes are also exposed on the surface of stressed target
cells, where they can be recognized by specific antibodies
that will lyse stressed, but not unstressed, cells via comple-
ment-mediated cytotoxicity or antibody-dependent cellular
cytotoxicity (ADCC) (Schett et al., 1995). Furthermore,
soluble HSP60 (sHSP60) that is released by stressed
endothelial target cells themselves (Xu et al., 2000) or, to a
greater extent, by necrotic cells into the circulation, can bind
to the surface of ECs via TLRs and CD14, as described
above, or be processed via the MHC class II antigen pre-
sentation pathway. In the latter case, they will be recognized
by CD4+ T cells or again by specific humoral antibodies.
Finally, as mentioned above, g/d+ T cells recognize HSP60
epitopes in a non-MHC-restricted fashion. sHSP60 has
proven to be an inflammatory marker that is independent of
other classical markers, such as C-reative protein (CRP) (Xu
et al., 2000).

CLINICAL STUDIES

Having completed the studies in experimental animals
that led to the formulation of our autoimmune hypothesis for
atherogenesis (see below), we embarked on studies in a clin-
ical setting within the framework of the BRUNECK study.
This is a large population-based atherosclerosis prevention
program that has been ongoing since 1990 and originally
involved a cohort of nearly 1000 people of both sexes, aged
40–80 years (Willeit and Kiechl, 1993). This cohort is 
extensively assessed every 5 years with a great number of
personal, physical, clinical and laboratory values recorded
(Kiechl and Willeit, 1999). Among these, parameters reflect-
ing inflammation in general and immune reactivity in par-
ticular are of special interest. The outcome of the three
observation points to date, i.e., 1990, 1995 and 2000, have
been published and extensively reviewed. In brief, it was
shown that although the sera of all volunteers contain 
antibodies to mHSP65, antibody titers are significantly
increased in those who display sonographically demonstra-
ble atherosclerotic lesions (Xu et al., 1993b). Furthermore,
such antibodies not only showed the expected high degree
of cross-reactivity with HSP60 of other bacterial species
(chlamydial HSP60–cHSP60 and GroEL, the HSP60 of
Escherichia coli), but also with human HSP60 (hHSP60)
(Metzler et al., 1997; Mayr et al, 1999). They are cytotoxic
for stressed but not unstressed ECs and other target cells,
e.g., macrophages (Schett, 1997b). We consider the pro-
atherogenic role of chlamydial infections as compared to
other infections a quantitative rather than qualitative phe-
nomenon: chlamydiae are very rich in HSP60, which is
highly immunogenic; and chlamydiae have a tropism for
ECs and represent an excessive stress factor for these cells,
leading to massive eukaryotic HSP60 expression (unpub-
lished observation).
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If our concept of the pathogenetic relevance of micro-
bial–human HSP60 cross-reactivity is also of clinical 
relevance, then the lifelong infectious load should also be
associated with an increased odds ratio to develop athero-
sclerosis. Again, this has been proven within the framework
of the BRUNECK study (Mayr et al., 2000; Kiechl et al.,
2001). With respect to Helicobacter pylori infections, we
have shown that an increased odds ratio for the development
of atherosclerosis only surfaces when pathogenicity factors
are taken into account (Mayr et al., 2003). 

The association of anti-HSP60 antibodies with athero-
sclerosis has subsequently been confirmed by many labora-
tories [reviewed by Wick et al. (2004)].

We have also identified linear (Perschinka, 2003) and
conformational bacterial (H. Perschinka, personal commu-
nication) human cross-reactive epitopes that are recognized
by human antibodies purified by affinity chromatography
over hHSP60 columns.

Numerous reports in the literature concern an association
between periodontal disease and atherosclerosis (Kinane
and Lowe, 2000). We have, therefore, studied the question
whether salivary IgA antibodies to mHSP65 may reflect
such an association, and have shown that this is indeed the
case. We were also successful in identifying some of the 
epitopes of HSP60 expressed by the oral bacterial flora
(Schett et al., 1997a).

With respect to a possible pathogenetic role of HSP60-
reactive T-cells, our data from humans are less clear. We
investigated this issue in the peripheral blood of volunteers
from the BRUNECK study in 2000, i.e., when the youngest
participants were 50 years old. No difference in stimulation
indices of peripheral blood T cells derived from volunteers
with and without sonographically demonstrable atheroscle-
rotic lesions at various sites of the arterial tree could be
demonstrated (B. Mayrl, unpublished observation), although
there was still a statistically significant correlation with anti-
HSP60 antibodies. Since, as stated above, our concept pos-
tulates a pathogenetic role of anti-HSP60 immunity mainly
in the early stages of atherosclerosis, we concluded that the
first BRUNECK cohort may have been too old for this type
of investigation. Therefore, we performed similar studies in
a smaller cohort of 17–18-year-old healthy male volunteers
within the framework of the ARMY (Atherosclerosis Risk
Factors in Male Youth) study (Knoflach et al., 2003). To our
surprise, 28% of these young men already showed an
increased intima media thickness (IMT) in at least one of
eight measured sites. An increased IMT was associated with
an increased rate of proliferation of peripheral blood T cells
upon incubation with hHSP60 and, less pronounced, with
mHSP65, as well as with anti-HSP60/65 antibodies. The
association of anti-hHSP60 T-cell reactivity with an
increased IMT was only surpassed by an increased odds
ratio for atherosclerosis in smokers, but unexpectedly not by
an elevated diastolic blood pressure. 
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This effect of cigarette smoking recently received even
greater interest in view of the above-mentioned evidence for
binding of HSP60 to cell-surface receptors and the statisti-
cally significant association of the concentration of sHSP60
with sonographically diagnosed atherosclerosis. Further-
more, since we have also obtained evidence for biochemi-
cal alterations of circulating sHSP60, we consider this 
fact to be possible basis for the development of bona-fide
autoimmunity in addition to the already described mecha-
nism of microbial–human HSP60 cross-reactivity. From
these data we tentatively conclude that T cells exert a major
role in the earliest stages of the disease and humoral anti-
bodies play an initiating and accelerating pathogenetic role.
In this context it is of interest that preliminary data show
that the injection of a monoclonal anti-HSP60 antibody into
mice leads to the development of atherosclerosis (Foteinos
et al., 2005).

RISK FACTORS FOR THE
SUSCEPTIBILITY OF ENDOTHELIAL

TARGET CELLS TO 
ANTI-HSP60 IMMUNITY 

The classical theories for atherogenesis are the “response
to injury” hypothesis (Ross and Glomset, 1976a; 1976b) and
the “oxLDL” hypothesis (Steinberg et al., 1989). In the
former, damage to arterial endothelium is considered the 
initiating event in the disease, followed by thrombus for-
mation, and eventual occlusion of the afflicted vessel. In the
latter, a transgression of oxLDL via the endothelium into the
intima has been postulated as the first event leading to foam-
cell formation and extracellular cholesterol deposition at
that site. More recently, however, evidence has been pro-
vided that the LDL oxidation process occurs in the intima
itself rather than in the peripheral blood, and that this 
biochemically altered LDL acts as a chemoattractant for 
blood-borne monocytes and SMCs from the media, as well
as leading to the formation of foam cells. This variant of 
the oxLDL hypothesis was called the “oxLDL retention”
hypothesis (Nishi et al., 2002). We are convinced that the
autoimmune hypothesis of atherogenesis comprises and
expands these former concepts by explaining the develop-
ment of the earliest stages of this disease. This view is based
on the fact that we do not, of course, deny the well-proven
role of atherosclerosis risk factors, but that we assign a dif-
ferent primary importance to them, i.e., as stress factors for
ECs. The data that support this notion with respect to
endothelial target susceptibility to both innate and adaptive
defense mechanisms are briefly reviewed below. 

In rats, we have shown that injection of bacterial endo-
toxin [lipopolysaccharide (LPS)] in vivo leads to the simul-
taneous expression by aortic ECs of HSP60 and the adhesion
molecule ICAM-1 (Seitz et al., 1996). The latter is reflected
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by the increased adhesion of leukocytes with a predilection
for arterial branching points. 

In the rat system we also have demonstrated that increas-
ing the blood flow in one common carotid artery by 
occlusion of the contralateral vessel leads to an increased
expression of HSP60, both at the RNA and protein level
(Hochleitner et al., 2000). 

Similarly, other stress factors, such as proinflammatory
cytokines (TNF-a) and oxygen radicals (H2O2), have a
HSP60-inducing effect on human ECs in vitro. Perhaps most
importantly, oxLDL has been shown to be a potent EC stres-
sor (Amberger et al., 1997). All these in vitro effects were
more pronounced in arterial than venous ECs. We have inter-
preted these results as showing that arterial ECs have a lower
threshold for the effects of various stressors because they 
are subjected to a lifelong mechanical pre-stress from the
higher arterial blood pressure compared with venous blood
pressure. 

A special case that supports the role of mechanical stress
in atherogenesis is arteriovenous bypass restenosis. Since
the early stages of atherosclerotic changes in bypass con-
duits are obviously not available to examination, except in
cases of postoperative surgical complications, we addressed
this issue in a unique murine arteriovenous bypass model
(Zou et al., 1998). In this experimental situation, HSP60
expression by ECs also proved to be the first histochemi-
cally sizeable event, followed by mononuclear, i.e., T cell
and macrophage, infiltration of the intima, which later even
extended into the media and adventitia, and was finally 
followed by the thickening of the intima and media with
complete occlusion as the final result.

Two interesting sidelines of our research are worth men-
tioning. First, the addition of cyclosporine A to in vitro cul-
tures of human ECs in concentrations equal to those found
in patients results in a massive expression of both HSP60
and adhesion molecules (Amberger et al., 1999). In contrast,
pharmacologic doses of aspirin have no influence on HSP60
expression but downregulate the expression of adhesion
molecules. The former observation may in part explain the
increased frequency of atherosclerosis in patients treated
with cyclosporine A; the latter adds an additional facet to
the atherosclerosis preventive properties of aspirin. 

Second, we have used our experimental repertoire to
answer the often-raised question, do electromagnetic induc-
tions (so-called “electrosmog”) represent an atherosclerosis
risk factor? We subjected human umbilical vein ECs
(HUVECs) in vitro (Henderson et al., 2003a) or murine arte-
riovenous bypass graft-carrying mice in vivo (Henderson 
et al., 2003b) to electrosmog conditions (50Hz, 700µT),
which can be reached in certain workplace settings. In
neither case were we able to demonstrate induction of
HSP60 or HSP70, thus making an atherosclerosis-inducing
effect of such low-frequency electromagnetic inductions
very improbable. 
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In the ARMY study, smoking was identified, as expected,
as the most important atherosclerosis risk factor in young
male subjects, with an odds ratio of 3.5. Although the many
health-deteriorating effects of cigarette smoke have been
known for a long time and are highlighted on cigarette
packs, we were surprised to learn that very little is known,
or published, on the specific effects of smoke components
on endothelial function. We have, therefore, approached this
issue by devising an experimental method that allows the
treatment of HUVECs with water-soluble components of
cigarette smoke, again in concentrations that are seen in real
life (Bernhard et al., 2004). With respect to this discussion,
it is of interest that such treatment leads to EC necrosis
rather than apoptosis (Bernhard et al., 2003). Before suc-
cumbing to necrosis, the cells undergo a stage of HSP60
expression, which shows that constituents of cigarette
smoke act as potent cellular stressors. Subsequently, necrotic
cells release abundant amounts of HSP60, which may con-
tribute significantly to the serum concentrations of sHSP60
under in vivo conditions (Figure 64.2).

In summary, all risk factors for atherosclerosis that we
have analyzed showed HSP60 and simultaneous adhesion
molecule induction on endothelial target cells as their first
effect. If corroborated by investigations in other laborato-
ries, this crucial observation will further support our auto-
immune hypothesis of atherogenesis.

CONCLUSION: THE AUTOIMMUNE
HYPOTHESIS OF ATHEROGENESIS

The autoimmune hypothesis of atherogenesis postulates
that pre-existing adaptive and innate immunity to HSP60
exposed on the surface of arterial ECs leads to the develop-
ment of an initial inflammatory stage of this disease. Immu-
nity against HSP60 seems to be an important facet of the
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defense system, e.g., as reflected by the fact that a consid-
erable proportion of lymphocytes within the VALT show
reactivity against HSP60. Also, every healthy animal and
human possesses humoral antibodies against HSP60. Cells
of the innate immune system recognize HSP60 as a danger
signal, be it of microbial or autologous origin. The devel-
opment of atherosclerosis therefore depends on the expres-
sion and accessibility of atherogenic HSP60 epitopes on the
surface of ECs. This disease is obviously a price that we pay
for maltreating our arterial vascular system with classical
risk factors that have as their common denominator the
ability to induce the expression of HSP60. Since every-
body apparently has either microbial–human cross-reactive
immunity or bona-fide autoimmunity, as well as innate
immunity against HSP60, whether or not atherosclerosis
develops depends exclusively on the state of the endothelial
target cell. 
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FIGURE 64.1 Acetone-fixed human umbilical vein endothelial cells stained in indirect immunofluorescence for the
presence of HSP60 (FITC, green) and counterstained with TRITC-labelled phalloidin (red). A, unstressed cells, and B,
heat stressed cells (42 ∞C for 30 min). Note the weak mitochondrial staining in A, most probably reflecting mild stress
from the culture conditions, and the significant upregulation of HSP60 expression in the mitochondria and cytoplasm
in B. Laser confocal scanning microscope, original magnification ¥1000.

A B
FIGURE 63.2 Borderline myocarditis. A, A single cluster of perivascular lymphocytes is present. No myocardial
damage is identified. (H&E 400¥). B, A CD8 immunohistochemical stain highlights the infiltrating T lymphocytes. (H&E
400¥). See color plate section.

FIGURE 63.4 Giant cell myocarditis. The myocardium is infiltrated by a patchy and diffuse inflammatory infiltrate
composed primarily of lymphocytes and macrophages. Multiple collections of giant cells are seen within the infiltrate
along with eosinophils. There is significant injury and loss of myocytes in areas of inflammation, while adjacent
myocardium is relatively uninvolved. (H&E 50¥). See color plate section.
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The three major categories of systemic vasculitis are
large vessel vasculitis (chronic granulomatous arteritis),
medium-sized vessel vasculitis (necrotizing arteritis), and
small vessel vasculitis (necrotizing polyangiitis) (Figure
65.1; Table 65.1). This chapter will focus on medium-sized
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vessel vasculitis (necrotizing arteritis) and small vessel 
vasculitis. Chapter 66 deals with large vessel vasculitis.

HISTORIC BACKGROUND

Necrotizing arteritis was first recognized because of the
grossly discernible segmental inflammatory nodular lesions
that occur along major arteries (Kussmaul and Maier, 1866).
Small vessel vasculitis (SVV) was first recognized because
of the palpable purpura that is caused by inflammation of
dermal venules (Willan, 1808).

Necrotizing Arteritis

Kussmaul and Maier (1866) gave the first detailed 
pathologic and clinical description of systemic necrotizing
arteritis. They reported a patient with fever, anorexia,
muscle weakness, paresthesias, myalgias, abdominal pain,
and oliguria, who was found to have inflammatory nodules
scattered over medium-sized and small arteries in many
organs. They coined the term “periarteritis nodosa” for this
process, which, over the following decades, evolved into
“polyarteritis nodosa” as it became clear that the inflamma-
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tion arose in the walls of arteries rather than in the peri-
vascular tissue.

Soon after the recognition of polyarteritis nodosa (PAN),
a number of investigators noted that some patients with
necrotizing arteritis also had vasculitis affecting arteries 
that could be seen only by microscopy, and that some
patients also had vasculitis affecting glomerular capillaries
(glomerulonephritis) and pulmonary capillaries (alveolar
capillaritis) (Arkin, 1930; Davson et al., 1948; Zeek et al.,
1948; Zeek, 1952; Godman and Churg, 1954). Davson, and
Godman and Churg called this the “microscopic form of
periarteritis”, and Zeek called it “hypersensitivity angiitis.”
Today, this form of vasculitis usually is designated micro-
scopic polyangiitis (Jennette et al., 1994).

By the 1950s, Wegener’s granulomatosis and Churg–
Strauss syndrome had been recognized as variants of vas-
culitis that could have necrotizing arteritis combined with
granulomatous inflammation and vasculitis in small vessels
(Klinger, 1931; Wegener, 1939; Churg and Strauss, 1951;
Godman and Churg, 1954). In their landmark publication 
in 1954, Godman and Churg concluded that the “micro-
scopic form or periarteritis,” Wegener granulomatosis, and
Churg–Strauss syndrome are pathologically and clinically
distinct from PAN, and probably have a related etiology and

Large vessel vasculitis Medium vessel vasculitis Small vessel vasculitis (SVV)

Granulomatous
arteritis in a

patient >50 years

Granulomatous
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FIGURE 65.1 Overlapping vascular distributions (black triangles and trapezoid) of large vessel vasculitis, medium-
sized vessel vasculitis, and small vessel vasculitis, as well as some of the features that differentiate between different
clinicopathologic categories of vasculitis. ANCAs, antineutrophil cytoplasmic autoantibodies; H–S, Henoch–Schönlein;
Im Cx, immune complex; MCLN, mucocutaneous lymph node system; SLE, systemic lupus erythematosus.
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pathogenesis. This concept has been born out by the dis-
covery that microscopic polyangiitis, Wegener granulo-
matosis, and Churg–Strauss syndrome are associated with,
and are probably caused by, antineutrophil cytoplasmic
autoantibodies (ANCAs), whereas PAN is not (Jennette and
Falk, 1997).

An additional form of necrotizing arteritis was dis-
covered that is associated with the mucocutaneous lymph
node syndrome (Kawasaki, 1967; Tanaka et al., 1971). This
disease has been called “infantile polyarteritis nodosa”
because it almost always occurs in young children 
(Magilavy et al., 1977); however, the clinical, pathologic,
and pathogenetic features of Kawasaki’s disease are clearly
distinct from those of PAN (Jennette et al., 1994).

Purpura and Small Vessel Vasculitis

The evaluation of patients with cutaneous palpable
purpura revealed vasculitis involving predominantly small
vessels. Although purpura had been described in medical
writings at least since the time of Hippocates, Willan (1808)
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was one of the first to separate purpura caused by febrile
infectious disease from noninfectious purpura. The occur-
rence of purpura in children with arthralgias and arthritis
was reported by Schönlein in 1837. Later, Henoch (1868,
1882) described the association of purpura with abdominal
pain, nephritis, small visceral hemorrhages, and pathologic
changes in small vessels in the skin and internal organs.
These pediatric patients probably had what today would be
called Henoch–Schönlein purpura.

At the turn of the century, William Osler (1895; 1914)
reported numerous adult patients with a more aggressive
from of SVV most consistent with what today would be
called microscopic polyangiitis. These patients had a broad
spectrum of SVV manifestations, including purpura, arthri-
tis, peripheral neuropathy, abdominal pain, pulmonary hem-
orrhage, epistaxis, iritis, and nephritis, including rapidly
progressive renal disease with death from uremia in several
months and the autopsy finding of glomeruli with “every tuft
compressed by a crescentic mass.”

The pathologic findings in SVV of extensive acute
inflammation with numerous neutrophils and conspicuous

TABLE 65.1 Names and definitions of vasculitis adopted by the Chapel Hill Consensus
Conference on the Nomenclature of Systemic Vasculitis [Modified from Jennette et al. (1994)]

Systemic vasculitis Definition

Large vessel vasculitis*
Giant cell (temporal) arteritis Granulomatous arteritis of the aorta and its major branches, with a predilection for the extracranial branches 

of the carotid artery. Often involves the temporal artery. Usually occurs in patients older than 40 years
and often is associated with polymyalgia rheumatica

Takayasu arteritis Granulomatous inflammation of the aorta and its major branches. Usually occurs in patients younger than 
40 years

Medium-sized vessel vasculitis*
Polyarteritis nodosa (classic Necrotizing inflammation of medium-sized or small arteries without glomerulonephritis or vasculitis in 

polyarteritis nodosa) arterioles, capillaries or venules
Kawasaki’s disease Arteritis involving large, medium-sized and small arteries, and associated with mucocutaneous lymph node 

syndrome. Coronary arteries are often involved. Aorta and veins may be involved. Usually occurs in
children

Small vessel vasculitis*
Wegener granulomatosis Granulomatous inflammation involving the respiratory tract, and necrotizing vasculitis affecting small to 

medium-sized vessels, e.g., capillaries, venules, arterioles, and arteries. Necrotizing glomerulonephritis is
common

Churg–Strauss syndrome Eosinophil-rich and granulomatous inflammation involving the respiratory tract and necrotizing vasculitis 
affecting small to medium-sized vessels, and associated with asthma and blood eosinophilia

Microscopic polyangiitis (microscopic Necrotizing vasculitis with few or no immune deposits affecting small vessels, i.e., capillaries, venules, or 
polyarteritis) arterioles. Necrotizing arteritis involving small and medium-sized arteries may be present. Necrotizing

glomerulonephritis is very common. Pulmonary capillaritis often occurs
Henoch–Schönlein purpura Vasculitis with IgA-dominant immune deposits affecting small vessels, i.e., capillaries, venules, or arterioles. 

Typically involves skin, gut, and glomeruli, and is associated with arthralgias or arthritis
Essential cryoglobulinemic vasculitis Vasculitis with cryoglobulin immune deposits affecting small vessels, i.e., capillaries, venules, or arterioles, 

and associated with cryoglobulins in serum. Skin and glomeruli are often involved
Cutaneous leukocytoclastic angiitis Isolated cutaneous leukocytoclastic angiitis without systemic vasculitis or glomerulonephritis

*Large artery refers to the aorta and the largest branches directed toward major body regions (e.g., to the extremities, and the head and neck); medium-
sized artery refers to the main visceral arteries (e.g., renal, hepatic, coronary, and mesenteric arteries), and small artery refers to the distal arterial radicals
that connect with arterioles. Note that some small and large vessel vasculitides may involve medium-sized arteries, but large and medium-sized vessel 
vasculitides do not involve vessels smaller than arteries.
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leukocytoclasia that resembled the Arthus reaction 
suggested a possible “hypersensitivity” pathogenesis 
(Winkleman, 1958). A hypersensitivity or allergic cause also
was supported by the association of SVV with exposure to
certain drugs and with serum sickness (Winkleman, 1958;
Clark and Kaplan, 1937; Alarcon Segovia and Brown, 1964;
Zeek et al., 1948). In the 1960s, the widespread application
of immunofluorescence microscopy revealed that certain
forms of SVV had substantial vascular localization of
immunoglobulins and complement, suggesting an immune
complex pathogenesis. Some patients with pulmonary–renal
syndrome had linear deposits of immunoglobulin along
glomerular and pulmonary capillary basement membranes
(Sturgill and Westervelt, 1965), which were shown to be
pathogenic autoantibodies directed against basement mem-
brane collagen (Lerner et al., 1967). Patients with circulat-
ing cryoglobulins associated with signs and symptoms of
SVV, such as purpura and glomerulonephritis, were found
to have granular deposits of IgM, IgG, and complement in
vessels walls (Meltzer et al., 1966), indicating an immune
complex pathogenesis. This concept of immune complex-
mediated SVV was further supported by the detection of
hepatitis B antigens and antibodies in the walls of vessels 
in patients with SVV associated with hepatitis B virus
(HBV) infection (Gower et al., 1978). Children with
Henoch–Schönlein purpura were found to have deposits of
IgA and C3 in dermal venules and glomerular capillaries
supporting a distinct type of immune complex pathogenesis
(Baart de la Faille-Kuyber et al., 1973). Neutrophilic 
SVV with extensive leukocytoclastic angiitis also was iden-
tified in the acute phase of Behçet’s disease (Jorizzo et al.,
1985). 

By the end of the 1970s, there was a widespread belief
that most if not all SVV was mediated by immune com-
plexes (Fauci et al., 1978). However, not all immunohisto-
logic studies of vasculitis showed evidence for substantial
vessel wall deposition of immunoglobulins or complement.
This was especially true in some of the most common forms
of SVV in adults, including Wegener’s granulomatosis
(Ronco et al., 1983; Weiss and Crissman, 1984). In 1982,
Davies et al. reported a new type of autoantibody that
reacted with neutrophil cytoplasm in patients with SVV who
did not have deposits of immunoglobulin or complement in
inflamed glomeruli. Three years later, van der Woude et al.
(1985) identified these autoantibodies in patients with
Wegener’ granulomatosis. Numerous subsequent studies
have documented the association of these ANCAs with
several clinicopathologic expressions of SVV (Wegener’
granulomatosis, microscopic polyangiitis, Churg–Strauss
syndrome) that are characterized by the absence or paucity
of immunoglobulin and complement deposits in the vessel
walls, which suggests a pathogenesis that does not involve
extensive vascular deposition of immune complexes 
(Jennette and Falk, 1997). In fact, there is strong evidence
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that ANCA-associated pauci-immune SVV is caused by
direct activation of neutrophils by autoantibodies directed
against granule proteins (Xiao et al., 2002).

POLYARTERITIS NODOSA

Clinical, Pathologic, 
and Epidemiologic Features

The hallmark of PAN is necrotizing inflammation of
medium-sized or small arteries. The prevalence is some-
where between 10 and 30 cases per million population
(Watts and Scott, 2004; Mahr et al., 2004). The vascular
inflammation initially contains predominantly neutrophils,
but within a few days the infiltrates contain predominantly
mononuclear leukocytes. Segmental inflammation and
necrosis may produce pseudoaneurysms by eroding through
the vessel wall into the surrounding tissue. Thrombosis 
can cause acute ischemia, including infarction. Rupture of
pseudoaneurysms results in hemorrhage, which may be
severe and life-threatening.

PAN is an acute disease that typically has one major
episode with only rare recurrences if remission is attained
(Guillevin, 1999). Clinical manifestations include cutaneous
erythematous nodules and ulcers caused by dermal and sub-
cutaneous arteritis; peripheral neuropathy (e.g., mononeuri-
tis multiplex) caused by arteritis in epineural arteries;
myalgias and elevated circulating muscle enzymes caused
by arteritis in skeletal muscle; and pain and dysfunction in
virtually any viscera caused by arteritis in the parenchyma.
Involvement of the skin and gut is common, whereas
involvement of the lungs is rare (Agard et al., 2003).
Imaging studies may reveal arterial aneurysms (pseudo-
aneurysms), visceral infarcts or gut perforation. Diagnosis
of PAN in a patient with necrotizing arteritis requires the
exclusion of other diseases that also cause arteritis, 
including Kawasaki’s disease, microscopic polyangiitis,
Wegener’s granulomatosis, and Churg–Strauss syndrome
(Jennette et al., 1994; Agard et al., 2003; Mahr et al., 2004).
Glomerulonephritis or alveolar capillaritis rule out a diag-
nosis of PAN and indicate some form of SVV, such as micro-
scopic polyangiitis (Jennette et al., 1994; Agard et al., 2003).
Renal involvement can result in renal insufficiency, hema-
turia, and low-level proteinuria, but this is the result of
infarction and hemorrhage rather than glomerulonephritis.
Myocardial infarction caused by coronary artery involve-
ment is a rare complication.

Autoimmune Features

Most patients with PAN do not have recognized evid-
ence for an autoimmune pathogenesis. Exceptions are the
few patients with systemic lupus erythematosus who have 
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a vasculitis that is pathologically similar to idiopathic 
PAN (Korbet et al., 1984). PAN is not associated with
ANCAs. As noted later, the serologic detection of ANCAs
in a patient who is suspected of having PAN should raise the
possibility of pauci-immune SVV instead (Guillevin et al.,
1995).

Genetic Features

There is no evidence that genetic factors play a substan-
tial role in the development of PAN. Familial occurrences
of PAN are rare and may be related to hepatitis B virus
(HBV) infection (Reveille et al., 1989; Mason et al., 1994).
No genetic features of HBV have been identified that cor-
relate with the induction of PAN (Janssen et al., 2004).

Environmental Influences

The most commonly recognized environmental factor 
is infection by HBV (Guillevin, 1999; Janssen et al., 2004).
There are anecdotal reports of PAN associated with other
infections, such as hepatitis C virus (HCV), human immuno-
deficiency virus (HIV), and parvovirus B19, but a statisti-
cally significant relationship has been established only for
HBV infection.

Animal Models

Rich (1942) proposed that PAN was mediated by
immunologic mechanisms because he observed arteritis in
patients who had serum sickness or had been treated with
antibiotics. He acquired support for this hypothesis by
inducing necrotizing arteritis in rabbits after injection of
horse serum (Rich and Gregory, 1943). However, serum
sickness in animals actually is a better model for SVV than
for PAN because glomerulonephritis is a very frequent com-
ponent (Germuth, 1953; Dixon et al., 1958). Interestingly,
Pearl Zeek, who was one of the pioneers in delineating the
clinical and pathologic features of PAN, studied an animal
model of systemic arteritis that resembled PAN and was
induced by implanting pieces of silk in the perirenal tissue
of rats (Zeek et al., 1948).

Pathogenic Mechanisms

As noted above, at least some examples of PAN are
thought to be mediated by immune complex deposition in
vessel walls (Figure 65.2). HBV infection may be the source
of pathogenic antigens in patients with PAN (Han, 2004;
Janssen et al., 2004); however, the vasculitis that is associ-
ated with HBV infection often has more features of SVV
than necrotizing arteritis alone.

When arterial wall immune complexes are present, they
cause inflammation by activating the many interconnected
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humoral and cellular inflammatory mediator systems; e.g.,
the complement, kinin, plasmin, and coagulation humoral
systems, and the neutrophil, mononuclear phagocyte, lym-
phocyte, and platelet cellular systems. Endothelial cells and
mural smooth muscle cells are capable of modulating vas-
cular inflammation, e.g., by producing lipid metabolites with
cytokine activity, and, in the case of endothelial cells, by
secreting cytokines, upregulating leukocyte adhesion mole-
cules, and altering surface thrombogenicity (Pober, 1988).
This complex interplay of humoral and cellular events
results in the influx of inflammatory cells (especially neu-
trophils), necrosis, and sometimes thrombosis.

Immunologic Markers in Diagnosis

Serologic testing for ANCA helps distinguish between
PAN and pauci-immune SVV in a patient with arteritis
because <5% of patients with PAN have a positive ANCA
(Agard et al., 2003) compared to >80% of patients with
pauci-immune SVV. For example, if a patient with
mononeuritis multiplex and a peripheral nerve biopsy
showing arteritis is ANCA-positive, pauci-immune SVV
(e.g., microscopic polyangiitis) is a more likely possibility
than PAN. Serologic identification of HBV infection by
detection of antigens or antibodies supports a diagnosis of
PAN because of the strong association between PAN and
hepatitis B (Agard et al., 2003; Janssen et al., 2004) and the

FIGURE 65.2 Direct immunofluorescence photomicrograph demon-
strating granular IgG deposits in an artery from the subcutaneous tissue 
of a patient with hepatitis B-associated polyarteritis nodosa, showing 
granular vessel wall staining for C3.
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rare occurrence of hepatitis B in other forms of vasculitis
(Guillevin, 1999).

Treatment and Outcome

Corticosteroids and cytotoxic drugs have been the most
frequently used therapy for PAN and many other form of
noninfectious vasculitis. Guillevin (1999) advocates the use
of corticosteroids alone for patients with PAN who lack 
all of the following five factors that indicate a worse 
prognosis: renal insufficiency, proteinuria >1g/day, cardiac
involvement, central nervous system (CNS) involvement, or
gastrointestinal involvement. If 1 or more of these five
factors are present, treatment should include combined
steroids and cyclophosphamide. If one of these five factors
is identified, the 5-year mortality is 25%, if two are identi-
fied it is 46%, and if none is identified it is 12%. 

The optimal treatment of HBV-associated PAN includes
a combination of antiviral and immunosuppressive therapies
(Guillevin, 1999; Han, 2004; Janssen et al., 2004). In 
fact, control of HBV replication may be the most important
factor in the resolution of HBV-associated PAN (Janssen 
et al., 2004). Guillevin (1999) advocates an initial short
regimen of corticosteroids to subdue the arteritis, which 
is most intense during the first weeks of disease. Steroids 
are then stopped. Continued treatment of the putative
immune complex mechanism can be pursued with plasma-
pheresis if manifestations of arteritis persist. Antiviral
therapy also should be instituted, e.g., with interferon (IFN)-
a or lamivudine.

KAWASAKI’S DISEASE

Clinical, Pathologic, 
and Epidemiologic Features

Kawasaki’s disease is a self-limited febrile illness with
systemic necrotizing arteritis that affects predominantly
children, usually under 2 years of age. It was first described
in Japan (Kawasaki, 1967), but occurs worldwide. The inci-
dence of Kawasaki’s disease in children under 5 years of age
ranges from roughly 100 in 100,000 in Japan to 15 in
100,000 in the US to 10 in 100,000 in Europe (Watts and
Scott, 2004). 

The clinical hallmark of Kawasaki’s disease is the muco-
cutaneous lymph node syndrome, which is characterized by
oral mucosal changes, e.g., erythema of the oropharynx;
“strawberry tongue,” and dryness, redness or fissuring of 
the lips; skin lesions, e.g., erythema, indurative edema, or
desquamation of the distal extremities, or polymorphous
macular exanthema on the trunk; bilateral conjunctivitis, and
lymphadenopathy (Kawasaki, 1967; Rauch and Hurwitz,
1985; Newburger and Fulton, 2004). The vasculitis of
Kawasaki’s disease involves medium-sized and small arter-
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ies, most notably the coronary arteries. The lesions are char-
acterized histologically by segmental mural necrosis with
infiltration by predominantly mononuclear leukocytes with
less conspicuous neutrophils (Jennette, 2002). Necrosis
occurs but typically has less fibrinoid material, more edema,
and more macrophages than seen with PAN. Mural thicken-
ing, especially form intimal inflammation, may result in nar-
rowing of the lumen and ischemia. Pseudoaneurysms are
most common in the proximal coronary arteries and may be
occluded by thrombus, resulting in myocardial infarction.
Kawasaki’s disease is the major cause of myocardial infarc-
tion in young children. Kawasaki’s disease has surpassed
acute rheumatic fever as the leading cause of acquired 
heart disease in children in the USA (Newburger and Fulton,
2004).

Autoimmune Features

Patients with Kawasaki’s disease have circulating
autoantibodies that react with activated endothelial cells
(Leung et al., 1986a; 1986b; 1989; Grunebaum et al., 2002;
Kaneko et al., 2004). Kaneko et al. (2004) identified a
number of candidate target antigens using a cDNA expres-
sion library derived from tumor necrosis factor (TNF)-a-
stimulated human umbilical vein endothelial cells.
Tropomyosin was the most likely autoantigen recognized by
anti-endothelial cell autoantibodies. Mor et al. (2002) have
identified autoantibodies to tropomyosin in another form of
vasculitis, Behçet’s disease.

Cunningham et al. (1999) have reported IgM autoanti-
bodies to cardiac myosin in Kawasaki’s disease. These
autoantibodies differ from the antimyosin antibodies of
patients with acute rheumatic fever.

Genetic Features

A role for genetic factors in the pathogenesis of
Kawasaki’s disease is supported by the observation that chil-
dren of parents who had Kawasaki’s disease in childhood
are at greater risk for developing the disease (Uehara et al.,
2003). In addition, a child is at 10-fold greater risk of devel-
oping the disease within 1 year of onset of the disease in a
sibling (Fujita et al., 1989). However, the genetic basis for
this familial susceptibility has not been defined. No definite
HLA genotype associations have been detected.

Environmental Influences

The clinical and epidemiologic features of Kawasaki’s
disease, especially the temporal clustering and seasonality,
suggest an infectious or environmental etiology. However,
in spite of extensive efforts over many decades, no specific
infectious agent or environmental factor has been identified
(Newburger and Fulton, 2004; Burns et al., 2005). 
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Animal Models

Takahashi et al. (2004) have developed an animal model
of vasculitis that has a remarkable pathologic similarity to
the arteritis of Kawasaki’s disease. They injected a Candida
albicans extract intraperitoneally for 5 consecutive days into
a variety of mouse strains. Arteritis developed in 66% of
CD-1 mice and most often affected the coronary arteries and
aortic root close to the orifice of coronary arteries. The gross
distribution and histologic pattern of injury closely mimics
coronary arteritis in patients with Kawasaki’s disease. Not
all strains of mice developed disease, indicating a genetic
susceptibility in certain strains.

Duong et al. (2003) have described a similar model of
coronary arteritis induced by injection of Lactobacillus
casei cell wall extract into mice. They hypothesized that the
pathogenicity of L. casei cell wall extract may derive from
its ability to function as a superantigen.

Pathogenic Mechanisms

Anti-endothelial cell antibodies (AECAs) have been
incriminated in the pathogenesis of vascular injury in
patients with Kawasaki’s disease by Leung et al. (1986;
1980). They observed that patients with Kawasaki’s disease
have IgG and IgM AECAs that cause complement-mediated
lysis of human umbilical and saphenous vein endothelial
cells that had been pretreated with IFN-g, interleukin (IL)-
1, or TNF. From these observations, they hypothesized that
the pathogenesis of vasculitis in Kawasaki’s disease entails
two events: production of AECAs (possibly related to the
polyclonal B-cell activation that occurs in Kawasaki’s
disease) and increased cytokine production (possibly related
to the increased activity of CD4 T-lymphocytes and mono-
cytes that also occurs in Kawasaki’s disease). The AECAs
would bind to upregulated endothelial antigens, and cause
endothelial death and vascular inflammation. 

A role for bacterial superantigen has been postulated
because of selective expansion of T-cell receptor (TCR) 
V b families in some patients with Kawasaki’s disease 
(Newburger and Fulton, 2004). As noted earlier, observa-
tions in animal models also support this possibility.

Immunologic Markers in Diagnosis

No immunologic markers are used in the routine diagno-
sis of Kawasaki’s disease (Newburger and Fulton, 2004).
Erythrocyte sedimentation rate and C-reactive protein are
consistently elevated but are completely nonspecific.

Treatment and Outcome

The conventional therapy for Kawasaki’s disease is
aspirin and intravenous gamma-globulin (Furusho et al.,
1984; Nagashima, et al., 1987; Rowley, et al., 1988; 
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Newburger and Fulton, 2004). If the interaction of AECAs
with cytokine-activated endothelial cells is the major patho-
genic mechanism in Kawasaki’s disease, intravenous
gamma-globulin could be acting by reducing, e.g., through
negative feedback control, or neutralizing, e.g., by anti-
idiotypic binding, AECAs, or preventing cytokine stimula-
tion of endothelial cells. Leung et al. (1989) have studied
these possibilities, and have concluded that the beneficial
effects of intravenous gamma-globulin result from reduced
circulating cytokines and reduced endothelial cell activation,
and not from reduced AECA activity. Interestingly, intra-
venous gamma-globulin therapy but not aspirin is effective
in reducing the severity and complications of the coronary
arteritis (Newburger and Fulton, 2004), which indirectly
supports the role of antibodies in the pathogenesis of the
arteritis.

PAUCI-IMMUNE SMALL VESSEL
VASCULITIS: WEGENER’S

GRANULOMATOSIS, MICROSCOPIC
POLYANGIITIS, AND 

CHURG–STRAUSS SYNDROME

Clinical, Pathologic, 
and Epidemiologic Features

Pauci-immune SVV has three major clinicopathologic
expressions: Wegener’s granulomatosis, Churg–Strauss syn-
drome, and microscopic polyangiitis (Jennette et al., 1994;
Jennette and Falk, 1997) (see Table 65.1). All three are 
characterized by a pauci-immune SVV. Wegener’s granulo-
matosis has necrotizing granulomatous inflammation 
superimposed on the vasculitis. Churg–Strauss syndrome
has asthma, eosinophilia, and granulomatous inflammation
in addition to the vasculitis. Microscopic polyangiitis has
only the vasculitis, without granulomatous inflammation,
asthma, or eosinophilia. Pauci-immune SVV is associated
with circulating ANCAs in 80–90% of patients and thus also
is called ANCA-associated SVV.

Patients with all clinicopathologic expressions of pauci-
immune SVV share a common pathologic manifestation 
of small vessel inflammation (Jennette, 1991; Jennette and
Falk, 1995; Jennette, 2002). This lesion is characterized by
mural fibrinoid necrosis with karyorrhexis and infiltrating
leukocytes (Figure 65.3). Neutrophils predominate in early
lesions but are replaced by mononuclear leukocytes as soon
as 48 h after the onset of acute lesions. 

The clinical manifestations are protean and can affect
many different organs individually or in combination. For
example, vasculitis affecting dermal venules causes palpa-
ble purpura in skin; inflammation of glomerular capillaries
causes glomerulonephritis (see Figure 65.3); pulmonary
capillaritis causes pulmonary hemorrhage; vasculitis of
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small vessels in the upper respiratory tract mucosa causes
sinusitis and otitis; vasculitis of the small vessels in the uvea
(vascular tunic) of the eye causes uveitis; vasculitis affect-
ing small epineural arteries and arterioles causes peripheral
neuropathy (usually mononeuritis multiplex); vasculitis in
small vessels in the gastrointestinal mucosa and submucosa
causes abdominal pain and blood in the stool; and vasculi-
tis affecting small visceral arteries, e.g., in the liver and pan-
creas, causes pain, dysfunction, and release of intracellular
enzymes into the blood. The different clinicopathologic 
categories of pauci-immune SVV have overlapping clinical
features with each other and with other forms of SVV (Table
65.2). Patients with Wegener’s granulomatosis may have
clinical manifestations of the necrotizing granulomatous
inflammation, such as pulmonary nodules and cavities, per-
foration of the nasal septum, or collapse of the nasal septum
causing saddle nose deformity.
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In a review of multiple studies, Watts and Scott (2004)
reported that the prevalence of Wegener’s granulomatosis
ranged from 24 to 157 in 1,000,000, of microscopic
polyangiitis from 9 to 66, and of Churg–Strauss syndrome
from 2 to 38. In accord with this, Mahr et al. (2004) 
determined that the prevalence of pauci-immune SVV in
1,000,000 adults in France was 25 for microscopic polyangi-
itis, 24 for Wegener’s granulomatosis, and 11 for Churg–
Strauss syndrome. The incidence in 1,000,000 adults ranged
from 5 to 11 for Wegener’s granulomatosis, from 3 to 12 for
microscopic polyangiitis, and from 1 to 3 for Churg–Strauss
syndrome (Watts and Scott, 2004). 

Autoimmune Features

Over 80% of patient with acute untreated pauci-immune
SVV have circulating ANCAs (Jennette and Falk, 1995;

A B
FIGURE 65.3 A, Necrotizing arteritis in a small artery and B, necrotizing glomerulonephritis in a patient with micro-
scopic polyangiitis. The artery and glomerulus have bright red staining for fibrinoid necrosis in this Masson trichrome
stain. The artery and adjacent tissue are infiltrated by neutrophils and mononuclear leukocytes. The glomerulus has a
cellular crescent. See color plate section.

TABLE 65.2 Approximate frequency of organ system manifestations in several forms of small
vessel vasculitis (Jennette and Falk, 1997)

Microscopic Wegener Churg–Strauss Henoch–Schönlein Cryoglobulinemic
Organ system polyangiitis (%) granulomatosis (%) syndrome (%) purpura (%) vasculitis (%)

Renal 90 80 45 50 55
Cutaneous 40 40 60 90 90
Pulmonary 50 90 70 <5 <5
Ear, nose, and throat 35 90 50 <5 <5
Musculoskeletal 60 60 50 75 70
Neurologic 30 50 70 10 40
Gastrointestinal 50 50 50 60 30
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1997). ANCAs are specific for proteins in the cytoplasm of
neutrophils and monocytes. When detected by indirect
immunofluorescence microscopy using alcohol-fixed neu-
trophils as substrate, the two major antigen specificities
cause two different staining patterns: cytoplasmic (C-
ANCA) and perinuclear (P-ANCA) (Figure 65.4). The peri-
nuclear pattern is an artifact of substrate preparation caused
by diffusion of antigens from the cytoplasm to the nucleus
(Charles et al., 1989). When analyzed by specific immuno-
assays, the most frequent C-ANCA antigen specificity is for
proteinase 3 (PR3-ANCA) (Goldschmeding et al., 1989;
Niles et al., 1989; Jennette et al., 1990; Ludemann et al.,
1990) and the most frequent P-ANCA specificity is for
myeloperoxidase (MPO-ANCA) (Falk and Jennette, 1988).

T-cells with specificity for ANCA antigens are present in
patients with ANCA vasculitis (Griffith et al., 1996; Clayton
and Savage, 2000). T-cells are probably involved in the
immunogenesis of the autoimmune response, but their role
in the pathogenesis of injury is unknown.

Some patients with Wegener granulomatosis and micro-
scopic polyangiitis have circulating AECAs, often concur-
rent with ANCA (Chan et al., 1993; Del Papa et al., 1996;

Necrotizing Arteritis and Small Vessel Vasculitis 907

Holmen et al., 2004). There is controversy over the diag-
nostic utility and pathogenic significance of AECAs in
pauci-immune SVV.

Genetic Features

The predilection for the disease in white persons and 
the low prevalence in African-Americans suggests that a
genetic background contributes to disease induction. An
analysis of 94 patients with Wegener granulomatosis, micro-
scopic polyangiitis or renal-limited vasculitis found no sig-
nificant association between these vasculitides and any
MHC class II allele (Zhang et al., 1995). However, there 
are several reports of relatively weak associations with a
number of HLA-DR alleles (Jagiello et al., 2004; Williams
et al., 2005). 

Esnault et al. (1993) and Elzouki et al. (1994) reported
the association of a-1 antitrypsin-deficiency phenotypes
with PR3-ANCA–positive SVV. The fact that a-1 anti-
trypsin is the major inhibitor in the blood of PR3 is intrigu-
ing, but the relevance of this to the relationship between a-1
antitrypsin deficiency and PR3-ANCA is unknown.

A B
FIGURE 65.4 Indirect immunofluorescence microscopy photomicrograph of A, C-ANCA- and B, P-ANCA-
staining patterns on alcohol-fixed human neutrophils. 
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Gencik et al. (2000) identified an association between
Wegener granulomatosis and a polymorphism in the PR3
promotor affecting a possible transcription factor-binding
site. In addition, Borgmann and Haubitz (2004) con-
cluded that the neutrophil expression of PR3 is genetically
regulated and correlates with onset and relapse of PR3-
ANCA-associated SVV.

Environmental Influences

Drug exposure can induce ANCA formation and SVV.
For example, a minority of patients who receive propyl-
thiouracil develop ANCAs concurrent with the onset of 
pauci-immune SVV and glomerulonephritis (Dolman et al.,
1993; Vogt et al., 1994; Tanemoto et al., 1995). Minocycline
and hydralazine also have been associated with the devel-
opment of ANCA disease (Elkayam et al., 1996; Choi et al.,
2000).

Silica exposure and farming are risk factors for the devel-
opment of ANCA SVV (Gregorini et al., 1993; Hogan et al.,
2001; Lane et al., 2003). For example, Hogan et al. noted
that silica dust exposure was reported by 46% of patients
with ANCA SVV, compared with 20% of control subjects
(P = 0.001). The odds ratio of exposure to silica dust was
4.4 times greater for patients with ANCA SVV compared
with control subjects (P = 0.013).

Approximately two-thirds of patients with Wegener gran-
ulomatosis are chronic nasal carriers of Staphylococcus
aureus. This is a risk factor for relapse, and prophylactic
treatment with antibiotics that eliminate staphylococcal
nasal carriage reduces relapse frequency (Stegman et al.,
1996). The mechanistic relationship between staphylococcal
infection and ANCA disease onset or exacerbation is not
clear. However, recent observations by Pendergraft et al.
(2004; 2005) raise the possibility that exposure to certain
pathogens can result in the induction of the autoimmune
ANCA response (see Chapter 59). They propose that
pathogens can initiate an autoantibody response through
induction of an appropriate antibody response to microbial
proteins that have an amino acid sequence that mimics 
the antisense sequence (complementary sequence) of the
autoantigen. These antibodies to the complementary peptide
in turn induce anti-idiotypic antibodies that cross-react with
the autoantigen (i.e., are autoantibodies). In support of this
theory, patients with PR3-ANCA disease have circulating
antibodies that react with peptides that have an amino acid
sequence that is complementary to PR3, and these antibod-
ies react with anti-PR3 antibodies as an anti-idiotypic pair.
Further, immunization of mice with a complementary PR3
peptide induces not only an antibody response to the com-
plementary PR3 peptide but also to native PR3. Interest-
ingly, Staph. aureus, which is associated with PR3-ANCA
disease, contains a protein that has a sequence that mimics
the antisense sequence of PR3. According to the theory of
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autoantigen complementarity, an antibody response to the
Staph. aureus peptide that mimics a complementary PR3
peptide results in an anti-idiotypic immune response that
targets PR3, resulting in PR3-ANCA production. Also in
support of this concept is the association between PR3-
ANCA and infection with Ross River virus and Entamoeba
histolytica, both of which contain proteins with amino acid
sequences that mimic complementary peptides of PR3 
(Pendergraft et al., 2004).

Animal Models

The most convincing model of ANCA-induced SVV has
been described by Xiao et al. (2002). MPO knock-out mice
were immunized with murine MPO and produced anti-MPO
antibodies. Splenocytes (including T and B cells) or isolated
antibodies were then transferred from MPO-/- mice that had
been immunized with MPO to Rag2-/-mice (lacking func-
tional T- and B-cells), resulting in the development of necro-
tizing and crescentic glomerulonephritis in all mice and
varying degrees of extrarenal SVV in many mice, including
pulmonary capillaritis or necrotizing granulomatous inflam-
mation, leukocytoclastic angiitis in the skin, and necrotizing
arteritis in multiple viscera (Figure 65.5). The disease in the
mice that received splenocytes is complicated by a back-
ground of immune complex localization in glomeruli;
however, the Rag2-/- mice or wild-type mice that receive
anti-MPO IgG alone develop a pauci-immune glomeru-
lonephritis and vasculitis that is pathologically identical to
human ANCA-associated pauci-immune disease. Because

FIGURE 65.5 Necrotizing arteritis in a small artery in the dermis of a
mouse 6 days after intravenous injection of mouse antimyeloperoxidase
IgG. There is a central area of deeply eosinophilic fibrinoid necrosis sur-
rounded by leukocytes with leukocytoclasia (H&E stain).
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this disease can be induced in mice with no functional T
cells, T cells are not required for pathogenesis. However,
neutrophils are required because elimination of circulating
neutrophils with a cytotoxic rat antibody completely abro-
gates disease induction by anti-MPO IgG (Xiao et al., 
2005).

Pathogenic Mechanisms

By definition, pauci-immune SVV has little or no local-
ization of immunoglobulin in vessel walls and thus appears
to have a pathogenic mechanism that differs from classical
immune complex-mediated vasculitis. The presence of
ANCA in the circulation and the correlation of ANCA titers
with disease activity raise the possibility that ANCAs have
a pathogenic role (Jennette and Falk, 1994; Kallenberg et
al., 1994; Han et al., 2003). The induction of ANCA and
pauci-immune SVV by drug exposure, discussed above, is
strong clinical evidence for the pathogenetic importance of
ANCA. The most compelling clinical evidence for the path-
ogenicity of ANCA is the report of a neonate who developed
pulmonary hemorrhage and nephritis following transplacen-
tal transfer of maternal MPO-ANCA IgG (Bansal and Tobin,
2004). 

In addition to the animal models described earlier, there
are numerous in vitro observations that support the patho-
genic potential of ANCA IgG (Jennette and Falk, 1994;
Rarok et al., 2003; Williams et al., 2005). Incubation of
ANCA IgG with primed neutrophils induces the release of
toxic reactive oxygen species and lytic granule enzymes
(Falk et al., 1990a). Neutrophil priming, as occurs with
exposure to certain cytokines, results in the expression of
small amounts of ANCA antigens at the surface of neu-
trophils where they can interact with ANCA. The resultant
activation of neutrophils is mediated by a combination of Fc
receptor-dependent events (Porges et al., 1994; Mulder et al.,
1994), as well as Fab¢2-mediated events (Kettritz et al.,
1997; Williams and Savage, 2005).

In vitro, ANCA-activated neutrophils kill primed
endothelial cells (Ewert et al., 1992a; Savage et al., 1992).
This process requires adhesion of the neutrophils to endo-
thelial cells via b2 integrins (Ewert et al., 1992b). Further,
Radford et al. (2000) have shown that exposure to ANCA
IgG causes rolling neutrophils to adhere to endothelial cells
in culture through integrin-mediated adhesion. 

Instead of, or in addition to, reacting with antigens
expressed on the surface of neutrophils and monocytes,
ANCAs might react with antigens (e.g., MPO and PR3) that
have become planted in vessel walls. Vargunam et al. (1992)
have shown that MPO binds to cultured endothelial cells by
a charge-dependent mechanism and can subsequently react
with ANCA to form immune complexes in situ. If this occurs
in vivo, the magnitude of vessel wall immune complex 
formation must be substantially less than in conventional

Necrotizing Arteritis and Small Vessel Vasculitis 909

immune complex disease because of the absence or paucity
of staining for immunoglobulin in vessel walls in ANCA
SVV.

Inflammatory process, such as a viral respiratory tract
infection, may cause increased levels of circulating
cytokines, which in turn prime neutrophils to interact with
circulating ANCAs to induce vasculitis (Jennette and Falk,
1994). With respect to this hypothesis, it is interesting to
note that approximately 90% of patients report a “flu-like
illness” shortly before the onset of the signs and symptoms
of ANCA vasculitis (Falk et al., 1990b). Experimental
support for this hypothesis is provided by the observation
that injection of bacterial lipopolysaccharide into mice prior
to induction of glomerulonephritis with anti-MPO IgG
causes more severe injury (Huugen et al., 2005).

In summary, the in vitro observations support the hypoth-
esis that antigens (PR3 and MPO) that are expressed at the
surface of cytokine-primed neutrophils react with ANCA,
causing neutrophil activation through both Fc receptor
engagement and Fab¢2 attachment to antigens, resulting in
the attachment to and injury of vascular endothelial cells
(Figure 65.6).

AECAs have been detected in some patients with pauci-
immune SVV. Del Papa et al. (1996) observed that AECA
from patients with Wegener granulomatosis are not toxic to
endothelial cells but cause these cells to upregulate adhesion
molecules and to release pro-inflammatory cytokines.
Holmen et al. (2004) reported that patients with Wegener
granulomatosis have noncytotoxic AECAs that selectively
bind surface antigens on unstimulated nasal, kidney, and
lung endothelial cells, and that serum from patients with
Wegener granulomatosis caused agglutination of cytokine-
stimulated nasal endothelial cells. AECA could synergize
with ANCA to cause disease; however, the pathogenic
importance of AECA in pauci-immune SVV has not been
clearly delineated.

Immunologic Markers in Diagnosis

In a patient with signs and symptoms of SVV, serology
and/or immunohistology may demonstrate diagnostic
immunologic markers that distinguish between vasculitides
that have very different prognoses and treatments (Table
65.3). For example, in a patient with purpura, arthralgias,
hematuria, and proteinuria, IgA-dominant immune de-
posits in dermal vessels support a diagnosis of Henoch–
Schönlein purpura; serum cryoglobulins and antihepatitis 
C antibodies support cryoglobulinemic vasculitis; serum
anti-DNA and hypocomplementemia support lupus 
vasculitis; and serum ANCAs support one of the categories
of pauci-immune SVV. Similarly, in a patient with 
hemoptysis and rapidly progressive glomerulonephritis (i.e.,
pulmonary–renal vasculitic syndrome), serum antiglomeru-
lar basement membrane (GBM) antibodies indicate Good-
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pasture syndrome, whereas ANCAs indicate one of the
ANCA vasculitides.

ANCA testing should include a specific immunochemi-
cal method [e.g., enzyme-linked immunosorbent assay
(ELISA)] that will detect MPO-ANCA and PR3-ANCA, not
merely an indirect immunofluorescence assay for C-ANCA
and P-ANCA (Lim et al., 1999; Savige et al., 1999). This
improves diagnostic specificity without a significant drop in
sensitivity.
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An added complexity of serologic testing for ANCA
disease and anti-GBM disease is the increased frequency of
anti-GBM antibodies in patients with ANCA and vice versa
(Saxena et al., 1991; Jennette, 2003; Levy et al., 2004).
Patients with both autoantibodies have a worse prognosis
than patients with ANCA alone. When both autoantibodies
are present, a patient is at risk for manifesting vasculitic fea-
tures of ANCA-associated disease that do not occur with
anti-GBM disease alone, such as cutaneous, skeletal muscle

ANCA
ANCA antigen
Cytokine 
Cytokine receptor
Fc receptor
Adhesion molecule
Adhesion molecule receptor

FIGURE 65.6 Putative pathogenic mechanism for antineutrophil cytoplasmic autoantibody (ANCA)-induced 
vasculitis. ANCA antigens (granule proteins) that are normally within the cytoplasm of neutrophils are transferred to
the surface by cytokine priming, where they can interact with ANCAs. Some antigens also are released and can bind 
to endothelial cells. These free and bound antigens can also react with ANCAs. The interaction of neutrophils with
ANCAs induces full activation with respiratory burst and degranulation, which causes vascular injury (vasculitis). See
color plate section.

Reproduced with permission from Jennette and Falk (1998). 

TABLE 65.3 Differential diagnostic features of several forms of small vessel vasculitis (SVV)
(Jennette and Falk, 1997)

Microscopic Wegener Churg–Strauss Henoch–Schönlein Cryoglobulinemic
Diagnostic feature polyangiitis granulomatosis syndrome purpura vasculitis

SVV signs and symptoms* + + + + +
IgA-dominant immune deposits – – – + –
Cryoglobulins in blood and vessels – – – – +
ANCAs in blood + + + – –
Necrotizing granulomas – + + – –
Asthma and eosinophilia – – + – –

ANCAs, antineutrophil cytoplasmic autoantibodies.
*All of these SVVs can manifest any or all of the shared features of SVV, such as purpura, nephritis, abdominal pain, peripheral neuropathy, myalgias,

and arthralgias. Each is distinguished by the presence and just as importantly the absence of certain specific features. 
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or gut vasculitis. In some patients, the anti-GBM component
of their autoimmune disease resolves, leaving more persis-
tent ANCA disease.

Serology alone can not make the distinction between
microscopic polyangiitis, Wegener granulomatosis, Churg–
Strauss syndrome or isolated pauci-immune crescentic
glomerulonephritis because each syndrome can be associ-
ated with either C-ANCA (PR3-ANCA) or P-ANCA (MPO-
ANCA). However, the relative frequencies of ANCA
specificities vary among the disease variants. For example,
most patients with Wegener granulomatosis have C-ANCA
(PR3-ANCA) and most patients with renal-limited 
disease have P-ANCA (MPO-ANCA) (Jennette et al., 1994)
(Table 65.4).

Diseases other than pauci-immune SVV can be associ-
ated with ANCAs, especially with ANCAs that are not spe-
cific for MPO or PR3. P-ANCAs that do not have specificity
for MPO are associated with a number of nonvasculitic
inflammatory diseases, such as ulcerative colitis, sclerosing
cholangiitis, autoimmune hepatitis, and Felty syndrome
(Jennette and Falk, 1993; Bartunkova et al., 2002). C-
ANCAs that are not associated with SVV occur in patients
with cystic fibrosis (Bartunkova et al., 2002).

Detection of circulating endothelial cells may be of value
in diagnosing or monitoring ANCA SVV (Haubitz and
Woywodt, 2004), but this has not yet been adequately vali-
dated for clinical use.

Treatment and Outcome

ANCA vasculitis is usually a very aggressive disease that
often will be complicated by endstage renal disease or 
life-threatening pulmonary hemorrhage if not treated with
high-dose corticosteroids and cytotoxic drugs, especially
cyclophosphamide (Nachman et al., 1996; Jayne, 2003;
Little and Pusey, 2004). Although there is general agreement
about the use of corticosteroid and cytotoxic therapy for the
induction of remission in patients with pauci-immune SVV,
there is controversy over the dose, method of administration,
and duration of treatment. Approximately 80% of ANCA
SVV patients will enter remission with aggressive immuno-
suppressive therapy. However, up to 40% will have a relapse
within 2 years. There is controversy over how best to treat
relapses. A repeat course of corticosteroids and cyclophos-
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phamide often is used for relapses, but less toxic alternatives
are azathioprine or mycophenolate mofetil (Little and Pusey,
2004).

Intravenous gamma-globulin and plasma exchange 
may have a beneficial effect on ANCA SVV, especially in
patients with aggressive or persistent disease that does not
respond well to conventional therapy (Jordan, 1995; Jayne
et al., 2000; Little and Pusey, 2004). Anti-idiotypic antibod-
ies that inhibit ANCA in vitro are present in pooled human
gamma-globulin preparations, but whether or not an anti-
idiotypic effect is the basis for the therapeutic benefits has
not been determined. Plasma exchange reduces circulating
ANCA levels, which is potentially beneficial if these auto-
antibodies are in fact pathogenic.

CRYOGLOBULINEMIC VASCULITIS

Clinical, Pathologic, 
and Epidemiologic Features

Cryoglobulinemic vasculitis is characterized pathologi-
cally by inflammation in small vessels (Figure 65.7A) that
is associated with deposits of cryoglobulins and complement
in vessel lumens and walls. Skin, joints, gut, and glomeruli
often are involved (see Table 65.2). Cryoglobulinemic vas-
culitis affects vessels of many types, including postcapillary
venules (e.g., in the dermis), capillaries (e.g., glomerular and
rarely pulmonary alveolar capillaries), arterioles, and rarely
small arteries (Gorevic et al., 1980; Ferri et al., 2004).
Immunofluorescence microscopy reveals granular deposits
of immunoglobulins and complement in vessel walls, and
sometimes lumenal aggregates of cryoglobulins and com-
plement. The clinical and pathologic manifestations of cryo-
globulinemic vasculitis overlap with those of other systemic
vasculitides, including purpura with leukocytoclastic angi-
itis, proliferative and membranoproliferative glomerulo-
nephritis, and, in rare severe cases, pulmonary hemorrhage
with alveolar capillaritis. As with many systemic vasculi-
tides, arthralgias and arthritis caused by synovitis are a
common feature. 

The prevalence of cryoglobulinemic vasculitis is not 
well defined, but it is more common in southern Europe than
in northern Europe or North America (Ferri et al., 2004).

TABLE 65.4 Approximate frequency of PR3-ANCA and MPO-ANCA in patients with pauci-
immune small vessel vasculitis.

Wegener granulomatosis Microscopic polyangiitis Churg–Strauss syndrome Renal-limited glomerulonephritis

PR3-ANCA 75 40 10 20
MPO-ANCA 20 50 60 70
Negative 5 10 30 10
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There is a close association between HCV infection and
cryoglobulinemia (D’Amico and Fornasieri, 1995; Ferri et
al., 2004).

Autoimmune Features

Most cryoglobulins that cause vasculitis contain auto-
antibodies directed against immunoglobulins, i.e., rheuma-
toid factors (Grey and Kohler, 1973; Ferri et al., 2004).
Cryoglobulins are divided into three major types: mono-
clonal (type I), mixed monoclonal–polyclonal (type II), and
polyclonal (type III). Mixed cryoglobulins are more patho-
genic than monoclonal or polyclonal cryoglobulins. Mono-
clonal cryoglobulins usually occur in patients with plasma
cell dyscrasias or B-cell lymphomas, and cause morbidity
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primarily by precipitating within vessels and producing
occlusion. Monoclonal cryoglobulins are not effective acti-
vators of inflammatory mediator systems, and therefore
rarely cause overt vasculitis. Mixed cryoglobulins, however,
are immune complexes that are capable of activating inflam-
matory mediators, including the complement system, and
therefore characteristically cause systemic vasculitis.

Genetic Features

Not all patients with HCV infection develop cryoglobu-
linemia. The likelihood of developing cryoglobulinemia is
not determined by serum HCV RNA titer or HCV genotype;
thus, host factors, including genetic susceptibility, are
incriminated as risk factors for this complication. In studies
of relatively small numbers of patients, Amoroso et al.
(1998) reported an increased frequency of the DRB1*11
(DR5) (36% vs 20%, P = 0.0035), Congia et al. (1996) an
increased frequency of DRB1*1101–4 (DR5), DQB1*0301,
DRB1*0301 (DR3), and DQB1*0201, and Lenzi et al.
(1998) an increased frequency of HLA-B8 and HLA-DR3
in patients with cryoglobulinemia compared to healthy con-
trols or patients with hepatitis C but no cryoglobulinemia. 

Environmental Influences

There is a strong association between cryoglobulinemic
vasculitis and HCV infection (D’Amico et al., 1995; Ferri
et al., 2004). HCV antibodies and RNA are detected in the
serum of 75–95% of patients with vasculitis and glomerulo-
nephritis caused by mixed cryoglobulins. The HCV is both
hepatotropic and lymphotropic. One hypothesis proposes
that infection of B cells by HCV triggers the production of
polyclonal and monoclonal rheumatoid factors that partici-
pate in cryoglobulin formation (D’Amico et al., 1995).
Another proposes that HCV lipoprotein induces an IgM
response that is initially reactive with a virus–self complex
but subsequently mutates to have rheumatoid factor activity
(Agnello, 1995).

Animal Models

Gyotoku et al. (1987) have described an experimental
model of cryoglobulinemic vasculitis. They established
monoclonal IgG rheumatoid factor-secreting hybridomas
from MRL/lpr mice. These monoclonal rheumatoid factor
antibodies were capable of forming cryoglobulins, and,
when injected into normal mice, caused peripheral vasculi-
tis and glomerulonephritis resembling that seen in patients
with mixed cryoglobulinemia. Kikuchi et al. (2002)
implanted mice with a hybridoma that secreted an IgG3 anti-
IgG2a rheumatoid factor. The mice developed circulating
cryoglobulins, acute glomerulonephritis, and cutaneous
leukocytoclastic vasculitis.

A

B

FIGURE 65.7 A, Cryoglobulinemic vasculitis affecting a small artery in
the kidney. The deeply acidophilic material in the vessel probably is a
mixture of thrombus, fibrinoid necrosis, and aggregated cryoglobulins. The
vessel wall and adjacent tissue are infiltrated by leukocytes with leuko-
cytoclasia. B, Intense neutrophilic inflammation and necrosis in a small
dermal artery from a patient with Behçet’s disease. The neutrophilic infil-
trate also extends into the adjacent dermis, especially on the left.
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Pathogenic Mechanisms

Cryoglobulinemic vasculitis is mediated by the deposi-
tion of mixed cryoglobulins in small vessels. These immune
complexes composed of mixed cryoglobulins activate 
complement and initiate acute inflammation through 
mechanisms that were discussed above in the section on
PAN.

Immunologic Markers in Diagnosis

The laboratory hallmark of cryoglobulinemic vasculitis
is the detection of cryoglobulins in the circulation (see Table
65.3). Testing for cryoglobulins requires that the blood be
kept warm prior to testing. In a proper clinical setting,
hypocomplementemia, positive rheumatoid factor assay, and
positive serology for HCV infection support a diagnosis of
cryoglobulinemia. The hypocomplementemia characteristi-
cally has low C4 but normal or near normal C3.

Treatment and Outcome

If there are circulating pathogenic autoantibodies or
immune complexes in patients with vasculitis, theoretically,
plasmapheresis combined with immunosuppression would
be beneficial. Plasmapheresis has been used in severe cryo-
globulinemia (D’Amico et al., 1995). Plasmapheresis is
combined with corticosteroid and cytotoxic therapy, which
makes it difficult to determine what effect plasmapheresis
alone is having on the disease. Therapy with IFN-a, in addi-
tion to the immunosuppressive drugs, has also been advo-
cated in patients with cryoglobulinemic vasculitis secondary
to HCV infection (D’Amico et al., 1995).

HENOCH–SCHÖNLEIN PURPURA

Clinical, Pathologic, 
and Epidemiologic Features

Henoch–Schönlein purpura is the most common form of
vasculitis in children with an incidence of approximately 20
in 100,000 children, with the highest frequency between 4
and 6 years old (Gardner-Medwin et al., 2002), although it
can occur at any age. Henoch–Schönlein purpura is SVV
with IgA-dominant immune deposits affecting small vessels,
i.e., capillaries, venules, or arterioles (Jennette et al., 1994).
It typically involves skin, gut, and glomeruli, and is associ-
ated with arthralgias or arthritis (Ting and Hashkes, 2004).
The purpura typically affects the buttocks and lower 
extremities. Table 65.2 provides estimates of involvement 
of different organs, although this differs among cohorts.
Immunofluorescence microscopy of dermal venules and
renal glomeruli reveals granular vessel wall deposits of pre-
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dominantly IgA and C3, supporting a pathogenic mechanism
that involves IgA-dominant immune complexes (Baart de la
Fille-Kuyber et al., 1973; Namba et al., 1977).

Autoimmune Features

The role of autoimmunity in Henoch–Schönlein purpura
is unclear. There have been conflicting reports about the
presence of IgA-ANCA in patients with Henoch–Schönlein
purpura and IgA nephropathy that is usually detected only
by ELISA. This most likely is not an antigen–antibody reac-
tion but rather binding of IgA mediated by the abnormal
composition of IgA carbohydrate side chains in patients with
Henoch–Schönlein purpura and IgA nephropathy (Coppo et
al., 1997).

Davin et al. (1987) detected IgA anti-a-galactosyl 
antibodies in the serum of children with active Henoch–
Schönlein purpura nephritis and IgA nephropathy. This
finding is intriguing because of the known association
between Henoch–Schönlein purpura and infection with
pathogens that have a-galactosyl residues on their surfaces,
but the relevance of these antibodies to the pathogenesis of
Henoch–Schönlein purpura is uncertain.

Genetic Features

No HLA-A, HLA-B or HLA-C associations were
observed in 26 patients with Henoch–Schönlein purpura
(Ostergaard et al., 1990). Amoli et al. (2002a; 2002b)
reported an increased prevalence of HLA-DRB101 and a
decreased prevalence of HLA-DRB107 among Henoch–
Schönlein purpura patients. They also observed an increased
prevalence of HLA-B35 and IL-1 allele polymorphism 
in Henoch–Schönlein purpura patients with glomerulo-
nephritis (Amoli et al., 2004). The severity of nephritis 
and renal outcome were influenced by the IL-1 gene 
polymorphism.

Environmental Influences

Approximately 40% of children have an upper 
respiratory tract infection near the time of onset of Henoch–
Schönlein purpura, most commonly with group A Strepto-
coccus (Masuda et al., 2003; Gonzalez-Gay et al., 2004;
Ting and Hashkes, 2004). The pathogenic relationship
between the infection and the onset of disease is unclear.
Theoretically, this association could be because of a specific
acquired immune response that is initiated by the infection,
or because of a nonspecific amplification of immune acti-
vation that augments an underlying pathogenic mechanism,
such as production of aberrantly glycosylated IgA (Allen et
al., 1998).
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Animal Models

There is no good animal model for Henoch–Schönlein
purpura. There are a few animal models of IgA nephro-
pathy, which is the glomerular lesion of Henoch–Schönlein
purpura. Many of these involve oral or nasal immunization
with dietary or infectious antigens (Amore et al., 2004).
Uteroglobin gene knock-out and uteroglobin antisense 
transgenic mice develop pathologic features of human IgA
nephropathy (Zheng et al., 1999), but the relevance of this
to human disease is unclear because reduced uteroglobin has
not been observed in patients with IgA nephropathy (Coppo
et al., 2002).

Pathogenic Mechanisms

A leading hypothesis is that Henoch–Schönlein purpura
is an immune complex vasculitis resulting from a dysregu-
lated mucosal immune response to environmental or 
infectious antigens in a genetically predisposed individual.
IgA-dominant immune complex deposits in vessel walls are
the putative mediators of the inflammation. The predomi-
nant subclass is IgA1. The major antigen in the complexes
is unknown. Because of the association with infections, an
antigen derived from a pathogen has been sought. Masuda
et al. (2003) reported the discovery of streptococcal antigens
in the glomeruli of patients with Henoch–Schönlein purpura
glomerulonephritis, but this has not been independently 
confirmed.

Human IgA1 has an O-glycosylated hinge region that is
not found in other immunoglobulin classes. There is a reduc-
tion of galactosyl residues in this hinge region in IgA1 from
patients with IgA nephropathy and Henoch–Schönlein
purpura (Allen et al., 1998). This reduced galactosylation
may be due to a functional defect in plasma cell b-1,3-galac-
tosyltransferase. The abnormal hinge region glycosylation
alters IgA1 structure, resulting in IgA1 homo aggregation,
greater affinity for matrix proteins in vessel walls (includ-
ing glomerular mesangium), and greater complement acti-
vation, which could result in localization of IgA-dominant
deposits in vessel walls with resultant complement activa-
tion and vasculitis.

Immunologic Markers in Diagnosis

There are no specific immunologic markers for
Henoch–Schönlein purpura other than the immunohistologic
identification of IgA-dominant immune deposits in vessels.
Increased levels of serum IgA–fibronectin aggregates have
been observed in patients with IgA nephropathy and
Henoch–Schönlein purpura (Jennette et al., 1991), but this
finding is not specific or sensitive enough for diagnostic 
use. 
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Treatment and Outcome

Henoch–Schönlein purpura usually is a mild, self-
limited, vasculitis that does not warrant corticosteroid or
cytotoxic therapy (Robson and Leung, 1994). Less than 5%
of patients have serious complications, usually progressive
renal failure. Patients with rapidly progressive glomerulo-
nephritis or severe CNS disease benefit from immuno-
suppressive therapy, e.g., with high-dose corticosteroids,
cytotoxic drugs or plasmapheresis (Gedalia, 2004; Ting and
Hashkes, 2004). The overall prognosis is excellent even
though one-third to one-half of patients will have one or
more recurrences of symptoms, usually within 6 weeks, but
rarely years later (Gedalia, 2004).

BEHÇET’S DISEASE 

Clinical, Pathologic, 
and Epidemiologic Features

Behçet’s disease is a multisystem, recurrent inflammatory
disease that was described by Behçet (1937; 1940) on the
basis of a triad of symptoms—oral ulcers, genital ulcers, and
uveitis. However, virtually any organ system can be
involved. SVV is the underlying lesion in many tissues
(Figure 65.7B). In addition to small vessels, medium-sized
and large arteries and veins may be involved, resulting in
arterial aneurysms and thrombophlebitis (Ehrlich, 1997).
Even here, the initial lesions appear to be in small vessels
within the adventitia or muscularis of the larger vessels
(Kurokawa et al., 2004). Patients with Behçet’s disease are
predisposed to venous and arterial thrombosis. Criteria for
the diagnosis of Behçet’s disease have been established by
the International Study Group for Behçet’s Disease (1990).

Behçet’s disease (“Silk Road disease”) has a unique geo-
graphic distribution, with highest prevalence centering on
the ancient Silk Road from the Mediterranean to Far-East
Asia. The prevalence ranges from approximately 400 in
100,000 in Turkey to 100 in 100,000 in Japan to 1 in 100,000
in Western Europe and the US (Watts and Scott, 2004).

The onset of Behçet’s disease is usually in the fourth
decade of life and rarely before puberty or after the age of
50 years. Male sex, HLA-B51 positivity, and a younger age
of onset are associated with more severe disease and more
vasculitis (Alpsoy et al., 2005).

Autoimmune Features

Patients with Behçet’s disease have T and B cells that are
specific for self-peptides derived from heat-shock protein 60
(HSP60) that are highly homologous to bacterial HSP65
(Stanford et al., 1994; Hu et al., 1998). These autoreactive
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lymphocytes may play a role in pathogenesis, as described
below. AECAs have been reported in Behçet’s disease
(Direskeneli et al., 1995), but their pathogenic significance
is unknown.

Mor et al. (2002) have identified autoantibodies to
tropomyosin in some patients with Behçet’s disease, but this
has not been confirmed.

Genetic Features

Behçet’s disease is strongly associated with HLA-B51 in
many different ethnic groups between the Middle East and
Japan (Mizuki et al., 1997). Interestingly, the distribution of
populations with a high frequency of HLA B51 parallels the
distribution of Behçet’s disease. The association between
HLA-B51 and Behçet’s disease does not hold true outside
the Silk Road area (Sakane et al., 1999). 

Environmental Influences

Infections have been implicated in the induction of
Behçet’s disease; however, a causal relationship has not
been elucidated (Sakane et al., 1999). One possible link is
through an immune response to microbial HSPs that stimu-
lates an autoimmune response to homologous self-HSPs
(Direskeneli, 2001)

Animal Models

Stanford et al. (1994) injected eight HSP peptides into the
footpads of Lewis rats. Anterior uveitis, which is a major
manifestation of Behçet’s disease, was induced with six of
the eight peptides. The most pathogenic peptides were
derived from the sequence of human 60-kDa HSP and
induced uveitis in 64–75% of rats.

Hu et al. (1998) injected a human 60-kDa HSP-derived
peptide subcutaneously into rats and induced uveitis in 80%.
Uveitis also was induced in 75% of rats given the peptide
orally, 75% given the peptide nasally, and 92% given the
peptide by both routes. Treatment with monoclonal antibody
to CD4 T-lymphocytes or with IL-4 caused a decrease in
uveitis. Conversely, treatment of the rats with monoclonal
antibody to CD8 lymphocytes greatly enhanced the speed of
onset of uveitis.

Mor et al. (2002), who have identified autoantibodies to
tropomyosin in the sera of patients with Behçet’s disease,
immunized Lewis rats with bovine a-tropomyosin. The
immunized rats developed uveitis and skin lesions with neu-
trophil-rich inflammation. Tropomyosin is found in many
cell types, including endothelial cells, which raises the 
possibility that antibodies to tropomyosin can function as
AECAs (Kaneko et al., 2004).
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Pathogenic Mechanisms

The cause of Behçet’s disease has not been completely 
elucidated. Acute inflammation lesions, including the 
vasculitis lesions, show intense infiltration of neutrophils.
Circulating neutrophils from patients with Behçet’s disease
have evidence for increased priming (activation), such as
increased production of oxygen radicals and enhanced
chemotaxis (Sakane et al., 1999). There are increased cir-
culating cytokines that activate neutrophils and endothelial
cells, such as TNF-a, IL-1b, and IL-8 (Sakane et al., 1999).
This enhanced activation of neutrophils and endothelium
could be acting in concert with other acquired or innate
immunologic mechanisms to cause vasculitis. Jorizzo et al.
(1985) examined the earliest acute lesions in small vessels
and suggested an immune complex pathogenesis, but there
is no definitive confirmation for participation of vessel wall
immune complexes in disease induction. An autoimmune
response to HSPs could be playing a primary or secondary
role in the inflammation. Direskeneli (2001) has proposed
that streptococcal and human HSP60 expression may be
upregulated in oral and genital mucosa and skin after non-
specific minor injuries stimulate self-HSP60 reactive clones.
These T-cells might then traffic to other organs to cause sys-
temic inflammation, e.g., in the ocular compartment where
they could interact with retinal HSP60.

Immunologic Markers in Diagnosis

There is no specific immunologic marker for Behçet’s
disease. Lehner (1997) has proposed that the specific 
proliferative response of T-lymphocytes to four peptides
derived from HSP65 can be used as a laboratory test for the
diagnosis of Behçet’s disease, but this approach has not been
validated.

The skin pathergy test is a classical marker for Behçet’s
disease. A positive result is an area of erythematous indura-
tion 2mm or larger in diameter at the site of a sterile needle
stick. Typically, a positive reaction peaks at 48 h and
resolves in 4–5 days.

Treatment and Outcome

The treatment and outcome of Behçet’s disease is depen-
dent on the nature and severity of the clinical manifestations,
which vary from very mild and limited to the classical triad
locations to very severe with life-threatening involvement of
the CNS, gastrointestinal tract or large vessels (Sakane et
al., 1999). Anti-TNF-a therapy has been used successfully
for refractory or sight-threatening ocular disease, especially
uveitis (Murray and Sivaraj, 2005). Topical treatment with
corticosteroids usually is sufficient for mucocutaneous
lesions unless eye or vital organs are affected. High-dose
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corticosteroids sometimes combined with immunosuppre-
sive drugs are required to manage CNS disease or arteritis.
Surgical intervention may be required for large vessel
disease with aneurysms or occlusion.

CONCLUDING REMARKS

A variety of pathogenic immunologic mechanisms,
including autoimmune processes, mediate necrotizing arteri-
tis and SVV. Clinically, and even pathologically, identical
disease can be produced by distinctly different mechanisms;
and a given pathogenic mechanism can produce more than
one clinical and pathologic pattern of vasculitis. Because
different organs can be affected in different patients, the
clinical manifestations of even relatively specific types of
vasculitis are extremely variable among patients. Therefore,
the diagnosis of systemic vasculitis, including autoimmune
vasculitis, is difficult, and requires skillful integration of
clinical, pathologic, and laboratory data. Although difficult,
precise diagnosis is essential for proper management,
because the prognosis and appropriate treatment vary 
substantially among different categories of vasculitis. As
knowledge of pathogenic immunologic mechanisms and
inflammatory mediator systems increases, more effective
treatments for immune-mediated vasculitis will emerge,
which will make precise diagnosis even more important.
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FIGURE 65.6 Putative pathogenic mechanism for antineutrophil cytoplasmic autoantibody (ANCA)-induced vas-
culitis. ANCA antigens (granule proteins) that are normally within the cytoplasm of neutrophils are transferred to the
surface by cytokine priming, where they can interact with ANCAs. Some antigens also are released and can bind to
endothelial cells. These free and bound antigens can also react with ANCAs. The interaction of neutrophils with ANCAs
induces full activation with respiratory burst and degranulation, which causes vascular injury (vasculitis). 

Reproduced with permission from Jennette and Falk (1998).

A B
FIGURE 65.3 A, Necrotizing arteritis in a small artery and B, necrotizing glomerulonephritis in a patient with micro-
scopic polyangiitis. The artery and glomerulus have bright red staining for fibrinoid necrosis in this Masson trichrome
stain. The artery and adjacent tissue are infiltrated by neutrophils and mononuclear leukocytes. The glomerulus has a
cellular crescent.
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VASCULITIDES OF LARGE AND
MEDIUM-SIZED BLOOD VESSELS

Vasculitides stand out among the immune-mediated 
diseases for their potential to rapidly progress to life-
threatening complications. Inflammation in the wall of
medium-sized and large blood vessels is considered a
medical emergency that requires prompt diagnosis and ther-
apeutic management. Arteritides threaten the host through
two different mechanisms (Weyand and Goronzy, 2003a).
Destruction of the vessel wall leads to aneurysm formation,
rupture, and hemorrhage. Alternatively, arteritis initiates
luminal stenosis with subsequent occlusion, tissue ischemia,
and infarct.

Inflammation in venous vessels is rare, whereas the
layered wall structure of large arteries appears to be a pre-
ferred site for granulomatous vasculitis, including giant cell
arteritis (GCA) and Takayasu’s arteritis (TA) (Table 66.1).
Both target the aorta and its major branches. However, the
overlap in affected vascular territories is only partial, and

each entity also manifests in unique arterial beds. Aortitides
can be associated with other syndromes, such as relapsing
polyarthritis, sarcoidosis, inflammatory bowel disease, and
infections; however, GCA and TA are the most frequent
causes of aortic wall inflammation (Rojo-Leyva et al.,
2000). Notably, age is a strong risk factor for each for these
vasculitides with the old susceptible to GCA and the young
susceptible to TA. The pathologic and radiographic features
can be indistinguishable, and clinical information is 
necessary to allow for proper diagnosis and classification
(Gravanis, 2000).

GIANT CELL ARTERITIS

Giant cell arteritis is also known as temporal arteritis,
cranial arteritis, granulomatous arteritis, polymyalgia arteri-
tis, and Horton’s disease. Typically, granulomatous lesions
are formed in the wall of medium-sized arteries, particularly
in the upper extremity and cranial branches of the aorta.
CD4+ T cells are recruited to the adventitia of affected blood
vessels where they interact with tissue-residing dendritic
cells (DC) and undergo in situ activation. Activated T cells
regulate the differentiation of macrophages into tissue-
injurious effector cells and orchestrate the production of
growth factors intimately involved in the process of intimal
hyperplasia. Vessel stenosis/occlusion leads to ischemia, and
blindness-inducing ischemic optic neuropathy is one of the
most feared clinical manifestations. Variations exist in the
vascular inflammation, which translate into differences of
the clinical disease profile. The diagnosis can be made by
biopsy of the temporal artery. Almost all patients are older
than 50 years of age, and the highest incidence has been
reported in persons of Northern European ancestry. If 
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diagnosed early and treated appropriately, the clinical
outcome is excellent (Weyand and Goronzy, 2003a; 2003b).

Historic Background

In 1932, Bayard Horton and colleagues (Horton et al.,
1932) reported on two patients admitted to the Mayo Clinic
with “fever, weakness, anorexia, weight loss, anemia and
painful, tender areas over the scalp and along the temporal
vessels.” Histomorphology of the removed temporal artery
described periarteritis and arteritis with granulation tissue in
the adventitia. Horton recognized that this type of arteritis
was distinct from all other vasculitic syndromes and named
it “temporal arteritis.” Prior descriptions of temporal artery
disease suggest that GCA may be a very old disease. In
1890, the English surgeon Jonathan Hutchinson described a
patient with a red and swollen temporal artery who had dif-
ficulties wearing his hat (Hutchinson, 1890). In the grave of
Pa-Aton-Ern-Hebs, built during the Amarna period (around
1350 AD), a blind harpist was shown with nodularity and
swelling of the temporal artery. And Ali Ibn Isa (940–1010
BC), an ophthalmologist in Baghdad, recommended removal
of the temporal artery not only to treat headaches, but also
inflammation of the scalp muscles associated with blindness
(Henriet et al., 1989).

Horton deserves credit for recognizing the connection
between the constitutional symptoms and the arteritis of the
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temporal vessels and for introducing temporal artery biopsy
as a diagnostic test.

Clinical, Pathologic, 
and Epidemiologic Features

The clinical manifestations of GCA are characterized by
two major dimensions: 1) arterial stenosis and occlusion of
arteries causing impaired blood flow, ischemia, and tissue
infarction; and 2) systemic inflammation leading to a
massive increase in acute phase proteins, liver abnormali-
ties, anemia, weight loss, malaise, and fever (Table 66.2)
(Evans et al., 2000; Weyand and Goronzy, 2003). Evidence
suggests that the systemic inflammatory syndrome precedes
rather than follows vascular inflammation. Clinical symp-
toms vary depending on the nature of the vascular lesions
and the vascular bed preferentially affected. For clinical 
purposes it is helpful to subdivide the GCA syndrome into
different subtypes, including cranial GCA, non-stenosing
GCA, large vessel GCA, and polymyalgia rheumatica
(PMR).

In cranial GCA, the major focus of the vasculopathy lies
in the branches of the aorta that supply the head and the
neck. Most often affected are the superficial temporal artery,
the vertebral artery, the ophthalmic and posterior ciliary
arteries, and, less frequently, the internal and external carotid

TABLE 66.1 Principal features of giant cell arteritis and Takayasu’s arteritis

Giant cell arteritis Takayasu’s arteritis

Clinical Subacute disease onset Subacute disease onset
Restricted to individuals older than 50 years 90% of patients are female
Highest incidence in individuals with Highest risk in Asian and South American populations

Northern European ancestry Systemic inflammatory syndrome with malaise, fever, arthralgias, 
Often combined with polymyalgia rheumatica and chest pain

Preferred vascular territories Extracranial branches of the carotid artery Aorta
Subclavian–axillary junction Innominate, carotid, subclavian, mesenteric, renal arteries
Aorta

Severe complications Blindness Stroke
Stroke Pulselessness
Aortic aneurysm Visual impairment
Wasting Aortic regurgitation

Hypertension

Pathogenesis Key cellular elements in vasculitic lesions: Key cellular elements in the vascular lesions: perforin-producing 
arterial wall dendritic cells, interferon-g- T cells and natural killer cells
producing CD4+ T cells, tissue injurious Instigator of vessel wall inflammation unknown
macrophages Systemic inflammatory syndrome

Trigger of immune-mediated vascular 
inflammation unknown

Intense systemic inflammation with highly 
elevated interleukin-6 and hepatic acute 
phase reactants
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arteries. Clinical consequences of vascular insufficiency
include headaches, scalp tenderness, claudication of the
masseter muscles, and vision loss due to ischemia in the
visual pathway. The headaches are often intense, throbbing,
and sharp in character, and are combined with temporal ten-
derness. On physical examination, the temporal vessels are
thickened, with nodules and absence of pulses. Other arter-
ies of the scalp can be involved. Vision loss is one of the
reasons that GCA is considered a prime ophthalmic emer-
gency. Occlusion in branches of the ophthalmic artery
results in ischemic optic neuropathy that causes sudden and
pain-free blindness. Amaurosis fugax can precede complete
vision loss. Patients with blindness in one eye are at high
risk to suffer additional visual loss in the other eye. Vascu-
lar insufficiency of arteries supplying the orbita can cause a
wide spectrum of ophthalmic complications, but ischemic
optic neuropathy remains the most frequent ophthalmic
manifestation (Glutz von Blotzheim and Borruat, 1997).
Intermittent claudication of the masseter and temporal
muscles are relatively disease-specific symptoms but only
affect a fraction of patients (Smetana and Shmerling, 2002).
Usually, jaw claudication is induced by chewing or pro-
longed talking. Claudication of the tongue and painful dys-
phagia can occur. Impaired blood flow in the vertebrobasilar
and carotid arteries causes ischemia of the central nervous
system, e.g., transient ischemic attacks or stroke. Chronic
nonproductive cough has been attributed to vasculitis of pul-
monary artery branches.
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In a subset of patients, the primary targets of vasculitis
are the subclavian, axillary, and carotid arteries, and the
aorta itself (Brack et al., 1999; Salvarani, 2003). Presenting
symptoms of upper extremity vasculitis are claudication of
the arms, loss of pulses, paresthesisas, and, only rarely, 
frank gangrene. Temporal artery biopsies are often negative,
and, in the majority of patients, symptoms indicative of
cranial ischemia are lacking (Brack et al., 1999). Aortitis can
coexist with cranial arteritis or large vessel involvement 
and predominantly manifests in the thoracic aorta. Silent
aneurysm, aortic dissection, or rupture is a consequence of
destruction of the elastic membranes (Evans et al., 1984;
Lie, 1995). Not unusually, histomorphologic evidence of
vasculitis is found during surgical repair of aortic aneurysm.
Aortic involvement is typically seen in patients many years
after the initial diagnosis of GCA, suggesting a smoldering
disease process.

Inflammation of medium-sized arteries in GCA does not
necessarily lead to vascular stenosis but may manifest as
non-stenosing vasculitis. Only in recent years has it become
clear that patients with non-stenosing GCA present with a
different clinical profile than those who have lumenal occlu-
sion (Weyand et al., 1997). In non-stenosing GCA, the dom-
inant features are those of intense systemic inflammation,
often manifesting as fever and wasting. Frequently such
patients seek medical attention because of nonspecific
symptoms such as malaise, depression, anorexia, and weight
loss and are subjected to a work-up for underlying malig-
nancy. Lack of cranial symptoms, such as headaches, scalp
tenderness, and abnormal temporal artery, can generate a
challenging clinical scenario in which only the experienced
clinician will search actively for vasculitis. Temporal artery
biopsy is the diagnostic procedure of choice.

The vasculitic component of GCA may remain subclini-
cal with the systemic inflammatory syndrome appearing in
isolation (Weyand and Goronzy, 2003b). Signs and symp-
toms of impaired blood flow are missing, and clinical find-
ings are dominated by myalgias, stiffness, and laboratory
signs of heightened acute phase response. This subtype of
GCA is best known as PMR, a clinical syndrome that is
about two- to threefold more frequent in incidence than
GCA (Doran et al., 2002; Salvarani et al., 2002). Polymyal-
gia rheumatica and GCA are closely related entities, affect-
ing the same patient population. They can occur together,
and PMR can precede or follow GCA. Histologic examina-
tion of arterial biopsies is unrevealing, but molecular analy-
sis of arterial tissues demonstrates the activation of immune
responses in the vessel wall (Weyand et al., 1994a). Lead
symptoms are those of shoulder girdle and pelvic girdle pain
and stiffness. Synovitis of hip and shoulder joints has been
described in some patients with PMR (Salvarani et al., 1999;
Cantini et al., 2001). It has been suggested that arteritic and
synovitic forms of PMR exist. However, the diagnosis of
PMR is founded on nonspecific findings, such as pain and

TABLE 66.2 The clinical profile for giant cell arteritis

Sign/Symptom Frequency (%) Pathology

Headaches 80
Scalp tenderness 70
Jaw claudication 30
Ocular symptoms (blindness, <20

amaurosis fugax, motor 
deficit)

Painful dysphagia <10
Cough <10
Limb claudication 10

Vascular stenosis

Absent pulses <10
Asymmetric blood pressure <10

readings
CNS ischemia <5
Peripheral neuropathy <5
Aortic regurgitation <5 Vascular dilatation
Intense acute phase response 90

(elevated ESR, CRP, IL-6)
Anemia 70 Systemic 
Polymyalgia rheumatica 40 inflammation
Wasting syndrome 30
Synovitis <5

CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; IL-6,
interleukin 6.
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elevated acute phase proteins, making it currently impossi-
ble to arrive at an objective case definition.

The Vascular Lesion

In its typical form, GCA is a panarteritis with T
lymphocytes and macrophages infiltrating into all layers of
the vessel wall (Figure 66.1) (Gravanis, 2000). In about half
of the cases, granulomatous formations are seen. Giant cells,
which give the name to the syndrome, are not necessarily
present. They have a tendency to accumulate at the media–
intima border, often closely related to the fragmented 
internal elastic lamina. Inflammatory infiltrates are usually
segmental but can be circumferential. Most typical is the
focal placement of lesions producing the so-called “skip”
pattern of vasculitis. In some patients, the infiltrates are pre-
dominately composed of lymphocytes without granuloma
formation. The intima is hyperplastic, obstructing the lumen.
Frequently, the adventitia is infiltrated by T cells and
macrophages. Clusters of lymphocytes and macrophages in
the adventitia, at times arranged as cuffs around vasa
vasorum, should be considered sufficient to establish the
diagnosis of GCA (Björnsson, 2002).

Epidemiology

Among the vasculitic syndromes, GCA is the most fre-
quent in the Western world. Age is the most significant risk
factor; the disease almost exclusively occurs in individuals
older than 50 years of age, and susceptibility increases as
individuals get older (Machado et al., 1988; Salvarani et al.,
2004). The female-to-male ratio of patients is 3 :1. A char-
acteristic feature of GCA is pronounced geographical vari-
ations in prevalence. The range of incidence rates spans
between 1 and 25 cases in 100,000 persons aged 50 years
and older. Highest incidence rates have been reported in
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Northern Europe, including Iceland, Denmark, and Sweden
(Baldursson et al., 1994; Nordborg et al., 2003), as well as
in areas of North America settled by populations of Scandi-
navian origin (Machado et al., 1988), such as Minnesota.
Conversely, blacks and Hispanics are infrequently affected
(Smith et al., 1983; Gonzalez et al., 1989).

Genetic Features

Giant cell arteritis is an HLA class II-associated disease
(Weyand et al., 1992; 1994b). HLA-DR4 confers the highest
risk to develop arteritis. Several allelic variants of HLA
DR B1*04 are overrepresented among affected individuals.
Sharing of sequence polymorphisms in the antigen-binding
groove of HLA-DR molecules have been cited as evidence
for a role of antigenic peptides in disease initiation. HLA
class II polymorphisms seem not to influence the patterning
or severity of the disease. Minor effects of polymorphisms
in multiple non-HLA genes, such as corticotrophin-
releasing hormone, CCL5 (RANTES), intracellular adhe-
sion molecule 1 (ICAM-1), and interleukin 6 (IL-6), have
been suggested, some with controversial results (Gonzalez-
Gay et al., 2003). It is possible that the marked geographi-
cal variations in disease susceptibility are related to
differences in population genetics, for example, the repre-
sentation of HLA class II haplotypes.

Pathogenic Mechanisms

Progress has been made in deciphering the pathogenic
mechanisms relevant for the inflammatory injury of the
vessel wall (Weyand, 2000; Weyand and Goronzy, 2003a).
Data on the systemic component with the massive upregu-
lation of acute phase responses are more limited. A com-
prehensive pathogenic model would have to explain why
individuals of Scandinavian origin develop granulomatous
lesions in the walls of selected medium-sized arteries 
when they reach the seventh to eighth decades of their lives;
how panarteritis translates into occlusive vasculopathy; and
how vascular insufficiency is related to the clinical profile
of the syndrome. Over the last decade, much progress has
been made in understanding the pathways of immuno-
stimulation in the artery and how the immune system regu-
lates vessel stenosis/occlusion. A concept explaining the 
target tissue susceptibility of selected arterial territories is
emerging.

Principally, GCA is a chronic inflammatory disease in
which CD4+ T lymphocytes establish stable lymphoid
microstructures in the arterial wall and orchestrate the dif-
ferentiation of tissue-injurious macrophages (Figure 66.2).
The response-to-injury program of the vessel is maladaptive
and leads to overshooting proliferation of the intimal layer
resulting in luminal occlusion, ischemia, and infarct of
dependent organ structures.

Figure 66.1 Giant cell arteritis. Cross-section of the temporal artery
from a 78-year-old patient. A, Note transmural inflammation with granu-
loma formation in the inner media and along the intimal–medial junction.
Partial occlusion of the lumen by thickened intima. B, Detailed view of
several multinucleated giant cells, close to the fragmented internal elastic
lamina.

Reproduced with permission from Weyand and Goronzy, 2003a.
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T cells and Antigen-presenting Cells in Giant 
Cell Arteritis

The vast majority of T cells in the lesions are CD4+ T
cells of the memory phenotype (Andersson et al., 1987). All
evidence suggests that CD4+ T cells enter the vessel wall
through the vasa vasorum and not from the main lumen.
They infiltrate into the adventitia recruited by chemokines
that derive from DCs positioned at the adventitia–
media border (Krupa et al., 2002). Adventitial DCs are an
indigenous cell population that was only recently described
(Ma-Krupa et al., 2004). They form a circumferential ring
along the lamina elastica externa. They express typical DC
markers, such as CD11c, fascin, and S-100 but lack CD1a
and thus are distinct from Langerhans cells in the skin. 
Functional profiling has demonstrated that they possess Toll-
like receptors (TLR) and respond to pathogen-associated
molecular patterns. 

TLRs are characteristically found on cells of the innate
immune system; they are specific for molecular patterns that
are generated by pathogens or by tissue injury related to
infection (Banchereau and Steinman, 1998; Kaisho and
Akira, 2003). Dendritic cells expressing TLRs are placed in
strategically important sites, e.g., in the skin and below
mucosal surfaces, where they constantly probe their
microenvironment for TLR ligands. Classical examples of
such ligands are lipopolysaccharides, flagellin, viral RNA,
bacterial DNA, and also heat-shock proteins (see Chapter 9).
The triggering of TLRs, together with additional signals, 
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initiates the maturation of immature DCs. Upon maturation,
such DCs switch their chemokine receptor profile, become
migratory, and travel via lymphatic vessels to secondary
lymphoid tissues, such as lymph nodes. There they home to
the T-cell zones, become stationary, start producing T-cell-
attracting chemokines, and upregulate the expression of
antigen-presenting HLA molecules and co-stimulatory 
molecules. 

It is not known what the physiological role of adventitial
DCs is and what they are checking for. Experiments that uti-
lized the implantation of human temporal arteries into
immunodeficient mice have revealed that such adventitial
DCs respond to LPS and undergo rapid activation when trig-
gered by blood-borne mediators (Ma-Krupa et al., 2004). In
GCA, almost all DCs in the wall are highly activated and
have adapted a functional profile reminiscent of that in 
lymphnode-positioned DCs (Krupa et al., 2002). They
produce high amounts of chemokines, are no longer migra-
tory, and can present antigens to T cells. It has been pro-
posed that one of the pathomechanisms in GCA is the
trapping of arterial wall DCs in the tissue instead of allow-
ing them to migrate to lymph nodes, which leads to a mis-
placed immune response.

Experiments in patients with PMR who lack T-cell infil-
trates in the temporal artery have supported the concept that
DC activation is a very early step in the disease process 
(Ma-Krupa et al., 2004). In fact, DCs in PMR arteries have
already acquired the capability to produce T-cell-attracting
chemokines. If appropriate T cells are made available, they
will initiate T-cell recruitment and in situ activation. How
patients with PMR are protected from accumulating T cells
in the artery, although tissue-residing DCs have already
matured, is not understood.

Once CD4+ T-cells have made their entrance into the
adventitial layer of medium-sized arteries, they undergo
local activation (Weyand et al., 1994c; Brack et al., 1997).
The major consequence is production of interferon-g (IFN-
g), a key cytokine in the disease (Wagner et al., 1996). Inter-
feron-g production remains localized in the adventitia, even
when the disease progresses and panarteritic infiltrates form.
CD4+ T cells undergo clonal expansion and regulate the
attraction of macrophages into the lesions. Studies in right-
sided and left-sided temporal artery specimens from the
same patient have shown that identical T-cell clonotypes
emerge in physically separated lesions (Weyand et al.,
1994c), providing strong support for antigen-driven selec-
tion (Weyand and Goronzy, 1995).

The intensity of IFN-g production, which could be
viewed as a measure of T-cell activation in the vasculitic
lesions, has been correlated with the clinical manifestations
of this disease. Patients with high production of IFN-g in the
artery have more intense intimal hyperplasia, more visual
symptoms, and cranial ischemia. Patients with distinctly low
production of IFN-g in the temporal artery sample often lack

ϕ

F

Figure 66.2 Pathogenic pathways in giant cell arteritis. Medium-sized
and large arteries possess a population of indigenous dendritic cells (DC)
that are located in the inner adventitia and respond to triggering of Toll-
like receptors (TLR). Once activated, these DCs recruit and stimulate CD4+

T cells. By producing interferon-g (IFN-g), activated CD4+ T-cells orches-
trate the effector functions of tissue-injurious macrophages (Mj) and of
multinucleated giant cells. Vessel wall damage is mediated through reac-
tive oxygen intermediates (ROI) and matrix metalloproteinases (MMP).
CD4+ T cells also regulate the production of growth and angiogenesis
factors (PDGF, VEGF), which facilitate capillary growth and intimal 
hyperplasia.
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vessel occlusion and tend to present with fever of unknown
origin or other constitutional symptoms (Weyand et al.,
1997).

Depletion experiments have indicated that CD83+ DCs
are the critical antigen-presenting cells and thus have gate-
keeper function in the disease (Ma-Krupa et al., 2004). Since
DCs sit in a unique position in the artery (outside of the
lamina elastica externa), their absence or presence may
dictate whether a particular artery is susceptible to be 
targeted by GCA. This concept pulls together structural
characteristics of blood vessels with susceptibility for
immune-mediated attack and, for the first time, provides a
molecular basis for the unusual patterning of temporal 
arteritis.

Macrophages in Giant Cell Arteritis

There are no data to suggest that T lymphocytes accu-
mulating in the vasculitic infiltrates have direct involve-
ment in wall injury (Weyand and Goronzy, 1999). Rather,
multiple pathways have been identified through which
macrophages mediate tissue damage. Macrophage function
is closely related to the positioning in the wall, suggesting
a tight interaction between infiltrating macrophages and the
cellular and matrix components of the particular microenvi-
ronment (Weyand et al., 1996).

Macrophages placed in the adventitia usually focus on
the production of pro-inflammatory cytokines. IL-1b and IL-
6 have been demonstrated in this macrophage population.
Tumor necrosis factor-a (TNF-a) has been reported to be
present in inflamed arteries, but the cellular source has not
been determined. The staining pattern suggests that most of
the TNF-a is produced in the media (Hernandez-Rodriguez
et al., 2004). Macrophages in the media specialize in gener-
ating reactive oxygen intermediates (Rittner et al., 1999a).
Numerous lines of evidence have demonstrated the contri-
bution of oxidative stress to the disease process. Gene-
expression profiling has guided interest towards oxidative
damage. Toxic aldehydes, products of lipid peroxidation,
have been detected in the medial smooth muscle cell layer
(Rittner et al., 1999a). The formation of nitrotyrosine, a
marker of nitrosative stress, has also been localized to the
media (Borkowski et al., 2002). Interestingly, only endothe-
lial cells of medial neovessels are affected by nitrotyrosine
formation. These studies have pinpointed tissue injury path-
ways, identified the cellular players, and at least partially
described target structures incurring damage.

A noteworthy aspect of the presence of oxidative stress
in the media is the induction of protective mechanisms, such
as the induction of aldose reductase, a ketoreductase with a
role in metabolizing toxic aldehydes (Rittner et al., 1999b).
Blocking aldose reductase in GCA lesions increased apop-
tosis rates of smooth muscle cells, demonstrating a protec-
tive role of the enzyme. There is no information about
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whether patients actually vary in the induction of such 
protective mechanisms, making them more or less suscepti-
ble to oxidative damage.

Other functional properties of media-located
macrophages include the secretion of matrix metallopro-
teinases (MMPs) (Sorbi et al., 1996; Tomita and Imakawa,
1998). CD68-expressing macrophages in the vicinity of the
lamina elastica interna are prone to produce MMP-2 as well
as MMP-9. Such metalloproteinases almost certainly are the
mechanisms underlying the typical fragmentation of the
elastic membranes.

So far, macrophages captured in the intima have not been
assigned to particular injury pathways (Weyand et al., 1996).
They have been described to stain positive for NOS-2, but
downstream effects of nitrosative stress have not been
detected in the intima itself in GCA.

Intimal Hyperplasia

Blockage of the vascular lumen by hyperplastic intima is
the mechanism through which GCA causes vascular insuf-
ficiency and tissue ischemia. Myofibroblasts in the intima
proliferate and deposit matrix. Whether they originate 
from undifferentiated precursors or de-differentiate from
myocytes is not known. They have migrated to the intima
from deeper wall layers, either the media or the adventitia.
Factors regulating myofibroblasts migration and differenti-
ation thus have gatekeeper function in the disease process.

Inflamed temporal artery walls produce platelet-derived
growth factor (PDGF), which derives from at least two cells
types, CD68+ macrophages and resident wall cells (Kaiser
et al., 1999). Numerically, the most important sources are
macrophages in the media, often close to the lamina elastica
interna. Multinucleated giant cells can also produce this
growth factor. Fibroblast growth factor has been described
to be present in vasculitic lesions; its function is unexplored.

The outgrowth of the expanding intimal layer needs to be
supported by the formation of new blood vessels (Kaiser 
et al., 1998; Cid, 2002). Neoangiogenesis typically affects
the media and the hyperplastic intima. Newly formed blood
vessels are highly organized. Multinucleated giant cells have
been found to secrete vascular endothelial growth factor
(VEGF) (Kaiser et al., 1998). In essence, tissue-infiltrating
macrophages appear to have a critical role in regulating the
process of intimal proliferation and neoangiogenesis. Inter-
estingly, VEGF production is correlated with IFN-g pro-
duction, thereby connecting the wall remodeling in the
intima and media with the adaptive immune responses in the 
adventitia.

The Systemic Inflammatory Syndrome

Mechanisms driving the systemic inflammatory compo-
nent of GCA are less well understood. Patients with PMR
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in whom vascular inflammatory infiltrates are undetectable
by standard histology are equally affected by systemic
inflammation as GCA patients with full-fledged vasculitis
(Wagner et al., 1994; Weyand et al., 1999). This clinical con-
stellation has supported the concept that systemic inflam-
mation is not a “spillover” from the vasculitis; instead, it
precedes vascular inflammation and has pathogenic roots
that do not necessarily lead to arteritis.

Typical findings include a massive acute phase response
with manifestations in multiple organ systems (Weyand and
Goronzy, 2003b). Patients show signs of abnormalities in
hematopoiesis, such as anemia and thrombocytosis. Liver
function is often abnormal and shows elevation of alkaline
phosphatase levels. By affecting the central nervous system,
the acute-phase response causes fever, malaise, and depres-
sion. Profound elevation of the erythrocyte sedimentation
rate (ESR), a typical laboratory marker of GCA, is also a
consequence of excessive production of acute phase 
proteins.

The only known pathomechanism related to the systemic
inflammatory syndrome is the production of high amounts
of IL-6 (Roche et al., 1993; Wagner et al., 1994; Weyand et
al., 2000), a cytokine that has been implicated in inducing
acute phase proteins in hepatocytes. In patients with GCA,
as well as those with PMR, circulating monocytes are found
to be spontaneously activated and produce IL-6 (Wagner et
al., 1994). These data suggest initiator function of an acti-
vated innate immune system in the syndrome.

Treatment, Monitoring, and Outcome

The golden standard for treatment of GCA is corticos-
teroids. Patients respond explicitly well, with prompt and
substantial improvement of symptoms within 24–48 hours.
Initial doses of 60 mg of prednisone (or approx. 1 mg per
kg body weight) have been found to be effective in almost
all patients. Indeed, current discussions center on the ques-
tion of whether at least some patients could be successfully
treated with lower doses (Chevalet et al., 2000).

Once patients are stabilized on high doses of corticos-
teroids, daily prednisone doses should be tapered. A reduc-
tion of 10–20% every 2 weeks has proven to be a clinically
useful guidance. Both clinical symptoms and laboratory
markers of inflammation are monitored to guide the taper-
ing process. There is preliminary evidence that IL-6 is a
more sensitive marker of disease activity than ESR, but
properly designed clinical trials have not been performed
(Weyand et al., 2000). A frequent clinical dilemma is a dis-
crepancy between clinical and laboratory findings. To avoid
overutilization of corticosteroids, it has been recommended
that treatment decisions should not be solely based on lab-
oratory results.

Many patients develop signs of flaring disease when cor-
ticosteroids are reduced. Fortunately, severe manifestations,
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such as sight-threatening ischemic complications, appear to
be rare (Aiello et al., 1993; Weyand et al., 2000). Instead,
most disease flares present as PMR or constitutional symp-
toms. Dose adjustments of corticosteroids can effectively
recapture disease control.

Corticosteroids can be discontinued in most patients after
approximately 2 years of therapy. There is evidence that the
disease process does not enter remission but continues with
smoldering activity (Uddhammar, 2000; Weyand et al.,
2000). Whether that chronic state of inflammation requires
continued immunosuppression or can be managed by watch-
ful monitoring is a matter of discussion.

One of the serious long-term consequences of GCA is the
development of aortic aneurysm (Evans et al., 1994; Lie,
1995). Patients need to be informed about this complication,
and monitoring for aortic wall thickness and aortic dimen-
sion has been recommended. It is unknown whether contin-
uous immunosuppression can prevent aortic wall damage.

