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Preface

It was a real pleasure to be asked to edit Autoimmune Diseases in Endocrinology by the
Series Editor, P. Michael Conn. As a contributor to the last volume in this series that
addressed the subject, Autoimmune Endocrinopathies, edited by Bob Volpé and published
in 1999, I was proud to be asked to write a chapter in an outstanding volume of essays on
the important topic of autoimmunity and endocrine disease. The present volume will, I
hope, be a useful update on what has happened in the intervening eight years. Sadly Bob
Volpé died two years ago and I would like to join the many others who have mourned
his passing. I remember as a medical student in Newcastle-upon-Tyne this renowned
figure in the field visiting us and giving the most impressive lecture I had then heard.
Bob’s ability to enthuse people and to challenge dogma have been as important as his
scientific contributions, and we all owe him a great deal in the development in this field.

Another reason I was delighted to undertake this task was the fact that last year saw the
50th anniversary of the discovery of autoimmunity, with the initial description by Rose &
Witebsky of thyroglobulin antibodies and thyroiditis in rabbits immunized with thyroid
extract (1), followed in the same year by the description of thyroglobulin antibodies in
Hashimoto’s thyroiditis (2). This was indeed an annus mirabilis because at the same time
Adams and Purves described a substance in the serum of Graves’ disease patients, which
turned out to stimulate the thyroid in a fashion totally different to TSH (3). This long
acting thyroid stimulator was later shown independently by Kriss and McKenzie to be
an IgG and of course this was a thyroid-stimulating antibody, directed against the TSH
receptor, which is the cause of Graves’ disease. The initial description of this stimulator
appeared in the local medical school journal, something I think that would be unlikely in
these days of impact factors and citation indices, but reminds us that highly significant
developments can start from simple and apparently modest origins. So I hope that this
volume is a celebration of the first half century of discoveries in the field of autoimmunity,
and I am particularly pleased that Noel Rose, who has done so much in the discovery
and elucidation of autoimmune phenomena, is a contributor to the present volume.

I have grouped the chapters in a somewhat different way to Autoimmune
Endocrinopathies, and I have also asked an (almost) entirely different group of
colleagues to contribute. This is not merely to provide a different perspective but
also to give an introduction to what is an increasingly complex field. It is impossible
in a book of this size to cover the complexities of modern immunology, but I felt
that a set of introductory chapters would provide sufficient information to understand
the developments in the field for those without a background in recent immunology,
together with suitable references for further reading. The authors of these three intro-
ductory chapters are ideally placed to bridge the gap that can exist between theoretical
immunology and its application to clinical disease, and have produced an excellent
start to the book.
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vi Preface

The next section concerns autoimmune thyroid disease and this is unashamedly the
largest section. Not only are there diverse mechanisms that lie at the heart of these
different autoimmune diseases, but also as a group they constitute the exemplar still
of autoimmunity. I have asked the authors of each of the clinical chapters to follow
a similar structure, taking the reader through the basic epidemiology, genetic and
environmental risk factors, immunopathogenesis and then detailing the diagnostic and
management aspects of the disease. Hopefully this will give the reader easy access to
the information he or she needs, and this layout will allow comparisons between the
different autoimmune disorders under each of these broad headings.

The third section of the book consists of three chapters on type 1 diabetes mellitus.
Despite the frequency of thyroid disease and the often neglected fact that many of
these patients are less than happy with current treatment, nonetheless type 1 diabetes
must be the most severe of the autoimmune endocrinopathies. The autoimmune origin
of type 1 diabetes was only suspected in the early 1970s when Bottazzo and colleagues
found islet cell autoantibodies at the onset of disease (4). Since then the field has made
major progress, particularly with the identification of key islet cell autoantigens and
the development of increasingly innovative and complex animal models. If any disease
deserves an immunological solution, it is this, given both its frequency and the young
population that is affected.

The last section concerns the other autoimmune endocrinopathies, which range in
frequency from common to rare, but the immunological changes in each have important
clinical and therapeutic implications. Our understanding of these is even more recent
than that of type 1 diabetes, and it is salutary to compare the chapters in this volume
and Autoimmune Endocrinopathies to see really how far we have come. The cloning
of the AIRE gene has been a major triumph and allowed new insights into type 1
autoimmune polyglandular syndrome, key autoantigens have been identified in Addison’s
disease and we have a much greater understanding of the tempo of disease evolution,
and many more clinical studies have been done in autoimmune hypophysitis. Questions
still remain over the role of autoimmunity in many cases of premature ovarian failure,
but slowly this condition is becoming disaggregated and better understood, and we also
have fresh insights into the mechanisms in autoimmune polyglandular syndrome type 2.