With an average age of almost 75 years at disease onset
and the duration of therapy for several years, patients are
prone to show steroid side effects (Proven et al., 2003).
Monitoring of blood glucose and blood pressure is obvious.
Also, bone-sparing therapy with calcium and vitamin sub-
stitutions (and other agents if necessary) should be a fixed
component of management.

Given the high rate of steroid side effects, efforts have
been made to identify steroid-sparing therapies. In an exper-
imental model of GCA with human temporal arteries
implanted into immunodeficient mice, aspirin effectively
suppressed IFN-g production and augmented the anti-
inflammatory effects of corticosteroids (Weyand et al.,
2002). In contrast to other chronic inflammatory diseases,
patients with GCA seem not to benefit from methotrexate as
an immunosuppressant. Although results of clinical trials
have been controversial, a well-designed clinical study with
a large cohort of patients could not demonstrate any advan-
tage for methotrexate/corticosteroid combination therapy
compared with corticosteroids alone (Jover et al., 2001;
Spiera et al., 2001; Hoffman et al., 2002). New biologic
agents, such as cytokine inhibitors, are in the process of
being tested for their steroid-sparing activity in GCA.

Overall, the outcome of GCA is good. No shortening of
life expectancy has been reported, emphasizing that highly
aggressive therapies may have to be used with caution 
(Matteson et al., 1996; Gran et al., 2001).

TAKAYASU’S ARTERITIS

Takayasu’s arteritis is a systemic arteritis that predomi-
nantly manifests in the aorta and its major branches. It is
also known as pulseless disease or occlusive thrombo-
aortopathy. The typical patient is a female of Asian or South
American origin presenting with vascular insufficiency and
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generalized inflammation in the second or third decades of
life. But care has to be taken not to miss the diagnosis in
males and middle-aged individuals. Inflammatory infiltrates
in the wall of large elastic arteries induce thickening of the
adventitia, destruction of the media, and hyperplasia of the
intima (Figure 66.3) (Gravanis, 2000). Recently, diagnosis
and management of TA have benefited from advances in
non-invasive imaging methods and more aggressive use of
surgical procedures.

Historic Background

In 1830, Yamamoto reported the first case of TA. In 1908,
M. Takayasu was the first to describe peculiar optic fundus
abnormalities with coronal anastomosis (Takayasu, 1908),
which 40 years later were interpreted as neovascularization
and anastomosis secondary to ischemia caused by the 
occlusion of cervical vessels. In 1951, Shimizu and Sano
described a cohort of 31 cases and made the connection
between pulselessness, coronal anastomosis of retinal
vessels, and carotid abnormalities and called it pulseless
disease (Shimizu and Sano, 1951).

Clinical, Pathologic, 
and Epidemiologic Features

Takayasu’s arteritis is a rare disease with incidence rates
of 1–2 cases in 1 million individuals per year (Watts and
Scott, 1997). The most significant risk factors are female
sex, age less than 40 years, and selected ethnic origin. The
highest prevalence rates have been reported for Asian coun-
tries, including Japan, Korea, China, India, Thailand, and
Turkey (Koide, 1992). South American countries, such as
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Mexico, Brazil, Columbia, and Peru, are now also consid-
ered higher incidence areas (Dabague and Reyes, 1996). The
disease does occur in whites, can affect males, and needs to
be kept in mind as a differential diagnosis in older individ-
uals with aortitis or large vessel vasculitis.

Prominent histomorphologic findings include the thick-
ening of the aortic wall which may involve all three layers 
(see Figure 66.3) but often is most significant in the adven-
titia (Gravanis, 2000; Björnsson, 2002). Extensions of
inflammatory infiltrates and fibrosis into the periaortic
tissues are not unusual. Most often, the aortic lumen is com-
promised, but stenotic lesions can alternate with aneurysmal
dilatation giving rise to fusiform or saccular aneurysms.
Also characteristic are “skipped” areas with normal vessel
wall next to densely inflamed regions. Besides the aorta and
its primary branches, coronary and pulmonary arteries can
be involved.

Microscopic examination shows inflammatory infiltrates
composed of lymphocytes and plasma cells primarily
around the vasa vasorum, causing vasa vasoritis with
lumenal stenosis. Lymphocytes, plasma cells, and occa-
sional giant cells accumulate in the media, sometimes com-
plicating the distinction between GCA and TA (Gravanis,
2000). Patches of medial necrosis can occur, and destruction
of elastic membranes is typical. Growth of fibroblasts and
smooth muscle cells and deposition of acid mucopolysac-
charides result in widening of the intimal layer, similar to
that in fibromuscular hyperplasia. Vascular insufficiency in
the aortic branches is related to ostial stenosis or direct
involvement.

Available data suggest that the clinical spectrum of TA
is different in distinct geographic areas (Numano, 1997).
Japanese, Korean, and North American patients are more
likely to present with impairment of cervical, cerebral, and
upper extremity blood flow and aortic regurgitation, due to
involvement of the ascending aorta and the primary aortic
arch branches. Conversely, in Indian patients, the abdomi-
nal aorta, including the renal arteries, appears to be the 
preferred target, resulting in renovascular hypertension.
Overall, blindness and severe retinal ischemia are less
common now than they used to be (Numano, 2002).

Initial presentation may be dominated by a generalized
inflammatory syndrome with fever, night sweats, weakness,
arthralgias, and chest pain (Kerr et al., 1994). Direct com-
plications of vessel wall inflammation include headaches,
syncope, visual disturbances, and face and neck pain from
insufficient blood flow in the cervical vessels (see Table
66.3). Stenotic lesions in the brachiocephalic and subclavian
arteries lead to arm claudication, pulselessness, and 
discrepant blood pressure measurements (Figure 66.4).
Ischemic heart disease is a result of reduction in coronary
blood flow. A feared complication of TA is aortic regurgita-
tion caused by dilatation of the ascending aorta. Congestive
heart failure is not unusual (Endo et al., 2003).

Figure 66.3 Takayasu’s arteritis. Cross-section of an innominate artery.
Note transmural round cell infiltration with dominance of inflammation
along the media–adventitia border. Extensive neovascularization has
occurred in the media. The adventitia shows fibrotic expansion.
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Marked progress has been made in imaging modalities,
compensating at least partially for the difficulties in access-
ing tissue to establish the diagnosis of TA and follow its
course for patients receiving therapy. Besides conventional
angiography, which has been the standard imaging tool for
diagnosing and evaluating patients with TA (see Figure
66.4), a number of alternatives have emerged, including
magnetic resonance (MR) imaging and MR angiography,
computed tomography (CT), Doppler ultrasound, and meta-
bolic imaging with positron emission tomography (PET)
(Kissin and Merkel, 2004). Ultrasound is particularly useful
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in evaluating the carotid arteries, with high sensitivity for
submillimeter changes in wall thickness. Both CT and MR
imaging provide excellent visualization of vessels and their
relationship to neighboring structures and demonstrate both
lumenal and mural abnormalities. Contrast enhancement 
is necessary for CT to depict the vessel lumen, but it can
provide fast information about the aorta and its wall; MR
imaging has inherent multiplanar imaging capabilities, can
be used with or without contrast enhancement, and lends
itself for the evaluation of the aorta ands its major branches
(Matsunaga et al., 2003; Nastri et al., 2004). With the poten-
tial to assess mural edema and vascularity, it has been hoped
that it would be an ideal instrument to monitor disease 
activity and progress in patients on immunosuppression.
However, a recent study has cast doubt on the utility of
edema-weighted MR as a sole means to estimate disease
activity (Tso et al., 2002). A role for PET, which detects
areas of active glucose metabolism in the vascular wall in
identifying early disease, has been suggested (Webb et al.,
2004), but no large-scale controlled studies are available.

Genetic Features

Like GCA, TA is an HLA-associated disease (Kerr et al.,
1994; Salazar et al., 2000). More than half of the Japanese
patients carry the HLA A24-B52-DR2 haplotype (Kimura 
et al., 1996). Non-polymorphic HLA molecules, specifically
MICA, have also been reported to be enriched among
patients (Kimura et al., 1998).

Pathogenic Mechanisms

Despite considerable overlap in the histomorphology and
clinical presentation of GCA and TA, evidence suggests that
pathogenic mechanisms are distinct (Seko, 2002). Whereas
CD4+ T cells producing IFN-g have been identified as key
regulators in the vascular lesions of GCA, they appear to be
less important in TA. In the vascular infiltrates of TA, gd T
cells account for 31% of the cells, natural killer cells for 20%
and CD8+ cytotoxic T cells for 15% (Seko, 2000). CD4+ T
cells, macrophages, and B cells were less frequent. In
support for the concept that cytotoxic cells directly damage
resident cells in the aorta, Seko et al. (Seko et al., 1994) have
shown cellular expression of perforin and deposition of per-
forin directly onto wall resident cells (Figure 66.5). Heat-
shock proteins, in particular HSP65, have been proposed as
the antigen stimulating cytotoxic lymphocytes (Seko et al.,
2000). Restricted usage of T-cell receptor AV and BV genes
in tissue infiltrating T cells also support the concept of selec-
tive expansion of antigen-reactive T cells in the vessel wall
infiltrates (Seko et al., 1996). Dense expression of co-
stimulatory molecules is in line with a role for adaptive
immune responses driving the disease process. Recent 
data suggesting a possible role of metalloproteinases as 

TABLE 66.3 The clinical spectrum for Takayasu’s arteritis

Organ system Sign/symptom Frequency (%)

Vascular Bruit 70
Claudication 70
Reduced/absent pulses 60
Asymmetrical blood pressure 50

CNS Dizziness 40
Visual abnormalities 30
Stroke/TIA 10

Constitutional Malaise 70
Fever 30

Cardiac Weight loss 20
Aortic regurgitation 20
Angina 10
Congestive heart failure <5

Figure 66.4 Takayasu’s arteritis. Angiography of the aortic arch and 
the cervical vessels. The native brachiocephalic artery (black arrow) is
occluded just distal to its origin. A graft has been placed (white arrows)
from the ascending aorta to the right common carotid artery with a sepa-
rate limb connecting to the right subclavian artery. The left carotid artery
and both vertebral arteries are normal.
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biomarkers of disease activities refocus interest on
macrophage-dependent disease mechanisms (Matsuyama et
al., 2003). Destruction of elastic membranes points towards
release of elastolytic enzymes, likely derived from tissue-
infiltrating macrophages.

Much less is known about the pathomechanism of the
systemic inflammatory syndrome. Cytokine levels of IL-6
and RANTES have been reported to be elevated and to 
correlate with clinical activity (Noris et al., 1999).

Treatment and Outcome

Immunosuppressive therapy remains the mainstay of
treatment for this arteritis, but, in contrast to GCA, surgical
procedures are gaining in importance for managing patients
with TA (Tada, 1994).

As with most rare disease, randomized controlled treat-
ment trials are explicitly difficult to perform, are missing, or
are based on small patient numbers. The immunosuppres-
sants of choice are corticosteroids, which are started at a
dose of 40–60 mg/day prednisone. Clinicians in Japan have
advocated doses of only 20–30mg/day (Numano, 2002).
Once acute disease activity is controlled, an effort needs to
be made to reduce corticosteroids. Tapering by 5mg/day
every 2–3 weeks has been adopted as a useful guideline.
However, there has been agreement that a target mainte-
nance dose of 5–10mg/day should be kept stable over a 
prolonged period to avoid exacerbation of vascular and 
generalized inflammation. Although not formally tested,
most patients receive aspirin or an alternative agent to
reduce platelet aggregation and thrombus formation.

About 50% of patients may be considered to be insuffi-
ciently treated with corticosteroid monotherapy (Kerr et al.,
1994). Some of these patients may benefit from metho-
trexate as a steroid-sparing agent (Hoffman et al., 1994).
Mycophenolate mofetil has been reported to show clinical
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efficiency in a small patient cohort (Daina et al., 1999). A
recent report suggests that blocking TNF-a may be helpful
in treating patients with persistent disease activity (Hoffman
et al., 2004).

Monitoring for and managing hypertension is prudent 
in patients with TA. There is an ongoing discussion about
whether vascular inflammation predisposes for the ac-
celerated development and progression of atherosclerosis,
although it may be difficult to separate these disease
processes (Numano et al., 2000). Accelerated atherosclero-
sis demands appropriate monitoring for risk factors and
treatment of dyslipidemia.

Critical renal artery stenosis, limiting claudication of
extremities, cerebrovascular ischemia, coronary ischemia,
and aortic regurgitation may represent indications for surgi-
cal intervention. If clinically possible, quiescence of vascu-
lar inflammation should be aimed for prior to surgery.
Prevention of stroke may be possible if critical stenosis of
cervical vessels is bypassed with grafts originating from 
the ascending aorta. Percutaneous transluminal angioplasty
has emerged as an alternative to bypass surgery, specifically
for renal artery stenosis (Weaver et al., 2004), and may be
useful for preserving the competence of vessels in other 
territories.

The best outcome data for TA are available from Japan
where all patients with TA are registered by the government.
Analysis of 897 patients through 1998 showed that more
than 70% of patients had well-controlled disease, enjoying
almost normal lives. Twenty-five percent of patients had
severe complications. Cardiac manifestations have become
the most common cause of death among TA patients
(Numano, 2002).

CONCLUDING REMARKS—
FUTURE PERSPECTIVES

Vasculitides are infrequent yet clinically challenging dis-
eases because they threaten blood supply to vital organs.
Damage to large and medium-sized arteries immediately
puts the host at risk for severe clinical consequences, as
compensatory mechanisms for losing the function of the
aorta and its major branches are very limited. In contrast to
non-inflammatory vasculopathies, arteritides are character-
ized by a combination of ischemic tissue damage and a syn-
drome of generalized inflammation. Pathogenic mechanisms
relevant for these two dimensions of disease may be distinct
and respond differentially to therapy. Systemic inflammation
is caused by the excessive production of cytokines. In the
cases of GCA and TA, induction of an abrupt and massive
acute phase response is typical. As part of the acute phase
response, patients produce hepatic acute phase proteins that
give rise to diagnostically important laboratory abnormali-
ties, such as increases in ESR and C-reactive protein (CRP).

Figure 66.5 Schematic model of pathogenic pathways in Takayasu’s
arteritis. Vascular infiltrates are predominantly cytotoxic CD8+ T cells, gd
T cells, and natural killer (NK) cells, all of which produce the pore-forming
enzyme perforin and, upon activation, release perforin to kill vessel wall
cells, such as vascular smooth muscle cells. HLA molecules, which serve
as the ligand for CD8+ T cells, and co-stimulatory molecules, which amplify
T-cell activation, are both highly expressed in the vascular lesions of
Takayasu’s arteritis.
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In both GCA and TA, T lymphocytes are the key regula-
tors of tissue injury in the blood vessel wall. They either
mediate direct cellular damage, as in the case of TA, or
orchestrate the functional activity of tissue-injurious
macrophages, as in GCA. Arterial wall injury causes hyper-
proliferation of myofibroblasts and results in thickening of
the intima, the underlying mechanism of vessel stenosis/
occlusion. In GCA, tissue-resident dendritic cells have been
implicated in initiating T-cell activation, possibly after being
triggered by blood-borne stimuli. There is no evidence that
autoantibodies or other B-cell-dependent functions con-
tribute to large vessel vasculitis (Martinez-Taboada et al.,
1996).

Giant cell arteritis and TA are unusual among the chronic
inflammatory diseases in that they respond very well to 
corticosteroids. However, even prolonged therapy can
usually not induce complete remission, and side effects are
common. So far, alternative immunosuppressive agents have
been amazingly ineffective in treating GCA but may have a
role in TA. Major progress could be made by targeting
disease pathways, such as the oxidative damage of vessel
wall resident cells, and the process of intimal hyperplasia
(Weyand and Goronzy, 2003a).

Despite advances in non-invasive imaging methods, it
has proven difficult to monitor patients for disease activity.
Cytokines may be useful biomarkers in assessing the
“burden of disease,” at least as far as the systemic inflam-
matory syndrome is concerned. Well-designed clinical trials
are necessary to validate the use of cytokine levels, partic-
ularly for IL-6, as a marker of disease in patients.

The ultimate challenge in understanding GCA and TA
remains the identification of the initial triggers of the disease
processes. Although infections have been suspected, scien-
tific evidence for their role in starting arteritis is lacking
(Regan et al., 2002; Nordborg and Nordborg, 2003). Local
factors intrinsic to the artery itself, such as dendritic cells
positioned in the adventitia of medium-sized and large arter-
ies, may be instrumental in breaking tolerance and giving
rise to misplaced immune responses (Ma-Krupa et al.,
2004). Also, age is a major risk factor in GCA and TA, sug-
gesting that age-related changes in T-cell function may be
critical determinants of disease susceptibility (Goronzy and
Weyand, 2003).
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Idiopathic bronchiolitis obliterans (IBO), a disorder of
the small airways, and idiopathic pulmonary fibrosis (IPF),
a disorder that affects primarily the alveoli, are chronic
inflammatory/fibrotic disorders that are typically progres-
sive and often fatal. Although both are classified as “lung
disorders of unknown etiology,” there are multiple clues
suggesting that autoimmune mechanisms play a role in the

pathogenesis of both disorders. The focus of this chapter is
to explore the link between autoimmune mechanisms under-
lying IBO and IPF as models for autoimmune disorders of
the lung. To do so, we will first discuss the history and the
clinical features of IBO and IPF, followed by a summary of
the autoimmune, genetic, environmental features, current
concepts of pathogenesis, and the therapies currently avail-
able and under investigation for both disorders.

HISTORY

Although both IBO and IPF are inflammatory/fibrotic
disorders, because they are centered on the bronchioles and
alveoli, respectively, and have different clinical, radiologic,
and pathologic features, they have always been considered
to be different disorders.

Idiopathic Bronchiolitis Obliterans

The term “bronchiolitis obliterans” was first used by
Lange in 1901 when he described two patients in whom the
bronchioles were blocked by plugs of granulation tissue
(Lange, 1901), though those patients likely had what is now
known as “cryptogenic organizing pneumonia” (COP). In
1966, Baar and Galindo used the term “bronchiolitis fibrosa
obliterans” to describe concentric rings of fibrotic tissue in
the wall of the airways (Baar and Galindo, 1966). In 1973,
Gosink et al. employed “bronchiolitis obliterans” to describe
a group of patients that had submucosal and peribronchiolar
infiltrate of granulation tissue resulting in extrinsic narrow-
ing of the bronchiolar lumen (Gosink et al., 1973). In 1981,
Turton et al. added the term “cryptogenic obliterative bron-
chiolitis” to patients that had progressive airflow obstruction
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with no identifiable cause, such as asthma, chronic bronchi-
tis, or emphysema (Turton et al., 1981).

During the 1970s, several rheumatologic conditions, par-
ticularly rheumatoid arthritis (RA), were recognized to be
associated with bronchiolitis obliterans, as were adverse
reactions to therapies used for RA such as gold and penicil-
lamine (Geddes et al., 1977). In 1982, Roca et al. described
the first case of bronchiolitis obliterans as a complication of
bone marrow transplantation in a patient who developed
graft-versus-host disease following an allogeneic bone
marrow transplant for aplastic anemia (Roca et al., 1982).
In 1984, Burke et al. characterized the first case of bronchi-
olitis obliterans associated with a heart-lung transplant
(Burke et al., 1984).

In this chapter, we will focus on “idiopathic bronchi-
olitis obliterans,” the form of bronchiolitis obliterans that is
not associated with any known condition or cause, although
we will use information regarding other forms of bronchi-
olitis obliterans to develop the general concepts of the
autoimmune features of these disorders.

Idiopathic Pulmonary Fibrosis

The first recognition of the broad category of idiopathic
interstitial lung diseases, which includes IPF, is credited to
Osler in 1892, when he described a chronic fibrinoid change
occurring between the alveolus and the blood vessels (Osler,
1892). Osler demonstrated great foresight by also noting that
there were diverse patterns of the disease that made classi-
fication difficult.

Idiopathic pulmonary fibrosis, also referred to as “crypto-
genic fibrosing alveolitis,” “idiopathic interstitial pneu-
monitis,” “usual interstitial pneumonitis,” and “idiopathic
interstitial pneumonia,” was first described by the Czech
pathologist Sandoz in 1907, but went largely unnoticed
(Sandoz, 1907). Hamman and Rich are frequently credited
with the first description of IPF in 1935 (Hamman and Rich,
1935), despite the fact that their initial cases were more
acute in presentation, unlike classic IPF, and may have been
descriptions of acute respiratory distress syndrome. In 1964,
Scadding coined the term “cryptogenic fibrosing alveolitis”
to describe IPF as a diffuse inflammatory and fibrotic lung
disease affecting primarily the alveoli (Scadding, 1964).
Scadding advanced the concept that IPF was a slow, pro-
gressive disease that was distinctly different from the rela-
tively acute process described by Hamman and Rich.

Idiopathic pulmonary fibrosis was further defined by
Liebow and Carrington in the 1960s using histologic crite-
ria. These investigators separated IPF into two morphologic
patterns, which they referred to as “usual interstitial pneu-
monia” (UIP; now often referred to as “usual interstitial
pneumonitis”) and “desquamative interstitial pneumonia”
(DIP; (Liebow and Carrington, 1969). The inflammatory
component of IPF was characterized by our group using
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bronchoalveolar lavage to distinguish IPF from other inter-
stitial lung disorders (Crystal et al., 1976; Reynolds et al.,
1977). The pathologic pattern of UIP was further refined
over the next several decades, including the description of
nonspecific interstitial pneumonia (NSIP) by Katzenstein
and Fiorelli in 1994 as a distinct entity (Katzenstein and
Fiorelli, 1994). The classification system developed by the
American Thoracic Society and European Respiratory
Society in 2001, separates IPF from NSIP and DIP based
primarily on pathologic findings (ATS, 2002).

CLINICAL, PATHOLOGIC, AND
EPIDEMIOLOGIC FEATURES

Idiopathic Bronchiolitis Obliterans

Bronchiolitis refers to nonspecific small airway inflam-
mation and consequent damage to the airway epithelium.
The current classification of the bronchiolar diseases sepa-
rates constrictive bronchiolitis, characterized by concentric
narrowing of the walls of the bronchioles with luminal oblit-
eration, and proliferative bronchiolitis, characterized by an
organizing intraluminal exudate fills and obstructs the 
bronchioles (Figure 67.1). When proliferative bronchiolitis
is associated with diffuse alveolar disease, it is considered a
distinct disease entity and is referred to as “cryptogenic
organizing pneumonia” or “cryptogenic organizing pneu-
monitis” (ATS 2002; King, 2003a). The category of con-
strictive bronchiolitis is subcategorized depending on
whether the dominant pathology is “inflammatory” or
“fibrotic.” The “inflammatory” group of constructive bron-

Bronchiolar diseases

Bronchiolitis
obliterans

Diffuse panbronchiolitis

Cellular bronchiolitis

Follicular bronchiolitis

Constrictive
bronchiolitis

Proliferative
bronchiolitis

Fibrotic Inflammatory

Idiopathic

Transplants

Inhalational injury

Rheumatic disease

Figure 67.1 Relationship of idiopathic bronchiolitis obliterans to other
bronchiolar diseases.
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chiolitis disorders includes cellular bronchiolitis, follicular
bronchiolitis, and diffuse pan-bronchiolitis. The “fibrotic”
group of constrictive bronchiolitis disorders are referred to
as “bronchiolitis obliterans,” a generic term that describes a
bronchiolar disorder with airflow obstruction, in which the
primary pathologic features are bronchiolar fibrosis with
limited associated bronchiolar inflammation. Bronchiolitis
obliterans is associated with several clinical settings, includ-
ing IBO (the focus of our discussion) as well as bronchioli-
tis obliterans associated with transplants, inhalational injury,
and multisystem autoimmune diseases.

The lack of an accepted classification scheme has led to
the continued use of the generic term “bronchiolitis obliter-
ans” to encompass all of these clinicopathologic conditions,
independent of whether it is “idiopathic” or associated with
another disorder or known cause. For the purpose of this
review, we will use the term “idiopathic bronchiolitis 
obliterans” or IBO to distinguish the idiopathic form from
bronchiolitis obliterans associated with transplantation,
inhalational injury, and the multisystem autoimmune 
diseases.

Idiopathic bronchiolitis obliterans is uncommon. It is
more prevalent in women (King, 2003a; Kraft et al., 1993).
The clinical and pathologic features of bronchiolitis obliter-
ans commonly seen in association with the multisystem
autoimmune diseases are identical to the idiopathic form of
the disease (King, 2003a; Ryu et al., 2003). A form of bron-
chiolitis obliterans clinically indistinguishable from the idio-
pathic form is believed to occur following viral infection;
for the purpose of this review, the post-viral form of 
bronchiolitis obliterans will be considered the same disease
entity as IBO.

Individuals with IBO usually present with persistent
cough and worsening dyspnea. Physical exam is notable for
an end-expiratory wheeze or high pitched end-inspiratory
“squeak.” Most patients will have an obstructive pattern on
pulmonary function testing, although the disease can present
with normal, restrictive, or mixed pattern (Markopoulo et
al., 2002).

Routine chest radiographs may reveal hyperinflation or
reticulonodular opacities, but routine chest X-rays are fre-
quently normal in IBO and are, therefore, limited in utility.
High-resolution computed tomography (HRCT), with inspi-
ratory and expiratory views, provides direct and indirect
signs suggestive of bronchiolitis (Franquet and Stern, 1999;
Markopoulo et al., 2002; Ryu et al., 2003). The only direct
sign, bronchiole thickening, is uncommon. The indirect
signs include bronchiolar dilatation (bronchiolectasis), and
the “mosaic pattern,” a heterogeneous display of different
densities of the lung parenchyma observed in expiratory
views (Figure 67.2). The HRCT mosaic pattern is believed
to result from relatively lucent regions that develop from a
combination of air-trapping in the alveoli that are unable to
collapse during exhalation (because the bronchiole lumens
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are obstructed) and a decrease in blood flow to the alveoli
that remain inflated (Franquet and Stern, 1999; Hansell,
2001). High-resolution computed tomography also is useful
for differentiating IBO from disease of the lung parenchyma,
such as the interstitial lung diseases of unknown etiology
like IPF.

The classic pathologic findings of IBO include extrinsic
compression of the bronchiolar lumen caused by surround-
ing inflammation and fibrosis in the bronchiolar wall (Figure
67.3) (Colby, 1998). In contrast to the “inflammatory” cate-
gory of constrictive bronchiolitis, in IBO, the fibrosis dom-
inates over the inflammation. As the compression worsens,
the airway lumen may become obliterated and scarred.
Inflammation and fibrosis can occur in the subepithelial,
mural, or adventitial layer of the bronchiole, and usually
varies depending on the underlying cause. Other morpho-
logic findings of IBO include smooth muscle hypertrophy,
bronchiolectasis, mucostasis, and bronchiolarization of adja-
cent alveolar spaces (Colby, 1998; Myers and Colby, 1993).
The areas affected are scattered and patchy in distribution.
For this reason, transbronchial lung biopsy is insensitive as
a diagnostic tool for IBO, as it often misses the involved
area, and, therefore, a surgical lung biopsy is often neces-
sary to make the diagnosis.

There have been no epidemiologic studies performed to
quantify the overall prevalence of IBO. Although it is gen-
erally considered a rare disease, it is likely that IBO is under-
diagnosed and may account for a small percentage of cases
misdiagnosed as asthma or chronic obstructive pulmonary
disease (COPD). The prevalence of bronchiolitis obliterans

Figure 67.2 Mosaic pattern on high resolution chest tomography taken
after expiration typical of idiopathic bronchiolitis obliterans. The thick
arrow points to an area of low density, reflecting air-trapping. The thin
arrow points to a high density area of lung, which represents normal 
alveolar collapse during exhalation.
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in association with RA is less than 1% (King, 2003a). The
reported incidence of bronchiolitis obliterans following allo-
geneic bone marrow transplant is 2–10% of patients who
develop graft-versus-host disease (Paz et al., 1993). The
incidence in lung transplant recipients is significantly higher,
28, 49, 56, and 71% for individuals at 1, 2, 3, and 5 years
post-transplant (Reichenspurner et al., 1996).

Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (often referred to as “cryp-
togenic fibrosing alveolitis” in Europe) refers to a distinc-
tive type of chronic inflammatory/fibrotic interstitial lung
disorder of unknown cause that is limited to the lungs and
associated with a histologic pattern of UIP (Figure 67.4)
(ATS, 2002). The pattern of UIP on surgical lung biopsy is
also seen in patients with multisystem autoimmune disease
who present with similar pulmonary-related clinical features
to IPF (Harrison et al., 1991).

Individuals with IPF typically present with the gradual
onset of symptoms, most commonly dyspnea on exertion
and non-productive cough. Most will have had at least 6
months of symptoms before presentation, with an average
duration of 24 months (ATS, 2002). The clinical course typi-
cally involves gradual deterioration, occasionally punctu-
ated by periods of rapid decline, although some of the
disease stabilizes in some individuals. The best estimates for
life expectancy from time of diagnosis to death are derived
from case–control cohort studies, because they are not
biased like prevalence studies, which tend to be over-
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represented by survivors. According to two such studies, the
average survival from the time of diagnosis to death is 3–4
years (Hubbard et al., 1998; Mapel et al., 1998).

On physical exam, patients with IPF may have digital
clubbing (25–50%) and fine, inspiratory, velcro-like crack-
les confined to the bases of the lungs. As there is progres-
sive loss of alveoli, and the diffusing capacity drops below
50% predicted, pulmonary hypertension develops, first with
exercise, and later at rest (Crystal et al., 1976; McLees et
al., 1979). Once established at rest, the pulmonary hyper-
tension is associated with an increased pulmonary compo-
nent of the second sound on cardiac exam, and eventual
fixed split of the second sound. In the late stages of the
disease, there can be signs of right heart failure such as
peripheral edema.

Pulmonary function testing usually shows a restrictive
pattern of ventilatory defects and a decrease in diffusing
capacity, although in early stages of the disease, these tests
can be normal (Fulmer et al., 1979; Keogh and Crystal,
1980; Cherniack et al., 1995). Individuals with IPF typically
have mild-to-moderate hypoxemia with concomitant low
resting oxygen saturation that falls with exercise (Keogh and
Crystal, 1980).

Chest radiographs of individuals with IPF are routinely
abnormal with a reticular pattern seen at the periphery and
in the bases. Later in the disease, there is honeycombing and
volume loss in the lower lobes (Staples et al., 1987). In early
stages of the disease, chest radiographs may be normal. The
preferred imaging modality is HRCT as it is more sensitive
than chest radiograph. The typical HRCT findings are retic-
ular-nodular opacities (Figure 67.5). Later in the disease,
traction bronchiectasis is commonly seen in the peripheral
and basal segments of the lower lobes. Volume loss, and
ground glass opacities are frequently present. As the disease
progresses, honeycomb cysts develop and enlarge over time

200 mm

Figure 67.3 Idiopathic bronchiolitis obliterans. The thick arrow points
to a narrowed bronchiole, which should have a similar sized lumen as the
accompanying blood vessel (thin arrow). The concentric narrowing of the
bronchiole is due to fibrosis and scarring in the bronchiole wall. Bronchial
smooth muscle hyperplasia is also apparent, while the surrounding alveoli
are relatively normal (hematoxylin and eosin, bar = 200 mm).

Interstitial lung disease 
of unknown etiology

Interstitial lung 
disorders associated

with systemic disorders

Idiopathic
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Figure 67.4 Relationship of idiopathic pulmonary fibrosis to other idio-
pathic interstitial disorders. Some of the rare disorders have been left off
the lists (see Schoenberger and Crystal, 1983; Crystal, 1985; ATS 2002 for
further details).
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(Staples et al., 1987). The chest X-ray and HRCT appear-
ance of IPF is nearly identical to that seen in pulmonary
fibrosis associated with the rheumatic disorders, with the
lone exception of possibly more basal involvement seen on
HRCT in IPF (Chan et al., 1997).

Transbronchial biopsies are insufficient to diagnose IPF
because the biopsy specimen is too small and does not pre-
serve the architecture of the lung. However, transbronchial
biopsies may be useful to rule out other conditions, such as
sarcoidosis, that can mimic IPF. A surgical lung biopsy has
been required in the past to firmly establish the diagnosis.
However, the recent consensus statement by the American
Thoracic Society (ATS) and European Respiratory Society
(ERS) permits the diagnosis of IPF when there are typical
clinical and HRCT findings of IPF (Hunninghake et al.,
2001; ATS, 2002). Surgical lung biopsies are still recom-
mended whenever there are atypical clinical or HRCT
features.

The histologic pattern characteristic for IPF is referred to
as UIP (Figure 67.6). This pattern is distinct from the other
forms of idiopathic interstitial lung disorders such as
desquamative interstitial pneumonia, lymphocytic intersti-
tial pneumonia, cryptogenic organizing pneumonia, nonspe-
cific interstitial pneumonia and acute interstitial pneumonia
(Liebow and Carrington, 1969; Katzenstein and Fiorelli,
1994; ATS, 2002). There is typically a heterogeneous dis-
tribution of interstitial fibrosis interspersed within areas 
of normal lung, suggesting different temporal stages of
involvement. There is patchy inflammation, dominated by
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alveolar macrophages, and to a lesser extent, lymphocytes,
neutrophils, and sometimes eosinophils. The alveolar
epithelium undergoes marked changes, referred to as
“cuboidalization,” with a loss of type I epithelial cells, and
their replacement with cuboidal cells, both alveolar type II
epithelial cells and bronchiolar epithelium. One hallmark
finding in IPF is the subepithelial “fibroblastic focus,” which
is a nodule of spindle-shaped, mesenchymal cells that
produce an abundant deposition of extracellular matrix.
These foci are believed to be the “leading edge” of the
fibrotic process. Occasionally, the interstitial fibrosis
extends through breaks in the epithelium into the alveolar
space to form intra-alveolar fibrosis (Basset et al., 1986).
Later in the disease there is architectural destruction and
fibrosis with honeycombing. Frequently, the subpleural
parenchyma is the most severely involved region. When a
biopsy shows areas of both UIP and nonspecific interstitial
pneumonitis, the default pathologic diagnosis becomes the
clinical diagnosis IPF, as these patients have been shown to
behave similarly to IPF with UIP-only pattern (Flaherty 
et al., 2001).

The histologic features of pulmonary fibrosis associated
with multisystem autoimmune disease can be classified into
the same pathologic descriptions of idiopathic interstitial
pneumonias put forth by the ATS and ERS, including UIP,
NSIP, DIP, and COP (see Figure 67.4). The UIP pattern that
is seen with multisystem autoimmune diseases is essentially
identical to the pattern seen in the IPF. In polymyositis, der-
matomyositis, and scleroderma, NSIP is the most frequently

Figure 67.5 Diffuse reticular-nodular pattern on high resolution chest tomography commonly observed in idiopathic
pulmonary fibrosis. Note areas of honeycombing in some areas.
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seen histologic pattern, followed by UIP (Douglas et al.,
2001; Bouros et al., 2002). The prevalence of the different
histologic subtypes of idiopathic interstitial pneumonias has
not been well characterized in the other multisystem auto-
immune diseases.

The estimated annual incidence of idiopathic pulmonary
fibrosis is 7 in 100,000 for women and 10 in 100,000 for
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men. Most patients present between 50 and 70 years of age,
however, the incidence, prevalence, and death rate rise with
age (Coultas et al., 1994).

Several studies have tried to establish the prevalence of
pulmonary fibrosis in patients with the multisystem auto-
immune diseases, but the results have varied depending on
the method by which patients are screened for pulmonary
involvement. Studies that utilize autopsy or lung biopsy data
are subject to over-diagnosis since they have been shown 
to detect subclinical disease that can fail to progress 
(Cervantes-Perez et al., 1980). Likewise, HRCT screening
studies may also overestimate the prevalence of disease by
detecting parenchymal changes that may not be clinically
significant. In RA, cross-sectional studies using chest radio-
graphs estimate the prevalence to be less than 5% of patients
(Hyland et al., 1983). When HRCT is used to screen
patients, the prevalence appears to be between 20% and
50%, although these studies are limited by selection bias
(Remy-Jardin et al., 1994; Gabbay et al., 1997). Pulmonary
fibrosis is most prevalent in scleroderma, where autopsy
series have shown it to be present in 70% of cases and chest
radiograph series estimate the prevalence between 25% and
65% (Minai et al., 1998; Wiedemann and Matthay, 1989).
The prevalence of clinically overt pulmonary fibrosis is 30%
in polymyositis and dermatomyositis, 5% in systemic lupus
erythematosus, and 10% in Sjögren syndrome (Eisenberg 
et al., 1973; Gardiner, 1993; Schwarz, 1998).

AUTOIMMUNE FEATURES

Idiopathic Bronchiolitis Obliterans

There are no data regarding autoimmune phenomena in
IBO, although bronchiolitis obliterans has been reported in
association with many different types of autoimmune dis-
orders, including RA, lupus erythematosus, ankylosing
spondylitis, Sjögren syndrome, and systemic sclerosis
(Colby, 1998; Ryu et al., 2003). In RA, bronchiolar involve-
ment typically presents in the fifth and sixth decades of life
and is more frequently seen in women (Geddes et al., 1977;
Epler et al., 1979; Herzog et al., 1981). Most patients with
IBO in association with RA have long-standing symptoms
of arthritis, though occasionally the pulmonary involvement
predates the rheumatologic disease. Immunofluorescence
stains in affected lung areas of RA patients have shown IgM
and IgG depositions in the alveolar septum (Begin et al.,
1982; Yousem et al., 1985).

Further evidence for autoimmune reactivity in bronchi-
olitis obliterans was demonstrated in bronchiolitis obliterans
association with paraneoplastic pemphigus, in which the
deposition of IgG antibodies was observed on the surface of
bronchial epithelial cells (Nousari et al., 1999). The auto-
antibodies are reactive against plakins, the cytoskeletal

A
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1 mm

100 mm

Figure 67.6 Histologic pattern of idiopathic pulmonary fibrosis. The
patterns are often referred to as “usual interstitial pneumonitis.” A, Sub-
pleural, paraseptal and interstitial collagen deposition together with areas
of mildly abnormal alveolar parenchyma (hematoxylin and eosin, bar =
1mm). B, Thickened interstitium with collagen deposition, mild to moder-
ate alveolar septal mononuclear cell infiltrates, mainly lymphocytes,
cuboidalization of the epithelium and large fibroblastic foci (thick arrow).
The fibroblastic foci are composed of spindled mesenchymal cells and are
thought to represent the “leading edge” of the progressive fibroinflamma-
tory process (hematoxylin and eosin; bar = 100mm).
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adhesion molecules (Nousari et al., 1999). These patients
also have an inflammatory infiltrate in the bronchiole sub-
mucosa consisting of lymphocytes, neutrophils, and plasma
cells. Nousari et al. (1999) report that 30% of patients with
paraneoplastic pemphigus develop respiratory failure with
features of bronchiolitis obliterans.

Indirect evidence for autoimmune mechanisms in IBO
comes from the bronchiolitis obliterans syndrome associated
with both lung and allogeneic stem cell transplants. These
cases, which can be viewed as in-vivo human models of
bronchiolar disease, have been more extensively studied
than IBO or rheumatic disease-associated form bronchioli-
tis obliterans. The bronchiolitis obliterans syndrome in 
association with lung transplantation is the main cause of
morbidity and mortality (Arcasoy and Kotloff, 1999). It is a
form of chronic lung rejection that is mediated by B-cell and
T-cell activation against mismatched HLA class I and II 
antigens (Kelly and Hertz, 1997). Bronchiolitis obliterans
associated with allogeneic bone marrow transplants is also
thought to represent graft-versus-host disease. The disease
progresses from inflammatory changes around the bronchi-
oles to fibrosis and scarring (Ratanatharathorn et al., 2001).
It is interesting to note that in bronchiolitis obliterans syn-
drome associated with lung transplant or with bone marrow
transplant, the bronchioles are the more frequent site for
chronic rejection, not the lung parenchyma.

Idiopathic Pulmonary Fibrosis

Although the etiology of IPF remains unknown, it has
been hypothesized for 30 years that autoimmune mecha-
nisms to external stimuli are the driving force for repeated
injury and inflammation that ultimately leads to fibrosis
(Crystal et al., 1976; 1981; 1984). Although no clear infec-
tious or environmental agent has been found as the etiology
of IPF (Gross and Hunninghake, 2001), there are extensive
data regarding autoimmune cellular and humoral processes
ongoing in this disorder.

Initial studies on IPF relevant to autoimmunity focused
on identifying autoantibodies that target the pulmonary
parenchyma. Turner-Warwick demonstrated that 40% of
patients with IPF had circulating, nonspecific autoantibodies
such as antinuclear antibodies (ANA) and rheumatoid factor
(Turner-Warwick and Doniach, 1965). Increases in circulat-
ing ANA and rheumatoid factor were observed in 30% of
our patients (Crystal et al., 1976). Similar studies that eval-
uated the presence of autoantibodies to nuclear antigens,
DNA topoisomerase, and cytokeratin detected the antibod-
ies in some patients (Table 67.1). More recent studies have
focused on antibodies that are specific to lung proteins,
although these studies have also shown variable expression
of autoantibodies (Robinson et al., 2001; Wallace et al.,
1994). These results raise the possibility that autoantibodies
are a secondary consequence of the ongoing immune acti-
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vation in the setting of inflammation and tissue damage,
rather than the causative mechanism.

Similarly, investigations have evaluated the role that
immune complex deposition plays in the pathogenesis of
inflammation and fibrosis in IPF. Early studies observed ele-
vated levels of circulating immune complexes in certain
subsets of patients with IPF, however, these were performed
prior to the current classification system and included
patients with other forms of interstitial lung disease (Dreisin
et al., 1978; Haslam et al., 1979). Hunninghake et al. (1981)
demonstrated a correlation between the level of immune
complexes in bronchoalveolar lavage fluid and the levels 
of neutrophil chemotactic factor released by alveolar
macrophages in patients with IPF. Other studies have also
seen elevated levels of immune complex in lavage fluid, but
the levels are variable and do not correlate with disease
activity.

The lack of clear evidence for a humoral mechanism as
the primary cause for IPF shifted the focus towards cellular
immunity. One popular theory is that an unknown stimulus
triggers a dysregulated activation of cell-mediated immune
response that results in the fibrotic process analogous to that
observed in abnormal wound healing. This theory rests on
the belief that a normal cell-mediated defense to a pul-
monary insult would be a Th1 response, as seen in most
infections and in hypersensitivity pneumonitis (Wallace et
al., 1995; Lukacs et al., 2001; Kunkel, 2004). The Th1
response is characterized by the release of interferon-g and
the activation of neutrophils and macrophages for efficient
clearing of the antigen, as well as suppressing fibroblast acti-
vation and collagen deposition. Cytokine profiles in IPF are
closer to the Th2 response, which is typified by elevated
levels of the interleukins IL-4, IL-5, and IL-13, resulting in
fibroblast activation (Hancock et al., 1998; Wallace and
Howie, 1999). Early evidence for this T-cell-mediated
mechanism in IPF was demonstrated by Kravis et al. (1976),
who discovered that circulating lymphocytes from patients
with IPF would release migration inhibitor factor after expo-
sure to collagen and would lyse collagen-coated sheep red
blood cells.

One experimental model used to demonstrate a cell-
mediated autoimmune mechanism is the adoptive transfer,
hapten immune pulmonary interstitial fibrosis model (Stein-
Streilein et al., 1987). In this model, donor mice are sensi-
tized by a hapten, and then lymph nodes and spleen are
transferred to recipient mice. When the recipient mice are
then challenged with intratracheal administration of the
hapten, they develop pulmonary fibrosis in 7–14 days. Inter-
estingly, when the adoptive transfer with Th1 cells was used,
an alveolitis developed, but not fibrosis, thus supporting the
Th2 theory regarding the pathogenesis of the fibrotic com-
ponent of IPF (Irifune et al., 2003).

In pulmonary fibrosis associated with the multisystem
autoimmune disease, several serologic and genetic markers
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TABLE 67.1 Autoantibodies associated with idiopathic pulmonary fibrosis*

Antigens Number of patients Result Reference

Fresh unfixed lung tissue, rheumatoid 48 IPF Sensitivity: Positive titers for: Turner-Warwick and Doniach, 1965
factor, nuclear, thyroglobulin, RF 49%, ANA 28%, rat liver homogenate 19%, gastric cells 0%; no 
gastric parietal cells autoantibodies specific to lung were detected by immunofluorescence

Nuclear: 53 IPF Sensitivity: IPF patients had 42% ANA (titer > 1:10), 25% anti-dsDNA and Holgate et al., 1983
ANA, dsDNA, ssDNA, RF 33 SLE 100% anti-ssDNA titers that were two standard deviations above the 

50 controls normal range, levels did not correlate with disease activity

Nuclear: 68 IPF Sensitivity: ANA present in 21% of IPF and 46% of PF-AID. Anti-nRNP Chapman et al., 1984
ANA, nRNP, dsDNA, Sm, SS-A 54 PF-AID present in 15% of IPF and PF-AID. Other antibodies were not 

and SS-B 47 controls significantly different from control group
Specificity: ANA 94%, anti-nRNP 98%

Histidyl-tRNA synthetase (Jo-1 62 IPF Sensitivity: Antibody present in 68% of PF-AID (myositis) patients Bernstein et al., 1984
antigen) 19 PF-AID (myositis) compared to 3% IPF alone and 7.5% myositis alone

53 myositis alone Specificity: >99% normal and 98% autoimmune controls

Topoisomerase II 41 IPF Sensitivity: 44% positive. Remained elevated in 17 of 19 follow-up Meliconi et al., 1993
patients. Did not correlate with disease activity

Collagen type I, II, III, IV 16 IPF Sensitivity: 75% of IPF patients had antibody titers to at least one type Nakos et al., 1993
29 controls of collagen > 1:16.

Specificity: 83% using cut-off titer 1:16.
Negative correlation between antibody level and duration of disease.

Lung proteins derived from 17 IPF Sensitivity: 71% of IPF patients had IgG that reacted to lung proteins in Wallace et al., 1994
IPF, sarcoid, and normal lung 17 controls the 70–90kDa range by Western blot; IgG reacted to alveolar lining cells

Specificity: 82%

Cytokeratin 19 26 IPF Significantly higher mean serum levels in IPF compared with control. No Fujita et al., 1999
11 PF-AID cut-off value determined by ELISA because of overlap between groups
52 controls

Expressed cDNA library from lung 11 IPF Serum from index patient used to probe expressed cDNA library. Antigens Robinson et al., 2001
cancer cell line recognized were unique to index patient (including anti-alanyl tRNA

synthetase), but not shared with sera from other 10 patients

Endothelial cell protein extract 45 PF-AID (scleroderma) Sensitivity: 93% PF-AID had positive staining using an indirect Wusirika et al., 2003
16 controls immunofluorescent assay against rodent lung tissue

Specificity: 88%

*Summary of autoantibody studies in patients with idiopathic pulmonary fibrosis.
ANA, anti-nuclear antibodies; ELISA, enzyme-linked immunosorbent assay; IPF, idiopathic pulmonary fibrosis; nRNP, nuclear ribonucleoprotein; PF-AID, pulmonary fibrosis associated with

autoimmune disease; RF, rheumatoid factor; SS-A and SS-B, Sjögren syndrome A and B antigens; SLE, systemic lupus erythematosus; Sm, Smith antigen.
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are linked to the development of lung disease. For instance,
patients with RA who have high levels of rheumatoid factor
and prominent rheumatoid nodules are at increased risk for
developing pulmonary fibrosis (Hyland et al., 1983). In 
systemic sclerosis, the presence of anti-topoisomerase anti-
bodies and diffuse cutaneous involvement is associated with
pulmonary fibrosis (Fanning et al., 1998).

Perhaps the best evidence for associating autoantibodies
to pulmonary fibrosis is found in patients with polymyosi-
tis and dermatomyositis, in which antibodies against the
aminoacyl-tRNA synthetases have been shown to be highly
correlated with pulmonary fibrosis (Bernstein et al., 1984;
Targoff, 1993). At least five known forms of the autoanti-
bodies have been identified, which include anti-alanyl-tRNA
synthetase (PL), anti-histidyl-tRNA synthetase (Jo-1), 
anti-isoleucyl-tRNA synthetase (OJ), anti-glycyl-tRNA syn-
thetase, and anti-threonyl-tRNA synthetase. The strongest
correlation appears to be with anti-Jo-1 antibodies, which
have been reported to have a frequency in interstitial lung
disease of between 50% (Hochberg et al., 1984) and 100%
(Yoshida et al., 1983). Patients with polymyositis or der-
matomyositis can frequently present with the “anti-
synthetase syndrome” characterized by pulmonary fibrosis
in 50–75% of patients, arthritis, Raynaud phenomenon, and
fevers. Occasionally, the antisynthetase syndrome can occur
in the absence of clinical myositis (Marguerie et al., 1990).
There are also several case series of patients with isolated
pulmonary fibrosis occurring in association with aminoacyl-
tRNA synthetase antibodies (Friedman et al., 1996; Sauty et
al., 1997). These patients have been shown to have a CD8+-
lymphocyte predominant bronchoalveolar lavage and non-
specific interstitial pneumonitis pattern on lung biopsy. Most
of the patients described in these case series have been more
responsive to therapy with cyclosporine and azathioprine
than patients with IPF.

GENETIC FEATURES

Idiopathic Bronchiolitis Obliterans

Given the rarity of IBO, there are no studies that demon-
strate a genetic predisposition to this condition. The same is
true for the autoimmune-associated forms of bronchiolitis
obliterans. There is some preliminary work to investigate
genetic susceptibility to developing bronchiolitis obliterans
after lung transplant, with identification of polymorphisms
for genes encoding key cytokines, including tumor necrosis
factor-a, transforming growth factor-b, interferon-g and IL-
6 and IL-10, in association with this disorder (Estenne et al.,
2002).

Idiopathic Pulmonary Fibrosis

Up to 3% of cases of IPF occur in clusters of families,
suggesting that a genetic predisposition may be responsible
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for susceptibility to disease (Hodgson et al., 2002). A simple
pattern of Mendelian inheritance has not been observed.
Familial cases appear to be inherited in an autosomal dom-
inant pattern, although the penetrance is variable. In famil-
ial cases of IPF, children of individuals with fibrotic lung
disease can have evidence of inflammatory alveolitis in
bronchial lavage fluid, without having clinical evidence of
disease (Bitterman et al., 1986). There have been several
reports of pulmonary fibrosis occurring in separately raised
monozygotic twins, underscoring the role of genetic factors
(Peabody et al., 1950; Javaheri et al., 1980). Using a candi-
date gene approach in one large family kindred with IPF,
Thomas et al. (2002) identified a mutation in the highly con-
served coding region of surfactant protein C, resulting in its
aberrant cellular distribution in the lung tissue of affected
individuals.

In addition to the familial form of the disease, there is
evidence for a genetic basis for the more common, sporadic
form of the disease. A study from Finland demonstrated a
clustering of sporadic cases of IPF in areas where familial
cases were found, suggesting a founder’s effect (Hodgson 
et al., 2002). One prevailing hypothesis is that susceptibil-
ity does not lie in one gene locus, but rather within multiple
genes that interact through inflammatory and fibrotic mech-
anisms, creating a background genotype of fibrotic poten-
tial, yet still requiring an insult to create the profibrotic
phenotype. This theory would explain why the familial form
of the disease has an earlier age of onset (55 vs. 67 years),
yet still present relatively later in life, implying that a
reduced threshold for the development of fibrosis exists in
familial types (Marshall et al., 2000). This theory is also sup-
ported by the fact that only a small proportion of individu-
als who receive drugs known to cause pulmonary fibrosis
(such as bleomycin or amiodarone) actually develop the
disease (Tisdale et al., 1995).

One major limitation in the search for genetic sources for
susceptibility is that the sizes of the association studies are
limited because of the rarity of the disease. Polymorphisms
in several genes have been explored as potential causes for
the inherited susceptibility to IPF, however, they utilize a
traditional candidate gene approach, which is limited by our
current understanding of the disease and may lead to false
positive associations. These studies are typically focused on
genes involved in the inflammatory pathways, such as IL-
1a and tumor necrosis factor-b, but they have shown con-
flicting results (Pantelidis et al., 2001; Whyte et al., 2000).
Xaubet et al. (2003), recently demonstrated that transform-
ing growth factor-b polymorphisms were related to disease
progression, but they found no association to susceptibility
to IPF.

Given recent advances in genomics, microarray analysis,
and proteomics, there is an excellent opportunity to perform
genome-wide searches for linkage in patients with IPF to
identify novel genes that are involved in pathogenesis and
may represent therapeutic targets. Many of these genetic
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approaches are simply hypothesis generators; however, this
may be a necessary first step to decipher the complex inter-
actions of multiple loci. Additionally, microarray technology
can be used for “molecular fingerprinting” to identify sub-
classifications within the general category of IPF.

ENVIRONMENTAL INFLUENCES

Idiopathic Bronchiolitis Obliterans

Environmental factors are clearly linked to the develop-
ment of bronchiolitis obliterans in general, although specific
causative environmental factors for IBO are unknown. Most
notably, inhalational injuries can progress into constrictive
bronchiolitis. The mechanism is believed to be due to
inflammation caused by the irritant in the bronchioles that
progresses into irreversible fibrosis and airway obstruction.
Frequently, this occurs after exposure to water-insoluble
gases (such as oxides of nitrogen in the case of silo-fillers
lung) and organic dusts or fumes, which are not rapidly
absorbed in the mucus membranes of the upper airways
(Ramirez and Dowell, 1971; Fleming et al., 1979). Nitrous
fumes are a significant industrial hazard and can be found
in agriculture, fire fighting, and chemical industries. The
timing of the injury can be delayed from the exposure
because the gases are slowly hydrolyzed into acids that 
act as powerful oxidants, which eventually penetrate the
small airways and cause severe tissue injury. Clinical symp-
toms may present as acute, subacute, or chronic. The chronic
form usually presents as a new clinical illness, weeks to
months after recovery from the initial acute illness (King,
2003a).

There have been many case reports of industrial expo-
sures followed by the development of bronchiolitis obliter-
ans in people working in unrelated industries, such as battery
workers, food flavoring workers, and nylon flock workers
(Konichezky et al., 1993; Eschenbacher et al., 1999; Kreiss
et al., 2002). It is difficult to prove causation when only a
few workers are affected. Kreiss et al. (2002) reported a high
incidence of bronchiolitis obliterans in 7% of workers (8 out
of 117) at a microwave popcorn plant, which was attributed
to inhalation of the volatile agent, diacetyl in the butter fla-
voring. This observation was supported by toxicity studies
of diacetyl inhalation in rats (Hubbs et al., 2002). Bronchi-
olitis obliterans has also been described in a truck driver who
inhaled fly ash as well as in a young man with smoke inhala-
tion from a fire (Boswell and McCunney, 1995; Tasaka et
al., 1995). Both cases recovered from the acute illness only
to have their symptoms recur and progress weeks to months
later.

Bronchiolitis obliterans can also occur as a sequela 
from prior pulmonary infections, most commonly seen with
adenovirus, but also associated with other viruses (RSV,
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influenza) and mycoplasma (Penn and Liu, 1993; Wright et
al., 1992; Chan et al., 1997). Swyer–James syndrome is one
variation of bronchiolitis obliterans that occurs in response
to infection in children (Swyer and James, 1953). The
affected lung fails to develop properly, with scarring of the
bronchioles resulting in air-trapping and decreased blood
flow to the affected lung. Chest radiograph is notable for a
unilateral hyperlucent lung with normal or reduced volume
during inspiration and air-trapping during expiration (Muller
and Miller, 1995).

Some medications have been implicated as etiologic
agents in the development of bronchiolitis obliterans. Both
gold and penicillamine have been suspected; however, it is
difficult to determine if the bronchiolitis obliterans results
from the medication or the underlying disease (Geddes 
et al., 1977).

Idiopathic Pulmonary Fibrosis

Several environmental factors have been investigated for
an etiologic role in IPF. The premise of an environmental
stimulus that leads to repeated lung injury followed by
abnormal wound healing fits nicely into one theory of the
pathogenesis of IPF (see below). The search for these stimuli
is challenging because the offending agent may be different
between individuals based on individual differences in
genetic susceptibility. Nevertheless, epidemiologic studies
have identified links between occupational exposures, 
medications, and infectious agents and IPF.

Four separate case-controlled studies have looked at 
the association between occupational exposure and IPF.
Although these studies are limited because of recall bias,
there were some consistent observations. Metal dust expo-
sure was significantly associated with IPF in every study and
in a dose-response relationship (Hubbard et al., 1996; Iwai
et al., 1994; Baumgartner et al., 1997; 2000). Two studies
showed a significant association with livestock exposure,
farming, and agricultural exposure (Baumgartner et al.,
2000; Iwai et al., 1994). Paraquat, a herbicide used in agri-
culture, has been found to cause fatal pulmonary fibrosis in
humans and experimental animals after oral, inhalational, or
cutaneous exposure (Schoenberger et al., 1984). Anecdotal
case reports have linked cases of IPF with occupations that
result in toxic dust or fume exposure such as diamond 
polishing, dairy work, welding, gold extraction, and dental
work (Baumgartner et al., 1997).

Pulmonary fibrosis is a well-known side effect of several
medications, most notably bleomycin, amiodarone,
methotrexate, and nitrofurantoin (Holmberg and Boman,
1981; Schoenberger and Crystal, 1983; Martin and
Rosenow, 1988; Israel-Biet et al., 1991; Sleijfer, 2001). It
has also been found as a rare complication of more com-
monly used medications such as beta-blockers, antidepres-
sants, anticonvulsants, and nonsteroidal anti-inflammatory
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drugs. However, these associations have been difficult to
prove given the ubiquity of these medications and the rela-
tive rarity of IPF (Coultas et al., 1994).

The effect of smoking on the natural history of IPF is con-
troversial, but of four case–control studies examining the
association of smoking with pulmonary fibrosis (Iwai et al.,
1994; Hubbard et al., 1996; Baumgartner et al., 1997; 2000),
three show a significant link between smoking and the
development of IPF. Some studies have shown improved
survival in smokers with IPF compared with nonsmokers
(Cherniack et al., 1995; King, et al., 2001). However, this
observation may be due to lead time bias in the smoking
group, and simply reflect a greater severity of disease in the
nonsmoking groups.

ANIMAL MODELS

Animal models of the classical human Mendelian genetic
diseases are relatively easy to produce because the genotype
typically involves one affected gene, and knockout models
of that gene, in mice for instance, can usually approximate
the phenotype. Generating an animal model of a complex
polygenic disease poses far more challenges because it
involves multiple genes each exerting a relatively small
effect.

Idiopathic Bronchiolitis Obliterans

Most of the animal models for bronchiolitis obliterans are
designed to mimic the transplant-associated form of the
disease. One model frequently used is the heterotopic
murine tracheal transplant, whereby grafts of trachea and
main bronchi are placed subcutaneously into allogeneic mis-
matched recipients (Hertz et al., 1993). By 21 days, grafts
demonstrate fibroproliferation in the airway lumen, a char-
acteristic for the human chronic rejection process. Subse-
quent studies on this model have shown that this is mediated
by cellular and humoral immunity (Kelly and Hertz, 1997).
Although this model can successfully mimic the phenotypic
changes of IBO, it has limited applicability to understand-
ing IBO because the entire tracheobronchial graft is an
immunogenic stimulus, which is not likely the case in the
idiopathic or autoimmune associated forms of the disease.

Adams et al. (2000) demonstrated that by removing 
the airway epithelium in rat trachea isografts that were
implanted into the omentum, the grafts would develop
pathologic changes characteristic of obliterative airways
disease. Interestingly, when the airway epithelium was
reseeded, the amount of obliteration significantly decreased.

Idiopathic Pulmonary Fibrosis

There is no animal model for IPF that clearly represents
human IPF. However, there are several animal models for
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susceptibility to developing experimental pulmonary fibro-
sis. The susceptibility to bleomycin-induced interstitial lung
disease has been correlated with both immune related (Th2
type) and non-immune related genes in different strains of
mice (Rossi et al., 1987). Transforming growth factor-b has
been shown to induce pulmonary fibrotic changes when
overexpressed via intratracheal administration of an aden-
oviral vector (Liu et al., 2001). Likewise, when mice are
treated with an adenoviral vector expressing SMAD-7, an
inhibitory regulator of TGF-b production, they appear to be
protected against bleomycin-induced lung injury (Nakao et
al., 1999).

Many different transgenic and knockout mice have also
been developed to investigate the molecular pathways that
lead to pulmonary fibrosis. One example is mice that 
overexpress TNF-a will develop pulmonary fibrosis and
have some of the features of human IPF (Miyazaki et al.,
1995). Knockout mice with targeted deletions of genes nec-
essary for fibrosis (e.g., adhesion molecules, ICAM-1 and
L-selectin, which facilitate the accumulation of leukocytes)
show significantly decreased fibrosis in response to
bleomycin (Hamaguchi et al., 2002).

Many of these models are focused on only a select
number of candidate genes, which may or may not have 
relevance to human disease. While these studies have been
useful to identify genes that may play a role in susceptibil-
ity, the actual human form of the disease is likely far more
complex and polygenic, which may prohibit creating a 
comprehensive animal model that reflects the underlying
pathogenesis.

PATHOGENIC MECHANISMS

Idiopathic Bronchiolitis Obliterans

The pathogenesis underlying bronchiolitis obliterans
varies according to the clinical condition with which it is
associated. Differences in the initial insulting agent, location
of the insult, and length of exposure can account for the dif-
ferences in pathology and severity. The general sequence of
events, however, is believed to be similar in order to result
in a histopathologic pattern of constrictive bronchiolitis.

Airway epithelial injury followed by an inflammatory
cellular infiltrate, predominantly neutrophils, is believed to
be the initiating event (King, 2003a). The subsequent release
of inflammatory cytokines results in bronchiolar inflamma-
tion. If the offending agent is removed and the inflammation
resolves, there may be clinical recovery and resolution. 
Conversely, repetitive stimuli followed by abnormal repair
processes and fibrosis are what likely leads to bronchiole
luminal fibrosis and the typical findings of constrictive bron-
chiolitis. This theory of fibrosis is derived from studies of
bronchiolitis obliterans in the lung transplant population,
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where the disease represents a form of chronic rejection.
Transplant patients who develop bronchiolitis obliterans
have been shown to have higher levels of neutrophils and
IL-8 in bronchial lavage fluid (DiGiovine et al., 1996).

Idiopathic Pulmonary Fibrosis

The original theory for the pathogenesis of IPF rested on
the premise that inflammation of the alveoli was followed
by fibrosis (Crystal et al., 1976; 1981; 1984; Hunninghake
et al., 1979). There are many observations that support this
hypothesis. Early studies that used bronchial lavage demon-
strated increased numbers of alveolar macrophages, neu-
trophils, eosinophils, and lymphocytes (Crystal et al., 1976;
Reynolds et al., 1977; Weinberger et al., 1978). Gallium
scans, which are nonspecific markers of inflammation with
macrophages and neutrophils, are positive in about 70% of
all patients with IPF (Crystal et al., 1976; Line et al., 1978).
Biopsies that are performed in early stages of the disease
reveal large amounts of inflammation and alveolar wall
derangement compared with biopsies taken in the later
stages of disease where fibrosis predominates (Carrington 
et al., 1978). Alveolar macrophages are believed to play a
central role in the inflammatory process through the release
of cytokines that affect other cells. Alveolar macrophages
from patients with IPF have been shown to secrete neu-
trophil chemotactic factor, which does not occur in normal
non-activated alveolar macrophages (Hunninghake et al.,
1980; 1981). Animal models have shown the presence of
inflammation preceding fibrosis and the suppression of the
inflammatory response attenuates the progression to fibrosis
(Snider, 1986).

More recently, there has been a focus on the fibrotic
aspect of the disease as also playing an important role. These
theories about the pathogenesis of IPF involve the idea of
recurrent, ongoing stimulus and injury to the lung, with
abnormal wound healing. The abnormal wound healing is
believed to result from a complex interplay of the genetic
background of the individual, the predominant inflammatory
phenotype (Th1 or Th2), and the environmental triggers. The
stimulus that acts as the driving force remains a mystery, as
does the mechanism that promotes a pathologic fibrotic
response instead of the normal reparative response.

The lung parenchyma regulates its immune and fibrotic
processes through cytokine signaling between the cells of
the interstitium, including epithelial cells, endothelial cells,
fibroblasts, and macrophages, and it is likely that these cells
contribute to the pathogenesis of IPF (Martinet et al., 1987;
Standiford et al., 1991; Selman et al., 2001). Although the
exact sequence of chemokine signaling that leads to the pro-
gression of fibrosis is not understood, it has been shown that
cytokines are responsible for the cell-to-cell communication
and fibroblast activation, proliferation, and collagen 
production.
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One theory is that an imbalance in inflammatory pheno-
type, shifted towards a Th2 response, is responsible for the
fibrotic phenotype. Support for this theory comes from the
observation that IL-4 and IL-13, major Th2-type cytokines,
have been shown to be major stimuli for fibroblast-derived
extracellular matrix deposition (Furuie et al., 1997; Hancock
et al., 1998). Interferon-g, one of the major Th1-type
cytokines, has been shown to suppress the production of col-
lagen and fibronectin by fibroblasts (Goldring et al., 1986).
The increased presence of eosinophils, which have been
associated with Th2 cytokine expression in asthma and 
parasitic infections, in association with fibrotic changes in
IPF is consistent with the concepts of the Th2 paradigm of
abnormal healing. Davis et al. (1984) demonstrated that
eosinophils represented greater than 5% of the cells in the
lavage fluid of 20% of patients with IPF compared with less
than 1% of the normal controls. These eosinophils were
shown to have collagenase activity and have the capacity to
injure lung parenchymal cells.

The pathogenetic mechanisms that lead to the develop-
ment of pulmonary fibrosis associated with rheumatic dis-
eases have been most extensively studied in systemic
sclerosis. The most common theory, which may or may not
be applicable to the idiopathic form, is that an initial envi-
ronmental injury triggers an ongoing, amplified immune
response in the lung. TNF-a and TGF-b have both been
shown to be upregulated early in the course of the disease
(Bolster et al., 1997; Corrin et al., 1994) and there is a
cytokine shift from Th1 to Th2 in helper T cells (Bolster et
al., 1997). Bronchoalveolar lavage fluid from patients with
scleroderma has increased levels of several inflammatory
cytokines such as IL-8, TNF-a, and macrophage inflamma-
tory protein (Southcott et al., 1995). The lavage is also
believed to have prognostic value in patients with systemic
sclerosis. Scleroderma patients with a neutrophil and
eosinophil predominant bronchoalveolar lavage have been
associated with more extensive pulmonary fibrosis seen on
CT and more rapid clinical deterioration (Rossi et al., 1987;
Silver et al., 1990; Behr et al., 1996; Friedman et al., 1996;
Witt et al., 1999).

The stimulus that leads to the inflammatory response 
in the lungs of patients with scleroderma is also unknown,
but one hypothesis suggests that aspiration of refluxed
esophageal and gastric contents may be the cause. The
premise behind this theory arises from the fact that many
patients with systemic sclerosis have both esophageal dys-
motility and pulmonary fibrosis. This association was 
initially observed in a relatively small cohort of 12 patients
(Johnson et al., 1989a). Subsequent studies have found con-
flicting results when trying to correlate pulmonary function
parameters meant to be a surrogate marker of pulmonary
fibrosis (such as total lung capacity and diffusion capacity)
with esophageal manometry (Troshinsky et al., 1994; Lock
et al., 1998). These studies are limited by confounding ele-
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ments because both esophageal dysmotility and pulmonary
fibrosis may be independent markers of systemic sclerosis
disease severity, without having a causal link.

TREATMENT AND OUTCOME

Idiopathic Bronchiolitis Obliterans

The prognosis is poor for patients with idiopathic or
rheumatic disease-associated bronchiolitis obliterans, and
there are no proven effective medical therapies for these
conditions. These patients tend to not respond to corticos-
teroids, though a 3-month trial of high-dose prednisone 
(1mg/kg) is often used. Lung transplantation is sometimes
considered for individuals with bronchiolitis obliterans who
continue to decline in pulmonary function and are refractory
to medical therapy.

The one exception to this rule is in bronchiolitis obliter-
ans secondary to inhalational injury, where corticosteroids
are useful in both the acute and chronic phase of the disease
(Milne, 1969; Horvath et al., 1978). Steroids should be
started as soon as respiratory dysfunction occurs following
a toxic inhalation, and be continued for at least 8 weeks to
prevent recurrence (Tse and Bockman, 1970).

Given the dramatic effect that macrolides have in diffuse
panbronchiolitis—a disorder related to bronchiolitis obliter-
ans characterized by chronic sinobronchial disease and inter-
stitial inflammation of the respiratory bronchioles—some
investigators have recommended a trial of macrolides in the
treatment of IBO (Ryu et al., 2003). Diffuse panbronchioli-
tis had a 26% 5-year survival rate in 1984 before the use of
macrolides. Since the introduction of macrolides as the
mainstay therapy for this disease, it now has a 10-year sur-
vival rate of 94% (Kudoh, 1998). Long-term efficacy and
safety was demonstrated in 10 patients with diffuse pan-
bronchiolitis who were treated with clarithromycin 200 mg/
day for 4 years (Kadota et al., 2003). Most patients will
experience a clinical and physiologic improvement within
the first month of treatment. Bronchial lavage fluid from
these patients has demonstrated a reduction in the number
of neutrophils, neutrophil-derived elastolytic activity, IL-8,
and other proinflammatory cytokines (Ichikawa et al., 1992;
Sakito et al., 1996). Macrolides have not been extensively
studied in bronchiolitis obliterans that is idiopathic or asso-
ciated with rheumatic disease.

Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis usually portends a poor
prognosis and is typically poorly responsive to therapy.
Early diagnosis and treatment have traditionally been advo-
cated so that therapy can be initiated and, hopefully, prevent
irreversible fibrosis. Therefore, the typical medications 
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used to treat IPF work through anti-inflammatory and im-
munosuppressant mechanisms. However, these traditional
approaches have failed to show that the inflammatory or
fibrotic process can be altered or reversed. As the under-
standing of the pathogenesis of the disease improves, newer
agents are being developed based on cellular mechanisms to
inhibit fibrogenesis. No therapy for IPF has been shown in
a prospective, randomized double-blind, placebo controlled
trial to improve survival.

Prior studies have suggested that the prognosis may be
favorable for patients with pulmonary fibrosis associated
with systemic sclerosis (Wells et al., 1994). However,
Hubbard and Venn (2002) demonstrated with actuarial data
that the mortality rates for patients with pulmonary fibrosis
associated with all rheumatic disorders, predominantly RA
in their study, are remarkably similar to those that are 
idiopathic in origin.

Corticosteroids

The most common medications used to treat IPF are cor-
ticosteroids, despite the fact that they have not been prop-
erly evaluated in a large clinical trial. Early studies showed
that 10–30% of patients with IPF appear to improve or
survive longer when treated with corticosteroids (Stack et
al., 1972; Turner-Warwick et al., 1980). Unfortunately, these
studies likely included other forms of idiopathic interstitial
pneumonia, such as NSIP or COP, which tend to have a 
more favorable prognosis than IPF. When histopathologic
criteria are used for the diagnosis of IPF, the clinical
response (0–16%) and survival rates are much worse than
for the other pathologic patterns (Daniil et al., 1999; Ziesche
et al., 1999; Nicholson et al., 2000). Despite the lack of evi-
dence for a beneficial role of corticosteroids, many pulmo-
nologists use a 3- to 6-month trial of corticosteroids with
close monitoring for radiographic or physiologic improve-
ment. Patients who improve with corticosteroids or who
remain stable are then kept on a maintenance dose of 10–
20mg/day prednisone (ATS, 2002). Intravenous pulse corti-
costeroids for 3–5 days are generally recommended for an
acute exacerbation of IPF, as Keogh et al. (1983) have
shown that higher doses of corticosteroids can significantly
reduce the neutrophil accumulation during an active 
alveolitis of IPF.

Cytotoxic Agents

Other anti-inflammatory and cytotoxic agents have been
investigated for a beneficial role in IPF. Cyclophosphamide,
when used in combination with corticosteroids, had promis-
ing results towards a survival advantage compared with 
corticosteroids alone in an early randomized control trial
(Johnson et al., 1989b; Baughman and Lower, 1992).
Cyclophosphamide has been shown to reduce the neutrophil
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component of the active alveolitis after 3 and 6 months of
therapy (O’Donnell et al., 1987). However, subsequent
studies have shown cyclophosphamide to have limited effi-
cacy and a high frequency of side effects when used to treat
patients with IPF who failed to respond to corticosteroid
therapy (Zisman et al., 2000). Cyclophosphamide may 
be particularly effective in patients with pulmonary fibrosis
associated with systemic sclerosis, as it was shown to
improve pulmonary function testing in this population.
Patients with systemic sclerosis and a neutrophil-predomi-
nant bronchoalveolar lavage seemed to have the best out-
comes, although these studies were limited by either small
sample size, lack of a control group, or selection bias from
retrospective review (Schnabel et al., 1998; Silver et al.,
1990; White et al., 2000). It is currently considered as a
second-line drug for patients with progressive IPF. Side
effects include leukopenia, thrombocytopenia, and hemor-
rhagic cystitis.

Azathioprine has been shown to have some efficacy in
the treatment for IPF in small prospective case series 
(Winterbauer et al., 1978; Raghu et al., 1991). Azathioprine
exerts cytotoxic effects on lymphocytes and also suppresses
the activity of natural killer cells and antibody production.
It is also considered a second-line therapy for patients who
fail corticosteroids, or may be given in conjunction with cor-
ticosteroids. A trial of 3–6 months is recommended for both
cyclophosphamide and azathioprine to assess for clinical
response.

Antifibrotic Agents

Colchicine has been postulated to have a role in the treat-
ment of IPF because it inhibits collagen formation in vitro
and suppresses the release of alveolar macrophage-derived
growth factor (Rennard et al., 1988). Colchicine has been
suggested in small randomized control trials to be as effec-
tive as corticosteroids in treatment of IPF, but has not been
followed up with large, controlled studies (Peters et al.,
1993; Douglas et al., 1998).

Penicillamine has been noted in several anecdotal case
reports to be efficacious in both IPF and rheumatic disease-
associated pulmonary fibrosis (Vallance et al., 1995; Selman
et al., 1998). However, since there have been no controlled
studies and the medication has several significant side
effects (stomatitis, nephrotoxicity), penicillamine is not used
in the treatment of IPF.

Interferon g-1b was used by Ziesche et al. (1999) in a one
year study of 18 patients with IPF randomized to receive
interferon g-1b and prednisolone, compared to prednisolone
alone. Interferon-g1b has been shown to downregulate the
expression of TGF-b1 and inhibit the proliferation of fibro-
blasts, both of which are considered to have important roles
in the pathogenesis of pulmonary fibrosis (Clark et al., 1989;
Narayanan et al., 1992). Ziesche’s study (Ziesche et al.,
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1999) suggested a significant improvement in total lung
capacity and partial pressure of arterial oxygen; and a
decrease in the level of transcription of TGF-a1 and 
connective-tissue growth factor in the individuals who rece-
ived interferon-g1b.

This led to a multicenter, double-blind, placebo con-
trolled trial of interferon-g1b in patients with IPF who failed
to respond to corticosteroids. Interferon-g1b did not improve
any of the main outcomes—progression-free survival, pul-
monary function, or quality of life (Raghu et al., 2004).
Additionally, there were more adverse side effects in the
group that received interferon-g1b. There was a trend
towards increased survival in the group that received inter-
feron-g1b (16 out of 162 patients in the interferon-g1b group
died compared with 28 out of 168 patients in the placebo
group, absolute reduction of 7%). However, given the rela-
tively short follow-up of 1 year, coupled with the fact that
this was not a primary end-point of the trial, there are 
concerns that this trend may be misleading. At this time,
interferon-g1b should not be considered as a proven therapy
for IPF, unless used as part of a clinical trial.

Many other novel strategies have been investigated in the
treatment of IPF, including cyclosporine, methotrexate, 
pirfenidone, suramin, and prostaglandin E (King, 2003b).
These therapies focus on different aspects of the patho-
genesis of the disease, such as antioxidants; inhibitors of
cytokines, proteases, and fibroblast growth factors. Unless
adequate studies are done to demonstrate efficacy, these
agents should not be recommended for general use. The
recent joint statement by the American Thoracic Society
(ATS) and European Respiratory Society (2002) (ERS) rec-
ommended combined therapy with corticosteroids and either
azathioprine or cyclophosphamide for a 3-month trial in
patients who possess features consistent with a more favor-
able outcome.

Lung transplantation should be considered for individu-
als who progress despite optimized medical management.
Patients should be referred to a transplant center relatively
early in their course since wait times on the list can exceed
2 years due to limited donor availability. Those who receive
a successful transplant can experience significant improve-
ment in arterial oxygenation, pulmonary hypertension, and
right ventricular dysfunction. Unfortunately, the 5-year sur-
vival rates for lung transplant are only about 60%, with
death frequently due to graft failure, infection, or bronchi-
olitis obliterans (Lu and Bhorade, 2004).

CONCLUSIONS

The presumed autoimmune disorders of the lung, notably
IBO and IPF, have long been recognized as inflammatory
and fibrotic processes that are associated with poor progno-
sis, whether idiopathic in nature or in association with the
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multisystem autoimmune diseases. Both diseases appear to
be mediated through repetitive cell-mediated injury, directed
at the bronchioles and alveoli/interstitium, respectively, fol-
lowed by abnormal wound healing. Despite intense efforts,
there is currently no approved therapy for either disease.
Recent advances in the classification and diagnostic testing
for these diseases have improved our ability to study their
incidence, prognosis, and response to therapy. While much
progress has been made, the search for antigenic stimuli and
genetic polymorphisms that are responsible for disease
pathogenesis continues. Only through a better understand-
ing of the disease process will we be able to offer new ther-
apies for these devastating diseases.
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Paraneoplastic neurologic diseases (PND) are a hetero-
geneous group of disorders associated with systemic malig-
nancies but never related to invasion or compression of, nor
metastasis to, the nervous system; in addition, diagnosis
should rule out intoxications, infections, and metabolic
causes for symptoms (Posner, 1995).

Oppenheim was probably the first to associate cancer and
neurologic disease, considering the neurologic symptoms to
be a result of toxic processes (Oppenheim, 1888).

Greenfield noted perivascular infiltration and inflamma-
tory nodules in the brain and spinal cord (Greenfield, 1934),

and Henson et al. (1965) coined the term “encephalitis with
carcinoma,” suggesting that the entity was indistinguishable
from viral encephalitis because of the severity of inflamma-
tory changes.

In a seminal publication, Henson and Urich (1982)
described several clinicopathologic entities in association
with cancer (encephalomyelitis, cortical cerebellar degener-
ation, peripheral neuropathy, muscular and neuromuscular
disorders) and discussed the possible etiopathogenesis of
PND. After hypothesizing an infectious viral and toxic
cause, they considered the immunologic theory to be the
most likely, “albeit supported by very slender evidence”
(Henson and Urich, 1982)

In 1965, Wilkinson and Zeromski found antibodies in the
serum of four individuals suffering from small cell lung
cancer and sensory neuropathy. Trotter et al. (1976) detected
antibodies reacting with human Purkinje cells in the serum
of a 21-year-old woman with Hodgkin lymphoma, while
Greenlee and Brashear (1983) described two patients 
with ovarian cancer and high titers of anti-Purkinje cell 
antibodies.

In the 1980s, specific autoantibodies (Ab) reacting with
both tumors and the central nervous system (CNS) were
characterized in the serum and cerebrospinal fluid (CSF) of
patients with PND (Posner, 1995) and several antigens were
identified. The discovery supports the hypothesis, already
advanced by Russell Brain in 1951 (Brain et al., 1951), that
most PND could be the result of an immunologic response
triggered by a tumor antigen that cross-reacts with a similar
protein expressed by the nervous system.

At present, the role of these Ab in the pathogenesis of the
various syndromes is still unclear (Posner, 1992). Neverthe-
less, their detection has become a useful tool both in the
diagnosis of neurologic disorders and in directing the search
for underlying tumors, since some tumors are preferentially
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associated with a particular neurological disorder (Posner,
1989, 1995).

CLINICAL AND 
PATHOLOGIC FEATURES

Paraneoplastic neurologic diseases are rare syndromes
that present an estimated incidence of between 1 and 3% of
cancer patients. The clinical picture reflects the damage to a
single area or multiple regions of the nervous system.

Table 68.1 summarizes the PND according to level of
involvement of the nervous system and the presence of Ab.

Paraneoplastic Encephalomyelitis/
Paraneoplastic Sensory 
Neuropathy (PEM/PSN)

The term encephalomyelitis was first introduced to
cancer patients by Henson and Urich in 1965 to describe
tumor patients presenting signs of multiple CNS involve-
ment (Henson et al., 1965). Paraneoplastic encephalo-
myelitis (PEM) is one of the most frequent remote effects
of cancer and is pathologically characterized by neuronal
loss and inflammatory infiltrates in different areas of the
CNS and dorsal root ganglia (DRG) (Henson and Urich,
1982).

Onset of the neurologic syndrome is often subacute 
with symptoms mostly developing within days or weeks, 
followed by slower progression and stabilization. Acute
onset is seen in 20% and chronic progression of paraneo-
plastic encephalomyelitis/paraneoplastic sensory neuropa-
thy (PEM/PSN) in 17% of cases (Dalmau et al., 1992b).
Patients may present with different clinical pictures, as
limbic or brainstem encephalitis, myelitis, cerebellar degen-
eration, and sensory neuropathy, which may be isolated or
present together. Sensory neuropathy is the presenting
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symptom in 70%, and the predominant picture in 60% of
cases, but may also be present as an isolated syndrome.

First described by Denny-Brown in 1948, PSN is char-
acterized by asymmetrical, painful sensory neuropathy,
which evolves into complete loss of proprioception.

The neurologic syndrome usually antedates diagnosis of
the tumor. Mean time from onset of neurologic symptoms
to discovery of a tumor varies from 4 to 12 months with a
maximum of 6 years. In a minority of cases, no tumor is
found even at autopsy (Lucchinetti et al., 1998). Small cell
lung cancer (SCLC) is identified in approximately 80% of
patients, usually as a limited disease, but other tumors such
as prostate cancer, neuroblastoma, and sarcomas may be
detected.

Radiologic studies are usually normal, but abnormalities
of the temporal lobe have been observed on computed
tomography (CT) or magnetic resonance imaging (MRI) in
some case with limbic encephalitis.

Cerebrospinal fluid (CSF) examination may be normal or
show mild pleocytosis and increased protein and oligoclonal
bands. The majority of patients (85%) with PEM harbors an
antineuronal antibody, referred to as anti-Hu, in the serum
and CSF; consequently the term “Hu syndrome” is applied
alongside the term PEM/PSN (Lucchinetti et al., 1998;
Graus et al., 2001).

Limbic Encephalitis

Paraneoplastic limbic encephalitis (PLE) is characterized
by acute or subacute onset of an organic brain syndrome,
giving rise to severe-to-moderate neurologic deficit (Rankin
score >3) in a period of days to weeks. The pathologic fea-
tures consist of neuronal loss, perivascular inflammatory
infiltrate, and gliosis, usually restricted to the limbic system,
in particular to the hippocampus and amygdala. The clinical
picture is defined by short-term memory loss, confusion,

TABLE 68.1 Paraneoplastic neurological syndromes*

Central nervous system Peripheral nervous system and dorsal root ganglia Neuromuscular junction and muscle

Encephalomyelitis Sensory neuronopathy Lambert–Eaton myasthenic syndrome
Limbic encephalitis – –
Brain stem encephalitis – –
Cerebellar degeneration
Opsoclonus–Myoclonus Autonomic neuronopathy Myasthenia gravis
Pure cerebellar degeneration Acute sensorimotor neuropathy Polymyositis/dermatomyositis
Paraneoplastic visual syndrome Chronic sensorimotor neuropathy Acute necrotizing myopathy
Stiff-Person syndrome Vasculitic neuropathy Cachetic myopathy
Necrotizing myelopathy Neuromyotonia Myotonia
Myelitis – –
Motor neuron syndrome – –
Subacute motor neuronopathy – –

*Italics indicate disorders associated with autoantibodies.
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psychiatric symptoms, involvement of the limbic system,
and seizures. In the majority of patients, the symptoms ante-
date the diagnosis of tumor by an average of 3–5 months.
Paraneoplastic limbic encephalitis was found to preferen-
tially associate with SCLC (50%), germ cell tumors of the
testis (20%), and breast cancer (8%) (Gultekin et al., 2000)

Neuroimaging, electroencephalography (EEG), CSF
examination, and antineuronal antibody detection are
helpful in the diagnosis of this illness. Alterations on MRI
are seen in about 60% of patients. The MRI features of
limbic encephalitis are most evident on coronal section and
typically consist of abnormal high-signal intensity on T2
sequences in one or both medial temporal lobe(s). On T1
sequences, the temporal-limbic area may be hypointense and
atrophic and may sometimes enhance with contrast injec-
tion. No alterations are visible in the initial phase of the
disease. FDG-PET studies have shown increased tracer
activity in the medial temporal lobe, which may be present
in the absence of MRI abnormalities and may reflect an
acute stage of the inflammatory process (Provenzale et al.,
1998).

In 45% of patients, EEG reveals epileptic abnormalities
from the temporal lobe, but in the majority of patients it
shows unilateral or bilateral temporal slow waves.

Examination of the CSF shows inflammatory signs (e.g.,
pleocytosis, oligoclonal bands) in about 60% of patients.

Antineuronal Ab may be found in the serum and CSF of
approximately 60% of patients with PLE, particularly anti-
Hu Ab in patients with SCLC, and anti-Ma2 Ab in patients
with testicular and sometimes breast cancer. In PLE, symp-
toms tend to stabilize in 2–3 months, and the course rarely
leads to rapid decline and early death.

Paraneoplastic Cerebellar Degeneration

Paraneoplastic cerebellar degeneration (PCD) is a rare
complication of cancer, but the presence of cancer has to be
expected in about 50% of middle-aged patients who develop
acute or subacute pan-cerebellar disorders. On pathologic
examination, the main characteristic is loss of Purkinje cells
with little lymphocytic infiltrations.

The onset of disease progresses over a period of 1 day to
16 weeks followed by stabilization. In about one-third of
patients, onset may be abrupt with severe ataxia, which may
develop overnight. The syndrome is characterized by pan-
cerebellar dysfunction, manifesting as truncal and limb
ataxia, slurred speech, and nystagmus. Nausea and vertigo
are infrequent but may be debilitating. In one-third of
patients, bulbar involvement with dysphagia and facial
weakness is present (Posner, 1995).

On radiologic studies cerebellar atrophy may be detected
in the late stage of the disease. Examination of the CSF may
show mild pleocytosis, increased protein, and oligoclonal
bands.
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All patients with PCD present the same clinical picture,
but they can be subdivided into several subgroups by sero-
logic analysis of the associated antineuronal Ab. These 
subgroups differ in associated cancer, course, and survival
(Rojas-Marcos et al., 2003).

An antineuronal antibody directed against Purkinje cell
cytoplasm, referred to as anti-Yo, can be detected in the
serum of patients with PCD. This syndrome usually devel-
ops in women with gynecologic or breast cancer. The cere-
bellar syndrome is isolated and develops before discovery
of the cancer (mean, 15 months). Paraneoplastic cerebellar
degeneration often leads to severe handicap, and the average
survival is 13 months.

Male patients with a history of Hodgkin’s disease may
develop PCD. In such cases, the PCD develops 1–54 months
after diagnosis of the primary tumor; an antineuronal anti-
body called anti-Tr, can be detected in the serum of these
patients. Survival from time of diagnosis is significantly
higher than in PND (mean, >113 months) associated with
anti-Yo.

Paraneoplastic cerebellar degeneration may also be
detected in patients with SCLC as part of a more widespread
encephalomyelitis, as in the Hu syndrome. In this case the
clinical course is progressive and mean survival is 7 months
(Shams’ili et al., 2003). Anti-VGCC and electrophysiology
testing should be performed in patients with SCLC associ-
ated with PCD to establish the presence of an associated
Lambert–Eaton myasthenic syndrome (LEMS).

Opsoclonus–Myoclonus Syndrome

Opsoclonus is an eye movement disorder characterized
by involuntary arrhythmic and multidirectional conjugated
saccades. The paraneoplastic variant should be differen-
tiated from paraneoplastic cerebellar degeneration, viral
encephalitis, post-viral ataxia, multiple sclerosis, metabolic
disorders, and intoxications (Wolpow and Richardson,
1988).

In children, opsoclonus occurs with myoclonus and
ataxia; associated signs of encephalopathy (such as impair-
ment in verbal, motor, and intellectual functions) are some-
times present. Opsoclonus–myoclonus syndrome (OMS) in
children may develop as a primarily self-limiting disorder
following a viral brainstem infection. Approximately 50%
of children with OMS harbor a neuroblastoma (Baker et al.,
1985), but do have a better prognosis for long-term survival
compared with neuroblastoma patients without OMS. An
immune mechanism is suggested, though no specific anti-
neuronal antibody has yet been recognized (Antunes et al.,
2000; Pranzatelli et al., 2002).

In adults, OMS is recognized as a distinct paraneoplastic
syndrome associated in 20% of cases with breast carcinoma
(Wirtz et al., 2002), gynecologic cancer, or small cell lung
carcinoma (Gennaula and Eidelman, 1995). Recently, other
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cancers, such as bladder and neuroendocrine gastric carci-
noma, have been reported (Pittok et al., 2003).

Patients usually develop opsoclonus associated with
truncal ataxia, dysarthria, myoclonus, and vertigo. Both CT
and MRI brain scans are usually normal, and CSF may occa-
sionally show mild pleocytosis or increased proteins (Sutton
et al., 2002).

A specific antineuronal antibody called anti-Ri has been
identified in association with breast carcinoma (Luque et al.,
1991). Paraneoplastic OMS has to be differentiated from
idiopathic OMS. The latter is usually described in patients
who are younger than patients with the paraneoplastic form,
and is characterized by a more benign clinical evolution and
response to immunotherapy (Bataller et al., 2001).

Testing sera from patients with several types of OMS
(idiopathic, associated with SCLC, and associated with
neuroblastoma) has revealed heterogeneous immunity to
neuronal antigens, although a single specific antibody
marker has not been found. The two main groups of
autoantigens were: 1) proteins of the post-synaptic density
(considered to be a source of novel autoantigens); and 2)
proteins whose function is restricted to neurons (including
RNA- or DNA-binding proteins and zinc-finger proteins)
(Bataller et al., 2003).

Consequently, there is an extensive variety of antigens
recognized by the sera of patients with OMS, suggesting that
this syndrome probably derives from different immune
mechanisms (Bataller et al., 2003).

Paraneoplastic Stiff-Person Syndrome

Stiff-person syndrome (SPS) is a rare disorder character-
ized by continuous motor unit activity at rest and painful
spasms in response to sound, touch, or electric stimulation.
Stiffness spasms later become continuous, precipitated by
voluntary movements and preventing normal gait (Folli,
1998). Electrophysiological studies have shown involuntary
motor unit firing at rest, while contraction of antagonist
muscles fails to induce motor unit relaxation in the leg
muscles (Meinck et al., 1995).

Both CT scan and MRI are unremarkable, but CSF
examination may reveal an inflammatory profile.

In rare cases, an association of SPS and breast cancer has
been reported; these patients harbored anti-amphiphysin Ab
in their serum and CSF (Folli et al., 1993).

IMMUNOLOGIC MARKERS IN THE
DIAGNOSIS AND AUTOIMMUNE
FEATURES OF ANTINEURONAL

ANTIBODIES

Different antineuronal Ab are associated with specific
PND and can be detected by immunohistochemistry (IHC)
on rat or human cerebellum and by western blot using 
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neuronal proteins. The antigen involved in some PND 
has been identified and the genes responsible have been 
cloned to produce recombinant proteins, as summarized in
Table 68.2.

Anti-Hu Antibody

In 1985, anti-Hu Ab were demonstrated in the serum and
CSF of two patients with sensory neuronopathy and SCLC
that reacted with the nucleus of all human neurons in the
CNS and PNS (Graus et al., 1985). Anti-Hu Ab are poly-
clonal complement-binding IgG that react with antigens
present in the nucleus of both neurons and SCLC cells,
sparing the nucleolus and cytoplasm (Graus et al., 1985)
(Figure 68.1).

On western blot, using either human or rat neuronal
nuclear lysates, a triple band is usually detected in the 38–
40kDa region (Graus et al., 1986).

Hu Antigens

Two highly homologous genes, referred to as HuD
(Szabo et al., 1991) and HuC (Sakai et al., 1994) were iso-
lated by screening a human cDNA library with anti-Hu sera.
HuD and HuC are members of a family of neuronal RNA-
binding proteins homologous to the Drosophila embryonic
lethal abnormal vision (ELAV) protein, which is involved in
the normal development of the fly nervous system (Szabo et
al., 1991; King et al., 1994b).

HuD, Hel-N1, and N2 (all similar to ELAV) (King,
1994a; Sekido et al., 1994; King and Dropcho, 1996) are all
expressed by SCLC cells (Dalmau et al., 1992a; King and
Dropcho, 1996).

The gene for HuD has been mapped to human chromo-
some 1p34 (Muresu et al., 1994). A recombinant HuD of 
43kDa that reacts with all anti-Hu-positive sera has 
been produced (Szabo et al., 1991). The use of recombinant
proteins by western blotting always increases the sensitivity
and specificity of assays to detect anti-Hu Ab compared 
with IHC alone (Giometto et al., 1997; Dropcho and King,
1994).

Anti-Yo Antibody

In 1983, a circulating autoantibody that reacted with a
cytoplasmic antigen of Purkinje cells was described in two
patients with PCD and ovarian carcinoma (Greenlee and
Brashear, 1983). Serologic Ab reacting with Purkinje cells
were later confirmed in those patients and called anti-Yo Ab
(Jaeckle et al., 1985).

By using IHC on human or rat cerebellar sections, these
polyclonal complement-fixing IgG exhibit coarse granular
staining of Purkinje cell cytoplasm and proximal dendrites,
sparing the nucleus (Jaeckle et al., 1985; Greenlee et al.,
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TABLE 68.2 Classification of paraneoplastic neurologic diseases (PND) according to the specific antibody detected, neurologic
syndrome, and the most frequently associated tumor

Paraneoplastic Most frequently
Antibody neurologic syndrome associated cancers Immunohistochemistry Western immunoblot Antigen

Anti-Hu/ANNA-1 Encephalomyelitis, SCLC, non-SCLC Strong staining of all neuronal 38–40kDa reactive triplet bands on Neuron-specific RNA/DNA
sensory neuronopathy nuclei and weaker staining extracts of crude or isolated CNS binding protein, role in RNA

of cytoplasm neurons/nuclei and SCLC. processing of neurons
Recombinant protein 43kDa (HuD)

Anti-Yo/PCA-1 Acute to subacute pan- Ovarian, breast, Purkinje-cell cytoplasm and 34 and 62kDa band from Purkinje DNA binding, gene transcription
cerebellar syndrome, uterus axons, coarse granular staining cell extracts and breast and ovary regulators, carry leucine-zipper 
dysarthria and upbeat tumors of patients, reactive with and zinc-finger motifs
nystagmus recombinant CDR-34 and CDR-62 

patients

Anti-Ri/ANNA-2 Opsoclonus–myoclonus Breast, SCLC All nuclei of CNS 55 and 80kDa neuronal protein; RNA-binding protein, regulates 
55kDa recombinant protein metabolism in a subset of

developing neurons

Anti-amphiphysin Stiff-person syndrome Breast Synapses of CNS neurons 128kDa protein on neuronal Amphiphysin synaptic vesicle 
extracts protein, function unknown

anti-Tr More slowly developing Hodgkin’s disease Purkinje cell cytoplasm, fine No reactive protein detected as yet Not known
cerebellar syndrome, granular staining in the 
less frequent dysarthria molecular layer
and nystagmus

Anti-CV2 Subacute cerebellar SCLC, thymoma Cytoplasm of oligodendrocytes 66kDa protein CRMP5 (Collapsine response
ataxia, Lambert–Eaton mediator protein 5)
myasthenic syndrome,
limbic encephalitis,
uveitis

anti-Ta (Me 2) Limbic encephalitis Testicular tumors Nucleus, perykarion 40kDa Unknown function

SCLC, small cell lung cancer.
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1988) (Figure 68.2). Though anti-Yo reactivity is wide-
spread in the rat cerebellum, no staining was demonstrated
in human cerebral cortical neurons (Greenlee et al., 1988;
Altermatt et al., 1991; Dalmau and Posner, 1996).

On western blot with Purkinje cell proteins or cerebellar
extracts, anti-Yo Ab react with two bands at 32–34 kDa 
and 62–64 kDa (Greenlee, 1983; Jaeckle et al., 1985; 
Cunningham et al., 1986). The antigen is also selectively
expressed in tumor tissue from patients with PCD (Furneaux
et al., 1990).

The Yo Antigen

Using electron microscopy, it has been shown that the
anti-Yo antibody binds to clusters of ribosomes, the Golgi
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apparatus and the granular endoplasmic reticulum of Purk-
inje cells (Peterson et al., 1992). The genes for the 34 kDa
and 62 kDa Yo antigens have been cloned and the gene 
products are called cerebellar-degeneration-related proteins
CDR1 (CDR-34) and CDR2 (CDR-62) (Fatallah-Shaykh et
al., 1991). Two other Yo antigens of 58 kDa (CZF) and 
52 kDa (PCD-AA) have been reported (Tanaka et al., 1996).
However, anti-Yo Ab binding to 62 kDa, 58 kDa, and 
52 kDa antigens tally to a single molecule of 58 kDa when
tests are conducted under identical laboratory conditions; 
this underscores the usefulness of standardizing antibody 
detection methods to characterize PCD subgroups (Tanaka
et al., 1996).

Unlike anti-Hu Ab, which are expressed in all SCLC, the
CDR are only expressed in tumors of patients with anti-
Yo-positive PCD (Furneaux et al., 1990; Sakai et al., 1992).

The function of these antigens is as yet unknown,
although it is thought that they may regulate gene trans-
cription by binding to DNA (Fatallah-Shaykh et al., 1991).

Anti-Ri Antibody

The antineuronal antibody called anti-Ri was identified
in association with opsoclonus–myoclonus syndrome in
patients with breast carcinoma in 1991 by Luque et al. It
reacts on IHC with all neuronal nuclei of the CNS (except
the dorsal root ganglia nuclei, thus differentiating it from
anti-Hu) (Figure 68.3). On western blot using neuronal
extracts, the antibody reacts with two separate bands of 55
and 80 kDa (Luque et al., 1991).

By screening a human cerebellar cDNA library using
anti-Ri serum, a gene called NOVA-1 has been cloned. It
encodes a 54 kDa protein (Buckanovich et al., 1993). The
antigen NOVA-1 is a neuron-specific KH-type RNA-

A B
Figure 68.1 Anti-Hu antibody. A, rat cerebellar cortex showing homogeneous staining of neuronal nuclei of 
Purkinje, granular and molecular layer cells (¥400). B, the autoantibody reacts also with rat dorsal root ganglia (DRG)
nuclei (¥800).

Figure 68.2 Anti-Yo antibody. Coarsely granular staining of the 
Purkinje and molecular layer cytoplasms sparing the nuclei in Purkinje cells
of rat cerebellar cortex (¥400).
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binding protein. NOVA-1 transcripts are only present in 
specific regions of the CNS, as the midbrain and pontine
tegmentum, optic tectum, and deep nuclei of the cerebellum
(these localizations correlate with clinical symptoms in
OMS).

The homology between NOVA-1 and hnRNPK suggests
that NOVA-1 regulates metabolism in a specific subset of
developing motor neurons (Buckanovich et al., 1993). In
vitro, anti-Ri Ab can inhibit the RNA-binding activity of the
NOVA-1 antigen (Buckanovich et al., 1996).

Anti-Amphiphysin Antibody

Anti-amphiphysin Ab were first described in patients
affected by SPS and breast cancer (Folli et al., 1993). On
IHC, anti-amphiphysin Ab react with the neuropil of rat
brain cerebellum, sparing the neuronal nuclei and cytoplasm
(Figure 68.4). On immunoblots of cerebral cortex, sera har-
boring anti-amphiphysin Ab react with a protein doublet of
approximately 128 kDa (De Camilli et al., 1995).

Amphiphysin is a synaptic vesicle-associated protein (De
Camilli et al., 1993) whose gene (AMPH) was mapped to
the short arm of chromosome 7 (Yamamoto, 1995). Its 
function remains unclear. It binds to dynamin, involved in
the internalization of synaptic vesicle membranes after 
exocytosis (De Camilli et al., 1995).

Anti-amphiphysin Ab have also been described in
patients affected by PEM and SCLC (Dropcho, 1996; 
Dorresteijn et al., 2002). More recently, the spectrum of
PND associated with anti-amphiphysin Ab was further
enlarged to encompass limbic encephalitis (Dorresteijn 
et al., 2002), cerebellar degeneration and opsoclonus 
(Saiz et al., 1998; Antoine et al., 1999). In addition, anti-
amphiphysin Ab are present, at a low frequency, in patients
with SCLC without PND (Saiz et al., 1998). In such cases,
patients’ sera also harbored anti-Hu Ab. Considering the low
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incidence of the disease, no therapeutic approaches have yet
been reported.

Anti-Tr Antibody

Anti-Tr Ab have been described in patients affected by
PCD and Hodgkin disease (HD) (Graus et al., 1997). Cere-
bellar symptoms usually develop in middle-aged males after
diagnosis of lymphoma and during remission of the tumor
(Hammack et al., 1992).

Anti-Tr Ab label the cytoplasm of Purkinje cells of
human and rat cerebellum. The molecular layer of rat cere-
bellum shows a characteristic dotted pattern suggestive of
immunoreactivity by the dendritic terminals of Purkinje
cells (Graus et al., 1997) (Figure 68.5). Immunoblots of
human Purkinje cells or rat and mouse cerebellum are neg-
ative (Graus et al., 1997). Consequently, the corresponding
antigen has not yet been identified.

Through laser confocal microscopy and immunoelectron-
microscopy, anti-Tr Ab immunoreactivity was found to be
localized in the cytosol and outer surface of the endoplas-
mic reticulum of the perikarya of neurons of the molecular
layer and the cell body and dendrites of Purkinje cells,
without a particular concentration in the dendrite spines
(Graus et al., 1998).

The antigen recognized by anti-Tr Ab probably appears
at an early stage and is widely expressed in the developing
rat brain (Graus et al., 1998).

Unlike other antineuronal Ab, anti-Tr Ab can be detected
in the CSF but not in the serum and may spontaneously 
disappear during follow-up (Bernarl et al., 2003) or after
improvement of clinical symptoms (Peltola et al., 1998).

Figure 68.3 Anti-Ri antibody. Pattern of neuronal staining of spinal
cord nuclei (bottom) sparing the dorsal root ganglia neurons (left) (¥250).

Figure 68.4 Anti-amphiphysin antibody. Staining of the neuropil of rat
brain cerebellum in the molecular and granular layers of the Purkinje cell
membrane sparing the nuclei and cytoplasms (¥800).
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Anti-Tr Ab immunoreactivity has never been demonstrated
in the tumor (Bernarl et al., 2003).

Anti-CV2 Antibody

Anti-CV2 Ab were first reported by Antoine et al. (1995)
and Honnorat et al. (1996) in patients affected by subacute
ataxia, SCLC, or thymoma. The main neurologic syndrome
is a subacute cerebellar disease (66%) although a few 
cases presented with limbic encephalitis, LEMS, or uveitis 
(Honnorat et al., 1996). Most patients with anti-CV2 Ab
develop SCLC; association with thymoma (Rogemond et
al., 2000) and epidermoid carcinoma of the lung (Medrano
et al., 2003) is rare.

The paraneoplastic origin of the disease seems to be con-
firmed by dramatic improvement after tumor excision (De
La Sayette et al., 1998). In 20% of patients, anti-Hu Ab are
also present. Patients with anti-CV2 Ab presented mixed
axonal and demyelinating sensory-motor neuropathy, some-
times superimposed on a subacute sensory neuronopathy
when both anti-CV2 and anti-Hu Ab were present (Antoine
et al., 2001).

On adult brain tissue sections, anti-CV2 Ab label the
cytoplasm of oligodendrocytes (Figure 68.6) and react with
a 66 kDa protein of new-born rat brain on western blot 
(Honnorat et al., 1996).

The antigen (paraneoplastic oligodendrocyte protein of
66 kDa; POP66) is specifically expressed by a subpopula-
tion of oligodendrocytes and not by neurons (Honnorat 
et al., 1998), in spite of the wide neuronal loss without
demyelination pathologically reported in these patients. The
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involvement of POP66 in neuron survival via neuron/
oligodendrocyte interactions has been postulated (Honnorat
et al., 1998).

Recently, paraneoplastic chorea, mainly associated 
with SCLC and thymoma, has been described in patients
testing positive for anti-CRMP-5 Ab (Yu et al., 2001;
Vernino et al., 2002). CRMP-5 is a neuronal cytoplasmic
protein, related to the collapsin response-mediator protein
family, which migrates at 66–70 kDa under denaturing gel
electrophoresis conditions. CRMP-5-IgG recognizes the
neuronal nucleus and cytoplasm, and minor glial population
on IHC.

Anti-CV2 Ab are hypothesized to constitute the same
entity as CRMP-5-IgG since they react with at least four of
the five known Ulip/CRMP (Unc-33-like phosphoprotein/
collapsing response mediator protein) (Honnorat et al.,
2001), a family of four homologous phosphoproteins 
considered crucial for brain development. The proteins 
recognized by anti-CV2 are Ulip3/CRMP1, Ulip4/CRMP3
(Honnorat et al., 1999), Ulip2/CRMP2, and Ulip6/CRMP5
(Ricard et al., 2001).

Anti-CRMP Ab reflect only one aspect of Ulip/CRMP
recognition by anti-CV2 Ab (Honnorat et al., 2001).

Anti-Ma/ Ta Antibody

Anti-Ta Ab recognize a 40 kDa neuronal protein present
in the nucleus and cytoplasm of neurons. By IHC on
acetone-fixed, frozen sections of human or rat brain, anti-Ta
Ab produce discrete granular reactivity in the nucleus 
and perikaryon of rat neurons and nuclear staining in the

Figure 68.5 Anti-Tr antibody. Dotted staining of the molecular layer
and Purkinje cell cytoplasm of rat cerebellum (immunofluorescence)
(¥800).

Figure 68.6 Anti-CV2 antibody. Cerebellar white matter (top) showing
cytoplasmic labeling of oligodendrocytes (¥400).
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human cortex (Figure 68.7). Anti-Ta Ab are restricted to
patients with limbic and brainstem encephalitis associ-
ated with testicular cancer (Voltz et al., 1998; 1999; 
Gultekin et al., 2000). Testicular cancer is the second leading
neoplasm, after SCLC, to cause paraneoplastic limbic
encephalitis.

Anti-Ta Ab has permitted the cloning of a protein called
Ma2, which is expressed in the brain and testicular tumors
of patients with paraneoplastic limbic encephalitis and anti-
Ta Ab. The Ma2 function is unknown but shares homology
with Ma1, an antigen expressed in normal brain and testis
(Dalmau, 1998).

Antibodies directed against Ma1 are also known as anti-
Ma Ab; they are usually harbored in the sera of patients
affected by cerebellar and/or brainstem disease associated
with breast, parotid, and colon cancer. Anti-Ma Ab react
mainly with the nuclei and nucleoli of neurons and, to a
lesser degree, with the cytoplasm; in addition, they recog-
nize testicular germ cells. On western blot with neuronal
proteins, anti-Ma Ab identified two distinct bands of reac-
tivity at 37 and 40 kDa. As for Ma2, the function of Ma1
protein remains unknown (Dalmau et al., 1999).

Other Antibodies

Recently, other new antineuronal Ab have been charac-
terized: Glutamate receptor (Sillevis-Smitt et al., 2000), and
Zic4 (Bataller et al., 2004). However, these reactivities have
only been confirmed by one laboratory.

Paraneoplastic Neurologic Diseases: Autoimmune Responses to Tumor Antigens 965

PATHOGENIC MECHANISMS AND
ANIMAL MODELS

The pathogenesis of PND is still unknown, but an
immune-mediated mechanism is hypothesized. This theory
is supported by the detection of antineuronal Ab in PND
patients’ CSF, which indicates intrathecal endogenous 
synthesis.

These syndromes seem to be the result of a cross-
reaction mechanism in which antigens are expressed by both
the tumor and neurons and called “onconeural antigens.”
The immune system is activated by these antigens, slowing
tumor growth and causing the neuronal damage. A possible
mechanism of the autoimmune responses is reported in
Figure 68.8: onconeural antigens expressed within the tumor
are taken up by macrophages and presented to both cyto-
toxic and helper T cells. When these cells migrate through
the blood–brain barrier they help B cells to produce specific
Ab. This microenvironment can induce MHC class I expres-
sion by neurons, thus enabling the cytotoxic T cell to attack
the neuron.

The role of antineuronal Ab in the pathogenesis of 
PND has only been conclusively demonstrated in neuro-
muscular junction disorders, such as LEMS. Indeed, inocu-
lation in rabbits of IgG from patients with LEMS was able
to reproduce the disease (Lang and Vincent, 1996). This

Figure 68.7 Anti-Ta/Ma antibody. Staining of nucleolus in human
cortex. Discrete granular reactivity in the nucleus and perikaryon of rat
neurons (¥400, inset ¥800).

Courtesy of Prof. Dalmau.

Figure 68.8 Autoimmune responses in paraneoplastic neurological dis-
eases. Onconeuronal antigen expressed within the tumor when the cell dies
is taken up by macrophages and presented to both cytotoxic and helper T
cells. When these cells migrate through the blood–brain barrier they help
B cells to produce specific antibodies. This microenvironment can induce
MHC class I expression by neurons thus enabling the cytotoxic T cell to
attack the neuron.
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mechanism occurs, however, irrespective of paraneoplastic
etiology.

In the case of other PND, the discovery of specific Ab
suggests a similar pathogenesis, although no in vivo or in
vitro studies have been able to demonstrate that antineuronal
Ab have a role in inducing the disease. Many onconeural
antigens are nuclear or cytoplasmic, and it is, therefore, 
difficult to understand how Ab might target the neurons. 
Hu antigens, for example, are expressed in cell nuclei and
not on the cell surface; this suggests that they are unavail-
able as a target for the immune system (Dalmau et al., 1991;
1992a). The only evidence that anti-Hu Ab may have a direct
pathogenetic role comes from the finding that anti-Hu Ab
destroy rat cerebellar granular cells in vitro (Greenlee et al.,
1993).

However, anti-Hu-positive sera could be toxic to tumor
cell lines even when cells do not express Hu antigens, 
suggesting that the effect on cells may not be Hu-mediated
(Verschuuren et al., 1997).

Passive immunization of experimental animals with anti-
Yo Ab has never reproduced the disease, as with anti-Hu Ab
(Greenlee et al., 1988; Graus et al., 1991; Sillevis-Smith 
et al., 1994; Tanaka et al., 1995a; 1995b; René et al., 1996).
This suggests involvement of an alternative cellular immune
mechanism (for example cytotoxic T lymphocytes or other
cytolytic killer cell activity). This hypothesis seems to be
confirmed by the discovery of extensive infiltrates in the
nervous system of PND patients (Verschuuren et al., 1996)
and the detection of activated T-cells in the CSF of patients
affected by PCD (Albert et al., 2000). Hence, cytotoxic T
lymphocytes have become the candidate for holding the
primary pathogenic role in PND. T-cell-receptor analysis in
anti-Hu brain tissue revealed oligoclonal expansion of cyto-
toxic T cells, suggesting a primary immune reaction against
onconeural antigens (see Figure 68.8). Very recently 
(Pellkofer et al., 2004) a model of paraneoplastic disease
involving the central nervous system has been reported in
which the adoptive transfer of T cells specific for an auto-
logous onconeural antigen caused encephalomyelitis in rats
with perivascular infiltrates in the regions affected in human
disease.

TREATMENT WITH
AUTOANTIBODIES

The rarity of PND has made it impossible to carry out
controlled therapeutic studies, and currently available data
are derived from limited cases. Correct clinical diagnosis is
paramount but may be challenging since the neurologic
symptoms sometimes have an acute onset and often ante-
date the discovery of the tumor. In any event, early cancer
detection and treatment represent the gold standard for PND
therapy. Indeed, in most cases, treatment of the neoplasm
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can lead to stabilization and even improvement of the neu-
rologic syndrome, although cancer detection may sometimes
be difficult. Moreover, patients may deteriorate in the
months preceding diagnosis of the tumor, the neurologic dis-
order may progress even after achieving complete response
to the tumor, or the PND can develop during cancer 
treatment. For all these reasons, cancer therapy cannot 
be the only approach to PND management. The use 
of immunomodulatory therapies, like steroids, intravenous
immunoglobulin (Moll et al., 1993, Consuell, 1994; Uchuya
et al. 1996), plasma exchange (Graus et al., 1992; Cher et
al., 1995), immunosuppressive drugs (Graus and Delattre,
1993; Stark et al., 1995), and combination of these therapies
(Keime-Guilbert et al., 2000) has been prompted by increas-
ing evidence that many paraneoplastic syndromes are
immunomediated. These therapies seem to be effective for
PND with a proven immunomediated mechanism like
LEMS (Bain et al., 1996). However, no immunomodulatory
approach used to date has been very effective in treating
other PND involving the central nervous system. In these
cases, clinical symptoms could be caused by massive neu-
ronal death (as in the case of Purkinje cells in PCD) or func-
tional impairment of neuronal networks (as in OMS). In the
former group, early treatment is recommended for stabi-
lization of symptoms; in the latter group, complete remis-
sion is possible. Complete clinical remission was reported
in patients affected by limbic encephalitis (LE) associated
with anti-Ma Ab (Rosenfeld et al., 2001); all were treated
with antitumor therapy, in some cases in combination with
immunosuppression. In these cases a reversible imbalance
of the neuronal network seems to be involved, rather than
neuronal loss (as in the case of OMS). In addition, LE with
anti-Ma Ab is usually associated with radically treated 
testicular cancer. An argument against the use of immuno-
modulatory therapy is that it might affect evolution of the
neoplasm. There are no data to support this hypothesis; it
has, instead, been shown that, in patients with PEM, SCLC
outcome was similar in patients who received immunother-
apy and those who did not (Keime-Guibert et al., 2000); in
addition, long-term outcome of PCD and anti-Yo Ab is also
not affected by immunotherapy (Rojas et al., 2000).

CONCLUDING REMARKS

Although categorization of the major PND by 1965 was
supported by the detection of antineuronal Ab by 1980, strict
diagnostic criteria have only recently been developed (Graus
et al. 2004). The diagnosis of PND is still difficult because
not all patients with paraneoplastic disorders harbor anti-
neuronal Ab and a neoplasm is not detected in all patients
with antineuronal Ab. These criteria divide PND into “def-
inite” and “possible” based upon clinical and immunologic
data. We believe that these new criteria will allow classifi-
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cation of newly identified paraneoplastic syndromes and
should now permit the development of standardized
research protocols and multicentric therapeutic trials.
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Lymphoid malignancies occur with increased frequency
in autoimmune disease vis-á-vis the general population.
Lymphomas have long been linked with chronic stimulation
of the immune system (Armstrong et al., 1970), so their
occurrence in an autoimmune disease setting is not unex-
pected. The actual development of lymphoma in auto-
immune disease, however, is complex and multifactorial.
Autoimmune disease per se, with its inherent chronic
inflammation and stimulation of the immune system, con-
tributes to the development of lymphoma, and, in addition,
genetic and environmental factors influence the transition.

Lymphomas and autoimmune diseases demonstrate a
close correlation from several aspects. Thus, lymphomas,
especially B-cell non-Hodgkin lymphomas (NHLs), occur
with increased frequency among autoimmune diseases, and

features of autoimmune diseases occur in lymphoma even
without any evidence of autoimmunity. Environmental
provocation, including infections (mainly viral) and chemi-
cal exposures, is coming under increasing scrutiny in the
development of lymphoma in autoimmune disease. Also,
information is expanding as sequencing of the human
genome progresses, and genetic profiling is providing
opportunities in diagnosis, prognosis, improved classifica-
tion, and treatment of lymphoma.

The increased prevalence of lymphoma in autoimmune
diseases is clearly established in some disorders, while it
appears less clearly established and is based primarily on
case studies or animal models in others. Our understanding
of both non-Hodgkin B-cell lymphoma and autoimmune
disease has increased substantially in the last couple of
decades. Formerly categorized solely by grade as low, inter-
mediate, and high, new classifications for non-Hodgkin 
B-cell lymphoma were devised starting in 1994 with the
“Revised European American Classification of Lymphoid
Neoplasms” and published by the International Lymphoma
Study Group, and most recently modified in 1999. These 
discussions led to designations based on genetic features,
morphology, immunophenotype, and clinical features
(Harris et al., 1999; Jaffe et al., 1999).

Increased knowledge about pathogenesis will translate
into better avenues for research and therapies. The clinical
setting already is rapidly changing with newer knowledge
of risk factors, diagnostic procedures, and regimens of treat-
ment. With these opportunities, though, come the disap-
pointments as some new biologic agents, while improving
symptoms in many autoimmune diseases, can be accompa-
nied by induction of lymphoma in the autoimmune diseases
that these agents were meant to treat. However, the advances
in such areas as cytokine treatments (including antagonists
of tumor necrosis factor [TNF] and B-cell activating
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factors), apoptosis, immunogenetics, and environmental
provocations hold exceptional promise in moving forward
the autoimmune-lymphoma field connection.

OCCURRENCE OF LYMPHOMA IN
AUTOIMMUNE DISEASES

The occurrence of lymphoma in autoimmune disease is
illustrated most clearly in Sjögren syndrome, autoimmune
thyroiditis, and autoimmune hemolytic anemia (Mackay and
Rose, 2001). A connection with lymphoma also has been
proposed in rheumatoid arthritis, systemic lupus erythe-
matosus (SLE), celiac disease, and Henoch–Schönlein
disease, and has been suggested in a broad range of addi-
tional autoimmune disorders.

Autoimmune Diseases Having the Clearest
Association with Lymphoma

Certain autoimmune diseases have been historically 
recognized as associated with lymphoproliferation, which
can remain benign or transform into a frank lymphoma. The
term “lymphoproliferative disease” was used as early as
1959 by Dameshek to describe this association (Dameshek
and Schwartz, 1959). Diseases in this category include
autoimmune hemolytic anemia, Sjögren syndrome, and
autoimmune thyroiditis, described in Chapters 41, 31 and
35, with a prominent histologic feature in the latter two
being ectopic lymphoid hyperplasia in the affected tissue
and prominent germinal centers. Additional autoimmune
diseases having a clear association with lymphoma are
rheumatoid arthritis, SLE, and celiac disease.

Sjögren Syndrome

The link between Sjögren syndrome and lymphoma was
the first to be identified among autoimmune diseases (Talal
and Bunim, 1964). Sjögren syndrome, among all auto-
immune diseases, carries the greatest risk for lymphoma
development, the highest incidence of transformation, and
clearest progression from autoimmunity to lymphoprolifer-
ation to malignancy. In 2001, an International Workshop on
Autoimmunity and Lymphoma concluded that Sjögren syn-
drome best illustrated the transformation from a benign
autoimmune process to malignancy (Mackay and Rose,
2001). The risk generally has been stated at 5% of those with
Sjögren syndrome developing lymphoma over their lifetime,
or a 44-fold increased risk compared with the general pop-
ulation, but some studies place the risk as high as 10%, and
a realistic figure would be in a range from 6–10% (Ramos-
Casals et al., 2000). In those individuals with a disease onset
before age 45 years, the risk is estimated at a 60-fold
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increase over that of the general population (Kassan et al.,
1978).

The most common type of lymphoma occurring in 
Sjögren syndrome is a B-cell NHL of the mucosa-
associated lymphoid tissue (MALT) type. The salivary
glands are the most common initiating site, but lymphomas
also develop in the cervical nodes, lungs, and elsewhere,
including the gastrointestinal tract.

Autoimmune Thyroid Disease

Hashimoto’s thyroiditis is a lymphoproliferative auto-
immune disease that often coexists with Sjögren syndrome,
rheumatoid arthritis, SLE, or other autoimmune disorders
and confers an increased risk of lymphoma. Thyroid lym-
phomas in a Denmark population cohort showed an inci-
dence of 2 cases in 1 million per year, with 66% of those
having pre-existing Hashimoto’s thyroiditis (Pedersen and
Pederson, 1996), and a risk of 40–80 times that of the
general population. Numbers derived from a Swedish
Cancer Register concur with a clear correlation and also 
note a relatively low overall risk of developing thyroid 
lymphoma for those with Hashimoto’s thyroiditis, at less 
than 1% (Holm et al., 1985). While thyroid lymphoma is an
unusual neoplasm, it most often is seen in patients with
Hashimoto’s thyroiditis (Hyjek and Isaacson, 1988). Similar
to the lymphomas found more frequently in Sjögren syn-
drome, those with autoimmune thyroid disease are identified
as B cell and of the MALT type. They also share a histo-
logic feature in which centrocyte-like (CCL) B cells sur-
round reactive follicles forming lymphoepithelial lesions
(Hyjek et al., 1988; Isaacson, 1992; Mackay and Rose,
2001).

Autoimmune Hemolytic Anemia

A clear association with B-cell lymphomas is also evident
in autoimmune hemolytic anemia (Sokol et al., 1981).
Autoimmune hemolytic anemia (AIHA) may be marked in
some patients by diffuse and extensive lymphadenopathy, a
risk factor for development of lymphoma. In one cohort of
AIHA patients, 18% developed malignant lymphoprolifera-
tive disorders, and development of serum monoclonal IgM
protein was noted as a significant predictive factor (Sallah
et al., 2001).

Rheumatoid Arthritis

Patients with rheumatoid arthritis (RA) face an increase
in relative risk for lymphoma of 1.5–8.7 that of the general
population (Prior, 1985; Ehrenfeld et al., 2001). The risk is
cited as much higher for men than women. An hypothesis
recently put forward on this disparity suggests that a lack 
of genetic protection against development of autoimmune
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disease in such men might contribute to their susceptibility
to develop lymphoproliferation and malignancy (Whelan
and Scadden, 2004). However, gathering data on the preva-
lence of lymphoma in RA patients has become increasingly
complicated because of use of treatments such as TNF
inhibitors and immunosuppressive drugs that may them-
selves increase the risk of lymphoma.

Rheumatoid arthritis is associated with a range of hema-
tologic and other malignancies, including NHL, Hodgkin’s
disease, and lung cancer, but conversely has a negative asso-
ciation with colorectal cancer (Mellemkjaer et al., 1996).
Rheumatoid arthritis is notably correlated with development
of diffuse large B-cell lymphoma (DLBCL) (Baecklund 
et al., 2003), and with acute nonlymphoblastic leukemia 
and chronic myelogenous leukemia (Gridley et al., 1993). A
large database from Sweden disclosed that, while its patients
with RA (76,527) did have an increased risk of lymphoma,
this overall risk was not evident in first degree relatives
(70,290), giving little indication of notably co-inherited risk
factors or of environmental effects. This lymphoma was
seen as the direct consequence of the inflammation or the
treatment of RA (Ekström et al., 2003).

Systemic Lupus Erythematosus

Systemic lupus erythematosus shares with other 
autoimmune disorders some pathogenic mechanisms that
can induce lymphoma development. In addition, lymph-
adenopathy is a common feature in lupus, further increasing
the risk. The risk of developing NHL in SLE has been 
commonly cited at 5.2% (Mellemkjaer et al., 1997). Non-
Hodgkin lymphoma is the most prevalent malignancy in
SLE (Abu-Shakra et al., 1996). In patients with SLE, the
occurrence of all types of malignancy lies within a broad
range of 2.5–13.8% of affected individuals (Abu-Shakra 
et al., 2002).

Celiac Disease

Patients with celiac disease experience a higher incidence
of malignant diseases, 8.4%, and this is even higher, 22.2%,
in older patients (Freeman, 2004). Most of the malignancies
are NHLs (Catassi et al., 2002). However, these are dis-
similar from the B-cell lymphomas that most commonly
occur in other autoimmune diseases, since the most preva-
lent malignancy is a small bowel T-cell lymphoma (Green
and Jabri, 2003; Smedby et al., 2005). This enteropathy-
associated T-cell lymphoma (EATL) has several notable 
features (Catassi et al., 2005). It is a substantial clinical
problem, as the outcome is poor, although the relative risk
for intestinal lymphoma conferred by celiac disease (<5.0)
is less than hitherto thought. It accounts for some 35% of all
small bowel lymphomas and occurs after many years of
latency, and hence mostly in older adults. The immuno-
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phenotype of EATL is CD3+, CD4-, CD8- and CD103+;
immunophenotyping suggests a clonal proliferation of
intraepithelial lymphocytes derived from ab rather than gd
T cells. A gluten-free diet seems protective. Thus, as for
autoimmune-based B-cell lymphomas, chronic antigenic
stimulation (of T cells) is presumably provocative. A genetic
anomaly, germline or somatic, has not been implicated.

Other Autoimmune or Immune-Mediated
Diseases Associated with Lymphoma

A high frequency of hematologic malignancies has been
reported in patients diagnosed with Henoch–Schönlein
purpura after the age of 40 years. In one study, more than
one-third of such patients developed a hematologic malig-
nancy, and 10% of those were lymphomas, either of the non-
Hodgkin or Hodgkin type (Pertuiset et al., 2000).

Non-Hodgkin lymphoma is reported in association with
other autoimmune diseases, but large-scale epidemiological
studies and further mechanistic investigations are necessary
to sustain such associations. Those cited in coincident case
reports or small-scale epidemiology studies but that remain
inconclusive include Crohn’s disease (Mellemkjaer et al.,
2000; Raderer et al., 2004); Wegener’s granulomatosus
(Cohen et al., 2004); eczema and psoriasis (Zhang 
et al., 2004); polymyositis and dermatomyositis (Leandro
and Isenberg, 2001; Varoczy et al., 2002); and Addison’s 
disease and autoimmune hepatitis (Varoczy et al., 2002).
Hematopoietic cancers, and especially myeloid leukemia,
are increased by 20% in patients with inflammatory bowel
disease, with a moderately increased risk of lymphoma
found in Crohn’s disease (Askling et al., 2005). Cancer in
general, including NHL, is reported to occur more fre-
quently in systemic sclerosis (scleroderma) (Rosenthal et al.,
1995; Leandro and Isenberg, 2001; Varoczy et al., 2002;
Pearson and Silman, 2003). Interestingly, in a recent review
of 421 patients with NHL, as many as 7.6% had evidence
of an autoimmune disease, most frequently Sjögren syn-
drome, and the autoimmune disease preceded the diagnosis
of lymphoma in 70% of the associated cases (Varoczy et al.,
2002).

Types of Lymphoma in 
Autoimmune Diseases

It is the non-Hodgkin B-cell type of lymphoma that is
most closely linked with autoimmune disease, and MALT-
type lymphomas are especially correlated with Sjögren syn-
drome and Hashimoto’s thyroiditis. However, Hodgkin
disease also appears in the context of autoimmune disease,
and additional hematologic malignancies have been cited 
as occurring in an autoimmune disease setting, including 
multiple myeloma, B-cell chronic lymphocytic leukemia 
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(B-CLL), and Waldenstrom macroglobulinemia. T-cell lym-
phoma is unusual among autoimmune diseases except for
celiac disease.

An interesting comparison was made by Bende et al.
(2005) of amino-acid sequences of the IgVH-CDR3 of B-cell
lymphomas with sequences in GenBank. The repertoire
expressed by lymphomas aligned with that of normal B cells
except for salivary and gastric MALT lymphomas wherein
there was strong CDR3 homology to rheumatoid factors,
indicative of selection for reactivity to autologous Fc of IgG;
this did not pertain however for MALT lymphomas with the
(11;18) translocation. This supports the idea of lymphoma-
genic effects of chronic antigenic stimulation (Mackay 
and Rose, 2001) in the above examples, by Fc of IgG in
complexes of IgG-ANA (salivary glands), or of IgG-
Helicobacter pylori (stomach).

PATHOGENIC MECHANISMS

Lymphoma can develop in the context of chronic anti-
genic stimulation initiated or prolonged by autoimmune
disease and/or infection. Viral or bacterial influences have a
suspected etiologic role, and genetic aberrations also are
involved.

Autoimmunity and Chronic Inflammation

A basic characteristic of autoimmune disease is long-term
stimulation of the immune system and chronic inflamma-
tion, which augment the potential for development of 
lymphoma.

Viral and Bacterial Associations

Viruses and bacteria are linked with the development of
numerous autoimmune, rheumatic, and related diseases and
are also linked with the development of lymphoma. There-
fore, infection has become a prime target in searching for an
autoimmune-lymphoma link. Particularly in the past 15
years, investigators have recognized and legitimized the role
that viruses and bacteria might play in either autoimmune
disease or lymphoma (Parsonnet et al., 2004). Viruses and
bacteria with a noted link with lymphoma cross a broad
range of organisms.

The herpes-type Epstein–Barr virus (EBV) was the first
human virus to be associated with malignancy, specifically
Burkitt’s lymphoma, and later with Hodgkin disease and
primary central nervous system lymphoma. Epstein–Barr
virus has also been investigated in the etiology of autoim-
mune diseases, but no direct link has been proven yet, either
with autoimmunity itself or with lymphoma in autoimmune
disease. Links with other herpes viruses have been estab-
lished, such as human herpes virus (HHV8), which has been

974 Neoplasia and Autoimmunity

linked with lymphoma and lymphoid hyperplasia in auto-
immune disease.

Hepatitis C virus (HCV) is a single-stranded RNA virus
that has demonstrated a clear correlation with both auto-
immune features and malignancy. In fact, identification of
HCV in autoimmunity and lymphoma underlines the triple
association between autoimmunity, infection, and cancer
(Ramos-Casals et al., 2004). This association is clearest in
specific geographic areas in which HCV is prevalent.
Hepatitis C virus is most closely associated with B-cell 
lymphoproliferative disorders, and specifically with B-cell
NHL, and also with type II mixed cryoglobulinemia
(Ramos-Casals et al., 2004; 2005b).

Simian virus 40 has been linked to non-Hodgkin’s lym-
phoma (Vilchez et al., 2004). H. pylori is another micro-
organism, a bacterium, that is clearly established in the
etiology of malignancy, specifically gastric MALT lym-
phoma (Wotherspoon et al., 1991). H. pylori can lead 
to B-cell lymphocytic infiltration of the epithelium, a 
characteristic of MALT. The bacterium Borrelia burgdorferi
causes Lyme disease and is also associated with MALT
lymphoma.

In addition to specific infection being linked with
immune dysfunction, persistent infection leads to chronic
immune stimulation, which influences the development of
lymphoma. Chronic stimulation of B cells, such as rheuma-
toid factor synthesizing B cells, most likely launches the
process of lymphomagenesis in autoimmune disease as well
as chronic infection (Marietta, 2001).

Potential Role of Apoptosis and the Tumor
Necrosis Factor Family

Current research into how the immune system malfunc-
tions and promotes development of autoimmune disease 
and malignancy centers on apoptosis, or programmed cell
death, and the impact on apoptosis of the TNF family. The
TNF-associated ligands and receptors for those ligands play
a powerful role in maintaining or disrupting immune 
homeostasis.

The autoimmune lymphoproliferative syndrome (ALPS)
is a classic example of how dysregulated apoptosis can lead
to autoimmune disease and potentially to malignancy (see
Chapter 70). In ALPS, gene mutations result in defective
apoptosis, leading to abnormal lymphocyte accumulation
and survival of lymphocytes that would normally be 
eliminated, including autoreactive lymphocytes and those
that might transform into malignant cells. Lymphocytic
accumulation in ALPS causes lymphadenopathy and
splenomegaly, and supervening complications include
autoimmune hemolytic anemia, thrombocytopenia, and 
neutropenia, and in some cases lymphoma. The etiopatho-
genesis in ALPS depends on mutations of CD95 (Fas) and
CD178 (Fas ligand) genes, the specific involvement of 
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heterozygous mutations in CD95, and survival of an
increased number of double-negative ab CD3+CD4-CD8-

T cells (Straus et al., 1999; 2001; Bleesing, 2003; Bleesing
et al., 2001).

Defective apoptosis may likewise participate in other
autoimmune diseases and in the development of lymphoma,
and, in these cases, TNF family molecules are critical to 
dysregulation. The B-cell activating factor (BAFF; also 
referred to as B-lymphocyte-stimulator or BLyS) is one 
such member of the TNF family and promotes the survival
and maturation of B cells, and, as such, is vital to normal B-
cell development. However, excess BAFF results in
impaired apoptosis and allows too many of the wrong kinds
of B cells to survive, including those that are autoreactive
and those predisposed to neoplasia. The critical checkpoint
for BAFF activity most likely occurs during B-cell matura-
tion in the spleen (Groom et al., 2002; Batten et al., 2004).
Besides allowing potentially malignant B cells to survive at
this vital point at which they should be eliminated, excess
BAFF can be produced by malignant cells (Mackay and
Tangye, 2004) and so would continue to promote the 
development of both B-CLL and NHL. The level of BAFF
increases as malignancy becomes more aggressive (Novak
et al., 2004).

Elevated serum levels of BAFF are evident in B-cell 
non-Hodgkin lymphoma (Briones et al., 2002; Batten et al.,
2004). Similar high levels are seen in some autoimmune 
diseases, particularly those in which autoantibodies and
lymphoproliferation are key features. Particular examples
include Sjögren syndrome, SLE and RA (Groom et al., 
2002; Mariette et al., 2003; Batten et al., 2004; Szodoray et
al., 2004; Mackay et al., 2005). In contrast, normal levels of
BAFF were found in primary biliary cirrhosis and autoim-
mune adult-onset type 1 diabetes, diseases in which B-cell
proliferation is less evident (Mackay et al., 2002). B-cell-
activating factor is implicated in the polyclonal activation of
B cells, a characteristic of Sjögren syndrome (Lavie et al.,
2004), and, not surprisingly, BAFF levels in Sjögren syn-
drome increase according to the severity of disease and the
degree of systemic involvement, with levels linked to hyper-
gammaglobulinemia (Szodoray et al., 2004), lymphoprolif-
eration, and higher levels of autoantibodies (Mariette et al.,
2003).

Another TNF family member related to BAFF is an apop-
tosis-inducing ligand known as APRIL. This member shares
receptors with BAFF, of which three have been identified to
date (Jelinek and Darce, 2005), but BAFF and APRIL main-
tain different functions. APRIL is involved in T-cell survival
and T-independent antigen responses, has been discovered
in some tumor cell lines and tissue, and can induce prolif-
eration of non-lymphoid cells (Mackay and Ambrose, 2003;
Mackay et al., 2003). Both BAFF and APRIL promote the
growth and survival of some B-cell malignancies (Jelinek
and Darce, 2005). In some non-Hodgkin lymphomas, BAFF
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and APRIL further contribute to the survival of malignant
cells by upregulating c-Myc, which promotes cell prolifer-
ation by downregulating p53, which is an inhibitor of cell
proliferation, and increasing Bcl-6 which arrests B-cell dif-
ferentiation (He et al., 2004). Our knowledge and opportu-
nities in research will certainly expand greatly as additional
members of the TNF family are identified and their roles
established in immune tolerance, autoimmunity, and malig-
nancy (Mackay and Kalled, 2002).

In RA, BAFF is found not only in the serum but in the
synovial fluid, and, in Sjögren syndrome, excess BAFF is
also upregulated in the affected salivary glands and is
expressed in T-cells at the site of salivary gland damage
(Lavie et al., 2004). The appearance of BAFF in sites where
autoimmune damage occurs in these diseases suggests a
potential role for BAFF in their pathogenesis.

Marginal zone (MZ) B-lymphocytes also appear to have
a role in autoimmunity, inflammation, and tissue damage
(Mackay et al., 2005) (see Chapter 11). They form a sepa-
rate spleen compartment, which most likely becomes a
reservoir for autoreactive B cells (Groom et al., 2002). In
addition to the spleen, MZ B cells also have been detected
in the lymph nodes, blood, and salivary glands of BAFF-
transgenic (TG) mice (Batten et al., 2004), with MZ-like
infiltrates present in the salivary glands of this mouse model
(Groom et al., 2002). Similar cells have also been detected
among B-cell infiltrates in the thyroid gland of patients with
Graves’ disease (Segundo et al., 2001).

It is becoming increasingly apparent that the balance of
many elements is critical to immune homeostasis. Tumor
necrosis factor of itself provides a protective element in 
preventing B-cell proliferation, while TNF family members
BAFF and APRIL, in usual amounts, are important for
normal apoptosis. However, when BAFF and APRIL are
produced in excess, they cause B-cell proliferation. Inter-
estingly, in a recent study, TNF-deficient BAFF-TG mice
developed autoimmune disease in spite of the lack of TNF,
and B-cell lymphoma increased in those mice by 35%
(Batten et al., 2004). These findings demonstrate that TNF
might not necessarily be involved in the mediation of
autoimmune disease, but it certainly does have a crucial role
in preventing malignancy. Further study of the TNF family
molecules and interactions among these members holds
great potential for developing new therapeutics and under-
standing the complications of others.

Genetics

Genes and their products can affect the way the immune
system functions and reacts to environmental triggers, so it
is not surprising that genetic factors contribute to the sus-
ceptibility of developing autoimmune disease as well as
cancer. Key research areas in disease development involve
the complex interaction of susceptibility genes and defects
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in the regulation of those genes. New frontiers include the
potential role of genetic aberrations to cause dysregulation
of apoptosis and so influence oncogenic events, such as 
p53 mutations and Bcl-2 chromosomal translocations, and
the runt-related family (RUNX) of genes associated with
autoimmunity.

Genetic Aberrations of p53 and Bcl-2

Genetic irregularities are linked with defective apoptosis,
which has been shown to determine malignancy and auto-
immunity. These aberrations appear to promote apoptosis
via the cell-surface receptor for CD95 (Fas) (Hale et al.,
1996) and include inactivation of tumor suppressor gene p53
and overexpression of Bcl-2.

Mutations of the p53 gene can induce abnormal cell
growth and increase cell survival and can promote progres-
sion of certain B-cell lymphomas. Such mutations are 
frequently found in connection with human tumors, and
anti-p53 antibodies appear in sera of patients with a variety
of malignancies, occurring in about half of all human
cancers (Ichikawa, 2000). In one study, p53 dysfunction was
evident in 22% of cases of aggressive B-cell lymphoma
(Ichikawa et al., 1997). MALT lymphoma and its progres-
sion from low-grade to high-grade have also been linked 
to p53 mutations (Du et al., 1995). Interestingly, cancer
patients can develop features of autoimmune diseases with
production of autoantibodies targeted to autoantigens
involved in oncogenesis such as p53 (Abu-Shakra et al.,
2001).

Further evidence of the interplay between genetics,
malignancy, and autoimmunity is seen in p53 recognition of
DNA damage (Herkel et al., 2000). Patients with SLE may
produce antibodies to p53, and, together with anti-DNA anti-
bodies often found in SLE, can block p53 function, thereby
affecting apoptosis in those patients (Herket et al., 2001).
Finally, additional research into the impact of p53 is expand-
ing to other p53 family members and target genes of p53,
which are also involved in regulation of apoptosis (Fridman
and Lowe, 2003; de Stanchina et al., 2004; Rosenblum 
et al., 2004).

Bcl-2 is another genetic protein involved in apoptosis and
malignancy and contributes to development of NHL when
overexpressed. It is specifically correlated with B-cell NHL
and later stage disease, with evidence of Bcl-2 activation in
51% of cases of B-cell NHL, compared with 17% of T-cell
NHL, and with evidence that 44% of the patients had stage
III-IV disease (Hermine et al., 1996).

Aberrations in Chromosomal Translocations

A clear correlation between MALT lymphoma and three
chromosomal translocations has been established, providing
additional evidence that genetic aberrations can permit lym-
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phoproliferation by allowing malignant cells to evade 
apoptosis. Those translocations include t(11;18)(q21;q21);
t(1;14)(p22;q32); and t(14;18)(q32;q21). The occurrence 
of each translocation appears to be mutually exclusive 
and identified with specific primary sites, t(11;18)(q21;q21)
being connected with those lymphomas originating in
gastric and pulmonary sites, and t(14;18)(q32;q21) with
those appearing in ocular adnexa, salivary glands, and the
skin (Streubel et al., 2004c). When the t(11;18)(q21;q21)
translocation is associated with gastric MALT lymphoma, it
is also closely correlated with H. pylori infection of the
stomach; in fact, the translocation aberrations are influenced
by the disease or infection that precedes transformation to
malignancy (Ye et al., 2003).

Development of lymphoma most likely involves a
complex interplay between the chromosome translocations,
MALT1, nuclear factor kB (NFkB), and BCL10, and may
also involve p53 regulation. The t(11;18)(q21;q21) chromo-
somal abnormality leads to fusion between AP12 and
MALT1 genes, which is known to activate NFkB and in turn
inhibit p53, thereby establishing a link between NFkB sig-
naling pathways and inhibition of p53-mediated apoptosis
(Stoffel and Levine, 2004; Stoffel et al., 2004). The role of
NFkB in apoptosis is clearly an emerging area for study 
in this intricate interaction. Another MALT lymphoma-
associated molecule, BCL10, may be deregulated by
t(1;14)(p22;q32) (Isaacson, 2005) and t(14;18)(q32;q21)
(Ye et al., 2005). The MALT1 gene is an important regula-
tor of BCL10 (Ruland et al., 2003), which is essential for
NFkB activation and, when overexpressed, interferes with
normal apoptosis (Zhang et al., 1999).

Finally, microvascular endothelial cells in B-cell lym-
phomas may have a genetically close relationship with 
the lymphoma and display tumor-related characteristics. 
The endothelial cells in such lymphomas often display 
lymphoma-specific chromosomal translocations, although
the precise mechanisms for this are not clear (Streubel et al.,
2004a).

A Role for the Runt-Related Proteins

The runt-related proteins (RUNX) have been linked with
both autoimmune disease and cancer. These proteins are
transcription factors that regulate genes and include the
RUNX1, RUNX2, and RUNX3 members that are each
linked with malignancy (Ito, 2004). RUNX1 is associated
with acute myelogenic leukemia (Yamada et al., 2004) and
RUNX3 with gastric cancer. It is likely, however, that more
than a single RUNX member may be involved in etiology.
For example, two RUNX members in addition to RUNX3
have recently been linked with gastric cancer (Sakakura 
et al., 2005), demonstrating a role for multiple RUNX
members in malignancy and an even more complex and
widespread involvement of RUNX members than previ-
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ously thought. Additional evidence demonstrates that the
interaction of one or another RUNX members can impact
others, creating an additional mechanism for influencing
disease development (Spender et al., 2005).

It is of particular interest that significant associations
have been found between RUNX1 and development of 
at least three autoimmune diseases: psoriasis, SLE, and 
RA (Alarcón-Riquelme, 2004). RUNX1 is correlated with
defective regulation of genes linked to these autoimmune
disorders. In psoriasis, strong suspicion has been cast on
RUNX1 as a cause of defective regulation of two genes,
SLC9A3R1 and NAT9, which are linked to this disease
(Helms et al., 2003). Similarly, dysregulation by RUNX1 of
a gene associated with RA, SLC22A4, likely contributes to
the development of that disease (Tokuhiro et al., 2003;
Yamada et al., 2004). Systemic lupus erythematosus is asso-
ciated with RUNX1 and the programmed cell death 1 gene
(PDCD1) (Prokunina et al., 2002); PDCD1 has also been
associated with development of RA (Prokunina et al., 2004).

How does RUNX cause dysregulation? Regulatory single
nucleotide polymorphisms (rSNPs) are believed to affect 
the binding site for RUNX and thereby regulate the expres-
sion of genes (Alarcón-Riquelme, 2003). These rSNPs 
are involved in loss of the binding site, which influences 
the autoimmune disease-linked genes and leads to disease
progression. In the case of psoriasis, five rSNPs have been
identified as likely candidates for affecting RUNX binding
sites, whereas in RA, specific rSNPs have not yet been iden-
tified, although the RUNX1 link is clear. Much remains to
be learned, but the role of RUNX in autoimmunity and
malignancy provides numerous potentially fruitful avenues
for research.

THE CLINICAL SETTING

Risk Factors

Immune impairment of itself creates a risk for malig-
nancy. Therefore, individuals with any autoimmune or
rheumatic disease, or even with rheumatoid factor, or under-
going immunosuppressive therapy, should be assessed for
additional risk factors and actual development of lymphoma.
Age, disease duration and severity, and environmental influ-
ences confer a higher risk. In addition, particular symptoms
or laboratory findings, medications used, and genetic profil-
ing can predict susceptibility to lymphoma.

The risk of lymphoid malignancy increases with age
(Mackay and Rose, 2001; Sallah et al., 2001). The younger
the individual at the onset of autoimmune disease, the higher
will be the risk (Kassan et al., 1978; Ramos-Casals et al., 
1998). The propensity to develop lymphoid malignancy 
also increases with autoimmune disease duration. This 
link is well documented in Sjögren syndrome (Ioannidis 
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et al., 2002), rheumatoid arthritis (Gridley et al., 1993; 
Mellemkjaer et al., 1996), and in ALPS (attributed to Elaine
Jaffey, Bethesda, MD, by Mackay and Rose 2001). The
diagnosis of the associated autoimmune disease usually pre-
cedes that of NHL, implying that the sustained antigen drive
associated with autoimmune disease predisposes to malig-
nancy. Severity of disease generally appears to correlate
with a risk for lymphoma, but the link between severity and
lymphoproliferation in the case of SLE was not established
(Ehrenfeld et al., 2001).

Serologic results found in autoimmune disease can also
be a feature of malignancy. Thus antinuclear antibody
(ANA) can indicate a risk for non-Hodgkin lymphoma.
Also, ANA may be increased in patients with NHL follow-
ing treatment, and, more importantly, they are found in a
substantial number of patients with NHL prior to treatment
for malignancy and hence are independent of treatment
factors. Among NHL patients, 19% had evidence of ANA
before any treatment, with the highest incidence in marginal
zone MALT lymphomas (Guyomard et al., 2003). Labora-
tory tests often performed in autoimmune disease and 
correlating with risk of development of NHL include 
positive results for cryoglobulins, hypergammaglobuline-
mia, monoclonal gammopathy, Coombs’ antiglobulin test,
antibodies to neutrophils and platelets, and complement 
deficiency.

Cryoglobulinemia is correlated with palpable purpura,
often secondary to cutaneous vasculitis and a risk factor for
NHL. In addition, when evidence of HCV, of itself linked
with malignancy, is coupled with cryoglobulinemia, it can
herald transformation from benign lymphoproliferation to a
malignant process. When records of patients with cryoglob-
ulinemia were examined in one study, 5% developed a
hematologic malignancy; of those, HCV was evident in 52%
and both HCV and autoimmune disease in 48% (Trejo et al.,
2003). While monoclonal immunoglobulins can occur in the
absence of lymphoma, they are linked with development of
lymphoma. More patients with Sjögren syndrome, com-
pared with those with SLE or RA, have evidence of mixed
monoclonal IgM immunoglobulin (Tzioufas et al, 1986,
1996). Monoclonal gammopathy is increased in 25% of
those with autoimmune hemolytic anemia, which increases
their risk of lymphoma as well as affecting survival (Sallah
et al., 2000).

Non-standard laboratory tests also can forecast risk of
malignancy. Such correlations with B-cell lymphoma
include increased levels of Blys/BAFF in serum or synovial
fluid (Cheema et al., 2001), and this is also indicative of
reduced survival (Novak, 2004); increased levels of serum
b2-microglobulin or Bcl-2 (Hermine et al., 1996); or pres-
ence of anti-p53 antibodies (Maxwell and Roth, 1994;
Ichikawa, 2000). Genetic profiling will become increasingly
used in the future, in helping with diagnosis, risk assess-
ment, and prognosis. It is already known, for example, that

Ch069-P595961.qxd  2/28/06  4:21 PM  Page 977



the chromosomal translocations t(11;18)(q21;q21) lead 
to fusion between AP12 and MALT1 genes, and these
factors, in addition to evidence of t(1;14)(p22;q32) and
t(14;18)(q32;q21), can be of prognostic value in MALT lym-
phoma (Okabe et al., 2003; Isaacson, 2005).

Comorbid factors linked with development of lymphoma
should prompt close monitoring and scrutiny of treatment
protocols. These factors include evidence of specific viral 
or bacterial infections, as mentioned in the section on 
pathology, such as HCV or H. pylori; exposure to ultravio-
let radiation (Fisher and Fisher, 2004); and use of immuno-
suppressive drugs (Ehrenfeld et al., 2001; Zhang et al.,
2004).

Specific symptoms can identify patients at increased risk
of developing lymphoma. Evidence of lymphoproliferation,
lymphadenopathy, splenomegaly, vasculitis, and palpable
purpura in autoimmune disease are correlated with risk 
for lymphoma. In Sjögren syndrome, an additional risk
factor is persistent parotid enlargement; a recent study found
that 84% of patients with Sjögren syndrome who developed
lymphoma had bilateral parotid gland swelling (Jonsson et
al., 2001). The presence of anti-SSA (or Ro) autoantibodies
is a serologic marker for Sjögren syndrome (and also SLE)
and increases the likelihood of developing those symptoms
that are predictive of lymphoma, such as peripheral neuro-
pathy (Voulgarelis et al., 1999). In Sjögren syndrome, 
lymphoproliferative disease (LPD) and the likelihood of
progression to lymphoma are significantly higher in those
patients with palpable purpura and low C4 levels early in
the disease (Ioannidis et al., 2002); in fact, all patients in the
Ioannidis study who developed lymphoma had palpable
purpura and low C4 during their first clinic visit and others
also report that low complement levels in Sjögren syndrome,
including low C3, C4 and/or CH50, are linked with a higher
probability of systemic disease and lymphoma (Ramos-
Casals et al., 2005a).

Treatment

The long-term goal is to prevent the development of lym-
phoma in the first place. The first line then is to control 
the autoimmune disease and reduce the hyperactivity of
autoreactive B cells (Mariette, 2001). The newest biologic
response modifiers used to treat autoimmune disease include
inhibitors of TNF, a class of drugs that includes etanercept
and infliximab. Anti-TNF has proven successful in some
autoimmune disorders and specifically approved for use in
rheumatoid arthritis and Crohn’s disease (Feldmann and
Maini, 2001; Maini et al., 2002). It may also be beneficial
in a broader range of autoimmune disorders, since success-
ful trials have already been reported for ankylosing
spondylitis, psoriasis, and psoriatic arthritis (Feldmann et
al., 2004; Taylor et al., 2004). Sometimes, TNF inhibitors
are combined with more conventional therapies for auto-

978 Neoplasia and Autoimmunity

immune disease to obtain better results (Lipsky et al., 2000).
When an environmental agent is implicated in NHL devel-
opment, its eradication may result in resolution of the malig-
nancy, e.g., resolution of MALT lymphoma when H. pylori
is eliminated (Arima and Tsudo, 2003). H. pylori, however,
is less amenable to treatment in the setting of gastric auto-
immune disease (Raderer et al., 2001; 2003), likely because
chromosomal aberrations as in MALT lymphoma have
occurred (Streubel et al., 2004b).

Therapy for NHL most recently has entailed a combina-
tion of chemotherapeutic drugs, with optimal combinations,
amounts, and schedule of delivery still being sought.
Chemotherapy with ACVBP (dose-intensified doxorubicin,
cyclophosphamide, vindesine, bleomycin, and prednisone)
has been found to be more effective than CHOP (cyclophos-
phamide, doxorubicin, vincristine, and prednisone) in a
study of 747 patients with localized aggressive B-cell 
lymphomas (Reyes et al., 2005). Current breakthroughs in
genetically engineered human-mouse chimeric monoclonal
antibodies (MAbs) and radioimmunotherapy offer addi-
tional options and may be combined with one another and
with chemotherapy. The first MAb to become available, rit-
uximab (Rituxan), was approved by the U.S. Food and Drug
Administration (FDA) in 1997, and seven MAbs have
quickly followed. Rituximab, an anti-CD20 MAb, rapidly
depletes B cells and downregulates Bcl-2 expression, ren-
dering malignant cells more sensitive to chemotherapy (Alas
et al., 2002; Bosly et al., 2002; Chanan-Khan et al., 2004).
Bcl-2 regulation is especially critical in view of the con-
nection between Bcl-2 overexpression and an aggressive
clinical course, resistance to therapy, and ultimately a poor
disease outcome (Chanan-Khan et al., 2004). Combinations
of MAbs and chemotherapy may be even more effective
than either alone, as is the case with CHOP plus rituximab
in diffuse large B-cell lymphomas (Czuczman et al., 1999;
2005; Vose et al., 2001; Coiffier et al., 2002; 2004; Feugier
et al., 2005).

The use of rituximab and other MAbs in treating 
autoimmune diseases (see Chapter 76) may not only control
the disease but also prevent the lymphoproliferative overlay
and complications that predispose to lymphoma. While rit-
uximab has proven effective in many autoimmune disorders
(Specks et al., 2001; Gorman et al., 2003; Gottenberg et al.,
2004; Rastetter et al., 2004), costs and adverse effects
(immunosuppression) could preclude its routine use.

One of the latest therapeutic approaches combines a 
MAb with radioimmunotherapy, which allows the targeting
of radiosensitivity of malignant B cells (Connors, 2005;
Kaminski et al., 2005). The first radioimmunotherapy, and
first conjugated antibody accepted for NHL treatment, is
Yttrium-90 (90Y) ibritumomab tiuxetan (Zevalin), approved
by the FDA in 2002 (Grillo-Lopez, 2002) and in Europe in
2004. It is primarily used for low-grade or follicular NHL
and in relapsed B-cell NHL (Grillo-Lopez, 2002; Witzig,
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2004). Additional therapeutic developments have followed,
including tositumomab (Bexxar), a chimeric anti-CD20 anti-
body that has been coupled with a radionucleotide and is
selective for follicular lymphoma (Kaminski et al., 2005),
and the radiolabeled monoclonal 90Y-epratuzumab or 90Y-
DOTA humanized anti-CD22 IgG, also promising for NHL
treatment (Sharkey et al., 2003). These therapies are clearly
a work in progress with much remaining to be learned about
each, the effectiveness of various combinations, and the
additional interplay of knowledge brought by new therapies
that will be developed and new concepts and understanding
of NHL brought by changing concepts of staging in NHL
(Armitage, 2005).

LYMPHOMA AS A COMPLICATION
OF BIOLOGIC TREATMENT OF

AUTOIMMUNE DISEASE

Treatment of autoimmune disease may be implicated in
causing or modulating the development of lymphoma.
Therefore, benefits and risks must be weighed according to
the specific autoimmune disease, patient, and proposed
therapy. It has been long suspected that use of immuno-
suppressive drugs can increase the risk of lymphoma
(Ehrenfeld et al., 2001), so a relation between cumulative
exposure to immunosuppressive agents and malignancy is
not surprising (Asten et al., 1999). Such publicized links
have been reported recently with two ointments approved
for eczema and used in other autoimmune skin disorders. In
2005, the U.S. FDA issued warnings for pimecrolimus
(Elidel) and tacrolimus (Protopic), linking their use to lym-
phoma and skin cancer. Both are immunosuppressants, and
the FDA states that the incidence of malignancy likely
increases with the amount of medication given (FDA, 2005).

Patients with RA treated with nonsteroidal anti-
inflammatory drugs (NSAIDs), including aspirin, are at
greater risk of developing NHL than patients not treated with
those drugs. One study reported the highest increased risk
with use of NSAIDs excluding aspirin but still found a sig-
nificant risk in those taking aspirin alone (Cerhan et al.,
2003). Comparatively, osteoarthritis patients had no evi-
dence of increased risk of lymphoma in those taking
NSAIDs or aspirin.

Concern has arisen over development of malignancy fol-
lowing the use of cytotoxic (anticancer) drugs, methotrex-
ate, and anticytokine therapies such as TNF and interleukin
1 (IL-1) inhibitors. A 10-fold increase in RA patients taking
the cytotoxic drug azathioprine has been reported, compared
with a 5-fold increase in RA patients not taking the drug
(Silman et al., 1988). Suspicion centers on the possibility
that the drug might induce chromosomal abnormalities or
reactivate latent viral infections (Ehrenfeld et al., 2001). 
The disease modifying antirheumatic therapy (DMARD),
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methotrexate, is tentatively linked with lymphoproliferative
disease and lymphoma, although a link is not certain
(Salloum et al., 1996). Some reports demonstrate no clear
connection between immunosuppression and lymphoma,
with the exception of a small group of patients with RA or
polymyositis who developed EBV-linked NHL while taking
methotrexate (Mariette et al., 2002; Feng et al., 2004).
Overall, however, little support exists for an increased risk
of malignancy with use of methotrexate (Baecklund et al.,
2004; Wolfe and Michaud, 2004).

Similar questions have been raised about TNF inhibitors
and lymphoma. Patients with RA were reported as having a
4.9% increased risk of lymphoma when taking anti-TNF
agents compared with those not taking the drug in one study,
although the investigators cited a need for additional studies
(Geborek et al., 2005), and no increased risk was found in
another study (Askling et al., 2005b). The TNF blockers
infliximab (Remicade), etanercept (Enbrel), and adlimumab
(Humira), as well as the IL-1 inhibitor anakinra (Kineret),
have been linked to lymphoma and include this risk in pre-
scribing warning labels (Fleischmann et al., 2004).

While an increased risk of lymphoma appears evident
with these medications, a clear and definite relationship
remains to be proven. Patients with autoimmune disease
already are predisposed to malignancy, use of immuno-
suppressive agents increase this predisposition, and the 
anti-TNF and anti-IL-1 agents bring additional immunosup-
pression into the equation. It is difficult to determine cause
when natural predilection, medication history, and use of
new biologics are involved. Only additional and larger
studies will elucidate the possible association between 
particular therapies and the subsequent development of 
lymphoma.

A LOOK TO THE FUTURE

We are on the verge of an exciting and new generation
of therapeutics for lymphoma. The future for treatment of
non-Hodgkin lymphomas will build on what we are just
beginning to learn about specific molecular targets and
methods of delivery. In addition to creating new anticytokine
agents and monoclonal antibodies and improving radioim-
munotherapy, other areas of current and future interest will
continue to evolve. These include STAT3 pathway inhibitors
that might lead to a new class of targeted therapeutics (Alas
and Bonavida, 2001; 2003; Alas et al., 2001) and the con-
tinuous search for different mechanisms to inhibit TNF and
suppress overexpression of Bcl-2. Vaccines provide another
potential treatment strategy to prevent relapses in those who
have developed lymphoma. Vaccines can use the patient’s
own immune system against malignancy and provide a less
toxic therapy (Hsu et al., 1997; Bendandi et al., 1999; Dar
and Kwak, 2003).
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Ultimately, the goal for the future is to tailor the therapy
directly to the disease and the patient. As we learn more
about pathogenesis of autoimmune disease and lymphoma,
we can better understand how autoimmunity transforms
from a benign to a malignant state so that this transforma-
tion might be prevented. Gene microarrays may lead to 
our ability to better predict susceptibility to lymphoma in
autoimmune disease. New methods of examination provid-
ing a precise molecular diagnosis will allow us to recognize
the differences among lymphomas that appear similar in
histopathology but are indeed quite different (Cheson,
2004). These advances will lead to better classification of
lymphoma and enable us to determine those therapies that
have the greatest chance of success.

Gene expression profiling will be used increasingly in the
future to help predict outcome and determine treatment.
Already, the identification of ZAP70 in diffuse large B-cell
lymphoma has provided a prognostic marker for that dis-
ease and can establish who might benefit from a specific
chemotherapy treatment and who might not (Rosenwald,
2003; Rosenwald and Staudt, 2003; Rosenwald et al., 2002).
As we continue to develop and better understand genetic
microarrays and how specific genetic profiles might affect
response to different treatments and overall prognosis, we
can modify treatment protocols to fit the individual patient.
The future should bring greater understanding of the patho-
genesis of autoimmune disease and lymphoma, the impact
of genetic profiling, and the promise of new biologics or
other agents in treating these diseases.
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Autoimmune lymphoproliferative syndrome (ALPS),
also known as Canale–Smith syndrome, is a genetically
determined disease characterized by accumulation of 
lymphoid cells, increased numbers of CD4-CD8- (double
negative) CD45R+ T cells, hypergammaglobulinemia, and
autoimmunity. It is caused by mutations in genes encoding
components of the cell death pathway that is activated by
the ligation of Fas (CD95/APO1/TNFRSF6), a member of
the tumor necrosis factor (TNF) receptor family. Although
ALPS is very rare, study of this disease and its murine coun-
terpart has revealed much about the roles and mechanisms
of cell death in the immune system.

HISTORIC BACKGROUND

Canale–Smith syndrome was described in 1967 by
Virgina Canale and Carl Smith who examined five children
with a benign generalized lymphadenopathy and auto-
immune disease (Canale and Smith, 1967). During the 

following years, the syndrome has also been called ALPS,
chronic lymphadenopathy simulating malignant lymphoma,
chronic pseudomalignant immunoproliferation, benign
immunoproliferative syndrome, and lymphoproliferative
syndrome with autoimmunity.

A similar disease was observed in the MLR strain of mice
bearing the lpr (lymphoproliferative) mutation in 1978
(Andrews et al., 1978), and mice with the gld (generalized
lymphoproliferative disease) mutation in 1984 (Roths et al.,
1984). Unaware of the earlier report of Canale–Smith syn-
drome, Sneller et al. described two patients with ALPS, and
recognized the similarity to the murine lpr and gld diseases
(Sneller et al., 1992).

In 1992, Nagata and coworkers (Watanabe-Fukunaga et
al., 1992) showed that lpr disease of mice was due to muta-
tions in Fas (CD95), a member of the TNF receptor family
that gives a pro-apoptotic signal when ligated (Yonehara 
et al., 1989). Two years later, they cloned the gene for the
gld mutation, and showed it encoded the ligand for Fas
(Takahashi et al., 1994).

Mutations of components of the Fas pathway in humans
with ALPS were observed by Rieux-Laucat et al. in France
in 1995 (Rieux-Laucat et al., 1995), and a short time later
by Fisher et al. in the United States (Fisher et al., 1995). The
formal demonstration that ALPS, lpr disease, gld disease
and Canale–Smith syndrome were all manifestations of loss-
of-function mutations in the same pathway came with the 
identification of mutations in the Fas gene of patients with
Canale–Smith syndrome by Drappa et al. in 1996 (Drappa
et al., 1996).

Because it has become the most frequently used term, this
chapter will use the acronym ALPS, even though it was pre-
dated by the term Canale–Smith syndrome, and this disease
is associated with accumulation of lymphocytes, rather than
their proliferation.
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CLASSICAL AUTOIMMUNE
LYMPHOPROLIFERATIVE

SYNDROME—CLINICAL AND
AUTOIMMUNE FEATURES

Autoimmune lymphoproliferative syndrome is a very
rare syndrome, with an approximate total of 100 cases
described to date worldwide. There are four classical 
features: a defect in the Fas-induced apoptotic pathway; 
a polyclonal, non-malignant accumulation of unusual 
CD4-CD8-CD45R+ T-lymphocytes; hypergammaglobu-
linemia; and autoimmunity. Similar features are seen in mice
homozygous for loss-of-function mutations in Fas (i.e., the
lpr mutant mice) or FasL (i.e., gld mutant mice).

Autoimmune lymphoproliferative syndrome is usually
seen in young children (0–5 years), although some cases
have only been diagnosed in adulthood (Deutsch et al.,
2004). Affected individuals usually present with afebrile
lymphadenopathy and splenomegaly. The majority also
exhibit signs of autoimmunity, most commonly autoimmune
hemolytic anemia, thrombocytopenia, or neutropenia, but
involvement of other organs such as the kidneys and liver
has also been observed (Sneller et al., 1997; Rieux-Laucat et
al., 1999). Levels of IgG and IgA in the blood are increased,
often with autoantibodies to red blood cells, platelets,
nuclear antigens, and IgG (rheumatoid factor), whereas anti-
bodies to DNA are not seen, unlike the mouse lpr disease.

Although the lymphadenopathy and splenomegaly
resemble those of malignant lymphoma, ALPS is not a neo-
plastic disease. Elevated numbers (more than 1% of circu-
lating lymphocytes) of a peculiar subset of T-lymphocytes
can be found in the blood. These T-receptor-positive cells
lack both of the T-cell markers CD4 and CD8, but express
the CD45R (B220) antigen, which is usually only seen on
B-lineage cells. The origin of these cells, which also 
accumulate in the mouse form of the syndrome, remains
enigmatic. Presumably in normal individuals these cells 
are removed by Fas-signaled apoptosis, but persist and 
accumulate when Fas pathways are interrupted.

The disease can be confirmed in vitro by demonstrating
insensitivity of peripheral blood lymphocytes to Fas-
induced apoptosis. This can be carried out either by activat-
ing the cells with antibodies to the T-cell receptor-associated
antigen CD3, and measuring the amount of activation-
induced cell death, which is dependent on Fas–FasL inter-
actions (Wu et al., 1996), or by incubating the lymphocytes
with antibodies that cross-link Fas, and determining the
amount of apoptosis (Sneller et al., 1997).

GENETIC INHERITANCE

Autoimmune lymphoproliferative syndrome is caused by
a failure of the Fas pathway. This can result from recessive
inheritance of two nonfunctional genes for a component of
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the pathway, or due to a dominant interfering mutation,
which would lead to a dominant inheritance pattern.

In the mouse gld disease (due to mutation to the genes
for Fas ligand) and lpr disease (due to low or absent expres-
sion of Fas) are recessively inherited. While three cases of
homozygous null mutations to Fas have been reported in
humans (ALPS 0), the great majority of human ALPS, about
100 cases, exhibit a partially penetrant dominant inheritance
pattern (ALPS Ia), and are heterozygous for mutations to
Fas. It is thought that the mutant Fas proteins act in a dom-
inant negative manner by interfering with the ability of the
normal molecules to form trimers that are capable of effi-
ciently activating the death-inducing signaling complex
(Kischkel et al., 1995) comprised of FADD, caspase 8, and
caspase 10.

Genotyping of family members of ALPS patients for Fas
mutations usually reveals a dominant pattern of inheritance,
but relatives that share the mutation often have no history
of lymphadenopathy or autoimmune disease, even though
their lymphocytes are resistant to apoptosis following liga-
tion of Fas (Sneller et al., 1997). This illustrates the great
variation in the penetrance of the disease.

FAS ACTIVATED SIGNALING
PATHWAYS

Fas (CD95/APO1/TNFRSF6) is a member of the TNF
receptor family that exists as a homotrimer in the plasma
membrane of several cell types, including T- and B-lineage
cells. The extracellular aminoterminal half of Fas can be
bound by Fas ligand (FasL), leading to formation of higher
order multimers (Holler et al., 2003) and activation of sig-
naling (Kischkel et al., 1995). The intracellular carboxy-
terminal half of Fas bears a protein interaction motif termed
a death domain (DD) that allows it to interact with the DD
in the adaptor protein FADD (Chinnaiyan et al., 1996,
Boldin et al., 1996). The cytoplasmic adaptor molecule
FADD can, in turn, bind to latent forms of caspase 8 and
caspase 10, leading to activation of these proteases (Boldin
et al., 1996; Muzio et al., 1996). Once active, these caspases
can cleave proteins within the cell, and activate other cas-
pases, resulting in death of the cell by apoptosis.

By interacting with other DD-bearing adaptor proteins
such as RIP (Ting et al., 1996), in some cells Fas can acti-
vate other signal transduction pathways including the NFkB
and Jun transcription factor pathways (Duckett, 2002). Mod-
ulation of Fas signaling by another adaptor molecule, termed
FLIP, can determine whether ligation of Fas leads to apop-
tosis or the activation of other biochemical pathways (Irmler
et al., 1997; Lens et al., 2002).

Binding of Fas by FasL can, therefore, set in train a signal
transduction pathway that leads to apoptosis, but it does not
always proceed that far, and signals emanating from ligated
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Fas do not only lead to activation of the cell death mecha-
nism, but may result in other cellular responses.

ANIMAL MODELS AND
PATHOGENIC MECHANISMS

Loss of Fas expression in the lpr mice is due to integra-
tion of a transposable element into intron 2 of the Fas gene,
leading to markedly reduced Fas expression (Adachi et al.,
1993). Mice with a point mutation in the cytoplasmic
domain of Fas that prevents signaling (lprcg mice) (Adachi
et al., 1993), and Fas null mice generated by gene targeting
(Adachi et al., 1996) exhibit similar phenotypes, character-
ized by accumulation of CD4-CD8-CD45R+ T lymphocytes
in the lymph nodes and spleen. The blood contains increased
levels of IgG, anti-DNA antibodies, rheumatoid factor, and
immune complexes, and the mice often develop glomerulo-
nephritis and arthritis. A similar syndrome is seen in Fas
ligand mutant (gld) mice and FasL gene-targeted mice
(Karray et al., 2004), although the disease in the latter is
slightly more severe.

The severity of lymphocyte accumulation and autoim-
munity in lpr mice is strongly affected by the background
genotype; for example, on the MRL background, it is much
more severe than when the same mutation is on a C57BL6
background. This demonstrates that several other genes can
influence the clinical manifestations of the disease (Vidal 
et al., 1998).

Although mutations in Fas and its ligand result in ALPS-
like syndromes in mice, mutations to other components of
the pathway, such as FADD and caspase 8, do not. Deletion
of the FADD genes in mice results in embryonic lethality,
and transgenic mice expressing a dominant negative FADD
construct in their T cells do not develop an ALPS-like 
phenotype, but have defects in T-cell proliferation (Newton 
et al., 1998).

Mice do not have a gene homologous to human caspase
10, and deletion of caspase 8 genes results in embryonic
lethality. Transgenic mice expressing the caspase 8 inhibitor
CrmA in T-lineage cells (Smith et al., 1996) did not develop
autoimmunity or accumulate CD4-CD8-CD45R+ lympho-
cytes, even though the cells were profoundly resistant to
Fas-induced apoptosis. Mice in which caspase 8 was deleted
only in the T lineage, which rendered the cells completely
resistant to induction of apoptosis following ligation of Fas
(Salmena et al., 2003), had normal thymocyte development,
but numbers of peripheral T cells were reduced, and they
were immunodeficient. There was no accumulation of 
CD4-CD8-CD45R+ T-lymphocytes or autoimmunity. These
experiments suggest that the development of the disease
manifestations associated with ALPS in mice, such as accu-
mulation of lymphocytes and autoimmunity, requires inter-
ruption of Fas-signaling pathways upstream of caspases and
FADD.

Apoptosis and Autoimmunity: Lymphoproliferative Syndromes 989

Autoimmune lymphoproliferative syndrome results 
from loss of signals from ligated Fas on both B and T
lymphocytes. These signals include activation of NFkB and
Jun transcription-factor pathways, processing of caspase 8,
and apoptosis. MLR lpr mice expressing transgenic Fas in
just the T-lineage did not develop splenomegaly or lymph-
adenopathy, but still generated autoantibodies and devel-
oped glomerulonephritis, whereas transgenic expression of
Fas in both B and T lineages prevented both lymphocyte
accumulation and autoantibody production (Fukuyama et
al., 1998; 2002). This suggests that loss of Fas on T-lineage
cells leads to persistence of the CD4-CD8-CD45R+ T cells,
but Fas signaling must be lost from B lymphocytes for
autoimmunity to occur.

NONCLASSICAL FORMS 
OF AUTOIMMUNE

LYMPHOPROLIFERATIVE SYNDROME

Classical ALPS is due to either homozygosity for a null
mutation to Fas (ALPS 0, which has been observed in three
cases) or heterozygosity for a dominant negative mutation
to Fas (ALPS Ia, found in approximately 100 cases). These
mutations are usually found in the DD. There are a number
of other classes of ALPS, namely ALPS Ib, ALPS II and
ALPS III in which the cause of the syndrome is less well
established.

The ALPS Ib form is due to mutations in the gene for
FasL in humans, analogous to the gld mutation in mice. Only
a single instance has been reported: a patient heterozygous
for an 84 base-pair deletion in the gene for FasL (Wu et al.,
1996). This patient, who presented with features typical of
systemic lupus erythematosus (SLE) rather than classical
ALPS, did not have severe lymphadenopathy or increased
CD4-CD8-CD45R+ T cells. Furthermore, because the
defects in function of FasL expressed on the patient’s lym-
phocytes were partial, it is not certain that the FasL deletion
was the cause of his disease.

Patients with ALPS II have the classical clinical features
of ALPS, and their lymphocytes are resistant to apoptosis
caused by Fas ligation, but they have normal Fas and FasL
genes. Mutations to caspase 10 have been found in two 
kindreds (Wang et al., 1999), but at this stage it has not been
proven beyond doubt whether the nucleotide changes
observed cause the disease, or whether these patients have
some other abnormality. One of the genetic changes was
subsequently found to occur in 0.5% of the Danish popula-
tion, so might represent a polymorphism, rather than a loss
of function mutation (Gronbaek et al., 2000).

If mutations in caspase 10 are indeed the cause of ALPS
II it will be important to determine the mechanism by which
they do so, but, because mice do not have genes for caspase
10, it is not possible to examine the analogous mutations in
mice. The mechanism proposed is that the mutant caspase
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10 molecules, which bear missense point mutations, act in
a dominant negative way to interfere with caspase 8 func-
tion (Wang et al., 1999). Because complete loss of caspase
8 causes immunodeficiency rather than an ALPS phenotype
(Chun et al., 2002; Salmena et al., 2003), if they are acting
in a dominant negative way, the mutant caspase 10 proteins
cannot inhibit all caspase 8 function.

Some patients with ALPS II have normal genes for
caspase 10 (Rieux-Laucat et al., 2003), raising the possi-
bility that other molecules involved in Fas-signaling 
pathways are involved in these, and possibly all, cases of
ALPS II.

Approximately 20 patients with ALPS III have been
described. They show mild clinical features of ALPS,
including increased numbers of CD4-CD8-CD45R+ T cells
in the blood, but have no mutations in their genes for Fas or
FasL. Some are reported to have lymphocytes with normal
sensitivity to ligation of Fas in vitro, whereas in others it is
reduced (Ramenghi et al., 2000). No errors have been found
in genes for FADD, TNF receptors 1 and 2 (TNFR1,
TNFR2), caspase 8, or caspase 10 (Chun and Lenardo, 2001;
van der Werff ten Bosch et al., 2001; Rieux-Laucat et al.,
2003). Suspicion now falls on other members of the TNFR
family, such as receptors for the TNF-like cytokine TRAIL.
However, to date, there have been no mutations reported,
and mice engineered to have mutations in genes such as
TRAIL do not exhibit an ALPS-like phenotype (Sedger et
al., 2002).

Six children initially classed as having ALPS III, because
they had autoimmunity, increased CD4-CD8- T cells, and
hypergammaglobulinemia, but normal sensitivity of their
lymphocytes to Fas-induced apoptosis, were subsequently
found to have Fas mutations in their CD4-CD8- T cells, but
not in DNA from their hair or skin cells (Holzelova et al.,
2004). These investigators proposed that somatic mutations
to the Fas gene (similar to those in ALPS Ia) arose in a
hematopoietic precursor cell, resulting in mosaicism, and
suggested that patients be denoted as belonging to ALPS
type Im.

AUTOIMMUNITY

In ALPS, the autoimmunity is chiefly antibody mediated,
with the usual autoantibodies found being antibodies to red
blood cells, platelets, nuclear antigens, and rheumatoid
factor. Although the major abnormal cell types are of the T
lineage (namely the CD4-CD8-CD45R+ T cells), and the
defects in Fas-induced death are usually demonstrated in T
lymphocytes, B cells are clearly important for development
of the autoimmune manifestations. For autoimmunity to
develop in lpr mice, the B cells must bear the mutation
(Fukuyama et al., 1998; 2002). How then does loss of Fas
signaling lead to production of autoantibodies?
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It has been proposed that Fas is required for elimination
of autoreactive B cells (Rathmell et al., 1995), creating a
defect in peripheral tolerance. This possibility could be con-
firmed by expressing the gene for the caspase 8 inhibitor
CrmA in the B cells of transgenic mice. It seems clear that,
whatever the mechanism leading to autoimmunity, it will be
complicated and influenced by many genes. In humans, the
partial penetrance observed in families with ALPS demon-
strates the effects of other genes, as do differences in the
severity of autoimmune disease in mice with different
genetic backgrounds. Mutations to many different genes that
affect the number or survival of B cells in mice can lead to
autoimmune syndromes. For example, transgenic expression
of the antiapoptotic gene Bcl-2 (Strasser et al., 1990; 1991),
or deletion of the genes for BIM (Bouillet et al., 2002) or
IL-2 (Suzuki et al., 1997) develop SLE-like autoimmune
syndromes when on certain genetic backgrounds.

TREATMENT AND OUTCOME

Autoimmune lymphoproliferative syndrome usually
spontaneously decreases in severity (Fischer et al., 1999),
and is compatible with normal life expectancy (Infante et al.,
1998), so the treatments are conservative. Lymphadeno-
pathy, splenomegaly, and autoimmune manifestations often
regress without treatment, even though elevated IgG and
increased numbers of CD4-CD8-CD45R+ T cells often
persist. Acute episodes of autoimmune disease such as
hemolytic anemia and thrombocytopenia may occur, and
lymphoma has developed in some patients. Management is,
therefore, based on regular monitoring and treatment of
acute exacerbations of disease.

To treat the more severe autoimmune disease manifesta-
tions a number of regimens have been tried, including
steroids, mycophenolate mofetil (Alvarado et al., 2004), rit-
uximab, and vincristine (Heelan et al., 2002), splenectomy,
or bone marrow transplantation (Sneller et al., 1997; Sleight
et al., 1998).

CONCLUDING REMARKS—
FUTURE PROSPECTS

For researchers, the significance of ALPS has been from
the insights it has provided into the mechanisms of apopto-
sis and autoimmunity, but because it is such a rare disease
there is little incentive to develop specific therapies. The
main burdens of disease faced by ALPS patients are due to
the accumulation of lymphoid tissue and the flare ups of
autoimmune disease. Recent discoveries of the role of the
TNF-related cytokine BAFF as a B-cell growth and survival
factor that is elevated in a number of SLE-like autoimmune
syndromes (Vaux, 2002) provides hope that BAFF-blocking
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agents might one day be also useful for the treatment of the
autoimmune manifestations of ALPS.
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ATHEROSCLEROSIS 995
AUTOINFLAMMATORY DISEASES 996
BIRDSHOT RETINOPATHY 997
CHRONIC FATIGUE SYNDROME 997
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Autonomic Neuropathy 1000
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Movement Disorders 1001
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PULMONARY ALVEOLAR PROTEINOSIS 1003
RELAPSING POLYCHONDRITIS 1003
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SARCOIDOSIS 1004
BENEFICIAL (PROTECTIVE) AUTOIMMUNITY 1004

The previous edition (3rd) of 1998, Chapter 37, described
various “contender” autoimmune diseases of which many
now appear as full chapters in this edition. Here are pre-
sented (alphabetically) further diseases as cameos, either by
reason of their rarity, controversial evidence on causation,
or autoimmunity being just one of several elements in
pathogenenesis.

ANOREXIA NERVOSA AND BULIMIA

Anorexia nervosa (AN) and bulimia are eating disorders
that affect up to 3% of women in their lifetime (Walsh and
Devlin, 1998), and are characterized by aversion to food,
cachexia and amenorrhea (AN) or food aversion with bouts
of overeating (bulimia). Since AN is usually interpreted as
a behavioral disorder, patients often come into psychiatric
care, although a neuropsychiatric basis has not been 
ascertained. The incidence in young women could prompt 
consideration of autoimmunity despite absence of other 
features. Fetissov et al. (2002) reported an analysis of serum
autoantibodies from 57 women with eating disorders: AN,
28; bulimia, 22; and combined AN and bulimia, 7. The assay
used was immunohistochemical labeling by serum of cells
of rat pituitary gland and hypothalamus. Of the 57 sera, 42
(74%) had autoantibodies that bound to melanotropes and/or
corticotropes in the pituitary gland, and certain of the sera
were selectively reactive with hypothalamic neuronal cells
and projections that expressed melanocyte-stimulating
hormone. Further technical details are given by Fetissov et
al. (2002). There has been no direct confirmation of these
data.

ATHEROSCLEROSIS

Atherosclerosis is discussed in Chapter 64 in this volume
with emphasis on autoimmune reactivity to heat shock
protein 60 (hsp60), but the complexity of this multifactorial
inflammatory disorder warrants a “second look.” Schwartz
and Mitchell (1962) illustrated mononuclear cell infiltra-
tions, mainly lymphocytic, in the vascular adventitia in
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atheroma, with surprise that “such prominent cellular accu-
mulations should have received so little attention.” They
cited several antecedent reports on the frequency of these
infiltrations, and tabulated data indicating that adventitial
cellular infiltrations correlated with coronary arterial plaque
severity and with recent arterial thrombosis. In an immuno-
epidemiologic study of 3407 adult residents of Busselton,
Western Australia, in 1973, it was found that the prevalence
of routinely tested autoantibodies not only increased with
age, but also proved to be an independent risk factor for mor-
tality and morbidity from coronary/cerebrovascular disease
(Mathews et al., 1973); postulated mechanisms included
reactivity of autoantibodies with antigens on the vascular
surface. Subsequently, the presence of lymphocytes, pre-
dominantly T cells, in atherosclerotic plaques is repeatedly
cited (Jonasson et al., 1986; Emeson and Robertson, 1988;
Van der Wal et al., 1989; Xu et al., 1990; Libby and Hansson,
1991). Also the vascular lesion seen in long-standing human
allografted organs—kidney, liver, or heart—as a thickening
of the wall of medium-sized arteries with inflammatory 
features, and interpretable on the basis of a chronic host-
versus-graft cellular immune attack, simulates atherosclero-
sis. Finally, there is the occurrence of accelerated
atherosclerosis in multisystem autoimmune diseases, earlier
interpreted as myocarditis (Mackay and Burnet, 1963), and
recently well documented for systemic lupus erythematosus
(SLE) (Asanuma et al., 2003; Roman et al., 2003) and
rheumatoid arthritis (Kaplan and McCune, 2003).

Animal models have been developed to examine the
immunopathogenesis of atherosclerosis. In rabbits with
hypercholesterolemia, atherosclerotic lesions contain
autoreactive T cells that respond to hsp60 (Wick et al., 1995;
see Chapter 64). Mice with a “knockout” of the gene encod-
ing apolipoprotein E, apoE-/- (Zhou et al., 1996), as for low
density lipoprotein (LDL)-receptor deficient mice, are
hypercholesterolemic and develop severe atherosclerosis
with morphologic features very similar to the human coun-
terpart (Lichtman et al., 1996). The lesions in these mice
show numerous T lymphocytes, predominantly of the CD4+

phenotype with expression of the activation marker CD25,
high expression of MHC class II molecules on adjacent
tissue cells indicative of release of cytokines, e.g., inter-
feron-g (IFN-g) from the infiltrating T cells, lipid-filled
macrophages (foam cells), and hypertrophy of the smooth
muscle of the arterial wall.

Studies in humans, have been directed to defining spe-
cific immune reactants that could promote atherogenesis,
either directly or via immune complexes. These could
include 1) pro-inflammatory oxidized phospholipids
(Berliner and Watson, 2005; Piarulli et al., 2005; Tsimikas
et al., 2005), and noting the reactivity of antibodies to phos-
pholipids in SLE (Vaarala et al., 1993); 2) malondialdehyde
which is an adduct formed on low density lipoprotein during
oxidation (Salonen et al., 1992; Lopes-Virella and Virella
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1996); or 3) hsp60, the mammalian equivalent of bacterial
hsp65, when hyperexpressed on stressed arterial intimal
cells (see Chapter 64). Laman et al. (1997) implicated an
interrelationship between foamy macrophages and activated
T cells via expression of coreceptor molecules, CD40 on the
former and its ligand CD154 on the latter, so promoting
inflammatory responses and cytokine release. Antigen
dependence of CD154 expression by T cells in the lesion
might be expected, but could occur in an inflammatory
milieu independent of antigen presentation (Phipps, 2000).
A further factor is infection, particularly with Chlamydia
pneumoniae, by which induction of an anti-hsp60 response
may occur (Benagiano et al., 2003). A contemporary
assessment of the likely interrelated contributions to 
atherosclerosis of metabolism, infections, inflammation, 
and immunity is presented by Hansson (2005).

There is much work ahead on the immunopathology 
of atherosclerosis noting several studies implicating T cells
of the Th1 subset (Benagiano et al., 2003), and findings 
in mice that a deficiency in T-bet signaling results in a 
switch to Th2 responsiveness that is atheroprotective
(Buono et al., 2005). Other interesting leads that are being
followed, or could be worth, following include effects in 
atherosclerosis-prone mice of hypo- or hyper-expression of
pro-inflammatory cytokines or chemokines (MIF, GM-CSF,
MCP-1, and others), and effects of depletion of regulatory
T cells.

AUTOINFLAMMATORY DISEASES

“Autoinflammatory” is a term of convenience to describe
intrinsic cytokine-mediated activation of inflammatory path-
ways independent of adaptive immune responses. The term
is admittedly gray-edged and the perimeters for inclusion of
diseases as autoinflammatory are indefinite. A prototypic
disease would be familial Mediterranean fever (FMF) that
mainly affects populations derived from the Mediterranean
basin, and is characterized by periodic self-limited attacks
of fever with features of serosal membrane inflammation. A
culprit gene (MERV) that maps to the short arm of chromo-
some 16 encodes a regulator of leukocyte- and monocyte-
specific inflammatory activity. Deficiency mutants of MERV
result in unrestrained activity of predominantly Th1 polar-
ized cytokines such as tumor necrosis factor-a (TNF-a) and
IFN-g (Centola et al., 2000). There is evidence for subclin-
ical activation of inflammatory pathways even in symptom-
free individuals (Musabak et al., 2004). While T cells are
essential participants in FMF, there are no indicators for
antigen-specificity in their activation.

As other examples, there are genetically less well-defined
inflammatory pathways that can be activated in some way
by lipids (or derivatives of these), examples being inflam-
matory responses associated with obesity (Wellen and
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Hotarmisligil, 2005), or with triglyceride deposition in the
liver. In the latter instance, non-alcoholic steatohepatitis
(NASH) is emerging as a threatening variant of benign
hepatic steatosis wherein the presence of lipid in liver cells
provokes a progressive cytokine-dependent necroinflamma-
tory response with fibrogenesis and cirrhosis. The factors
that determine lipid accumulation in the liver in the first
place, whether in NASH or the more familiar alcoholic liver
disease, are reviewed by Browning and Horton (2004).
These include metabolic shifts, oxygen species, mitochon-
drial dysfunction, and others and, superimposed on these, 
is the propensity in individuals at risk for NASH for T
lymphocytes to be chemotactically attracted, and to release
inflammatory cytokines, particularly TNF-a. Superimposed,
there may be genetically dependent pathways that enhance
fibrogenesis (Wynn, 2004). Extending yet further, tissue
injury may be associated with abnormal cytoplasmic inclu-
sions or misfolded proteins that are inadequately disposed
of by chaperone molecules, ubiquination or autophagy, with
cytotoxic consequences. Thus, in serpinopathy exemplified
by deficiency of a1-antitrypsin, progressive inflammatory
liver injury may supervene and, in certain CNS diseases,
accumulations of beta amyloid or polyglutamine repeats
may provoke cytotoxicity and a microglial-dependent
inflammatory response (Taylor et al., 2002).

The extent to which autoinflammatory diseases require
consideration in this present text is debatable, given the
meager evidence for antigen-specific adaptive autoimmune
responses in pathogenesis, yet a form of self-reactivity is
seen as a contributory cause in at least some of these 
diseases.

BIRDSHOT RETINOPATHY

The slender reasons, additional to the piquancy of the
title, for consideration of this rare ocular disease is the likely
dependency on retinal S antigen in pathogenesis, and the
remarkably high disease association with a class 1 MHC
molecule, HLAA29. Considering inflammatory eye diseases
in general (see Chapter 49), these take in responses to anti-
gens in various of the ocular tissues, but mainly uvea and
retina, although a serologic response to a well-characterized
antigenic molecule is not so readily demonstrable as for
autoimmune diseases of most other tissues. Birdshot
retinopathy affects predominantly individuals of Northern
European extraction and occurs usually in mid-adult life,
with a slight female excess; it accounts for only about 1%
of all cases presenting clinically as “uveitis.” Birdshot
retinopathy is seen ophthalmologically as multiple separate
cream-colored spots on the post-equatorial fundus. Oppor-
tunity for pathologic examination is most infrequent but,
from one study by Gasch et al. (1999), the retina was pre-
dominantly affected with a T-lymphocytic and granuloma-
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tous infiltrate. Serologic reactivity in vitro to retinal S
antigen is not well documented. The risk conferred by the
MHC allele HLA A29 (50- to 224-fold) is higher than that
for any other disease, and is greater for the A29.1 than the
A29.2 subtype. The only other human diseases with an HLA
class 1 rather than a class II association are spondylo-
arthropathies with B27 (see Chapter 33) and psoriasis with
Cw6 (see Chapter 58). Birdshot retinopathy presumably
results from specific reactivity of CD8+ cytotoxic T cells
against retinal S antigen, but the provocation for this is
unknown.

CHRONIC FATIGUE SYNDROME

This peculiar syndrome had its origin in 1955 from an
outbreak of an illness affecting 292 hospital staff members
with features of malaise, neck stiffness, lymphadenopathy,
and fever (Medical Staff Royal Free Hospital, 1955). At 
that time, the term myalgic encephalomyelitis (ME) was
proposed by someone described as “an unusually uncritical
Lancet editorialist” (Byrne, 1988). Features include severe
unexplainable fatigue, loss of energy, poor exercise toler-
ance with muscle discomfort, fibromyalgia, and various
other nonspecific symptoms. A preceding viral illness is
often implicated. “Myalgic encephalomyelitis” faded from
use, but the syndrome continued to attract attention from
various medical specialties and patient support groups, with
protagonists for a functional basis and others for some
unknown organic basis. By the 1980s, the syndrome was
accepted as a real entity, and in 1987 was renamed chronic
fatigue syndrome (CFS), with recommended diagnostic cri-
teria by the Centers for Disease Control (CDC) in Atlanta,
Georgia (Holmes et al. 1988). The two major criteria for
diagnosis were 1) a new onset of fatigue lasting 6 months
and reducing activity to less than 50%; and 2) any other 
condition usually producing fatigue ruled out, and the 11
minor criteria (of which eight should be fulfilled) included
eight symptomatic criteria, and three physical criteria that
comprised mild fever, nonexudative pharyngitis, and palpa-
ble cervical or axillary lymph nodes up to 2 cm in diameter.
Claimed causes of CFS have included chronic viral infec-
tions, allergies, responses to unusual environmental expo-
sures, or psychosomatic disorder. Despite evidence for
immune activation and/or impaired indices of cell-mediated
immunity in CFS (Lloyd et al., 1989, 1990; Buchwald and
Komaroff, 1991), indications of inflammatory activity or
tissue destruction are inconspicuous. Effects of immunomo-
dulatory treatment with intravenous immunoglobulins, of
clear efficacy in autoimmune disorders, are controversial,
endorsed by some (Lloyd et al., 1990), and refuted by others
(Peterson et al., 1990).

Analysis of an autoimmune component in CFS is beset
by problems such as specifying a clear diagnosis, the overall
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scarcity of affirmative reports indicative of a number of
unpublished negative studies, and the occurrence of fatigue
as a symptom of various well-defined autoimmune dis-
orders. The question then is whether, among cases fulfilling
CDC criteria for CFS, there can be identified a highly raised
level of any autoantibody species, particularly antinuclear
autoantibody (ANA). Among positive studies are those of
Behan et al. (1985) (50 cases studied), and of Konstantinov
et al. (1996) and von Mikecz et al. (1997) from the one 
laboratory (60 cases studied). The latter group cited fre-
quencies of autoantibodies of up to 83% versus 17% in the
control group, predominantly of ANA specificity, and
directed to the nuclear envelope, together with various sub-
specificities, and the cytoplasmic staining patterns observed
were of intermediate filament-vimentin type, indicative of
viral infection (see Chapter 53). On the other hand, negative
results for ANA in CFS were reported by Skowera et al.
(2002), and only modestly positive results by Vernon and
Reeves (2005).

The conclusions are that autoimmunity is unlikely to
provide an overall explanation for CFS, and that autoanti-
bodies, when present, may well be secondary to some other
more basic cause. Perhaps autoimmunity is just one among
a conglomerate of causes for CFS.

CONGENITAL HEART BLOCK

The observation was made in 1977 that newborn infants
with congenital heart block (CHB) were delivered by
mothers with an autoimmune disease, usually SLE or
Sjögren syndrome, and with antibodies to the Ro/La (SS-
A/SS-B) autoantigens, cited by Buyon et al. (2001) and
Buyon and Clancy (2003). This remarkable experiment of
nature provides striking examples of passive (transplacen-
tal) transfer of an autoimmune disease, and the pathogenic
potential of humoral antibody even though the anti-Ro-
bearing mother herself is spared. The fetal risk of CHB with
an anti-Ro-positive mother is low (about 2%), but still
immensely higher than that for all births. Other interesting
features of anti-Ro-related CHB are the “window of sus-
ceptibility” between 18 and 24 weeks of gestation, an
increased risk of recurrence in subsequent pregnancies, up
to 18%, and a curiously low concordance in twin pregnan-
cies (Buyon and Clancy, 2003). There is a gradation in
degree of heart block from minor conduction defects to a
state requiring replacement of the dysfunctional fibro-
inflammatory atrioventricular (AV) tissue by a permanent
artificial pacemaker: in fact, the latter is the usual outcome.

While the complicity of transferred autoantibody in CHB
is well established, the detailed pathogenesis is not so. The
culprit autoantigen is the 52 kDa isoform of Ro (see Chapter
31), identified as a transcriptional regulator that is located
intracellularly in all cells including ventricular cardiomy-
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ocytes, AV node, and impulse-conducting tissues. Possibly
anti-Ro-positive sera contain another antibody species reac-
tive with an accessible surface-expressed autoantigen, an L-
type calcium channel (see Chapter 17), or development of
the fetal heart involves remodeling by physiologic apopto-
sis that can generate autoantigenic fragments (see Chapter
15) that become translocated to the cell surface. However,
neither of these ideas accounts for the subsequent over first
pregnancy risk of anti-Ro for CHB. The likelihood that a
specific antibody population is accountable arises from the
finding of antibodies to an epitope sequence within the Ro
52 kDA protein (residues 200–239 called p200) that is 
contained within the leucine zipper region: these antibodies
are highly associated with CHB (Salomonsson et al., 2005).
Experimentally, female DA rats immunized with regular
boostings with the p200 sequence of Ro52 developed a
stable anti-p200 response without epitope spreading and,
after mating, produced offspring among which the occur-
rences of AV block was 20% (Salomonsson et al., 2005).
Highly focused monoclonal antibodies to the p200 region
were used to test for binding to primary myocyte cultures
from neonatal rat heart, so allowing for the identification 
of a particular subset of anti-p200 antibodies that bound
directly to voltage-gated calcium channels on cardiomyo-
cytes causing calcium overload and, eventually, apoptotic
cell death (see Chapter 17). Otherwise stated, the pathogenic
subset of autoantibodies does not primarily recognize 
apoptosis fragments, but rather induces apoptosis and
thereby initiates a chain of events culminating in CHB. Con-
sequently, there is now a means to identify pregnancies at
high risk for CHB, and strategies can be visualized to
prevent this.

ERYTHROID (PURE RED CELL)
APLASIA

Erythroid or pure red cell aplasia (PRCA) describes
severe anemia with a low blood reticulocyte count and
scarce-to-absent erythroid precursors in the bone marrow.
Pure red cell aplasia differs from aplastic anemia (see
Chapter 44) wherein there is hypercellularity affecting all
lineages in the bone marrow. Reports on PRCA go back to
the 1950s, cited by Casadevall et al. (1996), some with
varying solidity of evidence for an autoimmune basis, based
on bioassays showing interference by disease serum of ery-
throid cell growth in vitro. Other cases seem clearly associ-
ated with infection by parvovirus of erythroid precursors
(see Chapter 44). A further and intriguing association in 
some 15% of cases of spontaneously occurring PRCA is
thymoma, sometimes with cure effected by thymectomy
(Goldstein and Mackay, 1970; Dessypris, 1991). Currently,
most cases can be attributed to autoantibodies to erythro-
poietin, the growth factor necessary for erythroid develop-
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ment. Immunoassays show undetectable levels in blood of
erythropoietin, and bioassays show absence of erythroid pre-
cursor cell growth in the presence of disease serum. In most
cases, the patient usually has renal failure and is receiv-
ing hemodialysis and a preparation of recombinant ery-
thropoietin (rEPO). Selected batches of rEPO have been
incriminated in autoimmunogenicity, perhaps explained by
differences in degree of glycosylation (Guest and Levitt,
2003).

The occurrence of an autoimmune reactant (anti-EPO)
after repetitive adjuvant-free injection of a self antigen that
is presumably only slightly modified, if at all, is interesting,
and is reminiscent of autoantibody inhibitors of factor VIII
after treatment of congenital hemophilia with preparations
of recombinant factor VIII (see Chapter 45), or neutralizing
antibody to type 1 interferons after therapy with such inter-
ferons. This could be regarded as induction of autoimmu-
nity by a process somewhat akin to molecular mimicry and
in the apparent absence of any elements of “damage-
danger.”

FOLATE DEFICIENCY SYNDROME

Maldevelopment of the embryonic neural tube resulting
in spina bifida, anencephaly, or other defects occurs in
infants at a prevalence of about 1 in 1000. It has been widely
ascertained that periconceptual folic acid supplements to
mothers strikingly alleviate this, even though the mothers
usually do not have evident folate deficiency (Rothenberg 
et al., 2004). The observation was made that antiserum to
folate receptors in pregnant rats resulted in embryonic
maldevelopment, and this prompted the search for autoanti-
bodies to folate receptors in women in whom a pregnancy
had been followed by an infant affected with a neural tube
defect (Rothenberg et al., 2004). The procedure used was the
specific blocking of (3H) folic acid to folate receptors on pla-
cental membranes and to indicator cell lines. The results
were that 9 of 12 (versus 2 of 20 controls) of women with
affected children had a receptor blocking antibody. In a
further study (Ramaekers et al., 2005), the same authors
investigated infantile-onset cerebral folate deficiency that
develops 4–6 months after birth and is expressed as mental
and psychomotor retardation, cerebellar ataxia, dyskinesis,
seizures, visual disorder, and autism. There were low levels
of 5-methyl tetrahydrofolate (5-MTHF) in the cerebrospinal
fluid but normal levels in serum, and lack of evidence of
extracerebral folate deficiency. Serum from 25 of 28 affected
children, versus none of 28 controls, contained high-affinity
blocking autoantibodies against membrane-bound folate
receptors on the choroid plexus, indicating impediment to
the passage of folic acid from serum to brain. This could be
normalized by oral calcium folinate that led to clinical
improvement. Notably, none of five tested mothers had
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autoantibodies. Perhaps the induction of the anti-folate
receptor antibodies in these affected children was due to
soluble folate-binding proteins in milk, or to other unknown
antigens (Ramaekers et al., 2005). This story is indeed a true
“cameo” in the universe of autoimmunity: anti-folate recep-
tor autoantibody generated either in the pregnant mother or
the newborn child with neural developmental disorders,
prompting Schwartz (2005) to comment that “autoimmu-
nization lurks behind every pillar”! And there is the added
point that catastrophic consequence in this particular
example can be alleviated by a very simple therapy, folic
acid.

INTERSTITIAL CYSTITIS

Hunner (1914) reported eight cases of chronic recurrent
edematous ulceration of the bladder in young women, but
possible earlier descriptions of the disease are cited by Sant
(1991). Subsequently, the term interstitial cystitis was intro-
duced to accommodate the accompanying diffuse fibrosis of
the bladder wall. Hand (1949) reported on 223 cases, 204
women and 19 men, who accounted for almost 5% of all
urologically investigated patients, and Oravisto et al. (1970)
on 54 cases from a urology unit over a 10-year period, of
whom all were females aged 16–80 years, mean 59 years.
Symptoms include urinary frequency and urgency, supra-
pubic pain, and hematuria. Cystoscopy reveals a greatly
reduced bladder capacity and a bladder wall with stellate
scars, clusters of granulations, and multiple punctuate hem-
orrhages, likened to an “angry scratch.” Microscopy of the
bladder wall shows bladder mucosal ulceration, edema, lym-
phoid-plasma cell infiltrations, and prominence of mast cells
(Sant and Theoharides, 1994) and, in long-standing cases,
pronounced fibrosis. The idea of autoimmunity as a cause of
interstitial cystitis gained impetus from disease associations,
particularly SLE (Fister, 1938; Shipton, 1965; Boye et al.,
1979), Sjögren syndrome, and autoimmune thyroiditis
(Oravisto, 1980). Other disease associations among 129
cases studied by Peeker et al. (2003) included hypersensi-
tivity/allergic disorders, rheumatoid arthritis, and inflamma-
tory bowel disease.

Present data on interstitial cystitis suggest a population
frequency of approximately 1–2 in 1000, with a high pre-
dominance among women (90%). Sufficient interest in the
condition exists for the creation in the USA of a support
group (Interstitial Cystitis Association), and the develop-
ment by the National Institute of Diabetes and Digestive and
Kidney Diseases of the NIH (USA) of formal criteria for
diagnosis. Subtypes of interstitial cystitis sometimes used in
case classification are ulcerative (typical) or nonulcerative,
and primary (sole disorder) or secondary (associated with
some other immune-mediated disease, often SLE) (de la
Serna and Alarcon-Segovia, 1981; Alarcon-Segovia, 1984).
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Currently biomarkers are being sought to increase the reli-
ability of diagnosis and assess efficacy of treatment.

Serologically, a finding of bladder-specific autoantibod-
ies by Silk (1970) has not been confirmed. The frequency of
ANA is controversial. Initially, raised frequencies were
reported by Oravisto et al. (1970) and Jokinen et al. (1972).
In the more modern era, the frequency of autoantibodies was
assessed by Ochs et al. (1994) in 96 patients using immuno-
fluorescence on tissue sections and the HEp-2 cell line, and
a bladder epithelial cell line, and by western blotting. Spe-
cific autoantibodies to bladder cells were not demonstrable,
but there was a clearly increased frequency of non-tissue-
specific autoantibodies (cut-off titer 1:40), 36% versus 8%
in female controls, mostly ANA, but antimitochondrial in
three cases. The ANA patterns of the positive sera were
speckled or nucleolar, unlike what pertains in SLE. Ochs et
al. (1994) reasonably interpreted their findings as a conse-
quence of chronic inflammation rather than a primary
immune attack on the bladder wall, albeit with some poten-
tial to augment secondarily the inflammatory process.

Experimental models of autoimmune cystitis have been
induced in mice and rats by immunization with bladder
extracts. In a BALB/c-derived mouse strain, BALB/cAN,
cystitis was induced, and histologic features included
edema, fibrosis, and lymphocytic and mast cell infiltrations;
specific reactivities of antibodies or T cells were not cited
but disease was transferable adoptively by lymphoid cells
(Bullock et al., 1992). In the Lewis rat, cystitis was simi-
larly inducible, and could be adoptively transferred with
splenocytes (Luber-Narod et al., 1996).

In conclusion, interstitial cystitis remains in the penum-
bra of autoimmunity. Neither pathogenic nor even marker
autoantibodies are reliably demonstrable, earlier suggestions
of damage by pathogenic immune complexes now seem
speculative, and well-controlled studies showing sustained
benefit from corticosteroid or immunosuppressive drugs are
lacking. Hence, consideration is required of a pathogenesis
other than autoimmunity, e.g., an adverse response to a con-
stituent of urine to which the bladder wall is exposed.

IPEX SYNDROME

The immune dysregulation-polyendocrinopathy-X-
linked syndrome (IPEX), the generic equivalent of scurfy
disease in mice, is a usually lethal disease of male infants
with florid autoimmune expressions. There is recessive
inheritance of a mutant FOXP3 gene and disease expres-
sions of IPEX/scurfy depend on a non-functional FOXP3
transcriptional factor (scurfin in mice) that is essential for
proper development of CD4+CD25+ Treg cells. Results of
molecular genetic analyses on IPEX/scurfy published in
2001 by Wildin et al. and Bennett et al. are cited in refer-
ences to Chapter 9. The particular interest of IPEX/scurfy is
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that it could be a pointer to a dysfunctional FOXP3 as a
genetic element in later-in-life autoimmune disease.

NEUROIMMUNOPATHIES

There are various “minor” autoimmune neurologic dis-
eases that claim our attention yet cannot be accommodated
under the major headings of multiple sclerosis, peripheral
neuropathy, myasthenia gravis, or paraneoplastic disease.
Some of these are described below.

Autonomic Neuropathy

Autonomic nerve fibers innervate cardiovascular, gastro-
intestinal, urogenital, thermoregulatory, sudomotor and
pupillary structures. There exists a group of peripheral neuro-
pathies of disparate cause that affect unmyelinated auto-
nomic nerve fibers or ganglionic structures, with the clinical
presentation of autonomic failure (dysautonomia). Paraneo-
plastic dysautonomia has been associated with a variety of
other paraneoplastic expressions (Freeman, 2005), and with
autoantibodies to the Hu antigen (see Chapter 68), nicotinic
acetylcholine receptors in autonomic ganglia (Versino et al.,
2000) and presynaptic voltage-gated calcium channels as in
Lambert–Eaton syndrome (see Chapter 48) In some
instances, autonomic neuropathy is “spontaneous,” and
apparently not associated with neoplasia (Vernino et al.,
2000). Particular components of dysautonomia may be 
more prominent, for example, intestinal hypomotility seen
as gastric stasis or constipation. In a case of severe 
gastric stasis associated with type 1 diabetes (T1D), histo-
logic examination showed complete, and presumably
autoimmune, depletion of the interstitial cells of Cajal of 
the myenteric plexus (He et al., 2001). In a model counter-
part, rabbits immunized with the a3 subunit of the acetyl-
choline receptor developed an autonomic neuropathy
(Lennon et al., 2003), with passive transfer to mice demon-
strable with serum from affected rabbits and also, albeit with
limited data, with sera from diseased humans (Vernino et al.,
2004).

GADA-Associated Neuropathies

The discovery of the glutamic acid decarboxylase 65 kDa
isoform (GAD65) as a diabetes autoantigen (see Chapter 36)
arose from the detection of antibody to GAD65 (GADA) in
a case of stiff-person syndrome (SPS, also known as stiff-
man disease) with T1D. GAD65 is most abundant in neuro-
endocrine cells in pancreatic islets and the CNS, wherein 
it catalyzes the production of the inhibitory neurotransmit-
ter, g-aminobutyric acid (GABA). Exactly how GAD65 as
an intracellular enzyme is implicated in neuroendocrine
autoimmunity is uncertain, although immunohistochemical
staining shows GAD present at GABA-ergic nerve terminals
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(Peltola et al., 2000). Several curious if not exotic diseases
qualify as GADA-associated neuronopathy (GAN), of 
which the prototypic example is SPS (see Chapter 48). Inter-
estingly, serum levels of GADA are substantially higher in
GAN than in T1D, perhaps explaining selective positivity
by immunoblot in the former, and there is often a different
epitope selection including a short sequence in the N-termi-
nal region of GAD65 rather than (or as well as) the highly
conformational epitopes in the mid- and C-terminal regions
typically engaged by T1D antisera (Myers et al., 2000).
Further, as evidence for intrathecal synthesis of GADA, the
CSF may contain monoclonal bands and have specific
immunoreactivity (Peltola et al., 2000). Other examples of
GAN include cerebellar ataxia that can be associated with
high levels of GADA and polyendocrine autoimmunity
(Saiz et al., 1997) and therapy-resistant epilepsy (Peltola et
al., 2000); these expressions of GAN seem linked to the fact
that the cells affected are GABA-ergic neurons that contain
cellular reservoirs of GAD required to meet demands for
GABA-dependent synaptic transmission.

Batten disease, a real curiosity, is a recessively inherited
fatal neurodegenerative disease of children due to a muta-
tion in both copies of a gene CLN3, thus leading to ceroid
lipofuscin accumulation in neurons. A gene-disruption
mouse model revealed altered expression of enzymes
required for the synthesis of the neurotransmitter glutamate,
and circulating antibodies to brain proteins including
GAD65. This prompted a search for GADA in Batten
disease itself, with positive results (Chattopadhyay et al.,
2002). As yet, the role of GADA in the overall pathogene-
sis is uncertain.

Movement Disorders

There is a miscellaneous group of movement disorders
marked by basal ganglion autoantibodies (BGA). These
include Sydenham’s chorea (jerky movements), Tourette
syndrome (motor and vocal tics), and PANDAS, which is an
acronym for pediatric autoimmune neuropsychiatric dis-
orders associated with streptococcal infections (Shulman,
1999). Speculative extensions have included obsessive–
compulsive and attention-deficit disorders. The (weak) evi-
dence for autoimmunity includes antecedent streptococcal
infection with analogy drawn to rheumatic carditis (see
Chapter 62), autoantibodies of various specificities but 
particularly to basal ganglia neurons, and capacity of sera
for passive transfer of disease after direct injection into the
striatum of rats. Not surprisingly, such claims are contested,
and their validity remains an open question (Giovannoni,
2005).

Sandhoff Disease

Sandhoff disease (SD) is yet another genetic-metabolic
autoimmune curiosity. It is a recessively inherited lysosomal
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storage disease of infancy in which neuronal cell death
results from an enzyme deficiency that causes accumulation
of GM2 gangliosides in lysosomes of brain cells. There is a
murine equivalent created by knockout of the hexb gene that
encodes the hexosamidase enzyme. It is claimed that anti-
ganglioside antibodies in SD accelerate premature neuronal
death, perhaps as complexes of antibody and ganglioside
that cause inflammatory activation of microglial cells.
Similar events are postulated for the human counterpart
(Yamaguchi et al., 2004).

Epilepsy and Rasmussen Disease

Considerable interest was aroused in the early 1990s by
suggestions that a severe form of childhood encephalitis
with seizures (Rasmussen disease, RD) was attributable to
antibodies to excitatory glutamate receptors in the CNS.
Reminiscent of the serendipitous observations on experi-
mental myasthenia gravis in rabbits immunized merely to
raise an anti-acetylcholine receptor reagent (see Chapter 48),
rabbits that were immunized to raise antibodies to the glu-
tamate receptor subunit 3 (GluR3) developed seizures and
histologic encephalitis, and this prompted a successful
search for autoantibodies to glutamate receptors in RD
(Barinaga, 1995). Thus some cases of idiopathic epilepsy
could be due to autoimmunity affecting receptors for Glu3,
so causing increased neuronal excitability; this idea remains
current, but far from substantiated (see Chapter 48).

Narcolepsy

Narcolepsy is a sleep-wake disorder with onset during
adolescence in which there is irresistible daytime sleepiness
attributed to deficient neurotransmission dependent on
orexin, a transmitter that promotes wakefulness. Prima facie
this would seem hardly likely as an autoimmune disease, yet
there is an extremely (and puzzlingly) high association with
the class II MHC allele, HLA DQB1*0602. An autoantibody
relevant to narcolepsy has never been demonstrated by 
conventional assays, but Smith et al. (2004) obtained such 
evidence by a bioassay based on passive transfer of IgG to
mice, the readout being increased contractile responses of
detrusor muscle strips to cholinergic stimulation; however,
this research group considers that their data do not yet
provide definitive evidence for an autoantibody-mediated
loss of wakefulness, and are “very preliminary” (Gordon, T.
personal communication, 2005).

Neuromyelitis Optica, Devic’s Disease

Neuromyelitis optica (NMO) is an inflammatory
demyelinating disease that is more frequent among Asian
than white populations. The selective effects of the disease
on optic nerves, and longitudinally extensive spinal cord
lesions, distinguish NMO from multiple sclerosis (MS),
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which it otherwise resembles (see Chapter 46). The CSF
contains inflammatory cells, but lacks oligoclonal bands as
seen in MS. Since a routinely demonstrable marker autoan-
tibody in MS has long been awaited, it is notable that serum
in NMO is reactive by immunofluorescence on sections of
mouse CNS tissue, specifically with the abluminal face of
microvessels exclusive to the CNS (Lennon et al., 2004).
The sensitivity of the assay was 58% and the specificity
100% for the clinical diagnosis of NMO, and sensitivity may
well be enhanced by adaptations of the assay. The identity
of the NMO autoantigen for which the presumed origin is
astrocytic foot processes and the blood–brain barrier, has
been defined as the widely distributed aquaporin-4 water
channel (Lennon et al., 2005). Since the Ig reactant in NMO
is likely generated extrathecally, and can be causally impli-
cated, logical therapies would include plasma exchange or
IVIG, followed by corticosteroids and azathioprine. The
question remains open as to whether NMO represents a 
subcategory of MS or is an independent autoimmune CNS
disorder.

OMENN SYNDROME

This eponym was applied to infantile familial reticulo-
endotheliosis with eosinophilia (Omenn, 1965), and is now
expanded to cover intestinal and cutaneous expressions,
absence of B lymphocytes in blood and lymphoid tissues
and infiltration of oligoreactive T cells in skin, gut, liver, and
spleen (Aleman et al., 2001). Omenn syndrome is the result
of deficiency mutations of recombinase-activating genes
(RAGs). A similar phenotype can ensue with a mutant allele
of the gene encoding ARTEMIS, a DNA repair protein (Ege
et al., 2005). There may be hypomorphic mutations that
allow for some residual V(D)J recombination, such that T
cells with restricted receptor specificity can expand in
peripheral tissues, and it is these that cause the cutaneous
and intestinal lesions. This scenario however implies a
defect also in tolerance processes and T-cell regulation, and
this was duly shown in two patients in whom there was addi-
tionally a greatly limited expression of the AIRE protein
consequent on dysfunction of the AIRE gene (Cavadini et
al., 2005). Omenn syndrome is thus an extraordinarily com-
pound “experiment of nature” that vividly illustrates the
complexities of establishment and maintenance of natural
immune tolerance.

OSTEOARTHRITIS

Osteoarthritis (OA) is prototypically a degenerative artic-
ular disease with a late-in-life onset and a relationship to
articular stresses, although an early inflammatory phase with
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an apparent acute onset is recognized. Cases of OA are 
routinely used as “disease controls” in tests for specificity
of serologic reactants for the diagnosis of RA; however
when citrullinated peptide or native collagen type II (CII) is
used as the test antigen, some degree of reactivity in OA is
usually observed. Xiang et al. (2004) noted that sera from
cases of OA, unlike RA, react more with denatured than
native CII, although, sera from RA, OA and relapsing poly-
chondritis all do react with native CII. Accordingly, specific
epitopes of CII were investigated in OA by Burkhardt et al.
(2002), and the result was that, in contrast to RA sera, OA
sera tended to engage a different epitope, CII-F4, that is
localized to the C-terminal region of native CII, rather than
the RA-related epitopes, C1 and M2.139. Notably, in mice,
an anti-CII-F4 monoclonal antibody (MAb), in contrast to
other epitope-specific MAbs, is not pathogenic on passive
transfer; in fact, anti-CII-F4 inhibits the matrix-disruptive
effects of antisera with other CII epitope specificities
(Burkhardt et al., 2002). Xiang et al. (2004) further found
that OA sera, as well as having anti-CII-F4 reactivity, 
also recognize another antigen identified as triose phosphate
isomerase (TPI). Perhaps in OA, as for other conditions 
discussed herein, autoimmunity can develop in the setting
of tissue injury of diverse cause and be associated with 
multiple reactants that perhaps contribute to clinical 
expressions.

PARATHYROID DYSFUNCTION

An autoimmune basis for hypoparathyroidism, proposed
over 40 years ago by Solomon and Blizzard (1963), was
consolidated by Seeman (1967) in a histologic study that
revealed lymphocyte-plasma cell infiltrates, and hence it
was called lymphocytic parathyroiditis. In the first edition
of this text in 1985, Maclaren and Blizzard discussed the
autoimmune polyendocrine syndrome (APS) types 1 and 2
and, for type 1, noted that three major components existed
and appeared usually in a uniform order: candidiasis,
hypoparathyroidism, and Addison’s disease. Moreover,
autoimmune hypoparathyroidism, albeit a characteristic
feature of APS type 1, did not occur in any of their 224 cases
of APS type 2. However serologic reactivity with parathy-
roid tissue was insufficiently convincing to generate clinical
laboratory assays, although autoantibodies were reported 
to bind to the cell surface of human parathyroid cells and 
to inhibit parathyroid secretion. An autoimmune basis 
was clinched when Li et al. (1996) demonstrated reactivity 
with the calcium-sensing receptor (Ca-SR) on the cell
surface in both APS1-associated and sporadic cases of
hypothyroidism, and an immunoprecipitation assay showed
that the extracellular domain of the Ca-SR contained the
reactive epitopes. Notably this autoimmune reactivity, in
56% of 25 cases, was far more frequent among females than

Ch071-P595961.qxd  2/28/06  4:22 PM  Page 1002



males. In a further turn of events, cases were recognized
wherein antibodies to the parathyroid Ca-SR had an inacti-
vating effect, so rendering the glands insensitive to ambient
calcium; the ensuing oversecretion of parathyroid hormone
had effects akin to those seen with parathyroid adenomas,
causing hypocalciuric hypercalcemia (Pallais et al., 2004).
These antibodies were functionally active but nondestruc-
tive and, interestingly, were of the IgG4 subclass and asso-
ciated in one case with autoimmune pancreatitis in which
there are raised levels of IgG4 (see Chapter 56). Thus the
clinical expressions of autoimmune parathyroiditis with
anti-Ca-SR reactivity may be either hypoparathyroidism if
the antibodies are non-blocking or if the glands are subject
to lymphocytic destruction, or hyperparathyroidism if the
antibodies are blocking and the glands retain functional
activity.

PULMONARY ALVEOLAR
PROTEINOSIS

Pulmonary alveolar proteinosis (PAP) moves us still
closer to the fringes of autoimmunity. As reviewed by Trap-
nell et al. (2003), the three forms of PAP include congeni-
tal (gene mutations), secondary (macrophage deficiencies
with pulmonary alveolar injury), and acquired (idiopathic),
which is now suspected as autoimmune. Pulmonary alveo-
lar proteinosis is rare (0.37 cases in 100,000) and is mostly
of the acquired type. Symptoms include a history of
smoking, breathlessness, cough, fever, chest pain, and
hemoptysis; and diagnosis depends on suggestive radiologic
findings, abnormal pulmonary function tests, a milky bron-
choalveolar lavage fluid containing alveolar macrophages
and lymphocytes, and lung biopsy findings of abundance of
surfactant proteins. A clue to the nature of PAP was the unex-
pected occurrence of a similar disease in knockout mice
deficient in granulocyte-macrophage colony-stimulating
factor (GM-CSF) (Stanley et al., 1994). The pathogenesis
was shown to be impaired clearance of surfactant proteins
from the lung due to deficiency of GM-CSF, and GM-CSF
replacement was efficacious. Further studies showed that 
the critically affected cell was the pulmonary alveolar
macrophage, which failed to undergo maturation by reason
of the presence in serum and pulmonary fluid of an inhibitor
that proved to be an IgG class autoantibody with neutraliz-
ing capacity for the binding of GM-CSF to alveolar
macrophages. A latex agglutination test for detection of this
autoantibody had a sensitivity of 100% and specificity of
98% for the diagnosis of PAP (Trapnell et al., 2003). Also,
current therapy with whole-lung lavage can now be ratio-
nally supplemented by various regimens of GM-CSF sup-
plementation, with prospects for the eventual waning of
autoimmunity to GM-CSF, i.e. “desensitization” (Schoch et
al., 2002).
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RELAPSING POLYCHONDRITIS

Relapsing polychondritis (RP) was so named by Pearson
et al. (1960) to designate recurring inflammatory damage to
cartilage throughout the body, but particularly nasal, auricu-
lar, tracheobronchial, and audiovestibular, rather than articu-
lar cartilage. There is clustering in some 30% of cases with
other autoimmune diseases that include rheumatoid arthritis
and SLE, mononuclear cell accumulation at affected sites,
association with HLA DR4, and benefit from prednisolone
(McAdam et al., 1976). Specific antibodies to cartilage were
detected by immunofluorescence by Dolan et al. (1976) and
Foidart et al. (1978), using indirect immunofluorescence 
and cartilage substrate from mouse leg, or human costo-
chondral and tracheal cartilage with preincubation with
hyaluronidase to remove masking proteoglycan. Autoanti-
bodies were detected mostly in the acute stages of RP, 
were of IgG class and non-complement-binding, levels cor-
related with clinically assessed disease severity, and absorp-
tion exclusively with type II collagen removed reactivity
from serum. In a study on a single case, Bergfeld (1978)
detected deposits in vivo of IgG, IgA, and C3 in affected 
cartilage using immunofluorescence. In a further study on
cartilage antibodies by immunofluorescence (Ebringer et al.,
1981), positive results were obtained in six of nine patients,
and there was clustering with organ (thyroid)-specific
autoantibodies. Results of studies on T-cell-mediated immu-
nity to cartilage in relapsing polychondritis, cited by Foidart
et al. (1978) and Ebringer et al. (1981), were indecisive.