Finally, and most importantly, I want to thank all of the chapter editors who have
contributed so diligently and enthusiastically to this project. Their scholarship is evident
in each of the chapters and I am deeply grateful to them for all of their hard work.
I am also indebted to the Series Editor, Dr. P. Michael Conn, for the invitation to
contribute to this series and to Richard Lansing and Saundra Bunton for seeing the
project through to completion. Last but certainly not least I need to thank Mrs. Kathryn
Watson for her excellent secretarial assistance and help in ensuring the deadlines have
been met.
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1 Basic Mechanisms in Autoimmunity

Sonia Quaratino, MD, PHD
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Summary

Activation of self-reactive T cells is a critical step in the pathogenesis of autoimmune diseases. The
mechanisms underpinning this remain elusive and difficult to prove in the complex human system. The
most intriguing hypotheses and the mechanisms that control T-cell activation and regulation, which have
been studied in vitro and in experimental animal models, will be discussed in this chapter together with
their relevance to human diseases.

Key Words: Autoimmune diseases, molecular mimicry, disease mechanisms, T cells, cryptic epitopes,
T-cell activation, T-cell tolerance, animal models.

INTRODUCTION

The underlying basic mechanisms of autoimmune reactivity have been puzzling
immunologists for decades. What makes the immune system, which has evolved over
the millennia to combat the assaults of invading microorganisms, turn against the
organism itself? It now seems clear that avoiding autoreactivity while maintaining
immunocompetence is a complex assignment that can sometimes go wrong. Although
the innate and adaptive branches of the immune system have been involved in the
induction and evolution of autoimmunity, it is well accepted that adaptive (T and B
cells) responses are the main initiators and regulators of autoimmunity.

From: Contemporary Endocrinology: Autoimmune Diseases in Endocrinology
Edited by: A. P. Weetman © Humana Press, Totowa, NJ
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4 Part I / Introductory Chapters

Because T and B cells have predetermined specificities, some will be self-reactive
and have the potential to cause damage. Several mechanisms must therefore exist to
neutralize self-reactive lymphocytes and maintain self-tolerance.

Self-tolerance is imposed in the bone marrow at the B-cell level to prevent the
production of potentially damaging autoantibodies (1). Although complex mechanisms
are involved in the regulation and activation of self-reactive B cells (1,2), major interest
has recently focused on T cells. Indeed, T cells are not only powerful effector cells but
have also established themselves as the main regulators of autoimmune responses (3).
In this chapter, I will therefore focus on basic mechanisms of T-cell-related initiation
of autoimmunity.

At the T-cell level, the first and most important step to generate the tolerant status
takes place in the thymus, where autoreactive T cells with high affinity for self-antigens
are deleted (4). Potentially self-reactive T cells that escape thymus censorship are also
subjected to a further regulation. In peripheral tissues, regulatory mechanisms of the
immune system may hold autoreactive lymphocytes in check, for example, through the
operation of specialized cells with suppressor activity (5). Although the mechanisms
that silence self-reactive lymphocytes are very efficient, self-tolerance can however
break down, and autoimmunity will thus ensue. It is indeed likely that autoimmune
diseases are initiated in response to a single antigen, which may be restricted to a
single organ. The evidence that autoimmunity in animal models can be initiated with
a single autoreactive T cell supports this notion (6–11).

The most tantalizing mechanisms responsible for break of tolerance and peripheral
activation of self-reactive T cells are briefly described in this chapter.

ESCAPE OF SELF-REACTIVE T CELLS FROM THE THYMUS

Studies from the autoimmune regulator (AIRE) have shown that self-antigens
expressed in the thymus play an important role in promoting deletion of self-
reactive T cells (12,13). Indeed, both human and mice deficient for AIRE develop
extensive autoimmune diseases in endocrine organs (14–16). Tissue-specific antigens
are expressed in the thymus and contribute to shape the mature T-cell repertoire. They
usually mediate deletion of high-affinity self-reactive T cells, whereas low-affinity T
cells are positively selected to migrate to the periphery (17).