Sera of cases of RP are reactive with CII. Terato et al.
(1990) studied 202 Japanese patients with RA, 26 with RP,
and 92 with other rheumatic diseases for antibodies to
human CII by ELISA, with positive results in 11 (42%) of
the cases of RP, in contrast with 11% in RA and 0.3% in
controls. Tests using peptides derived by cyanogen bromide
(CB) digestion of CII indicated that RP sera reacted 
preferentially with the CB 9.7 peptide, unlike the anti-CII
reactivity of sera from other diseases. However, sub-
sequent studies have indicated that in RP the primary reac-
tant might not be CII, since reactivity of T cells and serum
antibodies was greater with collagens IX and XII (Yang et
al., 1993). Also, NOD DQI transgenic mice that were immu-
nized with CII developed an auricular chondritis simulating
human RP, with reactivity to CIX as well as to CII (Taneja
et al., 2003). Thus, anti-CII in RP may occur secondarily 
by epitope spreading. Also, the species of anti-CII detectable
does not have the epitope specificity associated with 
erosive articular inflammation (Burkhardt et al., 2002).
Moreover, there is a further candidate autoantigen in RP, the
cartilage protein matrilin I (Hansson et al., 2004), which is
abundant in cartilage at sites affected in RP (trachea, ears)
but sparse in sites that are spared (joints). A model of RP
could be induced in mice by active immunization with
matrilin I, with intact B cells and complement factor V being
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required for disease expression, and transfer of 
disease by a MAb to matrilin I indicated that RP is indeed
an antibody-mediated autoimmune disease (Hansson et al.,
2004).

REPERFUSION INJURY
AUTOIMMUNITY

When interest recently became refocused on innate
immunity as a first line of immune defense based on invari-
ant recognition of pathogen-associated molecular patterns,
this would have seemed an unlikely contributor to auto-
immunity. However, innate immunity can not only promote
adaptive immune responses (see Chapter 2) but of itself may
directly participate in autoimmune reactions, exemplified by
reperfusion injury (RI). This curious syndrome is due to
acute inflammation provoked by tissue ischemia, usually a
thrombotic infarction followed by restoration of blood flow.
It has been studied experimentally after ischemia of intes-
tine or skeletal muscle (Carroll and Holers, 2005), with find-
ings that RI requires a source of natural IgM autoantibody
produced by B-1 B-cells and integrity of complement path-
ways, since mice deficient in RAG-1 and complement are
protected. The use of a panel of MAbs derived from hybrido-
mas developed in RAG-1-deficient mice with RI enabled the
identification of a single injury-reconstituting IgM with a
specificity for an auto-(neo)-antigen generated by ischemic
intestine. In other examples, such as renal ischemia-
reperfusion, complement pathways alone appeared suffi-
cient. It will be of interest to ascertain the molecular iden-
tity of the RI autoantigen, and ascertain its role in the human
counterpart.

SARCOIDOSIS

An early suspicion that sarcoidosis could have an auto-
immune connection (Mackay and Burnet, 1963) was not
sustainable, although no other credible pathogenesis has
emerged. The disease expressions depend on noncaseating
granulomatous lesions in multiple sites—skin, lymph nodes,
lung, liver or CNS—and pathogenicity depends either on
inflammatory fibrosis as in the lungs, or pressure effects of
lesions as in the CNS. The immune system is clearly impli-
cated as judged by the granulomatous histopathology, but
how? Ho et al. (2005) drew on the known Th1-biased CD4+

T-cell response in sarcoidosis, together with possible
involvement of the natural killer (NK) T-cell system. The
NKT cells are activated by glycolipid antigens presented 
by CD1 molecules on antigen-presenting cells (APCs) 
(see Chapter 2). A particular class of CD1 (CD1d), after
interaction with NKT cells with an invariant receptor
(Va24/JaQ, paired with Vb11) exerts regulatory effects. In
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mice at least, the CD1-restricted repertoire includes autore-
active T cells (Park et al., 2001). Ho et al. (2005) ascertained
in sarcoidosis a deficiency (for unknown reason) of Va24
NKT cells, with ensuing loss of their normal regulatory
effect on CD1d-dependent reactivity. However, for sar-
coidosis to be ascribed to autoimmunity, the depletion of
Va24 NKT cells would need to be associated with persis-
tent stimulation of the Th1 T-cell pathway by an endogenous
autoantigen, for which there is meager evidence. In fact epi-
demiologic data implicate an environmental influence, with
possible person-to-person transmission, or a shared response
to a provocative agent.

BENEFICIAL (PROTECTIVE)
AUTOIMMUNITY

It seems appropriate to conclude these cameos with brief
comments on beneficial effects of autoimmunity. Earlier on,
it was proposed by Grabar (1975) that “natural” autoanti-
bodies existed, and served beneficially as transporteurs of
products of tissue degradation. But there are now other
intriguing examples of beneficial autoimmunity. One is the
production of antibodies to cytokines. Such antibodies are
well recognized as an unwanted complication of therapy of
certain autoimmune diseases with recombinant cytokines
such as type 1 interferons for multiple sclerosis, with
ensuing loss of efficacy, comparable with effects of
unwanted antibodies during therapy with the growth factor
erythropoietin, or factor VIII, resulting in loss of efficacy.
Now, surprisingly, there is reported the natural occurrence
of beneficial autoantibodies to the pro-inflammatory media-
tor TNF-a, akin to what is attempted therapeutically with
MAb to TNF-a in rheumatoid arthritis. These spontaneous
autoantibodies to TNF-a were demonstrable during the
course of adjuvant arthritis in rats, and also in patients 
with RA at much greater frequency than in cases of OA
(Wildbaum et al., 2003). A further example may be neuro-
protective autoimmunity. It was observed in rats that passive
transfer of autoimmune T cells reactive with myelin basic
protein reduced neuronal loss after injury to the CNS
(Kipnis et al., 2002). Hence, it was presumed that the
immune repertoire naturally contains CNS-reactive (myelin-
reactive) T cells that promote the disposal of products of
neural injury and thereby facilitate recovery from neural
injury. Of interest, depletion of CD4+CD25+ regulatory T
(Treg) cells enhanced this myelin-reactive T-cell protection,
while augmentation of Treg effects had the opposite effect
(Kipnis et al., 2002). Whether these findings can be extended
more generally, beyond CNS injury is uncertain, as are the
prospects for extension towards development of a vaccine
to ameliorate effects in humans of traumatic or ischemic
damage to the CNS (Hauben et al., 2001). So, like the con-
tents of Pandora’s box, the baneful diaspora of autoimmu-
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nity may be accompanied by a glimmer of hope, namely
benefit to the organism under particular circumstances, such
as damping down inflammatory mediators, or facilitating
recovery after tissue injury.
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The first description of human autoantibodies and the
development of the Wassermann test for syphilis that was
initially based on agglutination and complement fixation
dates to 1906 (Wassermann et al., 1906). In the early 1940s,
the active component of the Wassermann test was found to
be a phospholipid, which was subsequently named “cardio-
lipin” and the antibodies reactive to cardiolipin were 
named “reagin” (Pangborn, 1941; 1942). Serum reagins
were detected by a flocculation or immunoprecipitation (IP)
that employed a mixture of cardiolipin, cholesterol, and
phosphatidylcholine in an assay that was referred to as the
Venereal Disease Research Laboratory (VDRL) test. Early
in the history of the application of the VDRL test, it became
clear that some individuals, including certain systemic lupus
erythematosus (SLE) patients, had a positive test without
any other evidence for syphilis (Moore and Mohr, 1952;
Moore and Lutz, 1955). Subsequent studies showed that this
reactivity was due to the presence of phospholipid antibod-
ies, and in particular anticardiolipin antibodies (Harvey and
Shulman, 1966; Koike et al., 1984) (see Chapter 30). The
importance of the false positive VDRL test in the diagnosis

and classification of SLE was underscored by the inclusion
of the false-positive VDRL test as one of the criteria in 
the original American Rheumatism Association’s criteria
(Cohen et al., 1971).

In 1948, just as the VDRL test was achieving some inter-
est in its relationship to SLE, Hargraves and colleagues pub-
lished the seminal paper on the lupus erythematosus (LE)
cell (Hargraves et al., 1948). The identification of the LE
cell, the development of the LE cell assay and the introduc-
tion of indirect immunofluorescence (IIF) and immunodif-
fusion (ID) assays stand as a historical pivotal point because
it led to the development of other new diagnostic techniques
and the rapid expansion of medical literature that docu-
mented numerous autoantibodies in a variety of conditions
(Van Venrooij and Maini, 1993; Krapf et al., 1996; Peter and
Shoenfeld, 1996). In the five decades that followed the
development of the LE cell assay, the detection of autoanti-
bodies in human sera has become an increasingly important
approach to the diagnosis and management of patients with
autoimmune conditions. At the outset, most laboratories 
prepared many of their own reagents for these assays, but
increasing requests and a widening spectrum of autoanti-
bodies heightened the need for supplies and a wide variety
of reagents to perform these assays. This became an entry
point for manufacturers and commercial vendors to develop
and market a wide variety of diagnostic kits. Although 
some diagnostic laboratories still use assays that are devel-
oped in house, commercial kits have gained a significant
foothold in many areas of autoimmune serology. The use 
of commercial kits has become so widespread because they
are cost-effective, easy to use and can satisfy criteria for
accreditation.

The discovery of autoantibodies also had an important
impact on progress in the fields of basic and applied
immunology. The mechanisms that led to the generation 

Autoantibody Assays, Testing, 
and Standardization

1011

MARVIN J. FRITZLER*
*Faculty of Medicine, University of Calgary, Calgary, Canada

ALLAN WIIK†

†Statens Serum Institut, Copenhagen, Denmark

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

Copyright © 2006, Elsevier Inc.
All rights reserved.

Ch072-P595961.qxd  2/2/06  3:33 PM  Page 1011



of autoantibodies created an understanding of immune reg-
ulation. In addition, the ongoing identification of novel
autoantibodies strengthens the foundation of disease-related
autoantibody markers while adding new conditions to an
expanding list of autoimmune diseases. Although autoanti-
bodies are thought to be relevant in B-cell dominant condi-
tions; autoantibodies are also found where T-cell-mediated
processes are thought to predominate (Rose, 1996).

Many autoantibodies have become central to the prac-
tice of clinical immunology and immunopathology. For
example, the diagnostic and classification criteria for many
autoimmune diseases, such as rheumatoid arthritis (RA)
(Arnett et al., 1988), SLE (Tan et al., 1982), mixed connec-
tive tissue disease (MCTD) (Kasukawa, 1987), and pro-
posed criteria for type 1A diabetes mellitus (Seissler et al.,
1998) have included autoantibodies as key components of
their respective diagnostic algorithms. Taken together, the
detection of autoantibodies has achieved a prominent role in
clinical practice, particularly as an approach to the diagno-
sis of autoimmune conditions, and recently as markers of
disease prognosis.

SPECTRUM OF AUTOANTIBODIES

The spectrum of autoantibodies in autoimmune diseases
is continually expanding and the reader is referred to the rel-
evant chapters in this book. Table 72.1 lists and summarizes
some of the autoantibodies that are widely used as an
approach to diagnosis and treatment of autoimmune and
related conditions. To be sure, the list of autoantibodies
found in these conditions is much wider. For example, in
autoimmune conditions with multi-organ involvement such
as SLE, more than 100 different autoantibodies have been
described (Sherer et al., 2004) and over 20 have been found
in systemic sclerosis (SSc) (Fritzler, 1993; Ho and Reveille,
2003). In most organ-localized diseases, the autoantibodies
tend to be directed to only one or a few antigens harbored
in the affected organ (see Table 72.1).

ASSAYS AND TECHNOLOGIES FOR
AUTOANTIBODY TESTING

Many laboratories rely on commercial autoantibody
assay kits that employ a variety of technologies, including
IIF, ID, IP, immunoblotting (IB) and line immunoassays,
enzyme-linked immunosorbent assays (ELISA), and, more
recently, addressable laser bead assays (ALBA) and antigen
arrays (Fritzler, 2002; Robinson et al., 2002). The use and
application of these kits has been attended by certain limi-
tations that are not always apparent to the clinician (Box
72.1). One of the more popular assay platforms is based on
the ELISA or enzyme immunoassay (EIA) because it offers

1012 Diagnosis, Prevention and Therapy

sensitivity, high throughput, and relatively low cost on the
background of only modest equipment needed to perform
the assay. Unfortunately, there has been little done to 
standardize these kits (Feltkamp, 1996) and post-marketing
surveillance and quality assurance is largely left to the 
manufacturers (Fritzler et al., 2003a). Although the ELISA
and EIA kits are constantly being improved, some high-
titer antibodies to a variety of autoantigens (e.g., fibrillarin,
PM/Scl, centromere, nuclear envelope) are often not
detected. Hence, a report that indicates a “negative EIA or
ELISA” screen should not be interpreted as “negative for all
relevant autoantibodies” that might otherwise be detected by
IIF and other diagnostic technologies.

A number of studies have evaluated the performance
characteristics of kits for detecting ANA using IIF and EIA
(Jansen et al., 1987; Avina-Zubieta et al., 1995; Jaskowski
et al., 1995; Vancheeswaran et al., 1996; Bizzaro et al., 1998;
Emlen and O’Neill, 1997; Cordiali et al., 1998; Fawcett et
al., 1999; Bossuyt, 2000; Kern et al., 2000; Ulvestad et al.,
2000; Fritzler et al., 2003b). Other studies focused on kits
for antineutrophil cytoplasmic antibodies (ANCA) detection
(Csernok et al., 2002). Studies that compared EIA kits from
different manufacturers with conventional assays such as IIF
and ID concluded that there was significant discordance
between conventional assays and EIA (Jaskowski et al.,
1996; Fawcett et al., 1999) and between kits from different
manufacturers (Emlen and O’Neill, 1997). In one study,
EIAs were found to be more sensitive than ID (Jaskowski
et al., 1995) and another study that used a cross-section of
serum referred to a rheumatology laboratory found moder-
ate-to-good agreement between IIF and anti-DNA results
with two commercial EIA kits (Ulvestad et al., 2000). 
Analysis of the design of some studies suggests that lack 
of agreement between EIA and conventional assays may

Box 72.1
Considerations regarding the clinical interpretation

and application of autoantibody testing

∑ Normal sera contain autoantibodies
∑ Disease-specific autoantibodies can antedate disease
∑ Definition of a positive test is based on an empirically

defined threshold
∑ Some assays such as indirect immunofluorescence are

based on subjective interpretation
∑ Lack of standardized antibodies and reagents
∑ Variety of assays and diagnostic assay platforms
∑ Adoption of high throughput assays before validation

of local performance
∑ Impact of short-term cost and budget restraints
∑ Long-term impact on total health care costs are mostly

unknown
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depend on the diagnosis and/or the selection bias of the
control patients under study (Jaskowski et al., 1995;
Jaskowski et al., 1996; Emlen and O’Neill, 1997; Ulvestad
et al., 2000).

A study by Tan et al. (1999) focused on nine different
commercial EIA kits for the determination of antibodies to
a number of nuclear and cytoplasmic autoantigens and high-
lighted deficiencies in intrinsic properties of these kits (sen-
sitivities and specificities). A more recent study focused on
the clinical laboratories themselves and, although one might
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expect academic laboratories to be rather proficient in the
implementation of the EIA kits, that was not the case 
(Fritzler et al., 2003b). As in other studies (Feltkamp, 1996),
it was suggested that quality-control procedures for daily
performance of tests in the clinical laboratory setting should
not be ignored, and that a minimal performance of EIA
assays should be established (Fritzler et al., 2003b).

In the field of neutrophil-specific autoantibodies (NSA),
which are found in many diseases where the chronic inflam-
mation involves ongoing recruitment of neutrophils to the

TABLE 72.1 Autoantibodies used in diagnosis of autoimmune diseases

Autoantibody Disease Sensitivity (%)/Specificity (%) Assay

dsDNA SLE 45–60/80–90 IIF, ELISA, IP
DIL*

Sm (U2-U4-6 RNP) SLE 10–20/95 ELISA, ID.IP

U1RNP MCTD 90/90–95 ELISA, ID, IP
SLE 40/30

SS-A/Ro 60 SjS 50–70/80 ELISA, ID, IP
SLE 45/25

SS-B/La SjS 40/70–90 ELISA, ID, IP
SLE 15/10

Histone/chromatin SLE 70/20 ELISA, IB
DIL 80/20

Topoisomerase I/Scl-70 SSc 20/90 ELISA, IB, IP

U3 RNP/fibrillarin SSc 15/95 IIF, IP

Centromere SSc 50–60/90 IIF, ELISA, IB

Jo-1/histidyl tRNA synthetase PM/DM 20–30/90–95 ELISA, IB

Citrullinated peptides and proteins RA 65–85/85–95 ELISA

Proteinase 3 Wegener’s granulomatosis 60–70/90–95 ELISA, IB, IIF (cANCA)

Myeloperoxidase MPA 65/80 ELISA, IIF (pANCA)

Pyruvate dehydrogenase complex (M2) PBC 75–80/85 IIF, IB, ELISA, IP

Smooth muscle F-actin Chronic active hepatitis 70/25 IIF, ELISA

Intrinsic factor Pernicious anemia 90/70 IIF, ELISA

Human tissue transglutaminase Celiac disease 85/90 IIF, ELISA

Cardiolipin complex APS 80/50 ELISA

b2-glycoprotein I APS 80/90 ELISA

Basement membrane Anti-GBM disease 80/80 IIF, ELISA
(a3 domain of type IV collagen) (Goodpasture syndrome)

Acetylcholine receptor Myasthenia gravis 80/90 ELISA, IB

Thyroid microsomes (thyroid peroxidase) Hashimoto’s thyroiditis 90/75 IIF, ELISA

Cadherins Pemphigus vulgaris 90/90 IIF

Skin basement membrane zone Bullous pemphigoid 80/80 IIF

Yo/Purkinje cell PCD 70/95 IIF, IB

Hu PEM 70/90 IIF, IB, IP

APS, antiphospholipid syndrome; cANCA and pANCA, cytoplasmic and perinuclear antineutrophil cytoplasmic antibodies; DIL, drug-induced lupus;
ELISA, enzyme-linked immunoassay; IB, immunoblot; IIF, indirect immunofluorescence; IP, immunoprecipitation; MCTD, mixed connective tissue disease;
MPA, microscopic polyangiitis; PBC, primary biliary cirrhosis; PCD, paraneoplastic cerebellar degeneration; PEM, paraneoplastic encephalomyelitis; PM,
polymyositis; RNP, ribonucleoprotein; SjS, Sjögren syndrome; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; TNF, tumor necrosis factor.

*Some RA patients treated with anti-TNF or sulfasalazine develop features of drug-induced lupus and anti-dsDNA antibodies.
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inflammatory site (Wiik, 1980), the main emphasis has been
on the study of ANCA (Hoffman and Specks, 1998; Wiik,
2001). Antineutrophil cytoplasmic antibodies are rather
specifically directed against one of the two main azurophilic
granule enzymes, proteinase 3 or myeloperoxidase, and thus
fulfill criteria for being called ANCA, whereas the NSA
found in RA, ulcerative colitis, primary sclerosing cholan-
gitis, and autoimmune hepatitis are polyspecific, directed to
a whole host of autoantigens that are not yet well known. It
is important to mention that ANCA are found at high and
intermediate levels in patients with small vessel necrotizing
vasculitides, whereas borderline positivity can be found in
many chronic inflammatory diseases and long-standing
infections. Therefore, it is imperative to adjust positive cut-
off of assays for proteinase 3 ANCA and myeloperoxidase
ANCA at a sufficiently high level to assure sufficiently high
diagnostic specificity for systemic vasculitis (Hagen et al.,
1998). Results are best secured when both IIF of ANCA and
ELISA quantitation of ANCA are studied and reported
together (Hagen et al., 1998; Savige et al., 1999). Just a few
studies have been undertaken to look at commercial assays
for the determination of ANCA (Csernok et al., 2002).

Since there is considerable variation in the sensitivity of
the various commercial diagnostic kits, the particular assay
used to generate the test result should be made available to
the clinician. In addition, because of the growing trend to
use automated immunoassay systems with quantitation,
these laboratories should follow standards of chemistry
instrumentation and require analytical measured ranges and
periodic calibrations. Clinical laboratories that adopt multi-
plexed assays (e.g., ALBA) must establish reference ranges
and cut-off values for each analyte, and the sensitivity and
specificity must be established with care as the laboratory
findings may present a difficult interpretation problem. In
the future, instrumentation may be developed for automated
quantitation with measurement of avidity (affinity) and
isotype profile of the specific autoantibody, which will help
in determination of specificity and significance of the
autoantibody.

CLINICAL APPLICATIONS OF
AUTOANTIBODY TESTING

Before considering the application of autoantibody
testing in the clinical setting, it is important to appreciate
certain limitations to the interpretation and application of
these tests (see Box 72.1) that may be understood by con-
sidering a number of features of autoimmunity and assays
used to detect autoantibodies. First, any given human serum
contains a wide range of autoantibodies of varying concen-
trations (Rose, 1996). Second, it is important to understand
that the measurement and assignment of an abnormal or 
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elevated autoantibody test requires an empirically defined
threshold that is dependent on numerous factors (Fritzler et
al., 2003a; Wiik et al., 2004). Third, some disease-specific
autoantibodies can antedate overt disease by many years.
For example, antibodies to centromere proteins (CENPs)
may antedate the clinical diagnosis of SSc by many years
(Wigley et al., 1992; Kallenberg et al., 1988) and antibod-
ies to Scl-70 (topoisomerase I) were linked to the develop-
ment of pulmonary fibrosis and higher mortality (Kuwana
et al., 1994; Scussel-Lonzetti et al., 2002). In harmony with
this, a large study of non-SLE patients harboring anti-
dsDNA antibodies as detected by the Farr immunoassay
were found to develop SLE within the course of 4 years
(Swaak and Smeenk, 1985). Similarly, in 115 of 130 SLE
patients, at least one autoantibody related to SLE could be
traced back to a mean of 3.3 years before the clinical onset
of SLE (Arbuckle et al., 2003). Recent evidence showed that
antibodies to cyclic citrullinated peptide (CCP) are seen in
patients with joint symptoms that antedate sufficient diag-
nostic criteria for RA (Kroot et al., 2000; Rantapää-
Dahlqvist et al., 2003; Van Gaalen et al., 2004). It has been
suggested that the appearance of type IA diabetes mellitus
(DM) related autoantibodies also commonly antedates the
clinical diagnosis (Atkinson and Eisenbarth, 2001). A
sequential appearance and peak of antibodies to insulin
(IAA), glutamic acid decarboxylase (GADA), and islet cell
antigens ICA512/IA2A has been observed in children
between the ages of 9 months and 3 years who then go on
to develop DM. These autoantibodies tend to be persistent
and most of the individuals that progress to overt diabetes
express multiple anti-islet autoantibodies by the time of 
diabetes onset.

Although the detection of autoantibodies in human sera
has become an important tool for experienced clinicians, the
clinical application and validation of autoantibody testing
has been hampered by a lack of standardized assays, diver-
gent technologies, cost constraints, and subjective interpre-
tation of results. New autoantibody assays are continually
being developed and adopted with the anticipation that they
will lead to better reproducibility and to higher sensitivity
and specificity. If the ultimate goal is to improve patient
care, it is imperative that the accuracy of autoantibody
testing be validated by studies of sufficiently large patient
populations before a new assay is accepted for clinical use.
Since very few prospective, unbiased, and multicenter
studies have been published, the clinical accuracy of many
autoantibody tests is still uncertain. Studies based on litera-
ture review and meta-analysis have been published as “evi-
dence-based guidelines” (Kavanaugh and Solomon, 2002;
Solomon et al., 2002; Reveille and Solomon, 2003) but the
translation of this information is hampered because of the
wide variety of newer assays and assay parameters that may
not apply to contemporary technologies used in many 
laboratories.
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To achieve significant clinical utility, it is important that
the ability of autoantibody testing to discriminate between
disease and the absence of disease, or between disease and
confounding clinical conditions is understood. The perfor-
mance characteristics of each test must be known in order
to avoid misinterpretation, incorrect diagnosis, and poten-
tially harmful treatment. To aid in patient follow-up and the
introduction of therapeutic strategies, the prognostic signif-
icance of a given autoantibody in a patient who may have a
subclinical autoimmune disease should also be considered.
For example, the finding of an autoantibody that indicates a
poor prognosis in the context of early disease should lead to
appropriate follow-up and monitoring for emerging organ
involvement that would place the patient at risk for
increased morbidity or mortality. Attention to these factors
requires the close collaboration and cooperation between
patients, dedicated clinicians, laboratory scientists, and the
diagnostics industry (Fritzler et al., 2003a; Wiik et al., 
2004). Once a diagnostic assay has been established and is
widely utilized in a clinical setting, standardized post-
marketing surveillance and quality assurance by manufac-
turers and laboratories alike should be mandatory (Tan et al.,
2002).

AUTOANTIBODIES AND 
CLINICAL DIAGNOSTICS

Years of accumulated clinical experience and research
have led to the development of clinical criteria to support a
given diagnosis of a number of autoimmune diseases (Masi
et al., 1980; Kasukawa, 1987; Alarcon-Segovia and Cardiel,
1989; Cassidy et al., 1989; Leavitt et al., 1990; Jennette et
al., 1994; Savige et al., 1999; Wilson et al., 1999). Since sys-
temic rheumatic diseases frequently involve multiple organ
systems, multiple criteria are required to confirm a diagno-
sis. As a consequence, it is rare that a single pathognomonic
criterion be translated into certainty that a given diagnosis
is correct. To ensure that results from the immunology lab-
oratory gain maximum utility for clinicians, it is important
to study the performance of each assay as a diagnostics aid
in early disease, since that is the time at which a serologic
result will impact diagnostic and prognostic considerations
the most (Fenger et al., 2004). This is best done by building
a particular serum bank containing samples from patients at
an early stage of disease, often drawn at a time when diag-
nosis has not yet been set with certainty due to lack of some
clinical criteria. The clinical diagnosis then has to be estab-
lished after months or years of clinical follow-up. The
impact of adding a serologic criterion at a stage where clin-
ical criteria are insufficient for diagnosis is illustrated in
Figure 72.1. Although autoantibodies are included as a cri-
terion in many diseases, the diagnosis of SSc stands out as
one disease where the inclusion of disease-specific auto-
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antibodies is lacking (Masi et al., 1980; LeRoy and Medsger,
2001). A recent study suggested that there is clinical value
in including topoisomerase I and centromere autoantibodies
in criteria for the classification of SSc (Nadashkevish et al.,
2004). The more knowledgeable the clinician is with regard
to the clinical and laboratory characteristics of diseases, the
greater the chance that a diagnosis is correct. Many of the
diseases listed in Table 72.1 have clinical subgroups with
somewhat dissimilar manifestations and, hence, prognosis.
Of relevance to this discussion, these subgroups are often
associated with different autoantibody profiles and speci-
ficities (Permin et al., 1978; Cervera et al., 1993; Kuwana
et al., 1994; Mustila et al., 2000; Wiik, 2001; Cervera et al.,
2002; Scussel-Lonzetti et al., 2002; Targoff, 2002). There-
fore, an autoantibody may be a valuable marker of a prog-
nostic subgroup and used to tailor follow-up and therapeutic
strategies (Franssen et al., 1998).

Autoantibodies with high disease specificity, regarded as
disease-specific markers, tend to be rare (von Muhlen and
Tan, 1995). Unfortunately, some data related to certain
autoantibodies and their disease specificity relied on out-
dated technology and on studies published several decades
ago. With the introduction and adoption of newer diagnos-
tic technology platforms, autoantibodies that were thought
to be specific for one disease may subsequently turn out to
be associated with a variety of autoimmune diseases (van
Eenennaam et al., 2002). The presence of multiple disease-
related autoantibodies occurring in a single serum has
strengthened the importance of autoantibody profiles, and
changes of autoantibody expression in individual patients
may be more indicative that a certain diagnosis is correct

Clinical criterion 1 Clinical criterion 2

Clinical criterion 3Serologic criterion 

Figure 72.1 Relationship between clinical criteria and autoantibody
results, illustrated as a situation where a positive antinuclear antibody is
used as a disease criterion, but a specific antibody is indicative of a certain
subtype of disease and, hence, prognosis. The fewer the clinical criteria,
the more helpful is the addition of a serologic criterion or support for 
diagnosis.
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than the presence of a single antibody (von Muhlen and Tan,
1995; Blass et al., 1999; Vasiliauskiene et al., 2001; Visser
et al., 2002). Hence, multiplexed and autoantigen array 
technologies that are now emerging will provide even more
extensive autoantibody and autoepitope profiles in a given
patient, which in turn may alter approaches to diagnosis and
therapeutics (Schachna et al., 2002; Robinson et al., 2002;
Fritzler, 2002).

New technologies often focus on achieving high diag-
nostic sensitivity rather than on reaching high diagnostic
specificity of specific autoantibodies. In addition, new
assays are frequently released before the ability of the assay
to accurately predict a specific diagnosis is fully known.
Diagnostic specificity of an assay generally decreases when
high sensitivity is achieved. Thus, when a new test is intro-
duced, clinicians may overlook the loss of diagnostic speci-
ficity and focus on the improved sensitivity in predicting a
disease. Evaluation of new assays is necessary to demon-
strate that the diagnostic specificity of new assays does not
suffer because of attempts to increase sensitivity. To achieve
this, it is important that sera from local control patients with
inflammatory autoimmune diseases are tested in order to
measure the predictability of any given assay. This testing
needs to be attended by consent from patients whose sera is
being used in such studies and by close collaboration with
experienced clinicians who are willing to monitor and record
the clinical manifestations of each patient who donated
serum for these studies. It is evident that a highly sensitive
automated assay can be used for selection of sera that should
be further tested using a very specific assay, since this may
save time and money by focusing attention to few candidate
positive sera (Wiik et al., 2004).

As laboratory equipment becomes more sophisticated
and, as noted above, assays become more sensitive, adjust-
ment of cut-off or screening titers to achieve higher speci-
ficity should be undertaken. New recommendations were
recently suggested regarding IIF testing for ANA, using
HEp-2 cell substrates (Tan et al., 1997). For years, the cut-
off for normal results was considered to be at a serum 
dilution of 1 :40 or 1 :80. This multicenter international
study revealed that 32% of normal individuals were positive
at serum dilutions of 1 :40. Thus, a titer of 1 :160 was rec-
ommended as a more acceptable cut-off between normal and
abnormal sera. Unfortunately, despite the best efforts of
international committees to provide these recommendations,
subsequent cursory surveys and review of subsequent liter-
ature suggest that these guidelines have not been widely
applied. While it is appreciated that a value of screening at
a dilution of 1 :40 is to rule out a disease such as SLE,
Sjögren syndrome (SjS) and SSc (Griner et al., 1981; 
Homburger, 1995), the disadvantage is the generation of a
significant health care cost through referral and investiga-
tion of people that have a “positive” ANA but do not have
a systemic rheumatic condition.
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CLINICAL PRACTICE GUIDELINES

Because of the complexity of modern autoimmune serol-
ogy, there is a pressing need for guidelines that outline the
appropriate and economic use of serologic testing. If a
limited number of clinicians are involved in ordering diag-
nostic testing and the laboratory serves a finite number of
departments, it is easier to achieve an understood consensus
on testing strategies. However, as exemplified by current
trends, regional and national laboratories provide service to
more extensive areas or populations and to family practi-
tioners as well as specialists, and in these situations written
guidelines may be required to develop screening criteria,
and then a rational testing scheme that limits unnecessary
testing (Wiik et al., 2004). Another strategy is to develop
order forms in such a way that the doctor can choose
between a tentative diagnosis, after which a few rational
tests are done, or choose just one or two tests from this
testing panel (Figure 72.2). A positive screening test may
lead to the referral of a patient to a specialist, who will then
plan the further investigation program including further
serologic testing. It is important to realize that the pretest
probability to detect a useful diagnostic laboratory result
increases dramatically with each clinical feature that has
been incorporated into the tentative diagnosis (Keren and
Nakamura, 1997). Some clinics have agreed with laboratory
specialists on the use of post-test algorithms to alleviate
appropriate use of positive and negative laboratory results
in relation to tentative diagnoses.

Rheumatoid arthritis

Anti-CCP

IgM rheumatoid factor

IgA rheumatoid factor

Parvovirus B19 antibody

Figure 72.2 Example of a test order hierarchy from a laboratory order
form based on tentative diagnosis or on single test(s).
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LABORATORY REPORTS,
INTERPRETATION, AND 

COST ANALYSIS

When an autoantibody is found, the positive result is
usually communicated as a printed report that is mailed
directly to the requesting physician. Unfortunately, in some
jurisdictions, current regulatory constraints (Health Protec-
tion Acts and Freedom of Information Protection Acts) 
prohibit the transmission of a digital report directly to the
doctor’s personal computer or other digital device. Perhaps
an international effort to develop consensus on the electronic
medical record and the digital transmission of clinical data
would help alleviate concerns about this technology (Vogt
et al., 2004). A description of the most common diagnostic
associations related to an autoantibody found in diagnostic
testing is included with the result, for example: “Anticen-
tromere antibodies are found in about 25% of patients with
SSc. This antibody is most commonly seen in the limited
form (CREST) subset of the disease.”

To aid in interpretation of the results, information related
to the sensitivity and specificity of a positive result should
be tabulated and made accessible in a printed form and on
the internet. Also the level of the antibody or the strength 
of expression should be mentioned together with cut-off
towards disease control patients and the range of credible
measurements. Some laboratories routinely accompany
reports on positive findings with a short written comment on
the most frequent clinical association(s) to help direct
further diagnostic work-up.

Many laboratories use an algorithm that includes a rapid
and inexpensive screening test followed by more specific
tests as an approach to rationally screen for the presence of
autoantibodies. For example, the IIF test or the whole cell
ELISA is often used to detect autoantibodies in systemic
rheumatic and other diseases. This serves three purposes:
first, it serves as a triage for further testing; second, if the
IIF or screening ELISA test is negative, unless there is a
compelling clinical evidence to do so, no further testing is
required and the result is reported accordingly; third, many
autoantibodies can be accurately identified solely by this IIF
screening approach. Examples include anticentromere anti-
bodies that are seen primarily in patients with a limited
subset of SSc or in a subpopulation of SjS patients 
(Vlachoyiannopoulos et al., 1993) and antibodies to parietal
cells seen in pernicious anemia (see Table 72.1). If the IIF
test is positive, the samples can be processed by more spe-
cific tests that include ELISAs, line assays that detect a
variety of autoantibodies, or an addressable laser bead assay
that has the ability to detect up to 100 different autoanti-
bodies in a single serum sample (Fritzler, 2002; Robinson 
et al., 2002).

It is very important that all laboratory results can be val-
idated and, in this context, borderline (low positive) results
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can be especially troublesome. It is recommended that 
borderline positive results must be confirmed or refuted by
use of a second well-established independent technique to
ensure that only certified positive results are reported to the
physician or clinic. If controversy about the result persists,
the laboratory should add a note of caution to the clinician
that the result may have little significance in supporting a
diagnosis and/or may recommend retesting a new serum
sample in 1 to 3 months. Some regulatory agencies mandate
that borderline positive tests should be reported as positive
until proven otherwise through repeat or follow-up testing
at appropriate intervals. High and intermediate positive
results of a single credible technique can be reported without
independent confirmation by a second technique. To aid in
the interpretation of laboratory results, the chosen limit for
positivity is stated on the report and ranges of low, inter-
mediate, and strong positivity should be indicated.

A significant problem is that easy to perform and high
throughput techniques are being adopted without proper
clinical validation. Screening for autoantibodies by use of
ELISA plates that have adsorbed complex mixtures of native
and/or recombinant autoantigens or nuclear extracts is now
used by many laboratories instead of ANA screening by IIF.
This practice continues despite data showing that many
patients with SjS, SSc, polymyositis/dermatomyositis, and
juvenile RA score negative for ANA using such composite
ELISA techniques (Keren and Nakamura, 1997; Fawcett et
al., 1999). HEp-2-IIF screening of these “false-negative”
sera reveals that most of these sera contain antibodies to
nucleoli, nuclear matrix, nuclear envelope, nuclear pores,
coiled bodies, PML domains, cell-cycle-specific antigens
such as proliferating cell nuclear antigen or mitotic spindle
apparatus components, or other cytoplasmic organelles and
structures such as mitochondria, Golgi apparatus, signal
recognition particles, or ribosomes (Bayer et al., 1999; Wiik,
2003a; 2003b; Stinton et al., 2004). Studies have shown that
these autoantibodies are readily recognized by experienced
technicians (Wiik and Lam, 2001) but are missed by ELISAs
for ANA screening (Bayer et al., 1999). Some of these
autoantibodies have defined clinical associations and should
be identified as such (Table 72.2). On the other hand, auto-
antibodies that lack proven clinical value should not be
reported until their diagnostic specificity and value have
been clearly established. This approach mandates rigorous,
multicenter studies of newly discovered autoantibodies to
establish their clinical relevance or value. One of the most
important aspects of autoantibody test results is the impact
the result has on clinical decision making such as progno-
sis, follow-up strategy, and therapeutic intervention, since
these factors are the ones that impact on the long-term
outcome of disease.

There is a serious deficiency in our knowledge of the
actual costs incurred through inappropriate laboratory
testing, although the actual costs of laboratory diagnostic
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studies can easily be calculated. In Scandinavia, the esti-
mated cost of all types of in vitro diagnostic testing in 
laboratories is between 2% and 3% of the total budget for
healthcare. Diagnostic imaging techniques are now being
used much earlier in spite of their much higher expense. Fre-
quently, their clinical value with regard to the long-term
prognosis has not been clearly elucidated. In the light of this
significant expense, it is difficult to explain why low-cost
and high-quality autoimmune serology is not given a higher
priority by healthcare economists. The prospects for health-
care financing are very intimately linked to an accurate early
diagnosis and treatment. Inappropriate laboratory testing
(e.g., panel testing) is both costly and potentially mislead-
ing in the diagnostic workup. An estimation of long-term
costs related to early accurate diagnosis and therapeutic
intervention compared to a missed or a wrong diagnosis,
with or without treatment, has to be performed to highlight
the value of high-quality laboratory diagnostics. Factors that
impact costs related to chronic diseases include the number
of visits to clinics, length, and cost of stays in clinics, 
readmission rate, working days lost to patient and family,
and productive years gained.

STANDARDIZATION AND 
QUALITY ASSURANCE

A set of standardized sera provided by the
IUIS/AF/WHO/CDC Serology Committee (www.ucalgary.
ca/IUIS/index.htm) is made available through the CDC in
Atlanta (Smolen et al., 1997). The set of reference sera
available through this program is continuously monitored
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and is currently being expanded to include antibodies to 
cardiolipin, b2-glycoprotein 1, fibrillarin, RNA polymerase
I/III, ribosomal P proteins, proteinase 3 and myeloperoxi-
dase (c- and p-ANCA, respectively). Sera used as standards
for a particular methodology or technology platform need to
be reviewed from time to time as exemplified by the re-
evaluation of AF/CDC reference sera for immunoblotting
purposes (Smolen et al., 1997). Although it would likely
improve inter-laboratory variation in performance, stan-
dardized secondary antibodies are not widely available.

All clinical laboratories should participate in quality
assurance and quality improvement programs such as the
one administered by the College of American Pathologists
(www.cap.org). The Clinical Laboratory Improvement
Amendments of 1988 set standards for all laboratories
engaged in clinical testing. These standards include require-
ments for trained and competent supervisory and testing per-
sonnel, record keeping and instrument maintenance, daily
quality control practices, result reporting, and laboratory
inspection and maintenance. It is not clear that these stan-
dards are being met in routine practice. In Europe the most
widely used quality assurance and management program
(DS/EN ISO/IEC 17025:2000) additionally sets laboratory
standards aimed to prove that an assay actually gives results
that are useful for clinical diagnostics.

SUMMARY

In contemporary medical practice, changes in laboratory
diagnostics and new technologies are being introduced at a
rapid pace. This is attended by concerns that certain key

TABLE 72.2 Antinuclear antibodies determined by indirect immunofluorescence patterns that
may be useful in clinical diagnostics

Cellular structure Molecular target Disease associations

Coiled bodies p80 coilin Localized SSc, Raynaud syndrome

Golgi complex Golgins, giantin SLE, SjS, RA overlap syndromes, malignancy, viral infection

Mitotic spindle apparatus:
Centrioles Enolase, pericentrin, ninein SSc, SjS, post-viral syndromes
NuMa pattern NuMa 235 Mycoplasma infection
Spindle microtubules HsEg5 SLE

Multiple nuclear dots Sp-100, PML protein Primary biliary cirrhosis

Nuclear envelope Lamins A/C, B1, B2, LAP1/2 SLE, SjS, AIH, APS, SNP

Nuclear pore complex p62, gp-210, Tpr PBC, SjS

GW bodies GW182 SjS, sensory/motor neuropathy

AIH, autoimmune hepatitis; APS, antiphospholipid antibody syndrome; NuMA, nuclear mitotic apparatus; PBC, primary biliary cirrhosis; RA, rheuma-
toid arthritis; SjS, Sjögren syndrome; SLE, systemic lupus erythematosus; SNP, seronegative polyarthritis; SSc, systemic sclerosis; Tpr, translocated 
promoter region.

Data from Peter and Shoenfeld, 1996; Bayer et al., 1999; Wiik, 2003a; Fritzler et al., 2003c; Stinton et al., 2004.
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matters (such as clinical utility) are not debated thoroughly
between clinical and laboratory directors. It is important 
to avoid alienation of users and deliverers of potentially
important information that should be used to set an early 
and precise diagnosis and estimate a likely prognosis. In
many autoimmune diseases, autoantibodies are considered
reporters of overt or subclinical organ or tissue damage. The
detection of autoantibodies can serve as an indicator that
focuses the clinician’s attention to involved tissues or organs
using classical diagnostic tools such as histopathology,
imaging techniques, and organ function testing. Clinical
guidelines to facilitate the communication between clini-
cians and laboratories can be formulated, mutually accepted
algorithms for test ordering can be used, rules for reporting
results must be agreed upon, and algorithms for optimal use
of laboratory results should be adopted. A trade-off between
sensitivity and diagnostic specificity always is ideally estab-
lished before a test is made widely available, since cut-off
values for a positive test, which are usually furnished by
manufacturers, mainly separate a certain nosographic entity
from the healthy population. This is not an ideal approach
for differentiating between clinically related and overlap-
ping autoimmune diseases.

The accuracy (sensitivity, specificity), reliability, and
quality of many commercial kits have been a topic of study
and concern. In many cases, the manufacturer has been
assumed to be the root cause for these shortcomings;
however, the use of commercial kits and their appropriate
application in a clinical setting involves a rather complex
chain of constituencies and events (Fritzler et al., 2003a). It
has been suggested that a higher level of commitment and
partnership between all of the participants is required to
achieve the goal of improving the quality of patient care
through the use of autoantibody testing and analysis (Wiik
et al., 2004).
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T cells play a critical role in the vast majority of auto-
immune diseases. Although it is often not proven whether
the actual tissue destruction is mediated by autoreactive T
cells or by T-cell hyper-reactivity leading to loss of toler-
ance to self-determinants by other effector immune cells,
efforts to identify and characterize the role of T cells in the
pathogenesis of autoimmune diseases have focused on T-cell
autoreactivity. Measuring T-cell reactivity in autoimmune
disease is a different league compared with that in infectious
diseases and transplantation. In marked contrast to T-cell
reactivity against pathogens and allodeterminants, the
targets of T-cell autoreactivity are often not known precisely,
and the list of candidate autoantigens is endless. Many of
the autoantigens are not target-tissue specific, and the reac-
tivity against them is not disease specific. Moreover, T-cell
autoreactivity is conceivably hampered by factors such as
low precursor frequencies in circulation, no access to sites
of inflammation, counteracting regulatory immune reactivi-
ties, ectopic expression of target autoantigens, and lack of
appropriate co-stimulation. This chapter will focus on T-cell
assays in human autoimmune disease, using type 1 (insulin-
dependent) diabetes (T1D) mellitus as a model, which
results from a T-cell-mediated autoimmune destruction of
the pancreatic b cells in genetically predisposed individuals

(see also Chapters 5, 36) (Roep, 1996; 2003). Therapies
directed against T cells have been demonstrated to halt the
disease process (Chapters 36, 76) and prevent recurrent b-
cell destruction after islet transplantation. Less is known
about the nature and function of these T cells, the cause of
the loss of tolerance to islet autoantigens, why the immune
system apparently fails to suppress autoreactivity, and
whether (or which) autoantigen(s) are critically involved in
the initiation or progression of disease.

ASSAYS TO DETECT 
T CELL AUTOREACTIVITY

Proliferation Assay

T-cell autoreactivity is not exclusive for any autoimmune
disease. Consequently, efforts to determine T-cell autoreac-
tivity linked with autoimmune diseases have been hampered
by the false expectation that sensitive and specific technol-
ogy exists that allows reproducible measures for disease
activity (Box 73.1). Multiple and sometimes conflicting
studies have identified a variety of aberrations in the 
cellular immune response to autoantigens in persons with
the disease. Potential explanations for these discrepancies
include incomparable techniques or culture conditions,
diversity in the populations of patients or controls tested, and
differences in autoantigen preparations.

Appreciative of the above notion, international work-
shops on T-cell autoreactivity are organized under the aus-
pices of the international Immunology of Diabetes Society
(IDS) to standardize immunoassays to allow comparison
between different studies (Roep, 1999; Roep et al., 1999a;
Peakman et al., 2001). First, the islet autoantigen quality
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control analyses indicate that the quality of recombinant
autoantigen preparations requires improvement. For
example, several T-cell clones specific for glutamic acid
decarboxylase (GAD65) were unable to cross-react with
GAD65 expressed in baculovirus, yeast, or bacteria.
Nonetheless, responses could be measured to all autoanti-
gen preparations evaluated in the workshop. Second, all par-
ticipating centers were able to reproducibly measure T-cell
responses to two identical samples of tetanus toxoid, but
there was significant interlaboratory variation in sensitivity
and extent of the proliferative response measured. Third, 
the results using candidate autoantigens indicated that
although a few laboratories could distinguish patients with
T1D from non-diabetic controls in proliferative responses 
to individual islet autoantigens, in general, no differences 
in T-cell proliferation between the two groups could be 
identified. This first T-cell workshop on T-cell autoreactiv-
ity in T1D confirms that this is a difficult area for interlab-
oratory investigations, but it provided insight towards 
future efforts focused on standardizing autoreactive T cell
measurements.

Assay Standardization

At present, it is clear that measuring T-cell autoreactivity
requires different skills, and higher sensitivity and 
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specificity than standard assays suitable for measuring
alloreactivity or T-cell responses against pathogens. Assay
standardization has become essential. Some previously
reported conflicting results can in part be explained by the
observed interlaboratory variability. The inability to dis-
criminate normal controls from patients suggests that 
measuring proliferative responses in peripheral blood
mononuclear cells (PBMC) represents an incomplete picture
of the immune response, perhaps complicated by difficulties
in identifying suitable antigens and assays for standardized
use. There is an excellent track record on standard-
ization of assays for the detection of diabetes-associated
autoantibodies (see also Chapter 36) (Bingley et al., 2001). 
Unfortunately, the experience gained in the latter efforts
could not easily be translated to T-cell assay standardization
studies in humans. Disappointment that may have arisen
from the slow progress achieved in the standardization
efforts could be attributable to unrealistic expectations, and
lack of recognition of multiple and sometimes unique 
limitations associated with human T-cell assays (Atkinson 
et al., 2000).

Limitations to Measure T-Cell Autoreactivity

The most obvious limitation is the inability (for ethical
and practical reasons) to conduct experiments in vivo. Inac-
cessibility to the target organ severely hampers the in vitro
studies and limits our efforts to define surrogate markers of
insulitis in cases of T1D. Yet, in other autoimmune diseases
such as rheumatoid arthritis (Chapter 32), autoimmune thy-
roiditis (Chapter 35) and celiac disease (Chapter 51), the site
of inflammation is accessible, while in other cases (e.g.,
multiple sclerosis, Chapter 46), immune samples can be iso-
lated from cerebrospinal fluid (CSF) yielding relevant sur-
rogate markers of disease activity. Levels of autoreactive T
cells in circulation are much lower than those in inflamma-
tory lesions. This contrasts the situation with autoantibod-
ies. Unfortunately, the in vitro manipulation may introduce
misleading artifacts that are associated with factors like the
isolation procedure, antigen concentration, and source of
serum in culture medium, etc. In addition, unlike auto-
antibody molecules, T cells cannot be frozen and thawed
without affecting their functional capacities. In addition to
these factors, simple enumeration of T cells before and after
antigen stimulation is in many cases not mathematically fea-
sible because the responding cells are present in very small
frequencies in peripheral blood (i.e., less than 1 in 100,000
cells in the total cell population). Finally, the purity of the
antigen preparations needed for detection of autoreactive T
cells has been proven to be a critical variable to allow or
prevent accurate measurements of circulating autoreactive 
T cells (Roep, 1999; Roep et al., 1999a; Peakman et al.,
2001).

Box 73.1
Issues affecting progress in T-cell research in type 

1 diabetes

∑ Lack of sensitive and reproducible detection assay
∑ Quality of recombinant autoantigens; choice of target

autoantigen or peptide epitope
∑ Choice of control subjects
∑ Discordance between experimental models and human

disease
∑ Inaccessibility to inflammatory lesion
∑ Relevance of circulating autoreactive T cells
∑ Potential hyper-responsive immune status in recent-

onset patients
∑ Low precursor frequencies of circulating autoreactive

T cells
∑ Limited diagnostic value (in cross-sectional studies)

due to prevalence of autoreactive T cells in patients and
controls.

∑ Immunoregulation
∑ Discordance between cellular and humoral autoimmu-

nity
∑ Lack of technologies to detect autoreactive T cells
∑ False expectations
∑ Required expertise
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Perspectives for Assay Improvement

Due to the lack of technologies to determine T-cell
autoreactivity, the insufficient quality of antigen prepara-
tions, and the difficulty of defining relevant immunogenic
synthetic peptide epitopes of islet autoantigens, progress has
been slow. In addition, the need for appropriately selected
control subjects for comparison with diabetic individuals
seems underestimated. Appreciating the contribution 
of HLA polymorphism in T-cell repertoire selection, 
tolerance induction, and antigen presentation, and the 
experience that autoimmunity becomes less pronounced
with age, it is critical to choose HLA- and age-matched
control subjects as references to determine the disease 
association of a given T-cell response. In fact, non-diabetic
siblings of T1D patients have frequently been shown to
respond more similar to their T1D relatives than unrelated
controls. Considering the possibility that clinical onset of
autoimmune disease may be accompanied by a generalized
hyperimmune response, it should also be considered to
include control subjects suffering from chronic inflamma-
tion unrelated to the autoimmune disease of study (Roep 
et al., 1995).

The T-cell committee of the Immunology of Diabetes
Society has recommended a sensitive and reproducible
assay for the detection of autoreactive T cells (Table 73.1).
This assay provided useful surrogate markers for insulitis.
Autoreactive T-cell reactivity against islet granules was
associated with presence of insulitis in recent-onset diabetes,
while established T1D and healthy controls showed inter-
mediate and low reactivity, respectively. Reactivity against
the non-diabetic recall antigen Tetanus Toxoid was compa-
rable for the three groups (Figure 73.1). This T-cell assay
was able to distinguish between control and T1D patient
groups (Roep et al., 1995). However, on the individual basis,
T-cell proliferation assays did not qualify as diagnostic, due
to the lack of reactivity in a considerable proportion of 
new-onset patients (i.e., poor sensitivity), and increased
responses to islet autoantigen in non-diabetic subjects (i.e.,
insufficient specificity) that are inherent to this type of tech-
nology. Nonetheless, due to the limited interassay variation
of the assay in a given individual, this methodology was
shown to provide useful and interpretable information when
applied longitudinally in the context of islet reconstitution
therapy (Roep et al., 1999b).

Limiting Dilution Assay

One of the factors determining the magnitude of an
immune response is the number of antigen-specific lym-
phocytes available to respond at the time of an antigenic
challenge. Unlike regular proliferation assays that provide
the total reactivity as a readout for mixed cell populations,
culturing the T cells by limiting dilution can be used to 
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estimate the actual number (frequency) of reactive T cells to
various autoantigens. Limiting dilution analysis (LDA) is an
established technique to assess immune response in humans
in a quantitative manner at the level of the cell. It is a pow-
erful in vitro tool for investigating the expressed human T-
cell repertoire. Historically, LDA was developed to permit
enumeration of cells induced to proliferate by in vitro expo-
sure to antigen (Lefkovits and Waldmann, 1984). Past a
certain cell dilution, an all-or-none response is seen, depend-
ing on the presence or absence of one type of cell, critical
for reactivity. The application of Poisson statistics on the
number of negative wells per cell concentration can be used
to estimate the frequency of precursor T cells (cells under-
going clonal expansion and proliferation in response to a
specific antigenic stimulus). Limiting dilution analysis also
bears the advantage of relatively short culture periods in
vitro and, consequently, results likely reflect the situation in
vivo rather than T-cell clones that have undergone extensive
stimulation in vitro.

Equal numbers of CD4+ T cells recognizing myelin basic
protein (MBP) and proteolipid protein (PLP) have been
found in the circulation of normal individuals and multiple
sclerosis (MS) patients (Zhang et al., 1994) (Chapter 46).
While there were no differences in the frequencies of MBP-
and PLP-reactive T cells after primary antigen stimulation,
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Figure 73.1 Proliferation Assay. T-cell proliferation provides a surro-
gate marker for the presence of autoimmune insulitis. Left, Children with
newly diagnosed type 1 diabetes (T1D) have increased proliferative
responses in peripheral blood mononuclear cells (PBMC) against insulin-
secretory granule membrane preparations, compared with non-diabetic
children with unrelated chronic inflammations. T1D patients with the
disease for 6 months or more (with presumably no insulitis) still express
increased autoimmunity, albeit less than patients at diagnosis. Right, T-cell
responses to the recall antigen tetanus toxoid are not different between these
three groups of subjects. T-cell responsiveness to antigen is indicated in
stimulation indices (proliferactive (counts per minute of 3H-thymidine in
DNA) of PBMC to antigen divided by proliferation of PBMC in medium
alone)

Modified from Roep et al., 1995.
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the frequency of MBP or PLP but not tetanus toxoid-
reactive T cells generated after primary recombinant inter-
leukin (rIL-2) stimulation was significantly higher in MS
patients compared with control individuals. In the CSF of
MS patients, MBP-reactive T cells generated with primary
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rIL-2 stimulation were 10-fold more frequent than in paired
blood samples. In contrast, MBP-reactive T cells were not
detected in CSF obtained from patients with other neuro-
logic diseases (Zhang et al., 1994). These results provide
definitive in vitro evidence of an absolute difference in the

TABLE 73.1 Protocol for proliferation assay for autoreactive T cells in peripheral blood
mononuclear cells (PBMC)

Step Details Comments

Draw blood B&D vacutainer system; Na or Li Heparin; 170 IU. Shake tubes gently to avoid clotting

Ship sample Room temperature Heparin does not work at 4°C; make sure that the assay
is performed within 24 hours after blood draw.

Ship blood in heparin; do not ship Ficoll interphase

Ficoll gradient Dilute up to 20mL of blood to 35mL in Hanks’ Make sure that all solutions (Ficoll, media) are at RT. 
balanced salt solution (HBSS) in 50mL tube. Keep blood >1 hour in heparin tube at RT before 

Put 10mL-pipet filled to top (~14mL) with Ficoll putting on Ficoll.
(density 1.077g/mL) under blood solution and 
release

Ficoll passively under blood.
Spin for 20min at RT, 350g, no brake.

Remove interphase and wash 280g, RT, brake IMDM is not appropriate for cryopreservation (use 
interphase twice with HBSS 2mL IMDM/20% HS per RPMI 1640w/o Hepes).
and resuspend in IMDM 10mL of heparinized blood Check each individual serum before pooling in mixed
supplemented with HS lymphocyte culture to ensure that sera qualify for 
(20%) proliferation assays. Also check pooled serum

in MLR. HS is heterogeneous; reserve single pool 
for longitudinal and comparative studies.

Count mononuclear cells; Dilute cells 1:10 in Türk solution, which lyses Counting of thawed cells is recommended in eosin, 
dilute cells to 1.5 ¥ 106/mL erythrocytes and stains nuclei to exclude dead/dying (i.e., red) cells.
IMDM/20% HS N.B. cryopreservation affects monocytes, T-cell blasts 

and autoreactivity, and removes IL-10 from system.

Add antigen preps to round- Concentrate Ag prep 2 ¥ in 100mL per well; Ag Round-bottom plates are required for primary assays 
bottom 96 well plate. medium: IMDM (no serum). to ensure optimal cell–cell contact, while flat-bottom 

Test dose response (final concentration of most plates are recommended after initial in vitro
recombinant antigens: 5–10 mg/mL; peptides: stimulation.
2–10mg/mL) Adding Ag to wells first prevents spillover of cells 

Use tissue-coated plates. (round-bottom!), and ensures that cells are kept
under unfavorable conditions (pH, humidity, 
temperature) for minimum time.

Include IL-2 triplicate as control for viability of T cells, 
PHA for control for APC function and proliferative 
capacity, and recall antigen (e.g., tetanus toxoid) for
Ag-specific T-cell response.

Add cells to plate 100 mL ~150,000 cells/well Add cells quickly with repetition pipette and move 
plate immediately to incubator.

Incubate 5 days, 37°C, 5% CO2, 90% humidity. Do not pile up more than 5 plates, to ensure gas 
exchange for medium buffering.

Add 0.5–1.0 mCi 3H-thymidine; In 50 mL RPMI 1640.
incubate overnight.

Harvest DNA Semi-dry glass fiber filters are recommended for Ensure water is completely removed to prevent 
optimal signal/noise ratio (e.g., Wallac quenching of scintillation signal.
1295–004)

BetaplateTM 96-well Harvester (Pharmacia).

Measure cpm E.g., Wallac 1205 liquid scintillation counter

Ag, antigen; APC, antigen-presenting cell; cpm, counts per minute; HS, human pool serum; IL-2, interleukin 2; IMDM, Iscove’s modified Dulbecco’s
medium; MLR, mixed lymphocyte reaction; RT, room temperature.
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activation state of myelin-reactive T cells in the central
nervous system of patients with MS and provide evidence
of a pathogenic role of autoreactive T cells in the disease.

In T1D, a progressive decrease in the number of negative
cultures at increasing cell concentrations that was repre-
sented by a low goodness of fit (GoF, low chi square), was
seen with the tetanus toxoid-response in new-onset patients,
their siblings and parents; precursor frequencies and GoF
were similar in all three groups. Reactivity to insulin,
however, showed low precursor frequencies in patients and
siblings, and the LDA to insulin demonstrated dramatic
decreases in the number of positive cultures at higher cell
concentrations leading to a high GoF in patients and siblings
compared with parents (Naik et al., 2004). This saw-toothed
pattern of reactivity to insulin is indicative of multiple hit
kinetics and implies that the response is regulated. Conse-
quently, the precursor frequency of insulin autoreactive cells
in patients and their siblings are probably much higher than
calculated.

Other Proliferation Assays

Recently, a novel assay was developed for antigen-
specific human T-cell proliferation (Mannering et al., 2003).
Peripheral blood mononuclear cells were labeled with the
fluorescent dye 5,6-carboxylfluorescein diacetate succin-
imidyl ester (CFSE) and cells that proliferated in response
to antigen, with resultant reduction in CFSE intensity, were
measured directly by flow cytometry. This assay appeared
more sensitive than 3H-thymidine incorporation, and
detected the proliferation of rare antigen-specific CD4+ T
cells at lower antigen concentrations. Using the CFSE assay,
the investigators could measure directly the proliferation of
human CD4+ T cells from healthy donors in response to the
T1D autoantigens glutamic acid decarboxylase (GAD) and
proinsulin (PI), implying that this approach may not (yet)
distinguish between affected and unaffected subjects.

HLA Tetramers

Fluorochrome-labeled major histocompatibility complex
tetramers may enable investigators to enumerate antigen-
reactive T cells. Soluble HLA-DR tetramers containing a
peptide epitope from human GAD65 were used to analyze
peripheral blood T cells of newly diagnosed T1D patients
and at-risk subjects (Reijonen et al., 2002). Peripheral blood
mononuclear cells were expanded on APCs presenting
GAD65 peptide and subsequently activated with specific
plate-bound class II-peptide monomers. T-cell activation
defined in flow cytometry by CD4(high) and/or CD25
markers were observed in all T1D patients and some at-risk
subjects, but not in normal control subjects. The activated T
cells stained positive with tetramers containing the selected
GAD65 epitope. Tetramer-positive cells were CD4(high) 
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T cells with high avidity for an immunodominant GAD65
T-cell epitope. These results demonstrated that phenotyping
of T cells utilizing HLA class II tetramers provides a new
tool to characterize the autoimmune response in T1D. Short-
comings of this approach for identifying class II restricted
cells are that the studies can only be done in individuals with
certain HLA types, with reactivity to specific antigen pep-
tides, and that it is necessary to expand the cells in vitro
because of the low precursor frequency in the peripheral
blood. Alternative assays using soluble MHC-multimers
have also proven to be valuable tools for the stimulation of
as well as the analysis of antigen-specific T cells in vitro.
Dimeric major histocompatibility complexes coupled to
immunoglobulin (HLA-Ig) and loaded with peptide epitopes
have been used to visualize antigen-specific T cells and
potentially stimulate immune responses as part of an artifi-
cial APC (Fahmy et al., 2002).

Cytokine Assays

Cytokines and chemokines are essential components in
the communication between different components of the
immune system, as well as in directing leukocytes to inflam-
matory lesions (see Chapter 18). Much interest has focused
on the phenotype of the T-cell response that differentiates
after activation (Chapter 7). Little is known of which
cytokines and chemokines are associated with the patho-
genesis of autoimmune diseases in humans, and to what
extent they could reflect attempts of the immune system to
counteract immune abnormalities including autoimmunity.
There is a common belief that T1D, rheumatoid arthritis,
autoimmune thyroiditis, and myasthenia gravis are Th1-
associated diseases, i.e., associated with or accompanied by
pro-inflammatory cytokines and chemokines, while Th2
cells could be beneficial or at least benign in fighting b-cell
destruction. According to the quality of response they
mediate, autoreactive T cells recognizing autoantigenic 
peptides could represent both disease effectors in the 
development of autoimmune disease and directors of toler-
ance in healthy individuals or those undergoing preventative
immunotherapy. The rarity of these cells, inadequate tech-
nology, and poorly defined epitopes, however, has hampered
examination of this paradigm.

Enzyme-Linked Immunospot Assays

The identification of sensitive assay formats capable of
distinguishing islet autoreactive T cells directly ex vivo in
blood is a major goal in autoimmunity research. Recently,
much interest has been shown in the cytokine-enzyme-
linked immunospot (ELISPOT) assay. The ELISPOT pro-
vides a highly sensitive assay to detect single cells secreting
cytokines (Figure 73.2). The higher sensitivity of the
ELISPOT compared with an ELISA is due to the plate-
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bound antibodies directly capturing the cytokine secreted in
the immediate vicinity of the cell before it is diluted in the
supernatant, trapped by high-affinity receptors, or degraded
by proteases (Figure 73.3).

A recent breakthrough that allowed distinction between
T1D patients and non-diabetic controls was achieved by
applying the ELISPOT assay using a panel of naturally
processed islet epitopes by direct elution from APCs bearing
HLA-DR4 (Arif et al., 2004; Herold, 2004). The quality of
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autoreactive T cells in patients with T1D showed extreme
polarization toward a proinflammatory Th1 phenotype. Fur-
thermore, rather than being unresponsive, the majority of
non-diabetic, HLA-matched control subjects also mani-
fested a response against islet peptides, but one that showed
extreme bias to T regulatory cell (Treg, IL-10-secreting)
bias. Development of T1D depends on the balance of
autoreactive Th1 and Treg cells, which may be open to
favorable manipulation by immune intervention (Chapters 9
and 10). The interferon-g (IFN-g) responses to combined
pro-insulin and IA-2 peptides allowed for the first time to
discriminate between T1D patients and control subjects.
Moreover, the cells from the control subjects did not
produce an IFN-g response to the proinsulin peptides. IL-10
is a likely regulatory cytokine and would thus affect the cells
recruited to the inflammatory site. The specificity of the
immune regulation is imparted by the specificity of the
responding T-cell receptor.

These recent findings also imply that a difference
between healthy subjects and T1D patients is not in 
the repertoire and quantity of T-cells but is in the quality of 
the response, i.e., pathways of differentiation activated in
response to antigen. Since the ELISPOT assay enumerates
the number of cells producing a given cytokine, rather than

ELISPOT ASSAY 

Figure 73.2 Flow diagram of the enzyme-linked immunospot
(ELISPOT) assay. Cells are incubated for a defined length of time in the
wells of the ELISPOT plate precoated with a high-affinity monoclonal anti-
body to which the cytokine, produced during incubation, will bind. Subse-
quently, cells are lysed and debris is washed away. Areas in which the
cytokine has been captured by the coating antibody are detected with a com-
bination of biotinylated anticytokine detector antibodies and enzyme-
labeled streptavidin or antibiotin antibodies. The last step in the assay is
the addition of a substrate yielding a colored zone (‘spot’), which reveals
the site of cytokine secretion. Numbers and sizes of spots can be read by
light microscopy or through designated spot-readers followed by computer
microimaging and analysis (Arif et al., 2004).

This diagram was kindly provided by Dr. Peter H. van der Meide, U-
CyTech, Utrecht University, The Netherlands.

IFN-g IL-13IL-10

Figure 73.3 The ELISPOT Assay. Examples of interferon-g (left), IL-
10 (middle) and IL-13 (right) specific spots produced by 2.5 ¥ 104 human
PBMC of a healthy subject (preincubation: 42 hours; incubation ELISPOT:
5 hours). Top, no stimulus (magnification 25¥). Middle, concanavalin A
stimulation (magnification 25¥). Bottom, concanavalin A stimulation (mag-
nification 140¥).

Data provided by Dr. Peter H. van der Meide, U-CyTech, Utrecht Uni-
versity, The Netherlands.
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the total amount of this cytokine being produced, this
approach did not allow for assessment of quantitative 
differences in terms of amounts of cytokine produced in
responses to the antigens, so the full extent of differences in
cytokine production between individuals with different rates
of disease progression cannot be entirely determined. Yet,
the qualitative differences suggest the mechanism described
above.

Other Cytokine Assays

Given the low precursor frequencies of autoreactive T
cells as evidenced by proliferation assays, limiting dilution
assays, HLA tetramer studies, and ELISPOT analyses, it
may prove very difficult to detect autoantigen-specific T
cells after intracellular staining of cytokines after in vitro
stimulation of PBMC by FACS analysis. Nonetheless, this
approach has been reported to be applicable in infectious
disease, tumor therapy, and transplantation to identify adap-
tive immune responsiveness. Preliminary studies suggested
that new techniques such as the cytokine bead assay may
turn out to be more useful to provide relevant surrogate
markers of autoimmune disease. The advantage of such
assays is that they require relatively small numbers of
PBMCs, are less laborious, fast, and sensitive, while they
can provide information on multiple cytokines and
chemokines in small aliquots of supernatants of stimulated
PBMCs.

T Regulatory Cells

The mechanisms involved in maintenance of peripheral
tolerance and suppression of autoimmunity include a 
specialized subset of Treg within the CD4+CD25+ T-cell
population. Recent interest has focused on these Tregs that
represent a naturally occurring CD4+ T-cell population
expressing CD25 that arises from the thymus and seeds into
the periphery, creating a cohort of cells with profound T-cell
immunosuppressive qualities. No single phenotypic marker
exists that is specific for Treg. CD4+CD25+ cells can be
detected in peripheral blood in humans (Baecher-Allan et
al., 2001) and are able to suppress proliferation and cytokine
production from both CD4+ and CD8+ T-cells in vitro in a
cell contact-dependent manner. Measuring the frequency
and function of Treg might provide helpful information
regarding the immunopathogenesis of the disease process.
Hopefully, it will be a matter of time that testing of the fre-
quency and function of circulating Treg becomes an impor-
tant test parameter in clinical research involving patients.
Recent studies indicate that the function and phenotype of
these cells in human autoimmune diseases may differ from
their counterparts in infection or alloreactivity, since their
immune suppressive function in vitro appears to be impaired
(Viglietta et al., 2004; Lindley et al., 2005).
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APPLICATION

Autoreactive T cells have proven to be valuable targets
to study pathogenic or autoimmune disease related
processes (Box 73.2). Measuring T-cell autoreactivity also
provided critical information to determine the fate of islet
allografts transplanted to T1D patients. Furthermore, these
studies have provided proof of operational immunologic tol-
erance to islet allografts as well as valuable information to
improve and customize immunosuppressive therapy.
Presently, technologies to detect T-cell auto- and alloreac-
tivity in T1D recipients of islet allografts are applied to
monitor islet allograft survival in relation to various
immunosuppressive therapies, and to guide tapering of these
therapies after successful restoration of insulin production.

With the development of new technologies, such as
ELISPOT assays and HLA tetramers that allow quick 
detection of peptide-specific T cells in the context of their
restriction element, the stage has been set to improve the
qualitative and quantitative detection of autoreactive T cells
in autoimmunity. This will help to understand the cause of
autoimmune diseases, and design and monitor immuno-
therapeutic intervention strategies. Although it is generally
appreciated that studies on cellular auto- and alloimmunity
are hampered by the complex nature of such immune
responses and the required technical and physical skills, it
has been a worthwhile quest to unravel the role of T cells in
the pathogenesis of autoimmune disease.
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Many autoimmune diseases are chronic in nature with 
a long asymptomatic preclinical period marked by labora-
tory abnormalities (e.g., the presence of autoantibodies;
Table 74.1). Therefore, individuals with asymptomatic
disease can be identified prior to developing tissue destruc-
tion with immunologic and immunogenetic testing. Given
the prevalence of autoimmune disorders, immunologic and
immunogenetic testing is likely to become an important
component of what has been termed “personalized medi-
cine.” Accurate prognostication is dependent upon sensitive
and specific assays in combination with an understanding 
of pathophysiology and the natural history of disease. In 
this review, we will emphasize studies of endocrine auto-
immunity, especially type 1 diabetes (T1D) where 
techniques for disease prediction have developed since the
mid-1980s.

OVERVIEW OF PREDICTION

Understanding of key concepts such as positive predic-
tive value (PPV) and negative predictive value (NPV), sen-
sitivity and specificity, and Bayes’ theorem is essential to
prediction of disease.

Sensitivity is the probability of a positive test, given that
the individual has disease. Specificity is the probability of a
negative test given that the individual does not have the
disease. Sensitivity and specificity are generally thought of
as independent of disease prevalence. The PPV is the prob-
ability of disease given that the test is positive. Conversely,
the NPV is the probability of no disease given a negative
test result (Table 74.2). Both PPV and NPV are influenced
by disease prevalence.

Table 74.3 demonstrates the influence of disease preva-
lence on PPV and NPV. In this table, assume a test with sen-
sitivity of 90% and specificity of 99% with a low prevalence
state of 0.3% and a high prevalence state of 5% in a hypo-
thetical population of 100,000 individuals. Prevalence was
chosen to approximate T1D in the general population (0.3%)
and for first-degree relatives of patients with T1D (5%).
Prevalence highly influences the PPV of a study. As the
prevalence of a disease increases the proportion of positives
that are “true positives” increases. Therefore, when attempt-
ing to predict disease, it is essential to understand the preva-
lence of the disease in the population of interest and the
ability of a test to identify those with disease correctly (the
sensitivity and specificity of the test).

Bayes’ theorem mathematically relates the probability of
a disease in an individual after a study is performed (post-
test probability) to the probability of a disease before the
study is performed (pre-test probability), the sensitivity and
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specificity of a study and disease prevalence by the follow-
ing equation:

When the pre-test probability of disease is the prevalence
of disease, this equals the PPV of a test.

It should be noted that Bayes’ theorem is a simplification
of complex probabilities. It assumes a binary study outcome
and independence of study results and pre-test probability.
Predicting post-test probability with the use of a test is most
helpful in cases of intermediate pre-test probability where a
positive or negative study will influence diagnosis. In a diag-
nostic algorithm that incorporates multiple studies, the prob-
ability of disease increases with each positive test.

It is sometimes thought that to increase sensitivity one
must decrease specificity. That is correct for any given spe-
cific test or algorithm of tests but, in the real world of clin-
ical testing, we can change the test (e.g., a new method that
increases sensitivity and specificity) and apply a different
testing algorithm. An example is the analysis of three anti-
islet autoantibodies, rather than a single autoantibody for
prediction of T1D. The presence of two or more anti-islet
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autoantibodies has a very high sensitivity and specificity
compared with single positive anti-islet autoantibody.

TYPE 1 DIABETES MELLITUS AS A
MODEL FOR PREDICTION OF

AUTOIMMUNE DISEASE

The chronic disease model for T1D (Figure 74.1) is a
useful model for the prediction of T1D. In this model, the
mass of insulin-producing pancreatic b-cells is depicted on
the y-axis and time on the x-axis (Eisenbarth, 1986). As the
disease progresses, the b-cell mass decreases and markers
of autoimmunity such as autoantibodies against islet-
specific proteins and islet-specific T cells emerge. As the b-
cell mass diminishes, metabolic abnormalities develop and
ultimately clinical diabetes manifests. Studies can be per-
formed at each step along the way to identify individuals at
risk for clinical diabetes.

Genetics

Although more than 85% of individuals with T1D do not
have a family history of T1D, the risk for diabetes in a first-
degree relative of an individual with T1D is approximately
15 times greater than that of individuals from the general
population (6% vs. 0.4%) (Tillil and Kobberling, 1987). The
major histocompatibility complex (MHC) located on chro-
mosome 6 (6p21.3) is thought to contribute 50% of the
genetic risk for T1D (Nerup et al., 1974). Noble et al. (1996)

TABLE 74.1 Representative disease-associated
autoantibodies

Disease Autoantibodies

Type 1 diabetes Islet cell autoantibodies
Insulin, GAD65, IA-2

Thyroid disease Anti-thyroid peroxidase
Anti-thyroglobulin

Addison’s disease Anti-21-hydroxylase
Celiac disease Anti-tissue transglutaminase
Multiple sclerosis Anti-myelin oligodendrocyte glycoprotein

Anti-myelin basic protein (MBP)
Rheumatoid arthritis Rheumatoid factor (IgM anti-IgG)

Anti-cyclic citrullinated peptide

TABLE 74.2 Sensitivity, specificity, positive predictive value
(PPV), and negative predictive value (NPV)

Study Disease present Disease absent

Positive A (true positive) B (False positive)
Negative C (false negative) D (True negative)
Sensitivity = A/(A+C) PPV = A/(A+B)
Specificity = D/(B+D) NPV = D/(C+D)

TABLE 74.3 Effect of disease prevalence on positive predictive value (PPV) and negative
predictive value (NPV) with identical test specificity (99%) and sensitivity (90%)

Low prevalence (0.3%) High prevalence (5%)

Test Disease present Disease absent N Disease present Disease absent N

Positive 270 997 1267 4500 950 5450
Negative 30 98703 98733 500 94050 94550
Total 300 99700 100000 5000 95000 100000

PPV 270/1267 = 21.3% 4500/5450 = 82.6%
NPV 98703/98733 = 99.97% 94050/94550 = 99.5%
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and Erlich et al. (1993) have shown that both DQ and DR
alleles have been associated with T1D. The HLA haplotypes
associated with the highest risk for T1D are DR3-DQ2
(DQA1*0501, DQB1 *0201) and DR4-DQ8 (DQA1*0302
DQB1*0302) (Ziegler et al., 1991).

It is estimated that approximately 6% of the population
with DR3-DQ2/DR4-DQ8 will develop T1D. However, 
the risk of diabetes in first-degree relatives with these high-
risk HLA haplotypes is much higher. Approximately 40% 
of first-degree relatives with DR3-DQ2/DR4-DQ8 will
develop T1D. This suggests that other genetic loci within the
MHC may also contribute to risk of T1D in that relatives
with these fixed class II alleles usually share complete MHC
haplotypes. These high-risk genotypes also impact the age
at which T1D develops. Approximately 50% of those who
develop T1D prior to 5 years of age are heterozygotes for
DR3-DQ2/DR4-D8 compared with 2.4% of Colorado new-
borns (Redondo et al., 2001).

Specific HLA haplotypes protect individuals from
disease. Similar to many studies, Pugliese et al. (1995) 
have reported that DR2 (DRB1*1501, DQA1*0102,
DQB1*0501) and DR7 with DQA1, DQB1*0301, and
DRB1*1401 are protective for the development of T1D.

Additional genetic loci such as the insulin gene (Bell et
al., 1984; Bennet et al., 1997), CTLA-4 (Nistico et al., 1996;
Lowe et al., 2000), lymphocyte specific tyrosine phos-
phatase (gene-PTPN22) (LYP) (Bottini et al., 2004) and
other loci with as yet undetermined gene products have also
been associated with risk for the TID.

HLA haplotypes and, to a lesser extent, insulin gene poly-
morphisms are the only genetic markers that have been 
used to identify individuals from the general population at 
high-risk for the development of T1D. Studies such as the
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Diabetes Autoimmunity Study in the Young (DAISY) in
Denver, Colorado, USA (Rewers et al., 1996) and the
Finnish Type 1 Diabetes Prediction and Prevention project
(DIPP) (Kupila et al., 2001) follow children from the general
population who are at high-risk for the development of T1D
based upon the presence of moderate- or high-risk HLA
genotypes.

The presence of high-risk HLA genotypes increases the
likelihood of T1D by an order of magnitude. Individuals
with the highest-risk HLA haplotypes and no family history
of diabetes have a risk for T1D of approximately 6%, com-
pared with a risk of 0.4% in the overall population (Tillil
and Kobberling, 1987). In first-degree relatives this risk
increases from approximately 6% to approximately 40% in
those with the highest-risk HLA genotypes. Therefore,
knowledge of HLA genotype improves predictive ability.
However, risk is not absolute, with a significant subset of
individuals with high-risk HLA genotypes never developing
islet autoimmunity. Further evaluation, including the use of
anti-islet autoantibodies will refine prediction.

Laboratory Markers of Autoimmunity
(Including Autoantibodies and T-cell Assays)

Since the discovery of islet-cell autoantibodies (ICA),
detected by incubation of serum with sections of frozen
human pancreas (Lendrum, 1975; Bottazzo et al., 1980),
autoantibodies have been used to identify individuals at risk
for T1D. The ICA level is measured in Juvenile Diabetes
Foundation (JDF) units with positive often defined as 
≥10 JDF units. Bonifacio et al. (1990) and Chase et al.
(1991) have shown that the risk for diabetes increases as the
ICA level increases. In first-degree relatives, the risk for
T1D increases from 40% with a low cut-off (≥4 JDF 
units) to 100% (in one study) with a high cut-off (≥80 JDF
units) (Bonifacio et al., 1990). The relationship between 
ICA level and PPV for diabetes has also been observed in
cohorts without an affected first-degree relative (Chase 
et al., 1991).

The specific antigens of ICA include the 65 kDa form of
glutamic acid decarboxylase (GAD65) and the protein tyro-
sine phosphatase ICA512 (IA2). Insulin autoantibodies are
not detected with the staining of frozen pancreas. These
three autoantibodies are the current so-called “biochemical
autoantibodies.” Sensitive and specific radioimmunoassays
(RIAs) have been developed for autoantibodies to insulin,
GAD65, and IA2. When ICA are present in the company of
biochemical autoantibodies, the risk for T1D increases. Indi-
viduals who expressed ICA alone were at a much lower risk
for T1D (5%) compared with those positive for ICA and 
biochemical autoantibodies (66.2%) (Maclaren et al., 1999).
Yu et al. (2001) demonstrated that higher levels of ICA are
associated with expression of one or more biochemical
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Figure 74.1 Stages in the development of type 1 diabetes. A model for
the natural history of the autoimmunity leading to type 1A diabetes. Indi-
viduals who are genetically susceptible to disease are triggered to initiate
insulitis or b cell injury. This is marked by the production of autoantibod-
ies against the pancreas. As loss of b cell mass continues, metabolic abnor-
malities such as a loss of first-phase insulin response begin, and ultimately
when enough b cells are lost, diabetes develops.
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autoantibodies. Therefore, the risk conferred by ICA
can also be identified through testing for biochemical
autoantibodies.

Life-table analysis has shown that expression of multiple
biochemical autoantibodies is associated with a greater risk
for T1D (Figure 74.2). Individuals who express three anti-
islet autoantibodies are at an approximately 70% risk for
T1D after 5 years, compared with 12% for those who
express one anti-islet autoantibody (Verge et al., 1996).

Studies from the USA and Finland have shown that
autoantibody production can begin in the first year of life
(Rewers et al., 1996; Kimpimaki et al., 2001). Individuals
can persist with positive autoantibodies many years prior to
the development of T1D (Bingley et al., 1994; 1997). The
risk for T1D does not appear to dissipate over time for indi-
viduals with multiple autoantibodies. Gardner et al. (1999)
followed first-degree relatives with multiple autoantibodies
and found a progressive increase in incidence of T1D over
time, such that at 15 years 66% had developed diabetes. The
development of diabetes did not appear to be decreasing 
at the end of the study. This has led to the hypothesis that
all individuals who express multiple autoantibodies will
develop diabetes given enough time. In contrast, the expres-
sion of a single biochemical autoantibody is associated with
a long-term risk of approximately 20% in relatives of
patients with T1D. Transient expression of autoantibodies in
the DAISY study was not associated with high-risk geno-
types or family history of diabetes (Yu et al., 2000) and the
development of T1D (Barker et al., 2004a). Conversely,
Pietropaolo et al. (2002) have observed first-degree rela-
tives with high-risk HLA genotypes developing classic
insulin deficiency and diabetes without the presence of
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autoantibodies, suggesting that there are immunologic
abnormalities that are not captured with standard autoanti-
body assays.

LaGasse et al. (2002) have used biochemical autoanti-
bodies to screen school children in Washington State, USA.
Approximately 4500 school children were screened, 12 chil-
dren were found to have two or three positive autoanti-
bodies. Six children developed diabetes during the 8-year
follow-up. All expressed at least two autoantibodies. None
of the children with zero or one autoantibody developed 
diabetes. This indicates that autoantibodies can be used in a
large population to screen for disease.

The DAISY study has identified children with biochem-
ical autoantibodies and followed them for the onset of dia-
betes. Children diagnosed with this intensive screening
program tend to be found at an earlier stage of disease and
have less diabetic ketoacidosis (Barker et al., 2004b). These
children also have lower blood glucoses at the time of 
diagnosis (Figure 74.3).

The use of autoantibody assays has identified individuals
previously classified as type 2 diabetics as having an auto-
immune process associated with a faster progression to
insulin dependency compared with autoantibody-negative
individuals. Approximately 45% of such adults positive for
ICA required insulin at 6 years post-onset of diabetes com-
pared with 5% of those with no autoantibodies. This so-
called “latent autoimmune diabetes of adults (LADA)” was
analyzed in the UKPDS study (Turner et al., 1997). Simi-
larly, Fuchtenbusch et al. (1997) have demonstrated that, in
women with gestational diabetes, the presence of one, two,
or three autoantibodies conferred a risk for insulin depen-
dency of 17%, 61%, and 84%, respectively, during follow-
up of approximately 2 years. Autoantibodies can be used in
adults diagnosed with diabetes as a prognostic factor for
insulin dependency.

Multiple international workshops evaluating different
assay formats for islet autoantibodies in mouse models of
T1D and in humans indicate that standard ELISA formats
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Figure 74.2 Progression to diabetes versus number of autoantibodies
(GAD, ICA512, insulin). First degree relatives of individuals with T1D
were followed for development of diabetes. Those relatives who expressed
more than 2 or 3 autoantibodies were at a greater risk for the development
of diabetes compared with those who expressed one autoantibody. The
numbers along the bottom of the figure indicate the numbers of subjects in
each group still followed at that time period.

Adapted from Verge, et al., 1996.
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are inadequate in contrast to fluid phase radioassays. For
example, ELISA anti-insulin autoantibody assays could
detect insulin antibodies following subcutaneous insulin
therapy but could not detect pre-diabetic insulin autoanti-
bodies (Greenbaum et al., 1992) (Figure 74.4). A recent
GAD65 atypical autoantibody enzyme-linked immunosor-
bent assay (ELISA) was configured with a very low density
of GAD65 on the plate so that only a single binding site of
the autoantibody reacted. The presence of autoantibody was
detected by “fluid-phase” reaction of tagged GAD65 and
performed as well as fluid-phase radioassays in the 2004
Diabetes Autoantibody Standardization Program (oral com-
munication workshop results). A similar format for detec-
tion of IA2 autoantibodies was not as sensitive. In general,
fluid-phase radioassays utilizing specific precipitants (e.g.,
protein A) provide the best sensitivity and specificity and
can be performed in 96-well formats. It is relatively easy to
develop such assays for protein antigens, with in vitro
transcription and translation of cDNA to produce labeled
autoantigen.

Type 1 diabetes is known to be a T-cell-mediated disease.
Autoantibodies are likely only a marker of the autoimmune
process and are not themselves directly pathogenic. There-
fore, efforts are underway to develop reliable T-cell assays
for T1D (see Chapter 73). Tetramer analysis has allowed for
the detection of T cells that react to b cell antigens. Tetramer
analysis employs the use of multimeric peptide-MHC com-
plexes to detect T cells. Using this technology, soluble HLA-
DR401 or DR404 tetramers with a GAD65 epitope were
found to react with T cells of newly diagnosed T1D and indi-
viduals at risk for T1D (Reijonen et al., 2002; 2003). Further
refinement of the tetramer assay is necessary in order to use
these assays for disease prediction. Enzyme-linked immuno-
spot (ELISPOT) assays are also being evaluated. In partic-
ular, a CD8+ T-cell response to a peptide of islet amyloid 
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polypeptide (IAPP) has been described (Panagiotopoulos 
et al., 2003).

Metabolic Studies

Metabolic abnormalities begin to appear as the b cell
mass diminishes to the point where it cannot appropriately
respond to a glucose load. The first metabolic abnormality
identified is the loss of the first-phase insulin response
(FPIR) on the intravenous glucose tolerance test (IVGTT).
The FPIR is the sum of the insulin levels at 1 and 3 minutes
after an intravenous glucose load. In the presence of islet
autoantibodies, levels that are less than the first percentile
of age-matched normal controls identify individuals that are
at a 50% risk for the development of overt diabetes at 5 years
and 90% at 10 years (Bleich et al., 1990; Bingley et al.,
1992). This relationship remains true in individuals who are
positive for anti-islet autoantibodies (Bleich et al., 1990). In
the DIPP study, Keskinen et al. (2002) have followed chil-
dren with multiple anti-islet autoantibodies and shown that
they have lower FPIR than children with ICA only (Figure
74.5), and that half of the children with abnormal FPIR
developed overt diabetes during the time period of the study.
The metabolic state of an individual at risk for T1D is
dynamic and b cell loss may be ongoing, so repeat evalua-
tion is necessary in order to be maximally sensitive. In addi-
tion to being able to correctly identify individuals at risk for
overt diabetes, a FPIR greater than the 10th percentile has a
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Figure 74.4 Percentage of positive insulin autoantibodies (IAA)
(defined as ≥3 SD above the mean) by laboratory in healthy individuals
who became diabetic (n = 8). Numbers along the y-axis indicate different
laboratories. Open bars are laboratories using radioimmunoassay (RIA) and
closed bars are those using enzyme-linked immunosorbent assay (ELISA).

Adapted from Greenbaum et al. (1992).
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good NPV. Relatives with FPIR greater than the 10th per-
centile rarely progress to T1D over a 3-year period. Using
the FPIR in addition to autoantibody data led to the devel-
opment of a model of risk for T1D. In this model, the time
remaining before the development of T1D was dependent
upon the FPIR and insulin autoantibodies (IAA) level
(Jackson et al., 1988).

The FPIR is not without problems. It is a measure of b
cell function, and, therefore, only an indirect measure of b
cell mass. As such, situations that increase insulin resistance
such as puberty and obesity may affect the results. In addi-
tion, there is significant intra-subject variability with coeffi-
cients of variation ranging between 4 and 36% (Smith et al.,
1988; Allen et al., 1993; Arslaninan and Austin, 1993). The
timing of loss of FPIR differs in the progression to T1D in
different groups. For example, in young children who
express autoantibodies, the FPIR may already be lost at the
time of first autoantibody expression (Keskinen et al., 2002)
and some individuals maintain FPIR into their first year of
diagnosis of T1D.

As the b cell mass continues to diminish, the metabolic
abnormalities become more pronounced and may be
detected in routine oral glucose tolerance testing, initially
with impaired glucose tolerance (glucose 2 hours after oral
glucose ≥140 mg/dL and <200 mg/dL). It is of note that
early in the time course of T1D, the metabolic abnormality
may not be observed in the fasting state. At this point, the
individual is not symptomatic but may rapidly progress to
symptomatic diabetes.

ORGAN-SPECIFIC 
AUTOIMMUNE DISEASES

Thyroid

Autoimmune thyroid disease (AIT) manifested as either
hypothyroidism or hyperthyroidism is very common in the
general population. Approximately 5% of the population is
hypothyroid and 1.3% hyperthyroid (Hollowell et al., 2002).
Autoimmune thyroid disease occurs at an increased fre-
quency in individuals with T1D (28% [Umpierrez et al.,
2003]), Addison’s disease (AD) (14–21% [Betterle et al.,
2002; Zelissen et al., 1995; Kasperlik-Zaluska et al., 1998]),
celiac disease (CD) (up to 12% [Ansaldi et al., 2003]), 
and other autoimmune diseases. Therefore, the first step in
prediction requires knowledge of the individual’s medical
history. Routine screening for thyroid disease is generally
recommended in these individuals as there is a high pre-test
probability of disease and the studies are relatively non-
invasive.

Risk for AIT is weakly related to HLA genotypes that
vary dependent upon the population. Sanatamaria et al.
(1994) reported that DRB1*0201 increased the risk for AIT
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in T1D. Kim et al. (2003) reported that DQB1*0401
increased the risk in the Korean diabetic population.
DQB1*0302 has been associated with AIT in the Czech dia-
betic population (Sumnik et al., 2003). DR3 and DR5 have
been associated with thyroid autoimmunity in German blood
donors (Boehm et al., 1993).

Autoimmune thyroid disease is accompanied by auto-
antibodies to thyroid antigens thyroid peroxidase (TPO) and
thyroglobulin (TG) (Vakeva et al., 1992). These autoanti-
bodies are positive in approximately 10% of the general
population (Hollowell et al., 2002) and in around 90% of the
hypothyroid population (Vakeva et al., 1992). Prospective
follow-up by Vanderpump et al. (1995) in the Whickham
study has shown that women with positive TPO autoanti-
bodies and normal thyroid stimulating hormone (TSH) have
a 2.1% per year risk of developing hypothyroidism with an
overall risk of 27% of hypothyroidism at 20 years.

In high-risk populations such as T1D, progression to AIT
is related to the presence of TPO and TG antibodies, with
approximately 80% of individuals with T1D who are 
positive for TPO antibodies progressing to AIT compared 
with 15% of those who are TPO-negative (Umpierrez et al.,
2003) (Figure 74.6). Of note, individuals negative for TPO
autoantibodies still progressed to AIT but at a much lower
rate.

Similar to T1D in which abnormalities of glucose metab-
olism identify individuals at a greater risk for clinical 
diabetes, individuals who have abnormalities of thyroid
metabolism are at an increased risk for the development of
overt hypothyroidism. Of those with an elevated TSH and
normal thyroid hormone, 55% were hypothyroid at 20 years,
with a 4.3% yearly incidence.

Screening for thyroid autoimmunity in high-risk popula-
tions such as T1D with TPO and/or TG autoantibodies may
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Figure 74.6 The development of hypothyroidism in the diabetic popu-
lation is dependent upon the production of thyroid autoantibodies. Individ-
uals who express autoantibodies to thyroid peroxidase (TPO) are at a much
higher risk for hypothyroidism compared with those who do not.

Adapted from Umpierrez et al., 2003.
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identify individuals at an increased risk for autoimmune
thyroid disease for closer monitoring. The efficacy of this
screening has not been fully evaluated.

Addison’s Disease

Addison’s disease is an autoimmune endocrine disease
resulting in primary adrenal insufficiency. It is a rare disease
in the general population, occurring in approximately 1 in
10,000 individuals. However, it does occur with other
autoimmune endocrine diseases including T1D and AIT. The
combination of two of the three autoimmune diseases (T1D,
AD, and/or AIT) is known as autoimmune polyendocrine
syndrome II (APS-II).

Genetic risk for AD is conferred by the MHC on chro-
mosome 6. This includes the HLA class II region. AD is
associated with DRB1*0404 DQ8 (Yu et al., 1999). 
Gambelunghe et al. (1999) and Park et al. (2002) have inde-
pendently shown that polymorphisms of other loci within
the MHC including MIC-A are associated with AD both in
the diabetic and nondiabetic populations. Follow-up of 
individuals with T1D and 21-hydroxylase has shown that
homozygosity for the MIC-A5.1 polymorphism is associ-
ated with an increased progression to clinical AD (Barker et
al., in press). MIC-A encodes a ligand for a receptor found
on T cells. This interaction may be important in thymic mat-
uration of T cells (Hue et al., 2003) providing an attractive
hypothesis for the importance of MIC-A in the development
of autoimmune disease.

Addison’s disease is accompanied by the production of
autoantibodies against the adrenal cortex (Anderson et al.,
1957). Since this report, Winqvist et al. (1992) and
Baumann-Antczak et al. (1992) have identified the
cytochrome p450 enzyme 21-hydroxylase as the major
antigen for these antibodies. Falorni et al. (1997) have
shown that 21-hydroxylase autoantibodies are highly sensi-
tive and specific for AD. Reflecting the increased risk for
AD in people with T1D, individuals with T1D express
adrenal autoantibodies at a rate of 1–2% (Brewer et al.,
1997; Peterson et al., 1997; Yu et al., 1999).

Adrenal function is tested using tetracosactide
(cortrosyn; ACTH) stimulation. Baseline blood work con-
sisting of ACTH, cortisol and plasma renin activity (PRA)
are obtained and then a stimulatory dose of tetracosactide is
given and cortisol levels are measured 30–60 minutes later.
Boscaro et al. (1994) have proposed a sequence of events
starting with the expression of adrenal autoantibodies and
culminating in full-blown adrenal insufficiency. In their
cohort, the first metabolic abnormality detected was an ele-
vated baseline PRA. In our group of patients with T1D and
21-hydroxylase autoantibodies, elevated ACTH was a sen-
sitive and specific predictor of abnormalities of stimulation
testing (Barker et al., in press).
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Celiac Disease

Celiac disease is an autoimmune disease characterized by
gluten insensitivity. Symptoms range from malabsorption,
diarrhea, and stunted growth to less specific symptoms of
fatigue and malaise. Celiac disease can be found in the
company of T1D and AIT, occurring in as many as 10% of
individuals with T1D (De Vitis et al., 1996) and AIT
(Ansaldi et al., 2003).

Celiac disease occurs in association with specific HLA
genotypes. In individuals with T1D who are homozygous
for HLA DQ2, approximately one-third are positive for
autoantibodies to tissue transglutaminase (tTG) (Bao et al.,
1999). Ninety-five percent of individuals with CD have
HLA DQA1*0501, DQB1*0201, compared with 36% of 
the general population (Hall et al., 1991). DQA1*0501,
DQB1*0201 generally occurs with DR3-DQ2 (DQA1*0501
DQB1*0201) and DR5, DR7 heterozygotes (DRB1*0701
DQA1*0501). Hoffenberg et al. (2003) have prospectively
followed neonates from the general population with the
high-risk DR3-DQ2 HLA haplotypes in Denver, Colorado.
Children with high-risk haplotypes were enrolled and fol-
lowed for the development of autoantibodies to tTG. At age
5 years, 3.2% of children DR3/3 homozygous developed
positive tTG compared with 3.4% of heterozygotes and
0.3% of children negative for DR3 (Figure 74.7).

Celiac disease is associated with the expression of
autoantibodies. Antibodies against gliadin (IgG and IgA) are
sensitive but not specific and, therefore, have a low PPV. In
contrast, anti-endomysial autoantibodies (EMA) are highly
sensitive and specific; they are detected with indirect
immunofluorescense against human umbilical cord.
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Adapted from Hoffenberg et al., 2003.
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Recently tissue transglutaminase (TG2) has been identified
as the autoantigen of EMA and highly sensitive and specific
assays have been developed to detect TG2 autoantibodies
(Dieterich et al., 1997; Fasano and Catassi, 2001; Gillett et
al., 2001) (see Chapter 51).

Diagnosis is made by biopsy of the small intestinal
mucosa showing the characteristic pathologic changes and
confirmed with resolution of these findings on biopsy after
institution of a gluten-free diet. Because of the invasiveness
of the procedure, biopsy should be performed only in 
individuals with a high likelihood of being positive. Factors
that increase the pre-test probability of disease include 
individuals who are symptomatic of disease and individuals
with higher levels of autoantibody as measured by the
radioimmunoassay. Liu et al. (2003) have shown that higher
levels of TG2 in a radioimmunoassay had a higher PPV for
biopsy positivity. The standard cut-off of 0.05 (99% speci-
ficity) had a PPV of 76% compared with 96% with a cut-off
of 0.5. In addition, the level of TG2 autoantibody has been
shown to correlate with severity of findings on biopsy (Tursi 
et al., 2003). Therefore, level of autoantibody can be incor-
porated in an algorithm to decide whether or not to perform
the biopsy. The autoantibody levels also decrease on a
gluten-free diet and are used to monitor compliance with
therapy.

Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease
resulting in neurologic deficits. It occurs in the setting of
specific HLA alleles. DRB1*1501 has consistently been
shown to predispose to MS (Allen et al., 1994; Laaksonen,
et al., 2002). In a large group of patients, this has been shown
to have a dose effect with two copies of the susceptible hap-
lotype associated with a higher risk of MS compared with
one or none. Those individuals who express DRB1*1501 on
both HLA DRB1 alleles tend to have a more severe disease
course (Barcellos et al., 2003).

Autoantibody determinations in these groups are less
well defined compared with the other autoimmune disease
discussed. Berger et al. (2003) have used western blot analy-
sis looking for antibodies against the autoantigens myelin
oligodendrocyte glycoprotein (MOG) and myelin basic
protein (MBP) to predict “clinically definite multiple scle-
rosis” after a first demyelinating event. Individuals who
were positive for anti-MOG and anti-MBP had a quicker
relapse (7.5 ± 4.4 months) compared with those who were
positive for only one autoantibody (14.6 ± 9.6 months) and
those positive for neither (45.1 ± 13.7 months). In addition,
a much higher proportion of individuals positive for one
(83%) or two (95%) autoantibodies progressed to clinically
evident MS compared with those who were negative for
both antibodies (23%). This initial report requires confirma-
tion, as determination of disease-specific autoantibodies
with western blot assays in MS has proven difficult.
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NON-ORGAN-SPECIFIC DISEASE

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a systemic autoimmune
disease. It is characterized by joint inflammation, ultimately
leading to joint destruction and disability. At diagnosis, 
individuals often show signs of advanced joint destruction.
Landewe et al. (2002) have shown that early treatment
decreases disease severity. Therefore, the ability to predict
disease and diagnose individuals early would have high clin-
ical utility.

Rheumatoid arthritis is associated with HLA-DR4 (HLA-
DRB1* 0401 and DRB1*0404) with the strongest associa-
tion to DRB1*0404 (Silman and Pearson, 2002).

Rheumatoid arthritis is accompanied by the production
of autoantibodies. Rheumatoid factor (RF) and anti-cyclic
citrullinated peptide (CCP) autoantibodies are commonly
identified. Rheumatoid factor is an IgM (rarely IgG) auto-
antibody directed against the Fe piece of IgG. Citrulline is
an amino acid that is generated by post-translational modi-
fication of arginine by the enzyme peptidylarginine deimi-
nase (PAD) (Vossenaar et al., 2003); polymorphisms of the
gene PAD4 are associated with RA (Vossenaar et al., 2004).
Cyclic citrullinated peptide autoantibodies are detected in
80% of patient with RA and are produced within the syn-
ovium and may have some impact on disease processes
(Suzuki et al., 2003). Molecular modeling has shown that
DRB1*0401 binds citrullinated peptides (Hill et al., 2003)
and the presence of DRB1*0401 is correlated with autoan-
tibodies to CCP (Goldback-Mansky et al., 2000). Hill et al.
(2003) have associated the genetic risk for RA to the pres-
ence of anti-CCP.

Rheumatoid arthritis is thought to have a long pre-
clinical phase that is marked by the presence of autoanti-
bodies without the symptoms of arthritis. Aho et al. (1991)
followed over 7000 Finnish individuals over the age of 30
years for the development of RA. Twenty-one individuals
developed RA, 15 of whom had positive RF in serum
samples prior to the development of disease (Aho et al.,
1991). Halldorsdottir et al. (2000) have prospectively deter-
mined that persistently positive RF is associated with devel-
opment of disease. Nielen et al. (2004) retrospectively
studied frozen serum samples obtained prior to the diagno-
sis of RA. Approximately 50% of individuals were positive
for either RF or anti-CCP for a median of 4.5 years prior to
symptom onset compared with approximately 1% of the
general population control. The sensitivity of positivity for
RF or CCP was 36.5%, with a specificity of 98.1%. The PPV
for a high-risk population positive for either autoantibody
positive was 43.8%.

Rantapaa-Dahlqvist et al. (2003) have shown similar
findings. However, the PPV of CCP autoantibodies with an
estimated population prevalence of 1% is 16%. Therefore,
the majority of individuals positive for these autoantibodies
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in the general population will not progress to disease and
may not be candidates for early therapy. Majka and Holers
(2003) have postulated that these autoantibodies may have
a better utility in individuals with a high pre-test probabil-
ity of disease such as those with high risk HLA haplotypes
or those with a family history of disease.

Systemic Lupus Erythematosus

Systemic lupus erythematosus (SLE) is a systemic
autoimmune disease characterized by multiorgan involve-
ment. The disease can have a relapsing remitting course or
become persistent with fulminant organ involvement.

Genetic risk is conferred by HLA class II alleles in par-
ticular DR2 or DR3. In addition C4 null alleles occur in
increased frequency in individuals in many ethnic groups
(Christiansen et al., 1991).

Autoantibodies are produced in SLE and are characteris-
tic of the disease. However, many of the autoantibodies are
also produced in individuals who never develop disease. The
antinuclear antibody is a good screening test for disease, in
that 95% of individuals with SLE will be positive for this
antibody. However, as many as 5% of the general popula-
tion will also be positive for this autoantibody, albeit at a
low titer. Therefore, it is a sensitive but not specific marker
of disease. Anti-double stranded DNA antibodies are more
disease specific. Specific autoantibodies and quantification
using radioimmunoassays have been associated with dis-
ease activity. For example, Yamamoto et al. (2000) have
described a radioimmunoassay for ribonuclear proteins
(RNPs) and found that in individuals with SLE 44% were
positive and there was a correlation with SLE nephritis. The
use of combinations of autoantibodies can improve sensi-
tivity and specificity for SLE, and levels of autoantibodies
can be associated with disease activity scores (Ignat et al.,
2003).

CONCLUSION

Effective prediction of autoimmune disease requires an
understanding of the epidemiologic concepts of sensitivity,
specificity, PPV, NPV, and Bayes’ theorem and usually
requires assays with specificities ≥99%. Though assays and
algorithms for T1D are routinely set at this level, for most
rheumatologic disorders immunohistochemical or ELISA
assays with lower specificities are standard. It is likely that
newer fluid-phase methodologies would also improve pre-
diction for these disorders. Using laboratory studies in pop-
ulations that are at a high risk for disease, defined by family
history or the presence of a high-risk HLA haplotype, may
also help improve prognostication for these individuals.

Prediction of disease is especially important when early
diagnosis and intervention positively impact the patients.
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For RA, early treatment modifies the disease course and 
portends a better outcome in those patients. For T1D, the
early identification of individuals at risk for disease by 
positive autoantibodies decreased the hospitalization for
ketoacidosis compared with controls (Barker et al., 2004).
As effective prevention measures are developed for auto-
immune diseases, the ability to correctly identify individu-
als at a high risk for disease will become very important.

Autoimmune diseases are often accompanied by the 
production of autoantibodies. Certain characteristics of
autoantibody production such as level, affinity, duration of
positivity, and epitope recognition may be associated with
disease development. Autoantibody assays can be used in a
cohort of susceptible individuals to identify people at an
increased risk for the development of disease. Autoantibody
production can precede the development of disease for many
years and some individuals who are autoantibody positive
may never develop disease. Therefore, precise prognostica-
tion for a single individual is difficult. For T1D, the pres-
ence of two or more anti-islet autoantibodies is associated
with very high risk of progression.

The presence of one autoimmune disease identifies an
individual at a high risk for a second autoimmune disease
(Pearce and Leech, 2004). The heightened risk for disease
in this group increases the pre-test probability of disease.
Therefore, using autoantibody assays and/or T-cell assays in
this group will be more efficacious. A positive result will
have a high post-test probability of disease in a single 
individual.

Many autoimmune diseases are T-cell dependent. The
development of reliable T-cell assays that are sensitive and
specific for autoimmune disease will be a major advance in
the ability to predict disease. When used in combination
with autoantibody assays, the T-cell assays may refine our
diagnostic ability and improve PPV and NPV.

The use of predictive algorithms that incorporate genetic
risk expressed by HLA haplotypes or family history of
disease, autoantibody production, and early physiological
changes such as abnormal FPIR (T1D), mildly elevated TSH
(AIT), or elevated PRA, ACTH (AD) will identify individ-
uals at different points along the natural history of disease
with increasing risk for disease development. These algo-
rithms can be used to identify individuals who might benefit
and be willing to participate in intervention studies that
could change the course of disease. We believe it is likely
that most autoimmune disorders are preceded by a long 
prodrome and that waiting for clinical presentation can be
associated with irreversible morbidity (bone erosions at
diagnosis of patients with RA, osteoporosis with CD or 
presentation with T-cell lymphoma) or even mortality (e.g.,
death at diabetes onset from cerebral edema, hypotensive
crisis of AD). As the field of “personalized” medicine 
progresses, utilizing knowledge of personal risk factors
(genetic, laboratory, clinical) to guide individual care, we
believe that early detection of autoimmune disease risk will
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be increasingly important and will depend on improved tests
as well as development of preventive therapies.
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Insulin-dependent or type 1 diabetes (T1D) is an auto-
immune disease in which cell-mediated immunity destroys 
the insulin-secreting beta cells in the pancreatic islets (see
Chapter 6). Type 1 diabetes is genetically-determined but its
expression is modified by environment. In most cases 
the disease process begins months to years before major loss
of beta-cell function heralds symptoms of hyperglycemia, a
natural history that has clear implications for prevention (see
Chapter 36). Increasing knowledge of the mechanisms of
beta-cell destruction and the ability to identify individuals
at risk for T1D, together with proof-of-principle for thera-
peutic intervention in the non-obese diabetic (NOD) mouse
model, are platforms for T1D prevention in humans. Indeed,
T1D can be seen as a paradigm for the preclinical diagno-
sis and prevention of autoimmune disease in general. Pre-
venting T1D applies not only to people at risk but also to
those with clinical diabetes, in order to preserve residual
beta-cell function, allow possible beta-cell regeneration and
prevent recurrent autoimmune disease after therapeutic beta-
cell replacement or regeneration.

Ideally, T1D would be eradicated by primary prevention
aimed at avoiding or averting the environmental factors that
are thought to precipitate disease in genetically at-risk indi-
viduals, but these factors have not been clearly identified and
may be ubiquitous. Without knowing these environmental
factors (and not being able to modify genetic susceptibility),
the prospects for primary prevention are uncertain. Sec-
ondary prevention, after the disease process has started, has
received considerable attention for over two decades, with
a range of candidate therapeutic agents being evaluated, pre-
dominantly in people with recent-onset clinical diabetes.
Prevention is, however, mostly applicable to subclinical
disease, rather than to clinical disease when beta-cell
destruction is end-stage.

Prerequisites for a human therapeutic are efficacy and
safety in animals. The most widely used animal model of
T1D is the NOD mouse, which has contributed substantially
to our understanding of the disease process and the expec-
tation that T1D should be preventable (Leiter et al., 1987).
The NOD mouse shares features with human T1D, 
including polygenic inheritance dominated by genes for
antigen-presenting molecules in the major histocompatibil-
ity complex (MHC), autoimmunity to (pro)insulin and 
glutamic acid decarboxylase (GAD), transfer of disease by
bone marrow and a protracted subclinical stage (Adorini et
al., 2002). Many immune and other interventions modify the
incidence of diabetes in NOD mice (Atkinson and Leiter,
1999); indeed, some would say too many, questioning
whether this inbred mouse is in fact a good surrogate for 
the evaluation of candidate therapeutic agents in humans.
However, most interventions prevent disease in only a pro-
portion of NOD mice, some merely retard disease and others
have no effect (and, therefore, are not reported), and many
of the reported disease modifiers have not been tested in
humans.
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Secondary prevention strategies are summarized in Table
75.1. The emphasis has recently shifted from nonspecific
modalities to more disease-specific immunoregulatory
agents. Apparent preservation of C-peptide secretion in the
first year after diagnosis has been reported in many ran-
domized trials (e.g., Harrison et al., 1985; Feutren et al.,
1986; Canadian-European Randomized Control Trial
Group, 1988; Cook et al., 1989; Assan et al., 1990; Goday
et al., 1993; Bjork et al., 2001; Raz et al., 2001; Herold et
al., 2002), but has not been sustained. Autoantigen-specific
immunotherapy—the “Holy Grail”—is safe and effective in
animal models of autoimmune disease but has still not been
shown to be clinically effective in at-risk humans. Preven-
tion trials would be greatly facilitated by better assays for
mechanistic immune and metabolic markers, especially 
for islet autoantigen-reactive T cells, and by non-invasive
means of assessing islet pathology.

While the focus has been on beta-cell immunopathology
leading to insulin deficiency, the level of blood glucose
reflects a carefully-regulated balance between both insulin
secretion and insulin action. Recently, insulin resistance has
been shown to be a major, independent risk factor for pro-
gression to diabetes in individuals with islet autoantibodies
(Fourlanos et al., 2004). Hence, promotion of insulin action
must also be considered for the secondary prevention of
T1D. The prevention of T1D will occur incrementally, 
with targeted agents being evaluated, often in combination,
according to disease stage and risk, analogous to the evolv-
ing treatment regimens for cancer or HIV infection.

PREVENTION—WHY?

Complications of T1D can be reduced but not prevented
by intensive blood glucose control with injectable insulin.
In the Diabetes Control and Complications Trial (DCCT),
even intensively-treated, motivated subjects in a study 
situation developed significant complications over a 10-year
follow-up: neuropathy in 5%, retinopathy in 10%, and
nephropathy in 15%. Moreover, intensive treatment was
accompanied by 2–3-fold increase in severe, symptomatic
hypoglycemic episodes (Diabetes Control and Complica-
tions Trial Research Group, 1993). Hence, retaining some
beta-cell function or delaying the onset of clinical disease
would significantly reduce the burden of T1D, because
patients with residual beta-cell function require lower doses
of insulin and have better blood-glucose control. In our
experience of screening first-degree relatives, approximately
3% of whom are positive for one or more islet autoanti-
bodies (Colman et al., 1998), the cost of detecting one 
relative with a 25–50% risk of diabetes within 5 years is
approximately twice the annual cost of treating someone
with T1D. Thus, a relatively inexpensive means of preven-
tion would need only to delay the onset of diabetes by 2–3
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years for screening to be cost-effective. The Finnish IDDM
Prediction and Prevention Project (DIPP) found that 
neonatal screening for HLA genetic risk was cost-effective 
compared with autoantibody screening of the whole popu-
lation (Hahl et al., 1998). If a safe and effective intervention
were to be available, genetic risk-based screening at birth
would be economic in populations with a high incidence of
T1D.

PREVENTION—WHO?

Candidates for prevention are those with genetic and/or
immune markers of risk and, less strictly, those with recent-
onset diabetes in whom residual beta-cell function might be
preserved or even regenerated. Most studies of people at risk
have centered on first-degree relatives of a T1D proband
identified as positive for autoantibodies to one or more of 
the islet autoantigens (pro)insulin, GAD and tyrosine 
phosphatase-like insulinoma antigen 2 (IA2) (Verge et al.,
1996; Bingley et al., 1999; Colman et al., 2000; Harrison,
2001). A critical prerequisite for intervention in asympto-
matic individuals is the ability to predict development of
clinical disease. This can be achieved by measuring immune
and metabolic markers of T1D (Box 75.1). In young, first-
degree relatives the 5-year risk of diabetes is of the order
<25%, 25–50%, and >50% if they have autoantibodies to
one, two, and three islet auto-antigens, respectively; for
single autoantibodies, those to insulin (IAA) are the most
predictive, and to GAD (GAD Ab) the least predictive. The
addition of measures of insulin secretion and insulin action
further refine risk. Thus, first-phase insulin response (FPIR)
to intravenous glucose at or below the first percentile signi-
fies end-stage preclinical disease. More importantly, among
autoantibody-positive relatives with a normal FPIR years
before clinical onset, the highest risk is conferred by insulin
resistance (Fourlanos et al., 2004). This finding has impor-

Box 75.1
Markers of risk for diabetes in an islet

autoantibody-positive relative

∑ Number of antigen specificities of islet autoantibodies
∑ Antigen specificity of islet autoantibody
∑ Level of islet autoantibody
∑ Age at detection of islet autoantibody
∑ First-phase insulin response (FPIR) to I.V. glucose
∑ Insulin resistance, e.g., estimated as HOMA-R
∑ HLA alleles for risk or protection
∑ HLA haplotype sharing with proband
∑ Kinship with proband
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Table 75.1 Trials for prevention of type 1 diabetes

Follow-up 
Subjects (n) (months) Outcome Reference

Primary prevention

Non-antigen-specific immune modulation
Cow’s milk elimination (TRIGR) HLA at-risk infants 120 Ongoing Akerblom H.

(2032)
Gluten elimination AR (7) 24 No effect on islet antibody levels Hummel et al., 2002

Secondary prevention

Nonspecific immune suppression
Azathioprine (2mg/kg/day) RD (24) 12 Higher basal and glucagon-stimulated Harrison et al., 1985

C-peptide, and more remissions
Cyclosporine (7.5mg/kg/day) RD (122) 9 More remissions Feutren et al., 1986
Azathioprine (2mg/kg/day) + prednisolone RD (46) 12 Higher meal-stimulated C-peptide and lower Silverstein et al., 1988

(reducing dose) insulin dose
Cyclosporine (20mg/kg/day) RD (188) 12 Higher glucagon C-peptide and more remissions. Canadian-European Randomized 

Greater benefit in most recently diagnosed Control Trial Group 1988
Azathioprine (2mg/kg/day) RD (49) 12 Higher meal-stimulated C-peptide Cook et al., 1989
Azathioprine & thymostimulin RD (45) 12 Higher glucagon-stimulated C-peptide and more Moncada et al., 1990

remissions
Cyclosporine RD (219) 24 Higher meal-stimulated C-peptide and more remissions Assan et al., 1990
Cyclosporine (10mg/kg/day, 4 months) RD (43) 36 No difference in glucagon-stimulated C-peptide, Chase et al., 1990b

HbA1C, insulin dose
Prednisolone (15mg/day, 8 months); RD (25) 24 Lower insulin dose and higher urine C-peptide in Secchi et al., 1990
Indomethacin (100mg/day, 8 months) prednisolone group
Cyclosporine (10mg/kg/day) RD (23) 12 Higher meal- but not glucagon- or glucose-stimulated Skyler and Rabinovitch, 1992

C-peptide. No difference in insulin dose.
Anti-CD5/ricin A chain (unblinded) RD (15) 12 Higher meal-stimulated C-peptide Skyler et al., 1993
Glucocorticoid RD (32) 12 Higher glucagon-stimulated Goday et al., 1993

C-peptide, but no remissions
Anti-CD4 + glucocorticoid RD (12) 12 No difference in insulin dose, or islet antibody titers. Kohnert et al., 1996
Methotrexate (unblinded) RD (10) 36 No effect on basal or meal-stimulated C-peptide. Buckingham and Sandborg 2000

Insulin dose higher.
Anti-CD3 (hOKT3) (unblinded) RD (18) 12 Increase in meal-stimulated C-peptide in first year. Herold et al., 2002

IL-10 detected in serum.
Anti-CD3 RD (80) 48 Ongoing Gorus F. and Chatenoud L.
Mycophenolate mofetil ± daclizumab RD (180) 48 Ongoing Gottlieb P.A.

(anti-IL-2 receptor) (MMF/DZB)
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Daclizumab RD (40) 24 Ongoing Rodriguez H.
Rituximab (anti-CD20) RD (?) ? Pending Pescovitz M.
IL-2 + rapamycin RD (?) ? Pending Rabinovitch A.

Nonspecific immune stimulation
BCG vaccine RD (26) 18 No effect on glucagon-stimulated C-peptide, insulin Elliott et al., 1998

dose or HbA1C
BCG vaccine RD (94) 24 No effect on mixed meal-stimulated C-peptide, insulin Allen et al., 1999

dose or HbA1C
Q fever vaccine RD (39) 12 No effect on glucagon-stimulated C-peptide or insulin Schmidli R.

dose
Oral IFN-a RD (120) 12+ Ongoing Brod S.A.

Nonspecific immune regulation
Thymopoietin RD (32) 6 Lower insulin antibodies and insulin dose. More Giordano et al., 1990

remissions. No difference in C-peptide or HbA1c.
Gammaglobulin RD (16) 6 Higher basal C-peptide Panto et al., 1990

Lower insulin dose, unchanged HbA1c
Linomide RD (63) 12 Lower HbA1c, insulin dose. No difference in Coutant et al., 1998

glucagon-stimulated C-peptide.
HSP60 p277 peptide (DiaPep) RD (35) 10 Decrease in glucagon-stimulated C-peptide and insulin Raz et al., 2001

dose in placebo but not treated group.
1,25-dihydroxy vitamin D3 RD (40) 18 Ongoing open Walter M. and Ziegler A.
1,25-dihydroxy vitamin D3 RD (20) 18 Ongoing placebo-controlled Walter M. and Ziegler A.

Antigen-specific immune regulation
Parenteral insulin (IV vs. SC 2 weeks) RD (26) 12 Higher meal-stimulated C-peptide, lower HbA1c Shah et al., 1989
Parenteral insulin RD (49) 60 Higher glucagon-stimulated C-peptide and improved Linn et al., 1996

insulin sensitivity and glycemic control.
Parenteral insulin (IV vs. SC 2 weeks) RD (19) 12 Higher meal- and glucagon-stimulated C-peptide and Schnell et al., 1997

lower HbA1c
Parenteral insulin RD (10) Higher C-peptide response to oral glucose, HbA1C Kobayashi et al., 1996

unchanged
Parenteral insulin and sulphonylurea RD (27) 12 Higher basal and glucagon-stimulated C-peptide, more Selam et al., 1993

(glipizide) remissions
Oral insulin RD (80) 12 No effect on basal C-peptide, HbAIC, insulin dose or Pozzilli et al., 2000

insulin antibodies

Table 75.1 (Continued)

Follow-up 
Subjects (n) (months) Outcome Reference
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Oral insulin RD (131) 12 No effect on basal, glucagon- or meal-stimulated Chaillous et al., 2000
C-peptide, HbAIC, insulin dose or islet antibody 
levels

Parenteral insulin AR (14) 84 Delay in onset of diabetes. No effect on islet antibody Füchtenbusch et al., 1998
levels.

Parenteral insulin (DPT-1) AR (339) 44 No effect on diabetes development. Diabetes Prevention Trial-Type 1 
Diabetes Study Group, 2002

Intranasal insulin (INIT I) AR (38) 48 Increased antibody and decreased T-cell responses to Harrison et al., 2004
insulin. Stable first-phase insulin response to I.V. 
glucose.

Oral insulin (DPT-1) AR (372) 52 No effect on diabetes development. www.nih.gov/news/pr/jun2003/niddk-15.htm
Parenteral insulin B chain in incomplete RD (12) 24 Ongoing Orban T.

Freund’s adjuvant
Parenteral insulin B chain 9-23 “altered RD (188) 25 Ongoing Gottlieb P.A.

peptide ligand” NBI-6024-0101 
(“Neurocrine”)

Intranasal insulin (DIPP) AR (200+) ? Ongoing Simell O.
Parenteral GAD65 (Diamyd™) RD (160) ? Pending www.diamyd.com

b cell protection
Nicotinamide RD (20) 12 Higher glucagon-stimulated C-peptide at 45 days, then Mendola et al., 1989

decline. No difference in remissions.
Nicotinamide RD (23) 9 Higher basal and glucagon-stimulated C-peptide Vague et al., 1989
Nicotinamide RD (35) 12 No difference in basal or glucagon-stimulated Chase et al., 1990a

C-peptide
Nicotinamide RD (56) 12 Higher glucagon-stimulated C-peptide in subjects Pozzilli et al., 1995

>15 years old
Nicotinamide ± cyclosporine RD (90) 12 Lower insulin dose. No difference in remissions Pozzilli et al., 1994
Nicotinamide ± parenteral insulin RD (34) 12 No difference in glucagon-stimulated C-peptide Vidal et al., 2000
Nicotinamide versus vitamin E (no RD (84) 12 No difference in basal or glucagon-stimulated Pozzilli et al., 1997

control group) C-peptide, HbA1c or insulin dose
Nicotinamide (DENIS) AR (55) 36 No effect on diabetes development Lampeter et al., 1998
Nicotinamide (ENDIT) AR (552) No effect on diabetes development Philips et al., 2002
Octreotide RD (20) 12 Higher glucagon-stimulated C-peptide at 6 and Grunt et al., 1994

12 months; no difference in HbA1c or insulin dose
Diazoxide RD adults (40) 18 Higher basal C-peptide Bjork et al., 1996
Diazoxide RD children (56) Higher(?) stimulated C-peptide at 12, not 24, months Bjork et al., 2001
Antioxidants RD (46) 30 No difference in meal-stimulated C-peptide, insulin Ludvigsson et al., 2001

dose or HbA1c

AR, islet autoantibody-positive first-degree relative; DENIS, Deutsche Nicotinamide Intervention Study; DIPP, Diabetes Prediction and Prevention Project; DPT-1, Diabetes Prevention Trial Type
1; ENDIT, European Nicotinamide Diabetes Intervention Trial; IFN-a, interferon-a; IL-10, interleukin 10; INIT I, Melbourne Intranasal Insulin Trial; RD recently-diagnosed diabetic; TRIGR, trial to
reduce IDDM in the genetically at-risk.
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tant implications for new preventative approaches (to
improve insulin action), as well as for the selection of
autoantibody-positive subjects for prevention trials.

Several caveats apply. Approximately 10% of patients
have no detectable antibodies at diagnosis. In addition, while
first-degree relatives, with shared susceptibility genes and
environmental risk factors, have at least a 10-fold higher
prevalence of T1D than the background population, they 
still represent no more than 15% of people diagnosed 
with T1D. The risks in first-degree relatives cannot be
directly extrapolated to the general population because the
predictive value of a risk marker reflects the population
prevalence of disease, according to Bayes’ theorem. The
prevalence and predictive value of islet autoantibodies in the
general population has not been widely investigated but will
be an important issue once effective means of secondary 
prevention are found. In Finland, which has the highest 
incidence of T1D in the world, neonatal screening for high-
risk HLA class II susceptibility genes can identify over half
of those destined to develop T1D (Kimpimäki et al., 2001).
Neonatal screening to identify genetically at-risk popula-
tions is a basis for primary prevention, but its modest 
predictive value would only justify an intervention that 
was simple and safe, for example, diet modification or 
vaccination.

The case for intervention in asymptomatic, at-risk indi-
viduals, earlier when prediction is less accurate as against
later or just after the onset of diabetes, hinges on consider-
ations of safety and likely efficacy (Figure 75.1). Some
agents, such as potentially toxic immunosuppressive drugs,
cannot be given rationally in asymptomatic individuals,
many of whom are children, whereas others such as agents
that might promote protective immune homeostasis, while
relatively safe, are likely to be ineffective in end-stage
disease. Prevention should be more effective early in the
natural history of preclinical disease, yet at the same time,
prediction is less exact. In individuals with recent-onset 
diabetes the consideration of safety versus efficacy would
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appear to be less of a dilemma, but the major loss of beta-
cell function at this time militates against efficacy. Never-
theless, in NOD mice treatment with anti-T-cell receptor
(CD3) monoclonal antibody (mAb) at the onset of diabetes
surprisingly resulted in reversal of diabetes (Chatenoud,
2003; see Chapter 76). A subsequent pilot trial of anti-CD3
monoclonal antibody in humans with recent-onset diabetes
revealed preservation of residual b-cell function for at least
a year but not reversal of diabetes (Herold et al., 2002).
Removing the burden of pathogenic, effector T cells at this
stage is an important strategy to allow the emergence or
induction of protective, regulatory T cells, with potential for
b-cell recovery and possible regeneration. Finally, it is
important to note that about 10% of adults with diabetes
have what appears to be a slowly-progressive form of 
T1D, associated mainly with GAD Ab, that initially is 
non-insulin-requiring (Hagopian et al., 1993; Tuomi et al.,
1993; Gottsater et al., 1995; Turner et al., 1997). These
patients have, on average, higher residual b-cell function 
at diagnosis than younger patients with classical T1D
(Gottsater et al., 1993), implying a wider therapeutic
window for secondary prevention spanning the onset of
symptoms.

PREVENTION—HOW?

The number of candidate agents that meet scientific and
ethical criteria for use in at-risk individuals is limited, and
the identification of these individuals is a major logistic
exercise. Consequently, the majority of the more than 60
clinical trials for “prevention” of T1D (Table 75.1) have
been conducted in people with recent-onset diabetes, 
beginning with trials of glucocorticoids, azathioprine, and
cyclosporine in the 1980s. No intervention, however, has yet
demonstrated efficacy in the longer-term. Trials in recent-
onset patients (see Table 75.1), including earlier trials of aza-
thioprine and cyclosporine and more recent trials of heat
shock protein (HSP) 60 peptide p277 (“DiaPep”) vaccine
and humanized anti-CD3 mAb, yielded a beneficial effect as
judged by clinical remission and/or preservation of b-cell
function, but significant differences between control and
treatment groups have generally been restricted to the first
year after diagnosis. Residual b-cell function is usually 
measured by the glucagon- or mixed meal-stimulated
increase in plasma C-peptide, which is secreted in equimo-
lar proportions to insulin following cleavage of proinsulin
in the b cell and is a surrogate for insulin when exogenous
insulin or insulin antibodies could interfere with the mea-
surement of endogenous insulin levels. Failure of the 
“first-year effect” to be sustained could be due to only a tran-
sient effect of the agent, or to bias in participant selection.
Individuals with recent-onset diabetes must be carefully
stratified according to age, HLA gene status, autoimmune

Beta-cell
function

Early preclinical Late preclinical Cellular
immune
balance

Tpath:Treg

Prediction less certain
Treatment? more effective,
fewer options
e.g., induction of regulatory
T-cells (Treg)
narrow safety margin

Predictin more certain
Treatment? less effective,
more options
e.g., ablation of pathogenic
T-cells (Tpath). induction of
Treg wider safety margin

Years

Figure 75.1 Preventing type 1 diabetes: early versus late intervention.
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status including number and level of islet autoantibodies,
residual b-cell function, and insulin resistance, any of which
may influence the natural history of declining beta-cell 
function after diagnosis (Greenbaum and Harrison, 2003).
Greenbaum (2002) noted that the mean age of subjects (22
vs. 15 years, p < 0.01) was higher in nine trials yielding an
initial positive outcome than in another 10 trials yielding a
negative outcome. Furthermore, the proportion of trials
reporting a positive outcome has decreased from the 1980s,
along with a shift in the primary outcome measure away
from mere clinical remission to the more rigorous measure
of residual insulin (stimulated C-peptide) secretion. Stan-
dardization of trial design is critical and would facilitate
comparative analysis of trials. To this end, the Immunology
of Diabetes Society (IDS) has published guidelines for 
prevention trials in recent-onset T1D (Greenbaum and 
Harrison, 2003).

Not all trials have been based on animal data for efficacy
or safety or have incorporated surrogate disease markers.
Interventions, particularly in asymptomatic, at-risk individ-
uals, must be safe and should ideally be based on proof-of-
concept in animal studies. The primary outcome of trials is
to attenuate or prevent diabetes. However, measures of beta-
cell function such as the oral glucose tolerance test (OGTT)
or the mixed meal tolerance test in subjects with diabetes,
or the intravenous glucose tolerance test (IVGTT) to
measure FPIR in at-risk subjects, may provide critical
interim information on efficacy. How well immune markers,
islet autoantibodies, and T-cells reactive to islet autoantigens
inform on the nature and outcome of islet pathology is
unknown, but these markers should be incorporated into
trials in order to find out.

Although humans at high risk for T1D have a relatively
restricted set of HLA susceptibility genes they are, in con-
trast to inbred NOD mice, likely to display significant 
heterogeneity in response to any therapeutic intervention.
Prevention trials in T1D provide an opportunity to gain
insight into pharmacogenomics. An example pertinent to the
therapeutic application of (pro)insulin as an immune toler-
izing agent, e.g., administered via mucosal routes (Harrison
et al., 2004) is the IDDM2 susceptibility locus for human
T1D. IDDM2 maps to a variable number of tandem repeats
(VNTR) upstream of the proinsulin gene; long (class III) and
short (class I) VNTR alleles are associated, respectively, with
lower and higher susceptibility to T1D (Bennett et al., 1995).
The length of the VNTR correlates with the level of 
proinsulin gene transcription in the thymus (Pugliese et al.,
1997) and in a peripheral population of myeloid cells
(Narendran et al., 2004), which in turn could determine the
extent of deletion of proinsulin-specific T-cells during their
intrathymic development. Thus, the immune response to
(pro)insulin, which is likely to be key to understanding beta-
cell destruction (Narendran et al., 2003), may be predeter-
mined by IDDM2.
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PRIMARY PREVENTION

Primary prevention can be targeted at environmental
factors that could precipitate islet autoimmunity. The evi-
dence for an etiological role of environment in T1D is per-
suasive: in discordant identical twin pairs the lifetime risk
of diabetes for the nondiabetic twin is 50–70% (Gale et al.,
2001; Redondo et al., 2001); the incidence of T1D has
increased over the last 15 years in many countries, particu-
larly in the very young (Green and Patterson, 2001; Gale,
2002); in both hemispheres of the world an effect for infec-
tious agents is suggested by a peak in spring–summer births
of children who will develop T1D (Laron, 2000; Willis et
al., 2002) and a peak in winter in diagnosis of T1D (Douglas
et al., 1999; Green and Patterson, 2001; Willis et al., 2002);
Type 1 diabetes occurred after exposure to rubella virus in
utero (Forrest et al., 1971) and to the toxin “Vacor” (Karam
et al., 1980). Interest in specific environmental agents is cen-
tered mostly on dietary components and viruses.

Diet and the Role of the Intestinal Mucosa

The hypothesis that early exposure of the infant to cow’s
milk and/or the lack of breastfeeding predisposes to T1D
dates from the 1980s. It has important implications but
remains controversial because the evidence on which it is
based is indirect and open to criticism (Harrison and Hon-
eyman, 1999). Two meta-analyses of multiple studies in
which diabetes prevalence was associated retrospectively
with infant feeding revealed only a marginal increase in rel-
ative risk (Gerstein, 1994; Norris and Scott, 1996). In the
Denver-based Diabetes Autoimmunity Study in the Young
(DAISY), infant feeding patterns retrospectively analyzed
up to 6 months of age were not found to be related to the
development of islet autoantibodies up to 7 years of age
(Norris et al., 1996). In the Australian BabyDiab Study
(Couper et al., 1999) and the German BabyDiab Study
(Hummel et al., 2000), there was no association between
infant feeding patterns and the development of islet auto-
antibodies. Nevertheless, to answer whether cow’s milk
exposure is a risk, the Trial to Reduce IDDM in the Geneti-
cally at-Risk (TRIGR), a multicountry study has been ini-
tiated. Newborns with a T1D first-degree relative and with
HLA risk alleles, initially exclusively breastfed, are being
randomized to either a casein hydrolysate formula (“Neu-
tramigen”) or a conventional cow’s milk-based formula until
at least 6 months of age, and will be followed for up to 10
years. The “cow’s milk hypothesis” depended in part on
reports that children with T1D have an increased immune
response to cow’s milk proteins (reviewed in Harrison and
Honeyman, 1999). However, scrutiny of the literature indi-
cates that, rather than being disease-specific, this reflects
genetic predisposition to increased immunity to dietary pro-
teins in general, associated with the HLA haplotype A1-B8-
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DR3-DQ2, which also predisposes to celiac disease and
selective IgA deficiency (Harrison and Honeyman, 1999). In
the two rodent models of T1D, the NOD mouse and the 
BioBreeding (BB) rat, evidence has emerged that plant
rather than milk proteins promote the development of islet
autoimmunity (Beales et al., 2002). Antibodies to wheat
gluten proteins are found in a proportion of T1D patients at
the time of diagnosis (MacFarlane et al., 2002) and in one
report the prevalence of autoimmune diseases, including
T1D, in individuals with celiac disease was related to the
duration of exposure to gluten (Ventura et al., 1999).
However, in a small, unblinded pilot study 1 year of gluten-
free diet had no effect on the natural history of islet autoim-
munity in offspring of parents with T1D (Hummel et al.,
2002).

We sought to reframe the cow’s milk hypothesis around
mucosal immune function in T1D (Harrison and Honeyman,
1999). The essential role of a normal mucosal immune
system in maintaining immune homeostasis is illustrated by
the effect of a germ-free versus conventional “dirty” envi-
ronment on diabetes incidence in NOD mice. The incidence
of spontaneous diabetes in NOD mice differs greatly
between colonies around the world and appears to be
inversely correlated with exposure to microbial infection
(Pozzilli et al., 1993). The high incidence of diabetes in
NOD mice housed under pathogen-free conditions is
reduced by conventional conditions of housing and feeding
(Suzuki, 1987; Funda et al., 2005). Under such conditions,
bacterial colonization of the intestine is accompanied by an
increase in number of intra-epithelial lymphocytes (Imaoka
et al., 1996) and maturation of mucosal immune function
(Kawaguchi-Miyashita et al., 1996). The increase in recent
years in the prevalence of autoimmune and allergic disor-
ders in the first world has been attributed to “clean living”
conditions—the “hygiene hypothesis” (Strachan, 1989;
Holt, 1994). Supplementary to the effects of microbial envi-
ronment, breast milk contains growth factors, cytokines, and
other immunomodulatory agents that promote functional
maturation of the intestinal mucosa and mucosal immune
system. Breast milk also contains endogenous insulin (She-
hadeh et al., 2001), which could induce “oral tolerance” to
insulin and so protect against the development of T1D, as
described below. Thus, rather than cow’s milk promoting
T1D, human milk could be protective, by immune matura-
tional effects and/or by delivering human insulin to the
“tolerogenic” mucosal immune system.

Epidemiologic evidence has emerged for a protective role
of vitamin D, a steroid with pleiotropic immune and non-
immune effects. Vitamin D is synthesized in the skin after
ultraviolet radiation exposure and the only other major
source is diet supplementation. The recommended daily
intake of vitamin D has fallen and increased awareness of
skin cancer has reduced sun exposure. Children in Finland
who received vitamin D supplementation had a lower 
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incidence of T1D (Hypponen et al., 2001), and children in
Norway had a lower incidence of T1D if their mothers took
cod liver oil (a source of vitamin D) during pregnancy (Stene
et al., 2000). In a multinational European case–control study,
the odds ratio for T1D was significantly reduced in children
given vitamin D (EURODIAB Substudy 2 Study Group,
1999). Trials of vitamin D supplementation are in progress
in subjects with recent-onset T1D.

Viruses

Viral mechanisms could include direct infection of b
cells, infection of the exocrine pancreas with bystander
death of b cells, molecular mimicry between T-cell epitopes
in a virus and those in b-cell autoantigens, superantigen
stimulation of T cells, or combinations of these. If a partic-
ular virus was clearly implicated, vaccination of children
early in life, if generally safe, would be protective, but with
disease induction by molecular mimicry being a possible
caveat.

The first virus to be associated with T1D was rubella
(Forrest et al., 1971). Children with congenital rubella born
to mothers who contracted rubella early in pregnancy had
evidence of infection in the brain, pancreas, and other
tissues, and 20% developed insulin-dependent diabetes
(Menser et al., 1978). Subsequently, almost twice this pro-
portion of such children were reported to develop islet-cell
antibodies (Ginsberg-Fellner et al., 1985). Children with
congenital rubella and ensuing diabetes were noted to 
have a higher frequency of the T1D susceptibility haplo-
type HLA-A1-B8-(DR3-DQ2) (Menser et al., 1974). More
recently, evidence for molecular mimicry between rubella
and GAD has been reported (Ou et al., 2000). Rubella
vaccine has virtually eliminated congenital rubella and may
represent the first example of primary prevention of T1D.
Clearly, many other environmental factors are involved,
because the incidence of T1D has continued to increase in
“first world” countries. Despite the report of rubella-GAD
mimicry (Ou et al., 2000), strengthened by the finding of
islet autoantibodies in children infected with rubella virus
(Lindberg et al., 1999), there is no evidence from multiple
studies (Hummel et al., 2000; DeStefano et al., 2001) that
the vaccination with attenuated rubella virus is associated
with islet autoimmunity (see Chapter 24). Only 4% of girls
receiving live attenuated rubella vaccine developed islet-
cell antibodies, and these were transient and of low titer
(Bodansky et al., 1990).

Mothers infected during pregnancy with some
enteroviruses, including coxsackie and echoviruses were
more likely to deliver children who developed T1D early in
life (Dahlquist et al., 1995; Hyoty et al., 1995), but more
recent studies have negated this (Füchtenbusch et al., 2001;
Viskari et al., 2002). Enterovirus RNA was isolated from
peripheral blood mononuclear cells of 50% of recent-onset
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T1D cases in Scandinavia, and 26% of siblings and 0% 
of age- and sex-matched controls (Yin et al., 2002). In
Germany and Australia, coxsackie B virus infections were
noted to be more common in infants and children with pre-
clinical T1D than in controls but were not coincident with
the detection of islet autoantibodies (Füchtenbusch et al.,
2001; Honeyman M.C., in preparation). Evidence for induc-
tion of T1D by mimicry by enteroviruses remains uncon-
vincing (Marttila et al., 2001; Roep et al., 2002). The
circumstantial nature of their association with T1D makes
enteroviruses less promising as a vaccine target. Further-
more, there are 72 recognized serotypes and many thousands
of enterovirus strain variants, and no vaccines except for
polio virus yet exist. However, if diabetes-associated strains
such as coxsackie B3, B4, or echo 6 were to be clearly impli-
cated, they would become candidate vaccines for genetically
at-risk children.

Mumps virus epidemics have been associated with onset
of T1D 2–4 years later (Khakpour and Nik-Akhtar, 1975;
Hyoty et al., 1988). Intriguingly, the introduction of a
mumps vaccine was associated with a plateau in the rising
incidence of T1D in Finland (Hyoty et al., 1993), but this
was temporary, and mumps vaccination is unlikely to be 
of value for preventing T1D. Cytomegalovirus (CMV) can
damage b cells (Jenson et al., 1980) and contains a peptide
sequence mimic of a T-cell epitope in GAD recognized by
a T-cell clone from a subject with stiff person syndrome
(Roep et al., 2002). However, evidence for CMV infection
in T1D is weak (Hiltunen et al., 1995). Furthermore,
although CMV is now a major cause of congenital defects,
development of a vaccine is problematic because of latency
and possible carcinogenicity of an attenuated virus.

The discovery of strong sequence similarities between 
T-cell epitopes in IA2 and GAD and the VP7 protein of
rotavirus in islet antibody-positive relatives (Honeyman et
al., 1998) suggested that molecular mimicry with rotavirus
might precipitate islet autoimmunity. Rotavirus epidemics
occur each winter particularly in kindergartens and are the
most common cause of gastroenteritis in children. Rotavirus
provides a profound inflammatory stimulus to the gut until
sufficient IgA develops, by about 5 years of age. In the 
Australian BabyDiab Study, rotavirus infections were tem-
porally associated with increases in islet autoantibodies in
24 children before they developed diabetes (Honeyman et
al., 2000). It was then shown that rotavirus could infect b
cells in islets from mice, pigs, and monkeys (Coulson et al.,
2002). Recently, it has been shown (Honeyman M.C., in
preparation) that both a majority of children at-risk for 
T1D, and HLA-matched controls, have T-cell responses to
the similar peptide sequences in rotavirus VP7, and IA2, 
and GAD. This indicates that while ubiquitous rotavirus
infections may drive cross-reactive immunity to islet
autoantigens, this alone is not diabetogenic. Mimicry could,
however, complement and sustain the immune response to
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direct infection of b cells. Rotavirus vaccines have 
been developed, but were withdrawn because of safety 
concerns following cases of intestinal intussusception.
Whether a rotavirus vaccine would alter the incidence of
T1D is unanswerable without vaccination of the population.
The outcomes of infections in infants may be complex.
Infection by rotavirus and other diabetogenic viruses in a
non-inflammatory context, such as during breastfeeding,
could conceivably be protective against the development of
T1D.

SECONDARY PREVENTION

The approach to prevention that comes closest to the ideal
for early preclinical disease, or even primary prevention, 
is autoantigen-specific immune tolerance induction. This
involves, paradoxically, administration of an autoantigen to
induce protective autoimmunity (also referred to as “nega-
tive vaccination”). The concept is that self-antigen-specific
immunoregulatory mechanisms are physiological and can be
boosted or restored to prevent pathological autoimmunity.
Strategies to achieve this include the delivery of autoanti-
gen by a “tolerogenic” route (e.g., mucosal), cell type (e.g.,
resting dendritic cell), mode (e.g., with blockade of co-
stimulation molecules), or form (e.g., as an “altered peptide
ligand”), all of which can prevent or suppress experimental
autoimmune diseases in rodents (Faria and Weiner, 1999;
Harrison and Hafler, 2000; Krause et al., 2000). They
operate either by deleting and/or inducing anergy in poten-
tially pathogenic effector T cells or by inducing regulatory
T cells (Treg). Autoreactive T cells that are driven strongly
by antigen may undergo apoptotic cell death and deletion,
while those that survive or respond “partially” may become
anergic (von Herrath and Harrison, 2003). Of potential
importance clinically is the ability of Treg to exert antigen-
nonspecific “bystander suppression” in response to specific
antigen (Faria and Weiner, 1999; Harrison and Hafler, 2000;
von Herrath and Harrison, 2003). Thus, some Treg respond
to antigen by secreting anti-inflammatory cytokines such 
as interleukin 10 (IL-10) or transforming growth factor-b
(TGF-b) that may then impair the ability of dendritic cells
to elicit T helper 1 (Th1) T-cell or cytotoxic T-cell responses
to any antigen locally at the site of the lesion or in the drain-
ing lymph nodes. Bystander suppression obviates the need
to know if the autoantigen used to induce tolerance is nec-
essarily the major or primary pathogenic autoantigen.

Mucosa-Mediated Antigen-Specific Therapy

Numerous experiments have shown that it is possible to
partially protect NOD mice from diabetes by the mucosal
administration of islet autoantigen. Zhang et al. (1991) ini-
tially reported protection after oral porcine insulin. Bergerot
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et al. (1994) then showed that human insulin induced CD4+

Treg that could transfer protection to naïve mice. Protection
following oral insulin was later found to be associated 
with decreased expression of interferon-g (IFN-g)-secreting
Th1 T cells in the pancreas and pancreatic lymph nodes
(Hancock et al., 1995; Ploix et al., 1998). Oral insulin-
induced CD4 Treg have also been shown to prevent
immune-mediated diabetes induced by lymphocytic chorio-
meningitis virus (LCMV) infection of mice expressing the
viral nucleoprotein of LCMV under control of the rat insulin
promoter in their b cells (Homann et al., 1999). The major-
ity of T cells in the islets of oral insulin-treated mice without
diabetes secreted the Th2 (IL-4, IL-10) and Th3 (TGF-b)
cytokines, in contrast to IFN-g-secreting Th1 cells in islets
of mice developing diabetes. The protective effect of oral
insulin was enhanced by simultaneous feeding with IL-10
(Slavin et al., 2001), bacterial component OM-89 (Bellmann
et al., 1997; Hartmann et al., 1997) or schistosome egg
antigen (Maron et al., 1998), all of which promote Th2
responses. Fusion of insulin to cholera toxin B-subunit
(CTB) significantly improved the ability of oral insulin to
prevent diabetes (Bergerot et al., 1997). Oral CTB-insulin
conjugates in NOD mice induced a shift from a Th1 to a Th2
immunity associated with the induction of regulatory CD4+

T cells (Ploix et al., 1999). NOD mice were protected from
diabetes by feeding potatoes that transgenically express
CTB-insulin conjugates (Arakawa et al., 1998). Oral GAD
has also been shown to suppress diabetes development in
NOD mice (Ma et al., 1997). Although it is generally
believed that neonates are less susceptible to mucosal toler-
ance induction, oral administration of insulin, insulin B-
chain, or GAD peptide during the neonatal period still
suppressed diabetes development in NOD mice (Maron et
al., 2001). This suggests that mucosal delivery of islet
autoantigen (e.g., in milk) could be used to treat very young
infants at risk of developing T1D.

Protection against diabetes in NOD mice can also be
achieved by nasorespiratory administration of islet autoanti-
gens. This route of direct delivery to the mucosa avoids
antigen degradation. When insulin was administered as an
aerosol to NOD mice at 8 weeks of age, after the onset of
subclinical disease, insulitis and diabetes incidence were
both significantly reduced (Harrison et al., 1996). Aerosol
insulin induced novel anti-diabetic CD8 gd T cells that sup-
pressed the adoptive transfer of diabetes to nondiabetic mice
by T cells of diabetic mice. The type of Treg induced by
(pro)insulin depends on the route and form of antigen.
Nasorespiratory insulin, nondegraded and conformationally
intact, induces CD8 gd Treg, whereas oral insulin degraded
to peptides, or intranasal or oral (pro)insulin peptides,
induce CD4 Treg (Hänninen and Harrison, 2000; Martinez
et al., 2003). Intranasal administration of the insulin B-chain
peptide (amino acids 9–23), an epitope recognized islet-
infiltrating CD4+ T-cell clones capable of adoptively trans-
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ferring diabetes to naïve mice, induced CD4+ Treg and pro-
tected NOD mice from diabetes (Daniel and Wegmann,
1996). A peptide that spans the B–C chain junction in proin-
sulin also induces CD4+ Treg after intranasal administration
(Martinez et al., 2003). This peptide, like insulin B9-23,
binds to the NOD mouse class II MHC, I-Ag7 (Harrison et
al., 1997) and is a T-cell epitope in NOD mice (Chen et al.,
2001) and humans at risk for T1D (Rudy et al., 1995). T-cell
epitope peptides from GAD administered intranasally were
also protective, and associated with the induction of regula-
tory CD4+ Treg and with reduced IFN-g responses to GAD
(Tian et al., 1996). Islet autoantigen proteins or peptides that
induce Treg are potential “vaccines” for intranasal delivery
to prevent T1D in humans, but this promise remains to be
fulfilled (see below).

Hematopoietic Stem Cell-Mediated 
Antigen-Specific Therapy

Autoimmune diabetes in the NOD mouse can be trans-
ferred to non-susceptible NOD F1 recipients by allogeneic
bone marrow transplantation (BMT) (Serreze et al., 1988;
Wicker et al., 1988; LaFace and Peck, 1989). This demon-
strates that the mechanisms of disease development operate
within the hematopoietic compartment and implies that
autoimmune diabetes may be prevented by manipulating
hematopoietic cells. Indeed, replacement of the NOD mouse
hematopoietic compartment with that from diabetes-
resistant mouse strains by BMT blocks development of dia-
betes (Ikehara et al., 1985; LaFace and Peck, 1989; Beilhack
et al., 2003). However, complete replacement is not required
as generation of mixed-allogeneic hematopoietic chimeras
is equally effective (Li et al., 1996; Kaufman et al., 1997;
Mathieu et al., 1997). Autoimmune diabetes is prevented in
mixed chimeras most likely by the introduction of thymic
and/or peripheral tolerance-inducing antigen-presenting
cells that express diabetes-nonsusceptible MHC molecules.
This would be analogous to the protection afforded by trans-
genic introduction into NOD mice of diabetes-resistant
MHC molecules such as I-E and alternative I-A molecules
(Nishimoto et al., 1987; Lund et al., 1990; Singer et al.,
1993; 1998), which may act by enhancing thymic selection
of T cells (Schmidt et al., 1997; Luhder et al., 1998) or by
inducing Treg (Singer et al., 1993). Induction of Treg,
however, does not appear to account for diabetes prevention
in mixed chimeras (Mathieu et al., 1997). Introduction of
other genes (non-MHC for diabetes resistance) into the
hematopoietic compartment could also contribute.

Allogeneic or mixed-allogeneic BMT strategies are being
trialled for severe autoimmune diseases (Burt et al., 2002).
However, they are unlikely to be suitable for T1D due to the
requirement for cytotoxic conditioning of the host, and the
risks of graft rejection (Castro-Malaspina et al., 2002) and

Ch075-P595961.qxd  2/6/06  1:15 PM  Page 1054



graft-versus-host disease (Ratanatharathorn et al., 2001). 
A much safer approach would be to use autologous, 
genetically-engineered hematopoietic stem cells to intro-
duce molecules into the hematopoietic compartment that
could prevent autoimmune disease. Adopting this approach,
we found that transfer to young, irradiated NOD mice of 103

syngeneic hematopoietic stem cells that encoded proinsulin
expression in antigen-presenting cell progeny totally pre-
vented diabetes (Steptoe et al., 2003). This dramatic effect
appears to depend on proinsulin expression by “resting”
immature dendritic cells (Steptoe et al., 2004). The applica-
tion of this “cell therapy” to humans faces two obstacles
related to safety—introducing genes into stem cells without
the risk of oncogenesis and avoiding toxic conditioning 
regimens in the host.

Trials of Islet Autoantigen-Specific 
Therapy in Humans

The large multicenter Diabetes Prevention Trial 1 (DPT-
1) was launched in the United States in 1994 to determine
whether antigen-specific therapy with either systemic or oral
insulin would delay or prevent the onset of diabetes in at-
risk relatives. Previously, intensive systemic insulin therapy
had been reported to prolong the “honeymoon phase” after
diagnosis (Shah et al., 1989), and a pilot study of prophy-
lactic systemic insulin had suggested that this approach
might be of benefit in at-risk relatives (Keller et al., 1993).
In DPT-1, low-dose systemic insulin (annual intravenous
insulin infusions and daily subcutaneous injections) was
given to a high-risk group of relatives (>50% risk of dia-
betes over 5 years), matched with an untreated but closely
monitored control group. Unfortunately, this treatment had
no effect on diabetes incidence (Diabetes Prevention 
Trial-Type 1 Diabetes Study Group, 2002). The more 
recent randomized control DPT-1 of oral insulin recruited
relatives with a 25–50% 5-year risk of developing 
diabetes, but again the primary analysis revealed no effect
(http://www.nih.gov/news/pr/jun2003/niddk-15.htm). Two
trials of oral insulin (up to 7.5 mg daily for 12 months) in
recently-diagnosed patients showed no protective effect on
residual b-cell function (Chaillous et al., 2000; Pozzilli et
al., 2000).

Why have these trials failed? There are probably several
answers: selection of subjects with end-stage disease; inad-
equate dose or bioavailability of the agent, possibly related
to the route of administration; and co-induction of patho-
genic T-cells. Regarding stage of disease, induction of
antigen-specific immunoregulation, without concomitant
inactivation or deletion of pathogenic effector cells, is likely
to be relatively ineffective in end-stage disease. If a balance
between pathogenic and protective T cells determines 
clinical outcome, then antigen-specific immunoregulation
should be most effective in early preclinical disease; later, it
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might be complementary to a limited course of treatment
aimed at reducing the burden of pathogenic effector T cells.
Regarding route of administration, oral delivery may not be
optimal for mucosa-mediated tolerance, because proteins are
generally degraded after ingestion, whereas, even in the case
of a small peptide, responses are seen after nasorespiratory
but not oral delivery (Metzler and Wraith, 1993). In the
mouse, nasal delivery of the model antigen, ovalbumin,
elicited antigen-specific T-cell responses in cervical, medi-
astinal, and mesenteric mucosal lymph nodes, whereas oral
delivery elicited responses only in the mesenteric nodes
(Hänninen et al., 2001). Moreover, irrespective of route,
mucosal delivery of ovalbumin was a “double-edged
sword,” inducing both tolerance and pathogenic CD8+

cytotoxic T cells (Hänninen et al., 2002). To achieve a 
clinical effect from tolerance induction, it was necessary 
to block induction of pathogenic T cells by transient co-
administration of systemic anti-CD40 ligand monoclonal
antibody (Hänninen et al., 2002). Whether mucosal insulin
is also a double-edged sword is unknown. However, the
proinsulin B–C chain peptide that induces CD4+ Treg in
NOD mice is a “combitope” of CD4+ (I-Ag7-restricted) and
CD8+ (Kd-restricted) T-cell epitopes, and is significantly
more protective after intranasal administration if the C-
terminal p9 anchor residue for binding to Kd is either deleted
or mutated (Martinez et al., 2003). These findings under-
score the necessity to evaluate immune responses to mucosal
autoantigens in human trials.

The rationale for the DPT-1 trial of oral insulin was the
induction of “oral tolerance” in the NOD mouse. In the
mouse, milligrams of gavaged insulin were required to
induce “regulatory” anti-diabetogenic CD4+ T cells and par-
tially suppressed development of diabetes (Zhang et al.,
1991; Bergerot et al., 1994). Yet, the daily dose of insulin
given orally in the human trials was only 7.5 mg, which, on
a body-weight basis, equates to only a few micrograms in
the mouse. Oral insulin is degraded and its bioavailability to
induce mucosa-mediated immune tolerance in the upper
small intestine is unpredictable. Despite this, dose-ranging
studies in humans to determine a bioavailable dose of oral
insulin were not undertaken, raising the question whether
such a major trial was judicious without reassurance that the
dose of insulin used would have had an immune effect.
Insulin antibodies are a readout of bioavailability observed
after aerosol insulin in NOD mice (Harrison et al., 1996) 
and intranasal insulin in humans (Harrison et al., 2004). 
Irrespective of whether such antibodies are a marker of
immunoprotection, their induction demonstrates that the
dose used was bioactive. Because insulin autoantibodies 
are a risk marker for T1D, the increase in insulin antibodies
after administration of nasorespiratory insulin would seem
to conflict with immunoprotection. However, this observa-
tion, together with the concomitant decrease in the T-cell-
proliferative response to insulin after intranasal insulin 
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(Harrison et al., 2004), is entirely consistent with mucosal
tolerance. Reciprocal cellular and humoral immune
responses, originally termed “immune deviation” by Parish
(1996), and later popularized in terms of the Th1/Th2 para-
digm, are a feature of the earliest descriptions of mucosal
tolerance. This was confirmed in landmark but overlooked
human studies with the experimental antigen keyhole limpet
hemocyanin (KLH). When KLH was administered orally
(Husby et al., 1994) or nasally (Waldo et al., 1994) to human
volunteers, subsequent antibody and T-cell responses to 
systemic immunization with KLH increased and decreased,
respectively.

Enthusiasm to translate mucosal tolerance from rodents
to humans has been tempered by failure to show clinical
benefit not only of oral insulin but also of oral myelin basic
protein in multiple sclerosis (Weiner et al., 1993) and oral
collagen in rheumatoid arthritis (Trentham et al., 1993;
McKown et al., 1999). As suggested, these failures could be
due to an inability of mucosal tolerance to counteract path-
ogenic T cells in end-stage autoimmune disease or to the co-
induction of a pathogenic immune response. In addition, as
with the oral insulin trials, none of these trials reported an
immune effect of the oral antigen. Without this evidence, 
it is not clear that the dose used was bioavailable and
immunoactive. Therefore, major trials of mucosal antigens
in future should not be undertaken without fore-knowledge
that the dose is at least bioactive. At the same time, there is
an urgent need for the measurement of potentially relevant
biomarkers, particularly pro-inflammatory (potentially path-
ogenic) and anti-inflammatory (regulatory) T cells, to be 
rigorously standardized and incorporated into trials.

The Melbourne intranasal insulin trial I (INIT I) 
(Harrison et al., 2004) was a randomized controlled
crossover pilot trial of intranasal insulin vaccine in young
T1D relatives (median age 10.8 years; n = 38) with islet
autoantibodies. Two 400 mg doses of insulin per nostril 
were self-administered daily for 10 days, then on two con-
secutive days each weekend, for 6 months. The aim was to
determine if intranasal insulin was safe and would induce
changes in surrogate immune and metabolic markers con-
sistent with an immunoprotective effect. No local or sys-
temic adverse effects were observed. Diabetes developed in
12 subjects who had negligible b-cell function at entry, after
a median of 1.1 years. b-cell function in the remaining 26,
the majority of whom had antibodies to 2 or 3 islet auto-
antigens and FPIR outside the first percentile at entry, gen-
erally remained stable over a median follow-up of 3.0 
years. Intranasal insulin was associated with an increase 
in anti-insulin antibody and a decrease in T-cell responses
to (denatured) insulin. This trial identified a dose of
intranasal insulin that was safe and which induced changes
in immunity to insulin as previously reported in NOD mice.
Because INIT I was a crossover trial in which all subjects
received treatment with intranasal insulin for 6 months, it
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could not determine if intranasal insulin prevents loss of 
b-cell function and diabetes. This will be answered in a
follow-up trial.

In adults with autoimmune diabetes there has been only
one published clinical trial of prophylactic insulin. This
small study by Kobayashi et al. (1996) demonstrated that
low doses of subcutaneous insulin improved the C-peptide
response to oral glucose and decreased HbA1c at 6 and 12
months after diagnosis, compared to treatment with oral sul-
fonylurea drugs. Whether the beneficial effect of insulin
treatment was due to metabolic or immunoregulatory mech-
anisms is not known. A randomized controlled-phase 2 trial
of intranasal insulin (INIT III) in adults with recent-onset
autoimmune diabetes is nearing completion in Melbourne.
A phase 2 trial of subcutaneous GAD, sponsored by Diamyd
Medical AB, is also underway in adults with recent-onset
T1D.

PREVENTION OF TYPE 1 DIABETES IN
THE THIRD MILLENNIUM

The rate at which knowledge about T1D accumulated at
the end of the second millennium provides strong hope 
that the disease will be preventable early in the third. This
will occur only incrementally and will involve a combina-
tion of interventions suited to genotype, risk level and
disease stage. Environmental agents that precipitate or exac-
erbate islet autoimmunity are likely to be ubiquitous and,
therefore, a single intervention (e.g., vaccination against 
a virus) is unlikely to be the ultimate solution. Antigen-
specific immunotherapy applied rationally to enhance
natural mechanisms of protective immune homeostasis
promises to be a safe and widely-applicable intervention in
early subclinical disease. In end-stage disease, combinator-
ial treatment that not only enhances immune homeostasis
but suppresses pathogenic immunity is likely to be required.
Advances in manipulating gene expression safely in stem
cells will open new avenues for antigen-specific tolerogenic
therapy. T1D is likely to be the first preventable autoimmune
disease. This will facilitate replacement or regeneration of
pancreatic islet b cells in people with established diabetes.
The lessons learnt from the preclinical diagnosis, prediction
and prevention of T1D should be applicable to the preven-
tion of other autoimmune diseases.
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Autoimmune diseases represent a major therapeutic chal-
lenge. In many cases, the disease is severe enough to sig-
nificantly reduce longevity. In other cases, the disease causes
major handicaps and discomfort that justify the usage of
aggressive treatments generating their own hazards. Present
treatments are palliative (substitutive), anti-inflammatory, or
immunosuppressive without any specificity for the patho-
genic mechanisms of the disease. With few exceptions 
[anti-tumor necrosis factor (TNF) antibodies in rheumatoid
arthritis [RA0]] the treatment of autoimmune diseases has
not significantly evolved from the mid-1980s. Therefore,
much attention is drawn to modern technologies that have
made new agents available. These approaches have been the
matter of extensive experimental studies in the numerous
and diversified animal models of autoimmune diseases.

Some of them have already been tested in the clinic and even
approved by regulatory authorities. The aim of this chapter
is to review these strategies with particular emphasis on
agents or methods that have entered the clinical arena. In
addition, it is interesting to discuss how lessons drawn from
the development of novel therapeutic strategies in one par-
ticular autoimmune disease may be translated into beneficial
therapies for other autoimmune conditions.

LIMITATIONS OF 
CURRENT TREATMENTS

In some autoimmune diseases there is benefit from a sub-
stitutive treatment. This is typically the case in type 1 dia-
betes (use of insulin), thyroiditis (use of thyroid hormones),
or pernicious anemia secondary to autoimmune gastritis (use
of vitamin B12). In some cases, the approach is satisfactory;
the treatment is fully efficient with minor constraints and
side effects, as for thyroid hormones or vitamin B12. In
other cases, such as type 1 diabetes, chronic insulin therapy
is not an optimal treatment since it is associated with major
constraints (multiple daily parenteral administration, need
for self-monitoring of glycemia, serious risks linked to
hypoglycemic episodes) and lack of effectiveness in pre-
venting severe degenerative complications.

The treatment may aim at combating inflammation.
Although many autoimmune diseases have a strong inflam-
matory component, it is fair to recognize that, with a few
exceptions (RA), conventional anti-inflammatory drugs
usually show limited efficacy and their chronic usage is
associated with significant toxicity, notably renal and 
digestive.
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In diseases with a severe outcome, patients are given
immunosuppressive agents such as cyclophosphamide,
cyclosporine, or FK506, and more recently mycophenolate
mofetil. These drugs are often (but not always) efficacious.
Their usage, however, is curtailed by major difficulties.
First, the drugs have a direct toxicity for humans, such as
cyclosporine-induced nephrotoxicity or cyclophosphamide-
induced bone marrow depression and carcinogenesis.
Second, they must generally be used chronically at relatively
high dosages, since disease relapse occurs when the treat-
ment is stopped, thus exposing patients to over-immuno-
suppression leading to opportunistic infections and tumors.
The risk can be minimized by adequate selection of drug
dosage depending on a careful monitoring of blood levels
and immune functions. Whatever the precautions taken, par-
ticularly when patients are not monitored by specialized
centers, the long-term risks may become hardly acceptable
in autoimmune patients.

Corticosteroids, which associate anti-inflammatory and
immunosuppressive properties, are widely used in auto-
immune diseases. They are frequently very effective but 
not satisfactory, however, due to their severe side effects,
particularly when they are administered long-term at high
dosages.

NEW GOALS FOR
IMMUNOTHERAPY OF

AUTOIMMUNE DISEASES

The first and most ambitious goal is that of inducing or,
in the case of established autoimmune diseases, of restoring
immune tolerance to target autoantigens. This may be
defined operationally as the possibility to harness the patho-
logic immune response following a short-term treatment
while keeping intact the capacity of the host to respond nor-
mally to exogenous antigens. Autoimmune diseases are the
result of the rupture of tolerance to self-antigens. In most
cases, notably in organ-specific autoimmune diseases, the
breakdown of tolerance essentially involves the autoimmune
response to the autoantigens of the target organ, which may
represent a limited number of specificities. One must then
attempt to restore tolerance to the corresponding auto-
antigen(s). In other cases, particularly in non-organ-specific
autoimmune diseases such as systemic lupus erythematosus
(SLE), the rupture of tolerance is more diffuse and may
involve autoantigens that are present in many cell types,
notably antigens expressed in apoptotic cells. Restoration of
self-tolerance has the major advantage of avoiding the side
effects linked to chronic immunosuppression. Since most
autoimmune diseases are a chronic and/or relapsing/remit-
ting process, for the effect to be long lasting one will prob-
ably need to repeat the tolerogenic treatment.
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The second aim is the limitation of side effects of the
tolerogenic treatment, either due to drug toxicity or over-
immunosuppression. Biotechnology-derived products show
a range of side effects, which are, however, often intrinsi-
cally different from those of conventional immunosuppres-
sants. These side effects must be carefully evaluated, which
is often difficult in preclinical studies because of the strict
specificity of the products to humans (see below). One can
study the mouse-specific equivalent of these products, but
the conclusion drawn from these experiments is indirect
since the drug tested is not the very same drug that will be
used in the clinic. In some rare cases, the drugs may be
tested in animal models when the human target molecule is
transgenically expressed in the mouse.

The third aim is to achieve a medical benefit, which
requires that the patients are still fully sensitive to the treat-
ment, i.e., still showing a good function of the target organ
at the initiation of therapy.

A last issue is that of the sensitization to the therapeutic
protein, be it a humanized monoclonal antibody, a hormone,
a cytokine, or an antigen. If neutralizing antibodies are 
produced, the therapeutic effect is lost. Additionally, if the
hormone or the cytokine has an important biologic function,
the sensitization may have serious consequences.

THE THERAPEUTIC
ARMAMENTARIUM DERIVED 

FROM BIOTECHNOLOGY

Monoclonal Antibodies

Murine monoclonal antibodies (MAbs) produced by
mouse or rat hybridomas (Kohler and Milstein, 1975) spe-
cific for immune cell receptors were introduced in clinical
practice more than 25 years ago and their use initially 
developed in the field of solid organ transplantation. Two
major side effects—namely, the sensitization against the
xenogeneic molecule and the cytokine-releasing potential
observed with some particular specificities—explain why
the use of rodent MAbs remained initially mostly confined
to transplantation with only very few attempts in auto-
immunity. The advent of humanized MAbs that are less
immunogenic and better tolerated has completely changed
the picture and allowed a more widespread use of these 
interesting therapeutic tools. In fact, at variance with con-
ventional immunosuppressants, MAbs specific for rele-
vant lymphocyte receptors are unique in their capacity to
induce, under adequate circumstances, immune tolerance 
to soluble proteins, foreign tissue alloantigens and 
autoantigens.

Conventional chemicals mostly act through removal
and/or the functional inhibition of their targets. In contrast,
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MAbs display a wide spectrum of pharmacologic and bio-
logic activities highly relevant to their capacity to “repro-
gram” the immune system. Thus, depending on their fine
specificity, MAbs will remove target cells, inhibit or block
the functional capacity of the target without depleting it,
neutralize major cytokines, and/or serve as receptor agonists
triggering activation signals for specialized T-cell subsets,
e.g., regulatory T cells.

The Problem of Sensitization can be Partly Overcome
with Humanized and Human Monoclonal Antibodies

The repeated administration of murine MAbs invariably
triggered a humoral immune response, of which the major
clinical consequence was the neutralization of the antibody’s
therapeutic activity. Interestingly, this was not a global anti-
mouse or anti-rat response; it was very restricted in its 
specificity with essentially anti-isotypic and anti-idiotypic
antibodies being produced (Benjamin et al., 1986; 
Chatenoud, 1986; Chatenoud et al., 1986a). Anti-idiotypic
antibodies that compete with the therapeutic antibody for
antigen binding represent the neutralizing component of the
response while anti-isotypic antibodies are mostly non-
neutralizing (Baudrihaye et al., 1984). Another peculiarity
of this humoral response is its oligoclonality (Chatenoud 
et al., 1986b), which explains why, at variance with what
was observed in patients immunized to polyclonal antilym-
phocyte globulins, serum sickness was a rare consequence
of sensitization to MAbs since the amount of immune com-
plexes formed would be insufficient to elicit a generalized
reaction. Antimonoclonal IgE responses associated with
symptoms of anaphylaxis were reported but remained a 
very uncommon observation (Abramowicz et al., 1992;
Abramowicz et al., 1996).

Until humanized MAbs or, more recently, fully human
antibodies became available, the only way to cope with the
problem of sensitization was to associate adequate doses 
of chemical immunosuppressants (Hricik et al., 1990). Two
types of humanized antibodies have been derived from 
molecular engineering. Chimeric MAbs express intact
rodent variable regions linked to human immunoglobulin
constant domains (Elliott et al., 1994a). In fully reshaped or
complementarity determining region (CDR)-grafted anti-
bodies, the rodent hypervariable regions interacting with the
antigen (i.e., CDRs) are included within human heavy and
light chain immunoglobulin frameworks (Riechmann et al.,
1988).

Humanized MAbs have significantly reduced, though 
not totally avoided, the risk of deleterious anti-idiotypic
responses. The clinical data available indicate that both
chimeric and reshaped humanized MAbs may be immuno-
genic when administered alone, without associated immuno-
suppressants, and after more than 2–3 repeated antibody
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courses (Elliott et al., 1994b). It has been the general 
experience that combining low doses of chemical immuno-
suppressants was an efficient way to overcome such 
sensitization (Nashan et al., 1997; Vincenti et al., 1998;
Feldmann, 2002).

Fully human MAbs that are already used in clinical prac-
tice have been produced by different means. First, mice have
been invalidated for the expression of endogenous (mouse)
immunoglobulin genes and concurrently made transgenic
for sufficient human constant and variable immunoglobulin-
encoding sequences to provide for antibody diversity; B
cells from these immunized mice will produce human anti-
bodies that can be used in conventional fusions to obtain
hybridomas yielding high-affinity MAbs derived from in
vivo antigen-driven selection.

Second, there is a fully in vitro approach using cDNA
libraries expressed on filamentous phages to derive high
affinity antibodies to a wide variety of antigens, including
those for which the conventional hybridoma technology
fails due to poor immunogenicity (Marks et al., 1991). Third,
human-mouse chimeras can be established using normal
mice irradiated and reconstituted with bone marrow cells
from SCID mice; after human lymphocytes from presensi-
tized donors are inoculated, these mice are boosted with 
the antigen of interest, and sensitized human B cells are
recovered and used for conventional fusions (Lubin et al.,
1994).

Further Opportunities are Offered by 
Genetic Engineering

Engineering Fc Regions of Monoclonal Antibodies to
Avoid Side Effects and Prolong Half-Life

Antibody engineering allows the design of tailor-made
antibodies to fit at best therapeutic indications. Antibodies
expressing human Fc portions have a significantly pro-
longed half-life. The choice of the human Fc portion will
influence the antibody effector capacities, i.e., its activity in
terms of complement fixation, opsonization and antibody-
dependent cell cytotoxicity (ADCC). In addition, in the case
of anti-CD3 antibodies, humanization can circumvent prob-
lems due to their intrinsic mitogenic and cytokine-releasing
capacity that leads in vivo to a “flu-like” syndrome. This
syndrome was regularly observed with murine anti-CD3
MAbs such as OKT3, and, although transient, it represented
a major and troublesome side effect that totally precluded
the use of CD3 MAbs for indications other than organ trans-
plantation (Abramowicz et al., 1989; Chatenoud et al., 1990;
Chatenoud, 2003). This mitogenic capacity is linked to the
ability of the Fc portion of CD3 MAbs to interact with
monocyte Fc receptors (Chatenoud, 2003). Thus “non-
mitogenic” CD3 antibodies were obtained by inserting 
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adequate mutations into the Fc domains to hamper Fc recep-
tor binding (Bolt et al., 1993; Alegre et al., 1994; Chatenoud,
2003). Phase I trials, using the two Fc-mutated CD3 MAbs
presently available, OKT3g1Ala-Ala and ChAglyCD3, in
renal allograft recipients who presented with acute rejection
episodes, confirmed that their use was free of major side
effects (Friend et al., 1999; Woodle et al., 1999).

Engineering Variable Regions of Monoclonal Antibodies
to Increase Affinity

X-ray crystallography has illuminated the nature of
antigen–antibody interactions. The six CDRs do not con-
tribute equally to the interactions for antigen-binding.
Usually, a minimum of four CDRs are used, and the orien-
tation of the CDR loops is critical for antibody specificity
and affinity. Mutations within a CDR may create structural
changes that, due to their close proximity, may influence
other CDRs and greatly impact antigen binding. In addition,
inadequate CDR/CDR interactions at the VL/VH interface
may prevent domain assembly and antibody expression.
This explains why antibody humanization requires detailed
molecular modeling of antibody structures to achieve accu-
rate structural predictions. It relies on computer-assisted
three-dimensional models to predict the effects of point
mutations or of perturbations in the position of the CDR
loops during humanization. In this way it has been possible
to obtain humanized CDR-grafted antibodies that show
minimal reduction in their antigen-binding affinity com-
pared to the parental rodent antibody.

In case the affinity of a given MAb is too low for in 
vivo use, phage display technology is an interesting
approach to generate a better and improved fully human
reagent with no requirement for prior immunization or 
use of hybridoma technology. The use of large phage
libraries increases the possibility of isolating high-affinity
antibodies. In case of failure, phage display can also be used
to mimic artificially the processes used in vivo by the
immune system to generate high-affinity antibodies. This
has been achieved by shuffling the heavy or light chains by
random or directed mutagenesis of CDRs (Barbas et al.,
1994), as done by error-prone polymerase chain reaction
(PCR) (Gram et al., 1992). Using such artificial affinity mat-
uration of phage antibody repertoires, affinities of MAbs in
the nanomolar to picomolar range have been generated that
are perfectly suitable for therapeutic use (Barbas, 1995;
Foote and Eisen, 1995).

PEGylation

The use is described of covalent attachment of polyeth-
ylene glycol (PEG) to various proteins including antibodies,
antibody fragments, and cytokines essentially to prolong
their half life (Choy et al., 2002; Yang et al., 2003; Torriani
et al., 2004).
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Main Targets

T-cell Antigens

CD3 Antibodies

The story of CD3 MAbs is paradoxical and remarkable.
They were the first therapeutic antibody introduced in clin-
ical practice in 1981, about 4 years before the molecular
complexities and the key functional role of the CD3 mole-
cule were discovered (Clevers et al., 1988; Davis and Chien,
1999). The OKT3 MAb, a mouse IgG2a (Kung et al., 1979),
was initially used to treat and prevent renal allograft rejec-
tion (Cosimi et al., 1981a; Vigeral et al., 1986; Debure et al.,
1988). This occurred without much in vivo preclinical data
available due to the tight species-specificity of anti-T-cell
MAbs in general and CD3 antibodies in particular. Chim-
panzees are the only nonhuman primates harboring T
lymphocytes that cross-react with MAbs to human CD3. In
addition, antibodies to mouse CD3 were difficult to produce,
the first one being characterized by Leo et al. in 1987 (Leo
et al., 1987). Through the 1980s, controlled studies clearly
demonstrated that MAb OKT3 was a potent immunosup-
pressant very efficient at reversing early acute renal allograft
rejection episodes (Cosimi et al., 1981b; Ortho, 1985), an
indication for which this MAb was rapidly licensed, both in
the USA and Europe. Through the study of OKT3-treated
patients, an enormous amount of knowledge was gained on
the mode of action of murine anti-T-cell MAbs and their side
effects, well-illustrated by over 3000 manuscripts published
on the topic. These studies have been invaluable for the
design of more refined approaches especially using human-
ized MAbs.

Over the last 10 years, as other immunosuppressants
developed, the use of OKT3 was almost completely 
abandoned, essentially because of its cytokine-releasing
potential (Chatenoud et al., 1986a; 1989; 1990; Cosimi,
1987; Abramowicz et al., 1989; Eason and Cosimi, 1999;
Chatenoud, 2003).

CD3 MAbs used in vitro in functional studies and in vivo,
both in the experimental and the clinical setting, are specific
for the e-chain of the CD3 complex. The experimental work
conducted in different rat and mouse models suggested that,
more than simply depressing all immune responses, CD3
MAbs could also induce immune tolerance to both alloanti-
gens and autoantigens (Hayward and Shreiber, 1989; Nicolls
et al., 1993; Plain et al., 1999) and, perhaps more impres-
sively, could restore self-tolerance in established auto-
immunity (Chatenoud et al., 1994; 1997; Belghith et al.,
2003; Chatenoud, 2003). Based on these data, CD3 MAbs
have again entered the clinical arena but now as well-
tolerated humanized nonmitogenic MAbs (Bolt et al., 1993;
Alegre et al., 1994) used not only in transplantation, but also
in autoimmunity in protocols aimed at antigen-specific long-
term effects rather than just immunosuppression.
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CD3 MAbs and Autoimmune Diabetes

Trials are presently being conducted using anti-CD3 to
treat patients with recent-onset type 1 diabetes based on our
earlier data on diabetes-prone non-obese diabetic (NOD)
mice. Short-term (5 days) treatment of overtly diabetic NOD
mice with low-doses (5–20 mg/day) of CD3 MAbs, in either
their mitogenic (whole 145 2C11) or nonmitogenic version
[F(ab¢)2 fragments of 145 2C11], induces disease remission
by restoring self-tolerance (Chatenoud, et al., 1994; 1997;
Belghith et al., 2003; Chatenoud, 2003). The effect is long-
lasting and specific to b cell autoantigens (Chatenoud et al.,
1994; 1997). Immune mechanisms mediating this tolero-
genic capacity evolve in two distinct consecutive phases
(Chatenoud, 2003). The first induction phase coincides with
antibody administration and results in clearing of insulitis,
explaining the rapid return to normoglycemia, with a tran-
sient Th2 polarization that is irrelevant to the long-term
effect since there is prolonged remission of disease after
anti-CD3 treatment of IL-4 deficient NOD mice (NOD 
IL-4-/-) (Belghith et al., 2003; Chatenoud, 2003). The
second maintenance phase results in upregulation and/or
appearance of specialized subsets of CD4+CD25+ and
CD4+CD62L+ regulatory T cells that mediate transferable
active tolerance, and that effectively control pathogenic
effector cells as shown by co-transfer experiments in
immunodeficient NOD SCID mice (Chatenoud et al., 1994;
2001; Belghith et al., 2003). The proportions of regulatory
CD4+CD25+ T cells increase in pancreatic and mesenteric
lymph nodes of anti-CD3-treated tolerant mice (Belghith 
et al., 2003). Interestingly, CD4+CD25+ regulatory T cells
induced by anti-CD3 may not be derived exclusively from
“conventional” natural suppressor CD4+CD25+ T cells but
also, and perhaps even essentially so, from peripheral
CD4+CD25- precursors (Belghith et al., 2003; see Chapters
9 and 10). In fact, CD3-specific MAb treatment induces 
diabetes remission also in NOD mice that are deficient for
the co-stimulation molecule CD28 (NOD CD28-/-), and are
devoid of the thymic natural suppressor CD4+CD25+

population (Belghith et al., 2003). Also important, the
immunoregulatory cytokine-transforming growth factor-b
(TGF-b) appears to be a key player in this T-cell-mediated
regulation, although its precise role, whether as a mediator
of regulation or a growth and/or differentiation factor for
regulatory T cells, is not yet determined. Thus, CD4+ T cells
from mice tolerant after anti-CD3 consistently produce high
levels of TGF-b, and in vivo neutralization of TGF-b after
injection of specific MAbs fully prevents anti-CD3-specific-
induced remission (Belghith et al., 2003).

Clinical trials are underway to ascertain adequate modal-
ities that will reproduce this remarkable effect. Results from
an open trial using the OKT3g1 Ala-Ala MAb in patients
who present with recent-onset type 1 diabetes were very
encouraging (Herold et al., 2002). Thus, at 1 year after a
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short-term treatment, a significant preservation of the b
cell mass was observed in treated patients compared with
controls (Herold et al., 2002). The results of a European 
multicenter randomized placebo-controlled trial using the
ChAglyCD3 MAb, also in autoimmune type 1 diabetes,
which we are conducting in collaboration with diabetology
centers in Belgium (Belgium Diabetes Registry; Clinical
coordinator Prof. B. Keymeulen) and Germany (Prof. A.
Ziegler, Munich), fully confirmed the expectations. In 
fact, results obtained at 18 months of follow-up show not
only a significant preservation of the b cell mass in
ChAglyCD3-treated versus placebo-treated patients but also
an impressive decrease in the insulin needs (Keymeulen et
al., 2005). Interesting data have also been reported using the
OKT3g1Ala-Ala MAb in psoriatic arthritis (Utset et al.,
2002) and in recipients of islet allografts (Hering et al.,
2004).

CD4 Antibodies

The tolerogenic capacity of anti-CD4 MAbs in mice 
was highlighted from the outset, since, at variance with 
other xenogeneic MAbs, anti-CD4 did not elicit the usual
antiglobulin response. In addition, humoral responses to
foreign soluble protein antigens were specifically inhibited
if delivery was under the cover of brief treatment with anti-
CD4. The effect was obtained with both depleting and non-
depleting CD4 antibodies, and it could be maintained long
term merely by repeating antigen administration at regular
intervals in absence of any further anti-CD4 treatment.
Importantly, identical results were recently obtained in non-
human primates using a humanized MAb specific for human
CD4 and cross-reacting with monkey cells (Winsor-Hines et
al., 2004). In this system CD4+ T cells, but not B cells, are
rendered tolerant, and effectively transfer such tolerance to
naïve hosts. The single caveat is that only high CD4 MAb
dosages are tolerogenic. In the mouse, anti-CD4 affords tol-
erance also to alloantigens (anti-CD4 MAbs are effective
alone in the case of cardiac or islet allografts but must be
combined to anti-CD8 MAbs in the case of skin allografts)
and also often in the case of autoantigens (Wofsy and
Seaman, 1987; Shizuru et al., 1988; Qin et al., 1993; Bushell
et al., 1995; 2003; Waldmann and Cobbold, 2001; Cobbold
et al., 2003). Effective treatment of an ongoing autoimmune
disease was demonstrated for murine lupus in NZB/NZW
F1 mice (Wofsy and Seaman, 1987), and in established dia-
betes in NOD mice (Maki et al., 1992), but only when using
depleting CD4 antibodies.

The first pilot trials that used mouse MAbs to human CD4
were applied to patients presenting long-standing RA, pso-
riasis, inflammatory bowel disease, and uveitis (Goldberg 
et al., 1990; 1991; Emmrich et al., 1991; Horneff et al.,
1991; Reiter et al., 1991; Wendling et al., 1991; Morel et al.,
1992; Bachelez et al., 1998). In these trials, partial and short-
term disappearance of circulating CD4+ cells was observed,
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together with coating of CD4+ T-cells and dose-dependent
saturation of CD4-binding sites. Results in terms of thera-
peutic effectiveness were encouraging but short-lasting, 
and were obscured by the antiglobulin response that 
rapidly developed and prompted trials of humanized CD4
MAbs.

The chimeric cM-T412 MAb (human IgG1), a depleting
antihuman CD4 MAb, was used in RA with encouraging
results in open studies, especially with high cumulative
doses, ranging from 350–700 mg (Moreland et al., 1993;
Van Der Lubbe et al., 1993; 1994); these, however, were not
confirmed in a large randomized double-blind placebo-
controlled study (Van Der Lubbe et al., 1995). Mild sensiti-
zation was reported in a majority of the patients (Moreland
et al., 1993; Van Der Lubbe et al., 1993; 1994). Of major
concern was the persisting CD4+ cell depletion observed
with MAb cM-T412, up to 60% from baseline for over
18–30 months (Moreland et al., 1994), contrary to what had
initially been reported with the parental mouse M-T151 anti-
CD4 MAb (Reiter et al., 1991). Apoptosis could mediate, at
least in part, this massive depletion (Choy et al., 1993). The
disappointing clinical results in ongoing RA are not 
necessarily surprising, since they are fully in keeping with
preclinical data. In fact, in collagen-induced arthritis, a
murine model for human RA, anti-CD4 in contrast to MAbs
to TNF (discussed below) were effective for prevention 
but not for treatment of ongoing disease (Marinova-
Mutafchieva et al., 2000). The cM-T412 MAb has also been
used in patients with multiple sclerosis, but here again
without any evident clinical benefit (van Oosten et al.,
1997).

The nondepleting humanized MAb to CD4, OKT4cdr4A
(the CDR-grafted version of OKT4A), was used in patients
with severe psoriasis; one open pilot study and another
placebo-controlled one were conducted, with promising data
(Bachelez et al., 1998; Gottlieb et al., 2000).

Results from open-pilot studies suggested that CD4 MAb
therapy, especially in combination with antibodies to CD52,
could be effective in treating severe forms of vasculitis
(Mathieson et al., 1990; Lockwood et al., 1993).

It is fair to conclude this section on anti-CD4 MAbs by
pointing out that their development was seriously hampered
by non-scientific considerations linked to patenting and mar-
keting, explaining the incredible gap between the wealth of
experimental data accrued and the paucity of controlled clin-
ical trials conducted. It is hoped that CD4 antibodies will
soon be made available for trials especially designed on the
lessons drawn form preclinical studies.

CD25 Antibodies

CD25, the a-chain of the interleukin 2 (IL-2) receptor, is
expressed on activated T cells (Waldmann, 1989), which
explains the interest in it as a therapeutic target. Experi-
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mental data suggested an immunosuppressive capacity of
anti-CD25 that significantly delayed rejection of heart 
allografts in the mouse (Kirkman et al., 1985) and of renal 
allografts in nonhuman primates (Reed et al., 1989). In
autoimmunity anti-CD25 MAb prevented onset of collagen-
induced arthritis (Banerjee et al., 1988), insulitis, and dia-
betes in NOD mice (Kelley et al., 1988) and lupus nephritis
in NZB/NZW F1 mice (Kelley et al., 1988). In diabetes-
prone Bio Breeding (BB) rats there was reversal of estab-
lished disease after treatment with anti-CD25 and low-dose
cyclosporine (Hahn et al., 1987).

Murine MAbs to human CD25 were effective for pre-
vention but not for reversal of renal allograft rejection
(Soulillou et al., 1990; Kirkman et al., 1991; Kriaa et al.,
1993). By the late 1990s, two humanized MAbs to CD25—
one chimeric [basiliximab (Simulect)] and one CDR-grafted
(daclizumab [Zenapax])—were shown to be well-tolerated
and effective as part of induction regimens to prevent 
organ allograft rejection, and were approved for use as
induction therapies in organ transplantation (Nashan et al.,
1997; Vincenti et al., 1998; Waldmann and O’Shea, 1998;
Bumgardner et al., 2001). Moreover humanized CD25 
antibodies appear beneficial for treatment of established
rejection (Adu et al., 2003) and of some severe autoimmune
diseases, uveitis in particular (Guex-Crosier et al., 1997;
Nussenblatt, 2002).

Last but not least, none of the studies support a tolerance-
promoting activity of anti-CD25 perhaps because CD25 is
also expressed on a subset of T-cells endowed with regula-
tory/suppressor capacities that are critical in maintaining
immune tolerance (Belghith et al., 2003; Sakaguchi, 2004).
Thus, elimination or inhibition of the functional capacity of
this subset using anti-CD25 MAbs might be counterproduc-
tive if the aim is tolerance induction.

Targeting Co-stimulatory Pathways

The CD28/CD80, 86 (B7.1, B7.2) Pathway

Delivery of activation signals through the T-cell recep-
tor/CD3 pathway is insufficient to activate naïve T cells. Co-
stimulation signals are required that are transduced through
the specialized receptor CD28, which interacts with its spe-
cific ligands CD80 (B7.1) and CD86 (B7.2) at the surface
of the antigen presenting cell (APC). Fusion proteins have
been produced using the cytotoxic T-lymphocyte-associated
antigen-4 (CTLA-4, CD152) molecule that is homologous
to CD28 and expressed on T cells following activation
(Linsley et al., 1991). CTLA-4 is also constitutively
expressed on the specialized regulatory/suppressor T-cell
subset CD4+CD25+ (Read et al., 2000; Takahashi et al.,
2000). CTLA-4Ig is a fusion protein including the extracel-
lular domain of CTLA-4 combined to the Fc domain of a
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human IgG1 (Linsley et al., 1992), and shows higher avidity
for CD80 than CD86. LEA29Y is a CTLA4-4Ig derived 
molecule with two amino-acid mutations that confer higher
avidity for both CD80 and CD86. This explains why
LEA29Y is more potent in vitro than CTLA-4Ig.

Treatment in vivo with CTLA-4Ig effectively blocked
immune responses to alloantigens (Lin et al., 1993; Lakkis
et al., 1997; Onodera et al., 1997), xenoantigens (Lenschow
et al., 1992), and autoantigens. In NZB/NZW mice, treat-
ment with CTLA-4Ig blocked autoantibody production 
and prolonged mouse half-life (Finck et al., 1994). Mostly
CTLA4-Ig was more effective for preventing than reversing
established immune responses and generally a robust and
long-standing tolerance was not the general rule.

In the clinic, in a phase I open-label study on 43 patients
with psoriasis, CTLA-4Ig resulted in >50% sustained (>6
months) improvement in disease activity in 46% of patients
(Abrams et al., 1999). CTLA-4Ig also appeared promising
in RA, according to a pilot, escalating dose, double-blind
placebo-controlled study on 214 patients, given CTLA-4Ig,
LEA29Y, or placebo I.V., four infusions in all. Patients were
assessed at 2.5 months after the first injection. Both agents
had an excellent safety profile, and clinical efficacy was
superior to placebo (Moreland et al., 2002). These good
results were confirmed in a second controlled study using
CTLA-4Ig or placebo in combination with methotrexate,
again with significant improvement for the CTL4-4Ig-
treated group (Kremer et al., 2003).

The CD40/CD154 (CD40) Ligand Pathway

CD40 is a member of the TNF receptor superfamily and
is constitutively expressed by various cell types including B
lymphocytes and APCs. CD40 interacts with CD154
(CD40L), a member of the TNF superfamily exclusively
expressed at the surface of activated T lymphocytes. The
CD40/CD154 co-stimulation pathway is essential for both
T–B and T–T cooperation. CD40/CD154 interactions lead
to germinal-center formation and immunoglobulin class
switching. Severe immunodeficiency is caused by disruption
of this pathway in mice due to gene knockout, or sponta-
neous mutations in humans. Concerning T–T cooperation,
studies in the mouse and in nonhuman primates using 
in vivo administration of antibodies to CD154, either alone 
or in combination with CTLA-4Ig, showed great promise in
prolongation of allograft survival and prevention of auto-
immune disease (Larsen et al., 1996; Larsen and Pearson,
1997; Niimi et al., 1998; Kirk et al., 1999), albeit rapidly
tempered when the first clinical trials in renal allograft 
recipients and in patients with SLE showed severe throm-
boembolic events (Boumpas et al., 2003) with one of the
MAbs used. While such events were not observed with the
IDEC-131 MAb, this proved ineffective in patients with
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SLE (Davis et al., 2001; Kalunian et al., 2002; Kuwana et
al., 2004).

Adhesion Molecules

The a4b1 Integrin VLA-4

Integrins are adhesion molecules of fundamental impor-
tance to the recruitment of leukocytes in inflammation. The
a4b1 integrin VLA-4 is a leukocyte ligand for endothelial
vascular cell adhesion molecule-1 (VCAM-1), fibronectin,
and osteopontin. The interaction between VLA-4 at the
surface of activated lymphocytes and monocytes with its
ligand VCAM-1 is essential for cell migration into inflamed
parenchyma. Promising data in experimental models of
blockade of VLA-4 prompted use of a specific humanized
monoclonal antibody (natalizumab) in randomized placebo-
controlled trials, first in multiple sclerosis (MS) (Miller et
al., 2003). In 213 patients with relapsing-remitting or relaps-
ing secondary progressive MS given natalizumab or placebo
every 28 days for 6 months, there was a marked reduction
in the number of new brain lesions [gadolinium-enhanced
magnetic resonance imaging (MRI)] in treated patients
(Miller et al., 2003). The same antibody was applied in
Crohn’s disease (Ghosh et al., 2003). Similarly in 248
patients with moderate to severe Crohn’s disease, two infu-
sions of MAb given 4 weeks apart induced higher remission
rates than did placebo and significant improvement in the
Crohn’s disease activity index, together with improved
quality of life (Ghosh et al., 2003). Unfortunately, recent
reports indicate that, upon chronic administration, this anti-
body exposes the risk of opportunistic brain infection caused
by the JC virus. The first two cases were observed in MS
patients receiving natalizumab associated with interferon-b
(IFN-b). The last reported case affected a patient with
Crohn’s disease treated with natalizumab alone.

Leukocyte Function-Associated Antigen 1

A humanized MAb, efalizumab, specific for the CD11a
subunit of leukocyte function-associated antigen 1 (LFA-1),
has been tested in psoriasis. When administered subcuta-
neously once a week, improvement was observed within 2–4
weeks, and lasted for up to 2 years (Leonardi, 2004). Results
from three randomized, placebo-controlled trials in patients
exhibiting moderate-to-severe plaque psoriasis likewise
showed promising results (Menter et al., 2004); here the
follow-up lasted for 12 weeks as a double-blind trial, and
there was an additional 12 weeks of extended treatment
phase (Menter et al., 2004).

B-Cell Antigens (CD20)

Rituximab (Rituxan) is a human–mouse chimeric MAb
specific to CD20, a B-cell antigen, which causes rapid 
depletion of B lymphocytes. Rituximab was approved in the
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United States of America in 1997 and in Europe in 1998
(MabThera) to treat severe refractory CD20-positive non-
Hodgkin B-cell lymphoma. The use of anti-CD20 has now
been extended to first-line therapy and maintenance therapy
in lymphoma, stem-cell transplantation procedures, and,
recently, for autoimmune disorders, including RA, immune
thrombocytopenic purpura, autoimmune hemolytic anemia,
SLE, vasculitis, dermatomyositis, and MS (De Vita et al.,
2002; Leandro et al., 2002; Silverman and Weisman, 2003;
Looney et al., 2004a; 2004b; 2004c; Rastetter et al., 2004).
A phase II randomized, double-blind, placebo-controlled
trial in RA showed that treatment with anti-CD20 was safe
and led to major and sustained clinical responses (Edwards
et al., 2004). At the more fundamental level, these results
highlight the pathogenic role of B-lymphocytes, not only as
antibody producing cells but also as APCs, which hitherto
had long been considered of marginal importance in some
of these autoimmune diseases.

Leukocyte Antigens (CD52)

Antibodies to CD52 target a small (12 amino acids) 
glycosylphosphatidylinositol (GPI)-anchored protein of
undefined function expressed at the surface of human B and
T cells and monocytes/macrophages. Anti-CD52 MAbs are
highly depleting and have potent efficacy in long-term
acceptance of organ allografts and maintaining remission in
established and otherwise intractable autoimmune diseases,
notably MS, vasculitis, and RA (Mathieson et al., 1990;
Lockwood et al., 1993; Lockwood et al., 1996; Calne et al.,
1999).

The first rat MAb to CD52, Campath-1M, was charac-
terized in 1983. A fully reshaped humanized version,
Campath-1H (human IgG1) was derived by genetic engi-
neering (Riechmann et al., 1988) and is marketed as alem-
tuzumab. Its depleting capacity has led to its extensive use
in vivo to treat CD52+ hematologic malignancies, and in
vitro to purge bone marrow transplants to prevent graft-
versus-host disease (GvHD). Upon the first injection,
Campath-1H triggers an acute self-limited cytokine release
that causes a transient “flu-like” syndrome.

Campath-1H has been given to patients with RA, of
whom, after 3 and 6 months, 50% showed improvement in
the Paulus score (Isaacs et al., 1992). It also proved very
effective in severe systemic small-vessel vasculitis in which
the pathogenesis depends mainly on T-cell-mediated mech-
anisms (see Chapter 65) (Mathieson et al., 1990; Lockwood
et al., 1993; 1996). The long-term remissions that were
obtained when combining antibodies to CD52 and CD4
were particularly impressive (Mathieson et al., 1990; 
Lockwood et al., 1993; 1996).

Results with anti-CD52 in MS are also promising
(Moreau et al., 1994; Coles et al., 1999a; 1999b). The initial
trials included patients with long-standing relapsing/
remitting MS that was unresponsive to conventional treat-
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ments. Long-term follow-up showed a marked decrease in
the appearance of new lesions in the CNS, assessed by MRI,
that correlated with the persisting and significant depletion
of peripheral CD4+ T lymphocytes (Moreau et al., 1994;
Coles et al., 1999a; 1999b; 2004). An unexpected adverse
effect was the appearance of Graves’ disease in a significant
proportion (33%) of successfully treated patients (Coles 
et al., 1999b). Interestingly, current multicenter trials that
include patients with MS of more recent onset do not 
appear to expose to this adverse event (A. Coles, personal
communication).

In general, Campath-1H seems unique in its capacity to
promote long-lasting remission of life-threatening auto-
immune diseases that are unresponsive to conventional
treatments, but results from trials in progress are needed for
more definite conclusions especially the risk/benefit ratio.

Cytokines

Blocking Tumor Necrosis Factor Pathways

Humanized MAbs to TNF proved a major breakthrough
in the treatment of RA, consequent to the pioneering exper-
imental and clinical work of the groups of Feldmann and
Maini (Brennan et al., 1989; Elliott et al., 1994a; Feldmann,
2002). The seminal finding was that neutralizing antibodies
to TNF significantly decreased the production of most of the
pro-inflammatory cytokines (i.e., IL-1, IL-6, IL-8, GM-CSF)
normally produced in in vitro cultures of cells that infiltrate
synovial membranes in RA (Brennan et al., 1989; Brennan
and Feldmann, 1992; Feldmann, 2002). The relevance of this
finding to events in vivo was validated in mice that express
a human TNF transgene and develop a form of chronic 
arthritis fully preventable by MAbs to TNF (Brennan 
and Feldmann, 1992; Feldmann, 2002). In addition, in CIA, 
neutralizing antibodies to murine TNF given at the onset of
disease decreased the severity of objective and histopatho-
logic features (swollen joints and bone erosions) (Piguet 
et al., 1992; Williams et al., 1992; 1994). An unexpected but
potentially relevant observation was that, in established
arthritis, combination of a suboptimal dose of anti-TNF
(which had no significant effect per se) with anti-CD4 greatly
improved joint inflammation and helped heal paw-swelling
and bone erosions (Williams et al., 1994; Marinova-
Mutafchieva et al., 2000). Thus neutralizing inflammation,
as with anti-TNF, effectively “sensitizes” the immune system
to T-cell-directed immunointervention: this could be relevant
to various autoimmune diseases other than RA.

The first randomized placebo-controlled double-blind
study showing effectiveness of the chimeric neutralizing
antibody to TNF, cA2 (human IgG1, now termed infliximab
[Remicade]) in long-standing RA was reported in 1994
(Elliott et al., 1994a); there was significant therapeutic
benefit lasting for several weeks after the end of treatment.
Some patients with relapse of RA underwent two or more
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courses of treatment; the mean duration of remissions 
progressively diminished due to sensitization to the MAb
(Elliott et al., 1994b). In further studies, anti-TNF was 
combined with methotrexate, thus avoiding sensitization 
and obtaining longer-lasting remissions (Maini et al., 1998;
Feldmann and Maini, 2001; Feldmann, 2002). Data from a
phase III trial showed that anti-TNF arrested joint damage
in more than 50% of patients; the effect was noted by 6
months after beginning of treatment and lasted for the 2
years of the study (Maini et al., 1999; Lipsky et al., 2000).
Infliximab was, therefore, approved for use, in combination
with methotrexate, both in the USA and Europe.

Given these results with infliximab, other biologic agents
against TNF were developed. Another chimeric anti-TNF
MAb named CDP571 also was clinically effective (Rankin
et al., 1995), as were two fusion proteins linking the TNF
receptor molecules p55 or p75 to a human IgG constant
region [lenercept and etanercept (Enbrel), respectively]
(Moreland et al., 1996; 1997; Furst et al., 2003). However,
only etanercept was actively developed in the clinic and
became approved. Other interesting candidates are on the
way, one being the fully human D2E7 antibody (adali-
mumab) that has shown efficacy in phase II and III trials
(Kempeni, 1999; den Broeder et al., 2002).

Also MAbs to TNF were used successfully in severe
Crohn’s disease and have been approved for this use (Van
Dullemen et al., 1995; Present et al., 1999). Although the
pathophysiology of Crohn’s disease remains unclear (see
Chapter 52) inflammatory cytokines are significantly
involved (Van Deventer, 1997). The therapeutic benefit
derived from anti-TNF treatment correlated with a decreased
production of IFN-g by mononuclear cells infiltrating the
lamina propria of the colon (Plevy et al., 1997). Interest-
ingly, at variance with what is observed in RA, TNF recep-
tor fusion proteins were not effective in Crohn’s disease.

Subsequently data from trials using anti-TNF in juvenile
idiopathic arthritis (juvenile RA) (Lovell et al., 2000), anky-
losing spondylitis (Brandt et al., 2000), psoriatic arthritis
(Mease et al., 2000) and psoriasis have been published
(Chaudhari et al., 2001).

One adverse effect reported, especially in patients under-
going repeated treatments with infliximab, was the increased
incidence of tuberculosis (both pulmonary and extrapul-
monary disease) (Keane et al., 2001; Gomez-Reino et al.,
2003). This is one reason why combination therapy with
drugs aimed at neutralizing TNF and IL-1 has been recently
disallowed by the Food and Drug Administration in the
USA. Other side effects that have been related to TNF block-
ers include the induction of autoantibodies and the occur-
rence of non-Hodgkin lymphoma (Brown et al., 2002; Wolfe
and Michaud, 2004). Autoantibody formation is commonly
seen in patients receiving prolonged treatment with inflix-
imab (Louis et al., 2003; Caramaschi et al., 2004). These
include antinuclear antibodies, anti-Sm, anti-RNP, and, in
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few cases, anti-double-stranded DNA autoantibodies; their
presence is usually not associated with clinical signs of
multisystem autoimmune disease. Concerning the occur-
rence of lymphoma Wolfe and Michaud recently reported an
extensive study on 18,572 patients with RA who were
enrolled in the National Data Bank for Rheumatic Diseases
(Wolfe and Michaud, 2004). The overall standardized inci-
dence ratio for lymphoma in RA patients not receiving
methotrexate or biologics was 1.0 [95% confidence interval
(CI) 0.4–2.5], and it was 2.9 (95% CI 1.7–4.9) in patients
treated with TNF blockers, 2.6 (95% CI 1.4–4.5) in patients
receiving infliximab (with or without etanercept), and 3.8
(95% CI 1.9–7.5) in patients receiving etanercept, with or
without infliximab (Wolfe and Michaud, 2004). The authors
concluded that current data are insufficient to firmly estab-
lish a causal relationship because lymphomas are increased
in RA independently from the treatment. Although the risk
appears higher when TNF blockers are administered, differ-
ences between therapies are slight, and confidence intervals
for treatment groups overlap.

Antibodies to Interferon-Gamma

Treatment with antibodies to IFN-g has been attempted
in several experimental autoimmune diseases on the ratio-
nale that the central effects of IFN-g in Th1-mediated
immune responses include macrophage activation and up-
regulation of major histocompatibility complex molecules.
MAbs to IFN-g successfully prevented autoimmune diabetes
in BB rats and NOD mice (Nicoletti et al., 1990; Debray-
sachs et al., 1991). In (NZB ¥ NZW) F1 mice, anti-IFN-g
treatment when started early (by 4 months of age) delayed
the onset of glomerulonephritis and significantly prolonged
survival; anti-IFN-g appeared to act by inhibiting production
of anti-DNA autoantibodies rather than affecting immune
complex formation.

In patients with RA, a randomized double-blind trial
compared the effectiveness of treatment with anti-IFN-g
versus anti-TNF or placebo (Sigidin et al., 2001). Promis-
ing data were obtained by 4 weeks post-treatment but longer
term studies are needed.

Other Soluble Receptors and Protein 
Fusion Conjugates

The use of soluble receptors to TNF and CTLA-4Ig has
already been discussed. Another human fusion protein was
recently developed by coupling LFA-3 to human IgG1 to
provide an agent (alefacept) that binds to CD2 on T
lymphocytes; in controlled multicenter studies, this agent
was used weekly in patients with chronic plaque psoriasis
for one or two 12-week courses. The drug was well-
tolerated, and a minimal 75% reduction of the disease score
(PASI index) was observed 2 weeks from the last dose,
lasting for 7 months (Krueger, 2003; Lebwohl et al., 2003).
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Alefacept has been approved by regulatory authorities in the
USA for this indication. There was a reduction of memory
T cells (CD45R0+ that include pathogenic cells) in treated
patients that correlated with measurements of disease activ-
ity; lymphocytes expressing a naïve phenotype were spared
(Krueger, 2003; Lebwohl et al., 2003).

A recombinant human IL-1 receptor antagonist (IL-1Ra),
anakinra, has been tested in severe rheumatic diseases with
encouraging results in patients with juvenile idiopathic
arthritis resistant to other drugs (Verbsky and White, 2004).
Data were also reported in refractory SLE (Moosig et al.,
2004). In RA large placebo-controlled trials including inter-
national multicenter studies have demonstrated safety of the
drug as well as a sustained clinical improvement (Nuki et
al., 2002; Fleischmann et al., 2003). Importantly, data also
suggested that IL-1Ra significantly reduced radiologic pro-
gression of bone erosions (Jiang et al., 2000).

A new strategy aimed at producing a massive though
selective apoptosis of recently activated T cells has been
developed by Strom and colleagues. They constructed
cytolytic chimeric IL-2/Fc and IL-15/Fc fusion proteins that
specifically bind with high affinity and kill cells bearing 
IL-2 and IL-15 receptors by complement-dependent and
antibody-dependent cytotoxicity (Zheng et al., 1999; 2003a;
2003b; Ferrari-Lacraz et al., 2004). When administered
alone, these IL-2/Fc and IL-15/Fc fusion proteins prevented
autoimmune diabetes in NOD mice, and also CIA (Zheng et
al., 1999; 2003a; 2003b; Ferrari-Lacraz et al., 2004). More-
over, combining these two agents together with rapamycin
provided an extremely efficient means of restoring self-
tolerance in NOD mice presenting with recent-onset disease,
and inducing transplant tolerance in a particularly stringent
model, i.e., implantation of allogeneic islets in overtly dia-
betic NOD mice (Zheng et al., 2003a; 2003b). Mechanistic
studies showed that, while limiting the early expansion of
activated T-cells and forcing their apoptosis, this regimen
nevertheless preserved regulatory CD4+CD25+ T cells
(Zheng et al., 2003a; 2003b).

Soluble Autoantigens

Immunologic tolerance to a wide spectrum of antigens
(and autoantigens) can be induced by parenteral, nasal, or
oral delivery of a soluble antigen. This approach has proven
to be successful in several animal models of autoimmune
diseases, either spontaneous or experimentally induced by
immunization against autoantigens. Thus the onset of dia-
betes in NOD mice can be prevented by administration of
insulin or GAD using various routes of administration 
subcutaneous, I.V., nasal, or oral. Similarly, experimental
allergic encephalomyelitis (EAE) is preventable by admin-
istration of the soluble myelin antigen which is ultimately
used to induce the disease.

The details of the underlying mechanisms are the subject
of another chapter (see Chapter 75), but mention can be
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made that autoantigen-induced tolerance, whether using pro-
teins, peptides, or altered peptide ligands, is beset by a
number of difficulties. These include limitation of the treat-
ment to early disease stages; loss of therapeutic effective-
ness as disease progresses; a long lag time to achieve
efficacy, which may represent a problem in the case of acute
autoimmune responses; risk of disease acceleration by 
triggering rather than downregulating the autoimmune
response; sensitization with potential risks of anaphylaxis
and/or production of neutralizing antibodies leading to
serious problems when the autoantigen molecule (e.g.,
insulin) is physiologically relevant.

Bone Marrow Transplantation

Autoimmune diseases include genetic components
expressed in the lymphoid and macrophage lineages and
thus qualify as stem-cell disorders (Ikehara et al., 1990).
Hence, patients with serious autoimmune diseases can be
considered for high-dose immunosuppression followed by
hematopoietic stem-cell transplantation (HSCT) (Marmont
et al., 1997; Tyndall et al., 1997; Ikehara, 1998). This 
strategy was initially based on clinical observations in
patients with malignancies and concurrent autoimmune dis-
eases (McAllister et al., 1997), as well as results of HSCT
in experimental models (Karussis et al., 1992; 1993; van
Bekkum, 1998). The latter showed that all types of HSCT,
whether allogeneic or autologous, may induce high remis-
sion rates provided adequate conditioning regimens are
administered. For example, excellent results were obtained
in murine models of spontaneous autoimmunity such as
autoimmune diabetes in the NOD mouse or BB rat, and
lupus in (NZB ¥ NZW) F1 mice (Ikehara et al., 1985). The
mechanisms involve both central and peripheral chimerism.
Although successful, the strategy is however hardly applic-
able in humans, due to the hazards associated with condi-
tioning regimens and potential GvHD disease.

More attention has been given in serious autoimmune
diseases to transplantation of autologous bone-marrow-
derived stem cells, with the initial aim to induce very deep
immunosuppression by reason of the protection afforded by
bone marrow cell reconstitution, to reduce the disease activ-
ity, or even provide a cure. Other modes of action may be
operative, such as the resetting of immunoregulatory cir-
cuits. Thus, regulatory T cells may recover before effector
cells, or benefit may come from the initial elimination of the
latter. There is also the possibly useful role of granulocyte-
colony-stimulating factor (G-CSF), usually administered
pretransplant to mobilize stem cells or post-transplant to
accelerate reconstitution, which could be beneficial by
downregulating effector cells as shown for NOD mice
(Kared, 2004) and mice with EAE (Zavala et al., 2002).

The First International Symposium on Haemopoietic
Stem Cell Therapy in autoimmune diseases took place in
1996 (Tyndall et al., 1997), and inaugurated collaborations
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including publication by the European Group for Blood and
Marrow Transplantation (EBMT), European League Against
Rheumatism (EULAR), and the European Charcot Founda-
tion of consensus reports of guidelines for autologous HSCT
in autoimmune diseases, and for reports by participating
centers on their results to the EBMT registry.

The source of the stem-cell transplant is mostly mobi-
lized cells from peripheral blood, as these appear to afford
a faster and more complete recovery compared with bone-
marrow-derived stem cells. Mobilization of blood stem cells
is performed using cyclophosphamide in combination with
hematopoietic growth factors, G-CSF alone, or combined
with GM-CSF. According to different studies, the grafts 
are either purged of mature T cells, which may contain
autoreactive effectors, by selection of CD34+ cells with or
without additional MAb-dependent T-cell-depletion, or are
not manipulated. Pretransplant conditioning regimens, for
which the aim is to ablate as completely as possible the 
diseased (autoreactive) component of the immune system,
include chemotherapy-based regimens, such as BEAM
[BCNU (carmustine), etoposide, cytarabine, melphalan],
cyclophosphamide with or without antilymphocyte globu-
lins and with or without other drugs, or total body irradia-
tion and busulfan.

Recent reports provide a conspectus of results on HSCT
in rheumatic diseases and MS. Farge et al. reported on 57
patients with systemic sclerosis in European phase I/II
studies from 1996 to 2002, with a response in two-thirds of
these over a follow-up of 36 months, which was durable and
with an “acceptable” morbidity/mortality risk (Farge et al.,
2004). At 5 years, the progression probability was 48% and
the projected survival was 72% (Farge et al., 2004) leading
to randomized trials now in progress. In another report, Van
Laar and Tyndall reviewed the results of recent phase I/II
studies and data from the EBMT/EULAR registry on more
than 400 patients with autoimmune diseases including RA,
SLE, systemic sclerosis, and juvenile idiopathic arthritis
(Van Laar and Tyndall, 2003). Treatment-related mortality
was low in RA (1.4%) but relatively high (>10%) in patients
with juvenile idiopathic arthritis, SLE, and systemic sclero-
sis, possibly related to visceral involvement. With the appli-
cation of uniform and strict criteria, safety has improved.
Long-term remissions of up to 4 years have been observed
in systemic sclerosis and juvenile idiopathic arthritis, while
relatively more relapses have occurred in patients with SLE
and RA although sensitivity to antirheumatic drugs was
restored in these patients thus resulting in improved disease
control (Van Laar and Tyndall, 2003). Data from a multi-
center retrospective study assessing autologous HSCT in the
treatment of poor-risk patients with MS (Fassas et al., 2002)
indicated possible benefit as judged by a confirmed 
progression-free survival probability of 74% at 3 years post-
transplant; progression-free survival rates were higher in
patients below 40 years of age (89%) and for those not suf-
fering from permanent progressive MS (78%). Treatment-
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related mortality was high (6%), though not significantly
different from that after autologous HSCT in lymphoma. It
remains to be determined what level of risk is acceptable for
patients with an autoimmune disease that is seldom life-
threatening. In fact, autologous HSCT seems justified only
if this will confer a clear-cut benefit compared with what can
be achieved by existing treatments.

Cell Therapy and Gene Therapy

Cell Therapy

The culture in vitro of specialized subsets of immune
cells that can be re-infused into a subject with an auto-
immune disease is another emerging therapy that has bene-
fited from experience with tumor immunology. Two cell
types in particular have elicited interest—tolerogenic den-
dritic cells and regulatory T cells.

Dendritic cells are potent stimulators of immune
responses but, when appropriately manipulated in vitro,
express powerful tolerogenic properties shown by suppres-
sion in vivo of alloimune and autoimmune responses.
Several factors influence this tolerogenic capacity of den-
dritic cells, including the precise subset of dendritic cell 
considered, and the degree of differentiation/maturation:
immature or “semi-mature” dendritic cells are tolerogenic
whereas mature dendritic cells are immunogenic. Several in
vitro procedures have been described to derive tolerogenic
dendritic cells, including treatment with CTLA-4Ig 
(Ben-yedidia et al., 1999), IL-10 (Takayama et al., 1998),
vitamin D3 (Adorini, 2004), or TGF-b (Alard et al., 2004).
The cellular and molecular mechanisms that drive the 
modulatory capacity of such tolerizing dendritic cells vary,
depending on the model, and although only partly under-
stood, these mechanisms mostly rely on a capacity to trigger
states of peripheral tolerance, either anergy, immune devia-
tion, or the induction of regulatory T cells.

The culture of regulatory T cells is another option.
According to recent data, in vitro expanded CD25+ regula-
tory T cells were highly effective in reversing established
diabetes in NOD mice (Bluestone and Tang, 2004; Tang et
al., 2004).

Gene Therapy

It is tempting to treat autoimmune diseases by adminis-
tration of immunoregulatory cytokines. Although there have
been some data from experimental models including use of
IL-4 and IL-10 in NOD mice (Rapoport et al., 1993) and IL-
10 in EAE (Rott et al., 1994), clinical application appears
problematic with the possible exception of IL-10 in Crohn’s
disease (Tilg et al., 2002).

An alternative way of administering recombinant pro-
teins or autoantigens is based on the principles of gene
therapy with the advantage of a targeted delivery of high
amounts of the selected therapeutic protein.
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Gene therapy has successfully been used in several set-
tings for the treatment of autoimmune diseases in animal
models. Transduction with genes for regulatory cytokines,
notably IL-4 (Yamamoto et al., 2001), IL-10 (Moritani et al.,
1996), and TGF-b (Piccirillo et al., 1998) has been shown
to protect mice from autoimmune diabetes (NOD), and also
from EAE (Tarner et al., 2003). In some cases, immune cells
were transduced, with the idea that these cells would deliver
the cytokine in situ after they had homed to the target organ
(Tarner et al., 2003; Yamamoto et al., 2001). It has also been
possible to inhibit the progression of advanced diabetes 
in NOD mice by genetic induction of large amounts of an
intracellular adhesion molecule (ICAM-1) fusion protein
(Bertry-Coussot et al., 2002).

The difficulties associated with clinical application of
gene therapy are considerable. These include the selection
of an efficacious and safe vector, long-term maintenance of
the expression of the transduced gene, difficulties in con-
trolling the amount of protein produced with risks of uncon-
trollable hyperproduction, and uncertainty about the site of
delivery of the expressed protein (see Bottino et al., 2003
for review). Ingenious procedures are being developed in
genetic diseases, and in cancer, where the need for gene
therapy is urgent. Perhaps only when the problems are
solved in these settings will gene therapy become applica-
ble to human autoimmune diseases. Meanwhile use should
be encouraged in animal models of autoimmunity to provide
original information on disease mechanisms and prepare for
future clinical applications.

There are as yet early experimental studies aiming at pro-
moting target cell reconstitution, applicable to islet cells in
diabetes, by antecedent administration of precursor cells and
subsequent genetic manipulation to commit them to the b-
cell lineage. There is a double caveat: the intrinsic difficulty
of the procedure, and the likelihood of relapse of the auto-
immune process on newly generated cells (Bottino et al.,
2003).

CONTRASTED APPLICATIONS 
OF EMERGENT 

IMMUNOTHERAPIES IN HUMAN
AUTOIMMUNE DISEASES

It may seem surprising that the emergent therapies dis-
cussed above are not in fact being applied to various auto-
immune diseases, but there are some good reasons for this.
First, some autoimmune diseases are antibody-mediated
(e.g., SLE or myasthenia gravis) whereas others are T-cell-
mediated (e.g., type 1 diabetes and psoriasis). Of course B-
cell-targeted therapies should be limited to the former and
T-cell-targeted strategies more to the latter; this is not
absolute, however, since antibody production requires T-cell
help, and T-cell responses may depend on B-cell-mediated
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antigen presentation. Second, primary effector mechanisms
vary considerably among autoimmune diseases since TNF
appears to be of crucial importance in RA and Crohn’s
disease, whereas CD4+ and CD8+ T cells are main effectors
in type 1 diabetes. Third, some autoimmune diseases will be
more used to establish proof of principle because of their
easy qualitative and report readout, as for psoriasis, which
is often selected for phase I study even though not qualify-
ing as a bona fide autoimmune disease and perhaps not 
truly representative of all autoimmune diseases. Rheumatoid
arthritis is often primarily selected because of the large con-
sumer market it represents even though it is a very difficult
disease for early evaluation of drug efficacy, and also is not
necessarily representative of other autoimmune diseases at
the pathophysiologic level. On the other hand, trials in MS
can only provide significant data after laborious long-term
study, although the introduction of MRI has accelerated and
improved the clinical evaluation.

All these issues point to differences among the various
autoimmune diseases. It is necessary, though, to consider the
following points: that IFN-b has essentially been developed
for treatment of MS, but its immunomodulatory properties
could probably benefit patients with other autoimmune dis-
eases; that anti-TNF antibodies have so far been used in RA,
spondyloarthropathies, Crohn’s disease, and more recently
psoriasis, yet this cytokine is probably involved in many
other autoimmune diseases; and that anti-T-cell antibodies
have been used in a rather limited fashion (e.g., anti-CD3 in
type 1 diabetes, anti-CD52 in MS and RA, anti-CD4 in RA),
although T cells are involved in the majority of autoimmune
diseases.

Similar comments can be made for other agents: CTLA-
4Ig has been limited to use in psoriasis and RA, LFA3-Ig to
psoriasis, anti-CD25 to uveitis, and anti-VLA-4 to MS and
Crohn’s disease, even though there is no logical reason
whatsoever for the preferential usage of these agents in any
of these diseases.

One, therefore, hopes that, despite the commercial or
ethical difficulties connected with the application of these
biologic therapies in a multitude of diseases, the remarkable
results achieved should ensure that these effective agents
become accessible to all patients who could benefit from
them.

WHAT ARE THE PERSPECTIVES FOR
THE FUTURE?

In addition to policies based on disease severity (risk-to-
benefit ratio), the overall policy will vary according to the
phases of progression of a particular disease and the per-
ception of urgency at the onset of the autoimmune response.
When there is urgency, as pertains in the case of recently-
diagnosed type 1 diabetes or MS, the hope is that the auto-
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immune destruction can be halted before irreversible lesions
develop. This is not done at present because patients with
MS are usually given high-dose corticosteroid treatment at
the time of diagnosis, which may not be optimal. Patients
with type 1 diabetes are not given any immunotherapy
because of the availability of a substitutive treatment,
insulin. Here, anti-T-cell MAb, of which the most promis-
ing is anti-CD3, is an attractive approach: anti-CD3 acts
rapidly (within 24 hours) and the effect is long-lasting after
a short therapeutic course (Herold et al., 2002; Keymeulen
et al., 2005).

When inflammation is more prominent, consideration
should be given to new anti-inflammatory methods exem-
plified by MAbs to TNF or IL-1 RA. It should be realized,
however, that these methods of countering inflammation
have only short-term effects and should supplement rather
than replace the many other approaches discussed above,
notably in RA.

When the autoimmune disease exposes the patient to a
lethal risk, or major morbidity, examples being MS, very
severe SLE, vasculitis, or rapidly progressing juvenile RA,
high-risk treatments must be considered such as high-dose
nonspecific chemical immunosuppression associated with
autologous bone marrow transplantation.