Thymic Expression of Splice Variants of Tissue-Specific Self-Antigens
A mechanism that allows self-reactive T cells to escape negative selection is when

the cognate antigen expressed in the thymus differs from that expressed in the target
organ. This is best illustrated by studies in autoimmune thyroiditis and experimental
autoimmune encephalomyelitis (EAE). In the first case, only a truncated isoform of
the thyroglobulin has been detected in the thymus (18), whereas in the second case,
the predominant forms of myelin basic protein (MBP) and the proteolipid antigen
expressed in the thymus are splice variants (19–21). The lack of tolerance to these
epitopes offers an explanation for the remarkable susceptibility of SJL/J mice to EAE.

Self-Peptides with Low Affinity for Major Histocompatibility Complex
Molecules

Another mechanism that has been proposed to explain the thymic escape of
the self-reactive T cells foresees an inefficient antigen presentation of thymically
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expressed self-antigens. The immunogenic MBP(Ac1-9) epitope that is expressed in
the thymus displays low affinity for H2-Au, enabling autoreactive T cells to escape
self-tolerance (22). In contrast, peptide analogs displaying a higher affinity for H2-Au
mediated thymic deletion of the specific T cells (22).

Similarly, in nonobese diabetic (NOD) mice, the type-1 diabetes (T1D)-associated
H2-Ag (7) molecule has also been shown to be structurally unstable and to be a poor
peptide binder (17,23,24).

Altogether, these studies demonstrate that thymic deletion may not be complete or
may not occur because of the limited affinity of the major histocompatibility complex
(MHC) molecule for the self-antigen or because of the expression of a splice variant
or isoform of the self-antigen.

GENETIC EFFECTS ON AUTOIMMUNITY

Of the many genes involved in autoimmunity, none can be considered a real
triggering factor but rather an influence to the susceptibility to a particular disease.
Indeed, the concordance rate for autoimmune diseases among monozygotic twins is
well below 1, suggesting that other factors, possibly environmental, must play an
important role (25,26).

MHC Genes
MHC class II alleles have been linked to several autoimmune conditions in human

and mouse, but the mechanism by which they might mediate susceptibility to a
given autoimmune disease remains still elusive (27,28). The increased suscepti-
bility seems to be associated with the polymorphic regions unique to these predis-
posing MHC alleles. These may influence disease susceptibility by selecting potential
autoreactive T cells during thymic education, as shown in animal models (28).
Alternatively, these alleles might have different abilities to present peptides from
target tissues to self-reactive T cells (29). In T1D, probably the most intensively
studied autoimmune disease and the best paradigm of MHC-associated disease, MHC
susceptibility for T1D is recessive, with susceptibility alleles more common than
protective alleles (30). Approximately 30% of T1D patients are heterozygous for HLA-
DQA1∗0501-DQB1∗0201 and DQA1∗0301-DQB1∗0302 alleles (usually shortened to
HLA-DQ2/DQ8), whereas HLA-DQA1∗0102-DQB1∗0602 is associated with dominant
protection from the disease (31,32). In autoimmune thyroiditis, a more refined linkage
analysis has confirmed the contribution of the MHC, but the effects are modest and
not disease-specific (33).

Non-MHC Genes
Because the influence of MHC seems insufficient to account for the entire genetic

contribution to the majority of autoimmune diseases, the hunt has shifted on to identify
new non-MHC susceptibility genes (34).

Because of its inhibitory role, a polymorphism in the cytotoxic T-lymphocyte-
associated antigen (CTLA)-4 gene is associated to several autoimmune diseases such
as T1D, lupus, celiac disease, and autoimmune thyroid disease (34–40).

Likewise, the majority of the polymorphisms in the AIRE gene decrease its trans-
activation activity, leading to autoimmune polyendocrinopathy-candidiasis ectodermal
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dystrophy (APECED), a syndrome characterized by a variable combination of
autoimmune diseases of endocrine origin (41–43). So far, at least 50 different mutations
within putative DNA binding and transactivation domains of the AIRE gene have
been identified, suggesting the importance of each of these domains in the function of
AIRE (16).

Polymorphisms of FAS have also been linked to the pathogenesis of autoimmune
diseases; in particular, this has been recently documented in systemic lupus erythe-
matosus (SLE) (44). Although inherited deficiencies in tolerogenic costimulatory
pathways such as FAS predisposes humans and mice toward systemic autoim-
munity (45), Fas–FasL interactions can also facilitate organ-specific autoimmune
diseases, as highlighted for autoimmune thyroiditis (46,47).

Can Epigenetic be the Answer to the Question?
In the last couple of years, another explanation for the low concordancy rate in

identical twins has been proposed, based on the existence of epigenetic differences.
Indeed, locus-specific differences in DNA methylation and histone acetylation exist
between monozygotic twins, affecting their gene-expression portrait (48). These findings
may explain how different phenotypes can still originate from the same genotype
and reassess the role of genetics in the pathogenesis of autoimmune diseases (49–51).

MOLECULAR MIMICRY: AUTOIMMUNITY PROVOKED
BY INFECTIONS

One of the most intriguing hypotheses is that autoimmunity is the by-product of the
immune response fighting infections. The initial demonstration that a virus-specific
cytotoxic T lymphocyte (CTL) response can lead to selective damage of pancreatic �
cells resulting in diabetes (52) has opened a new axis of research. For two decades, the
known associations between infectious agents and autoimmunity, such as �-hemolytic
streptococci and rheumatic fever (53), cytomegalovirus and T1D (54), viruses and
multiple sclerosis (MS) (55), and so on, have fueled speculation that infectious agents
can activate self-reactive T cells (56,57) (Fig. 1). The basis for molecular mimicry lies
on the intrinsic flexibility of the T-cell receptor (TCR), a molecule capable to interact
with multiple ligands with a certain degree of degeneracy (58,59). As a result, T cells
can be triggered by peptides, which often have minimal homology to the primary
immunogenic peptide, as long as they present a similar antigenic conformation (60).
This is an important feature of T cells, which permits effective T-cell responses to the
largest number of potential foreign peptide sequences complexed to MHC molecules.
Furthermore, even a shift in the binding register can cause a dramatic change in the
appearance of a peptide:MHC complex (60,61). By changing the MHC-binding residues
into TCR contact residues, the TCR antigenic surface can be highly altered, converting
two different peptide:MHC complexes into a cross-reactive pair. The observation
that a single TCR can recognize quite distinct but structurally related peptides from
multiple pathogens has important implications for understanding the pathogenesis of
autoimmunity. Evidence for a role of molecular mimicry in autoimmunity has been
reported in mouse and human. In a murine model of autoimmune herpes stromal
keratitis, an epitope of herpes simplex virus-type 1 has been shown to be recognized by
autoreactive T cells that target corneal antigens (62). In human, both viral and bacterial
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Fig. 1. Molecular mimicry. A T cell expressing a TCR specific for a foreign (viral) peptide and
a self-peptide, is activated by a virus-derived peptide presented by fully mature dendritic cells.
The resulting activated T cell, with less stringent costimulatory requirements, will also be able to
recognize a similar self-peptide and mediate a self-reactive response.

peptides can efficiently activate MBP-specific T cells isolated from MS patients (63).
Also in MS, a particular human T-cell clone can recognize peptide MBP(85–99)
and an Epstein-Barr virus (EBV) DNA polymerase epitope (627–641) presented by
DRB1∗1501 and DRB5∗0101, respectively, two MHC molecules contained in the MS-
associated DR2 haplotype (64). Viral infections play a role in shaping the peripheral
T-cell repertoire and also in the initiation of autoimmunity through molecular mimicry.
This hypothesis is strengthened by a recent report, where a hemagglutinin (Flu-HA)-
specific T-cell clone derived from an MS patient is cross-reactive against 14 Flu-HA
variants, 11 viral, 15 human, and 3 myelin-derived peptides (65).

Thus, autoimmune responses provoked by molecular mimicry should occur when
the foreign and self-determinants are similar enough to cross-react yet different enough
to break immunological tolerance.

Does the Theory Mirror Reality?
In recent years, computational analysis and in vitro experimental screenings have

identified several candidate epitopes (66). This leads to a compelling issue that needs
to be addressed: according to this fascinating hypothesis, autoimmunity should be
very common, as there are too many examples of cross-reactivity or degeneracy of
the TCR. However, there is no definite proof of molecular mimicry in humans, and
evidence is frequently circumstantial (57). It is possible that to avoid an uncontrolled
induction of autoimmunity, infection-induced molecular mimicry must satisfy some
criteria: (1) it must be able to stimulate the innate immune system toward a Th1-type of
response, (2) the mimic epitope must be processed from its native form and presented
onto MHC molecules, (3) infection of the target organ might be required to sustain
the self-reactive response, and (4) the infection must be persistent with continuous



8 Part I / Introductory Chapters

presentation of the mimic epitope to sustain activation of the self-reactive T cells. So
far, it has been difficult to prove or disprove this suggestive hypothesis in the difficult
human system. Adequate mouse models will be instrumental for understanding how
and when mimicry could be involved in the pathogenesis of autoimmunity.