At the end of this discussion it may be wondered 
where precisely therapy with corticosteroids and chemical
immunosuppressants fits in for the management of autoim-
mune disease. Currently, these drugs still represent the best-
established method of managing an autoimmune disease,
particularly so for corticosteroids, which are still impossible
to replace in many autoimmune diseases. However, their
lack of specificity for the underlying autoimmune res-
ponses, and the exposure of patients to the risks of over-
immunosuppression and direct drug toxicity should lead to
a progressive reduction in their usage. As a conclusion, it is
hoped, if not anticipated, that emergent therapies based on
the progress of biotechnology, including gene and cell
therapy, will progressively complement and perhaps replace
conventional treatments. The rapidity with which anti-TNF
antibodies have become accessible to patients with RA and
Crohn’s disease is more than encouraging. Nevertheless,
there are still numerous problems concerning the develop-
ment and evaluation of the various drugs being studied. The
multitude of these drugs and their potential clinical applica-
tions are remarkable. Major efforts should be made to iden-
tify the best applications and promote their development for
the benefit of patients beyond commercial constraints.
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WHY IS AUTOIMMUNITY STILL IN
SUCH A MUDDLE?

It is a challenging privilege to conclude The Autoimmune
Diseases, 4th edition by setting out what remains unknown.
Perhaps a scientist who is not at the center of autoimmunity
might be hesitant in listing gaps in knowledge that must be
painfully obvious to those in the field. But, as befits the title,
I will argue that we remain in a state of deep ignorance 
concerning the nature of autoimmunity and its induction,
maintenance, and effector mechanisms. We are even uncer-
tain of where the perimeters of autoimmune disease begin
and end.

It is sometimes argued that scientists should mount a
frontal attack on the so-called “big questions.” In biology,
this approach is rarely successful, and often delusional. I
doubt whether many immunologists realized just how
complex the question of tolerance would turn out to be. The
“military concept” of a frontal attack seems eerily reminis-

cent of the ubiquitous “mission statement” that is currently
so fashionable in the business world. It usually fails because
essential but apparently unrelated information is missing, or
simply because the necessary technology is not yet avail-
able. The time has to be ripe. Technological progress may
make a question suddenly tractable, as witnessed by the
occasional simultaneous appearance of a batch of papers on
the same hitherto intractable subject. Sometimes major
advances are unexpected, unplanned, and even initially
unbelievable, coming as the result of asking a totally differ-
ent question. Such was the case for the discovery of the rel-
evant autoantigen of myasthenia gravis—the acetylcholine
receptor (Patrick and Lindstrom, 1973; Lennon et al., 1975).

WHAT WE DO KNOW

Many of the central questions in immunology have been
answered. The clonal selection theory continues to underpin
our thinking. It has been intermittently under attack, but not
fatally (Melchers, 2004). The revolutions that have flowed
from the discovery of T and B cells, MHC restriction, and
DNA rearrangements to create receptor genes seem com-
fortably embedded in the past. We now have a fairly clear
idea of the mechanisms of antigen recognition by both B-
and T cells, and of the genetic mechanisms by which clonal
diversity is achieved. It might, therefore, be felt that
immunology has reached maturity, and that the functioning
of the immune system is reasonably well understood (see
Chapter 2). Yet even this would be an overstatement. A
glance backwards for just a few years will reveal that
immunology is continuing to undergo quite revolutionary
changes. Indeed, the rate at which discoveries are being
made makes it clear that we should expect more radical 
discoveries to be just around the corner.

: What is not known about
Autoimmune Disease
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Let me take some examples. First, suppressor T cells
have reappeared, renamed “regulatory T cells.” This is a
most unfortunate term, because all T cells are regulatory. We
still need to ask what regulates the regulators. If all that this
population does is suppress, we should “bite the bullet” and
call them suppressors, and hope that we are on more solid
footing the second time around (Shevach, 2004; Schwartz,
2005; von Boehmer, 2005). But clearly, for the present, there
are many unknowns regarding regulation and the T cells
contributing to it (see Chapter 9).

Second, the innate immune system that until a few years
ago was seen as “yesteryearish” and boring, has suddenly
become the focus of renewed interest and excitement. It has
been found to possess a recognition system of sophistication
far greater hitherto imagined (Janeway and Medzhitov,
2002). Moreover, in hagfish, the “innate” system has a
diversification system involving DNA rearrangements that
previously appeared to be exclusive to the adaptive immune
system in vertebrates (Pancer et al., 2004). Is this really 
an adaptive system rather than a “fixed” system, and has
nature invented adaptive immunity twice? It is too early 
to say whether similar gene rearrangements occur in 
vertebrates.

Third, the renewed interest in the innate immune system
has forced us to rethink some cherished concepts. The
intractability of the problem of autoimmunity reflects our
incomplete understanding of the normal functioning of the
immune system, particularly how immune responses are 
initiated and how mechanisms of self-tolerance operate–
opposite sides of the same coin. It is now apparent that mere
recognition of antigen by lymphocyte surface receptors is
insufficient to activate the adaptive immune system: it 
needs a “kick start” from the innate system (Medzhitov and
Janeway, 1999). Given the well-documented existence 
of self-reactive albeit low avidity T and B cells in normally
healthy individuals, this is just as well (Andre et al., 
1996).

WILL THE “REAL” AUTOANTIGEN
PLEASE STAND UP?

Autoimmune processes can be analyzed with much
greater clarity if they are divided into initiation, mainte-
nance, and effector mechanisms. But let us begin by con-
sidering autoantigens, which must be common to all three
stages.

The topic of autoimmunity has no shortage of antigens.
In most cases, it is not clear whether any individual autoanti-
gen is involved in the pathogenesis of the associated disease,
or is merely an innocent bystander. A “real” autoantigen
would be one wherein there is definitive evidence that
autoimmune attack against it causes disease in humans,
either as an initiator or a final target or both.
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This requirement is most readily met for diseases in
which the damage is mediated by antibodies, such as those
demonstrable in myasthenia gravis, Graves’ disease, autoim-
mune hemolytic anemia, autoimmune thrombocytopenic
purpura, pemphigus vulgaris, and various more uncommon
diseases, including those associated with autoantibodies to
growth factors such as granulocyte/macrophage colony-
stimulating factor (Trapnell et al., 2003) and erythro-
poietin (Guest and Levitt, 2003), and the folate receptor
(Ramaekers et al., 2005). On the other hand, the “real” anti-
gens that determine tissue damage in many common human
autoimmune diseases including type I diabetes mellitus, sys-
temic sclerosis, rheumatoid arthritis, and multiple sclerosis
remain unidentified, and the relevance to human disease of
autoantigens identified or studied in corresponding animal
models remains uncertain.

The technology required to identify antigens that are rec-
ognized by autoantibodies is well established and relatively
straightforward. In marked contrast, the identification of
autoantigens recognized by T cells is very much more of a
challenge, particularly for those that are restricted by MHC
class I and recognized by CD8+ T cells. In particular, the
entire role and activities of CD8+ T cells in autoimmune
disease is near to a “closed book.” Numerous T-cell antigens
that are centrally involved in pathogenesis probably remain
to be identified, and many mysteries of autoimmunity prob-
ably stem from this technological difficulty.

What should we make of the plethora of serologically
detectable autoantigens, many of which are intracellular?
These reactivities have considerable utility as diagnostic
markers, but do they have anything to do with pathogenesis?
It is possible to have high levels of many such antibodies
and yet be perfectly healthy. Could they merely represent
fortuitous cross-reactions with the “real” antigen? Claims
that antibodies can penetrate cells and cause damage by
binding to intracellular autoantigens remain perennially con-
troversial. The main reason why T cells are so important for
defense of the body is because every cell in the body 
displays on its surface in the MHC groove a more or less
random sample of all the proteins that the cell is making.
This allows T cells to “see inside” other cells, while B cells
and antibodies cannot, and is only possible because of a very
complex set of mechanisms involving intracellular proteo-
lysis, transport of peptides across cell membranes, and
machinery to load the MHC groove with endogenous or
exogenous peptides.

It is interesting but poorly understood why so many 
intracellular autoantigens recognized by autoantibodies are
multi-subunit proteins or protein/nucleic acid complexes.
The conventional explanation, which seems convincing, is
that the entire multimeric complex is dragged by one subunit
into an antigen-presenting cell, perhaps via the membrane
immunoglobulin receptors of B cells that are part of the
inflammatory component of autoimmunity. Endocytosis is
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followed by fragmentation and presentation of peptides
from all subunits in the groove of class II MHC molecules
on the B-cell surface, ultimately leading to activation of
additional helper T cells and consequent “epitope spread-
ing.” In many such instances where there are autoantibod-
ies to intracellular molecular complexes, the disease process
is multiorgan and multisystem, and may reflect the relatively
nonspecific inflammatory effects of circulating antigen/
antibody complexes.

Sometimes an autoantigen is ubiquitous, yet the tissue
damage is localized to discrete tissue sites. The most dra-
matic example is primary biliary cirrhosis (Ichiki et al.,
2004; see Chapter 54). It is very difficult to see how the
antimitochondrial antibodies could be involved in patho-
genesis of highly localized tissue damage affecting bile
ducts alone. Is the “real” antigen something else? Or are the
tissues and cells that are damaged unusually susceptible to
some form of effector phase?

INDUCTION OF AUTOIMMUNITY

The strong association of almost all, or perhaps even all,
autoimmune diseases with particular HLA alleles is a very
clear pointer towards a primary involvement of T-cells in 
the initiation of disease (see Chapter 20). It also strongly 
suggests that autoimmunity must be initiated by a single
antigen, or at the most by a very small number of antigens
that bind preferentially to the relevant HLA allelic product.
However, even for diseases with the highest risk HLA
alleles, penetrance of risk is incomplete, and the great major-
ity of individuals with the high risk allele do not develop
autoimmune disease. Why? It seems all too easy to invoke
environmental factors. Incomplete penetrance could result
from other mechanisms, such as low probability pathogenic
somatic mutations. Somatic mutations are now extremely
well documented as playing a causative role in cancer, and
the time-dependent buildup of somatic mutations is widely
accepted as explaining the dramatic increase in the incidence
of cancer with aging. A similar process may well be a part
explanation for the age-specific increase in incidence of
certain autoimmune diseases. Autoimmune disease does
occur in younger age groups, but so does cancer. Somatic
mutations are a normal physiologic process in B cells during
affinity maturation in secondary responses. They do not
seem to be involved in normal T-cell development, but I 
can see no reason why pathogenic somatic mutations could
not occur in lymphocytes in a similar way to those that 
cause cancer in any somatic cell type. We are just beginning
to see evidence in support of a role for somatic mutations 
in autoimmunity, and it seems very likely that many more
examples will be found in the next few years (Clementi 
et al., 2004; Holzelova et al., 2004; Puck and Straus, 
2004).
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Mutations in the germline are easy to detect because they
are amplified by massive cell division. Cells are extremely
small; there are extremely large numbers of them, and muta-
tions are rare events that take place in single cells. Accord-
ingly, the vast majority of somatic mutations would not be
expected to have detectable biologic consequences. It has
been reasonably argued that the only way that somatic muta-
tions would reveal themselves would be if they caused
cancer or autoimmunity. The “Clonal Selection Theory”
introduced the concept of the “forbidden clone” as a general
explanation for autoimmunity. This hypothesis was formu-
lated long before the mechanisms of receptor diversification
were understood or even imagined, and it now seems likely
that the great majority of initially arising receptor specifici-
ties are forbidden (i.e., autoreactive). Such clones could
persist due to failure of deletion, or could arise de novo by
somatic mutation.

Somatic mutations in genes for lymphocyte receptors for
antigen are obvious candidates to make them autoreactive.
However, the appeal of this simple hypothesis is greatly
diminished by the clear evidence that autoreactive T and B
cells are widespread in the body, yet most of the time they
do no damage. The term “forbidden clone” has disappeared
from the lexicon, although it does aptly describe the 
regulation-resistant memory-type “autoaggressive” T cell
characteristic of organ-specific autoimmunity.

Mutation of genes encoding receptors for antigen is not
the only way in which somatic mutations could cause
autoimmunity. Somatic mutations in genes encoding any of
the pathways involved in immune responses, such as co-
stimulatory molecules, regulation of apoptosis, or signaling
pathways in lymphocytes or antigen-presenting cells, could
lower the threshold of activation and thereby cause the
development of a destructive effector phenotype.

There is considerable evidence, both in humans and 
in mice, that autoimmunity can be the result of an unfavor-
able genotype caused by inherited germline mutations that
affect the threshold of lymphocyte activation (Bach, 2005;
Lang et al., 2005; McGaha et al., 2005). Such germline
mutations might be expected to be expressed in large
numbers of cells and cause generalized disease such as 
systemic lupus erythematosus (SLE) by inducing polyclonal
activation. I can see no reason why a similar process could
not occur for somatic mutations that lower the activation
threshold in individual T or B cells. Because the specificity
of lymphocytes is clonally distributed, such somatic muta-
tions would be expected to cause antigen-specific tissue
damage.

If, as I strongly suspect, a rogue T-cell clone is the most
common cause of autoimmunity, how could such a clone be
identified? It will probably be necessary to enrich for the
culprits, but this will not be easy. I envisage the initiating
event to be a single adverse mutation in a single cell,
although a multistep process similar to oncogenesis is also
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possible. It is clear that the infiltrating population of attack-
ers in naturally occurring autoimmunity is not monoclonal,
perhaps due to recruitment of other T- and B-cell clones and
resultant epitope spreading. Will “rounding up the usual sus-
pects” be sufficient to apprehend the culprit? What seems to
be required is a massive program of amplifying, cloning, and
sequencing cDNA from enriched populations. Sequencing
of genes for antigen receptors has generally been unreward-
ing. A more promising target may be the numerous genes
encoding molecules involved in setting their threshold of
activation, such as kinases, phosphatases, and many others.
Such a brute force approach may seem inelegant, but at least
it is now technically feasible. If the abundance of particular
mRNAs in these pathways change in a selective way,
microarrays might help focus the search, but the final answer
will probably come from DNA sequencing.

What about environmental factors as an explanation of
the incomplete penetrance of high-risk HLA alleles? In 
spite of massive searches for a “smoking gun,” there are
extremely few instances where an environmental villain has
been unmasked at a molecular level. We have known for
well over half a century that beta hemolytic streptococci
cause rheumatic fever. Some progress has been made in
identifying the relevant microbial antigen molecules (see
Chapter 62), but we still have a very inadequate under-
standing of how these proteins trigger autoimmunity, and we
have even less understanding of the mechanism of damage
to the heart. It seems quite unlikely that it is due to anti-
bodies. The case for an environmental trigger is also strong
for spondylarthropathies including reactive arthritis, but the
molecules and mechanisms by which autoimmunity is trig-
gered are not understood at all (see Chapter 33).

A rare but fascinating example of what is almost certainly
autoimmunity provoked by an external antigen is the case
of pure red cell aplasia associated with autoantibodies to
erythropoietin that appear to have been provoked by therapy
with recombinant erythropoietin (Bennett et al., 2004). This
seems to be a case in which autoimmunity is induced by 
an external agent that is very closely related to self, but
which presumably has some critical differences that make 
it immunogenic. Possible candidates include aggregation,
which is known to increase immunogenicity, and oxidation
damage, which could render the protein “non-self.” It may
be significant that changes in the preparation and storage of
recombinant erythropoietin to minimize damage by aggre-
gation and oxidation seem to have reduced the incidence of
such autoimmune reactions. It seems unlikely that the case
of pure red cell aplasia points to any general principle
regarding the provoking of autoimmunity by an external
antigen that is closely related to “self” because it is possi-
ble to make anti-allotype antibodies that are specific for an
allelic product of self that differs by only a single amino
acid, and yet these antibodies do not react with the “self”
allele (Warner et al., 1977; see below).
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The case in which an environmental factor in a naturally
occurring autoimmune disease seems best understood at the
molecular level is celiac disease (McManus and Kelleher,
2003; see Chapter 51). Peptides from the wheat protein
gliadin bind to the relevant HLA class II allelic products,
triggering T-cell activation and thereby initiating local
disease in the duodenum. The gliadin peptides are covalently
modified by tissue transglutaminase, increasing their affin-
ity of binding to the relevant HLA molecules. Transglutam-
inase is a serologically detectable autoantigen in the disease,
although it is not clear whether it also represents an impor-
tant target in the effector phase. The identification of an
environmental trigger for celiac disease raises hopes that
other autoimmune diseases may likewise have identifiable
environmental triggers. In the vast majority of other cases,
the initiating antigen for autoimmune disease remains
unknown, and it is not even clear whether it is environmen-
tal, or intrinsic to the patient.

Returning to celiac disease, this is not without difficul-
ties as a general model for induction of autoimmunity. Is it
a true autoimmune disease or merely an example of cell-
mediated hypersensitivity to foods? There is little evidence
that such autoantibodies or T-cell reactivity to transglutam-
inase are involved in generating tissue damage.

A similar mechanism to that of celiac disease, also
involving covalent post-translational modification of self
proteins and peptides, has been proposed for rheumatoid
arthritis, where some autoantigenic peptides have been
found to have a covalent modification involving conversion
of arginine to citrulline (Meyer, 2004). However, the case
for involvement of this process in pathogenesis of the
disease is less clear than for celiac disease, even though with
refined assays the specificity of autoantibodies to cyclic cit-
rullinated peptides is remarkably high (Rantapaa-Dahlqvist
et al., 2003).

Does inflammation play a role in initiation of autoimmu-
nity? The hypothesis is attractive because the activation of
the innate immune system induces inflammation and matu-
ration of dendritic cells, which are key events in the initia-
tion of immune responses. This concept has been given
many colorful names, particularly the “danger hypothesis”
(Matzinger, 1994). The need for adjuvants to provoke strong
immune responses is probably a reflection of the same
requirement, which Janeway has termed “immunologists’
dirty little secret” (Medzhitov and Janeway, 1999). To some
extent these terms have been overtaken by a more precise
understanding of the role of dendritic cells and Toll-
like receptors in the initiation of T-cell responses (see
Chapter 4).

Activation of lymphocytes must occur in stages. In some
mouse models of type I diabetes mellitus, pancreatic islets
become surrounded by a cuff of lymphocytes without any
apparent damage. A distinct additional signal or event 
seems to be required for them to enter the islets and destroy
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them. Is activation of the innate immune system and inflam-
mation all that is required to change “sleeper” autoreactive
T cells into active assassins (Poirot et al., 2004; Lang et al.,
2005)?

Inflammation is clearly not a general provoker of auto-
immunity. A popular hypothesis is that autoimmunity results
from a combination of an inflammatory stimulus and a 
high-risk genotype. This is unlikely to be the complete
answer, because all individuals with “high-risk” HLA alleles
will encounter injuries and infection throughout life, yet few
will develop autoimmunity. On the contrary, the “clean 
environment” of modern Western life is associated with
rising incidence of autoimmune disease (Feillet and Bach,
2004). Similarly, nonobese diabetic (NOD) mice are 
highly prone to type 1 diabetes mellitus caused by auto-
immune destruction of their pancreatic beta cells, but, con-
trary to the danger hypothesis as a cause for autoimmunity
(see above), the cleaner the mice, the higher the incidence
of diabetes (Zaccone et al., 2004). Moreover, the provoca-
tion of autoantibodies to erythropoietin by the recombinant
hormone seems to have occurred in the absence of any adju-
vant or obvious inflammatory stimulus (Bennett et al., 2004;
see above).

In summary, we can say with confidence that HLA anti-
gens and T cells must be of primary importance in the induc-
tion of autoimmunity. We must acknowledge our ignorance
concerning the role of environmental triggers and inflam-
mation. We can suspect that somatic mutations in T cells that
influence specificity by setting the threshold of activation
may provide an explanation for the incomplete penetrance
of the known genetic risk factors.

MAINTENANCE OF AUTOIMMUNITY

Is autoimmunity antigen-driven? This would seem to be
the case in general, and certainly for celiac disease where
removal of gluten from the diet results in the intestinal
mucosa returning to normal: but is this autoimmunity? The
widely assumed premise that most cases of autoimmunity
are driven by endogenous antigen is supported by fading
levels of autoantibodies in organ-specific diseases when the
relevant autoantigen is completely eliminated (“burn out”)
as exemplified by thyroiditis, gastritis, and type 1 diabetes,
but in other examples definite proof of autoantigen require-
ment is lacking. For B cells at least, there is a further reason
to believe that the process of autoimmunity is autoantigen-
driven, because autoantibody-secreting B cells usually have
mutated antibody genes that are typical of antigen-driven
secondary responses. The situation for T cells is less clear,
but lesions do depend on the presence of T cells of the 
“activated/memory” phenotype.

The ideal experimental model to test whether autoimmu-
nity is driven by endogenous antigen would be a disease in
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which all the tissue bearing the relevant autoantigen could
be removed without killing the animal. The “classical”
experiment that is frequently cited in this regard is that of
Triplett (1962), in which removal of the pituitary from
embryonic frogs was claimed to prevent the induction of tol-
erance to this organ, as evidenced by rejection of autologous
pituitary grafts after the frogs had matured. In view of its
potential importance, it is remarkable that it took 20 years
before attempts to repeat it were made, and it was found to
be irreproducible (Rollins-Smith and Cohen, 1982).

In mice, some organs that are subject to autoimmune
attack are not required for life, such as the ovary, thyroid, or
even the stomach. They could be removed and life main-
tained. Two key questions could be asked. If a mouse had
evidence of an autoimmune attack against an organ, and that
organ were completely removed, would the autoimmune
process fade away? Even if it did, would autoimmune
memory cells persist? And if the relevant organ were
removed sufficiently early in life, would this prevent the
development of autoimmune attack against that organ?
Suppose, for example, that NOD mice that have begun 
to produce autoimmune attack on the pancreatic islet cells
were pancreatectomized and maintained on insulin, would
the autoantibodies disappear? And would they return if the
mice were reconstituted with syngeneic pancreas at a later
stage?

But would removal of the organ that bears the brunt 
of immunologic attack be enough to remove all the sites 
of antigen expression? Probably not, because low-level
“ectopic” antigen expression in other tissues is very
common. Ectopic antigen expression may even help estab-
lish and maintain self-tolerance, particularly if it is in the
thymus or the bone marrow, or possibly anywhere, 
since regulatory T cells can be induced peripherally (see
Chapter 9). Many self antigens are expressed at low levels
in the thymus, driven by the AIRE (autoimmune regulator)
gene, and germline mutations of this gene cause auto-
immunity (Chapters 37 and 38; Finnish-German APECED 
Consortium, 1997; Nagamine et al., 1997; Ramsdell and
Ziegler, 2003).

EFFECTOR MECHANISMS 
IN AUTOIMMUNITY

The instances where the mechanisms of tissue damage
are well characterized are almost entirely confined to anti-
body-mediated effects. These are generally diseases where
the “real” autoantigen is clearly defined, such as myasthe-
nia gravis, Graves’ disease, autoimmune hemolytic anemia,
autoimmune thrombocytopenic purpura, acquired hemo-
philia, and pemphigus vulgaris. In a few cases, auto-
antibodies have been found to neutralize growth factors 
such as erythropoietin or granulocyte-macrophage colony-
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stimulating factor, presumably by direct binding, which pre-
vents their association with the cognate cellular receptors.
Antibodies may mediate damage by direct binding, activa-
tion of complement, facilitation of phagocytosis, or a com-
bination of these. We also have some, but still insufficient,
understanding of autoimmune tissue damage due to circu-
lating antigen–antibody complexes, such as lupus and
various forms of vasculitis (see Chapters 27, 28, 65).

However, much less clear are the instances where demon-
strable autoantibodies cannot be implicated as a cause of
damage, such as type 1 diabetes mellitus, primary biliary cir-
rhosis, and autoimmune hepatitis, and in some diseases of
suspected autoimmune etiology such as multiple sclerosis
where the role of autoantibodies remains controversial
(Berger et al., 2003; Hafler et al, 2005). There is consider-
able evidence that damage is mediated by the direct action
of T-cells, either as cytotoxic CD8+ T cells or by the secre-
tion of cytokines from CD4+ cells and probably CD8+ cells
as well. In nearly all these cases, the “real” antigen in
humans has not been definitively identified, nor has the
precise mechanism of tissue damage been established. We
know even less about the mechanism of tissue damage in
rheumatic heart disease, systemic sclerosis, rheumatoid
arthritis, or polymyositis.

Not all damage comes from antibody or T cells. Recent
evidence has pointed to a significant role for natural killer
(NK) cells in the destructive infiltration of the pancreatic
islets in NOD mice (Poirot et al., 2004). NKT cells also seem
to play a major role in downmodulating the susceptibility to
autoimmunity in some animal models, although evidence for
a role of these cells in human disease is far less clear
(Godfrey, 2000; Esteban et al., 2003).

WE STILL DON’T UNDERSTAND
TOLERANCE

Sometimes it is argued that “tolerance is dead,” and that
the key to understanding self/non-self discrimination lies at
the level of the dendritic cell and its state of activation. This
seems no more justified by the facts than Ehrlich’s often 
misinterpreted “horror autotoxicus” that came to be taken
to mean that autoimmunity was impossible.

There is abundant and very strong evidence that the initial
repertoire of specificity of T and B cells is random and,
therefore, includes anti-self specificities, and that many of
these are deleted in the thymus and bone marrow, respec-
tively, a process known as “central tolerance” (see Chapters
8, and 13). Few immunologists would doubt the existence
of this process. Equally well, most would acknowledge that
central mechanisms cannot be the whole story because it
seems unlikely that each and every self antigen is expressed
in the primary lymphoid organs, and there is good evidence
that some self-reactive cells slip out. There is also good 
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evidence for B cells that somatic mutations that drive affin-
ity maturation in secondary responses are likely to generate
anti-self reactivities (see Chapters 8, and 13). Mechanisms
of “peripheral tolerance” must exist to deal with these poten-
tial sources of autoimmunity.

There has been a tendency in recent times to downplay
the importance of structural differences between self and
non-self, and to emphasize other factors in making the
choice for the immune system of whether to respond or not.
I take the traditional view of non-self as being structurally
different from self, and that this is the main driving force for
immune responses.

At least in the case of B cells, the further the phyloge-
netic distance between self and non-self proteins the greater
the sequence divergence and the stronger the immune
response to them. The reason is obviously that the closer the
sequence of the antigen is to that of the corresponding self
protein, the greater the fraction of self-reactive cells that can
be silenced via self tolerance. The fact that it is sometimes
possible to generate autoantibodies to self proteins does not
negate this basic fact.

If there is any doubt about this point, consider the case
of IgM allotypes in the mouse. There are two allelic forms
of m-chain, which differ by only one amino acid in the con-
stant region, out of a total of 434 amino acids (Schreier et
al., 1986). Immunization of mice with IgM of the non-self
allele in the absence of adjuvants generates antibodies that
react with the non-self allele but not the self allele (Warner
et al, 1977). This tells us several things. It demonstrates the
ability of the immune system to discriminate between self
and non-self is extremely precise. It also tells us that the
lymphocyte repertoire does not respond to the self allele
when challenged with the non-self allele. If we accept the
notion that the activation signal delivered by helper T cells
to B cells is not antigen-specific, it follows that B cells with
specificity for the self allele must be either absent or
silenced.

The situation for T cells is considerably more complex,
because, when the antigen comprises living cells such as
transplanted organs or the mixed lymphocyte reaction, allo-
geneic interactions are generally stronger than xenogeneic.
However, these situations are highly artificial. Their rele-
vance to naturally occurring immune reactions is still
unclear, and the reasons for the strength of alloreactivity are
still not well understood.

There have been many experimental models of tolerance,
some with more rationale than others. One very popular
model, the rationale of which I have never understood, has
been the induction of “tolerance” by intravenous injection
of large doses of de-aggregated human IgG in mice. If these
experiments purport to reveal a universal truth, it would
seem logical that administration of high doses of mouse IgG
to humans would also induce unresponsiveness. This exper-
iment has been done unintentionally in countless attempts to
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use monoclonal antibodies as therapeutic agents. Adminis-
tration of large quantities of pure, de-aggregated endotoxin-
free mouse monoclonal antibodies to humans always
induces an anti-mouse response, in the absence of any overt
inflammatory co-stimulus. This is why therapeutic mouse
monoclonal antibodies must be humanized for successful
use as therapeutic agents. So much for the de-aggregated
IgG tolerance model.

Experiments in which autoantibodies can be induced by
immunization with self antigens almost always involves the
use of complete Freund’s adjuvant, and their relevance to
naturally occurring tolerance and autoimmunity must be
evaluated taking this into account. These experiments cer-
tainly prove that self tolerance can sometimes be broken
under extreme conditions, and that self tolerance is not
always complete (see below).

In recent years, the attention of many immunologists has
shifted from central tolerance to the periphery. One of the
most important recent insights has been the appreciation of
the central role of dendritic cells in the initiation of T-cell
responses. However, we should not forget that many other
cell types, notably B cells and macrophages, also play an
important role in presentation of antigen to T cells, albeit
perhaps more importantly once a primary response has been
established.

It is agreed that under some circumstances dendritic cells
can induce activation of T cells, while under others they can
induce tolerance. It has become orthodoxy to explain the
decision on the basis that encounter of the T cell with antigen
in the absence of costimulation from activated dendritic cells
leads to tolerance, while activation of dendritic cells induces
T-cell activation (Abbas and Sharpe, 2005). This model
seems too simplistic. To give one example of the inadequacy
of this model, recent work has shown that induction of T cell
tolerance by resting dendritic cells requires engagement of
the costimulatory molecules PD-1 and CTLA-4 on T cells
(Abbas and Sharpe, 2005; Probst et al., 2005). Much
remains to be learned about decision-making of activation,
non-response, or tolerance at the synaptic interface between
the dendritic cell and the T cell.

To summarize, the field of self/non-self discrimination
and tolerance abounds with paradoxes. The mere presence
of non-self is not necessarily sufficient for an immune
response to occur. There is abundant evidence that, in addi-
tion to the presence of antigen, activation of dendritic cells
is essential for the initiation of T-cell responses. And yet, the
strong human anti-mouse antigen response to mouse IgG in
the absence of adjuvants seems to argue that activation of
inflammation is not essential for initiation of immune
responses. This should not be taken to imply that activation
of the innate immune system is not important for initiation
of immune responses. There seems little doubt that inflam-
mation potentiates the induction of immune responses. This
is almost certainly a key factor in how adjuvants work.
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However, the role (if any) of inflammation in the induction
of human autoimmune disease is still unclear. Obviously, we
still don’t understand all the rules of the game.

SELF TOLERANCE IS NOT
ABSOLUTE, AND IS INCOMPLETE

The immune system evolved to produce a workable but
imperfect defense system involving a series of compromises
between the conflicting demands of destroying non-self but
not self. Given the enormous diversity of biologic structures
and the corresponding diversity of immune receptors, the
distinction between self and non-self cannot be absolute. It
must depend on choices based on thresholds of affinity of
recognition and setting the sensitivity of signaling mecha-
nisms to optimize survival for populations as a whole. In
genetically diverse populations it seems inevitable that 
some individuals will have these thresholds set too far at 
one or other extreme. A system capable of defending the
body against an almost infinite diversity of external 
threats would be expected to set the threshold for activation
at a level where some individuals would succumb to
autoimmunity.

There are many reasons why self-tolerance may be
incomplete. Sequestration of a particular self antigen away
from the immune system would be expected to result in
immunologic ignorance. Presentation of soluble antigens in
monomeric forms can induce anergy rather than deletion of
B-cells with cognate receptors. There is also no reason to
think that there would be evolutionary pressure to select 
for mechanisms of robust and unbreakable tolerance to self
antigens that are unlikely to cause trouble in most individu-
als. Accordingly, the numerous examples of induction of
autoantibodies by immunizing with autologous antigens in
complete Freund’s adjuvant do not invalidate the general
concept of self tolerance any more than the concept of
“horror autotoxicus” rules out the possibility of autoimmune
disease.

THE HOLY GRAIL: INDUCTION OF
ANTIGEN-SPECIFIC TOLERANCE

“. . . evolution is selecting . . . to maintain the probability
of debilitating autoimmunity acceptably low and of an
effective ridding response acceptably high. What medi-
cine is trying to do is alter these probabilities.” (Cohn,
2002).

The triumph of vaccination as a means to prevent 
disease is a reflection of the ease of turning on specific
immune responses. Much of this knowledge was obtained
empirically, with little understanding of the underlying
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mechanisms. Preventing or turning off immune responses
has been more challenging. Apart from tissue matching
involving ABO blood groups and HLA tissue antigens, there
have been very few instances where immunologic knowl-
edge has been successfully applied to implement antigen-
specific non-responsiveness in clinical medicine. The only
example that I can think of is in the prevention of Rh sen-
sitization of mothers at childbirth by the administration of
anti-Rh antibodies. This highly effective procedure has been
in use for many decades, but it is still not clear how it works.
It could be as simple as the rapid clearance of antigen from
the body before there is time for an immune response to be
activated, although more complex mechanisms have not
been ruled out.

Given all these uncertainties, it is not surprising that
treatment remains unsatisfactory. We still rely almost
entirely on drugs that suppress immune responses non-
specifically. The challenge facing treatment of auto-
immunity is to be able to prevent immune responses from
occurring in an antigen-specific way. This form of treatment
would be expected to have far fewer side effects than non-
specific immunosuppression. What are the prospects?

Antigen-specific intervention in autoimmune disease
seems most promising at the level of prevention. It has been
possible to prevent autoimmune disease in mice by express-
ing the relevant autoantigen in the thymus from early embry-
onic development (Alderuccio et al., 1993; see Chapter 39),
but it is difficult to see how this successful strategy could be
applied to autoimmune disease in humans. However, some
attempts are currently being made to prevent the onset of
autoimmune disease in high-risk individuals. For example,
clinical trials are under way to try to prevent type 1 diabetes
mellitus by intranasal administration of proinsulin. This
intervention seems to lack a convincing rationale, and there
is a risk that it could provoke the disease instead of pre-
venting it. Nonetheless, preliminary results are encouraging
(see Chapter 75).

Turning off an immune response that has already been
initiated is an even greater challenge. In the vast majority of
cases, once an immune response gets going, the only known
way to stop it is by nonspecific immunosuppression. Some
success in modifying ongoing immune responses has been
claimed in the area of desensitization for allergy, but this 
traditional procedure still requires examination in the
context of contemporary immunology. In any event, this is
a special case and its relevance to treatment of autoimmu-
nity is uncertain.

Wouldn’t it be wonderful if we could indeed turn off
autoimmunity by antigen-specific means? Success would
seemingly demand the identification of the “real” antigens
that are driving the process, finding a way to turn off the
response in an antigen-specific manner. However, the 
diseases in which we most wish to achieve this, such as 
multiple sclerosis, the “real” autoantigen remains unknown.

1092 Epilogue

Moreover, we still do not understand the rules that govern
whether encounter of a naïve or activated T-cell with
cognate antigen will be ignored, or will induce activation or
tolerance. Until we do, the induction of antigen-specific 
tolerance will remain a dream.

At the present time, the goal of cure or even amelioration
of autoimmune disease by antigen-specific means seems a
long way off, but it would be scarcely appropriate to 
conclude this book on a note of pessimism. The history of
medicine is littered with pronouncements that a seemingly
distant goal is “impossible,” but with the pronouncement
becoming refuted, sometimes not long after the pessimist
has spoken. It is now half a century since the first success-
ful renal transplant (Morris, 2004). An ability to induce
antigen-specific tolerance would revolutionize both trans-
plantation and autoimmunity. Given the current pace of
immunologic research, who can say that such a goal is
impossible?
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Acquired immunodeficiency syndrome, see HIV

infection
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levels, autoimmune Addison’s disease, 509
test, 508, 1037
therapy, multiple sclerosis, 626
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(Fig.), 734, 740

Activated partial thromboplastin time (aPTT)
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factor XII autoantibodies, 606
lupus anticoagulants, 389

Activation (of immune system), 27–28
lymphocytes, 1088–1089

second signal, 255–256
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T-cells

B7 molecule, 277
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peptide binding of MHC molecules, 49–50

Activation-induced cell death (AICD)
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interleukin-2 deficiency models, 340
SLE, 340, 361

Activation-induced cytidine deaminase (AID),
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Activator protein factors (AP-1), 85

rheumatoid arthritis, 427
Active immunization, see Immunization
Active plaques, multiple sclerosis, 619
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634–636
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635 (Fig.)

anti-ganglioside antibodies, 636
Acute phase proteins, 13, 927
Acute phase response, 927
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Crohn’s disease, 723
psoriatic arthritis, 443
rheumatoid arthritis, 430 (Table)

ADAMTS13 (vWF cleaving protease), 608
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Adaptive immune responses, 9, 13–19, 87, 88

(Fig.), 157–165, 249
cells mediating, 23–24

Adaptive regulatory T-cells, 87
‘natural’ Tregs vs, 51

AdBP/SF-1 transcription factor, adrenal cortex,
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Addison’s disease, 501, 503
autoimmune, see also Adrenalitis

associations, 515
autoantigens, 522 (Table)
diagnosis, 1037
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vascular, 237–239
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oral contraceptives and, 320
Adenine nucleotide translocator (ANT),
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Adenovirus 12, celiac disease, 700
Adhesins, pregnancy, 322
Adhesion molecules, 240, see also specific

adhesion molecules
antiphospholipid syndrome, 388
atherosclerosis, 894
inhibitors, see Natalizumab
multiple sclerosis, 622–623, see also

Experimental autoimmune
encephalomyelitis

interferon treatment, 625
rheumatoid arthritis, 427
Sjögren syndrome, 407
Th1 cell migration, 243
as therapeutic targets, 244, 1069
vascular endothelium, 10

4.1-thymocytes, NOD mouse, 63–64
4-amino-pyridine, neuromyotonia-like effects,
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5-aminosalicylic acid, 722
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functional autoantibodies, 222
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autoantibodies, 517–518, 521–522, 855, 1037
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1051–1052
Abatacept, rheumatoid arthritis, 430
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Ab0 mouse (HLA-DR-DQ deficient mouse), 265
ABO blood group autoantibodies, 567
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determinant spreading and, 186–187
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pemphigus foliaceus model, 796
pemphigus vulgaris, 793
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Acetylcholine, neuromuscular junction, 653, 654

(Fig.)
Acetylcholine esterase, 653
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accessibility to B-cells, 293
acute idiopathic autonomic neuropathies, 636
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experimental autoimmune myasthenia gravis,
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Adhesion receptors, see also Selectins
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Adjuvant-induced arthritis, 421
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adjuvant
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uveitis models, 674

Adrenal gland, 501–502
autoantibodies to, 505–508
cortex, 501–502
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risk assessment, 509
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experimental autoimmune encephalomyelitis,
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Age ranges, autoimmune hepatitis, 730
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rheumatoid factor, 428–429
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partially deglycosylated human, immunization

of BALB/c mouse, 341–342
Aggregation, erythropoietin, 1088
A-gliadin peptide 31–43, celiac disease, 700
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AIDS, see HIV infection
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polyendocrine syndrome, 845
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drug-induced immune hemolytic anemia,

565–566
aXb2 integrin, 238 (Table)
Alport syndrome, kidney transplantation, 826
Altered peptide ligands (APLs), 52

experimental autoimmune encephalomyelitis,
621–622

Alternating autoimmune hemocytopenia, 586
Alternative complement pathway, 12–13
Alveolar macrophages

idiopathic pulmonary fibrosis, 946
pulmonary alveolar proteinosis, 1003

Alveolar proteinosis, pulmonary, 1003
AM14BCR transgenic mice, B-cell

autoimmunity, 147
AM14 transgenic mice, Toll-like receptor

deficiency models, 338
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environmental factors in autoimmune diseases,
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pulmonary fibrosis, 943

4-Amino-pyridine, neuromyotonia-like effects,
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Aminosalicylates, 722
5-Aminosalicylic acid, 722
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Amyloid fibrils, factor X-irreversible adsorption
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Amyotrophic lateral sclerosis, 219 (Table), 223

autoantibodies
degenerative changes from, 230
determinant spreading, 229
passive transfer, 225
vs voltage-gated calcium channels, 224

Anagen stage, hair development, 808
Anakinra, rheumatoid arthritis, 430, 1072
Anaphylaxis

to autoantigens, 1072
to monoclonal antibodies, 1065

Anastomoses, Crohn’s disease recurrence,
714–715

ANCA, see Antineutrophil cytoplasmic
antibodies

ANCA glomerulonephritis, 829–834
complementarity theory, 832, 833 (Fig.), 908

ANCA+ vasculitis, 829, 903–904, see also Pauci-
immune small vessel vasculitis; specific
diseases

environmental agents, 301 (Table)
historical aspects, 902

Anchor residues, DQ molecules, 703
Androgens, 317–322, see also

Dihydrotestosterone
Androstenedione, catabolism, 318
Anergy, 12

autoantigen-specific tolerance induction,
107–108, 1053

B-cells, 171 (Table), 173
Aneuploidy, systemic sclerosis, 372
Angiogenesis

giant cell arteritis, 926
rheumatoid arthritis, 426–427

as therapy target, 430–431
Angiotensin-1 receptor (AT1 receptor),

functional autoantibodies and, 219 (Table),
222

heterozygous mutations, 521
knockout mouse, 520, 521
Omenn syndrome, 1002
thymus

medullary epithelial cells, 105, 539
stromal cells, 37, 105–106

A/J mouse
myocarditis models, 882, 883
primary biliary cirrhosis model, 759

AKR mice, experimental autoimmune
myasthenia gravis, 660

AKR/N mice, Graves’ disease models, 477
Akt (serine/threonine kinase), 256
Alaska, autoimmune hepatitis, 731
Albumin, CSF, 618
Aldehyde dehydrogenase, cyclophosphamide

resistance, 594
Aldose reductase, giant cell arteritis, 926
Aldosterone

adrenalitis, 508
substitutes for autoimmune Addison’s disease,

511
Alefacept, 1071–1072
Alemtuzumab (Campath-1H antibody)

autoimmune hemolytic anemia, 561
Graves’ disease from treatment with, 91, 

175
rheumatoid arthritis, 430

Alkaline phosphatase, primary biliary cirrhosis,
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Allergic rhinitis, Graves’ disease, 476
Allergy, desensitization, 1092
Allografts, see also under specific organs

sex hormones on acceptance, 319
vascular lesions, 996

Allopurinol, 300 (Table)
Allotypic antibodies, antiglomerular basement

membrane disease model, 824
Alopecia, adrenalitis with, 504
Alopecia areata, 807–809
a1-antitrypsin deficiency

liver, 997
PR3-ANCA-positive small vessel vasculitis,
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a3(IV)NC1 peptide fragment, antiglomerular

basement membrane disease model, 824
a4b1 integrin (VLA-4), 238 (Table)

as therapeutic target, 622, 625, 626, 1069,
1074

a4b7 integrin (mucosal homing receptor), 238
(Table)

antibodies (LDP-02), 723
autoimmune gastritis, 540
plasma cell positioning, 143
primary sclerosing cholangitis, 772
T-cell migration, 243

a4 integrins, 238 (Table), 241 (Fig.)
ab T-cells, 13–14

peripheral neuropathies, 639–640
SLE, 359–361
systemic sclerosis, 372

a chain (HLA class II molecule), 261–262
a chain (T-cell receptor), thymocyte maturation,

103
aDb2 integrin, 238 (Table)
a-enolase, autoimmune hypophysitis, 550
a-fodrin autoantibodies

autoimmune pancreatitis, 783
Sjögren syndrome, 407

a-galactosylceramide (a-GalCer), 72
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purpura, 913
aLb2 integrin, 238 (Table)
aMb2 integrin, 238 (Table)
a-melanocyte-stimulating hormone, eye, 672,

674–675
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Animal models, 24, 329–348, see also
Transgenic animal models

adrenalitis, 504
AIRE deficiency, 105–106
alopecia areata, 808–809
ANCA-induced small vessel vasculitis,

908–909
antiglomerular basement membrane disease,

824, 825
antiphospholipid syndrome, 387
atherosclerosis studies, 891, 894, 996
autoimmune lung diseases, 945
autoimmune lymphoproliferative syndrome,

989, see also MRL mouse
MRL/Faslpr mouse, B-cells as antigen-

presenting cells, 359
B-cell autoimmunity, 144–148
bullous skin diseases, 791, 798–800, 801

(Fig.)
celiac disease, 700
Cogan syndrome, 683
complementarity theory, 832
diabetes, 485–487, see also NOD mouse

antigen-specific, 332–335
BioBreeding rat, 519
sanitation, 494, 1089

gastritis, 536–539, 541
giant cell arteritis, 925
hepatitis, 739
HLA-B27, 263–264

bacteria and spondyloarthritides, 439
HLA gene products, 52
hypophysitis, 550–551
inflammatory bowel disease, 718–719
inner ear disease, 684, 685
interstitial cystitis, 1000
Kawasaki’s disease, 905
lupus nephritis, 827–828
myasthenia gravis, 660
myositis, 458
oophoritis, 852–854
orchitis, 843–845
organ removal, 1089
pancreatitis, 784
pemphigus foliaceus, 795 (Fig.), 796
pemphigus vulgaris, 793, 794
peripheral neuropathies, 638
polyarteritis nodosa, 903
polyendocrine syndromes, 519–520
primary biliary cirrhosis, 759
primary sclerosing cholangitis, 770–771
psoriasis, 813
regulatory T-cells, 125–126

deficiency, 119
rheumatic heart disease, 870–871
rheumatoid arthritis, 420–421
scleroderma, 374–375
sex hormones and autoimmune diseases,

318–319
Sjögren syndrome, 410

apoptosis, 408
SLE, 357
sympathetic ophthalmia, 673
thyroid disease, 471–473
uveitis, 674, 675–676
vaccines, 314–315

Animals, passive transfer of human
autoantibodies, 225, 226 (Fig.)

ank/ank mice, 336
Ankylosing spondylitis, 437–438

cytokines, 439
HLA-B27 alleles

pathogenesis, 440–441
subtype specificity, 185

inflammatory bowel disease, 438–439, 716
uveitis, 672
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interdigitating dendritic cells, 10–12
mucosal, celiac disease, 704
multiple sclerosis, 622
Notch ligands, 86
peripheral neuropathies, 639
tolerance and, 111

Antigen receptors, B-cells, 16
Antigen specificity, 290, see also Memory cells

animal models for organ-specific diseases,
332–335

regulatory T-cells, 126, 134–135
tolerance, 1091–1092

Antigen-transfected cell lines, studies of
functional autoantibodies, 225

Antiglobulin test, 5, 557, 560
cold agglutinins, 563
paroxysmal cold hemoglobinuria, 564

Antiglomerular basement membrane antibodies,
825

ANCA-positive small vessel vasculitis,
910–911

Antiglomerular basement membrane disease
(anti-GBM disease), 821–826

ANCA glomerulonephritis vs, 830
Anti-idiotypic antibodies

9G4, on cold agglutinins, 563
ANCA glomerulonephritis, 832
anti-La/SSB idiotype, 406–407
to monoclonal antibodies, 1065

Anti-immunoglobulin, 170
Anti-isotypic antibodies, 1065
Antikeratin antibodies, 429
Antilymphocyte globulin, conditioning for bone

marrow transplantation, 592–593
Anti-MAG paraproteinemic demyelinating

peripheral neuropathy, 643
passive transfer, 643
treatments, 644

Antimitochondrial antibodies (AMA)
induced by xenobiotic, 758
liver disease, 740 (Table)
primary biliary cirrhosis, 749, 750, 754, 761,

762
Antineuronal antibodies, 960–965
Antineutrophil cytoplasmic antibodies (ANCA),

733 (Fig.), 906–907, see also
Myeloperoxidase (MPO), antineutrophil
cytoplasmic antibodies; Perinuclear
antineutrophil cytoplasmic antibodies

ANCA glomerulonephritis, 830–832
antigens, 587
antiglomerular basement membrane disease,

825
assay requirements, 1014
autoimmune hepatitis, 734
autoimmune neutropenia, 588
primary sclerosing cholangitis, 772
secondary neutropenia, 586
small vessel vasculitis, 909–910, see also

ANCA+ vasculitis; Pauci-immune small
vessel vasculitis

Antinuclear antibodies (ANA), 352, 357, 1018
(Table)

chronic fatigue syndrome, 998
false negatives, 1017
hepatitis, 729, 732, 733 (Fig.)
interstitial cystitis, 1000
juvenile idiopathic arthritis, 446
non-Hodgkin lymphomas and, 977
pancreatitis, 782
primary biliary cirrhosis, 754, 761
primary sclerosing cholangitis, 772
SLE, 1039
systemic sclerosis, 372–374

Antinucleolar autoantibodies, mercury-mediated
B-cell autoimmunity, 144

Annexins, 322, 385–386, 388, 389
Anorexia nervosa, 995
Anterior chamber-associated immune deviation

(ACAID), 675
Anterior uveitis (cyclitis), 670, 671 (Fig.)
Anthracene derivatives, thyroid disease, 471
Anti-190 kDa molecule (anti-hepatocyte surface

membrane), autoimmune hepatitis, 735
Anti-a4 antibody, humanized, multiple sclerosis,

622
Anti-amphiphysin antibody, 961 (Table), 963
Anti-antibodies (Ehrlich), 2, see also Anti-

idiotypic antibodies
Antibiotics

Lyme disease, 449
reactive arthritis and, 438
rheumatic fever, 871
SAPHO syndrome, 445

Antibodies, 16–18
allotypic, antiglomerular basement membrane

disease model, 824
to infliximab (ATIs), 723

Antibody-dependent cellular cytotoxicity
(ADCC), 16–17, 206

autoimmune thyroid disease, 473
Anti-CD5/ricin A chain, diabetes prevention

trial, 1047 (Table)
Antichimeric antibodies, from biologic drug

therapy, 430
Anticholinesterase inhibitors, SLE, 354
Anticoagulant therapy, antiphospholipid

syndrome, 390
Anti-CV2 antibody, 961 (Table), 964
Anti-D immunoglobulin, 1092

autoimmune thrombocytopenic purpura, 580
Anti-dsDNA, 352, 357–358

antedating disease, 1014
assay, 1013 (Table)
autoantibodies, lupus nephritis, 828
autoimmune hepatitis, 732

Anti-endomysial autoantibodies (EMA), celiac
disease prediction, 1037–1038

Antiepidermal ICS autoantibodies, pemphigus
foliaceus, 795

Antiestrogen–protein adduct immunoglobulins,
oral contraceptives and, 320

Antiestrogens, 319
Antifibrotic agents, idiopathic pulmonary

fibrosis, 948
Antigen(s), 29, see also Tissue-specific antigens

duration of exposure, 168
ectopic expression, 1089
ectopic germinal centers, 149
monomeric, B-cell response, 293
multivalent, 168
sites of presence for immune response, 290
weak, 168

Antigenic determinants, 179–191, 194
Antigenic spreading, see Determinant spreading
Antigen presentation

B27, 264
dendritic cells, 35–36, 158

Antigen-presenting cells (APCs), 1086–1087,
see also Professional APCs

antigenic determinant hierarchies, 180, 181
antigen presentation to B-cells, 159
autoimmunity mechanisms, 109, 110 (Fig.)
B-cells as, 24, 28, 148

rheumatoid arthritis, 423
SLE, 359

bone marrow, MHC–peptide complexes on, 64
costimulation by, 277
downregulation, 28
giant cell arteritis, 926
hen egg lysozyme, antigenic determinant

hierarchies, 180, 181
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Anti-nucleosome antibodies, 357–358
Antinucleosome IgG2aj/a antibodies, 147
Antioxidants

diabetes prevention trial, 1049 (Table)
inner ear disease studies, 686

Anti-p68 antibody, see under BiP (chaperone
protein)

Antiperinuclear factor, rheumatoid arthritis, 
429

Antiphospholipid antibody, 352
active immunization models, 387
autoimmune hemolytic anemia, 560
fetal loss, 322–323
pathogenesis of APS, 387–389

Antiphospholipid syndrome, 352, 381–399
classification criteria, 383, 384
complement and fetal loss, 322, 389
experimental, 310
gender and, 321–322
hearing loss, 682
myelin protein autoantibodies, 684
pregnancy, 323, 382, 384, 389

fetal loss prevention, 390
Antiplatelet antibody, 575, 577–579, 581
Anti-RBC Tg model, autoimmune hemolytic

anemia, 568
Anti-Ri antibody, 961 (Table), 962–963
Anti-Saccharomyces cerevisiae antibodies,

markers for inflammatory bowel disease,
721–722

Antisense proteins, ANCA glomerulonephritis,
832, 833 (Fig.), 908

Antisense RNA, 833 (Fig.)
Anti-Sm (antibody), see Sm autoantibodies
Antistreptolysin O (ASO), 871
Antisynthetase syndrome, 943
Anti-Ta antibodies, 961 (Table), 964–965
Antithymocyte globulin, immunosuppression for

acquired aplastic anemia, 594
Antithyroid drugs, on Graves’ disease, 477

pathology, 475
Anti-TNF biologic agents

rheumatoid arthritis, 429–430
SLE and, 354

Anti-Tr antibody, 959, 961 (Table), 963–964
Antiviral agents

for hepatitis B virus, polyarteritis nodosa, 904
inner ear disease studies, 686

Aortic aneurysm, giant cell arteritis, 927
Aortic valve proteins, rheumatic heart disease,

869 (Fig.)
Aortitis, 921

giant cell arteritis, 923
Takayasu’s arteritis, 928

AP12 gene, fusion with MALT1 gene, 976
APECED (autoimmune-polyendocrinopathy-

candidiasis-ectodermal-dystrophy), 25, 48,
105, 106, 174–175, 484, 489, 515–516,
518, 1089

CYP2A6 autoantibody, 736
premature ovarian failure, 516, 522 (Table)

Apheresis
inflammatory bowel disease, 723–724
inner ear disease, 685–686

Aplastic anemia, 591–599
Apolipoprotein E receptor 2’, autoantibodies in

antiphospholipid syndrome, 386
Apolipoprotein H, see b2-glycoprotein I
Apoprotein E knockout mice, atherosclerosis

studies, 891, 996
Apoptosis, 10, 193–194

ANCA glomerulonephritis, 831
autoimmune thyroid disease, 474
debris, 29
defects in, 974–975
dendritic cells, 36

sensitivity vs specificity, 1016, 1031–1032
T-cells, 1023–1030

diabetes, 1035
Association studies (genetics), 276

CTLA4 gene, 277
primary biliary cirrhosis, 756

Asymmetric arthritis, psoriatic, 441
Asymptomatic autoimmune hepatitis, treatment,

741
Asymptomatic/symptomatic primary biliary

cirrhosis, 750, 752, 753
AT-EAN (experimental allergic neuritis),

cellular/humoral synergism, 640–641
Atherosclerosis, 889–897, 995–996

immune complexes, 212
SLE, 353
Takayasu’s arteritis, 930

Atopy, vitiligo and, 811
Atrophic gastritis, see also Gastric atrophy

adrenalitis with, 504
autoantibodies, 530 (Table)

Atrophic thyroiditis, 467, 468 (Fig.), 468 
(Table)

Atropine, for sinus node dysfunction, 229
Attribution elements (ACR consensus proposal),

environmental factors in autoimmune
diseases, 299–300

Atypical perinuclear antineutrophil cytoplasmic
antibodies, primary sclerosing cholangitis,
772

AU-rich elements, tumor necrosis factor
genetics, 340

Auricular chondritis, DQ–DQ double transgenic
mice, 266, 267

Auspitz sign, 812
Australia, gastric autoantibodies, 530 (Table)
Australian BabyDiab Study, 1051

rotavirus, 1053
Autism, vaccination and, 313
Autoaggressive T-cells, dermatomyositis, 457
Autoantibodies, see also Functional

autoantibodies
assays, 1011–1022
cold, 561–564
complicating infliximab treatment, 1071
inflammatory bowel disease, 720–721
as markers, 1012, 1013 (Table)
non-pathogenic in diabetes, 70
passive transfer, 225, 226 (Fig.)
pathogenicity, 148, 151
relatives of patients, 274
SLE, 357–358
specificities, 290–291
systemic sclerosis, 372–374

Autoantigens, 29, 1086–1087
ANCA glomerulonephritis, 832, 833 (Fig.),

908
from apoptotic cells, 193–201, 206
experimental autoimmune diseases from,

regulatory T-cells, 126
low-affinity on B-cell development, 139
maintenance of autoimmunity, 1089
soluble, tolerance induction, 1072

Autoantigen-specific immune tolerance
induction, 107–108, 1053, 1054

‘Autocytotoxins,’ 3
Autoimmune disease, see also specific diseases

and syndromes e.g. polyendocrine
syndromes, autoimmune (APS)

autoimmunity vs, 2
definition, 24
lymphoma and, 971–985
vaccination in, 314

Autoimmune induction mechanism, drug-
induced immune hemolytic anemia,
565–566

epithelium, celiac disease, 704
genes, 341

negative selection of T-cells, 106, 489
peripheral tolerance and, 107

hepatocytes, autoimmune hepatitis, 730
induction

rheumatoid arthritis, 430
T-cells, 1072

neurons, autoantibody excitotoxicity, 229–230
pancreatic b-cells

NOD mouse, 487–488
prevention, 495

polymyositis, 460–461
Sjögren syndrome, 408

Apoptotic cells
autoantigens from, 193–201, 206
complement-mediated uptake by phagocytes,

173
SLE, 352

Appendectomy, inflammatory bowel disease and,
714

APRIL (TNF family protein), 975
Aquaporin-4 water channel, neuromyelitis

optica, 1002
ARMY study (Atherosclerosis Risk Factors in

Male Youth study), 893
smoking, 895

Aromatic L-amino acid decarboxylase, 508, 517
Arrestin, see Retinal S-antigen
Arrhythmias

autoantibody secondary effects, nadolol vs,
229

Lyme disease, 448
ARTEMIS gene mutation, 1002
Arterial walls, 890
Arteriosclerosis, 890, see also Atherosclerosis
Arteriovenous bypass model, stress and

atherosclerosis, 894
Arthritis, see also specific arthritides

animal models, 420–421, see also Adjuvant-
induced arthritis; Collagen-induced
arthritis

spondyloarthritides, 63, 263–264, 439
spontaneous T-cell mediated, 337, 421
ZAP70 absence, 252

inflammatory bowel disease, 438, 716
rheumatic fever, 863
Sjögren syndrome, 402
SLE, 352, 353–354
vaccines and, 313–314

Arthritis mutilans, psoriatic arthritis, 442
Arthritogenic peptide hypothesis, 440
Arthrogryposis multiplex congenita, 659–660
Arthus reaction, 208
Artificial antibodies, 225, 407, see also

Monoclonal antibodies
AS101 (immunomodulatory agent), 150, 151
Aschoff bodies, 864
Ashkenazi Jews, NOD2 SNPs, 279
Asia, B2704 molecule, 264
Asialoglycoprotein receptor antibodies,

autoimmune hepatitis, 735
Asparaginyl endopeptidase, on tetanus toxin, 195
Asparaginyl peptidase, display to immune

system, 180
Asparaginyl-tRNA synthetase antibodies,

polymyositis, 461
Aspartic acid-specific proteases, apoptosis, 195
Aspirin

on adhesion molecules, 894
antiphospholipid syndrome, 391

pregnancy, 390
giant cell arteritis, 927
malignant disease risk from, 979

Assays
autoantibodies, 1011–1022
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Autoimmune regulator protein, see AIRE gene
and protein

Autoimmunity
autoimmune disease vs, 2
beneficial, 1004–1005
maintenance, 1089
susceptibility of target structure, 889

Autoinflammatory diseases, 996–997
Autologous bone marrow transplantation, high-

dose chemotherapy with, 1072–1073
rheumatoid arthritis, 430

Autologous hematopoietic stem cells, diabetes,
1055

Autologous mixed lymphocyte reactions
(AMLR), apoptotic cells, 195

Autologous serum skin test (ASST), 814–815
Autonomic dysfunction

functional autoantibodies and, 223
Lambert–Eaton syndrome, 662
neuromyotonia, 663–664

Autonomic neuropathies, 636, 1000
Autoreactive intraepithelial lymphocytes, celiac

disease, 697
Autoreactivity, 24–25, 1087

autoimmune disease definition and, 24
benign, 64–65
DQ molecules vs DR molecules, 268–269
memory cells, 27
T-cells, 48

assays, 1023–1029
requirement for positive selection, 26

Avonex, see Interferon-b1a

Ax1 (receptor tyrosine kinase), 111, see also
Tyro 3, Ax1 and Mer triple knockout mouse

Axial arthritis, psoriatic, 442
Axolemma, acute motor axonal neuropathy

(AMAN), 634
Axonal loss, multiple sclerosis, 618–619, 627
Axonal variants, Guillain–Barré syndrome, 633,

634–636
Azathioprine

autoimmune hemolytic anemia, 561
autoimmune hepatitis, 740–741
bullous skin diseases, 802–803
diabetes prevention, 1047 (Table), 1050
idiopathic pulmonary fibrosis, 948
inflammatory bowel disease, 722
juvenile primary sclerosing cholangitis, 773
malignant disease risk from, 979

Azithromycin, SAPHO syndrome, 445

B
B1-cells, 16
B-1 cells (anti-RBC Tg mouse), 568
B6/lpr mouse, complement knockouts, 339
B6 mouse, see C57BL/6J mouse
B7.1, see CD80 costimulatory molecules
B7.1-CD28/CTLA-4 costimulatory pathway, 

337
B7.2, see CD86 costimulatory molecules
B7-H1, myoblasts, 459–460
B7 molecule

antigen-presenting cell downregulation, 28
CD4+CD25- T-cell conversion to CD4+CD25+

T-cells, 41
on MHC–peptide–TCR interaction, 50
T-cell activation, 277

B10.A(4R) mouse, studies of immunogenicity of
antigenic determinants on mouse-lysozyme,
184

B10.DQ8 transgenic mice, collagen type II and,
267

B10.PL mouse, myelin basic protein
dominant determinant, 182
driver clones and, 185
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anti-RBC Tg mouse, 568
apoptosis impairment by BAFF, 975
centrocyte-like, thyroid lymphoma, 972
chemoattractants for, 242 (Table)
development, 139, 140 (Fig.)
diabetes, 70, 487
downregulation, 28
estrogens on, 319
in germinal centers, 18
migration and positioning, 143
myasthenia gravis, 657
pathogenicity, 148
as professional APCs, 15, 28
rheumatoid arthritis, 423–424, 428

as therapy target, 431
secondary follicles from, 160
selection, 26

negative, 26, 27, 168, 171
self-reactive, 170
signal initiation, 252, see also B-cell 

receptors
Sjögren syndrome, 407
SLE, see Systemic lupus erythematosus, 

B-cells
systemic sclerosis, 372–374
T-cells

compared on tolerance, 170
dominance of, 183
help from, 19, 28
interaction with, 70–71, 359

as therapeutic targets, 151
tolerance, 167–177, 292–293

B-cell receptors (BCR), 9, 17 (Fig.), 24
antigen recognition, 251
B-cell autoimmunity, 146
FcgRIIb1 and, 257
immune complexes and, 210, 211
signaling pathways, 249–259

FcgRIIb on, 146, 173
structure, 250–251

BCG vaccine
arthritis and, 314
diabetes prevention trial, 494, 1048 (Table)

B-chain peptide, insulin, diabetes prevention,
1054

Bcl-2, see also Bim
animal model for, 341
B-cell autoimmunity, 145
malignant disease and, 976

rituximab, 978
Bcl-6 (transcriptional repressor), 143
Bcl10 adaptor, NFkB pathway, 255
BCMA (B-cell maturation antigen), 145
BDC2.5 (Toll-like receptor)

benign autoreactivity, 65
regulatory T-cells, NOD mouse, 42
transgenic mice, antigen-specific CD4+CD25+

T-cells from, 126
BDC2.5 transgenic NOD mouse, 486

CD4+ T-cells, 63–64
Beating heart preparations, functional

autoantibody studies, 223
Behçet’s disease, 671 (Fig.), 672, 815, 914–916

eye, 675
single-nucleotide polymorphisms, 674

Bell’s palsy, intranasal influenza vaccine, 314
Beneficial autoimmunity, 1004–1005
Benzathine penicillin G, rheumatic fever, 871
Benzene, aplastic anemia, 593
b1-adrenergic receptors, autoantibodies, 879,

881
b2-glycoprotein I (GPI), 384

active immunization models, 387
autoantibodies, 382, 384–385

assay, 1013 (Table)
tests for, 389

(B10.PL/SJL)F1 mouse, study of determinant
spreading, 187

B23 autoantigen, hepatocellular carcinoma, 198
B*2702–B*2709 molecules, spondyloarthritides,

264, 440
B2704 molecule, vs B2705 molecule, 264
B*2706 allele, 264
Bacille Calmette–Guerin vaccination, see BCG

vaccine
Back pain, ankylosing spondylitis, 437
Bacteria

cell walls
intraperitoneal injections, 341
Streptococcus pyogenes, 864

complementary proteins, 832
glomerulonephritis, 834 (Table)
inflammatory bowel disease

genetic models, 719, 720
tolerance defect, 721

oral flora, atherosclerosis, 893
primary biliary cirrhosis, 757
primary sclerosing cholangitis, 770–771, 772
reactive arthritis, 438
rheumatoid arthritis, 427
spondyloarthritides, 438–439

BAFF (B-cell activating factor; BLyS), 139, 145
apoptosis impairment, 975
B-cell anergy, 173
cytokines on production, 151
monoclonal antibody treatment, 431
transgenic mice, 144, 145–146

SLE-like syndrome, 421
BALB/c mouse

BP180 antigen and, 800
Coxsackie virus myocarditis model, 882
determinant capture in antigen unfolding,

184–185
experimental autoimmune myasthenia gravis,

660
FcgRIIb null phenotype, 338
gastritis after thymectomy, 538
Graves’ disease models, 477
HEL transgenic, antigenic determinant

hierarchies, 181, 185
immunization with partially deglycosylated

human aggrecan, 341–342
thymectomy, 520

insulitis, 485–486
BAM32 (B-cell adaptor molecule of 32 kDa), B-

cell signaling, 253
Band 3 glycoprotein, erythrocytes, 559

NZB mouse, 568
Band 4.1 glycoprotein, erythrocytes, 559
Barley, prolamines, 699
Basal ganglion autoantibodies, 1001
Basement membrane (collagen IV a4 domain),

see also Antiglomerular basement
membrane antibodies; Skin basement
membrane

autoantibodies, assay, 1013 (Table)
BASH, see BLNK (B-cell linker protein)
Basiliximab, organ transplantation, 1068
Basophils, 10

immune complexes and, 209
Batten’s disease, 1001
Bayes’ theorem, 1031–1032
BayK 8644 (dihydropyridine agonist), on

migrating motor complexes, 223
BB-1 (B7-related molecule), myoblasts, 459
BB rat, see BioBreeding rat
BC6CD11c-Ead mouse, 37
B-cell(s), 13, 16, 139–156, see also Memory B-

cells
androgens on, 318
antigen priming, 158–159
antigens, see CD20
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b2-glycoprotein I (GPI) (continued )
experimental antiphospholipid syndrome

(APS), 310
genetics, 386–387
inhibition of hemostatic functions, 388
T-cells vs, 386

b2 integrins, 238 (Table), 241
b2-microglobulin, HLA-B27 transgenic animal

models, 263–264
b-actin, autoantibodies, inner ear disease, 684
b chain (HLA class II molecule), 261–262
b chain (T-cell receptor), thymocyte maturation,

103
Betamethasone, vitiligo, 811
Beta-retroviruses, see also Mouse mammary

tumor virus-like virus
primary biliary cirrhosis, 760

Betaseron, see Interferon-b1b

b-tectorin, autoantibodies, inner ear disease, 
684

Bethesda assay, factor VIII autoantibodies, 
603

Bid (BH3 Interacting Domain Death Agonist
Protein), cleavage by granzyme B, 196

Bile acid pool, ursodeoxycholic acid on, 761
Bile ductopenia, primary sclerosing cholangitis,

769
Bile ducts

autoimmune pancreatitis, 781
epithelial cells, 759–760
strictures, liver transplantation, primary

sclerosing cholangitis, 773
Biliary cirrhosis, 749, see also Primary biliary

cirrhosis
Bim (Bcl-2 homology domain 3-only containing

protein)
B-cell autoimmunity and, 145
deficiency, 106

Bim/Bcl-2, Toll-like receptors on dendritic cell
lifespans, 36

Binding grooves, MHC molecules, 47
Bioavailability, insulin trials for diabetes

prevention, 1055, 1056
BioBreeding rat (BB rat), 485, 487

plant proteins, 1052
as polyendocrine syndrome model, 519
spontaneous autoimmune gastritis, 537
spontaneous autoimmune thyroiditis, 473

Biochemical antibodies, diabetes, 1033–1034
Biochemical hypothesis, vitiligo, 810
Biologic drugs, see also specific drugs

inflammatory bowel disease, 723–724
rheumatoid arthritis, 429–430
SLE and, 354

Biomarkers, 30, 31, 1012, 1015–1016
Biopsy

ANCA glomerulonephritis, 829–830
autoimmune gastritis, 529
idiopathic bronchiolitis obliterans, 937
idiopathic pulmonary fibrosis, 939
lupus nephritis, 826
myocarditis, 876, 880
oophoritis, 851
orchitis, 842
primary biliary cirrhosis, 750, 753–754
small intestinal, 694, 695 (Fig.), 1038

co-culture with gluten, 700
BiP (chaperone protein), rheumatoid arthritis,

424
Biphasic hemolysis test, 564
Birdshot retinopathy, 997
Birth season, 298

celiac disease incidence, 700
diabetes incidence, 1051

Bisoprolol, vs autoantibody secondary effects,
229

BP230 antigen (BPAG1), 798
B pocket, B27 molecule, 264
Branched-chain 2-oxoacid dehydrogenase

complex (OGDC), antimitochondrial
antibodies vs, primary biliary cirrhosis, 754

Branching enzyme, i/I blood group antigen
transformation, 562

Breast carcinoma, paraneoplastic cerebellar
syndromes, 221

Breast-feeding
celiac disease and, 695
diabetes protection, 1052

Bridging necrosis, autoimmune hepatitis, 730
Bromocriptine, SLE and, 320
Bronchiolar diseases, classification, 936
Bronchiolitis obliterans, 935, 937, 940–941, 943,

944, 945–946, 947
Bronchoalveolar lavage, idiopathic pulmonary

fibrosis, 946
BRUNECK study, atherosclerosis, 892, 893–894
Bruton tyrosine kinase, see Btk
Btk (protein tyrosine kinase), 253

B-cell autoimmunity, 146
Budesonide, inflammatory bowel disease, 722
Buffalo rat, spontaneous autoimmune thyroiditis,

473
Bulimia, 995
Bullous pemphigoid, 791, 798–800
Bullous skin diseases, 789–806, see also

Pemphigus foliaceus; Pemphigus vulgaris
Burnet, Macfarlane, immune tolerance, 5
Burn out, 1089
Busacca nodules, 671
Busulfan, acquired aplastic anemia models, 

593
BV genes (T-cell receptors), 868, 870
BXSB mice, see Male only BXSB mice;

NZW/BXSB F1 mouse
Bystander activation, 88, 310, 739, see also

Drug-dependent antibody mechanism
Coxsackie virus myocarditis model, 882

Bystander suppression, 1053
antigen-specific animal models to study, 334
insulitis and infections, 494
rheumatoid arthritis, 423

Bystander T-cells, dermatomyositis, 457

C
C1 inhibitor (complement regulatory protein), 13
C1q deficiency, mouse models, 339
C3 (complement component), 12

hemolytic anemia, 559
MRL mouse, deficiency, 340
myocarditis biopsy, 880

C3b (complement component), 13
C3H/HeJ Bir mouse, inflammatory bowel

disease model, 719
C3H/He mouse, spontaneous gastritis, 537
C3H.SW mouse, immunogenicity of antigenic

determinants on hen egg lysozyme, 183
C4a (complement component), 13
C4b2a (complement convertase), 12
C4 deficiencies, 46

mouse models, 339
Sjögren syndrome and lymphoma risk, 978

C5a (complement component), 13
C5 convertase, 12–13
C9 (complement component), hemolytic anemia,

559
C57/B16 mouse

CD4+/CD25+ T-cells, autoimmune hemolytic
anemia, 568

experimental autoimmune myasthenia gravis,
660

primary biliary cirrhosis model, 759

Bisphosphonates
SAPHO syndrome, 445
SLE, 353

Bivalent antibodies, acute effects, 228
Black holes, multiple sclerosis, 617
Bladder

carcinoma
BCG vaccine and arthritis, 314
paraneoplastic cerebellar syndromes, 221

detrusor instability, functional autoantibody
secondary effects, 229

interstitial cystitis, 999–1000
Bladder epithelium (rat), test for paraneoplastic

pemphigus, 797
Bleomycin, 300 (Table)

lung disease models, 945
mouse models of scleroderma, 375

Blimp-1, memory B-cell development, 161
Blindness, giant cell arteritis, 923
BLNK (B-cell linker protein), 253
Blocked apoptosis, mononuclear cells, Sjögren

syndrome, 408
Blood–brain barrier

CSF albumin, 618
multiple sclerosis, 617

treatment target, 625
passive transfer of autoantibodies and, 225

Blood glucose control, diabetes, 1046
Blood-nerve barrier

acute inflammatory demyelinating
polyradiculoneuropathy (AIDP), 634

ZO-1, chronic inflammatory demyelinating
polyradiculoneuropathy, 643

Blood transfusions, for autoimmune hemolytic
anemia, 563–564

BLyS, see BAFF
Bmx cells, 141
Bohan and Peter criteria, polymyositis, 453
Bone/cartilage interface, spondyloarthritides, 441
Bone marrow

acquired aplastic anemia, 592
antigen-presenting cells, MHC–peptide

complexes on, 64
chronic recurrent multifocal osteomyelitis, 444
neutropenia, 586
NOD mouse, 63

diabetes transmission, 1054
SAPHO syndrome, 445
transplantation, 1072–1073

acquired aplastic anemia, 592–593, 594
bronchiolitis obliterans syndrome, 941
cyclophosphamide before, 594
high-dose chemotherapy with, 430,

1072–1073
multiple sclerosis, 626–627
sex hormones on, 319
tolerance induction, 541

Borderline myocarditis, 876, 877 (Fig.)
treatment results, 884

Borderline positive test results, 1017
Bordetella pertussis, filamentous hemagglutinin,

regulatory T-cells induced by mature
pulmonary dendritic cells, 39

Bordet, Jules, hemolysis experiments, 2
Borrelia (spp.), 447
Borrelia burgdorferi, 112–113, 447

MALT lymphoma, 974
Bosentan (endothelin receptor blocker), systemic

sclerosis treatment, 377
Bovine collagen implants, 303
Bovine thrombin, fibrin glue

factor V autoantibody disease, 604
fibrinogen autoantibodies, 607

BP180 antigen (BPAG2), 798, 801 (Fig.)
autoantibodies, 799 (Fig.)

herpes gestationis, 800
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C57BL/6J mouse (B6 mouse), see also B6/lpr
mouse

bullous pemphigoid model, 800, 801 (Fig.)
immunogenicity of antigenic determinants on

hen egg lysozyme, 183–184
C57BL/6 mouse

FcgRIIb null phenotype, 338
hen egg lysozyme (HEL), flanking residues on

determinant dominance, 183
interleukin-10 deficiency, inflammatory bowel

disease, 720
lpr mutation, 341, 989
natural killer cell maldevelopment, 72
thymus, RAG2 mice crossed with anti-RBC

Tg mice, 568
CA19-9, autoimmune pancreatitis, 780
Cadherins

autoantibodies, assay, 1013 (Table)
desmosomal, 789

cag pathogenicity island, Helicobacter pylori,
531

Calcineurin-dependent NFkB pathway,
uncoupling to control immune complex-
mediated reactions, 211

Calcipotriol, vitiligo, 811
Calcitonin gene-related peptide (CGRP),

regulation of immune response, 19
Calcium, intracellular, 253–254
Calcium-calmodulin kinase IV signaling, SLE,

361
Calcium channel blockers, amyotrophic lateral

sclerosis and, 229
Calcium channels, see Voltage-gated calcium

channels
Calcium-sensing receptor, autoantibodies, 517,

1002–1003
Calculi, autoimmune pancreatitis, 784–785
Calreticulins, in immune complexes, 208
cAMP, Graves’ disease, 475
Campath-1H antibody (alemtuzumab)

autoimmune hemolytic anemia, 561
Graves’ disease from treatment with, 91, 

175
rheumatoid arthritis, 430

Campylobacter jejuni, Guillain–Barré syndrome,
310

Canale Smith syndrome, see
Lymphoproliferative syndrome

Candida albicans extract, Kawasaki’s disease
model, 905

Candidiasis
adrenalitis with, 504
APECED, 516
treatment, 522

‘Candle wax drippings,’ 672
Capillaries, dermatomyositis, 456, 457
Caplan syndrome, 301
Captopril, 300 (Table)

drug-induced pemphigus, 797
Carageenan, on primary sclerosing cholangitis

model, 771
Carbonic anhydrase II, autoimmune pancreatitis,

783
animal model, 784

5,6-Carboxylfluorescein diacetate succimidyl
ester (CFSE), T-cell proliferation assay,
1027

Carcinoid, pernicious anemia, 533
Carcinoma, see also Small cell carcinoma

bladder
BCG vaccine and arthritis, 314
paraneoplastic cerebellar syndromes, 221

cicatricial pemphigoid and, 801
colorectal

inflammatory bowel disease and, 715–716
primary sclerosing cholangitis, 768, 773
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CD3-associated z chains, 14
SLE, 361

CD3+CD4-CD8-TCRgd+ T-cells, polymyositis
variant, 457–458

CD3 molecules, 14
CD4 (T-cell surface molecule), 13, 14

monoclonal antibodies, 1047 (Table),
1067–1068

CD4+CD25+ T-cells, 28, 72, 87, 108–109,
119–123

assay, 1029
autoimmune disease models, 125–127
autoimmune hemolytic anemia, 567

C57/B16 mouse, 568
autoimmune polyendocrine syndrome type II

model, 521
CD3 monoclonal antibody treatment, 1067
dendritic cells and, 40–41, 72
human autoimmune diseases and, 126–127
interleukin-2 on, 121, 135
MHC molecules and, 51
mode of action, 122–123
primary sclerosing cholangitis, 773
SLE, 361–362
thymectomy and, 537–538
from thymus, 105

CD4+CD25- T-cells, 125
conversion to CD4+CD25+ T-cells, 41

CD4+CD45RBhigh T-cells, 125
CD4+CD45RBlow T-cells, 125
CD4+DX5+NK1.1- T-cells, 124–125
CD4+ T-cells, 14

autoimmune gastritis, 539
diabetes, 487
as effectors, 66
estrogens on, 319
experimental autoimmune encephalomyelitis,

621
giant cell arteritis, 925–926
HLA-B27 transgenic animal models, 264, 265
induced regulatory T-cells, 123–124
interaction with CD8+ T-cells, 65–66, 67–69

(Fig.)
psoriasis, 812
regulatory T-cells on, 135

CD4+CD25+ T-cells, 72
rheumatic heart disease, 867
rheumatoid arthritis, 423
SLE, 360
systemic sclerosis, ratio to CD8+ T cells, 372

CD4+Vb14+ regulatory T-cells, 125
CD5, see also Anti-CD5/ricin A chain

B1-cells expressing, 16
peripheral tolerance, 38

CD5high CD4+ T-cells, 125
CD7/CD28 depletion, experimental autoimmune

thyroiditis, 472
CD8 (T-cell surface molecule), 13, 14
CD8a-CD4+ dendritic cells, 40
CD8a+ dendritic cells, 40
CD8+ T-cells, 14–15

alopecia areata, 809
autoimmune thyroid disease, 474
breaking tolerance in antigen-specific models,

332–333
dermatomyositis, 455, 457
diabetes, 487
estrogens on, 319
HLA-B27 transgenic animal models,

rheumatoid arthritis, 265
interaction with CD4+ T-cells, 65–66, 67–69

(Fig.)
LMCV experiments in RIP-GP mouse model,

291–292
MHC class I-restricted, multiple sclerosis, 89
regulatory T-cells on, 135

hepatocellular
autoantigens in microenvironment, 198
primary biliary cirrhosis, 752

oral, candidiasis, 516
pancreas, autoimmune pancreatitis vs, 782
paraneoplastic cerebellar syndromes, 221
prostate, immunosuppression by treatment,

319
stomach, autoimmune gastritis and, 532–533

CARD 11, see CARMA1 (lymphoid restricted
adaptor)

CARD15 gene
autoimmune diseases, 26, 279–280
Crohn’s disease, 279, 717–718

Cardiac troponin I
artificial antibody, 225
autoantibodies vs, 226 (Table)
functional autoantibodies and, 219 (Table)

Cardiolipin, 4, 381, 1011
antibodies, 1011

antiphospholipid syndrome, 384, 385
hearing loss, 682
prevalence, 383
tests for, 389, 1013 (Table)

Cardiomyocytes, functional autoantibodies on,
222–223

Cardiomyopathy, see Dilated cardiomyopathy
Carditis

Lyme disease, 448
rheumatic fever, 863

CARMA1 (lymphoid restricted adaptor), 255
Cartilage

antigens, see Relapsing polychondritis
spondyloarthritides, 441

Casitas B-lineage lymphoma b gene, 257, see
also Ubiquitination-protein ligases

Caspases, 195, 341, 989
Fas pathway, 988
granzymes vs, autoantigen cleavage, 196–197
nonclassical ALPS, 989–990

Catagen stage, hair development, 808
Cataracts, SLE, 353
Catastrophic antiphospholipid syndrome, 383,

390
Catechol estrogens, 319
Cathepsin L

antigen processing, 182
natural killer cell development, 72

Cathepsin S, antigen processing, 182
Cationic antibodies, 358
CB3 Coxsackie virus genome, myocarditis,

881–882
CBA/J mouse

mouse-lysozyme studies, 184
Trypanosoma cruzi infection, myositis model,

458
Cblb (and gene), 257, see also Ubiquitination-

protein ligases
deficiency, 112, 257
KDP rat, 519–520

Cbp/PAG (Csk-binding/phosphoprotein
associated with glycosphingolipid-enriched
microdomains), 251–252

C-cbl (Casitas B-lineage lymphoma), 257, see
also Ubiquitination-protein ligases

C-C chemokines, rheumatoid arthritis, 426
C chemokines, rheumatoid arthritis, 426
CCRx, see Chemokine receptors
CD1, sarcoidosis, 1004
CD3, antibodies vs, 1066–1067, 1074, 1075

diabetes, 494, 1047 (Table)
inflammatory bowel disease, 723
NOD mouse, 1050
non-mitogenic, 1065–1066
therapeutic trials, 51

CD3a chain, T-cell receptors, 250
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CD8+ T-cells (continued )
spondyloarthritides, 264
as suppressor T-cells, 28–29, 124

CD11a/CD18, see aLb2 integrin; Lymphocyte
function-associated antigen-1 (LFA-1)

CD11b/CD18, see aMb2 integrin
CD11c/CD18, see aXb2 integrin
CD11clow CD45Rbhigh dendritic cells, 40
CD11c+ dendritic cells

autoimmune gastritis, 539–540
lipopolysaccharide on, 36
Tyro 3, Ax1 and Mer triple knockout mouse,

111–112
CD11d/CD18, see aDb2 integrin
CD19, see also CD21(=CR2)–CD19 B-cell

coreceptor complex
on B-cell receptor signaling, 146, 257

CD20 antibodies, 1069–1070
for bullous skin diseases, 803
for factor VIII autoantibody disease, 604
for rheumatoid arthritis, 170, 1070

CD21, memory B-cells, 142
CD21/35+ B-cells, B-cell regulation and,

173–174
CD21(=CR2)–CD19 B-cell coreceptor complex,

immune complexes and, 210
CD22 (ITIM surface molecule), 173, 256–257

deficiency model, 338
SLE models, 359

CD25 (IL-2 receptor a chain)
CD4+CD25+ T-cells, 120, 125
celiac disease, 700
monoclonal antibodies vs, 1068, 1074, see

also Daclizumab
CD27, memory B-cells, 141
CD28 (costimulatory molecule), 256

deficiency
on CD4+CD25+ T-cells, 121
NOD mouse, 42

as treatment target, 1068–1069
CD28/CD80 interaction, 256

antigenic determinant spreading, 187
germinal centers, 142
SLE, 361

CD28/CD86 interaction, 256
germinal centers, 142

CD30, from Th2 cells, 83
CD34, acquired aplastic anemia vs hypoplastic

myelodysplastic syndromes, 592
CD40 (costimulatory molecule and gene), 256

gene, 278
memory B-cells, 142

CD40/CD40L interaction (CD40/CD154 
system)

B-cell autoimmunity, 146
germinal centers, 142
SLE, 361
as therapeutic target, 1069, see also CD40

receptor blockade
CD40 ligand, B-cells, SLE, 358–359
CD40 receptor blockade, 66
CD45 (transmembrane tyrosine phosphatase),

251, 252
RO isoform, polymyositis, 457

CD45 phosphatase, 14
CD45RBhigh T-cells, 125

adoptive transfer for IBD models, 719
CD45RClow T-cells, 125

IBD models, 719
CD46 (complement regulatory protein), 13

eye, 672
CD52 antibodies, 1070, see also Alemtuzumab;

Campath-1H antibody
CD54, see ICAM-1
CD55 (complement regulatory protein), 13

hemolytic anemia, 559

Cell death, see also Activation-induced cell
death; Apoptosis

in antigen-specific animal models, 334–335
Cell therapy, 1073
Cellular/humoral synergism, peripheral

neuropathies, 640–641
Cellular stress, see also Stressed cells

on Ro/SSA and La/SSB ribonucleoproteins,
407

Cell walls, bacteria
intraperitoneal injections, 341
Streptococcus pyogenes, 864

CENP-C (autoantigen), cleavage, 195, 197
Center for Disease Control and Prevention,

influenza vaccine and Guillain–Barré
syndrome, 312

Central memory T-cells (TCM cells), 73
Central nervous system, see also under

Paraneoplastic diseases and syndromes
anti-dsDNA, 358
antiphospholipid syndrome, 383
beneficial autoimmunity, 1004
degenerative changes from functional

autoantibodies, 229–230
fatigue, primary biliary cirrhosis, 750
interleukin-10 on, 70
lupus, 352

neuropsychiatric, functional autoantibodies
and, 219 (Table), 224

Lyme disease, 448
lymphoid infiltration in multiple sclerosis, 

50
pernicious anemia, 528
Sjögren syndrome, 403
T-cell suppression, animal models, 333

Central tolerance, 26–27, 1090
dendritic cells in, 36–37
thymic tolerance, 103–106

Centrioles, antinuclear antibody staining, 1018
(Table)

Centroblasts, 141, 160
Centrocyte-like B-cells, thyroid lymphoma, 

972
Centrocytes, 141, 160
Centromere proteins

autoantibodies, 372, 761, 1013 (Table)
systemic sclerosis, 372, 1014, 1015

Cereals, for celiac disease therapy, 705
Cerebellar ataxia, glutamic acid decarboxylase

antibodies, 663
Cerebellar degeneration, see also under

Paraneoplastic diseases and syndromes
functional autoantibodies, 219 (Table), 224,

229
Cerebrospinal fluid

autoantibodies, 225
chronic inflammatory demyelinating

polyradiculoneuropathy, 641
multiple sclerosis, 618

lymphocytes, 148, 149
T-cell assay, 1026–1027

neuromyotonia, 662
stiff-person syndrome, 663

Cevimeline, Sjögren syndrome, 410
CFLIP molecule, NOD mouse, 42
Chagas’s disease, 881

functional autoantibodies and, 219 (Table),
222, 228

ChAglyCD3 monoclonal antibody, diabetes
treatment, 1067

Chaperone protein, HSP60 as, 892
Charge (electric), autoantibodies, lupus nephritis,

828
Checkpoint concept, B-cell self-tolerance, 174
Chemically-induced models, inflammatory bowel

disease, 718–719

CD59 (complement regulatory protein), 13
eye, 672
hemolytic anemia, 559

CD62E, see E-selectin
CD62L, see L-selectin
CD62P, see P-selectin
CD68, positive macrophages, mucosa, 704
CD80/CD86 deficiency, NOD mouse, 42
CD80 costimulatory molecules (B7.1), 12, 108,

see also CD28/CD80 interaction
antigenic determinant spreading, 187
on B-cells, 142
blockade, 430
diabetes with MHC molecules, 63
multiple sclerosis, 622
peripheral neuropathies, 640
rat insulin promoter and, 268
Sjögren syndrome, 409
thymoma, 659

CD83+ dendritic cells, giant cell arteritis, 
926

CD86 costimulatory molecules (B7.2), 12, 108,
640, see also CD28/CD86 interaction

on B-cells, 142
blockade, 430
deficiency, NOD mouse, 332
multiple sclerosis, 622
Sjögren syndrome, 409

CD91, heat shock proteins in immune
complexes, 208

CD94/NKG2 (HLA-E receptor), intraepithelial
lymphocytes, celiac disease, 697

CD95, see also Fas gene, product and ligand
activation-induced cell death, 146
alopecia areata models, 809
eye, 672
liver, 738

CD102, see ICAM-2
CD103, CD4+CD25+ T-cells, 121
CD106, see VCAM-1
CD148, autoantibodies, inner ear disease, 684

(Table)
CD154 costimulatory molecule, 19, 66, 256, see

also CD40/CD40L interaction
atherosclerosis, 996
B-cell autoimmunity, 146
SLE, 149, 361

cDNA libraries, human monoclonal antibodies
from, 1065

CDP571 (tumor necrosis factor antibody), 
1071

inflammatory bowel disease, 723
CDP870 (tumor necrosis factor antibody),

inflammatory bowel disease, 723
CDR3

length analysis, see Complementarity-
determining region 3 length analysis

lymphomas, 974
CDRx (cerebellar-degeneration-related proteins),

see Yo antigens
Celiac disease, 302, 693–712, 1088

adrenalitis with, 504
dermatitis herpetiformis and, 802
diagnosis, 1037–1038
HLA alleles and haplotypes, 262 (Table)

DQ molecules, see DQ molecules, celiac
disease

DR-DQ haplotypes, 264–265, 697–698
lymphoma, 973
primary biliary cirrhosis, 752 (Table)
refractory to diet, 705
tissue transglutaminase, see Tissue

transglutaminases, TG2, celiac disease
Cell activation assay, chronic urticaria, 815
Cell-associated immune complexes, 204–206
Cell cycle, Th cells, 86
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Chemoattractant receptors, 240
of Th2 cells (CRTH2), 83–84, 244
as therapeutic targets, 244

Chemoattractants, 240, 242 (Table)
Chemokine receptors (CCRx), 244

blockade, 431
CCR5 gene mutation, 243
on dendritic cells, 38
from Th1 cells, 84, 243
from Th2 cells, 83

Chemokines, 10, 240
assays, 1027–1029
autoimmune thyroid disease, 91, 469
B-cell autoimmunity, 150
B-cell migration, 143
lymphocyte entry to lymphoid tissue, 243
memory T-cells, 73
multiple sclerosis, 89, 243, 622–623
peripheral neuropathies, 640
plasma cell migration, 143
psoriasis, 812
rheumatoid arthritis, 92–93, 243, 426
Sjögren syndrome, 407, 409
TAK-779 (antagonist), 244

Chemotherapy, see also High-dose
chemotherapy with autologous bone
marrow transplantation; Photochemotherapy

lymphoma, 978–979
Chernobyl nuclear disaster, thyroid disease, 

471
Chest wall, SAPHO syndrome, 444
Chicken, see also OS chicken

UCD2000 tight-skin model, 375
Chief cells, gastric atrophy, 530–531
Children

pernicious anemia, 532
SLE, 351

Chimeras, see also Chimerism; 
Microchimerism

hematopoietic stem cells, diabetes, 1054
human-mouse, monoclonal antibodies from,

1065
study of T-cell inactivation, 105

Chimeric monoclonal antibodies, 1065
Chimerism, maternal, see also Microchimerism

dermatomyositis, 456
China, acute motor axonal neuropathy, 634
Chlamydia

atherosclerosis, 893, 996
primary biliary cirrhosis, 757
reactive arthritis, 438
spondyloarthritides, 440

Chlorambucil, for autoimmune hemolytic
anemia, 561, 563

Chlorinated solvents, scleroderma, 301
Chlorpromazine, 300 (Table)
Choctaw Native Americans, systemic sclerosis,

372, 374
Cholangiography

autoimmune pancreatitis, 781
primary sclerosing cholangitis, 768

Cholangitis, 750
sclerosing, 767, 773, see also Primary

sclerosing cholangitis
autoimmune hepatitis, 773
small ducts, 768

Cholera toxin B-subunit, insulin conjugate,
diabetes prevention, 1054

Cholestasis
autoimmune pancreatitis, 780
primary biliary cirrhosis, 750
pruritus, 751

Cholesterol, atherosclerosis studies, 891
Cholestyramine, 751
Choline transporter-like protein 2, inner ear

disease and, 684

Index 1103

Class switching, see also Isotype switching
anti-ganglioside antibodies, 636
immunoglobulins, 18, 290, 291, 293

heavy chain gene, 24
vesicular stomatitis virus glycoprotein

response, 293
Claudication, oral, 923
Claudin-5, chronic inflammatory demyelinating

polyradiculoneuropathy, 643
Clavicle, SAPHO syndrome, 444
Cleavage, in apoptosis, 195, 196–197
Clinical–imaging paradox, multiple sclerosis,

617
Clinical Laboratory Improvement Amendments

(1988), 1018
Clinically isolated syndrome (CIS), multiple

sclerosis, 616
CLIP, see Class II-associated invariant chain

peptide
CLN3 mutations, Batten’s disease, 1001
Clonal anergy, adaptive anergy vs, 107–108
Clonal deletion, 2, 13

B-cells, 171
thymocytes, 104–105, 106–107

Clonal expansions, lymphocytes, 24
Clonal progression, acquired aplastic anemia,

596
Clonal selection (Burnet), 158, 167, 1087
Clostridium jejuni

Fisher syndrome, 636
Guillain–Barré syndrome, 637–638

Clotting disorders, 601–612
antiphospholipid syndrome and, 385

Clotting pathways, 602 (Fig.)
c-Maf proto-oncogene, Th2 cells, 85
c-mer (membrane tyrosine kinase), deficiency

model, 341
cmo-mouse, 445
cM-T412 monoclonal antibody, rheumatoid

arthritis, 1068
Coagulation disorders, see Clotting disorders
Cobblestoning, Crohn’s disease, 715
Cobetasol, vitiligo, 811
Cochlea, Cogan syndrome, 683
Cochlear implants, 686
Cochlin, autoantibodies vs, inner ear disease,

684
Coevolutionary selection, 289, 294
Cofactor phenomenon, lupus anticoagulants, 

382
Cogan syndrome, 682–683
Cognitive impairment

antiphospholipid syndrome, 383
multiple sclerosis, 616
SLE, 354

Coiled bodies, antinuclear antibody staining,
1018 (Table)

Coilin bodies, systemic sclerosis, 373
Coinhibitory molecules, T-cell downregulation,

28
Colchicine, idiopathic pulmonary fibrosis, 

948
Cold agglutinins, 562
Cold autoantibody type hemolytic anemia,

561–564
types, 558

Cold hemagglutinin disease, 561–564
Colitis, see also Inflammatory bowel disease

regulatory T-cell animal models, 125
Collagen implants, 302 (Table), 303
Collagen-induced arthritis (CIA), 341, 421

DQ and DR molecule transgenic mouse
models, 63, 265–266

Th1/Th2 balance, 92
tumor necrosis factor blockade for, 1070

Collagen-specific TCR transgenic mice, 71

Chondritis, see also Relapsing polychondritis
auricular, DQ–DQ double transgenic mice,

266, 267
CHOP (chemotherapy), lymphoma, 978
Chorea, see also Sydenham chorea

paraneoplastic, 964
Chromatin

antibodies, see also Anti-nucleosome
antibodies

assay, 1013 (Table)
Toll-like receptors, B-cell autoimmunity, 147

Chromatin-IgG complexes, 211
Chromosome regions, see also Translocations

8q24, thyroglobulin gene, 280
18q, 280
20q11, CD40 gene, 278
celiac disease, 699
chromosome 1, SLE, 25
chromosome 7, NZM mouse, SLE model, 361
HLA genes, 261

Chronic active hepatitis, 729
Chronic active lesions, multiple sclerosis, 619
Chronic active myocarditis, 876, 877
Chronic ataxic neuropathy with

ophthalmoplegia, M-protein and
antidisialosyl antibodies (CANOMAD), 
642

Chronic autoimmune thrombocytopenic purpura,
576

Chronic cold agglutinin disease, 561–562
Chronic fatigue syndrome, 997–998
Chronic hepatitis, 729–747
Chronic inactive plaques, multiple sclerosis, 619
Chronic inflammatory demyelinating

polyradiculoneuropathy (CIDP), 641–644
Chronic inflammatory neuropathies, 633,

641–644
Chronic inflammatory processes, Th1 cells, 88
Chronic recurrent multifocal osteomyelitis, 444
Chronic urticaria, 814–815
Chronic viral hepatitis, 730
Chronic vs acute autoimmune disease, 157
Churg–Strauss syndrome, 901 (Table), 910

(Table)
ANCA specificities, 911 (Table)
glomerulonephritis, 829, 830
historical aspects, 900–901
as pauci-immune small vessel vasculitis,

905–911
Cicatricial pemphigoid, 791, 800–801
cI (bacteriophage l repressor protein), MHC

molecules on display of antigenic
determinants, 183

Cirrhosis, biliary, 749, see also Primary biliary
cirrhosis

CIS (SOCS protein), 111
Citrullinated epitopes, autoantibodies,

rheumatoid arthritis, 419
Citrullinated proteins

autoantibody assay, 1013 (Table)
cyclic citrullinated peptide (CCP),

autoantibodies, 419, 423, 429, 1014,
1038–1039

rheumatoid arthritis, 50, 424, 429
c-Jun amino-terminal kinase pathway (JNK

pathway), rheumatoid arthritis, 427
CLA, see Cutaneous lymphocyte antigen
Clarithromycin, diffuse panbronchiolitis, 947
Class II-associated invariant chain peptide

(CLIP), 47
DM/DO chaperone molecules, 182
DM-/- mice, 48–49

Classical complement pathway, 12
B-cell regulation, 173–174
differential activation by immunoglobulins,

206
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Collagen type II
autoantibodies

inner ear disease, 683–684
relapsing polychondritis, 1003

MHC class II transgenic mice, 265, 266, 267
monoclonal antibodies, 421
osteoarthritis, 1002

Collagen type IV, 822, see also Basement
membrane

Collagen type VI, spondyloarthritides, 441
Collagen type VII, epidermolysis bullosa

acquisita, 802
Collagen type IX

autoantibodies, inner ear disease, 683–684
MHC class II transgenic mice, 267

Collagen type XVII, see BP180 antigen
Colon, see also Colorectal carcinoma

Crohn’s disease, 714
epithelial cell autoantibodies in primary

sclerosing cholangitis, 769
migrating motor complexes, 223

Colony-forming unit-C colonies, lymphocytes
from autoimmune neutropenia patients, 587

Colony stimulating factors, for autoimmune
neutropenia, 588

Colorectal carcinoma
inflammatory bowel disease and, 715–716
primary sclerosing cholangitis, 768, 773

Commercial diagnostic kits, 1011, 1012–1014
Common disease–common variant hypothesis,

multiple sclerosis, 620
Common variable immunodeficiency, pernicious

anemia, 532
Compensation, vaccine injuries, 303
Complement, 10, 12–13, see also Classical

complement pathway; Complement
receptors; specific components

antiphospholipid syndrome, fetal loss, 322,
389

Arthus reaction, 208
autoantibody-mediated neuronal apoptosis,

230
autoimmune thrombocytopenic purpura, 579
on B-cells, 146–147
differential activation by immunoglobulins,

206
Hashimoto thyroiditis, 473
hemolytic anemia, 559
historical aspects, 2
IgM cold agglutinins, 562
immune complexes and, 207–208, 210
juvenile idiopathic arthritis, 447
knockout mice, 339–340
lupus nephritis, 828
non-specificity, 3
paroxysmal cold hemoglobinuria, 564
pregnancy, 322
rheumatoid arthritis, 426
Sjögren syndrome and lymphoma, 978

Complementarity-determining region(s) (CDRs),
16, 185

in monoclonal antibodies, 1065, 1066
Complementarity-determining region 3 length

analysis, T-cells
acquired aplastic anemia, 593
myositis, 457

Complementarity theory, ANCA
glomerulonephritis, 832, 833 (Fig.), 908

Complement-binding immune complexes, 173
Complement receptors, 10, 12, 204

B-cell autoimmunity, 146–147
CR1/CR2 deficiency model, 339
CR2, 339

Complement regulatory proteins, 13
Complete Freund adjuvant, atherosclerosis, 891
Composite ELISA techniques, 1017

Cost-effectiveness
autoantibody assays, 1017–1018
diabetes screening, 1046

Costimulation
by antigen-presenting cells, 277
signaling, 255–256
tolerance and, 1091

Costimulatory molecules, 24, 27, 108, 168, 256,
see also Inducible costimulator; specific
types

adaptive immune response, 158
blockade, rheumatoid arthritis, 430
on dendritic cell lifespans, 36
immune synapse II, 159
myoblasts, 459–460

Costimulatory pathways, as treatment targets,
1068–1069

Cosyntropin, ACTH test, 508
Cot (mitogen-activated protein kinase), 256
Cotton-top tamarin, inflammatory bowel disease

model, 719
Cough

giant cell arteritis, 923
Sjögren syndrome, 402

Councilman bodies, see Apoptosis, hepatocytes
Covalent binding (Heyn’s rearrangement), 16a-

hydroxyestrone, 320
Covalent modification, exogenous proteins, 1088
Cow’s milk, diabetes, 493, 1047 (Table),

1051–1052
COX-2

inducible, rheumatoid arthritis, 428
inhibitors, rheumatoid arthritis, 429
SLE, 361

Coxsackie viruses, 881
diabetes, 492–493, 1053
dilated cardiomyopathy, 878
myocarditis, 880, 881–882
Sjögren syndrome and, 410

C-peptides, diabetes and, 484, 1046, 1050
CpG motifs, 9, 168, 174
CR1/CR2 deficiency, animal model, 339
CR2 (complement receptor), 339
Cranial giant cell arteritis, 922–923
C-reactive protein, CDP571 treatment of

inflammatory bowel disease, 723
Creatine kinase, 454
Creatinine, antiglomerular basement membrane

disease survival, 825
Creeping fat, Crohn’s disease, 715
Cre/LoxP-based system, studies of dendritic

cells, 38
Crescents, ANCA glomerulonephritis, 829–830
CREST (syndrome), 369
CRMP-5 autoantibody, paraneoplastic chorea,

964
Crohn’s disease

animal models, 718–719, 720
ankylosing spondylitis, 438
carcinoma, 715–716
CARD15 gene, 279, 717–718
concordance rates in twins, 275 (Table)
differential diagnosis, 716
epidemiology, 714
extraintestinal manifestations, 716
genetics, 716–718
historical aspects, 713
immunopathogenesis, 719–721
markers, 721–722
natalizumab, 1069
pathology, 715
presentation, 714–715
treatment, 722–724
tumor necrosis factor blockade, 1071

Cross-linking
Fc receptors, 204–205, 207

Compression symptoms, autoimmune
hypophysitis, 549

Computed tomography, see also High-resolution
computed tomography

autoimmune pancreatitis, 780–781
Concanavalin A, hepatitis models, 739
Concordance rates, twins, 274–275, 298
Conduction block, see also Congenital heart

block
multifocal motor neuropathy with conduction

block, 644
Cone snail derived toxin, Lambert–Eaton

syndrome study, 662
Congenic animal models, NOD mouse, 63
Congenital heart block, 998, see also Neonatal

lupus congenital heart block
autoantibodies and, 222–223
functional autoantibodies and, 219 (Table)

Connective tissue diseases
celiac disease with, 694
environmental agents, 301
undifferentiated, 354

Connexin-26, Cogan syndrome and, 683
Consensus criteria, see American College of

Rheumatology
Conspiracy simile, 151
Constant domains, immunoglobulins, 16
Constipation, slow transit, functional

autoantibodies and, 219 (Table)
Contraceptives, see Oral contraceptives
‘Contrivances’ (Ehrlich), 2, 3
Controls

sera, 1016
T-cell assays, 1025

Coombs and Gell type III hypersensitivity
reactions, immune complexes, 203

Coombs test, see Antiglobulin test
Copaxone, see Glatiramer acetate
Coreceptors

CD21(=CR2)–CD19 B-cell coreceptor
complex, immune complexes and, 210

signaling thresholds in B-cells, 256–257
for T-cell receptors, 251

Corticosteroids, 1075
alopecia areata, 809
bullous skin diseases, 802
diabetes prevention trials, 1047 (Table), 

1050
gastritis, autoimmune, 532
giant cell arteritis, 927
Guillain–Barré syndrome and, 641
hemolytic anemia, autoimmune, 560–561
hepatitis, autoimmune, 740–741
idiopathic pulmonary fibrosis, 947
for infertility, 855
inflammatory bowel disease, 722
inhalational injuries, 947
inner ear disease, 685
juvenile primary sclerosing cholangitis, 

773
MMNCB and, 644
multiple sclerosis, 626
neutropenia, autoimmune, 588
pancreatitis, autoimmune, 784
polyarteritis nodosa, 904
psoriatic arthritis, 443
SLE, organ damage, 353
Takayasu’s arteritis, 930
uveitis, 676
vitiligo, 811

Cortisol
adrenalitis, 508
autoimmune Addison’s disease, 509

Cortisone, for autoimmune Addison’s disease,
510

Cosegregation (genetic), 276
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lupus anticoagulant activity of b2GPI, 385
neurotransmitter receptors, 228

Cross-reactions, see also Molecular mimicry
anti-dsDNA antibody, NMDA receptor, 358
epitope mimicry, 88
Helicobacter pylori antigens, 531, 536
i/I blood group antigens, 567
myosin, rheumatic heart disease, 868, 871
shared epitope and rheumatoid arthritis, 422

Cryoglobulinemia, malignant disease risk, 977
Cryoglobulinemic glomerulonephritis, 834
Cryoglobulinemic vasculitis, 910 (Table),

911–913
essential, 901 (Table)
markers, 909

Cryoglobulins, 207, 912, 913
Sjögren syndrome, 407

Cryptic epitopes, 65, 179–180, 181, 183, 194
autoimmune hemolytic anemia, 566
thyroid peroxidase, transgenic mouse,

472–473
‘Cryptic self,’ 188
Cryptogenic fibrosing alveolitis, see Idiopathic

pulmonary fibrosis
Cryptogenic organizing pneumonia, 936
Cryptorchidism, focal orchitis, 842
C-terminal Src kinase (Csk), 251–252
CTLA4 (negative costimulatory molecule)

autoimmune diseases, 26, 28, 108
celiac disease, 698
hepatitis, 737
polyendocrine syndromes, 519
thyroid disease, 470–471

CD4+CD25+ T-cells, 109, 121
deficiency model, 337
fusion proteins, 1068–1069, see also

Abatacept
gene, 276–278

functional studies, 281
NOD mouse, 331

CTLA4Ig, CD28 pathway blockade, 256,
1068–1069, 1074

Cuboidalization, idiopathic pulmonary fibrosis,
939

Cuffing, giant cell arteritis, 924
Cutaneous leukocytoclastic angiitis, 901 (Table)
Cutaneous lupus, 352, 354
Cutaneous lymphocyte antigen (CLA), 238

(Table)
psoriasis, 812
vitiligo, 810

Cutaneous systemic sclerosis, 371 (Table)
Cut-off titers, autoantibody assays, 1016
C-X3-C chemokines, rheumatoid arthritis, 426
C-X-C chemokines, rheumatoid arthritis, 426
CXCL13 (chemokine)

rheumatoid arthritis, 150
Sjögren syndrome, 407

Cyanogen bromide, study on HEL molecule, 
184

Cyanogen bromide-treated HEL molecule, F1
mouse, study of determinant capture in
antigen unfolding, 184

Cyclic citrullinated peptide (CCP),
autoantibodies, 419, 423, 429, 1014,
1038–1039

Cyclooxygenase 2, see COX-2
Cyclophosphamide

for acquired aplastic anemia, 594–595
antiglomerular basement membrane disease,

825
for autoimmune hemolytic anemia, 561, 563
bullous skin diseases, 802–803
conditioning for bone marrow transplantation,

594
idiopathic pulmonary fibrosis, 947–948
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T-cells
autoimmune thrombocytopenic purpura,

579
autoimmune thyroid disease, 474
polymyositis, 460–461
SLE, 362

Cytotoxic lymphocyte granule-induced cell
death, autoantigens, 196–197, 199

Cytotoxic T-cells
acquired aplastic anemia, 593
oophoritis, 854
paraneoplastic neurologic diseases, 966
polymyositis, 460
primary biliary cirrhosis, 755

Cytotoxic T-lymphocyte associated protein 4, see
CTLA4 (negative costimulatory molecule)

D
D2E7 antibody, see Adalimumab
D8/17 monoclonal antibody, rheumatic heart

disease, 865
DAB389IL-2 (fusion toxin protein), psoriasis,

814
Daclizumab

diabetes prevention and, 1047 (Table), 1048
(Table)

multiple sclerosis, 626
organ transplantation, 1068
uveitis, 676

Dactylitis, psoriatic arthritis, 442
DAG (diacylglycerol), 254
DAISY (Diabetes Autoimmunity Study in the

Young), 1033, 1034, 1051
Dallas criteria, myocarditis, 876–877
‘Danger hypothesis,’ 1088
Dapsone, bullous skin diseases, 798, 803
Day 3 neonatal thymectomy (d3Tx), animal

models, 125
oophoritis, 852, 854

DBA/2 mouse, myocarditis model, 882
Db locus, HLA genes, influenza nucleoprotein

transgenic mouse, 551
De-aggregated IgG, 1090–1091
Deamidation, tissue transglutaminase (TG2),

celiac disease, 701–702
Death domain, Fas, 988
Death-inducing signaling complex (DISC), 196
DEC-205 (dendritic cell receptor), antibodies vs,

studies of steady-state dendritic cells, 38
Decay accelerating factor, see CD55

(complement regulatory protein)
Deep vein thrombosis, antiphospholipid

syndrome, 382, 390
Degeneracy, molecular mimicry and, 186
Degenerative changes, from functional

autoantibodies, 229–230
Dehydration, Addison’s disease, 510 (Fig.)
Dehydroepiandrosterone

Addison’s disease, 509
for SLE, 318

Delayed-type hypersensitivity, autoimmune
gastritis, 534

Deletion, see Clonal deletion
Delta (Notch ligands), 86
d chain, T-cell receptors, 250
Demyelinating peripheral neuropathy, see also

Anti-MAG paraproteinemic demyelinating
peripheral neuropathy; Guillain–Barré
syndrome

paraproteinemic, 642
Demyelinating polyradiculoneuropathy

acute inflammatory (AIDP), 633–634
chronic inflammatory (CIDP), 641–644

Demyelination, multiple sclerosis, 616, 618, 
627

induced lymphopenia, for animal models,
537–538

inner ear disease, 685
lupus nephritis, 829
multiple sclerosis, 626
polyarteritis nodosa, 904
SLE, 354

Cyclosporine
for acquired aplastic anemia, 594
for autoimmune hemolytic anemia, 561
diabetes prevention trials, 1047 (Table), 1050
on NFAT pathway, 253–254
psoriatic arthritis, 443
radiation and, 48
on vascular endothelial cell cultures, 894

CYP21 genes, 507
Cysteine sulfinic acid decarboxylase, 517
Cystic fibrosis, antisperm antibodies, 842
Cystitis, interstitial, 999–1000
Cytochrome P450

adrenal cortex, 502
autoantibodies, 517, 521

liver, see also Liver and kidney microsomal
antigens

AIRE-deficiency disease, 738
side chain cleavage enzyme (P450scc), 508

autoantibodies, 517
Cytokines, 13

assays, 1027–1029
autoantibodies to, 1004
autoimmunity mechanisms, 109–111
B-cell autoimmunity, 149–151
from B-cells, 16
CD8+ T-cells, 14–15
celiac disease, 704
diabetes, 67–70, 490
genes, DNA vaccination for EAE, 622
hemolytic anemia, 567
large cell arteritis monitoring, 931
multiple sclerosis, 67–69

interferon treatment, 625
from natural IFN-producing cells, 211
prolactin as, 321
rheumatic heart disease, 864, 870
rheumatoid arthritis, 92–93, 423, 425–427
Sjögren syndrome, 407–409
SLE, 362
small-molecule drugs targeting, 431
spondyloarthritides, 439–440
stress, 304
T-cells and, 66–70, 73
Th1 cells, see Th1 cells, cytokines
Th1/Th2 polarization, 84–86
Th2 cells, 67, 70, 83
as therapeutic targets, 1070–1071
thrombocytopenic purpura, 579
thyroid disease, 469
uveitis, 675–676

Cytomegalovirus
diabetes, 1053
Guillain–Barré syndrome, 638

Cytomegalovirus (mouse), myocarditis, 883
Cytoplasmic antigens, autoimmune hepatitis,

732–734
Cytoplasmic protein tyrosine phosphatases, PEP,

252
mouse ortholog of PTPN22 gene, 278

Cytoskeletal proteins, smooth muscle antibody,
autoimmune hepatitis, 734

Cytosolic pathway, MHC class II-restricted
determinants, 182

Cytotoxic antibodies, tests for autoimmune
neutropenia, 588

Cytotoxic drugs, Sjögren syndrome and, 411
Cytotoxicity

autoimmune neutropenia, 587
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Dendritic cells (DCs), 23–24, 35–44, 158, see
also Follicular dendritic cells; Plasmacytoid
dendritic cells

activation, 27
CD4+CD25+ T-cells on, 40–41, 72
CD4+ T-cell interactions with CD8+ T-cells, 

66
CD11c+, see CD11c+ dendritic cells
chemoattractants for, 242 (Table)
giant cell arteritis, 925, 926, 931
immune complexes and, 210
interdigitating, 10–12
migration, 243
NFkB pathway activation, 256
rheumatoid arthritis, 428
specialization for tolerogenicity, 39–40
T-cell activation, 108
therapy with, 1073
thymus, 106
tolerance and, 1091

Denkkollektiv (Fleck), 1
De-novo B-cell self-tolerance, 170–173
Denver-based Diabetes Autoimmunity Study in

the Young (DAISY), 1033, 1034, 1051
Deoxyspergualine, on autoimmune orchitis

models, 845
DEP1/CD148 (density enhanced protein tyrosine

phosphatase 1), Cogan syndrome, 683
Dependent purpura, Sjögren syndrome, 403
Depletion of activated T-cells expressing IL-2

receptor (DAB389IL-2; fusion toxin
protein), psoriasis, 814

Dermatitis herpetiformis, 791, 802
dapsone, 803
NOD mouse, HLA-DQ8 transgene, 700
tissue transglutaminase (TG3) autoantibodies,

697
Dermatomyositis, 453–463

collagen implants, 303
pulmonary fibrosis, 940, 943
ultraviolet radiation, 301 (Table)
vaccination and, 311 (Table)

Desensitization
for allergy, 1092
neurotransmitter receptors, 228

Desmocollins, 789
IgA pemphigus, 798

Desmogleins, 789, see also Dsg1; Dsg3
Desmopressin therapy, 603

acquired von Willebrand syndrome, 608
Desmosomal cadherins, 789
Desmosomes

antibodies, paraneoplastic pemphigus, 797
skin, 789

Destructive and productive lesions, psoriatic
arthritis, 442

Destructive lesions, celiac disease, 694
Determinant capture, antigen unfolding,

184–185, 194
Determinants, antigenic, 179–191, 194
Determinant spreading, 186–187, 310, 330

amyotrophic lateral sclerosis, 229
diabetes, 488
Lambert–Eaton syndrome, 229

Detrusor instability, functional autoantibody
secondary effects, 229

Dextran-sodium sulfate model (DSS model),
inflammatory bowel disease, 718

DFF45/ICAD (apoptotic nuclease), cleavage by
granzyme B, 196

Diabetes Control and Complications Trial
(DCCT), 1046

Diabetes insipidus, autoimmune hypophysitis,
549

Diabetes mellitus, 483–500, 1075
adrenalitis with, 504

Diffuse lymphocytic adrenalitis, 503
Diffuse panbronchiolitis, macrolides, 947
Digital transmission, test reports, 1017
Dihydralazine, LM antigen in hepatitis, 736
Dihydropyridine drugs, 218, 223
Dihydrotestosterone

receptors in thymus, 318
regulatory T-cell experiment, 126

1,25-Dihydroxy vitamin D3, trials for diabetes
prevention, 1048 (Table)

Dilated cardiomyopathy, 219 (Table), 222,
877–878, see also Myocarditis

cardiac troponin I, artificial antibody, 225
functional autoantibodies and, 219 (Table)

assay, 222
effect mechanisms, 228
fibrosis, 230
secondary effects, 229

immunology, 878–880
treatment, 883–884

Dinitrochlorobenzol (DNCB), alopecia areata,
809

Direct antiglobulin test (DAT), 560
a-methyldopa, 566

Direct immunofluorescence, pemphigus vulgaris,
792

Disease-associated anti-actin autoantibodies, 734
Disease-modifying antirheumatic drugs

(DMARDs), 429
ankylosing spondylitis and, 438
psoriatic arthritis, 442–443

Disease susceptibility motif (DSM), autoimmune
hepatitis, 737

Divalent antibodies, neuromuscular junctions,
655, 661

Diversity gene segments, 17 (Fig.)
Dizygotic twins, 274–275
DKC1 gene, dyskeratosis congenita, 591
DLG5 (gene), inflammatory bowel disease, 

718
DM/DO chaperone molecules, class II-associated

invariant chain peptide, 182
DM-/- mice, 48–49
DNA, see also ssDNA

antibodies vs, 206, see also Anti-dsDNA
from anti-TNFa treatment, 151
drug-related lupus-like disorders, 301
immune complexes from, 206
SLE, 352

in immune complexes, 208, 210–211, 338
DNAse1, deficiency models, 338
DNA vaccination, experimental autoimmune

encephalomyelitis, 622
Dogs

inflammatory bowel disease with ANCA
glomerulonephritis, 830

lupus nephritis, 827
vaccinated, antibodies, 315

Dominant determinants
antigenic, 179–180, 194
B10.PL mouse, 182

‘Dominant self,’ 188
Donath–Landsteiner antibody, 564
Double-negative CD4-CD8- thymocytes, 103
Double-positive CD4+CD8+ thymocytes, 103
Double-stranded DNA, autoantibodies, see Anti-

dsDNA
Double transgenic mice

de-novo B-cell self-tolerance, 170–171
DR-DQ haplotypes

experimental autoimmune
encephalomyelitis, 267

rheumatoid arthritis model, 266
HEL, see also Hen egg lysozyme/anti-HEL

BCR transgenic mice
CR1/CR2 deficiency, 339

animal models, 485–487, see also NOD
mouse

antigen-specific, 332–335
BioBreeding rat, 519
sanitation, 494, 1089

antigenic determinant spreading, 187
autoantibodies

antedating diagnosis, 1014
functional, 219 (Table)
gastric, 530 (Table)
L-type voltage-gated calcium channel, 222

autoimmune pancreatitis, 780
autoimmune polyendocrine syndrome type I,

autoantigens, 522 (Table)
B-cells, 70, 487
CD3 monoclonal antibodies for, 1067
celiac disease with, 694
class II MHC molecules, 52, 62
concordance rates in twins, 275
cytokines, 67–70, 490
enzyme-linked immunospot assay (ELISPOT),

1028–1029
familial clustering, 273–274
functional autoantibodies and, 219 (Table)
gastric autoantibodies, 530 (Table)
gastric stasis, 1000
HLA alleles and haplotypes, 262 (Table)
insulin variable number of tandem repeats,

279
functional studies, 281

L-type voltage-gated calcium channel
autoantibodies, 222

lymphocytic choriomeningitis mouse model,
291–292, 486, 493, 1054

with MHC molecules, CD80 costimulatory
molecules, 63

nephropathy, antiglomerular basement
membrane disease vs, 823

nonobese diabetic mouse, see NOD mouse
prediction, 1032–1036
prevention, 1045–1063

proinsulin, 488, 1092
Schmidt syndrome, 515
season of birth, 298
sibling risk ratios (8s), 274
SLE, 353
T-cells, 487

activation, 489
assays, 1035
autoreactivity assays, 1023–1025, 1027
oligoclonality, 330

Th1/Th2 balance, 91, 92 (Fig.), 97
transfer by splenocytes, 73
vaccination and, 311 (Table), 313

Diabetes Prevention Trial 1 (DPT-1), 1055
Diacetyl, bronchiolitis obliterans, 944
Diacylglycerol (DAG), 254
Diagnostic criteria, autoantibody assays vs,

1015–1016
Diagnostic kits, 1011, 1012–1014
3,4-Diamino-pyridine, neuromyotonia-like

effects, 662
Diamyd, see GAD65
Diazoxide, diabetes prevention trial, 1049

(Table)
Dibasic target sites, hen egg lysozyme mutant,

181
Diethylstilbestrol, 319
Diets

diabetes prevention, 1051–1052
gluten-free, 302, 705

Differential activation of complement, 206
Differential immune responses, HLA alleles, 269
Diffusea type, alopecia areata, 808
Diffuse cutaneous systemic sclerosis, 371

(Table)
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lymphocytic choriomeningitis virus and, 486
ovalbumin, study of regulatory T-cells, 105

Downregulation, resolution of immune response,
19, 28

as therapeutic target, 30
D-penicillamine, 300 (Table)
DP molecules, genes for, 46
DQ4 haplotypes

autoimmune pancreatitis, 783
premature ovarian failure, 852

DQB1*0602, diabetes, 52
DQ–DQ double transgenic mice, auricular

chondritis, 266, 267
DQ molecules, see also DR-DQ haplotypes

celiac disease, 52, 697–698, 701
as markers, 705
presentation of gluten peptides, 703–704
T-cell restriction, 700–701
therapy targets, 705

diabetes, 491
vs DR molecules, autoreactivity, 268–269
genes for, 46
heterodimers with DR molecules,

polychondritis, 266–267
rheumatic heart disease, 866
structure, 268
transgenic mouse models

diabetes, 268
polychondritis, 266
rheumatoid arthritis, 63, 265–266

DR3.Ab0 transgenic mice, hsp65 of M.
tuberculosis, 265

DR3 haplotypes
autoimmune hepatitis, 737, 741
Graves’ disease, 476

DR3 transgenic mice, experimental autoimmune
myasthenia gravis, 265

DR4 haplotypes
autoimmune hepatitis, 737
autoimmune pancreatitis, 783
rheumatic heart disease, 866
rheumatoid arthritis, 25, 420, 422

DR7 molecule, rheumatic heart disease, 868, 
871

DR9 allele, rheumatic heart disease, 866
DR53 allele, rheumatic heart disease, 865–866,

868
DRB1*0302, diabetes, 52
DRB1*1501, multiple sclerosis, 1038
DR-DQ haplotypes

celiac disease, 264–265, 697–698
double transgenic mice

experimental autoimmune
encephalomyelitis, 267

rheumatoid arthritis model, 266
Driver clones, 185–186
DR molecules, see also Tetramer technology

autoimmune diseases, 52, 62–63
autoimmune thyroid disease, 470
diabetes and, 1033
DQ molecules vs, autoreactivity, 268–269
genes for, 46
giant cell arteritis, 924
heterodimers with DQ molecules,

polychondritis, 266–267
multiple sclerosis, 52, 267–268
relapsing polychondritis, 266
rheumatic heart disease, 865–866
rheumatoid arthritis, 52, 62–63, 266, 420
transgenic mice, 63

Drug(s)
autoimmune diseases and, 300–304
factor VIII autoantibodies, 602
hepatitis from, 735–736, 739
neutropenia, 587
pulmonary fibrosis, 944–945
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Electrophoresis
CSF, multiple sclerosis, 618
von Willebrand factor multimers, 607

Electrophysiology
chronic inflammatory demyelinating

polyradiculoneuropathy, 641
functional autoantibody detection, 222

Electrosmog, atherosclerosis, 894
Elemental disorder hypothesis, 304
ELISPOT, see Enzyme-linked immunospot assay
Enbrel (TNF fusion protein), uveitis, 676
Encephalomyocarditis virus, diabetes, 493
Encephalopathy, SLE, treatment, 354
Endemic pemphigus foliaceus, 794–795, see also

Fogo selvagem
Endocarditis

antiphospholipid syndrome, 383
rheumatic fever, 863

Endocytosis
antigen-presenting cells, 1086–1087
dendritic cells, 35

Endometriosis, 322
Endometrium, inflammatory response to TGFb,

322
Endomysial inflammatory infiltrate,

polymyositis, 456
Endomysium, autoantibodies, celiac disease

prediction, 1037–1038
Endopeptidases

antigen processing, 181
asparaginyl endopeptidase on tetanus toxin,

195
Endoscopic retrograde

choledochopancreatography, autoimmune
pancreatitis, 781, 782 (Fig.)

Endothelial cells/endothelium
ANCA glomerulonephritis, 831
autoantibodies (AECAs)

antiphospholipid syndrome, 385, 388
inner ear disease, 684
Kawasaki’s disease model, 905
pauci-immune small vessel vasculitis, 909
systemic sclerosis, 374

B-cell lymphomas, 976
cigarette smoke on, 895
dermatomyositis, 456
HSP60, 892, 894–895
immune complexes and, 208
leukocyte binding, 240
Sjögren syndrome, 407
systemic sclerosis and, 375–376

Endothelin receptor blockade, systemic sclerosis
treatment, 377

End-plate potentials, 223, see also Miniature
end-plate potentials

Entamoeba histolytica, complementary PR3, 832
Enterohepatic circulation of lymphocytes,

primary sclerosing cholangitis, 772
Enteropathic chronic recurrent multifocal

osteomyelitis, 444
Enteropathy-associated T-cell lymphoma

(EATL), 973
Enteroviruses, diabetes, 492–493, 1052–1053
Enthesitis-related arthritis, juvenile idiopathic

arthritis, 446
Environmental factors, 1088, see also Infections

acquired aplastic anemia, 593
antiglomerular basement membrane disease,

824
autoimmune diseases, 27, 297–307

ACR consensus proposal, 299–300
of lungs, 944–945

autoimmune hepatitis, 738–739
diabetes, 493–494, 1051–1053
fogo selvagem, 797
inflammatory bowel disease, 714

SLE induction, 351
small vessel vasculitis from, 908

Drug-dependent antibody mechanism, drug-
induced immune hemolytic anemia, 565

Drug-induced immune hemolytic anemia,
564–566

types, 558
Drug-induced pemphigus, 791 (Table), 797
dsDNA

autoantibodies, see Anti-dsDNA
LJP 394 (sequence construct), lupus nephritis,

829
Dsg1

pemphigus foliaceus, autoantibodies, 795–796
pemphigus vulgaris, 793

Dsg3
paraneoplastic pemphigus, autoantibodies, 797
pemphigus vulgaris

animal models, 794
autoantibodies, 792–793
T-cells, 794

Dundee Experimental Board Rat (DEBR),
alopecia areata model, 809

Duodenal ulcer, gastric autoantibodies, 530
(Table)

Dura tail, autoimmune hypophysitis, 551
Duration of exposure to antigens, 168
DX5+ natural killer cells, 125
Dysautonomia, 1000

active immunization study, 227
functional autoantibodies and, 219 (Table)

Dysferlin gene, limb girdle muscular dystrophy
model, 458

Dysimmune myopathies, see Dermatomyositis;
Polymyositis

Dyskeratosis congenita, 591

E
E3 binding protein, antimitochondrial antibodies

vs, primary biliary cirrhosis, 754
E3 ubiquitin ligases, deficiency, 112
Ear

auricular chondritis, DQ–DQ mice, 266, 
267

inner ear disease, 681–689
Early-onset myasthenia gravis, 657–658
Eating disorders, 995
Echocardiography, myocarditis, 875
Ectodermal dystrophy, APECED, 516
Ectopic antigen expression, 1089
Ectopic lymphoid tissues, 148–149
Edema, systemic sclerosis, 369–370
EDTA-dependent agglutination test, autoimmune

neutropenia, 588
Efalizumab, psoriasis, 814, 1069
Effector mechanisms, 1089–1090
Effector memory T-cells (TEM cells), 73
Effector T-cells, 1090

CD4+ T-cells as, 66
chemoattractants for, 242 (Table)
migration, 243–244

Ehrlich, Paul, 2–3
Eicosanoids, antiphospholipid syndrome, 388,

389
883 alloantigen, rheumatic heart disease, 865
8.3-TCR, interaction between CD8+ and CD4+ T-

cells, 66
Electromagnetic inductions, atherosclerosis, 

894
Electronic medical records, test reports, 1017
Electron microscopy

immunoelectron microscopy, polymyositis,
456

neuromuscular junction, 655
polymyositis, 460
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Environmental factors (continued )
multiple sclerosis, 620–621
primary biliary cirrhosis, 756–758
SLE, 351
systemic sclerosis, 374

Enzyme immunoassay (EIA), 1012–1013
Enzyme-linked immunosorbent assay (ELISA)

antibody specificities, 290–291
antimitochondrial antibodies, 761
antiphospholipid syndrome, 389
functional autoantibodies, 221–222
limitations, 1012

islet autoantibodies, 1034–1035
Ro/SSA and La/SSB antibodies, 406
screening tests, 1017
tissue transglutaminase autoantibodies, 704

Enzyme-linked immunospot assay (ELISPOT),
1027–1029

Enzyme supplements, celiac disease therapy,
705, 706 (Fig.)

Eosinophil-derived neurotoxin, Graves’ disease,
91

Eosinophilic-myalgic syndrome, 374
Eosinophils, 10

chemoattractants for, 242 (Table)
idiopathic pulmonary fibrosis, 946
primary biliary cirrhosis, 754

Eotaxin, 244
Epidemics, celiac disease, Sweden, 695
Epidermolysis bullosa acquisita, 791, 802

treatment, 803
Epididymitis, autoimmune orchitis, 842
Epigenetics, 297
Epilagrin, autoantibodies, 801
Epilepsy

functional autoantibodies and, 219 (Table),
224

GluR3 antibodies, 663
Episcleritis, 669–670
Epithelial cell poly-immunoglobulin receptor, 17
Epithelial cells/epithelium

apoptosis, celiac disease, 704
bile ducts, 759–760
bronchiolitis obliterans model, 945
colon, autoantibodies in primary sclerosing

cholangitis, 769
immune complex transport across, poly-Ig

receptor, 208
inflammatory bowel disease, 720
rat bladder, test for paraneoplastic pemphigus,

797
Sjögren syndrome (SGEC), 408–409, 412
thymus, see also Medullary epithelial cells

dendritic cells vs, 37
Epithelial Fc receptor (FcRn), 17–18

neonatal, 18, 204, 208
Epithelial receptors, IgG antibody transport,

17–18
Epithelitis, autoimmune, see Sjögren syndrome
Epitope mimicry, 88
Epitopes, see also Cryptic epitopes; Neoepitopes

functional autoantibodies and, 217–221
Epitope spreading, 1087

LMCV experiments in RIP-GP mouse model,
292

multiple sclerosis, 623
oophoritis model, 854
shared epitope and rheumatoid arthritis, 422

e chain, T-cell receptors, 250
Epstein-Barr virus

Guillain–Barré syndrome, 638
lymphoma and autoimmune diseases, 974
shared epitope molecular mimicry, rheumatoid

arthritis, 422
SLE, 362
spondyloarthritides, 440

Exophthalmos, 475 (Fig.), see also
Ophthalmopathy

Experimental allergic neuritis (EAN), 633
AT-EAN, cellular/humoral synergism,

640–641
Experimental antiglomerular basement

membrane disease, 824
Experimental antiphospholipid syndrome (APS),

310
Experimental autoimmune adrenalitis, 504
Experimental autoimmune encephalomyelitis, 5,

335, 615, 621–622
B-cells, 71
early research, 4
estradiol, 323
HLA class II molecules, transgenic mice,

267–268
interferon-g protective effect, 69
natural killer cells and, 124
protection by regulatory T-cells, 126
proteolipid protein, 267

DNA vaccination, 622
relapsing, antigenic determinant spreading,

187
study of driver clones, 185
T–T-cell interaction, 65–66

Experimental autoimmune gastritis, 536–537
Experimental autoimmune myasthenia gravis,

660
DR3 transgenic mice, 265

Experimental autoimmune orchitis (EAO),
843–845

Experimental autoimmune thyroiditis (EAT), 63,
471–473

Experimental autoimmune uveitis, 669, 674
cytokines, 675–676

Extra-articular features, rheumatoid arthritis, 418
Extracellular loops

G-protein–coupled receptors, active
immunization studies, 227

neurotransmitter receptors, 218
Extracellular matrix genes, scleroderma, 376
Extracorporeal hemofiltration, inflammatory

bowel disease, 724
Extraintestinal manifestations, inflammatory

bowel disease, 716
Extralymphatic environment, 293–294
Extrapancreatic lesions, autoimmune

pancreatitis, 781–782
Extravasation, neutrophils, 10
Extrinsic secondary B-cell self-tolerance, 171

(Table), 173–174
Eye, 670 (Fig.), see also Retina; Thyroid-

associated ophthalmopathy
a-melanocyte-stimulating hormone, 672,

674–675
birdshot retinopathy, 997
cicatricial pemphigoid, 801
HLA genes and, 673–674
immune responses, 672–673, 675
inflammatory bowel disease and, 716
lens, autoimmunity, 3
Sjögren syndrome

diagnostic criteria, 405
treatment, 410

sympathetic ophthalmia, 3, 5, 672–673

F
F1160 (surface protein), Trypanosoma cruzi, 881
F(ab¢)2 region, ANCA glomerulonephritis,

830–831
F-actin, autoantibodies, assay, 1013 (Table)
Factor V autoantibodies, 604–605

antiphospholipid syndrome, 385
Factor VII autoantibodies, 605

Equine myoglobin, study of immunogenicity of
antigenic determinants, 183

ERK MAP kinase pathway
control of immune complex-mediated

reactions, 211
rheumatoid arthritis, 427

Erosions, rheumatoid arthritis, 418, 427
Erythema migrans, 447
Erythema nodosum, 716
Erythrocytes

autoantibodies, 566
complement receptors, 12
hemolytic anemia, 558

Erythrocyte sedimentation rate, dermatomyositis,
454

Erythroid aplasia, 998–999
erythropoietin causing, 1088

Erythromycins, 300 (Table)
Erythropoietin, autoantibodies, 998–999, 1088
Escherichia coli, see also N-formyl L-

methionine L-leucine L-tyrosine (fMLT)
primary biliary cirrhosis, 757

E-selectin, 10, 238 (Table), 241 (Fig.)
peripheral neuropathies, 640
psoriasis, 812

Esophageal reflux, idiopathic pulmonary fibrosis,
946–947

Esophagus, cicatricial pemphigoid, 801
Essential cryoglobulinemic vasculitis, 901

(Table)
17b-Estradiol, 318–319
Estrogen(s), 26, 275, 300 (Table), 318–319

autoimmune thyroid disease, 471
for infertility, 855
metabolism, 319–320
on thymus, 318

Estrogen receptors
B-cell autoimmunity, 144
experimental autoimmune encephalomyelitis,

323
Estrone, metabolism, 319
Etanercept, 1071

Crohn’s disease and, 723
inner ear disease, 685
psoriatic arthritis, 443
rheumatoid arthritis, 430 (Table)

Ethanol, primary sclerosing cholangitis models,
771

Ethnicity
autoimmune hepatitis, HLA alleles, 737
b2-glycoprotein I (GPI), genetics, 387
CARD15 mutations, 718
juvenile idiopathic arthritis, 445
lupus nephritis, 826
NOD2 SNPs, 279
pernicious anemia, 535
Takayasu’s arteritis, 928

Ethylnitrosourea, Tsk mouse model of
scleroderma, 375

Ets1, natural killer cell development, 72
Europe, celiac disease, 695
European Database for Multiple Sclerosis,

Nurses’ Health Study (USA) vs, hepatitis B
vaccination and multiple sclerosis, 312–313

Evans syndrome, 558
Evidence-based guidelines, requirements for,

1014
Evolution, see also Coevolutionary selection

HLA genes and products, 46–47, 262,
268–269

multiple sclerosis genetics, 620
self-tolerance, 1091

Excimer laser, vitiligo, 811
Excitotoxic neuronal cell death, 224, 229–230
Exclusion criteria, juvenile idiopathic arthritis,

445–446

1108 Index

index-P595961.qxd  3/1/06  9:50 PM  Page 1108



Factor VIII, 603
autoantibodies, 602–604
concentrates, acquired von Willebrand

syndrome, 608
Factor IX autoantibodies, 604

antiphospholipid syndrome, 385
Factor X deficiency, 605
Factor XI

autoantibodies, 605–606
antiphospholipid syndrome, 385

b2-glycoprotein I on, 384
Factor XII autoantibodies, 605–606

antiphospholipid syndrome, 385
Factor XIII autoantibodies, 606
Factor H (complement regulatory protein), 13

deficiency, 339
Factor I (complement regulatory protein), 13
Facultative cryptic antigenic determinants, 180
FADD (Fas-associated death domain)

death effector domains in, 196, 988
mice, 989

False negatives, composite ELISA techniques,
1017

Familial clustering
autoimmune diseases, 26, 273–275
idiopathic pulmonary fibrosis, 943
juvenile idiopathic arthritis and, 446
pernicious anemia, 529
vitiligo, 811

Familial Mediterranean fever, 996
Familial polyposis, pouchitis and, ulcerative

colitis, 715
Familial primary biliary cirrhosis, 756
Family studies, 273–274
Fanconi anemia, 591

tests, 592
Fas-associated death domain, see FADD
Fas-associated death domain-like interleukin-1b-

converting enzyme inhibitory protein
(FLIP), see also CFLIP molecule

diabetes, 489
muscle fibers, 461
rheumatoid arthritis, 422

Fas gene, product and ligand, 988–989, see also
CD95

acquired aplastic anemia, 597
autoimmune hepatitis and, 738
CD8a+ dendritic cells, induction by, 40
cytotoxic lymphocyte granule-induced cell

death, 196
defect

autoantibody production, 990
autoimmune lymphoproliferative syndrome,

25, 107, 974–975, 987, 988–989
SLE, 341

fetus, 322
MRL mouse for study, 331
multiple sclerosis, 89
T-cell cytotoxicity

autoimmune thyroid disease, 474
polymyositis, 460–461

Father vs mother, hereditary of diabetes, 491
Fatigue

chronic fatigue syndrome, 997–998
primary biliary cirrhosis, 750

Fatty liver, 996–997
Fc (portions)

classical complement pathway and, 12
fusion proteins, 1072
human, 1065–1066

FcgRIIa, 208
FcgRIIa-131R (mutation), 205
FcgRIIb

on B-cell receptor signaling, 146, 173
deficiency, antiglomerular basement

membrane disease model, 824
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idiopathic bronchiolitis obliterans, 937,
945–946

idiopathic pulmonary fibrosis, 939, 946
antifibrotic agents, 948

primary sclerosing cholangitis, 769
thyroiditis, 468

Filaggrin, autoantibodies, rheumatoid arthritis,
424 (Table), 429

Filamentous F actin, 734
Filamentous hemagglutinin of Bordetella

pertussis, on dendritic cells, 39
Fine mapping, CTLA4 gene, 278
Fingers, rheumatoid arthritis, 418
Finland

celiac disease, 695
diabetes screening, neonates, 1050
premature ovarian failure, 852

Finnish IDDM Prediction and Prevention Project
(DIPP), 1033, 1046

First-phase insulin response (FPIR), 1035–1036,
1046

Fisher syndrome (Miller Fisher syndrome), 633,
636

functional autoantibodies and, 219 (Table),
223, 228

molecular mimicry, 221
Fistulae, Crohn’s disease, 714
5-hydroxytryptamine-4 receptors

active immunization study, 226
functional autoantibodies, 222

Flanking residues, on immunogenicity of
antigenic determinants, 183–184

Flares
autoimmune diseases, 29–30
giant cell arteritis, 927
SLE, 353

Flow cytometry, functional autoantibody assay,
221

Floxuridine, primary sclerosing cholangitis
models, 771

Fludrocortisone, autoimmune Addison’s disease,
511

Fluid phase radioassays, islet cell antibodies,
1035

Foam cells, atherosclerosis, 890
Focal lymphocytic adrenalitis, 503
Focal orchitis, 842
Focal thyroiditis, 468 (Table)
Focus scores, Sjögren syndrome, 404

diagnostic criteria, 405
Fogo selvagem, 791, 794, 795 (Fig.)

Dsg1 autoantibodies, 796
environmental factors, 797

Folic acid
danger of therapy, 540
deficiency syndrome, 999
for hemolytic anemia, 561

Follicles
lymphoid, 18, 160
secondary, 160

Follicular cells, thyroid
MHC class II expression, 469–470
on thyrotropin receptor autoantibodies, 

475
Follicular dendritic cells (FDCs), 12

chemokines, plasma cell migration, 143
immune complexes and, 210, 211

Follow-up, on concordance rates in twins, 275
Foods, 302–303, see also Diets
Forbidden clones, 1087, see also Clonal

selection
Forkhead box P3, see Foxp3 (transcription

factor)
Formiminotransferase cyclodeaminase (FTCD),

autoantibodies, 736, 740 (Table)
4.1-thymocytes, NOD mouse, 63–64

FcR inhibition, 205
immune complexes in suppression of immune

response, 146, 210
inositol polyphosphate 5′ phosphatase (SHIP)

null phenotype, 339
null phenotype, 338

FcgRIIb1, 257
FcgRIII

alleles, 205–206
NAx alleles, 206, 587

FcgRIIIa polymorphism, 205
Fcg receptors

Arthus reaction, 208
autoantibodies, systemic sclerosis, 373
genes, 206
immune complexes and, 207
platelet clearance, 579

FceRI autoantibodies, chronic urticaria, 815
Fc receptors, 10, 16

cell-associated immune complexes and,
204–206

epithelial (FcRn), 17–18
neonatal, 18, 204, 208

FcRIIB, B-cell downregulation, 28
lupus nephritis, 827
structure, 250–251

Fetal-specific g subunit, acetylcholine receptor,
654 (Fig.)

Fetus, 322–323
as antigenically foreign, 291
demise syndrome, 323
fibrinogen autoantibodies, 607
indolamin 2,3-dioxygenase and, 39
loss, 322–323

antiphospholipid syndrome, 382, 383, 384,
389, 390

material from, systemic sclerosis, 96–97
microchimerism from, 302 (Table)
rubella tolerance, 168

Fibrillarin
autoantibodies (U3-RNP)

assay, 1013 (Table)
systemic sclerosis, 373, 376

mercury-mediated B-cell autoimmunity, 
144

Fibrillary glomerulonephritis, antiglomerular
basement membrane disease vs, 823

Fibrillin 1 gene and protein, Tsk mouse model
mutation, 375

Fibrin
autoantibodies, 607
stabilization, factor XIII autoantibody disease,

606
Fibrin glue

factor V autoantibody disease, 604
fibrinogen autoantibody disease, 607

Fibrinogen, autoantibodies, 607
Fibrinolysis, antiphospholipid syndrome and,

388
Fibroblast growth factor, rheumatoid arthritis,

426
Fibroblastic foci, idiopathic pulmonary fibrosis,

939, 940 (Fig.)
Fibroblasts

genes, systemic sclerosis, 374
progenitor cells, scleroderma, 376
rheumatoid arthritis, 419, 424
systemic sclerosis and, 375
thyroid-associated ophthalmopathy, 477

Fibronectin, antibodies in vaccinated dogs, 315
Fibrosclerosis, multifocal, 782
Fibrosis

autoimmune hypophysitis, 549
autoimmunity vs, 29
dilated cardiomyopathy, from functional

autoantibodies, 230
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Foxp3 (transcription factor), 109
CD4+CD25+ T-cells, 28, 119–120, 121
IPEX, 484, 1000
knockout mouse, 520
regulatory T-cells, 72
SLE and, 362

F pocket, B27 molecule, 264
Fragile X syndrome, premature ovarian failure,

852
Freund adjuvant, 5, see also Complete Freund

adjuvant
Frogs, pituitary gland removal, 1089
FSH receptor, premature ovarian failure, 852
Fucosyltransferase-VII, 243
Fulminant myocarditis, 876, 877
Functional autoantibodies, 217–236

detection, 221–222
effects, 227–230
SLE, 357–358

Functional avidity, T-cells, MHC–peptide–TCR
interaction on, 50

Functional inactivation, see Anergy
Functional studies (genetics), 276
Fyn (Src-family tyrosine kinase), 251

natural killer cell development, 72
T-cells, 14

G
GAD, see Glutamic acid decarboxylases
GAD65 (glutamic acid decarboxylase)

autoantibodies
autoimmune polyendocrine syndromes, 521
diabetes, 1033
enzyme-linked immunosorbent assay, 1035

diabetes prevention trial, 1049 (Table)
HLA tetramers, T-cell activation assay, 1027
negative selection of thymocytes responsive

to, 64
neuropathies, 1000–1001
variability in pathogenicity, 65

GAD-reactive T-cells, 485
Gads (SH3 domain), 253
Galactose, premature ovarian failure, 852
Galactose-1-phosphate uridyl transferase

polymorphism (GALT polymorphism),
premature ovarian failure, 852

Galactosyl residue deficiency, IgA1,
Henoch–Schönlein purpura, 914

Galectin, N-acetylglucosaminyltransferase
deficiency, mouse model, 338

Gallium-67 scintigraphy, autoimmune
pancreatitis, 781

g chains, Fc receptors, 204
gd T-cells, 14, 15–16

peripheral neuropathies, 639–640
systemic sclerosis, 372

Gammaglobulin, diabetes prevention trial, 1048
(Table)

Gammaglobulin (serum), polyclonal band,
autoimmune pancreatitis, 783

Ganglionic nicotinic receptors, active
immunization studies, 227

Gangliosides
antibodies vs, 311, 634, 636

functional, 218–221
multifocal acquired sensory and motor

neuropathy (MASMN), 642
molecular mimicry by organisms, 310, 638
peripheral neuropathies, 636–637

cellular immunity, 640
Gap-junction proteins, Cogan syndrome and, 683
Gasax linkage regions, gastritis animal models,

538
Gastric atrophy, 530–531, 532, see also Atrophic

gastritis

NOD mouse, 331
orchitis, autoimmune, 845
pancreatitis, autoimmune, 783
pernicious anemia, 535
primary biliary cirrhosis, 756
primary sclerosing cholangitis, 770
psoriasis, 812, 813

arthritis, 442
rheumatic heart disease, 865–866
rheumatoid arthritis, 420
Sjögren syndrome, 409–410
SLE, 351
spontaneous disease models, 335
systemic sclerosis, 374
thyroid disease, autoimmune, 470–471

OS chicken, 889
uveitis, 673–674

Genomics, 1088
autoimmune thyroid disease, 280, 471
celiac disease, 698–699
diabetes, 492
lymphoma treatment, 980
psoriasis, 813
rheumatoid arthritis, 420
scans, 280

Geographic distribution
autoimmune diseases, 298–299
autoimmune hepatitis, 730–731
Behçet’s disease, 914
giant cell arteritis, 924
inflammatory bowel disease, 714
multiple sclerosis, 620
primary biliary cirrhosis, 755
rheumatoid arthritis, 417–418
systemic sclerosis, 372
Takayasu’s arteritis, 928

Geographic sequestration, antigens, 180
German BabyDiab Study, 1051
Germinal centers, 18

B-cell differentiation, 141, 160–161
ectopic, 148–149
myasthenia gravis, 657
requirements for formation, 142–143

Gestational diabetes, risk of progression, 1034
Giant cell arteritis, 901 (Table), 921–927,

930–931
Giant cell myocarditis, 876, 877

treatment results, 884
Giant cells, giant cell arteritis, 924
GILT (IFNg-inducible lysosomal thiol

reductase), 181
GITR (cell surface receptor), CD4+CD25+ T-

cells, 28, 121
Glatiramer acetate, 624 (Table), 625–626
Gld mutation (generalized lymphoproliferative

disease mutation), 331, 341, 987, 988
Gliadins

A-gliadin peptide 31–43, celiac disease, 700
celiac disease, 699, 1088

autoantibodies, 1037
T-cell epitopes, 702–703

Glial cells, multiple sclerosis, 623–624
Glomerulonephritis

ANCA, 829–834
complementarity theory, 832, 833 (Fig.),

908
ANCA specificities, 911 (Table)
antiglomerular basement membrane disease,

822, 823
complement deficiencies and, 339–340
mercury-mediated B-cell autoimmunity, 144
microscopic polyangiitis, 829, 830, 906 (Fig.)
SLE models, 357–358
value of animal models, 342

Glucocorticoids, see also Corticosteroids
homeostasis, 501

Gastric stasis, diabetes, 1000
Gastrin, levels, 529
Gastritis

atrophic, see also Gastric atrophy
adrenalitis with, 504
autoantibodies, 530 (Table)

autoimmune, 112 (Table), 527–546
Sjögren syndrome, 402

Gastro-esophageal reflux, idiopathic pulmonary
fibrosis, 946–947

Gastrointestinal tract, see also Colon
ankylosing spondylitis, 438–439
antigen processing, 18
dendritic cells, 38
dysfunction markers, autoimmune

polyendocrine syndromes, 521, 522
(Table)

immune complex transport by poly-Ig
receptor, 208

leukocyte migration to, 244
Sjögren syndrome, 402

GATA3, Th2 cells, 85
GD1a (ganglioside), 636–637
Gelatinase B

bullous pemphigoid model, 798–800
polymyositis, 460

Gell and Coombs, see Coombs and Gell type III
hypersensitivity reactions

GEMs (glycolipid-enriched microdomains), see
Lipid rafts

Gender, 26, 275, 294
antiphospholipid syndrome, 321–322
autoimmune hypophysitis, 548–549
autoimmune thyroid disease, 471
celiac disease, 694
DR-DQ double transgenic mice, rheumatoid

arthritis model, 266
gonadal failure, APECED, 516
Graves’ disease, 475
primary biliary cirrhosis, 755 (Table), 756
rheumatoid arthritis, lymphoma, 972–973
Sjögren syndrome, 405
SLE, 318, 351

Generalized lymphoproliferative disease
mutation (gld mutation), 331, 341, 987, 988

Generalized morphea, 371 (Table)
General Practice Database (UK), hepatitis B

vaccination and multiple sclerosis, 312–313
Gene therapy, 1073–1074
Genetic engineering, 1065–1066
Genetic models

inflammatory bowel disease, 719, 720
multi-hit, primary biliary cirrhosis, 756

Genetics, 1087–1088
ANCA glomerulonephritis, 831
animal models, 330
antiphospholipid syndrome, 386–387
autoimmune lymphoproliferative syndrome

(ALPS), 341
autoimmune polyendocrine syndromes,

518–519
autoimmunity, 25–26, 273–287, see also HLA

(genes)
B-cell autoimmunity, 144–147
carcinoma in inflammatory bowel disease, 715
celiac disease, 697–699
diabetes, 484, 490–492, 1032–1033
Graves’ disease, 476
Guillain–Barré syndrome, 641
hepatitis, autoimmune, 736–738
inflammatory bowel disease, 716–718, 720
malignant disease, 975–977
multiple sclerosis, 615–616, 620

animal models, 621
myasthenia gravis, 657
myocarditis, 880
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Glucose control, diabetes, 1046
Glucose 6-phosphatase catalytic subunit related

protein, islet-specific (IGRP), 488
Glucose 6-phosphate dehydrogenase deficiency,

dapsone and, 803
Glucose 6-phosphate isomerase

antibodies, rheumatoid arthritis, 423
collagen-specific TCR transgenic mice, 71

Glucose phosphate isomerase antibody, K/BxN
T-cell receptor mice, 336–337, 421

Glucose tolerance tests
in diabetes prevention trials, 1051
first-phase insulin response, 1035–1036

GluR1a receptor, functional autoantibodies and,
219 (Table)

GluR1 receptor, functional autoantibodies and,
226 (Table)

GluR3 (neuronal glutamate receptor subunit 3)
active immunization study, 227
antibodies

excitotoxicity, 229–230
Rasmussen encephalitis, 663, 1001

functional autoantibodies and, 224, 226
(Table)

Rasmussen encephalitis, 197
Glutamate receptors

functional autoantibodies and, 219 (Table),
220 (Fig.), 224, 226 (Table)

excitotoxicity, 229–230
intrathecal autoantibodies, 225
subunit 3, see GluR3

Glutamic acid decarboxylases (GAD), see also
GAD65

antibodies, 517
antedating diabetes, 1014
central nervous system disorders, 663
Haemophilus influenzae type B vaccine

and, 313
screening, 1046

diabetes, 488
NOD mouse, antigenic determinant

spreading, 187
rubella and, 1052
slow-onset, 1050

Gluten, 699, 700–704
challenge to celiac disease patients, 700
complexed with tissue transglutaminase, 697
diabetes, 1047 (Table), 1052

Gluten-free diet, 302, 705
Glutenins, celiac disease, 699
Glycolipid-enriched microdomains, see Lipid

rafts
Glycoprotein receptors, von Willebrand

syndrome, 608
Glycoproteins, see also b2-glycoprotein I

erythrocytes, 559, 568
platelets, 575, 577–578

HIV infection, 580–581
T-cells reactive to, 579

Glycosylation
defects, 338
neuronal glutamate receptor subunit 3, 197

Glycosylphosphatidylinositol-anchored protein
deficiency, paroxysmal nocturnal
hemoglobinuria, 596

Gold salts, 300 (Table), 429
Golgi complex, antinuclear antibody staining,

1018 (Table)
Gonadotrophin releasing hormone,

immunosuppression, 319
Gonadotrophins, 320–321

poor responders, 850
‘Goodpasture epitope,’ 822, 823
Goodpasture syndrome, 821

CD4+CD25+ T-cells, 127
Gottron’s sign, 453
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type B vaccine (HiB vaccine), diabetes and,
313

Hagfish, innate immune system, 1086
Hairs

alopecia areata, 807
development, 808

Halothane, 300 (Table)
Hands

mechanic’s, 453
rheumatoid arthritis, 418

Hapten immune pulmonary interstitial fibrosis
model, adoptive transfer, 941

Hashimoto’s disease, 467–468
Addison’s disease with, 515
adrenalitis with, 504
autoimmune hypophysitis with, 548
complement, 473
concordance rates in twins, 275 (Table)
CTLA4 gene, 277
gastric autoantibodies, 530 (Table)
lymphoma, 972
OS chicken as model, 889
primary biliary cirrhosis, 752 (Table)
T cells, 474
Th1/Th2 balance, 89–91

Hearing loss, sudden sensorineural (SNHL), 
681

Heart, dermatomyositis, 454
Heart block, see Congenital heart block;

Neonatal lupus congenital heart block
Heart preparations, functional autoantibody

studies, 223
Heart valves, antiphospholipid syndrome, 383
Heat shock protein(s), see also HSP60;

Mycobacterial HSP65
atherosclerosis, 889–890, 892–895
in immune complexes, 208

Heat shock protein 70, autoantibodies vs, inner
ear disease, 684

Heavy chain of HLA class I molecule, 261
Heavy chain of immunoglobulin, genes, 169
Heavy metals, 302 (Table), 303, 376, see also

Mercury
gold salts, 300 (Table), 429

Heidelberger, Michael, immunochemistry, 4
HEL, see Hen egg lysozyme
Helicobacter pylori, 531

autoimmune gastritis, 112 (Table), 535–536
autoimmune thrombocytopenic purpura, 576
MALT lymphoma, 974, 978

Helper T-cells, see CD4+ T-cells; Th cells
Hematophagous insects, fogo selvagem and, 

797
Hematopoietic cells, NOD mouse, 63
Hematopoietic stem cell-mediated antigen-

specific therapy, diabetes, 1054–1055
Hematopoietic stem cells, 9

acquired aplastic anemia, 596–597
B-cell development from, 139
cyclophosphamide resistance, 594–595
tolerance induction, autoimmune gastritis,

540–541
transplantation, 1072–1073

for inflammatory bowel disease, 724
multiple sclerosis, 73, 626–627

Hemidesmosomes, 789–790
autoantibodies

bullous pemphigoid, 798
paraneoplastic pemphigus, 797

Hemiparesis
Rasmussen encephalitis, 663
rheumatoid arthritis, 428–429

Hemocytopenia, alternating autoimmune, 586
Hemofiltration, extracorporeal, inflammatory

bowel disease, 724
Hemolysis, experiments of Jules Bordet, 2

GPI-anchored protein deficiency, see
Glycosylphosphatidylinositol-anchored
protein deficiency

G-protein–coupled receptors
active immunization studies, 227
functional autoantibodies and, 228, 230

Gqib (ganglioside), 636
Graft-versus-host disease

bone marrow transplantation for aplastic
anemia, 594

bronchiolitis obliterans syndrome as, 941
primary biliary cirrhosis model, 759
primary sclerosing cholangitis model, 771
scleroderma mouse model, 375
systemic sclerosis and, 96, 97, 376

Graft-versus-host induced autoimmunity models,
341

GRAIL (E3 ubiquitin ligase), deficiency, 112
Grain farmers, acquired aplastic anemia, 593
Granulocyte colony-stimulating factor (G-CSF)

for autoimmune neutropenia, 588
before hematopoietic stem cell transplantation,

1072
Granulocyte–macrophage colony-stimulating

factor (GM-CSF)
autoimmune gastritis models, 538–539
for inflammatory bowel disease, 724
knockout mouse, pulmonary alveolar

proteinosis model, 1003
Granulocytes, immune complexes and, 

208–209
Granulomas

Crohn’s disease, 715
primary biliary cirrhosis, 753–754

Granulomatous hypophysitis, 547
Granulomatous orchitis, 842
Granulomatous uveitis, 671, 672
Granzymes, 10

A, Sjögren syndrome, 408
B, autoantigen cleavage, 196–197

Graves’ disease, 474–478
adrenalitis with, 504
association studies, CTLA4 gene, 277
from Campath-1H antibody (alemtuzumab),

91, 175
CD40 gene, 278
CD52 monoclonal antibody for multiple

sclerosis, 1070
concordance rates in twins, 274–275
eosinophil-derived neurotoxin, 91
functional autoantibodies and, 219 (Table)
Hashimoto’s disease with, 468
HLA alleles and haplotypes, 262 (Table)
pregnancy, 323
stress, 302 (Table), 304, 476
Th1/Th2 balance, 89–91

Group II pyridoxal phosphate-dependent amino
acid decarboxylases, 517

Growth hormone, autoimmune hypophysitis, 550
Grp78 (BiP chaperone protein), rheumatoid

arthritis, 424
Guidelines

diagnostic assays, 1016, 1019
evidence-based, requirements for, 1014

Guillain–Barré syndrome, 633–641
Campylobacter jejuni, 310
functional autoantibodies and, 219 (Table)
molecular mimicry, 221
vaccination and, 311–312

GW bodies, antinuclear antibody staining, 1018
(Table)

H
Haemophilus influenzae

Guillain–Barré syndrome, 638
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Hemolytic anemia
autoimmune, 557–574

intravenous immunoglobulin for, 561, 588
lymphoma, 972
NA2-negative neutrophil transfusions for,

588
spleen, 575

early research, 5
Hemostatic reactions, see also Thrombosis

antiphospholipid syndrome, 387–388
Hen egg lysozyme (HEL)

antigen-presenting cells, antigenic determinant
hierarchies, 180, 181

double transgenic model, see also Hen egg
lysozyme/anti-HEL BCR transgenic mice

CR1/CR2 deficiency, 339
flanking residues on determinant dominance,

183
immunogenicity, C57BL/6J mouse, 183–184
molecular basis of determinant dominance,

183
studies of complement on B-cells, 146–147
studies of steady-state dendritic cells, 38

Hen egg lysozyme/anti-HEL BCR transgenic
mice, 171

B-cell anergy, 173
Hen egg lysozyme TCR transgenic mice, 700
Henoch–Schönlein purpura, 901 (Table), 906

(Table), 910 (Table), 913–914
malignant disease, 973
markers, 909

Hepalaminin, 734
Heparin

inner ear disease studies, 686
pregnancy, antiphospholipid syndrome, 390

Hepatic P450 cytochromes, autoantibodies, 517
Hepatitis

adrenalitis with, 504
aplastic anemia with, 593
autoimmune (AIH), 729–747

primary sclerosing cholangitis vs, 768
sclerosing cholangitis, 773
type 1, 732–735
type 2, 735–736

autoimmune polyendocrine syndromes,
markers, 521, 522 (Fig.)

chronic, 729–747
Hepatitis B vaccination

arthritis and, 314
multiple sclerosis, 312–313
rheumatoid arthritis, 314

Hepatitis B virus
MHC zygosity and, 47
polyarteritis nodosa, 903, 904
small vessel vasculitis, 902
uveitis and, 673

Hepatitis B virus polymerase peptide, multiple
sclerosis, molecular mimicry, 310

Hepatitis C, immune complexes, 203
Hepatitis C virus

autoimmune hepatitis and, 739
chronic lymphocytic sialadenitis, 410
cryoglobulinemia, malignant disease risk, 977
cryoglobulinemic vasculitis, 912
lymphoma and autoimmune diseases, 974
Sjögren syndrome vs, 405 (Table)

Hepatocellular carcinoma
autoantigens in microenvironment, 198
primary biliary cirrhosis, 752

Hepatocytes, autoimmune hepatitis, 730
Herpes gestationis, 791, 800
Herpes stromal keratitis, 112 (Table)
Heterodimers, DQ and DR molecules,

polychondritis, 266–267
Heyn’s rearrangement, 16a-hydroxyestrone

covalent binding, 320

multiple sclerosis, 1038
myasthenia gravis, 657
myocarditis, 880
pancreatitis, autoimmune, 783
pemphigus foliaceus, 796
pemphigus vulgaris, 794
pernicious anemia, 535
primary sclerosing cholangitis, 770
psoriasis, 813

arthritis, 442
screening, 1046
Sjögren syndrome, 410
systemic sclerosis, 374
thrombocytopenic purpura, autoimmune, 

576
thyroid disease, autoimmune, 470, 1036

HLA-A2-tax system, 49
HLA-A29, birdshot retinopathy, 997
HLA-B27 alleles, 263–265

psoriatic arthritis, 442
reactive arthritis, 438
spondyloarthritides, 437

bacteria and, 438–439
inflammatory bowel disease and, 716
misfolding hypothesis, 441
in pathogenesis, 440–441

subtype specificity, ankylosing spondylitis,
185

transgenic animal models, 63, 263–264
HLA-B51, Behçet’s disease, 915
HLA-DQ molecules, see DQ molecules
HLA-DR molecules, see DR molecules
HLA-G

myoblasts, 460
trophoblast, 322

Hodgkin’s disease, paraneoplastic cerebellar
degeneration, 959

Homeostasis, role of MHC cell-surface
molecules, 45

Homeostatic competition, insulitis and
infections, 494

Homocysteine, 353
Homodimers

B27 molecules, 264, 441
CD45, 252

Homologous restriction factor, see CD59
(complement regulatory protein)

Homologous restriction factor/C8-binding
protein, hemolytic anemia, 559

Hormone replacement therapy, primary biliary
cirrhosis, 751

Hormones, see also Sex hormones
adrenal cortex, 501, 502 (Fig.)

Horror autotoxicus (Ehrlich), 2–3
HSP60, 892–893

atherosclerosis, 890, 892–893, 894–895, 
996

Behçet’s disease, 914–915
p277 peptide, diabetes prevention trials, 1048

(Table), 1050
HSP65, see Mycobacterial HSP65
HTLV-1-associated myelopathy, 112 (Table)
Hu antigens, 960, 966

autoantibodies, 960, 961 (Table), 962 (Fig.),
966

assay, 1013 (Table)
Human embryonic kidney cells, functional

autoantibodies detection, 222
Human Fc portions, antibodies, 1065–1066
Human herpesvirus 8, lymphoma and

autoimmune diseases, 974
Human inhibitor of apoptosis-like protein

(hILP), 461
Humanized anti-a4 antibody, multiple sclerosis,

622
Humanized monoclonal antibodies, 1064–1065

HG factor, 800
HiB vaccine, see Haemophilus influenzae, type

B vaccine
Hierarchies, diagnostic assays, 1016
HIF-1a, see Hypoxia-inducible factor-1a
High-dose chemotherapy with autologous bone

marrow transplantation, 1072–1073
rheumatoid arthritis, 430

High endothelial venules, 19, 239 (Fig.), 243
vascular addressins, 237–239

Highly active antiretroviral therapy, Graves’
disease, 477

High-mobility group 1 protein (HMGB1), in
immune complexes, 208

High-resolution computed tomography
idiopathic bronchiolitis obliterans, 937
idiopathic pulmonary fibrosis, 938–939

High-throughput technologies, 329
High zone tolerance, 170
Hippocampal neurons, apoptosis, autoantibody

excitotoxicity, 230
Histamine, neutrophil extravasation, 10
Histamine H1 receptor, autoimmune orchitis

genetics, 845
Histidine decarboxylase, 508, 517
Histidyl-tRNA synthetase, autoantibodies, see

also Jo-1 autoantibodies
assay, 1013 (Table)
polymyositis, 461

Histones, autoantibodies, assay, 1013 (Table)
Historical aspects, 1–7, see also specific diseases

adaptive immune response, 158
autoimmune lung diseases, 935–936
Graves’ disease, 474–475
rheumatic heart disease, 863, 867
vaccines, 309
vasculitis, 900–902

HIV infection
autoimmune thrombocytopenic purpura,

580–581
HLA-B27 on susceptibility, 263
MHC zygosity and, 46
neutropenia, 587
orchitis, 843
prothrombin autoantibodies, 606
psoriasis, 442
Sjögren syndrome vs, 405 (Table)

HLA (genes), 45–56, 261–271, 1087, see also
Major histocompatibility complex; MHC
locus

A1-B8-DR3-DQ2, diabetes, 1051–1052
Addison’s disease, 1037
alopecia areata, 808
antiglomerular basement membrane disease,

823–824
antiphospholipid syndrome, 386
APECED, 518
autoimmune diseases associated with, 25
autoimmune polyendocrine syndrome type II,

518–519
bullous pemphigoid, 798
celiac disease, 697–698, 1037

dermatitis herpetiformis and, 802
transgenic mice and, 700

chromosome region, 261
class III region, 46
cryoglobulinemic vasculitis, 912
Db locus, influenza nucleoprotein transgenic

mouse, 551
diabetes, 491–492, 1032–1033

siblings, 491, 492
eye diseases, 673–674
hepatitis, autoimmune, 731–732, 737
historical aspects, 585
hypophysitis model, Db locus, 551
juvenile idiopathic arthritis, 446
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Human leukocyte antigen genes, see HLA
(genes); Major histocompatibility complex
cell-surface molecules

Human monoclonal antibodies, 1065
Human-mouse chimeras, monoclonal antibodies

from, 1065
Human T-lymphocyte virus-1, myelopathy, 617
Hu syndrome, 958
Hybrid molecules, DQ and DR molecules,

polychondritis, 266–267
Hybridoma, cryoglobulinemic vasculitis model,

912
Hydrochloric acid, absence in pernicious anemia,

529
Hydrocortisone, for autoimmune Addison’s

disease, 510, 522
Hydrogen bonds, DQ molecule presentation of

gluten peptides, 703
H+–K+ ATPase

animal models, 536
anticanalicular antibody, 532
b chain

benign autoreactivity to, 65
negative selection of thymocytes responsive

to, 64
CD4+ T cells, 534
cross-reaction with Helicobacter pylori, 536
immunization vs, 538
mice transgenic for Toll-like receptors,

autoimmune gastritis model, 539
parietal cell antibodies, 529, 533–534

Hydroxychloroquine
antiphospholipid syndrome, 391
retinopathy, 353

16a-Hydroxyestrone, 320
17a-Hydroxylase, autoantibodies, 517
21-Hydroxylase (P450c21), adrenal gland,

506–507
autoantibodies, 517–518, 521–522, 855, 1037

17a-Hydroxylase-like protein, adrenal, 508
5-Hydroxytryptamine-4 receptors

active immunization study, 226
functional autoantibodies, 222

Hygiene hypothesis, 1089
diabetes, 1052
multiple sclerosis, 621

Hypercalcemia, autoimmune Addison’s disease,
509

Hypergammaglobulinemia
autoimmune hepatitis, 732
interleukin-6 and, 109–111
viral infections, 293

Hypergonadotropic hypogonadism, adrenalitis
with, 504

Hyperkalemia, autoimmune Addison’s disease,
509

Hyperlipidemia, primary biliary cirrhosis, 751
Hypermutations, see Somatic hypermutations
Hyperplastic lesions, celiac disease, 694
Hyperprolactinemia, autoimmune hypophysitis,

549
Hypertension, autoantibodies and, 219 (Table),

222
Hypervariable loops, 16
Hypogonadism, hypergonadotropic, adrenalitis

with, 504
Hyponatremia, autoimmune Addison’s disease,

509
Hypoparathyroidism, 1002–1003

adrenalitis with, 504
APECED, 516
gastric autoantibodies, 530 (Table)
treatment, 522

Hypophysitis, autoimmune (lymphocytic),
547–553

adrenalitis with, 504
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IFN-a/b null gene, NZB mouse, 335
IFN regulatory factor-1 (IRF1), Th1 cells and,

85
IgA (antibodies), 16

cold agglutinins, 561
deficiency, celiac disease with, 694
dermatitis herpetiformis, 802
Henoch–Schönlein purpura, 913
primary biliary cirrhosis, 760, 761
rheumatoid factor, 429
salivary, atherosclerosis, 893
secretory, 16, 17
tissue transglutaminase autoantibodies, 696,

704–705
IgA1, Henoch–Schönlein purpura, 914
Iga (immunoglobulin a)

B-cell autoimmunity, 146
B-cell receptor, 251

IgA memory B-cells, 163
IgA nephropathy, 834, 913–914
IgA pemphigus, 791, 797–798

dapsone, 798, 803
Igb

B-cell autoimmunity, 146
B-cell receptor, 251

IgE (antibodies), 17
chronic urticaria, 815
to monoclonal antibodies, 1065

IgG (antibodies)
antineutrophil cytoplasmic antibodies, 909
antiplatelet antibody, 577–578
CSF, 618
de-aggregated, 1090–1091
hemolytic anemia, 559
immune complexes from, 206, 207
intrathecal, 225
Lambert–Eaton syndrome, inoculation of

rabbits, 965–966
myocarditis biopsy, 880
passive transfer, bullous pemphigoid model,

798–800
prolactin binding, 320
switch from IgM, 290
tissue transglutaminase autoantibodies, 

705
transport by epithelial receptors, 17–18

IgG2aj/a antibodies, see Antinucleosome IgG2aj/a

antibodies
IgG2a self-reactive B-cells, 174
IgG3, self-association, 206
IgG4

autoimmune pancreatitis, 783, 784, 785
pemphigus foliaceus, 784, 795

IgG-chromatin complexes, 211
IgM (antibodies), 16, see also X-linked hyper-

IgM syndrome
from B1-cells, 16
cold agglutinins, 562, 563
immune complexes from, 206
mouse allotypes, 1090
rheumatoid factor, 429
T-cell-independent, 290
viral infections, 293

IgM paraproteins, neuropathy syndromes, 
642

Ignorant B-cells, 171 (Table), 173
Ignorant T-cells, 108, 291
IGRP (islet-specific glucose 6-phosphatase

catalytic subunit related protein), 488
IGRP206–214Kd

T-cells responsive to, 66
thymocytes responsive to, 64

i/I blood group antigens, 562, 587
cross-reactions, 567

IKK (IkB kinases), 255
Ileitis, regional, historical aspects, 713

Hypoplastic myelodysplastic syndromes,
acquired aplastic anemia vs, 592

Hypopyon, 670
Hypothyroidism, 467

gastric autoantibodies, 530 (Table)
postpartum, 323

Hypoxia, scleroderma, 376
Hypoxia-inducible factor-1a (HIF-1a),

rheumatoid arthritis, 427
H-Y TCR transgenic mice, thymocyte clones

deletion, 105
inactivation, 107

I
I2 antibodies (Pseudomonas fluorescens-

associated), 722
I-A (MHC molecule isotype)

immunization-induced thyroiditis and, 471
large protein fragments bound to, 181

IA2 (ICA512 protein tyrosine phosphatase)
as antigen, diabetes, 488
autoantibody, 1033, 1035

Ia antigens, 674
I-AbEa mouse, 49
I-Abg7 allele, NOD mouse, 63
I-Abm12 mutation, experimental autoimmune

myasthenia gravis resistance, 660
IAg7 (class II molecule)

glucose 6-phosphate isomerase and, collagen-
specific TCR transgenic mice, 71

NOD mouse, 63, 268
Ian5 gene, BB rat, 519
IBDx loci, 279, 717, 718
Ica69 locus, NOD mouse, Sjögren syndrome

model, 410
ICAM-1 (intercellular adhesion molecule 1), 10,

238 (Table)
gene therapy with fusion protein, 1074
lipopolysaccharide atherosclerosis animal

model, 894
myoblasts, 459
peripheral neuropathies, 640
polymyositis, 457
rheumatoid arthritis, 427
Sjögren syndrome, 409

ICAM-2, 238 (Table)
ICOS, see Inducible costimulator
ICOS-L, see Inducible costimulator ligand
ICS autoantibodies, antiepidermal, pemphigus

foliaceus, 795
IDCs, 10–12
Iddm2 gene, BB rat, 519
IDDM2 susceptibility locus, 279, 1051
IDDMx genes, 492, 520
Iddx loci, NOD mouse, Sjögren syndrome

model, 410
Identification cards, autoimmune Addison’s

disease, 511
Idiopathic bronchiolitis obliterans, 935, 937,

940–941, 943, 944, 945–946, 947
Idiopathic inflammatory myopathies, see

Dermatomyositis; Polymyositis
Idiopathic pulmonary fibrosis, 935, 938–940,

941–945, 946–949
historical aspects, 936

Idiopathic thrombocytopenia, vaccination and,
311 (Table)

Idiotype/antiidiotype model, anticardiolipin
antibody immunization, 387

Idiotypic network, B-cell regulation, 173
I-Ea peptide, I-AbEa mouse, 49
I-E molecules (MHC molecule isotypes)

immunization-induced thyroiditis, 471
large protein fragments bound to, 181
marking of dendritic cells, 37
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Imaging, see also specific modalities
autoimmune Addison’s disease, 509, 510

(Fig.)
autoimmune hypophysitis, 551
autoimmune pancreatitis, 780–781
multiple sclerosis, 617
rheumatoid arthritis, 418
salivary glands, Sjögren syndrome, 402
Takayasu’s arteritis, 929

Immune complexes, 203, 204–213
clearance by erythrocytes, 12
complement-binding, 173
elimination, 208
Henoch–Schönlein purpura, 914
idiopathic pulmonary fibrosis, 941–943
immune stimulation, 146
juvenile idiopathic arthritis, 447
lupus nephritis, 828
polyarteritis nodosa, 903
SLE, 357–358
soluble, 206–208

Immune complex/innocent bystander
mechanism, drug-induced immune
hemolytic anemia, 565

Immune deviation, 87, 97
anterior chamber-associated (ACAID), 675

Immune dysregulation, polyendocrinopathy,
enteropathy and X-linked syndrome (IPEX
syndrome), 109, 119, 175, 484, 1000

Immune mediated inner ear disease (IMIED),
681

Immune privilege
geographic sequestration, 180
hair follicles, 808
testis, 843

Immunization
antiphospholipid syndrome models, 387
autoantibody studies, 226–227
bullous pemphigoid model, 800, 801 (Fig.)
gastritis induced, 538
insulitis from, 485
pemphigus vulgaris model, 794
primary sclerosing cholangitis model, 771
thyroiditis induced, 471–472
uveitis models, 674

Immunoadsorption
for Guillain–Barré syndrome, 641
for myocarditis, 880, 884

‘Immunobiologic revolution,’ 5
Immunochemistry, historical aspects, 4
Immunodeficiency, see also Severe combined

immunodeficiency disease
animal models, 330
association with autoimmunity, 175
common variable, pernicious anemia, 532

Immunoelectron microscopy, polymyositis, 456
Immunofluorescence microscopy

antiglomerular basement membrane disease,
823

myocarditis, 879, 880
Immunofluorescence tests, see also Indirect

immunofluorescence
autoimmune neutropenia, 587–588
pemphigus vulgaris, 792

Immunogenic states, vs tolerogenic states, 27
Immunoglobulins, 16–18, see also classes

beginning Ig . . . ; Class switching; Fc
adhesion molecules, see also ICAM-1;

MAdCAM-1; VCAM-1
ICAM-2, 238 (Table)

antiestrogen–protein adducts, oral
contraceptives and, 320

autoimmune neutropenia, tests for, 588
B-cells, 16
CSF, 618
heavy chains, genes, 169

Induced models
inflammatory bowel disease, 718–719
polyendocrine syndromes, 520
systemic autoimmunity, 341–342

antiphospholipid syndrome, 387
Inducible costimulator (ICOS)

deficiency, animal models, 330
germinal centers, 143

Inducible costimulator ligand (ICOS-L)
germinal centers, 143
myoblasts, 459–460

Inducible costimulator-ligand pathway,
regulatory T-cells induced by mature
pulmonary dendritic cells, 39

Inducible COX-2, rheumatoid arthritis, 428
Inducible regulatory T-cells, 71–72
Industrial inhalational injury, 301–302, 944
Infantile polyarteritis nodosa, 901
Infections, 1088, see also Molecular mimicry

ANCA-induced small vessel vasculitis, 909
autoimmune diseases, 27, 41, 289–295, 310

eye, 673
autoimmune neutropenia of infancy, 586
autoimmune orchitis, 842–843
autoimmune thrombocytopenic purpura, 576
celiac disease, 700
dendritic cell maturation, 36
diabetes, 331

molecular mimicry, 1052, 1053
socio-economic factors, 493

Graves’ disease, 476
HLA genes and, 262
on insulitis, 494
lymphoma and autoimmune diseases, 974
multiple sclerosis and, 620–621
myocarditis, 880–881
oophoritis models, 854
paroxysmal cold hemoglobinuria, 564
primary biliary cirrhosis, 757, 760–761
primary sclerosing cholangitis, 770
secondary lymphoid tissues, 294
SLE, 353
spondyloarthritides after, 264
Th1 cells and, 88
Toll-like receptors and, 310

Infectious mononucleosis
hemolytic anemia, 562, 567
IgM cold agglutinins, 563
prothrombin autoantibodies, 606

Infectious tolerance, 134
Infertility, 322, 850, 851–852

male, 841–847
treatment, 855

Infiltrative lesions, celiac disease, 694
Inflammation, see Inflammatory response
Inflammatory bowel disease, 713–728, see also

Crohn’s disease
adrenalitis with, 504
ANCA glomerulonephritis with, dogs, 830
ankylosing spondylitis, 438–439, 716
arthritis, 438, 716
malignant disease, 973
primary sclerosing cholangitis and, 716, 767,

768, 769, 770, 772, 773
after liver transplantation, 773

reversal by regulatory T-cells, 125–126
STAT3, 111

Inflammatory chemokines, 240
Inflammatory mediators, 10
Inflammatory perivenous plaques, multiple

sclerosis, 619
Inflammatory response, 10

BAFF (B-cell activating factor), 145
breaking immune tolerance, 333–334
chemokines on plasma cells, 143
dermatomyositis, 456–457

intravenous, see Intravenous immunoglobulin
juvenile idiopathic arthritis, 446
light chains, 407

genes, 169
monoclonal, Sjögren syndrome, 407
plasma cells, by anatomic location, 142
somatic hypermutations, 18
transmembrane sequences, 16, 250–251

Immunologic synapse(s), 14, 158, 159–161, 162,
277

Immunology, revival, 5–6
Immunomodulators

multiple sclerosis, 624–628
psoriasis, 813–814
uveitis, 676

Immunopathology
autoimmune diseases vs, 294
historical aspects, 1–7

Immunopoiesis, B-cells, 139
Immunoprecipitation assays

functional autoantibodies, 221
21-hydroxylase, 507

Immunoproteasome, 15
Immunoreceptor tyrosine-based activation motifs

(ITAMs), 14, 251, 252
Fc receptors, 204–205

Immunoreceptor tyrosine-based inhibition motifs
(ITIMs), 146, 173, 205, 256

PD1 knockout mouse, 337
Immunosuppression, 30, 1075

acquired aplastic anemia, 592–593, 594–596
androgens, 317
antiglomerular basement membrane disease,

825, 826
on autoimmune gastritis, 532
autoimmune hemolytic anemia, 561, 563
autoimmune hepatitis, 740–741
conditioning, bone marrow transplantation,

592–593, 1072–1073
dermatomyositis, 455
diabetes, 494

prevention, 1050
gonadotrophin releasing hormone, 319
for infertility, 855
inner ear disease, 685
juvenile primary sclerosing cholangitis, 

773
limitations, 1064
lymphoma risk from, 979
myocarditis, 883–884
primary biliary cirrhosis, 761
rheumatoid arthritis treatment, 430
SLE treatment, 354

lupus nephritis, 828–829
systemic sclerosis treatment, 376

Implants, 302 (Table), 303–304
Inactivation

functional, see Anergy
T-cells, 105, 107–108

Incidence
autoimmune hypophysitis, 548–549
primary biliary cirrhosis, 755 (Table)
SLE, 351

Inclusion-body myositis, 453, 454 (Table)
Indeterminate colitis, 716

markers, 722
Indirect immunofluorescence (IIF)

antimitochondrial antibodies, 761
autoimmune hepatitis, 740
myocarditis, 879
pemphigus vulgaris, 792
screening tests, 1017

Indolamin 2,3-dioxygenase, dendritic cells
expressing, 39

Indomethacin, in diabetes prevention trial, 1047
(Table)
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determinant spreading, 187
eye, 675
immune complexes, 208–209
multiple sclerosis, 618
rheumatoid arthritis, 422
starting autoimmunity, 1088–1089
as treatment target, 1075

Infliximab
inflammatory bowel disease, 723
psoriatic arthritis, 443
rheumatoid arthritis, 429, 430 (Table),

1070–1071
Sjögren syndrome and, 411
uveitis, 676

Influenza, antiglomerular basement membrane
disease, 824

Influenza hemagglutinin, T-cell receptors for
107–119 peptide, transgenic mice
expressing, 134

Influenza matrix peptide, on dendritic cells, 37
Influenza nucleoprotein transgenic mouse, 551
Influenza vaccine

Bell’s palsy and, 314
Guillain–Barré syndrome and, 311–312

Infundibulo-neurohypophysitis, lymphocytic,
548

incidence, 549
magnetic resonance imaging, 551

Inhalational injuries, 301–302, 944, see also
Smoking

corticosteroids, 947
Inhibin gene defects, premature ovarian failure,

852
Inhibitors of NF-kB, 255
Inhibitory signals, resolution of immune

response, 19
Innate immune responses, 9, 10–13, 87, 88

(Fig.), 249, 1086
myocarditis, 882–883
reperfusion injury, 1004
rheumatoid arthritis, 420
SLE and, 362
Th cell recruitment, 157

Inner ear disease, 681–689
Innocent bystander mechanism, drug-induced

immune hemolytic anemia, 565
Inositol polyphosphate 5′ phosphatase (SHIP),

205, 257
null phenotype, 339

Inositol trisphosphate (IP3), 253
Insects, hematophagous, fogo selvagem and, 

797
Insulin

as antigen, 488
autoantibodies antedating diabetes, 1014

first-phase insulin response and, 1035
autoantibody screening, 1046
resistance, 1046–1050
treatment, 483–484

limitations, 1063, 1072
nasal delivery, 1055, 1056, 1092

trials for diabetes prevention, 1048 (Table),
1051, 1053–1054, 1055–1056

Insulinoma antigen 2, tyrosine phosphatase-like
(IA2), autoantibody screening, 1046

Insulin variable number of tandem repeats, 279,
281

Insulitis, 91, 490
from immunization, 485
infections on, 494
NOD mouse, 520
T-cells, 331–332

activation, 489
proliferation assay, 1025 (Fig.)

Integrins, 238 (Table), 241 (Fig.), see also a4b1
integrin; a4b7 integrin
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deficiency models, 340
inflammatory bowel disease, 719

diabetes prevention trial, 1048 (Table)
Fc fusion protein, 1072
SLE, downregulation, 361
uveitis, 674, 675–676

Interleukin-2 receptor, soluble
systemic sclerosis, 372
vitiligo, 810

Interleukin-2 receptor a, deficiency models, 340
Interleukin-2 tyrosine kinases (Itk), 253
Interleukin-4, 70

gene, DNA vaccination for EAE, 622
gene therapy, 1074
Th2 cell development, 85

Interleukin-5, autoimmune hemolytic anemia,
anti-RBC Tg mice, 568

Interleukin-6
giant cell arteritis, 927
lymphocyte survival and, 109–111
on regulatory T-cells, 41
rheumatoid arthritis, 426
uveitis, 675–676

Interleukin-6 receptor antibody therapy, 431
Interleukin-7, lymphocyte survival and, 109
Interleukin-8, rheumatoid arthritis, 426
Interleukin-10, 28–29

anti-inflammatory then pro-inflammatory, 29
B-cells

autoimmunity, 150–151
SLE, 358

CD4+CD25+ T-cell mode of action, 122
deficiency models, inflammatory bowel

disease, 719, 720
diabetes, 332
gene therapy, 1074
immune tolerance, 41
induction by immune complexes, 146
protective effects, 70
psoriasis, 812
reactive arthritis, 439
regulatory T-cell production, 52, 133
rheumatoid arthritis, 93, 426
Sjögren syndrome, 93–94
SLE, 95, 150–151, 362

B-cells, 358
spondyloarthritides, polymorphisms, 440

Interleukin-12, 15
autoantibodies, thymoma, 658
monoclonal antibody, for Crohn’s disease, 

723
rheumatoid arthritis, 426
SLE, 95
Th1 cell induction, 85

Interleukin-12p40, multiple sclerosis, 89
Interleukin-15

celiac disease, 697, 704
Fc fusion protein, 1072
rheumatoid arthritis, 426
Sjögren syndrome, 94
transgenic mice, 700

Interleukin-17, rheumatoid arthritis, 426
Interleukin-18

multiple sclerosis, 89
NOD mouse, 91
rheumatoid arthritis, 93, 426

Intermediate filaments, autoantibodies,
autoimmune hepatitis, 733 (Fig.)

Intermediate uveitis, 671
Intermitotic lifespan, regulatory T-cells, 135
Internalization

neurotransmitter receptors, 228
nucleic acid-containing immune complexes

and, 211
International Autoimmune Hepatitis Group, 730,

740

CD103, CD4+CD25+ T-cells, 121
inhibitors, see Natalizumab

Intercellular adhesion molecule 1, see ICAM-1
Interdigitating dendritic cells (IDCs), 10–12
Interface hepatitis, 730, 768 (Fig.), 769
Interferogenic immune complexes, 211
Interferon(s), 13

signature, microarray technology, 30
Interferon-a

autoimmune diseases from, 300 (Table)
for autoimmune hemolytic anemia, 563
B-cell autoimmunity, 151
celiac disease, 704
for myocarditis, 884
from natural IFN-producing cells, 211
Sjögren syndrome, treatment, 411
SLE, 151, 362

animal models, 335
Th1 cell induction, 85
thymoma, autoantibodies, 658
thyroid disease, 471

Interferon-b
diseases to treat, 1074
for myocarditis, 884

Interferon-b1a, for multiple sclerosis, 624
Interferon-b1b, for multiple sclerosis, 624–625
Interferon-g, 15

acquired aplastic anemia, 593
A/J mouse myocarditis model, 882
ankylosing spondylitis, 439
antibodies to, 1071
anti-inflammatory and pro-inflammatory, 29
autoimmune diseases from, 300 (Table)
autoimmune gastritis, 539
autoimmune thyroid disease, 474
celiac disease, 704
collagen-induced arthritis, 92
diabetes, 69, 91, 487

prevention trial, 1048 (Table)
ELISPOT assay, 1028
giant cell arteritis, 925–926
inner ear disease, 685
monoclonal antibody, on autoimmune orchitis

models, 845
multiple sclerosis, 69
on myoblasts, 459
NOD mouse, 91
reactive arthritis, 439
rheumatoid arthritis, 93

antibody treatment, 1071
Sjögren syndrome, 93
Th1 cell induction, 85
uveitis, 675–676
vitiligo, 810

Interferon-g1b, idiopathic pulmonary fibrosis,
948

Interferon-g-inducible lysosomal thiol reductase
(GILT), 181

Interferon regulatory factor-1 (IRF1), Th1 cells
and, 85

Interleukin-1
polymorphism, Henoch–Schönlein purpura,

913
rheumatoid arthritis, 425–426

Interleukin-1b-converting enzyme inhibitory
protein, see also Fas-associated death
domain-like interleukin-1b-converting
enzyme inhibitory protein

cFLIP molecule, NOD mouse, 42
Interleukin-1Ra

analogs (anakinra), rheumatoid arthritis, 430,
1072

rheumatoid arthritis, 426
Interleukin-2

autoimmune diseases from, 300 (Table)
on CD4+CD25+ T-cells, 121, 135
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International Society of Nephrology, lupus
nephritis classification, 826, 827 (Table)

Interphotoreceptor retinoid binding protein,
uveitis, dendritic cells and, 42–43

Interstitial collagenase, polymyositis, 460
Interstitial cystitis, 999–1000
Interstitial lung disease, 938, 939–941

dermatomyositis, 454
Interstitial T-cells, dermatomyositis, 457
Intestinal biopsy

celiac disease, 694, 695 (Fig.), 1038
co-culture with gluten, 700

Intestinal flora
experimental autoimmune thyroiditis and, 472
inflammatory bowel disease

genetic models, 719, 720
tolerance defect, 721

Intestinal metaplasia, 531
Intimal hyperplasia, giant cell arteritis, 926
Intima media thickness (IMT), young age and,

893
Intracellular autoantigens, 1086–1087
Intracellular bacteria, inflammatory bowel

disease models, 720
Intracellular calcium, 253–254
Intracytoplasmic sperm inject (ICSI), 845
Intraductal ultrasound, autoimmune pancreatitis,

781
Intraepithelial cells, inflammatory bowel disease

models, 720
Intraepithelial lymphocytes (IELs), 19

autoreactive, celiac disease, 697
Intramolecular help mechanism, gluten

complexed with tissue transglutaminase
(TG2), 697

Intranasal influenza vaccine, Bell’s palsy and,
314

Intranasal insulin, 1055, 1056, 1092
Intraperiod line widening, myelin,

paraproteinemic demyelinating peripheral
neuropathy, 642, 643

Intraperitoneal injections, bacterial cell-walls,
341

Intrathecal IgG, 225
Intravenous immunoglobulin (IVIG)

autoimmune hemolytic anemia, 561, 588
autoimmune thrombocytopenic purpura, 580
chronic inflammatory demyelinating

polyradiculoneuropathy, 643, 644
factor VIII autoantibody disease, 603
Guillain–Barré syndrome, 641
idiotypic network and, 173
immune complex inhibition, 212–213
Kawasaki’s disease, 905
myocarditis, 884
pregnancy, antiphospholipid syndrome, 390
prions, 641

Intrinsic factor, 528, 534
autoantibodies, 527, 529, 533, 534

assay, 1013 (Table)
autoimmune diseases, 530 (Table)

mutation, 532
Intrinsic secondary B-cell self-tolerance, 171

(Table), 173–174
Invariant chains, see also Class II-associated

invariant chain peptide
deficiency in mice, 48
peptide binding by MHC molecules and, 47

In-vitro models, polymyositis, 458–459
Iodine, 300 (Table)

thyroid disease, 471, 476
Ion channels, functional autoantibodies vs,

218–221, 222–223
secondary effects, 228–229

Ionotropic neurotransmitter receptors, functional
autoantibodies and, 217–218, 219 (Table)

Keratic precipitates, 670, 671–672
Keratin, antibodies, 429
Keratinocyte growth factor (KGF), celiac

disease, 704
Keratinocytes

alopecia areata models, 809
psoriasis, 813
vitiligo, 810

Keratoconjunctivitis sicca, 401, 404
primary biliary cirrhosis, 752
treatment, 410

Keshan disease, 881
Ketosis, 483
Keyhole limpet hemocyanin (KLH)

on dendritic cells, 37
mucosal tolerance, 1056

Khellin, KUVA therapy for vitiligo, 811
Kidney, 821–840, see also Goodpasture

syndrome; Renal tubular acidosis
polyarteritis nodosa, 902
Sjögren syndrome, 402
SLE, see also Lupus nephritis

models, 357–358
transplantation

Alport syndrome, 826
sex hormones on, 319

Kidney cells, human embryonic, functional
autoantibodies detection, 222

Kilham’s virus, diabetes, 493
Kinase-deficient type II TGF-b receptor,

systemic sclerosis mouse model, 375
Kinectin, autoantibodies, 593
Kinetic analyses, gluten in celiac disease, 700
Klinefelter syndrome, 321

SLE and, 318
Knockout mice, 330, 332
Köbner phenomenon, 812
Koeppe nodules, 671
Komeda rat, Cbl-b deficiency, 112
Kozak sequence, 278
Kresge Hearing Research Institute-3 antibody

(KHRI-3 antibody), 684
Ku70/Ku80 heterodimeric protein, 18
Kuhn, Thomas, paradigm shifts, 1
KUVA therapy, vitiligo, 811
Kynurenine metabolic pathway, 39

L
LAB (B-cell LAT homolog), 253
LABD97 antigen, 802
Labial salivary glands, Sjögren syndrome, 93,

94, 404
Laboratories, test reporting, 1017–1018
Lactalbumin peptide (ABBOS), diabetes, 493
Lactobacillus casei extract, Kawasaki’s disease

model, 905
Lactoferrin, autoimmune pancreatitis, 783, 784
LAD-1 antigen, 802
LaGasse study, diabetes risk, 1034
Lambert–Eaton syndrome, 661–662

functional autoantibodies, 219 (Table)
determinant spreading, 229
mechanisms, 228
passive transfer of, 225, 226 (Fig.)

gastric autoantibodies, 530 (Table)
IgG inoculation of rabbits, 965–966
paraneoplastic cerebellar degeneration and,

959
voltage-gated calcium channel autoantibodies,

224
Lamellae, paraproteinemic demyelinating

peripheral neuropathy, 642, 643
Lamina lucida, 789–790
Lamina propria, T-cells, inflammatory bowel

disease, 721

IPEX syndrome, see Immune dysregulation,
polyendocrinopathy, enteropathy and X-
linked syndrome

IqI/Jic mouse model, Sjögren syndrome, 93
IRBP (retinal antigen), expression in thymus,

180
Iridocyclitis, 670, 671 (Fig.)
Iritis, 670, 671 (Fig.)
Isaacs syndrome, see Neuromyotonia
Ischemia, giant cell arteritis, 923
Islet autoantigens

standardization of diagnostic preparations,
1023–1024

therapy specific to, 1055–1056
Islet cell autoantibodies (ICA), 484–485

antedating diabetes, 1014, 1033–1034
first-phase insulin response and, 1035

Islets of Langerhans, see also Pancreatic b-cells
interleukin-10 on, 70

Islet-specific glucose 6-phosphatase catalytic
subunit related protein (IGRP), 488

Isolated autoimmune Addison’s disease, 505
Isoniazid, 300 (Table)

factor XIII autoantibodies, 606
Isotype-specific memory cells, 163
Isotype switching, 159, see also Class switching
Itch (E3 ubiquitin ligase), deficiency, 112
Itraconazole, 522
Ixodid ticks, Borrelia burgdorferi, 447

J
Jaccoud arthropathy, 352
Jagged (Notch ligands), 86
Japan

autoimmune pancreatitis, 785
Takayasu’s arteritis, 930

Japanese Pancreas Society, diagnostic criteria for
autoimmune pancreatitis, 780

Jaundice
autoimmune pancreatitis, 780
primary biliary cirrhosis, 750

Jaw claudication, 923
J chains, immunoglobulins, 16
JC virus, complicating natalizumab therapy,

1069
JNK pathway, B-cell anergy, 173
Jo-1 autoantibodies (histidyl tRNA synthetase

autoantibodies), 454
assay, 1013 (Table)
in myositis model, 458
polymyositis, 461
pulmonary fibrosis, 943

Joining gene segments, 17 (Fig.)
Joints, vascular necrosis, SLE, 353
Juvenile Diabetes Foundation units (JDF units),

islet cell autoantibodies, 1033
Juvenile idiopathic arthritis, 445–447

CD4+CD25+ T-cells, 127
classification, 445–446
uveitis, 672

antinuclear antibodies, 446
treatment trials, 676

Juvenile primary sclerosing cholangitis, 773
treatment, 773

Juvenile thyroiditis, 468 (Table)

K
Kawasaki’s disease, 881, 901 (Table), 904–905
K/BxN models

arthritis, 421
pathogenic autoantibodies, 148
T-cell receptor mice, 336–337, 421

KDP rat, polyendocrine syndrome model,
519–520
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Laminin, antibodies in vaccinated dogs, 315
Laminin 5, autoantibodies, cicatricial

pemphigoid, 801
Landsteiner, Karl, 2, 3, 4
Langendorff perfusion, beating heart

preparations, functional autoantibody
studies, 223

Langerhans cells, 35
migration, 243
vitiligo, 810

Large vessel vasculitis, 901 (Table), 921–934
Laser therapy, vitiligo, 811
La/SSB (nuclear autoantigen), 406

antibodies vs
assay, 1013 (Table)
Sjögren syndrome, 404–407, 408
SLE, 352
transplacental transfer, 323, 998

Sjögren syndrome, 93, 410
LAT (linker for activation of T-cells), 252
Latent autoimmune diabetes of the adult

(LADA), 484, 1034
Latent cryptic antigenic determinants, 180
Late-onset myasthenia gravis, 658
Latitude (geographic), multiple sclerosis, 620
Lck (Src-family tyrosine kinase), 251

T-cells, 14
LCMV, see Lymphocytic choriomeningitis virus
LDP-02, 723
LEA29Y (CTLA4 fusion protein), 1069
LE cell assays, 1011
Leflunomide, rheumatoid arthritis, 429
Leishmania major, CD4+CD25+ T-cells and, 40
LEMS, see Lambert–Eaton syndrome
Lenercept, 1071
Lens (eye), autoimmunity, 3
Leucine-rich repeat domain (LRR domain),

NOD2 gene, 279, 717, 718
Leucine zipper region, Ro52, 998
Leukocyte antigens, see Alemtuzumab;

Campath-1H antibody; CD52
Libman-Sacks endocarditis, antiphospholipid

syndrome, 383
Lichen planus pemphigoid, 791, 801–802
liCTLA4 gene (negative costimulatory

molecule), 108
Lifespan regulation, dendritic cells, 36
Light chain (immunoglobulin)

genes, 169
monoclonal, Sjögren syndrome, 407

Limb girdle muscular dystrophy model, dysferlin
gene, 458

Limbic encephalitis, paraneoplastic, 664,
958–959

Limbic symptoms, Morvan syndrome, 664
Limited systemic sclerosis, 370, 371 (Table)
Limiting dilution assay, T-cell autoreactivity,

1025–1027
Linear IgA dermatoses (LAD), 791, 802

dapsone, 803
Linear scleroderma, 371 (Table)
Linkage dysequilibrium mapping, 276
Linkage studies, 276

multiple sclerosis, 620
Linomide, diabetes prevention trial, 1048 (Table)
Lipid-lowering agents, 300 (Table)
Lipid rafts

immunologic synapse, 14, 255
neurotransmitter receptors, 218
SLE, 361

Lipoic acid, pyruvate dehydrogenase E2 subunit
(PDC-E2) epitope

antimitochondrial antibodies vs, 754
molecular mimicry, 760–761

Lipooligosaccharides, Clostridium jejuni,
Guillain–Barré syndrome, 637–638

Index 1117

Lungs, 935–954, see also entries beginning
Pulmonary . . . ; Interstitial lung disease;
Small cell carcinoma

mast cells, 10
primary biliary cirrhosis, 752 (Table)
Sjögren syndrome, 402
transplantation

bronchiolitis obliterans after, 938, 941
for idiopathic pulmonary fibrosis, 948

Lupus, neuropsychiatric, functional
autoantibodies and, 219 (Table), 224

Lupus anticoagulants (LA), 381–382
anti-b2-glycoprotein I antibodies as, 385
antiphospholipid syndrome, diagnosis, 

384
cofactor phenomenon, 382
mechanisms of action, 387
prevalence, 383
tests for, 389

Lupus arthritis, 352, 353–354
Lupus congenital heart block, neonatal

active immunization studies, 227
functional autoantibodies and, 219 (Table)

Lupus-like disorders, see also Systemic lupus
erythematosus

drug-related, 301
Lupus nephritis, 352, 826–829
Lupus vasculitis, markers, 909
Ly6c, differential expression in Th cells, 

158
Lyme disease, 112–113, 447–449
Lymph nodes, T-cell migration to, 243
Lymph node syndrome, mucocutaneous, 904
Lymphochoriomeningitis virus, see Lymphocytic

choriomeningitis virus
Lymphocyte activation gene-3 (LAG-3), 84
Lymphocyte cyclic adenosine monophosphate,

a-methyldopa on, 566
Lymphocyte-depleting monoclonal antibodies,

Graves’ disease, 477
Lymphocyte function-associated antigen-1 (LFA-

1), 19
aLb2 integrin, 238 (Table)
homology with outer surface protein (OspA),

Borrelia burgdorferi, 113
polymyositis, 457
as therapeutic target, 1069

Lymphocyte function-associated antigen-3 (LFA-
3), fusion protein, 1071–1072, 1074

Lymphocytes
activation, 1088–1089

second signal, 255–256
alopecia areata, 808
antigen receptors, 9
apoptosis insensitivity, autoimmune

lymphoproliferative syndrome, 988
cerebrospinal fluid, multiple sclerosis, 148,

149
clonal expansions, 24
enterohepatic circulation, primary sclerosing

cholangitis, 772
mosaics, 275
peripheral neuropathies, 639–640
in secondary lymphoid tissues, 18–19
Sjögren syndrome, 407

Lymphocytic adrenalitis, 503
Lymphocytic choriomeningitis virus

diabetes, 291–292, 486, 493, 1054
RIP-gp transgenic mouse, 108
studies of dendritic cells, 37–38

Lymphocytic hypophysitis, see Hypophysitis,
autoimmune

Lymphocytoma cutis, 447
Lymphoid cells, 9
Lymphoid chemokines, 240
Lymphoid follicles, 18, 160

Lipopolysaccharide
atherosclerosis animal model, 894
on autoreactive B-cells, 174
on B-1 cells, anti-RBC Tg mouse, 568
B-cell responses, 293
brain injury in SLE model, 358
Clostridium jejuni, Guillain–Barré syndrome,

637–638
on dendritic cells, 36
molecular mimicry of gangliosides, 221

Lipoteichoic acid, 864
12-Lipoxygenase, platelet fragmentation, HIV

infection, 581
Listeria monocytogenes, orchitis model, 843
Lithiasis, autoimmune pancreatitis, 784–785
Lithium, thyroid disease, 471
Livedo reticularis, antiphospholipid syndrome,

382
Liver

AIRE gene deficiency, 738
CD95, 738
IgM cold agglutinins and complement

reactions, 562
Sjögren syndrome, 402
transplantation

aplastic anemia after, 593
autoimmune hepatitis, 739–740, 741
primary biliary cirrhosis, 762
primary sclerosing cholangitis, 773

triglycerides, 996–997
Liver and kidney microsomal antigens (LKM

antigens), 729, 735–736, 740 (Table)
geographic distribution, 730

Liver cytosol antigen type 1 (LC1),
autoantibodies, 736, 740 (Table)

Liver membrane antigens, 734–735
Liver pancreas antigen (LP), 732–733, 740

(Table)
LJP 394 (dsDNA sequence construct), lupus

nephritis, 829
LM antigen, hepatitis, 736
LMP2 genes, 46
LMP7 genes, 46
Logistic regression equation model, adrenalitis

risk, 509
Long-acting thyroid stimulator, 474–475
Long-term experiments, passive transfer of

autoantibodies, 225
Low-affinity antibodies, specificity studies,

290–291
Low-affinity autoantigens, on B-cell

development, 139
Low-affinity T-cells, escape from negative

selection, 106
Low birth weight, autoimmune thyroid disease,

471
Low-density lipoproteins

immune complexes, 212
in neoepitopes, 50
oxidized, atherosclerosis studies, 891, 894

Low-dose streptozotocin model, 486
Low zone tolerance, 170
Lpr mutation, 341, 989, see also MRL mouse
L-selectin, 19, 238 (Table), 241 (Fig.), 243

peripheral neuropathies, 640
LT (cytokines), B-cell autoimmunity, 149, 150
L-tryptophan, 300 (Table), 374
L-type voltage-gated calcium channels

(VGCCs), 219 (Table)
autoantibodies, 226 (Table)

congenital heart block, 222–223
diabetes, 222
nonspecific, 229

Ro52 homology, 227
Ludwig’s classification, primary biliary cirrhosis,

753
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Lymphoid tissues, see also Secondary lymphoid
tissues

ectopic, 148–149
neogenesis, cytokines in B-cell autoimmunity,

150
vascular-associated, 891

Lymphoma, 971–985, see also Non-Hodgkin
lymphomas

IgM cold agglutinins, 563
monoclonal antibodies for rheumatoid

arthritis, 1071
treatment, 978–979

Lymphopenia
animal models, 537–538
BB rat, 519

Lymphoplasmacytic infiltration, autoimmune
pancreatitis, 782

Lymphopoiesis, B-cells, 139
Lymphoproliferative disease, 972

Sjögren syndrome, 403, 404, 972
X-linked, 143

Lymphoproliferative syndrome, autoimmune
(ALPS), 25, 107, 974–975, 987–992

genetics, 341
nonclassical forms, 989–990

Lymphotactin, rheumatoid arthritis, 426
Lymphotoxin-b, autoimmune gastritis, 540
Lyn (SRC-family PTK), 256

B-cell autoimmunity, 146
deficiency model, 338

Lysoganglioside GM1
functional autoantibodies and, 219 (Table)
molecular mimicry, 221

Lysosomal storage diseases, Sandhoff’s disease,
1001

Lysozyme
B-cell tolerance, 292
mouse (ML), studies of immunogenicity of

antigenic determinants, 183, 184

M
M5 protein, rheumatic heart disease, 867–870
M6 recombinant protein, rheumatic heart disease

animal model, 870–871
Ma1 (protein), antibodies, 965
Ma2 (protein), 965
Mac-1, see aMb2 integrin
Macrolides

idiopathic bronchiolitis obliterans, 947
SAPHO syndrome, 445

Macrophage mannose receptors
immune complexes and, 208
rheumatoid arthritis, 427

Macrophage migration inhibitory factor (MIF)
eye, 672
rheumatoid arthritis, 426

Macrophages, 10
alveolar

idiopathic pulmonary fibrosis, 946
pulmonary alveolar proteinosis, 1003

autoimmune neutropenia, 588
CD68 positive, mucosa, 704
giant cell arteritis, 926
hemolytic anemia, 558
immune complexes and, 208–209
multiple sclerosis, 619
peripheral neuropathies, 640
retina, 675
rheumatoid arthritis, 93, 419
thymus, 106

MAdCAM-1 (a4b7 counterstructure), 238
(Table), 243

autoimmune gastritis, 540
plasma cell positioning, 143
primary sclerosing cholangitis, 772

MALT1 gene, fusion with AP12 gene, 976
MALT lymphoma, 974, 976, 978
Mammoplasty, scleroderma-like lesions, 

95–96
Mandible

claudication, 923
SAPHO syndrome, 444

Manganese, fatigue, primary biliary cirrhosis,
750

Mannose-binding protein (MBP), 12
Mannose receptors, 9, see also Macrophage

mannose receptors
Marginal zone (MZ), B-cells, 141, 975

autoimmunity, 145, 148
estrogen-induced autoimmunity, 144

Markers (biomarkers), 30, 31, 1012, 1015–
1016

Mast cells, 10
activation, chronic urticaria, 815
bullous pemphigoid model, 798
immune complexes and, 209
systemic sclerosis and, 375

Maternal antibodies, 289, 291
neonatal myasthenia gravis and arthrogryposis

multiplex congenita, 659–660
oophoritis model, 854

Maternal antigen that embryos require
(MATER), 852–854

Maternal cells, systemic sclerosis, 376
Maternal chimerism, see also Microchimerism

dermatomyositis, 456
Mathematical prognostic models, primary biliary

cirrhosis, 753
Matrilin 1, relapsing polychondritis, 1003–1004
Matrix-degrading enzymes, as therapy targets,

431
Matrix metalloproteinases

giant cell arteritis, 926
multiple sclerosis, 622–623
peripheral neuropathies, 640
polymyositis, 460
rheumatoid arthritis, 427–428

Matrix synthesizing fibroblastic cells,
scleroderma, 375

Maturation
dendritic cells, 35, 36

stages for therapeutic use, 1073
TNFa, 39

thymocytes, 103
Maturation arrest, bone marrow, neutropenia,

586
Maxwell’s stain, autoimmune gastritis, 536
Mayo score, primary biliary cirrhosis, 753
mBP180ABC (antigen), bullous pemphigoid

model, 801 (Fig.)
MBP-LCMV-Ag transgenic mice, T-cell

suppression, 333
McDonald criteria, multiple sclerosis, 617
Measles, autism and, 313
Mechanical stress

atherosclerosis, 894
rheumatoid arthritis, 428
shear stress, von Willebrand syndrome, 608

Mechanic’s hands, 453
Medawar, Sir Peter, 5
Medullary epithelial cells, thymus

AIRE protein, 105, 539
APECED, 25
H+–K+ ATPase, 539
MHC–peptide complexes on, 64
pancreatic b-cell antigens, 489

Megacolon, toxic, 715
Megakaryocytes, autoimmune thrombocytopenic

purpura, 576, 577
Megathrombocytes, 576

autoimmune thrombocytopenic purpura, 577

Magnetic resonance imaging
autoimmune hypophysitis, 551
limbic encephalitis, 959
multiple sclerosis, 616, 617
Takayasu’s arteritis, 929

Main immunogenic region (MIR), acetylcholine
receptor, 656

Maintenance of autoimmunity, 1089
Major histocompatibility complex cell-surface

molecules, 9, 10, 45–56, 261–271, see also
DQ molecules; HLA (genes)

class I, 46, 261
alopecia areata, 809
antigen binding, 182, 194
autoimmune diseases associated, 62
B27 as, 264
birdshot retinopathy, 997
dermatomyositis, 455, 456
immune complexes and, 210
myoblasts, 459
premature ovarian failure, 852

class II, 46, 261–262, 264–267, see also DR
molecules; I-E molecules

adrenal cortex, 502
antigen processing, 181–182
autoimmune diseases associated, 62–63
autoimmune thyroid disease, 469
celiac disease, 694
disease susceptibility motif, autoimmune

hepatitis, 737
extra molecule on determinant dominance,

184–185
hematopoietic stem cells, acquired aplastic

anemia, 597
induced in myoblasts, 459
muscle, 658
rheumatic heart disease, 865–866
scleroderma, 376
T-cell receptor affinity, 251

on dendritic cells, 23–24
diabetes-resistant, 1054
on display of antigenic determinants in hen

egg lysozyme, 183
diversity, 46
evolution, 46–47
pathways, 12
peptide complexes, 24, 47–52, 158

celiac disease therapy, 705
role in CD4+CD25+ T-cell ontogeny, 120
therapeutic trials, 51–52
weak interactions with, 109, 110 (Fig.)

sex hormones on, 318
T-cells and, 13, 15, 19, 59–64, 103

Malabsorption
primary biliary cirrhosis, 751–752
vitamin B12, 535

Malaria
cerebral, functional autoantibodies and, 219

(Table)
rare allele advantage, 47

Male infertility, 841–847
Male only BXSB mice, 336
Malignant disease

BAFF (B-cell activating factor), 146
cicatricial pemphigoid and, 801
dermatomyositis and, 454
factor VIII autoantibodies, 602
lupus-like features, 353
multiplicity of etiological factors, 297
premature ovarian failure, 851
primary biliary cirrhosis, 752
rheumatoid arthritis, 972–973
SLE, 353
vaccine experiment in RIP-GP model, 292

Malondialdehyde, atherosclerosis, 996
MALT1 adaptor, NFkB pathway, 255
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Melanin-concentrating hormone receptor I
autoantibodies, vitiligo, 810–811
functional autoantibodies and, 219 (Table)

Melanocytes
alopecia areata models, 809
vitiligo, 809–810

Melanocyte-stimulating hormone, eye, 672,
674–675

Melbourne intranasal insulin trial I, 1056
Membrane antigens

B-cell tolerance, 292
liver, 734–735

Membrane attack complex (MAC), 13, 206
dermatomyositis, 455 (Fig.), 457

Membrane-bound immunoglobulin (mIg), B-cell
receptors, 250, 251

Membrane cofactor protein, see CD46
(complement regulatory protein)

Membranoproliferative glomerulonephritis, 
834

factor H deficiency, 339
Membranous nephropathy, 834

IgG4, 784
Memory, immunologic, 291
Memory B-cells, 141–142, 144, 148

development, 157–165
subsets, 161–162

Memory cells, 19, 24, see also Plasma cells
activation, 27

Memory helper T-cells, 162
Memory T-cells, 72–73

chemoattractants for, 242 (Table)
primary sclerosing cholangitis, 772

Meniere’s disease, 681–682
Meningitis, autoimmune hypophysitis, 550
Menopause, premature, 849
Mer (receptor tyrosine kinase), 111
6-Mercaptopurine, inflammatory bowel disease,

722
Mercury, 303

B-cell autoimmunity, 144
Merkd mutant mouse, 111
MERV gene, familial Mediterranean fever, 996
Mesalamine, 722
Metabolic studies, diabetes prediction,

1035–1036
Metabotropic neurotransmitter receptors,

functional autoantibodies and, 217–218,
219 (Table), 226 (Table)

enzyme-linked immunosorbent assay, 222
Metallothionine promoter, transgenic hepatitis

models, 739
Metchnikoff, Elie, 2
Methotrexate

bullous skin diseases, 802–803
diabetes prevention trial, 1047 (Table)
giant cell arteritis and, 927
inner ear disease, 685
malignant disease risk from, 979
psoriatic arthritis, 442–443
rheumatoid arthritis, 429

with infliximab, 1071
Metoprolol, vs autoantibody secondary effects,

229
MHC, see HLA (genes); Major

histocompatibility complex cell-surface
molecules

MHC class I chain-related A gene (MICA gene),
autoimmune hepatitis, 738

MHC locus, non-MHC genes, 25
MHC restriction, 47, 59–64
MIC-A polymorphisms, Addison’s disease, 1037
MIC-expressing stressed cells, celiac disease,

697
Microabscesses (Munro), psoriasis, 812
Microarray technology, 30

Index 1119

Monoclonal antibodies, 1064–1071, 1091
lymphocyte-depleting, Graves’ disease, 477
lymphoma treatment, 978

Monoclonal antibody immobilization of
granulocyte antigens (MAIGA),
autoimmune neutropenia, 588

Monoclonal cryoglobulins, 912
type II, Sjögren syndrome, 407

Monoclonal gammopathies
lymphoma and autoimmune diseases, 977
of undetermined significance (MGUS),

neuropathy syndromes, 642
Monoclonal immunoglobulins, Sjögren

syndrome, 407
Monoclonal rheumatoid factor antibodies,

cryoglobulinemic vasculitis model, 912
Monoclonal T-cell receptor-transgenic NOD

mouse
accelerated disease, 65
B-cells unnecessary for disease, 70

Monocytes, 10
antiphospholipid syndrome and, 388
chemoattractants for, 242 (Table)
estrogens on, 319
immune complexes and, 208–209, 210

Monogenic autoimmune diseases, 25
Monomeric antigens, vs polymeric antigens, B-

cell response, 293
Monomeric G actin protein, 734
Mononeuritis multiplex, SLE, treatment, 354
Mononuclear cells

adrenalitis, 503
atherosclerosis, 995–996
autoimmune hemolytic anemia, 567
autoimmune hepatitis, 730
rheumatic heart disease, 864, 870
Sjögren syndrome, 407

blocked apoptosis, 408
systemic sclerosis, 96

Monosomy X, primary biliary cirrhosis, 756
Monovalent antibodies, acute effects, 228
Monozygotic twins, 274–275
Morgenroth, Julius, hemolysis experiments, 2
Morphea, 371 (Table)
Mortality

autoimmune thrombocytopenic purpura, 576
celiac disease, 705
rheumatoid arthritis, 418–419
Sjögren syndrome, 404

Morvan syndrome, 662, 664
functional autoantibodies and, 219 (Table)

‘Mosaic of autoimmunity,’ 309–310
Mosaic pattern, idiopathic bronchiolitis

obliterans, 937
Mosaics, X chromosome inactivation, 275
Moth-eaten phenotype, SHP-1 deficiency model,

338
Motility inhibition, neutrophils, 587
Motor axonal neuropathy, acute (AMAN), 634,

635 (Fig.)
anti-ganglioside antibodies, 636

Motor complexes, migrating (MMC), colon, 223
Motor nerve terminals (MNTs), antibody

binding, 637
Motor neuropathies, 641–642, 644, see also

Motor axonal neuropathy
Mouse-human chimeras, monoclonal antibodies

from, 1065
Mouse-lysozyme (ML), studies of

immunogenicity of antigenic determinants,
183, 184

Mouse mammary tumor virus-like virus, primary
biliary cirrhosis, 757–758

Mouse/mice, see also Double transgenic mice;
Transgenic animal models

IgM allotypes, 1090

Microbial antigens, receptors on dendritic cells,
23–24

Microchimerism, 302 (Table), 303, 323
dermatomyositis, 456
systemic sclerosis, 96–97, 376

Microdissection, T-cells, CDR3 length analysis
in polymyositis, 457

Microenvironment-specific changes,
autoantigens in autoimmune diseases, 198

Micropustules (spongiform pustule of Kojoi),
812

Microscopic polyangiitis, 901 (Table), 910
(Table)

ANCA specificities, 911 (Table)
glomerulonephritis, 829, 830, 906 (Fig.)
historical aspects, 900
as pauci-immune small vessel vasculitis,

905–911
Microsomal antigens

adrenal gland, 506
autoimmune hepatitis, see Liver and kidney

microsomal antigens
Microspherocytes, hemolytic anemia, 558–559
Microvessels, 237–239
Migrating motor complexes (MMC), colon, 223
Migration inhibitory factor, see Macrophage

migration inhibitory factor
Migration studies, multiple sclerosis, 620
Migratory routes, T-cells, 239 (Fig.)
Miller Fisher syndrome, see Fisher syndrome
Miller, J.F.A.P., quoted on T-cells vs B-cells,

tolerance, 170
Mineral oils, B-cell autoimmunity, 144
Miniature end-plate potentials, 223

myasthenia gravis, 654–655
Miscarriage, see Fetus, loss
Misfolding hypothesis, HLA-B27 alleles,

spondyloarthritides, 441
Mitochondrial antigens, autoantibodies in

myocarditis, 879–880
Mitogenicity, monoclonal antibodies, 1065
Mitotic spindle apparatus, antinuclear antibody

staining, 1018 (Table)
Mitoxantrone, 624 (Table)
Mitral valve, rheumatic heart disease, 869 (Fig.)

proteomics, 867
Mixed connective tissue disease, 354
Mixed cryoglobulins, 912
Mls-1a superantigen

study of clonal deletion, 106
study of T-cell inactivation, 105, 107

MMP-3 gene, primary sclerosing cholangitis,
770

MMR vaccine
arthritis and, 313–314
autism and, 313

Molecular mimicry, 27–28, 112–113, 174, 221,
293, 310

autoimmune hemolytic anemia, 567
B27 molecule binding, 264
B-cells, 170
degeneracy and, 186
diabetes, 1052, 1053
Epstein-Barr virus, rheumatoid arthritis, 422
Helicobacter pylori, 531
myasthenia gravis, 660
oophoritis model, 854
peripheral neuropathies, 636, 638
primary biliary cirrhosis, 757, 760–761
retroviral proteins, systemic sclerosis, 373
rheumatic heart disease, 864, 866–867, 868

Chagas’ disease, 881
uveitis, 673
xenobiotics, 758

Molecular sequestration, 180
Molecular timer, dendritic cell apoptosis, 36
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Mouse/mice (continued )
knockout, 330, 332
MHC molecules, 60
uveitis models, 674

Mouth, see also Oral tolerance
flora, atherosclerosis, 893
pemphigus vulgaris, 791
Sjögren syndrome, 401–402

diagnostic criteria, 405
Movement disorders, 1001
M protein, see also M5 protein

Streptococcus pyogenes, 864
on animal models, 870–871

MRL/Faslpr mouse, B-cells as antigen-presenting
cells, 359

MRL mouse, 107, 331, 335–336, 338, 340, 988,
989, see also Lpr mutation

antiphospholipid syndrome, 387
autoimmune lymphoproliferative syndrome

model, 987
C3 deficiency, 340
lupus nephritis model, 827–828
pathogenic B-cells, 148
receptor editing impairment, 175
rheumatoid factor, 421

mRNA, immunoglobulin formation, 17 (Fig.)
Mucocutaneous lymph node syndrome, 904
Mucosa

celiac disease, 694
antigen-presenting cells (APCs), 704

immune responses, 18–19
cow’s milk hypothesis in diabetes, 1052
inflammatory bowel disease, 720

plasma cells, positioning, 143
Mucosa-associated lymphoid tissue (MALT), T-

cells, atherosclerosis, 891
Mucosal addressin cell adhesion molecule, see

MAdCAM-1
Mucosal homing receptor, see a4b7 integrin
Mucosal tolerance, insulin, 1056
Mucosa-mediated antigen-specific therapy,

diabetes, 1053–1054
Mucous membrane pemphigoid, 791, 800–801
Multifocal acquired demyelinating sensory and

motor neuropathy (MADSAM), 642
Multifocal acquired sensory and motor

neuropathy (MASMN), 642
Multifocal fibrosclerosis, 782
Multifocal motor neuropathy with conduction

block (MMNCB), 641–642
treatments, 644

Multi-hit genetic model, primary biliary
cirrhosis, 756

Multiple sclerosis, 615–632, 1075, see also
Experimental autoimmune
encephalomyelitis

adrenalitis with, 504
B-cells, 71
CD52 monoclonal antibody, 1070
cerebrospinal fluid, 618

lymphocytes, 148, 149
T-cell assay, 1026–1027

chemokines, 89, 243, 622–623
concordance rates in twins, 275
cytokines, 67–69

interferon treatment, 625
diagnosis, 1038
DR molecules, 52, 267–268
environmental agents, 301
genomics, scans, 280
hematopoietic stem cell transplantation, 73,

626–627
interferon-g, 69
lymphoid infiltration of central nervous

system, 150
molecular mimicry, 310

antibodies, neuropathy, 633, 643
IgM paraproteins vs, 642

Myelin basic protein (MBP)
Ac1-9 segment, 182

determinant spreading and, 186–187
study of driver clones, 185

AEP (endopeptidase) processing, 181–182
altered peptide ligand, multiple sclerosis,

621–622
autoantibodies

CSF, 618
tests, 1038

B10.PL mouse
dominant determinant, 182
driver clones and, 185

display, asparaginyl peptidase vs, 180
DNA for, vaccination for EAE, 622
fragments

negative selection of thymocytes responsive
to, 64

variability of pathogenicity, 65
T-cells vs

assay, 1025–1027
neuroprotective, 1004

Myelin basic protein-specific TCR transgenic
mice, RAG genes and, 126

Myelin oligodendrocyte glycoprotein (MOG)
autoantibodies

CSF, 618
tests, 1038

DNA for, vaccination for EAE, 622
studies of semi-mature dendritic cells, 39
studies of steady-state dendritic cells, 38

Myelin proteins, autoantibodies vs,
antiphospholipid syndrome, 684

Myelodysplastic syndromes (MDS), aplastic
anemia and, 592, 596

Myeloid cells, 9
Myeloperoxidase (MPO)

antineutrophil cytoplasmic antibodies, 830,
831, 908

assay requirements, 1014
differential diagnosis of small vessel

vasculitis, 911
autoantibodies, assay, 1013 (Table)

Myoblasts, polymyositis models, 458–460
Myocardial infarction

Kawasaki’s disease, 904
SLE, 353

Myocarditis, 875–877
genetics, 880
immunology, 878–880
infections, 880–881
pathology, 881–883
perimyocarditis, smallpox vaccination, 314
treatment, 880, 883–884

Myocardium proteins, rheumatic heart disease,
869 (Fig.)

Myocytes, myocarditis, 876
Myofibrillar degeneration, polymyositis, 460
Myofibroblasts, giant cell arteritis, 926
Myoid cells, myasthenia gravis, 657
Myokymia, neuromyotonia, 662
Myopathies, dysimmune, see Dermatomyositis;

Polymyositis
Myosin

CR2 null mouse, 339
cross-reactions, rheumatic heart disease, 868,

871
myocarditis models, 882, 883

Myositis
animal models, 458
CDR3 length analysis, T-cells, 457
collagen implants, 302 (Table), 303
silicone implants, 304

Myotubes, 459

natalizumab, 624 (Table), 626, 1069
pregnancy, 323
regulatory T-cells, 41
sibling risk ratios, 274, 620
as subject for treatment research, 1074
T-cells, 622, 623

limiting dilution assay, 1025–1027
regulatory, 41

Th1/Th2 balance, 89, 90 (Fig.), 97
vaccination and, 311 (Table), 312–313, 314

Multiplexed assays, requirements, 1014
Multistep adhesion cascades, 240–243
Multistep navigation, 240
Multivalent antigens, 168
Mumps

diabetes, 1053
orchitis, 843

Munro microabscesses, psoriasis, 812
Muramyl dipeptide (MDP), primary sclerosing

cholangitis model, 771
Muscarinic receptors, 220 (Fig.)

active immunization studies, 227
artificial antibody, 225
cardiomyopathy, 229
functional autoantibodies and, 219 (Table),

222, 223, 226 (Table), 228
secondary effects, 228–229

Sjögren syndrome, 407
artificial antibody, 225, 407

Muscle, see Skeletal muscle; Smooth muscle
antibody; Smooth muscle myocytes

Muscle-specific kinase (MuSK), 653
antibody, myasthenia gravis, 657 (Table),

660–661
Muscle-specific serine kinase, functional

autoantibodies and, 219 (Table)
Muscle-specific tyrosine kinase, 220 (Fig.), 221
Mutations, evolution of HLA genes, 262
‘Mutton-fat’ keratic precipitates, 672
Myalgic encephalitis, 997–998
Myasthenia gravis, 654–661, 1085, see also

Experimental autoimmune myasthenia
gravis

functional autoantibodies and, 219 (Table),
228

HLA alleles and haplotypes, 262 (Table)
muscle-specific serine kinase, 221
without acetylcholine receptor antibodies,

660–661
Mycobacteria, complete Freund adjuvant, 891
Mycobacterial HSP65 (mHSP65), 310, 421

atherosclerosis models, 891
BRUNECK study, 893
in DR3.Ab0 transgenic mice, 265
NOD mouse, antigenic determinant spreading,

187
in polymyositis, 458

Mycophenolate mofetil
bullous skin diseases, 802–803
in diabetes prevention trial, 1047 (Table)
lupus nephritis, 829

Mycoplasma pneumoniae
Guillain–Barré syndrome, 638
hemolytic anemia, 562, 567
IgM cold agglutinins, 563

MyD88-deficient mice, Toll-like receptor
deficiency models, 338

Myelin
antigens, experimental autoimmune

encephalomyelitis, 267–268
intraperiod line widening, paraproteinemic

demyelinating peripheral neuropathy,
642, 643

Myelin-associated glycoprotein (MAG), see also
Anti-MAG paraproteinemic demyelinating
peripheral neuropathy
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Myxedema, primary, 467, 468 (Fig.), 468
(Table)

N
NA1 (neutrophil-specific antigen), 586
NAx alleles, FcgRIII, 206, 587
N-acetylglucosaminyltransferase deficiency,

mouse model, 338
Nadolol, autoantibody secondary effects, 229
NADPH oxidase, platelet fragmentation, HIV

infection, 581
Nailfold vasculitis, rheumatoid arthritis, 419

(Fig.)
Nails

alopecia areata, 808
candidiasis

APECED, 516
itraconazole, 522

psoriatic arthritis, 442
Naïve B-cells, memory B-cells vs, 142
Naïve T-cells

chemoattractants for, 242 (Table)
inflammatory bowel disease, 719
migration restriction, 142, 243

Naltrexone, pruritus in primary biliary cirrhosis,
751

NA neutrophil-specific antigens, 586–587
NAnull persons, 587
Naphthylisothiocyanate, primary sclerosing

cholangitis models, 771
Narcolepsy, 1001
N. aromaticivorans, see Novosphingobium

aromaticivorans
Nasal delivery

influenza vaccine, Bell’s palsy, 314
insulin, 1055, 1056, 1092

Natalizumab
Crohn’s disease, 1069
inflammatory bowel disease, 723
multiple sclerosis, 624 (Table), 626, 1069

National Vaccine Injury Compensation Program,
303

Native Americans
Choctaw, systemic sclerosis, 372, 374
rheumatoid arthritis, 418

Natural antibodies, 16
Natural IFN-producing cells (NIPC), nucleic

acid-containing immune complexes and,
210, 211

Natural killer cell(s), 10, 11 (Fig.), 15, 72, 1090
chronic inflammatory demyelinating

polyradiculoneuropathy, 643
diabetes, 490
DX5+, 125
Fc receptors, 206
MHC molecule recognition, 46
as regulatory T-cells, 28, 124
sarcoidosis, 1004
uveitis, 675

Natural killer cell immunoglobulin-like receptors
(KIRs), autoimmune thrombocytopenic
purpura remission, 579, 581

Natural killer cell receptors, intraepithelial
lymphocytes, 697

Naturally occurring CD4+CD25+ T-cells, 119,
120–123, 134–135

Natural regulatory T-cells, 51, 87
NB neutrophil-specific antigens, 587
Necrosis

autoimmune hepatitis, 730
bone, corticosteroids, 353
cigarette smoke on endothelium, 895

Necrotizing arteritis, 906 (Fig.), 908 (Fig.), see
also Small vessel vasculitis

historical aspects, 900–901

Index 1121

Neurotransmitter receptors, see also
Metabotropic neurotransmitter receptors

functional autoantibodies vs, 217–218
secondary effects, 228–229

Neurotransmitters, rheumatoid arthritis, 428
Neutralizing antibody, 16

interferon therapy in multiple sclerosis, 625
Neutropenia, 585

acquired aplastic anemia, 592
autoimmune, 585–589

of infancy, 586
SLE, treatment, 354

Neutrophil elastase, bullous pemphigoid model,
798–800

Neutrophils
ANCA-activated, small vessel vasculitis, 909
antineutrophil cytoplasmic antibodies, 831
Behçet’s disease, 915
chemoattractants for, 242 (Table)
destruction in autoimmune neutropenia, 587
extravasation, 10
NA2-negative, for autoimmune hemolytic

anemia, 588
rheumatoid arthritis, 424

Neutrophil-specific antigens, 586–587
autoantibody tests, 1013–1014

NFAT (nuclear activator of activated T-cells),
Th2 cell development, 85

N-formyl L-methionine L-leucine L-tyrosine
(fMLT), primary sclerosing cholangitis
model, 771

Nicardipine, on migrating motor complexes, 223
Nicotinamide, diabetes prevention, 495, 1049

(Table)
Nicotinic receptors

functional autoantibodies and, 219 (Table),
226 (Table)

ganglionic, active immunization studies, 227
Nijmegen modification, Bethesda assay, factor

VIII autoantibodies, 603
NIK (NF-kB inducing kinase), 255
Nitric oxide synthases, myopathies, 460
Nitrotyrosine, giant cell arteritis, 926
Nitrous fumes, bronchiolitis obliterans, 944
NK cell receptors, intraepithelial lymphocytes,

celiac disease, 697
NK cells, see Natural killer cell(s)
NKG2D (NK receptor)

intraepithelial lymphocytes, celiac disease,
697

ligand, see MHC class I chain-related A
gene

NMDA receptor (N-methyl-D-aspartate receptor)
anti-dsDNA antibody cross-reactions, 358
functional autoantibodies and, 219 (Table)

excitotoxicity, 230
NOD-2 gene, see CARD15 gene
(NOD/BALB/C)F1 mice, determinant capture in

antigen unfolding, 184–185
Nodes of Ranvier

acute motor axonal neuropathy, 635 (Fig.)
antibody binding, 637

NOD mouse, 63, 331–332, 335, 485, 486–487,
495, 1045, see also K/BxN models

adrenalitis, 504
anti-CD3, 1050
antigen unfolding, determinant capture,

184–185
B7.2 deficiency, 332
B-cells, 70, 170
CD3 monoclonal antibodies on, 1067
CD4+CD25+ T-cells in, 51, 126
cleanliness, 494, 1089
dendritic cells, 42
DQ8 transgenic mice from, auricular

chondritis, 267

Necrotizing hypophysitis, 547
Negative costimulatory molecule, see CTLA4
Negative feedback, resolution of immune

response, 19
Negative predictive value (PPV), 1031
Negative selection

in animal models, 332
B-cells, 26, 27, 168, 171
dendritic cells and, 37
T-cells, 13–14, 26, 27, 104–105, 106

defect in diabetes, 489
escape, 106, 262
MHC molecules and, 47–48, 60–62 (Fig.),

103, 262
Negative vaccination, 107–108, 1053, 1054
Nematodes, Th2 cells and, 83
Neoepitopes, 50
Neonatal lupus congenital heart block

active immunization studies, 227
functional autoantibodies and, 219 (Table)
Ro52 antibodies, 227, 998

Neonates, see also Day 3 neonatal thymectomy
diabetes

NOD mouse, primary prevention, 1054
screening, Finland, 1050

FcRn (epithelial Fc receptor), 18, 204, 208
i/I blood group antigens, 562
myasthenia gravis, 659
oophoritis model, 854
pemphigus foliaceus model, 796
pemphigus vulgaris, 793

mouse model, 794
Neovascularization, see Angiogenesis
Nephelometric assays, rheumatoid factor,

428–429
Neural tube defects, 999
Neuritis, see also Experimental allergic neuritis

B7.2-deficient NOD mouse, 332
Neuroblastoma, opsoclonus–myoclonus

syndrome, 959
Neuroblastoma cells, Sydenham chorea

autoantibodies and, 224
Neuroendocrine system, regulation of immune

response, 19
Neurogenic hypothesis, vitiligo, 810
Neuromuscular junction, 653–654

acetylcholine receptors, 653, 654 (Fig.), 656,
1085

divalent antibodies, 655, 661
electron microscopy, 655
Lambert–Eaton syndrome, 661

Neuromyelitis optica, 1001–1002
Neuromyelitis optica immunoglobulin (NMO-

IgG), 618
Neuromyotonia, 662–663

functional autoantibodies and, 219 (Table),
223

potassium channel antibodies, 663–664
Neuronal glutamate receptor subunit 3, see

GluR3
Neuronal nicotinic receptor, functional

autoantibodies and, 226 (Table)
Neurons, functional autoantibodies and, 223–224

apoptosis, 229–230
Neuropathies, 633–653

autonomic, 1000
acute idiopathic, 636

GAD65, 1000–1001
Lyme disease, 447–448
paraneoplastic sensory, 958

anti-CV2 antibody, 964
SAPHO syndrome, 445
Sjögren syndrome, 403

Neuropsychiatric lupus, functional
autoantibodies and, 219 (Table), 224

Neurosyphilis, Wassermann antibody, 3–4
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NOD mouse (continued )
glutamic acid decarboxylase reactivity,

antigenic determinant spreading, 187
HLA-DQ8 transgene, dermatitis herpetiformis,

700
I-Abg7 allele, 63
IAg7 (class II molecule), 268
IL-2/Fc and IL-15/Fc fusion proteins on, 1072
MHC molecules and, 63–64
monoclonal T-cell receptor-transgenic

accelerated disease, 65
B-cells unnecessary for disease, 70

myositis, 458
natural killer cells, 28, 124

maldevelopment, 72
pancreatic b-cell apoptosis, 487–488
plant proteins, 1052
as polyendocrine syndrome model, 520
primary prevention of diabetes, 1054
Sjögren syndrome model, 410
STAT4 gene effect, 91
suitability as animal model, 331, 335,

486–487, 1045
T–T-cell interactions, 66

NOD.scid mouse
rheumatoid arthritis model from, 149
streptozotocin on, 486

Non-alcoholic steatohepatitis, 997
Noncollagen 14A epitope, BP180 antigen, 801

(Fig.)
Noncollagen 16A domain (NC16A domain),

BP180 ectodomain, 798, 801 (Fig.)
Nongranulomatous uveitis, 671–672
Non-Hodgkin lymphomas

celiac disease, 705
Sjögren syndrome, 403
treatment, 978–979

Nonobese diabetic mouse, see NOD mouse
Nonspecific interstitial pneumonia (NSIP),

939–940
Non-stenosing giant cell arteritis, 923
Non-steroidal anti-inflammatory drugs

interleukin-10 deficiency model, inflammatory
bowel disease, 719

malignant disease risk from, 979
rheumatoid arthritis, 429

Norway
autoimmune hepatitis, 731
primary sclerosing cholangitis, 769

Notch pathway, Th1/Th2 polarization, 86
NOVA-1 gene, 962–963
Novantrone, see Mitoxantrone
Novosphingobium aromaticivorans, primary

biliary cirrhosis, 757, 760
N-type voltage-gated calcium channels, 219

(Table)
Nuclear activator of activated T-cells, Th2 cell

development, 85
‘Nuclear dot’ patterns

antinuclear antibodies, 1018 (Table)
primary biliary cirrhosis, 761

Nuclear envelope, antinuclear antibody staining,
1018 (Table)

Nuclear factor kB
activation, 254–255
NOD2 gene on, 279–280
pathway

AP12 and MALT1 fusion, 976
B-cell anergy, 173
calcineurin-dependent, immune complex-

mediated reactions and, 211
CARD15 mutations on, 717–718
dendritic cell activation, 256

rheumatoid arthritis, 427
subunits, 255

Nuclear factor kB inducing kinase (NIK), 255

Ophthalmopathy, thyroid-associated, 475,
477–478

animal model, 477
Opioid neurotransmitter system, pruritus in

primary biliary cirrhosis, 751
Opsoclonus–myoclonus syndrome, 959–960
Opsonization, 10

tests for autoimmune neutropenia, 588
Optical density values, ovarian antibody assay,

850 (Fig.)
Oral carcinoma, candidiasis, 516
Oral contraceptives, 320

rheumatoid arthritis, 323
Oral flora, atherosclerosis, 893
Oral pemphigus vulgaris, 791
Oral tolerance

inflammatory bowel disease, 721
insulin, 1055

Orchitis, autoimmune, 841–847
Order hierarchies, diagnostic assays, 1016
Organic cation transporter gene cluster (OCTN

gene cluster), 718
Organ removal, animal models, 1089
Organ-specific autoimmunity

antigen-specific animal models, 332–335
autoimmune gastritis, 541
eye, 672–673

Organ transplantation, see specific organs
Organ vulnerability, 25
OS chicken, 889

as polyendocrine syndrome model, 520
spontaneous autoimmune gastritis, 537
spontaneous autoimmune thyroiditis, 473, 

889
Osteoarthritis, 1002
Osteoclasts, rheumatoid arthritis, 427

as therapy targets, 431
Osteomyelitis, SAPHO syndrome, 444
Osteonecrosis, SLE, corticosteroids, 353
Osteopenia, primary biliary cirrhosis, 751
Osteoporosis

premature ovarian failure, 851
primary biliary cirrhosis, 751
SLE, corticosteroids, 353

OT-1 OVA-specific TCR transgenic SOCS1-/-

mouse, 111
Otitis media, Wegener’s granulomatosis, 682
Outer membrane porin C antibody, 722
Outer surface protein (OspA), Borrelia

burgdorferi, 113, 449
Ovalbumin, see also Rat insulin promoter-

mOVA transgenic mouse
dendritic cell lifespan experiment, 36
double transgenic mice, study of regulatory T-

cells, 105
studies of steady-state dendritic cells, 38
T-cells specific for, peripheral tolerance

experiment, 37
Ovary, see also Oophoritis

autoantibodies, 850, 851
pernicious anemia, 535 (Table)

carcinoma, dermatomyositis, 454
premature failure, 849–850

APECED, 516, 522 (Table)
gastric autoantibodies, 530 (Table)
‘intermittent,’ 855

‘Over-excitable’ phenotype, SLE model, 
338

Overlap syndromes
autoimmune hepatitis, 730
systemic sclerosis, 371 (Table)

Owen, Ray, twin studies, 5
Oxalazone, inflammatory bowel disease model,

718
Oxazalone, inflammatory bowel disease model,

720

Nuclear factor of activated T-cells (NFAT),
253–254

Nuclear mitotic apparatus (NuMa), antinuclear
antibody staining, 1018 (Table)

Nuclear pore complex, autoantibodies vs,
primary biliary cirrhosis, 754

‘Nuclear rim’ patterns, primary biliary cirrhosis,
761

Nucleosomes
autoimmune hepatitis, 732
IgG2aj/a antibodies vs, 147
SLE, 358

NuMA (autoantigen), cleavage, 195, 197
nu/nu mice, T-cell receptor-HA-expressing T-

cells into, exogenous peptide experiment,
134

Nurses’ Health Study (USA), hepatitis B
vaccination and multiple sclerosis, 
312–313

NZB (H-2d) mouse, 335
NZB mouse

autoimmune hemolytic anemia, 567–568
IFN-a/b null gene, 335

NZB/NZW F1 mouse
lupus nephritis model, 827, 828
transfer of B-cells from, 358

NZM2410 mouse, CR2 (complement receptor)
and, 339

NZM mouse, chromosome 7 locus, SLE model,
361

NZW/BXSB F1 mouse, 336
antiphospholipid syndrome, 387

O
Oats, prolamines, 699
Obese strain chicken, see OS chicken
Obliterating phlebitis, autoimmune pancreatitis,

782
Occupational exposures, environmental agents,

301–302, 944
Octreotide, diabetes prevention trial, 1049

(Table)
O-glycosylated hinge region, IgA1,

Henoch–Schönlein purpura, 914
Oils

adjuvant-induced arthritis, 421
mineral oils, B-cell autoimmunity, 144
toxic oil syndrome, 374

OKT3 monoclonal antibody, 1066
OKT4cdr4A monoclonal antibody, psoriasis,

1068
Oligoarthritis, juvenile idiopathic arthritis, 446
Oligoclonal immunoglobulin bands (OCBs),

CSF, 618
Oligoclonality

antibodies to monoclonal antibodies, 1065
T-cells in diabetes, 330

Oligodendrocytes
cytokine receptors, 89
multiple sclerosis, 619, 623

Oligo-monoclonal B-cell expansion, Sjögren
syndrome, 407

w-conotoxin, Lambert–Eaton syndrome study,
662

Omenn syndrome, 1002
Onconeural antigens, 965, 966
Onionskin fibrosis, primary sclerosing

cholangitis, 769
Oocytes, autoantibodies, 851
Oophoritis, 849–859

regulatory T-cell experiment, 126
Ophiasis type, alopecia areata, 808
Ophthalmia, sympathetic, 3, 5, 672–673
Ophthalmology, early work on autoimmunity, 

3
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Oxidant stress
giant cell arteritis, 926
systemic sclerosis, 376

Oxidation
erythropoietin, 1088
testosterone, male vs female, 318

Oxidized lipids, anticardiolipin antibodies vs,
385

Oxidized low-density lipoproteins,
atherosclerosis, 891, 894

Oxidized phospholipids
apoptotic cells, 195
atherosclerosis, 996

2-Oxoglutarate dehydrogenase complex
(OGDC), antimitochondrial antibodies vs,
primary biliary cirrhosis, 754

P
P4 pocket, DQ vs DR molecules, 268
p38 MAP kinase pathway, rheumatoid arthritis,

427
p53 gene, 976
P150/95 (aXb2 integrin), 238 (Table)
P200 region, Ro52, 998
P815AB (antigen), study of CD8a+ dendritic

cells, 40
PAD14 gene, rheumatoid arthritis, 420
Palmerston North mice, 336
pANCA, see Perinuclear antineutrophil

cytoplasmic antibodies
Pancreas, carcinoma, autoimmune pancreatitis

vs, 782
Pancreatic b-cells, see also Islets of Langerhans

apoptosis
NOD mouse, 487–488
prevention, 495

autoantibodies, pernicious anemia, 535 (Table)
breaking of tolerance, 489
CXCL13 on lymphoid infiltration, 150
lesion, diabetes, 490
mass, diabetes progression, 1032, 1033 (Fig.)
precursor cell therapy, 1074
response freezing, 494
on T-cells, diabetes, 487–489

Pancreatitis, 779–786
Pancytopenia, 591–592
PANDAS (streptococcus-associated disorder),

1001
Panhypophysitis, lymphocytic, 548
P antigen, paroxysmal cold hemoglobinuria, 

564
Panuveitis, 671
Paradigm shifts (Kuhn), 1
Paraneoplastic diseases and syndromes

cerebellar degeneration (PCD), 959
functional autoantibodies and, 219 (Table),

221, 228
dysautonomia, 1000
encephalomyelitis (PEM), 958
functional autoantibodies, 221, 224
Lambert–Eaton syndrome as, 661
limbic encephalitis (PLE), 664, 958–959
neurologic diseases (PND), 957–970, see also

specific diseases
pemphigus (PNP), 791 (Table), 797, 803

bronchiolitis obliterans, 940–941
sensory neuropathy, 958

anti-CV2 antibody, 964
Paraproteinemic demyelinating peripheral

neuropathy, 642
Paraquat, 944
Parasites (nematodes), Th2 cells and, 83
Parathyroid dysfunction, 1002–1003, see also

Hypoparathyroidism
Paratopes, 832

Index 1123

Pepsinogens, levels, 529
Peptides

exogenous, regulatory T-cell generation, 134
MHC molecule binding, 47, 262

T-cell activation by, 49–50
Peptidoglycan-polysaccharide models

enterocolitis, 719
primary sclerosing cholangitis, 770–771

Perforin, 10
in apoptosis, 196
memory T-cells, 73
myopathies, 460
Sjögren syndrome, 408

Performance requirements, autoantibody assays,
1015–1016

Perianal fistulae, Crohn’s disease, 714
Pericardial effusions, serositis treatment, 354
Perifascicular atrophy, dermatomyositis, 455

(Fig.), 456
Perifascicular infiltrates, dermatomyositis, 457
Perimyocarditis, smallpox vaccination, 314
Perinuclear antineutrophil cytoplasmic

antibodies (pANCA), 907
atypical, primary sclerosing cholangitis, 772
inflammatory bowel disease, 720–721

as markers, 721–722
Periodicity, myelin, paraproteinemic

demyelinating peripheral neuropathy, 642,
643

Periodontal disease, atherosclerosis, 893
Peripheral blood lymphocytes, Sjögren

syndrome, 407
Peripheral blood mononuclear cells, cytokines,

rheumatic heart disease, 870
Peripheral generation, regulatory T-cells, 134
Peripheral myelin protein P0, chronic

inflammatory demyelinating
polyradiculoneuropathy, 641

Peripheral nerve hyperexcitability, functional
autoantibodies and, 219 (Table)

Peripheral neuropathies, see Neuropathies
Peripheral node addressin (PNaD), 238 (Table),

243
Peripheral tolerance, 27, 106–109

dendritic cells and, 37–38, 41
extralymphatic, 293–294
SLE and, 361
thyroid gland, 470

Perivascular infiltrates, dermatomyositis, 457
Perivenous inflammatory plaques, multiple

sclerosis, 619
Permissive factors, diabetes, 493–494
Pernicious anemia, 527–529

adrenalitis with, 504
autoantibodies, 535
children, 532
common variable immunodeficiency, 532
gastric carcinoma, 532–533
genetics, 535
treatment, 540–541

Peroxisome proliferation-activating ligands
(PPAR-L), psoriasis, 813

Pertussis toxin, uveitis models, 674
Peyer patches, 18–19

T-cell migration to, 243
PH, on MHC–peptide–TCR interaction, 50
Phacoanaphylaxis (Verhoeff and Lemoine), 3
Phage display technology, antibody engineering,

1066
Phagocytes

apoptotic cell uptake, 173
autoimmune neutropenia, 587
role of Th1 cytokines, 83

Phenylalanine, PAUVA therapy for vitiligo, 
811

Phenytoin, 300 (Table)

Parietal cell antibodies, 529, 530 (Table), 532,
533–534

Parietal cell microsomes, 534
Parietal cells, 533 (Fig.)
Parotid gland, Sjögren syndrome, 402

diagnostic criteria, 405
lymphoma and, 978

Paroxysmal cold hemoglobinuria, 3, 557, 564
Paroxysmal nocturnal hemoglobinuria (PNH),

592, 596
Pars planitis, 671
Partially deglycosylated human aggrecan,

immunization of BALB/c mouse, 341–342
Passive transfer

anti-MAG paraproteinemic demyelinating
peripheral neuropathy, 643

antiphospholipid syndrome models, 387
atherosclerosis, 891
bullous pemphigoid, 798–800
experimental autoimmune encephalomyelitis,

621
human autoantibodies, 225, 226 (Fig.)
pemphigus foliaceus, 796
pemphigus vulgaris, 793, 794
rheumatoid arthritis from K/BxN T-cell

receptor mice, 337
Patch-clamp experiments, motor nerve terminal

antibody binding, 637
Pathergy test, skin, Behçet’s disease, 915
Pathobiological Determinants of Atherosclerosis

(PDAY) study, 890–891
Pathogen-associated molecular patterns

(PAMPs), 9, 11 (Fig.), 12, 85
HSP60 as, 892
rheumatoid arthritis, 427

Pattern-recognition receptors (PRRs), 9, 11
(Fig.), 12, 158, see also Toll-like receptors
(TLRs)

rheumatoid arthritis, 427
Pauciarticular arthritis, inflammatory bowel

disease, 716
Pauci-immune small vessel vasculitis, 905–911,

see also ANCA+ vasculitis; specific diseases
PAUVA therapy, vitiligo, 811
PD1 (coinhibitory molecule), 28, 108

knockout mice, 337
dilated cardiomyopathy, 883

PEGylation, 1066
Pemphigoid

bullous, 791, 798–800
cicatricial, 791, 800–801
lichen planus, 791, 801–802

Pemphigoid gestationis, 791, 800
Pemphigus, see also IgA pemphigus

paraneoplastic (PNP), 791 (Table), 797, 803
bronchiolitis obliterans, 940–941

Pemphigus foliaceus, 789, 790, 791 (Table),
794–797

IgG4, 784, 795
Pemphigus vulgaris, 789, 790, 791–794

DR molecules, 52
IgG4, 784

Penetrance, 1087
autoimmune lymphoproliferative syndrome,

988
Penicillamine, 300 (Table)

drug-induced pemphigus, 797
idiopathic pulmonary fibrosis and, 948

Penicillins, 300 (Table)
benzathine penicillin G, rheumatic fever, 871
drug-induced immune hemolytic anemia, 565

Penner serotypes, Clostridium jejuni,
Guillain–Barré syndrome, 637–638

PEP (cytoplasmic protein tyrosine phosphatase),
252

mouse ortholog of PTPN22 gene, 278
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Phlebitis, obliterating, autoimmune pancreatitis,
782

Phosphatase and tensin homolog (PTEN),
phosphatidylinositol-3,4,5-triphosphate
regulation, 111

Phosphatidylethanolamine, autoantibodies on,
antiphospholipid syndrome, 385

Phosphatidylinositol-3-kinase pathway, T-cell
survival, 111

Phosphatidylinositol-3,4,5-triphosphate, 111
Phosphatidylserine, apoptosis, 10
Phosphoinositide 3-kinases (PI3K), 243

CD28 and, 256
Phospholipases, 253
Phospholipids

atherosclerosis, 996
autoantibodies in antiphospholipid syndrome,

385, 389–390
dependence, lupus anticoagulants, 389
oxidized

apoptotic cells, 195
atherosclerosis, 996

Photochemotherapy
inflammatory bowel disease, 723–724
psoriasis, 813

Phrenic nerve-diaphragm preparations, 223, 637
Piecemeal cirrhosis (interface hepatitis), 730,

768 (Fig.), 769
PIGA gene, paroxysmal nocturnal

hemoglobinuria, 596
Pigmentation, autoimmune Addison’s disease,

509, 510 (Fig.)
Pilocarpine, Sjögren syndrome, 410
Pimecrolimus

malignant disease risk from, 979
psoriasis, 813

Pituitary adenylate cyclase-activating
polypeptide, 19

Pituitary gland, see also Hypophysitis
removal from frogs, 1089
tumors, autoimmune hypophysitis vs, 551

PKB (protein kinase B), see Akt
PKCb, 255
PKCq, 254, 255
Placebo response, inflammatory bowel disease,

722
Placenta, see also Transplacental transfer

antiphospholipid syndrome, 389
FcRn (epithelial Fc receptor), 17–18

Plakins, autoantibodies, paraneoplastic
pemphigus, 797

Plaque morphea, 371 (Table)
Plaques, multiple sclerosis, 619
Plasma cells (PC), 16, 142, 160, see also

Memory cells
autoimmune hepatitis, 730
autoimmune pancreatitis, 782
B-cell differentiation to, 140, 141, 142
migration, 143
rheumatoid arthritis, infiltrates, 148
SLE, 358
survival factors, 142

Plasmacytoid dendritic cells (PDCs)
interferon-a production, 362
SLE, 151, 362

Plasma exchange (PEx), 212
antiglomerular basement membrane disease,

825
chronic inflammatory demyelinating

polyradiculoneuropathy, 643
Guillain–Barré syndrome, 641
Lambert–Eaton syndrome, 661
pauci-immune small vessel vasculitis, 911

Plasmapheresis, vasculitis, 212, 913
Plasma proteins, antiphospholipid syndrome, 382
Plasma renin activity, adrenalitis, 508

Posterior uveitis, 671
Postpartum period, 323

autoimmune hypophysitis, 549
Graves’ disease, 476
thyroiditis, 323, 468 (Table), 471

Post-test probability, 1032
Post-treatment relapse, autoimmune hepatitis,

741
Potassium, autoimmune Addison’s disease, 

509
Potassium channels, see also Voltage-gated

potassium channels (VGKCs)
antibodies, neuromyotonia, 663–664

Pouchitis, ulcerative colitis, 715, 722
P/Q-type voltage-gated calcium channels

(VGCCs)
active immunization studies, 227
autoantibodies vs, 219 (Table), 223, 224, 226

(Table)
Pr antigen, cold agglutinins, 562–563
Pre-B-cell receptors, 16
Preclinical diabetes mellitus, 1045
Prediabetes, 484
Prediction of autoimmune diseases, 1031–1043
Predictive values, 1031–1032

diabetes risk markers in relatives, 1050
Prednisolone

antiglomerular basement membrane disease,
825

aplastic anemia, 594
autoimmune hepatitis, 740–741
autoimmune pancreatitis, 784
in diabetes prevention trial, 1047 (Table)
giant cell arteritis, 927

Prednisone
autoimmune hemolytic anemia, 560–561
bullous skin diseases, 802
giant cell arteritis, 927
pregnancy, antiphospholipid syndrome, 

390
Pre-eclampsia, functional autoantibodies and,

219 (Table)
Pregnancy, 322–323

antiphospholipid syndrome, 323, 382, 384,
389

fetal loss prevention, 390
autoimmune hypophysitis, 549, 550
autoimmune thrombocytopenic purpura, 580
autoimmune thyroid disease, 471
B-cell autoimmunity, 144
on estrone metabolism, 319
fibrinogen autoantibodies, 607
herpes gestationis, 800
on mother’s autoimmune disease, 323
primary biliary cirrhosis and, 756
progesterone, 320
prolactin and SLE, 320–321
thyrotropin receptor stimulating antibodies,

477
uveitis, 673

Premature ovarian failure, see Ovary, premature
failure

Preplasma memory B-cells, 161 (Fig.)
Preproinsulin, diabetes protection, 488
Pre-test probability, 1032
Pretibial myxedema, 475
Prevalence

antiphospholipid antibodies, 383
antiphospholipid syndrome, 383
autoimmune adrenalitis, 503
autoimmune diseases, 24–25

trends, 299
on predictive values, 1031–1032
primary biliary cirrhosis, 755

familial, 756
scleroderma, 371–372

Plasmin, cleavage of b2-glycoprotein I, 384
Plasminogen, antiprothrombin autoantibodies on,

607
Platelet(s) (thrombocytes)

autoantibodies vs, 575, 577–579, 581
antiphospholipid syndrome, 385, 388–389

autoimmune thrombocytopenic purpura,
575–576

HIV infection, 581
kinetics, 577

factor V autoantibody disease, 604–605
glycoproteins, 575, 577–578

HIV infection, 580–581
T-cells reactive to, 579

immune complexes and, 208
Platelet-associated antibody, 578–579
Platelet-derived growth factor

giant cell arteritis, 926
rheumatoid arthritis, 426

PLCg (phospholipase isoform), 253
PNAd, see Peripheral node addressin
Pneumococcal vaccine, splenectomy and, 561
POEMS syndrome, 642
Polarization

secondary follicles, 160
Th1/Th2, 84–88

Polyarteritis nodosa, 900–901, 901 (Table),
902–904

vaccination and, 311 (Table)
Polychondritis, see Relapsing polychondritis
Polycystic ovarian disease, 322
Polyendocrine syndromes

autoimmune (APS), 504, 515–526
orchitis, 845
type I (APS1), see also APECED

hypoparathyroidism, 1002–1003
LM antigen in hepatitis, 736

type II, 516–517
regulatory T-cells, 41

type III, 517
type IV, 517

pernicious anemia with, 528–529
Polyethylene glycol (PEG)

in CDP870, 723
PEGylation, 1066

Polygenicity, 330
Polyglandular syndromes, see Polyendocrine

syndromes
Poly-Ig receptor, 204

immune complex transport, 208
Polymeric antigens, B-cell response, 293
Polymeric F actin, 734
Polymorphisms, see also Single-nucleotide

polymorphisms
autoantigens, 29
MHC molecules, 46
single-base-exchange polymorphisms, Sjögren

syndrome, 410
Polymyalgia rheumatica (PMR), 923–924, 925,

926–927
Polymyositis, 453–463

collagen implants, 303
pulmonary fibrosis, 940, 943
vaccination and, 311 (Table)

Polyposis, familial, pouchitis and, ulcerative
colitis, 715

Poor responders, gonadotrophins, 850
POP66 (paraneoplastic oligodendrocyte protein

of 66 kDa), 964
Porcine factor VIII, 603
Pores, sarcolemma, polymyositis, 460
Portal hypertension, primary biliary cirrhosis,

750, 751
Positive predictive value (PPV), 1031
Positive selection, T-cells, 13, 14 (Fig.), 26

MHC molecules and, 47, 60–62 (Fig.)
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Primary biliary cirrhosis, 749–765, 1087
autoimmune hepatitis and, 730
Sjögren syndrome, 402

Primary prevention, diabetes, 1045, 1051–1053,
1054

Primary progressive multiple sclerosis (PPMS),
617

Primary sclerosing cholangitis, 767–777
inflammatory bowel disease, 716, 767, 768,

769, 770, 772, 773
after liver transplantation, 773

Primary Sjögren syndrome, 401–403
Prions, intravenous immunoglobulin, 641
Pristane, 144

arthritis animal models, 421
protection from lpr and gld mutations, 341

Private T-cell repertoires, 185–186
Probabilities, 1031–1032
Procainamide, 300 (Table)
Proctitis, ulcerative colitis, 715
Proctocolectomy, ulcerative colitis, 715
Professional APCs, 15

B-cells as, 15, 28
Progenitor fibroblasts, scleroderma, 376
Progesterone, 320, 322
Progestogens, 320
Prognosis, uses of, 1015
Prognostic models, mathematical, primary

biliary cirrhosis, 753
Programmed death gene-1, see PD1

(coinhibitory molecule)
Progressive systemic sclerosis, 369
Proinsulin, diabetes protection, 488, 1092
Prolactin, 320–321

autoimmune hypophysitis, 549
B-cell autoimmunity, 144

Prolamines, celiac disease, 699
Proliferation assays, T-cells, 1023–1027
Proline residues, T-cell epitopes of glutens,

702–703
Prolylendopeptidases, celiac disease therapy,

705, 706 (Fig.)
Promyelocytic leukemia protein (PML),

autoantibodies vs, primary biliary cirrhosis,
754

Proof of concept, animal models for, 331
Propionibacterium acnes, SAPHO syndrome,

445
Propylthiouracil, 300 (Table)

ANCA glomerulonephritis, 908
model, 830

Prostacyclin I2, antiphospholipid syndrome, 388
Prostaglandin E2, pregnancy, 322
Prostate carcinoma, immunosuppression by

treatment, 319
Protein A

plasmapheresis, 212
radioimmunoassay, 21-hydroxylase, 507

Proteinase 3 (PR3)
antineutrophil cytoplasmic antibodies, 830,

831, 908
assay requirements, 1014
differential diagnosis of small vessel

vasculitis, 911
autoantibodies, assay, 1013 (Table)
complementary protein, 832, 908

Protein C, antiphospholipid syndrome, 385, 
388

Protein kinase(s), T-cells, 14
Protein kinase B, 111, see also Akt
Protein S, antiphospholipid syndrome, 385, 388
Protein tyrosine phosphatases, see also IA2

cytoplasmic, 252
DEP1/CD148, Cogan syndrome, 683
PTPN22 gene, 278

Proteinuria, lupus nephritis diagnosis, 826

Index 1125

autoantibodies, assay, 1013 (Table)
T-cells vs, primary biliary cirrhosis, 754–755

Pyruvate dehydrogenase E2 subunit (PDC-E2)
on biliary epithelial cells, 759–760
binding protein, antimitochondrial antibodies

vs, PBC, 754
gp120 molecular mimicry, 758
granzyme B cleavage, 197
lipoic acid

antimitochondrial antibodies vs, 754
molecular mimicry, 760–761

Pyruvate dehydrogenase E3 subunit (PDC-E3),
antimitochondrial antibodies vs binding
protein, PBC, 754

pZP3 (ZP3 peptide), oophoritis models, 852, 853
(Fig.), 854

Q
Q fever vaccine, diabetes prevention trial, 494,

1048 (Table)
Quality control, autoantibody tests, 1013, 1018
Quinidine, 300 (Table)
QXP, tissue transglutaminase (TG2) target, 701
QXXF, tissue transglutaminase (TG2) target, 701

R
R61 (hindering residue on hen egg lysozyme),

183
RA33 antigen, rheumatoid arthritis, 424
Rabbits

experimental autoimmune adrenalitis, 504
IgG inoculation, Lambert–Eaton syndrome,

965–966
Watanabe rabbit, 891

Rabies vaccination, Guillain–Barré syndrome,
638

Radiation
acquired aplastic anemia models, 593
cyclosporine and, autoimmunity, 48
thyroid disease, 471

Radioimmunoassay, 21-hydroxylase, 507
Radioimmunotherapy, 978–979
Radioiodinated toxins, immunoprecipitation

assays of functional autoantibodies, 221
Radioiodine therapy, Graves’ disease, 477
RAG1 deficiency mice, reperfusion injury, 

1004
RAG2 mice, crossed with anti-RBC Tg mice,

568
RAG2-/- mice

pemphigus vulgaris study, 794
small vessel vasculitis model, 908

RAGE receptors, high-mobility group 1 protein
in immune complexes, 208

RAG genes, see Recombination-activating genes
and products

Rapamycin
diabetes prevention trial, 1048 (Table)
IL-2/Fc and IL-15/Fc fusion proteins with,

1072
RAPsyn (cytoplasmic protein), 653
Rare allele advantage, 47
Rasmussen encephalitis, 663, 1001

functional autoantibodies and, 219 (Table)
neuronal glutamate receptor subunit 3, 197

Rat, uveitis models, 674
Rat bladder epithelium, test for paraneoplastic

pemphigus, 797
Rat collagen peptide 256–270, 421
Rat insulin promoter, 268
Rat insulin promoter-mOVA transgenic mouse,

peripheral tolerance, 37, 106–107
Raynaud phenomenon, 370

primary biliary cirrhosis, 752

Proteolipid protein (PLP)
EAE, 267

DNA vaccination, 622
SJL mice reactivity, 180
T-cells, limiting dilution assay, 1025–1026

Proteolipid protein-1 (PLP1), EAE, CD8a+CD4-

dendritic cells and, 40
Proteomics, 329

rheumatic heart disease, 867
Proteosomes, 47
Prothrombin autoantibodies, 606–607

antiphospholipid syndrome, 385
Prothrombin-rich complexes, for acquired factor

X deficiency, 605
Pruritus, primary biliary cirrhosis, 750–751
PRV-1 glycoprotein, 587
P-selectin, 10, 238 (Table)
Pseudoaneurysms

Kawasaki’s disease, 904
polyarteritis nodosa, 902

Pseudomonas aeruginosa, peptide from, 758
Pseudomyotonia, neuromyotonia, 662
PSGL-1, 238 (Table), 241 (Fig.)
Psoriasis, 811–814

alefacept, 1071–1072
arthritis, 438, 441–443

juvenile idiopathic arthritis, 446
efalizumab, 814, 1069
OKT4cdr4A monoclonal antibody, 1068
runt-related proteins, 977
as subject for treatment research, 1074

Psychiatric features
multiple sclerosis, 616
pernicious anemia, 528
Sjögren syndrome, 403

Psychosis, SLE, treatment, 354
PTPN22 gene, 278
PTP-PEST (cytoplasmic protein tyrosine

phosphatase), 252
Public T-cell repertoires, 185–186
Pulmonary alveolar proteinosis, 1003
Pulmonary embolism, antiphospholipid

syndrome, 382, 390
Pulmonary fibrosis, systemic sclerosis mouse

models, 375
Pulmonary hemorrhage, antiglomerular basement

membrane disease, 822
Pulmonary hypertension

idiopathic pulmonary fibrosis, 938
systemic sclerosis, 376

Pulmonary–renal syndrome, 821, see also
Goodpasture syndrome

historical aspects, 902
Punch grafting, vitiligo, 811
Pure red cell aplasia, see Erythroid aplasia
Purkinje cells

anti-Tr labeling, 963
autoantibodies, see also Yo antigens,

autoantibodies
assay, 1013 (Table)

cerebellar degeneration, functional
autoantibodies, 229

Purpura
historical aspects, 901–902
Sjögren syndrome, 403

lymphoma risk, 978
Pustules (spongiform pustule of Kojoi), 812
PUVA therapy

psoriasis, 813
vitiligo, 811

Pyoderma gangrenosum, 716
Pyridoxal phosphate-dependent amino acid

decarboxylases, group II, 517
Pyruvate dehydrogenase complex

antimitochondrial antibodies vs, primary
biliary cirrhosis, 749, 754
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Raynaud phenomenon (continued )
Sjögren syndrome, 402
treatment, 411

RBPJk (Notch ICD target), 86
Reactive arthritis, 112 (Table), 438, see also

Spondyloarthritides
cytokines, 439
HLA haplotypes, 25
vaccination and, 311 (Table)

Rearrangement, TCR genes, 13
diabetes, 489–490

Receptor activator of NFkB ligand (RANKL),
rheumatoid arthritis, 426, 427

Receptor editing, 18
B-cells, 171
impairment, 175

Recombinant antibodies, transforming growth
factor b, systemic sclerosis treatment, 377

Recombinant erythropoietin, 999, 1088
Recombinant factor VIIa, 603
Recombinant M6 protein, rheumatic heart

disease animal model, 870–871
Recombinant vaccinia vaccination (VACC-

GPLMCV), on RIP-gp transgenic mouse, 291,
292

Recombination-activating genes and products
(RAG genes and products), 17 (Fig.)

CD4+CD25+ T-cells in protective effects, 126
deficient transgenic mice, 134
Omenn syndrome, 1002
receptor editing, B-cells, 171
on T-cell receptors, 13

Recombinations
linkage studies, 276
Vb8.2Jb2.7, receptor on 172.10 high-affinity

T-cell clone, MBP and, 182
VDJ, 169

Recombination signal sequences (RSS), 13
Recurrent multifocal osteomyelitis, chronic, 444
Recurrent primary sclerosing cholangitis, liver

transplantation, 773
Red blood cells, see Erythrocytes
Red cell aplasia, see Erythroid aplasia
Reductases, antigen processing, 181
Reference sera, 1018
Regional ileitis, historical aspects, 713
Regulatory diversification, 187
Regulatory single nucleotide polymorphisms, on

RUNX binding sites, 977
Regulatory T-cells, 28–29, 59, 71–72, 108–109,

119–131, 133–137, 1086, see also
CD4+CD25+ T-cells; Th3 cells

antigen-specific animal models to study, 334
assay, 1029
autoantigen-specific immune tolerance

induction, 1053, 1054
autoimmune gastritis and, 538
autoimmune hemolytic anemia, 567
on B-cells, 174
dendritic cells and, 40–41
diabetes and, 489–490
exogenous antigens generating, 133–134
experimental autoimmune orchitis (EAO),

depletion, 844
Foxp3 (transcription factor), 72
induction

diabetes, 494
mature pulmonary dendritic cells, 39

inflammatory bowel disease, 721
intermitotic lifespan, 135
MHC molecules and, 50–52
vs neuroprotective T-cells, 1004
NOD mouse, 42, 332
polyendocrine syndromes, 522–523
primary sclerosing cholangitis, 773
rheumatoid arthritis, 423

proteins
molecular mimicry, systemic sclerosis, 373
Sjögren syndrome and, 410

Reverse genetics, 330
Reversibility, autoimmune gastritis, 532, 538
Reversible limbic encephalitis, functional

autoantibodies and, 219 (Table)
RF+ polyarthritis, juvenile idiopathic arthritis,

446
RF- polyarthritis, juvenile idiopathic arthritis,

446
Rhesus antigens, autoantibodies vs, 567, 1092

hemolytic anemia, 559, 566
Rhesus null erythrocytes, 559
Rheumatic fever, 27, 863

treatment, 871
Rheumatic heart disease, 863–873

molecular mimicry, 864, 866–867, 868
Chagas’ disease, 881

Rheumatoid arthritis, 417–436
anakinra, 430, 1072
animal model from NOD.scid mouse, 149
autoantibody tests, 1038–1039
B-cell homeostasis, 149
bronchiolitis obliterans, 936, 940
CD4 monoclonal antibodies, 1067–1068, 1070
CD20 antibodies, 170, 1070
CD52 monoclonal antibody, 1070
cellular infiltrates, 148, 149, 150
chemokines, 92–93, 243, 426
citrullinated proteins

autoantibodies, 424, 429
neoepitope formation, 50

concordance rates in twins, 274, 275 (Table)
covalent modification of self peptides, 1088
cyclic citrullinated peptide autoantibodies,

1014, 1038–1039
DQ molecule transgenic mouse model, 63,

265–266
DR4 haplotypes, 25, 420, 422
DR molecules, 52, 62–63, 266, 420
environmental agents, 301
estrogens on, 319
hearing loss, 682
HLA alleles and haplotypes, 262 (Table)
immune complexes, 211–212
interferon-g, 93

antibody treatment, 1071
interleukin-10, 93, 426
interleukin-18, 93, 426
K/BxN T-cell receptor mice as model,

336–337
lymphoma, 972–973
macrophages, 93, 419
malignant disease risk from treatment, 979
pathogenic autoantibodies, 148
pregnancy, 323
pulmonary fibrosis, 940, 943
runt-related proteins, 977
sex hormones, 319, 321
sibling risk ratios (8s), 274
sicca manifestations, 403–404
as subject for treatment research, 1074
T-cells interacting with B-cells, 71
Th1/Th2 balance, 92–93
TNFa, 149, 425–426
tumor necrosis factor blockade, 1070–1071
vaccination and, 311 (Table), 314

Rheumatoid factor, 174, 417, 419, 423–424,
428–429

AM14BCR transgenic mice, B-cell
autoimmunity, 147

cryoglobulinemic vasculitis model, 912
DQ molecule transgenic mouse model, 265
iGmk monoclonal, Sjögren syndrome, 407
juvenile idiopathic arthritis, 446

SLE, 361–362
on Th1 and Th2 cells, 87
Th1 cells and, 41

diabetes, 1028–1029
therapeutic maintenance, 30
therapy with, 1073
thymic tolerance and, 105
uveitis models, 674, 675

Relapse, post-treatment, autoimmune hepatitis,
741

Relapsing polychondritis, 1003–1004
hearing loss, 682
MHC class II molecules, 266

Relapsing–remitting multiple sclerosis (RRMS),
616–617

treatment, 624–627
Relatives

autoantibodies, 274
diabetes

prevention, 1046, 1050
risk, 1034

pemphigus vulgaris autoantibodies, 794
as T-cell assay controls, 1025

RelB (molecule), natural killer cell development,
72

Remissions, 29–30
autoimmune thrombocytopenic purpura, 

576
NK cell immunoglobulin-like receptors,

579, 581
autoimmune thyroid disease, 474
diabetes, 484

Renal Pathology Society, lupus nephritis
classification, 826, 827 (Table)

Renal tubular acidosis
primary biliary cirrhosis, 752
Sjögren syndrome, treatment, 411

Renin, adrenalitis, 508
Reovirus antibodies, inner ear disease, 684

(Table)
Reperfusion injury, 1004
Repetitive structures, polymeric antigens, B-cell

response, 293
Replenishment, memory B-cells, 162–163
Reporting, laboratory tests, 1017–1018
Rescue, negatively-selected lymphocytes, 26
Reshaped humanized monoclonal antibodies,

1065
Residue 9 mutation, B27 molecule, 264
Resistance loci, 25
Resolution of immune response, 19, 28, 30

peripheral neuropathies, 640
Respiratory tract, see also Lungs

dermatomyositis, 454
dysfunction, primary biliary cirrhosis, 752

(Table)
Sjögren syndrome, 402

Restorative proctocolectomy, ulcerative colitis,
715

Restriction, see MHC restriction
Rete testis, experimental autoimmune orchitis,

844 (Fig.)
Retina

antigens, thymic expression, 180
birdshot retinopathy, 997
hydroxychloroquine, 353
intermediate uveitis, 671
macrophages, 675

Retinal S-antigen, 669
uveitis, dendritic cells and, 42–43

Retinoid binding protein, interphotoreceptor,
uveitis, DCs and, 42–43

Retroviruses, see also Beta-retroviruses; HIV
infection

mouse mammary tumor virus-like virus, PBC,
757–758
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MRL mouse, 421
rheumatoid arthritis diagnosis, 1038–1039

Rheumatoid nodules, 419 (Fig.)
Ribonucleoproteins, see also La/SSB; Ro/SSA

autoantibodies, polymyositis, 461
SLE, 1039

Ribosomal P proteins, autoantibodies, 733–734
Rifampicin, 300 (Table)

pruritus, 751
RIP-antigen models, 332
RIP-gp transgenic mouse, 292

ignorant T-cells, 108, 291
RIP-HA/HA-TCR mouse, diabetes, 486
RIP transgenic mice, diabetes, 486, 493
Risk factors, see also Sibling risk ratios

malignant disease, 977, 979
primary biliary cirrhosis, 756–757

Risk markers, diabetes, 1046
Rituximab, 1069–1070

autoimmune hemolytic anemia, 561, 563
autoimmune thrombocytopenic purpura, 580
diabetes prevention trial, 1048 (Table)
lymphoma therapy, 978
rheumatoid arthritis, 431

RNA
antisense, 833 (Fig.)
in immune complexes, 208, 210–211

RNA polymerases (RNAPs), autoantibodies,
systemic sclerosis, 372–373, 376

RNP antibody, SLE, 352
Ro52

antibodies vs, congenital heart block, 227, 
998

homology with L-type VGCC, 227
Rocha experiments, see H-Y TCR transgenic

mice
Rodent pinworm, oophoritis model, 854
Rolling, leukocytes, 240, 241 (Fig.), 243
Ro/SSA, 406, see also SS-A/Ro 60

antibodies
assay, 1013 (Table)
Sjögren syndrome, 404–407, 408
SLE, 352
transplacental transfer, 323, 998

Ross river virus, complementary PR3, 832
Rotavirus, diabetes, 1053
Rubella

diabetes, 1052
fetal tolerance, 168
vaccination, arthritis and, 313

Runt-related proteins (RUNX), 976–977
Ryanodine receptors, thymoma, 658
Rye, prolamines, 699

S
Sa autoantibodies, rheumatoid arthritis, 424
Saccharomyces cerevisiae, see also Anti-

Saccharomyces cerevisiae antibodies
primary biliary cirrhosis and, 757

Sacroiliitis
inflammatory bowel disease, 716
psoriatic arthritis, 442

Salivary glands, Sjögren syndrome, 93, 94,
401–402, 404

diagnostic criteria, 405
epithelial cells (SGEC), 408

Salivary IgA, atherosclerosis, 893
Salmonella typhimurium, reactive arthritis, 112

(Table)
SAMP-1/Yit mouse, inflammatory bowel disease

model, 719
Sandhoff’s disease, 1001
Sanitation, diabetes, 493, 494
S-antigen, 669

uveitis, DCs and, 42–43
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Sensitivity of assays, specificity vs, 1016,
1031–1032

‘Sequestered antigen’ concept, 3, 180
Serine proteases, see Granzymes
Serology

historical aspects, 3–4, 1011
syphilis, 3–4, 381

Seronegative myasthenia gravis (SNMG),
660–661

Serositis, treatment, 354
Serpinopathy, liver, 997
Sertraline, pruritus in primary biliary cirrhosis,

751
Serum banks, 1015
Serum skin test (ASST), 814–815
Seven-transmembrane domain receptors

(7TMR), 241 (Fig.)
Severe combined immunodeficiency disease

CD45 mutations, 252
ZAP70 absence, 252

Sex chromosomes, primary biliary cirrhosis, 756
Sex hormones, 26, 317–328

autoimmune thyroid disease, 471
B-cell autoimmunity, 144
SLE, 318, 319, 320–321, 351
uveitis, 673

Sex ratio, see Gender
SFD-1 (chemokine), rheumatoid arthritis, 426
SGEC (salivary gland epithelial cells), 408
SH2D1A gene, see SAP (SLAM-associated

protein)
SH2-domain containing phosphatases (SHPx),

205, see also SLP-76
SH2 domains, Src-family tyrosine kinases, 251
SH3 domains, see also Gads

Src-family tyrosine kinases, 251
Shadow plaques, multiple sclerosis, 619
Shared epitope, rheumatoid arthritis

citrullinated protein autoantibodies, 424
DR4 haplotypes, 25, 420, 422

Shear stress, von Willebrand syndrome, 608
SHP-1 (SH2 domain containing tyrosine

phosphatases), 256–257, see also SLP-76
deficiency model, 338

Sialadenitis
chronic lymphocytic, 410
Sjögren syndrome, 404

Sialography, Sjögren syndrome, diagnostic
criteria, 405

Sialorrhea, functional autoantibody secondary
effects, 229

Sialyl-Lewis antigens, peripheral neuropathies,
640

Sialyl-Lewisx, 238 (Table)
Sibling(s)

bone marrow transplantation from, acquired
aplastic anemia, 594

diabetes, 491, 492
Sibling exposure, multiple sclerosis, 621
Sibling risk ratios, 274

multiple sclerosis, 274, 620
Sicca manifestations, 403–404

Sjögren syndrome, diagnostic criteria, 405
Sicca syndromes, see also Keratoconjunctivitis

sicca
Ro/SSA and La/SSB antibodies, 406
Sjögren syndrome vs, 405 (Table)

Side chain cleavage enzyme (P450scc), 508
autoantibodies, 517

Side chain theory, antibodies, 2
Signaling

initiation, 251–252
SLE, 359

T-cell receptors, 361
TCR–MHC–peptide interaction, 49–50
thresholds, 256–257

SAP (SLAM-associated protein), germinal
centers, 143

SAPHO syndrome, 443–445
Sarcoidosis, 1004

eye, 675
NA1 (neutrophil-specific antigen), 586
Sjögren syndrome vs, 405 (Table)
SLE vs, 352–353
uveitis, 672

Sarcoma, vaccine experiment in RIP-GP model,
292

‘Sausage’ digits, psoriatic arthritis, 442
Scavenger receptors, 9

immune complexes and, 208
rheumatoid arthritis, 427

sCD15 (sialyl-Lewisx), 238 (Table)
Schirmer’s test, Sjögren syndrome, 402
Schmidt syndrome, 515
Schwann cells, peri-islet, 65
SCID mice, see also NOD.scid mouse

interleukin-10 and lupus-like symptoms, 150
psoriasis, 813

Scleritis, 669, 670
Scleroderma, 95, 369–379

environmental agents, 301
functional autoantibodies and, 219 (Table),

223
granzyme B cleavage of CENP-C, 197
pulmonary fibrosis, incidence, 940
sicca manifestations, 404

Scleroderma-like lesions, silicone mammoplasty,
95–96

Sclerosing cholangitis, 767, 773, see also
Primary sclerosing cholangitis

autoimmune hepatitis, 773
small ducts, 768

Scotland, gastric autoantibodies, 530 (Table)
Screening, 1016, 1017

cut-off titers, 1016
diabetes

cost-effectiveness, 1046
neonates in Finland, 1050

Scurfy mouse, IPEX syndrome model, 109, 484
Season of birth, see Birth season
Secondary autoimmune neutropenias, 586
Secondary B-cell repertoire, 169
Secondary follicles, 160
Secondary lymphoid tissues, 18–19

B-cell development in, 139
infections and, 294
peripheral tolerance in, 27
site of T-cell action, 290

Secondary prevention, diabetes, 1045,
1053–1056

Secondary progressive multiple sclerosis
(SPMS), 617

Secondary Sjögren syndrome, 401, 403–404
Second signal, lymphocyte activation, 255–256
Second window of tolerance (Klinman), 161
Secretory IgA, 16, 17
Sedormid, drug-dependent antibody mechanism,

565
Segregation analyses, genetics, 274
Seizures, SLE, treatment, 354
Selectins, 10, 237, 238 (Table), 240, 241 (Fig.)
Selenium deficiency, viral myocarditis, 881
Self-antigens, see Autoantigens
Self-peptides, MHC molecules, 262, 263 (Fig.)
Self-tolerance

B-cells, 167–177
evolution, 1091

Self vs non-self, 1090
Semi-mature dendritic cells, immune tolerance

and, 38–39
Seminal proteins, 322
Senescent red cell antigen, 560
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Signaling pathways
ANCA glomerulonephritis, 831
B-cell receptors, 249–259

FcgRIIb on, 146, 173
Fas activation, 988–989
rheumatoid arthritis, 427

as therapy targets, 431
T-cell receptors, 249–259

Signalosome assembly, 252–253
Signal transducer and activator of transcription,

see entries beginning STAT . . .
Silent thyroiditis, 468 (Table)
Silica, 301

ANCA small vessel vasculitis, 908
SLE, 351

Silicone implants, 302 (Table), 303–304, 374
scleroderma-like lesions, 95–96

Silk Road disease, see Behçet’s disease
Simian virus 40, non-Hodgkin lymphomas and,

974
Simvastatin, multiple sclerosis, 626
Single-base-exchange polymorphisms, Sjögren

syndrome, 410
Single-nucleotide polymorphisms

Behçet’s disease, 674
detection, 276

Sinus node dysfunction, cardiomyopathy,
atropine for, 229

6B2+ preplasma memory B-cells, 161 (Fig.)
SJL mice, see also (B10.PL/SJL)F1 mouse;

(SWR/SJL)F1 mouse
BP180 antigen and, 800
myelin basic protein processing, 182
myositis induced, 458
reactivity to proteolipid protein, 180

Sjögren syndrome, 401–415
BAFF (B-cell activating factor), 145, 975
B-cell homeostasis, 149
celiac disease with, 694
diagnostic criteria, 405
differential diagnosis, 404
extrapancreatic lesions of autoimmune

pancreatitis vs, 782
functional autoantibodies, 219 (Table), 223

passive transfer, 225
secondary effects, 229

hearing loss, 682
interleukin-15, 94
lymphoma, 972, 978
muscarinic receptors, 407

artificial antibody, 225, 407
pulmonary fibrosis incidence, 940
salivary glands, 93, 94, 401–402, 404

diagnostic criteria, 405
sex hormones, 321
SLE, 225, 352, 404
Th1/Th2 balance, 93–94

Skeletal muscle
myocytes, functional autoantibodies and, 

223
nicotinic receptors, functional autoantibodies

and, 226 (Table)
Sjögren syndrome, 402

Skin
antiphospholipid syndrome, 382
bullous diseases, 789–806, see also

Pemphigus foliaceus; Pemphigus 
vulgaris

dermatomyositis, 453
Graves’ disease, 475
leukocyte migration to, 244
mast cells, 10
nonbullous diseases, 807–818
pathergy test, Behçet’s disease, 915
rheumatic fever, 863–864
Sjögren syndrome, 403

CTLA4Ig, CD28 pathway blockade, 256,
1068–1069, 1074

Solvents, 301
Somatic hypermutations, 160, 169, 170

B-cells, myasthenia gravis, 657
immunoglobulins, 18

Somatic mutations, 1087
SOXx autoantibodies, 508

vitiligo, 811
Sp100 (nuclear body protein), autoantibodies vs,

PBC, 754
Specificity, see also Antigen specificity

autoantibodies for diagnosis, 1015–1016
low-affinity antibodies, 290–291
T-cell receptors, 291
of tests, 1031–1032

Spectratyping, see Complementarity-determining
region 3 length analysis

Spermatozoa, 322
autoantibodies vs, 2, 841–842
immobilization, 841

Spherocytes, hemolytic anemia, 558–559
Spinal cord, subacute combined degeneration,

528
Spleen, 19

absence, 290
autoimmune hemolytic anemia, 575
autoimmune neutropenia, 587
B-cell development, 139
B-cell localization, 141
cold hemagglutinin disease, 561
Coxsackie virus myocarditis model, 882
hemolytic anemia, 558
plasma cell migration to, 143

Splenectomy
autoimmune hemolytic anemia, 561
autoimmune neutropenia, 588
autoimmune thrombocytopenic purpura, 580,

581
Splenocytes

transfer of anti-MPO antibodies, 908
transfer of diabetes, 73

Spondyloarthritides, 437–441, see also HLA-
B27 alleles, spondyloarthritides

HLA-B27 transgenic animal models, 263–264
transgenic animal models, 63

Spongiform pustule of Kojoi, 812
Spontaneous models

autoimmune adrenalitis, 504
autoimmune gastritis, 537
autoimmune thyroiditis, 473

OS chicken, 473, 889
inflammatory bowel disease, 719
polyendocrine syndromes, 519
systemic autoimmunity, 335–337
T-cell mediated arthritis (SKG), 337, 421

Src-family tyrosine kinases (SFTK), 251, see
also Fyn; Lck; Lyn

B-cells, 252
SS-A/Ro 60, autoantibodies, assay, 1013 (Table)
ssDNA, autoantibodies vs, systemic sclerosis,

373
ssRNA, Toll-like receptors in response, SLE,

362
Standardization

immunoassays for T-cell autoreactivity,
1023–1024

sera, 1018
Staphylococcal nuclease (Nase), studies of

immunogenicity of antigenic determinants,
184

Staphylococcus aureus
complementary PR3, 832
Wegener’s granulomatosis, 908

Staphylococcus protein A column,
plasmapheresis, 212

systemic sclerosis, 370
genes, 374
treatment, 376

Skin basement membrane, autoantibodies, assay,
1013 (Table)

Skip lesions, Crohn’s disease, 715
bacteria, 720

SLAM-associated protein, see SAP
Sle1 locus

autoimmune hepatitis and, 737
NZM2410 mouse, 339

Slow transit constipation, functional
autoantibodies and, 219 (Table)

SLP-65, see BLNK (B-cell linker protein)
SLP-76 (SH2-domain containing leukocyte

protein of 76 kDa), 252, 253
Sm, see Sm autoantibodies
Small cell carcinoma, lung

functional autoantibodies, 221
paraneoplastic cerebellar degeneration, 959

Small cytoplasmic RNAs (hYRNAs), 406
Small duct sclerosing cholangitis, 768
Small intestinal biopsy

celiac disease, 694, 695 (Fig.), 1038
co-culture with gluten, 700

Small-molecule cytokine antagonists, 431
Smallpox vaccination, perimyocarditis, 314
Small ubiquitin-like molecules (SUMO),

primary biliary cirrhosis, 754
Small vessel vasculitis, 901 (Table)

ANCA-associated, 829
historical aspects, 901–902
immune complexes, 212
pauci-immune, 905–911, see also ANCA+

vasculitis; specific diseases
Sjögren syndrome, 402–403

Sm autoantibodies (Smith), 352
assay, 1013 (Table)

Smoking, 302 (Table), 303
antiglomerular basement membrane disease,

822
atherosclerosis, 894, 895
Graves’ disease, 477
idiopathic pulmonary fibrosis, 945
inflammatory bowel disease, 714
oophoritis, 852
rheumatoid arthritis, 420
SLE, 351

Smooth muscle antibody (SMA)
assay, 1013 (Table)
autoimmune hepatitis, 733 (Fig.), 734, 740
chronic hepatitis, 729
primary sclerosing cholangitis, 772

Smooth muscle myocytes, functional
autoantibodies vs, 223

secondary effects, 229
Sneddon syndrome, 382
‘Snowballs,’ 672
Socio-economic influence

diabetes, 493–494
rheumatic heart disease, 866

Sodium, autoimmune Addison’s disease, 509
intake for, 511

Soluble autoantigens, tolerance induction, 
1072

Soluble immune complexes, 206–208
Soluble interleukin-2 receptor

systemic sclerosis, 372
vitiligo, 810

Soluble liver antigen (SLA), 732–733, 740
Soluble mediators, innate immune response, see

Complement
Soluble peptide–MHC class II chimera,

therapeutic trials, 51
Soluble receptors, 1071–1072, see also Tumor

necrosis factor receptors
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STAT3
pathway inhibitors, 979
tolerance and, 111

STAT4 gene, effect in NOD mouse, 91
STAT6, Th2 cell development, 85
Statins, multiple sclerosis, 626
Steady-state dendritic cells, peripheral tolerance,

37–38, 41
Steatohepatitis, non-alcoholic, 997
Steatorrhea, primary biliary cirrhosis, 751–752
Stem cells, see also Hematopoietic stem cells

gastric, 532
gene therapy, 1074
progenitor fibroblasts, scleroderma, 376

Steroid dependence, inflammatory bowel
disease, 722

Steroid-producing cell antibodies, 506, 517, 
522

Steroids, see Corticosteroids
Stiff-person syndrome, 663, 960
Stomach, carcinoma, autoimmune gastritis and,

532–533
Streptococcal cell wall arthritis, 421
Streptococcal infections, PANDAS, 1001
Streptococcus pyogenes

antigens, 867, see also M5 protein
Henoch–Schönlein purpura, 913
molecular mimicry of lysoganglioside GM1,

221
rheumatic fever, 864

Streptozotocin, low-dose model, 486
Stress, see also Cellular stress; Mechanical

stress; Oxidant stress
atherosclerosis, 894
Graves’ disease, 302 (Table), 304, 476
shear stress, von Willebrand syndrome, 608

Stressed cells, see also Cellular stress
MIC-expressing, celiac disease, 697

Stress platelets, see Megathrombocytes
Stress proteins, 310, see also Heat shock

protein(s)
Strickland and Mackay classification,

autoimmune gastritis, 529–532
Strictures

allograft bile ducts, primary sclerosing
cholangitis, 773

Crohn’s disease, 714, 715
Stroke, see also Hemiparesis

antiphospholipid syndrome, 382, 383, 390
Stromal cells, 9

AIRE gene, 37, 105–106
chemokines, plasma cell migration, 143
ontogeny of CD4+CD25+ T-cells, 120
tissue-specific antigens, 48

Stromelysin gene (MMP-3 gene), primary
sclerosing cholangitis, 770

Strong antigens, 168
Subacute combined degeneration, spinal cord,

528
Subclinical diabetes mellitus, 1045
Subdominant antigenic determinants, 180, 181
Subimmunogenic presentation, TCR ligands,

135–136
Substance P

regulation of immune response, 19
rheumatoid arthritis, 428

Sulfasalazine
inflammatory bowel disease, 722
psoriatic arthritis, 443
rheumatoid arthritis, 429

Sulfated glucuronyl paragloboside, chronic
inflammatory demyelinating
polyradiculoneuropathy, animal model, 643

Sulfonamides, 300 (Table)
Sulphonylurea, diabetes prevention trials,

1048–1049 (Table)
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chromosome 1 region, 25
complement deficiencies, 208
concordance rates in twins, 275
dendritic cells, 42
false-positive syphilis serology, 381
Fas gene defect, 341
FcgR gene mutations, 206
fetal loss, 323
genomics, scans, 280
hearing loss, 682
16a-hydroxyestrone and, 320
immune complex degradation defect, 208
immunology, 357–367
interferon-a, 151, 362

animal models, 335
interleukin-10, 95, 150–151, 362

B-cells, 358
interleukin-12, 95
kidney, 352, 826–829
lymphoma, 973
neuropsychiatric lupus, 219 (Table), 224
NOD mouse, curative treatments, 337
nucleic acid-containing immune complexes,

211, 212 (Fig.)
‘over-excitable’ phenotype (in model), 338
p53 blockade, 976
pathogenic autoantibodies, 148
pregnancy, 323
prolactin, 320–321
prothrombin autoantibodies, 606
pulmonary fibrosis incidence, 940
runt-related proteins, 977
sex hormones, 318, 319, 320–321, 351
sibling risk ratios (8s), 274
Sjögren syndrome, 225, 352, 404
T-cells interacting with B-cells, 71, 359
Th1/Th2 balance, 94–95, 97
vaccines and, 311 (Table), 314

Systemic sclerosis (SSc), 369–379
centromere proteins, 372, 1014, 1015
malignant disease, 973
primary biliary cirrhosis, 752 (Table)
pulmonary fibrosis

cyclophosphamide, 948
mechanisms, 946

sicca manifestations, 404
sine scleroderma, 371 (Table)
Th1/Th2 balance, 95–97

T
Tac (IL-2 receptor subunit), monoclonal

antibody, see Daclizumab
TAC1 (BAFF receptor), 145
TAC1-Fc, rheumatoid arthritis treatment, 431
Tacrolimus

malignant disease risk from, 979
on NFAT pathway, 253–254
primary sclerosing cholangitis, 772–773
psoriasis, 813

TAK-779 (chemokine antagonist), 244
Takayasu’s arteritis, 922 (Table), 927–931
TALL-1, see BAFF
TAM, see Mer (receptor tyrosine kinase)
Tamoxifen, 319
Tap1–Tap2 heterodimer, HLA-B27 transgenic

animal models, 264
TAP genes, 46
Target organ vulnerability, 25
T-bet (T-box transcription factor), 85–86
T-cell(s), 59–82, 1086, see also CD4+ T-cells;

CD8+ T-cells; Effector T-cells; gd T-cells;
Memory T-cells

acquired aplastic anemia, 593
acute inflammatory demyelinating

polyradiculoneuropathy, 634

Superantigens, see also Mls-1a superantigen
Kawasaki’s disease, 905
M5 protein as, rheumatic heart disease,

868–870
studies in HLA transgenic mice, 265

Suppressor of cytokine signaling proteins (SOCS
proteins), 111

Suppressor T-cells, see Regulatory T-cells
Suprabasilar acantholysis, 792, 793
Supramolecular activation clusters (SMACs),

255
Surface endocytoplasmic antigens,

autoantibodies, 810
Surfactant protein C gene, idiopathic pulmonary

fibrosis, 943
Surgery

autoimmune hypophysitis, 548, 552
Takayasu’s arteritis, 930
ulcerative colitis, 715

Susceptibility genes
NOD mouse, 331
non-MHC, 276–278

Susceptibility loci, 25
IDDM2, 279, 1051
psoriasis, 813

Susceptibility of target structure, autoimmunity,
889

‘Sushi domains,’ b2-glycoprotein I, 384
SV40T antigen, RIP transgenic mice, 486
Sweden, celiac disease epidemic, 695
Swine flu vaccine, Guillain–Barré syndrome,

311–312, 638
Switching, see Class switching; Immune

deviation; Isotype switching
(SWR/SJL)F1 mouse, experimental autoimmune

encephalomyelitis, antigenic determinant
spreading, 187

SWXJ mouse, inner ear disease model, 685
Swyer–James syndrome, 944
Sydenham chorea, 863

functional autoantibodies and, 219 (Table),
224

Syk kinase, 16, 205
SLE, 361

Symmetric arthritis, psoriatic arthritis, 442
Sympathetic ophthalmia, 3, 5, 672–673
Synechiae, 671
Synergism, cellular/humoral, peripheral

neuropathies, 640–641
Synoviocytes

on B-cells, 148–149
rheumatoid arthritis, 419, 423, 424–425

Synoviolin/Hrd1 protein, 337
Synovitis, rheumatoid arthritis, 418, 419
Synovium, 419
Syphilis, serology, 3–4, 381
Systemic arthritis, juvenile idiopathic arthritis,

446
Systemic autoimmune diseases, see also specific

diseases
animal models, 335–342

Systemic inflammatory syndrome, giant cell
arteritis, 922, 923, 926–927

Systemic lupus erythematosus, 351–354, see
also Lupus-like disorders

activation-induced cell death (AICD), 340,
361

ALPS 1b like, 989
anakinra, 1072
autoantibodies antedating disease, 1014, 1039
B-cells, 358–359

homeostasis, 149
receptor editing vs deletion, 171
self-tolerance failure, 175
T-cells interacting with, 71, 359

CD154 costimulatory molecule, 149, 361
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T-cell(s) (continued )
ANCA glomerulonephritis, 830
androgens on, 318
antibodies vs, see CD3, antibodies vs; CD52

antibodies
antigens, 1086

monoclonal antibodies to, 1066–1071
antiglomerular basement membrane disease,

823
antiphospholipid syndrome, 386
apoptosis induction, 1072
assays, 1023–1030

diabetes, 1035
atherosclerosis, 891, 894

HSP60-reactive, 893
autoantigen-specific tolerance induction, 

1053
B7 molecule, 277
B-cell-effected autoimmune diseases, 71
B-cells

compared on tolerance, 170
development, 140–143
dominance of T-cells, 183
help for, 19, 28
interactions, 70–71, 359
regulation, 174

bullous pemphigoid, 798
CD3+CD4-CD8-TCRgd+, polymyositis variant,

457–458
celiac disease, 700–701

therapy targeting, 705, 706 (Fig.)
Coxsackie virus myocarditis model, 882
cytotoxicity, see Cytotoxicity, T-cells
dendritic cell interactions, 36, 37
dermatomyositis, 457
development, 13–14
diabetes, 487

activation, 489
assays, 1035
autoreactivity assays, 1023–1025, 1027
oligoclonality, 330

downregulation, 28
epitopes, glutens, 702–703
estrogens on, 319
experimental autoimmune encephalomyelitis,

621
experimental autoimmune orchitis, 845
experimental autoimmune thyroiditis, 

472
functional activities, 14–15
gastritis, autoimmune, 534
giant cell arteritis, 921, 925–926
granzyme B cleavage site recognition, 197
Graves’ disease, 476
helper cells, see Th0 responses; Th1 cells;

Th2 cells; Th3 cells
hemolytic anemia, autoimmune, 566
hepatitis, autoimmune, 736
homeostasis defects, 109–111
hypophysitis, autoimmune, animal models,

550
IDCs and, 12
ignorant, 108, 291
infertility, 851–852
inflammatory bowel disease, 721

interleukin-2 deficiency model, 719
inner ear disease, 685
insulitis, see Insulitis, T-cells
interaction with T-cells, 65–66, 149
islet-specific, 485
large cell arteritis, 931
lupus nephritis, infiltration, 828
lymphoproliferative syndrome, autoimmune,

988
migratory routes, 239 (Fig.)
molecular mimicry and, 310

TCR transgenic mice, diabetes models, 486
T-dependent regulation, 174
TE671 cell line, myasthenia gravis and, 658, 661
Tear secretion, Sjögren syndrome, 402
Tectorin, autoantibodies, inner ear disease, 684
Teeth, Sjögren syndrome, 401
Telogen stage, hair development, 808
Telomerase deficiency, dyskeratosis congenita,

591
Temporal arteritis, 901 (Table), 921–927,

930–931
Terminal axonal swellings, multiple sclerosis,

618–619
Terminal deoxynucleotidyl transferase (TdT), 13,

17 (Fig.)
Testis

immune privilege, 843
tumors, anti-Ta antibodies, 965

Testosterone, 317
oxidation, male vs female, 318

Tetanus toxin, asparaginyl endopeptidase on, 195
Tetanus toxoid

diabetes T-cell assay control, 1025
Guillain–Barré syndrome relapse case, 312

Tetracosactide test, 508, 1037
Tetracyclines, 300 (Table)
Tetramer technology, 1027

diabetes, 1035
study of primary biliary cirrhosis, 755

Th cells, 15, see also Memory helper T-cells
estrogens on, 319
germinal centers, 160–161
immune synapsis, 158, 159, 160

Th0 responses, 83
Th1 cells, 15, 83–101, see also Polarization

acquired aplastic anemia, 593
atherosclerosis, 996
bias, 29
celiac disease, 704
chemokine receptors, 84, 243
cytokines, 66–67, 83

pregnancy and, 322
reactive arthritis, 439

diabetes, 487
dominance of antigenic determinants on

responsiveness, 182–183
multiple sclerosis, 622
pemphigus vulgaris, 794
peripheral neuropathies, 640
psoriasis, 812
regulatory T-cells and, 41

diabetes, 1028–1029
Th2 cells, 15, 83–101, see also Polarization

atherosclerosis, 996
autoimmune hemolytic anemia, 567
autoimmune thrombocytopenic purpura, 579
chemoattractant receptors, 83–84, 244
cytokines, 67, 70, 83
dominance of antigenic determinants on

responsiveness, 182–183
downregulation of immune response, 29
idiopathic pulmonary fibrosis, 946
immune complexes and, 210
multiple sclerosis, 622
pemphigus vulgaris, 794

Th2-mediated colitis model, natural killer cells,
124

Th3 cells (regulatory T-cells), 28–29, 40, 87, 123
autoimmune thrombocytopenic purpura, 579
MHC molecules and, 51

Thailand, acquired aplastic anemia study, 593
THANK, see BAFF
Theiler virus, experimental autoimmune

encephalomyelitis, 267
Thermal amplitude, cold autoantibodies, 561,

562

multiple sclerosis, 622, 623
limiting dilution assay, 1025–1027
regulatory, 41

myasthenia gravis, 658
thymoma, 659

vs myelin basic protein
assay, 1025–1027
neuroprotective, 1004

naïve, see Naïve T-cells
negative selection, see Negative selection, T-

cells
NOD mouse, 331–332
pancreatitis, autoimmune, 783
paraproteinemic demyelinating peripheral

neuropathy, 643
pemphigus foliaceus, 796
pemphigus vulgaris, 794
peripheral neuropathies, 639–640
premature ovarian failure, 851–852
primary biliary cirrhosis, 754–755
prolactin secretion, 321
psoriasis, 812, 813

depletion therapy, 814
rheumatic heart disease, 867
rheumatoid arthritis, 419, 423, 428

as therapy targets, 419, 430
selection, 26, see also Negative selection, T-

cells
dendritic cells and, 37
MHC and, 47–49

Sjögren syndrome, 407
SLE, 359–362

abnormalities, 361–362
spondyloarthritides, 440–441
systemic sclerosis, 372
TCR–MHC–peptide interaction, activation,

49–50
thrombocytopenic purpura, autoimmune, 579
thyroid disease, autoimmune, 469–470, 474
tolerance and, 64–65, 103–118
ZAP-70 (protein kinase), 14, 252

T-cell lymphoma, enteropathy-associated
(EATL), 973

T-cell receptor(s) (TCR), 9, 13, 24
for 107–119 peptide, exogenous peptide

experiment, 134
antigen recognition, 251
b chain, see Vb
chronic inflammatory demyelinating

polyradiculoneuropathy, 643
diabetes, rearrangements, 489–490
in MHC-peptide interaction, 49–50
psoriasis, blockade, 814
regulatory T-cell selection and, 51
rheumatic heart disease, 864–865, 869 (Fig.)
signaling pathways, 249–259
SLE, signaling abnormalities, 361
specificity, 291
structure, 250–251
thymocyte maturation, 103
transgenic mice expressing, see also K/BxN

models; Monoclonal T-cell receptor-
transgenic NOD mouse

diabetes models, 486
regulatory T-cells, 71
TCR-HA transgenic mice, research on

regulatory T-cells, 134–135
z chain, 250, 338

deficiency model, 337
T-cell receptor a, knockout mouse, inflammatory

bowel disease model, 719
T-cell receptor excision circles (TRECs),

thymoma-associated myasthenia gravis, 659
TCM cells, see Central memory T-cells
TCR-HA transgenic mice, research on regulatory

T-cells, 134–135
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Thiopurine methyltransferase, 722
Thiopurines, 722, see also Azathioprine
35S-methionine, 21-hydroxylase assay, 507
Thoracic wall, SAPHO syndrome, 444
Threshold titers, autoantibody assays, 1016
Thrombin, see also Bovine thrombin

factor XIII autoantibody disease, 606
Thrombocytopenia

antiphospholipid syndrome, 382–383, 390
idiopathic, vaccination and, 311 (Table)
pregnancy, 580

Thrombocytopenic purpura, autoimmune,
575–584

associations, 576
vaccines and, 314

Thrombosis, antiphospholipid syndrome, 382,
384

catastrophic, 383
treatment, 390

Thromboxane A2, antiphospholipid syndrome,
389

Thrush, see Candidiasis
Thymectomy, 125, see also Day 3 neonatal

thymectomy
autoimmune gastritis, 537–538
autoimmunity, 48
BALB/c mouse, 520

insulitis, 485–486
diabetes animal models, 485–486
experimental autoimmune thyroiditis (EAT),

472
SLE models, 360

Thymic tolerance, 103–106
Thymoma

erythroid aplasia, 998
functional autoantibodies, 221
Morvan syndrome, 664
myasthenia gravis associated, 658–659

Thymomodulin, for myocarditis, 884
Thymopoietin, diabetes prevention trial, 1048

(Table)
Thymostimulin, in diabetes prevention trial,

1047 (Table)
Thymus, 13–14

acetylcholine receptor expression, 657–658
AIRE gene, 37, 105–106
CD4+CD25+ T-cell ontogeny, 120
dendritic cells, 106
epithelium, see also Medullary epithelial 

cells
dendritic cells vs, 37

‘Goodpasture epitope,’ 823
H+–K+ ATPase, 539
insulin expression, VNTR alleles, 281
macrophages, 106
myasthenia gravis, 655, 657 (Table)

early-onset, 657
sex hormone receptors, 318
tissue-specific antigen expression, 48,

105–106
Thyroglobulin

animal models of autoimmune thyroid disease,
471

autoantibodies, 468–469
disease prediction, 1036–1037
Graves’ disease, 475–476, 477
pernicious anemia, 535 (Table)

gene, 280
Thyroid antibodies

chronic urticaria, 815
concordance rates in twins, 275 (Table)
linkage with CTLA4 gene, 277–278
pernicious anemia, 535

Thyroid-associated ophthalmopathy, 475,
477–478

animal model, 477
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TG3, autoantibodies, dermatitis herpetiformis,
697

Titin receptors, thymoma, 658
TL-01 UVB, psoriasis, 813
TNBS colitis, see Trinitrobenzene sulfonic acid
TNF-A (TNFa gene promoter), autoimmune

hepatitis, 737
TNF-globin hybrid transgene, mice (tg 197), 340
TNFSF13b, see BAFF
Tolerance, 5, 1090–1091, see also Central

tolerance; Oral tolerance; Peripheral
tolerance

antigen-specific, 1091–1092
diabetes treatment, 494
experimental autoimmune

encephalomyelitis and, 622
induction, 107–108, 1053, 1054

apoptosis and, 194, 198
B-cells and, 167–177, 292–293
breaking, 333–334, 1064

antigen-specific models, 332–333
diabetes, 488–489

induction, 1064, 1072
autoimmune gastritis, 540–541
diabetes, 485
uveitis models, 674

inflammation on, 333–334
inflammatory bowel disease, 721
interleukin-10, 41
mucosal, 1056
second window (Klinman), 161
semi-mature dendritic cells and, 38–39
signaling and, 257
T-cells and, 64–65, 103–118
Toll-like receptors and, 42
transfer, CD4 monoclonal antibodies, 1067
X chromosome inactivation and, 275

Tolerogenic states, immunogenic states vs,
27

Toll-like receptors (TLRs), 9, 23–24, 36, 85,
158, see also BDC2.5

activation on CD4+CD25+ T-cells, 121
atherosclerosis, 892
autoimmune gastritis model, 539
B-cell autoimmunity, 147
deficiency models, 338
dendritic cell apoptosis, 36
giant cell arteritis, 925
immune complexes and, 207, 208
immune tolerance and, 42
infections and, 310
insulitis and infections, 494
Lyme disease, 448
on MHC–peptide–TCR interaction, 50
NOD2 gene on, 280
nucleic acid-containing immune complexes

and, 211
rheumatoid arthritis, 427
SLE, 359

response to ssRNA, 362
Toll pathway, CD4+CD25+ T-cell blockade, 41
Tomato lectin affinity chromatography, H+–K+

ATPase, 534
Tongue

autoimmune Addison’s disease, 510 (Fig.)
Sjögren syndrome, 401

Tonsils, 18
B-cells, 141
cytokines, rheumatic heart disease, 870

Topoisomerase 1 (Scl-70), autoantibodies, 1014,
1015

assay, 1013 (Table)
systemic sclerosis, 372, 374, 376

Tositumomab, 979
Toxic megacolon, 715
Toxic oil syndrome, 374

Thyroid disease
autoimmune, 467–482, see also Graves’

disease; Hashimoto’s disease
Addison’s disease with, 515
celiac disease with, 694
early research, 5
experimental autoimmune thyroiditis, 63,

471–473
gastric autoantibodies, 530 (Table)
genetic mechanisms, 280–281
genomics, 280, 471
lymphoma, 972
OS chicken as model, 889
pernicious anemia with, 528
prediction, 1036–1037
sibling risk ratios (8s), 274
Th1/Th2 balance, 89–91
thyroglobulin gene, 280
X chromosome, 275

HLA alleles and haplotypes, 262 (Table)
Thyroid follicular cells

MHC class II expression, 469–470
on thyrotropin receptor autoantibodies, 475

Thyroiditis
autoimmune, 467–474

experimental (EAT), 63, 471–473
infertility, 322
NOD mouse, 520
postpartum, 323, 468 (Table), 471

Thyroid peroxidase
antibodies (TPO), 469

assay, 1013 (Table)
disease prediction, 1036–1037
Graves’ disease, 475–476
infertility, 322

cryptic epitope transgenic mouse, 472–473
Thyroid stimulating hormone, autoimmune

Addison’s disease, 509
Thyrotropin receptor (TSH-R)

animal models, 477
autoantibodies, 91, 469, 473

Graves’ disease, 475, 476
functional autoantibodies and, 219 (Table),

226 (Table)
stimulating antibodies (TSAb), 475, 476, 

477
TSH/LH hormone receptors, study of Graves’

disease, 476
Thyroxine, autoimmune thyroid disease, 474
TIGAR-O classification, chronic pancreatitis,

779–780
Tight junction modulators (zonulin), celiac

disease, 694
Tight-skin models, scleroderma, 96, 375
T-independent antigen, 19, 290

viral, B-cell response, 292–293
Tissue damage, autoimmunity and, 29
Tissue factor, antiphospholipid syndrome and,

388
Tissue factor pathway inhibitor, autoantibodies

in antiphospholipid syndrome, 385
Tissue inhibitors of matrix metalloproteinases

(TIMPs), rheumatoid arthritis, 428
Tissue macrophages, 10
Tissue plasminogen activator, inner ear disease

studies, 686
Tissue-specific antigens

expression in thymus, 48, 105–106
on regulatory T-cells, 126

Tissue-specific genes, 278–280
Tissue transglutaminases

autoantibodies, 696, 704–705
TG2, celiac disease, 701–702, 1038, 1088

autoantibodies, 696–697, 1037
inhibitors, 705, 706 (Fig.)
neoepitope formation, 50
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Tr1 cells (regulatory T-cells), 28–29, 87,
123–124

induction by dendritic cells, 40
MHC molecules and, 51

Tracheal transplant, heterotopic murine, 945
TRAFs, see Tumor necrosis factor receptor-

associated factors
TRAIL-Rx, oligodendrocytes, 89
Transamidation, tissue transglutaminase (TG2),

celiac disease, 701
Transcomplementation, MHC molecules, 62
Transfer, see also Adoptive transfer; Passive

transfer; Transplacental transfer
splenocytes

anti-MPO antibodies, 908
diabetes, 73

T-cells
antiglomerular basement membrane disease

model, 824
autoimmune gastritis, 538
diabetes, 485

tolerance, CD4 monoclonal antibodies, 
1067

Transforming growth factor b, 28–29
autoimmune hemolytic anemia, 567
autoimmune thrombocytopenic purpura, 579
CD4+CD25+ T-cells mode of action, 122–123
celiac disease, activation in, 696
diabetes, CD3 monoclonal antibody treatment,

1067
eye, 672
fibrosis vs autoimmunity, 29
gene therapy, 1074
idiopathic pulmonary fibrosis, 945, 948
recombinant antibodies, systemic sclerosis

treatment, 377
regulatory T-cells on CD8+ T-cells, 135
rheumatoid arthritis, 426
semen, 322
Sjögren syndrome, polymorphisms and

La/SSB antibodies, 410
systemic sclerosis, 374
Treg production, 52

Transforming growth factor b receptor, kinase-
deficient type II, systemic sclerosis mouse
model, 375

Transfusions for autoimmune hemolytic 
anemia

blood, 563–564
NA2-negative neutrophils, 588

Transgenic animal models, see also Antigen-
transfected cell lines; specific genes and
products

autoimmune gastritis models, 538–539
autoimmune hemolytic anemia, 568
autoimmune hypophysitis animal model,

influenza nucleoprotein, 551
de-novo B-cell self-tolerance, 170
gene therapy, 1074
Hashimoto’s disease model, 90
hepatitis models, 739
human monoclonal antibodies from, 1065
MHC molecules, class II, 63, 265–267

Transglutaminases, see also Tissue
transglutaminases

autoantibodies
assay, 1013 (Table)
dermatitis herpetiformis, 802

Translocations, MALT lymphoma, 976, 978
Transmembrane activator and CAML-interactor

(TAC1), 145
Transmembrane sequences, immunoglobulins,

16, 250–251
Transmembrane tyrosine phosphatases, CD45,

251, 252
RO isoform, polymyositis, 457

ankylosing spondylitis, 439
autoantibodies to, 1004
blockade

ankylosing spondylitis, 438
Behçet’s disease, 951
inflammatory bowel disease, 723
lymphoma prevention, 978
lymphoma risk, 979
psoriatic arthritis, 443
rheumatoid arthritis, 429
uveitis, 676

gene polymorphisms, spondyloarthritides,
439–440

HLA class III genes, 46
maturation of dendritic cells, 39
multiple sclerosis, 89
NOD mouse, CD4+CD25+ T-cell recruitment,

126
reactive arthritis, 439
rheumatoid arthritis, 149, 425–426
susceptibility to autoimmune diseases, 

151
as therapeutic target, 151
timing of expression, 70
on trophoblast, 322
Tyro 3, Ax1 and Mer triple knockout mouse,

112
Tumor necrosis factor a6 allele,

spondyloarthritides, 439–440
Tumor necrosis factor a converting enzyme,

rheumatoid arthritis, 428
Tumor necrosis factor family molecules,

apoptosis defects, 975
Tumor necrosis factor fusion proteins, Enbrel,

uveitis, 676
Tumor necrosis factor receptor-associated factors

(TRAFs), 256
Tumor necrosis factor receptors

fusion proteins, 1071
multiple sclerosis, 89, 621

Tumors, see also Malignant disease
pituitary, autoimmune hypophysitis vs,

551
vaccine experiment in RIP-GP model, 

292
Turner syndrome, autoimmune thyroid disease,

471
Twins, 274–275

autoimmune thyroid disease, 470
celiac disease, 697
concordance rates, 274–275, 298
diabetes, 490–491, 492
Graves’ disease, 476
multiple sclerosis, 620
primary biliary cirrhosis, 756
rheumatoid arthritis, 420
tolerance, 5

Two-hit genetic model, primary biliary cirrhosis,
756

Two-signal hypothesis, 168, 169 (Fig.)
Tyro 3 (receptor tyrosine kinase), 111
Tyro 3, Ax1 and Mer triple knockout mouse,

111–112
Tyrosinase and related proteins, autoantibodies,

vitiligo, 810
Tyrosine hydroxylase, 508
Tyrosine kinases, see also Btk

muscle-specific, 220 (Fig.), 221
signaling, 251

Tyrosine phosphatase(s), see also Cytoplasmic
protein tyrosine phosphatases; SHP-1

antibodies, Haemophilus influenzae type B
vaccine and, 313

Tyrosine phosphatase-like insulinoma antigen 2
(IA2), autoantibody screening, 1046

Tysabri, see Natalizumab

Transplacental transfer
anti-AChR antibodies, neonatal myasthenia

gravis, 659
antiplatelet antibody, 576
autoantibodies, diabetes, 70
congenital heart block, 998
La/SSB antibodies, 323, 998
myeloperoxidase-ANCAs, 909
pemphigus vulgaris autoantibodies, 793
Ro52 autoantibodies, 227
Ro/SSA antibodies, 323, 998

Transplantation, see also Allografts; Bone
marrow; Kidney; Liver; Lungs

basiliximab in, 1068
daclizumab in, 1068
hematopoietic stem cells, 1072–1073

for inflammatory bowel disease, 724
multiple sclerosis, 73, 626–627

Transporter associated with antigen processing
(TAP) genes, 46

Transsphenoidal surgery
for autoimmune hypophysitis, 552
autoimmune hypophysitis found at, 548

Transverse myelitis, SLE, treatment, 354
Trauma, autoimmunity, 29
Treatment-resistant autoimmune hepatitis, 741
Treatment-resistant Lyme disease, 449
Treg, see Regulatory T-cells
Trial to Reduce IDDM in the Genetically-at-Risk

(TRIGR), 1051
Triglycerides, liver, 996–997
Trinitrobenzene sulfonic acid

inflammatory bowel disease model, 718, 
720

primary sclerosing cholangitis models, 771
Triose phosphate isomerase, osteoarthritis, 1002
Trophoblast, 322
Tropical spastic paresis, 112 (Table)
Tropomyosin

autoantibodies, 904
Behçet’s disease, 915

Tropomyosin V, antibody, inflammatory bowel
disease and, 721

Troponin, see also Cardiac troponin I
autoantibodies, dilated cardiomyopathy, 883

Trypanosoma cruzi infection, see also Chagas’
disease

CBA/J mouse, myositis model, 458
Tryptase gene, multiple sclerosis, 89
Tryptophan, 39, 517
Tryptophan hydroxylase, 508, 517
TSH-binding inhibiting immunoglobulins (TBII),

475–476, 477
TSH/LH hormone receptors, study of Graves’

disease, 476
TSHR, see Thyrotropin receptor
Tsk mouse models, scleroderma, 375
Tuberculosis

adrenalitis, 503
complicating TNF blockade, 1071

Tumor cell antigens, functional autoantibodies,
221

Tumor necrosis factor
acquired aplastic anemia, 593
autoimmune thyroid disease, 474
blockade, 1070–1071, 1074, see also Anti-

TNF biologic agents
gene, locus between it and HLA genes,

diabetes, 491
malignant disease prevention, 975
polymorphisms and La/SSB antibodies,

Sjögren syndrome, 410
small-molecule inhibitors, 431
transgenic mice, 340

Tumor necrosis factor a, see also Tumor
necrosis factor receptors
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U
U1-70-kDa (autoantigen), cleavage, 195
U1RNP, autoantibodies, assay, 1013 (Table)
U3-RNP, autoantibodies

assay, 1013 (Table)
systemic sclerosis, 373, 376

Ubiquitination, 257
Ubiquitination-protein ligases, 340–341
UCD2000 tight-skin chicken model, 375
UDP glucuronosyl transferase (UGT),

autoantibodies, 736
Ulcer(s)

duodenal, gastric autoantibodies, 530 (Table)
skin, antiphospholipid syndrome, 382

Ulcerative colitis
animal models, 718–719, 720
carcinoma, 715–716
differential diagnosis, 716
epidemiology, 714
extraintestinal manifestations, 716
genetics, 716–718
historical aspects, 713–714
immunopathogenesis, 719–721
markers, 721–722
pathology, 715
presentation, 715
primary sclerosing cholangitis, 767, 770, 772,

773
surgery, 715
treatment, 722–724

Ulex europaeus agglutinin I, dermatomyositis,
455 (Fig.)

Ulip/CRMP (proteins), 964
Ultrasound, autoimmune pancreatitis, 780

intraductal, 781
Ultraviolet radiation, 301 (Table)

TL-01 UVB, psoriasis, 813
vitiligo, 811

Unfolding, antigens, determinant capture,
184–185, 194

United Kingdom, celiac disease, 695
Uridine-5¢-diphosphate glucuronosyl transferase

(UGT), autoantibodies, 736
Ursodeoxycholic acid

primary biliary cirrhosis, 761
hyperlipidemia, 751
after liver transplantation, 762

primary sclerosing cholangitis, 772
Urticaria, chronic, 814–815
Usual interstitial pneumonia (UIP), 938, 939,

940 (Fig.)
Uteroglobin, Henoch–Schönlein purpura animal

models, 914
Uveal tissues, 669

antibodies vs, 3
Uveitis, 669–679

dendritic cells, 42–43
inflammatory bowel disease and, 716
juvenile idiopathic arthritis, 672

antinuclear antibodies, 446
treatment trials, 676

V
VacA cytotoxin, Helicobacter pylori, 531
VACC-GPLMCV, on RIP-gp transgenic mouse,

291, 292
Vaccine Adverse Events Reporting System,

diphtheria-tetanus vs influenza vaccine,
Guillain–Barré syndrome, 312

Vaccines, see also DNA vaccination
autoimmune diseases from, 302 (Table), 303,

309–316
dendritic cell reaction, 158
diabetes, 1052–1053

prevention, 494, 1048
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Vesicular stomatitis virus glycoprotein, T-
independent response, 292–293

Vg1Vd1 receptor, T-cells, celiac disease, 697
Vg8d1, peripheral neuropathies, 639
VH4–21 gene segment, cold agglutinins, 563
Villous atrophy, 694
Vinyl chloride, 301, 374
Viral antigens

B-cell response, 292–293
Cogan syndrome, 683

Viral hepatitis, see also Hepatitis B virus;
Hepatitis C

chronic, 730
Viral infections

androgens, 317
autoantigens, 196
breaking immune tolerance, 333–334
diabetes, 489, 492–493, 1052–1053

animal models, 331
dilated cardiomyopathy, 878
epitope spreading, 292
glomerulonephritis, 834 (Table)
Guillain–Barré syndrome, 311
hepatitis, autoimmune, 738–739
hypergammaglobulinemia, 293
hypophysitis, autoimmune, 550
interferon-a from natural IFN-producing cells,

211
lupus-like features, 353
lymphoma and autoimmune diseases, 974
myocarditis, 880–881
oligoclonal immunoglobulin bands, CSF, 618
paroxysmal cold hemoglobinuria, 564
Sjögren syndrome, 410, 411–412
SLE, 351
systemic sclerosis and, 374
thrombocytopenic purpura, autoimmune, 581

Viruses, complementary proteins, 832
Visiluzimab, inflammatory bowel disease, 723
Visual loss, giant cell arteritis, 923
Vitamin A deficiency, primary biliary cirrhosis,

752
Vitamin B12

levels, 529
malabsorption, 535
therapy, 540

Vitamin B12 binding site, intrinsic factor, 529
Vitamin D

diabetes protection, 1048 (Table), 1052
multiple sclerosis and, 620

Vitamin D receptor, autoimmune hepatitis, 
738

Vitiligo, 809–811
adrenalitis with, 504
APECED, 516 (Fig.)
autoimmune polyendocrine syndromes,

autoantigens, 521, 522 (Fig.)
functional autoantibodies and, 219 (Table)
gastric autoantibodies, 530 (Table)

Vitreous, intermediate uveitis, 671
Vitreous-associated ocular antigens, ignorant B-

cells and, 173
VKH syndrome, see Vogt–Koyanagi–Harada

syndrome
VLA-4, see a4b1 integrin; Very late antigen-4
V(L) chain genes

cold agglutinins, 563
Sjögren syndrome, 407

VNTR locus, see Insulin variable number of
tandem repeats

Vogt–Koyanagi–Harada syndrome (VKH
syndrome), uveitis, 672

Voltage-gated calcium channels (VGCCs), see
also L-type voltage-gated calcium 
channels

active immunization studies, 227

Guillain–Barré syndrome, 311–312, 638
lymphoma treatment, 979
on tumors, experiment in RIP-GP model, 

292
Vaccinia, on RIP-gp transgenic mouse, 291, 292
Va24 NK-cells, sarcoidosis, 1004
Valvular heart disease, antiphospholipid

syndrome, 383
Variable gene segments, 17 (Fig.)
Variable number of tandem repeats (VNTR)

alleles
IDDM2 susceptibility locus, 1051
insulin VNTR, 279, 281

Variable regions, monoclonal antibodies, 1066
Vascular addressins, 237–239
Vascular-associated lymphoid tissue, 891
Vascular endothelial adhesion molecules, 10
Vascular endothelial cell cultures, cyclosporine

on, 894
Vascular endothelial growth factor

giant cell arteritis, 926
rheumatoid arthritis, 427

Vascular lesions, allografts, 996
Vascular necrosis, SLE, 353
Vascular stenosis, SAPHO syndrome, 445
Vasculitis, see also ANCA+ vasculitis;

Necrotizing arteritis; Small vessel vasculitis
classification, 900 (Fig.)
cryoglobulinemic, 910 (Table), 911–913

essential, 901 (Table)
markers, 909

hearing loss, 682–683
large vessel vasculitis, 901 (Table), 921–934
medium-sized vessels, 921–934
nailfolds, rheumatoid arthritis, 419 (Fig.)
SLE vs, 352
systemic sclerosis, treatment, 377
vaccines and, 314

Vas deferens, study of Ro52 autoantibodies, 227
Vasectomy, infertility after, 842
Vasitis, autoimmune orchitis, 842
Vasoactive intestinal peptide (VIP), 19

eye, 672
Vasoactive intestinal peptide receptor 1,

spondyloarthritides, 440
Vav (guanine-nucleotide-exchange factor for

Rac), CD28 and, 256
Vb (T-cell receptor b chain)

acquired aplastic anemia, 593
peripheral neuropathies, 639

Vb6+ T-cells, anergy, 107
Vb7, diabetes and, 489
Vb8.2Jb2.7 recombination, receptor on 172.10

high-affinity T-cell clone, myelin basic
protein and, 182

Vβ17 segment, thymocyte clonal deletion and,
104–105

VCAM-1 (vascular cell adhesion molecule 1),
238 (Table)

multiple sclerosis, interferon treatment, 625
peripheral neuropathies, 640
rheumatic heart disease, 867
rheumatoid arthritis, 427
VLA-4 interaction, therapeutic target, 1069

VDJ gene recombination, 169
Vegetations, heart valves, antiphospholipid

syndrome, 383
Veiled cells, 38
Venereal Disease Research Laboratory (VDRL)

test, 1011
Ventricular arrhythmias, nadolol vs autoantibody

secondary effects, 229
Very late antigen-4 (a4b1 integrin; VLA-4), 238

(Table)
as therapeutic target, 622, 625, 626, 1069,

1074
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Voltage-gated calcium channels (VGCCs) 
(continued) 

functional autoantibodies vs, 218-221,224, 
226 (Table) 

neuronal apoptosis from, 230 
Lambert-Eaton syndrome, 661,662 

Voltage-gated potassium channels (VGKCs), 
218, 219 (Table), 223 

autoantibodies vs, 226 (Table) 
Morvan syndrome, 664 
neuromuscular junction, 653 

von Willebrand factor 
autoantibodies, 608 
factor VIII binding inhibition, 603 
tests for, 607 

yon Willebrand syndrome, acquired, 
607-608 

VP7 protein, rotavirus, diabetes, 1053 
VSV-G, see Vesicular stomatitis virus 

glycoprotein 
Vulnerability, target organs, 25 

W 
Warfarin, antiphosphotipid syndrome, 390 
Warm autoantibodies, 566 
Warm autoantibody type hemolytic anemia, 

558-561 
types, 558 

Wassermann antibody, 3-4 
Waste disposal theory, SLE, 352 
Watanabe rabbit, 89 t 
Weak activation, regulatory T-cell generation, 

134 

Weak antigens, strong antigens vs, 168 
Wegener's granulomatosis, 901 (Table), 910 

(Table) 
ANCA specificities, 911 (Table) 
glomerulonephritis, 829, 830 
hearing loss, 682 
historical aspects, 900 
as pauci-immune small vessel vasculitis, 

905-911 
Western immunoblot, myocarditis and dilated 

cardiomyopathy, 879 
Wheals, 814 
Wheat genome, glutens, 699 
Witebsky criteria, myasthenia gravis, 656 
Witebsky, Ernest, 4 
Wr b antigens, erythrocytes, 560 

X 
Xanthomatous hypophysitis, 547 
X chromosome, 275, 321 

inactivation, 275 
Xenobiotics, 758, see also specific agents 
Xerostomia, 401 
X-linked agammaglobulinemia, Btk mutations, 

253 
X-linked hyper-IgM syndrome, 142 
X-linked lymphoproliferative disease, 143 
XRCC4 protein, granzyme B cleavage, 197 

Y 
Y-chromosome accelerated autoimmunity locus 

(Yaa locus), male only BXSB mice, 336 

Yersinia, spondyloarthritides, 440 
Yo antigens, 962 

autoautibodies, 959, 960-962, 966 
assay, 1013 (Table) 

Yttrium-90-1abeled monoclonal antibodies, 
978-979 

Z 
ZAP-70 (protein kinase) 

deficiency, 48 
lymphorna marker, 980 
spontaneous T-cell mediated arthritis model, 

337,421 
T-cells, 14, 252 

Zenapax, see Daclizumab 
Zeta-associated protein of 70 kDa, see ZAP-70 

(protein kinase) 
chain, T-cell receptors, 250, 338 
chain, T-cell receptors, deficiency model, 337 

Zinc-dependent metalloproteinases, rheumatoid 
arthritis, 427-428 

ZO-1 (BNB constituent), chronic inflammatory 
demyelinating polyradiculoneuropathy, 
643 

Zolendronic acid, rheumatoid arthritis, 431 
Zona gtomerulosa, adrenalitis, 508 
Zona peltucida antibodies (ZP antibodies), 851 
Zonulin, celiac disease, 694 
ZP3 peptide, oophoritis models, 852, 853 (Fig.), 

854 
ZP antibodies, infertility, 855 
zTNF4 (B-cell activating factor); see BAFF 
Zymogen cells, gastric atrophy, 530-531 
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The Publisher regrets that Figures 2.2 and 2.4-2.7 in the color plate are missing explanatory 
labels. Black and white versions of the figures showing the correct labelling can be found on 
the following pages: 

Figure 2.2 (page 13); Figure 2.4 (page 16); Figure 2.5 Gage  17); Figure 2.6 Gage  19); 
Figure 2.7 (page 20) 

Additionally, the Publisher regrets that the following credit lines were omitted from the text: 

Figures 2.1, 2.2, 2.4, and 2.6: 
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of two parts. N. Engl. J. Med. 343, 108-117. Copyright © 2000 Massachusetts Medical 
Society. All rights reserved. 
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