DUAL RECEPTOR T CELLS: ANOTHER TYPE OF CROSS-REACTIVITY

T cells expressing two TCR with different specificities follow into a different
category of cross-recognition and the potential involvement of such T cells in autoim-
munity has been suggested. Described in human (67) and in mouse (68), T cells with
two TCR-� chains paired to a single TCR-� chain make up to 30 % of the peripheral
T-cell repertoire (69). T cells that express two TCRs are the result of the incomplete
allelic exclusion at the TCR-� chain locus. The expression of a second TCR can rescue
T cells with a self-reactive TCR from thymic deletion and allow their exit into the
periphery (70). Indeed, positive selection of one foreign-specific TCR may allow the
second TCR (potentially self-reactive) to escape negative selection. In the periphery,
this T cell will have an allo-reactive and self-reactive function: it will be activated
upon encountering the foreign antigen that engages the pathogen-specific TCR, at the
same time leading to autoimmunity (Fig. 2).

BYSTANDER ACTIVATION

An antigen-nonspecific theory has also been evoked to explain the surge of
autoimmunity. This theory comprehends several variants under the term “bystander
activation.” Bystander activation occurs during viral infections, and no particular
microbial determinant is implicated (71,72). As a result of an infection, large quantities
of normally sequestered antigens might be released following the host cell destruction.
These antigens could be presented on site or be trafficked to the draining lymph

APC 

Virus infected tissue

T cell 

virus 

Host tissue 

Fig. 2. Expression of dual T-cell receptor (TCR) can mediate autoimmunity. T-cell activation can
be mediated by the first TCR recognizing the foreign antigen (virus). Once the T cell is activated,
the second TCR (specific for self) can attack the host tissue.
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nodes (73). Owing to the local production of cytokines such as tumor necrosis factor
(TNF)-�, interferon (IFN)-�, interleukin (IL)-1, and the “danger” signal induced by
the viral infection, the phenotype and the maturation status of professional and nonpro-
fessional antigen-presenting cells (APC) might be changed by boosting the antigen-
processing machinery, upregulating the surface expression of MHC class II molecules
and the expression of costimulatory molecules (71,72). Under these conditions, it might
be envisaged that an uncontrolled polyclonal activation of the immune system may
contribute to the autoimmune pathogenesis.

CRYPTIC EPITOPES

The concept that recognition of self-antigens in the thymic environment is a pivotal
event in shaping T-cell tolerance has brought to life another challenging hypothesis
for the pathogenesis of autoimmune diseases. Sercarz and colleagues (74) originally
speculated that self-epitopes that are cryptic (hidden), because they are not generated
at all or are generated at subthreshold levels, may not be involved in thymic education
and allow the specific T cells to migrate to the periphery. There are multiple reasons for
crypticity: they are related to antigen processing, hindrance, and competition (75,76).
The processing may be too indolent or excessive, leading to destruction of the
epitope (77); or flanking determinants might compete for the MHC binding (76,78–80).
As a result, T cells specific for cryptic self-epitopes are present in the normal repertoire
and might become activated and autoaggressive if the epitopes are presented at higher
concentrations.

The key question is how epitopes that are usually cryptic may become visible enough
to trigger the specific T cells. Plausible mechanisms for an upregulation of cryptic
epitopes have been demonstrated. Cytokines can increase synthesis of MHC class II
molecules and proteases (78). Thus, this process can become self-sustaining through
the reciprocal stimulation of T and B cells, antibodies and cytokines, contributing to
the spreading of the autoimmune response (81,82). Another possibility is that, under
inflammatory conditions, upregulation of antigen processing can lead to enhanced
presentation of the previously cryptic epitope (77,78). This might lead to priming
of the cryptic epitope-specific T cells. A third possibility, the cryptic epitopes may
be presented on nonprofessional APC, such as epithelial cells. An upregulation of
MHC class II molecules on these cells could favor sudden presentation of the cryptic
epitope by the nonprofessional APC with relative trigger of the T cells, even in the
absence of a second signal. This situation might not be totally remote, as may occur
at inflammatory sites or in the lymph node where costimulation could be provided in
a bystander fashion (83).

Role of Cryptic Epitopes in Experimental Models
Studies in different animal models have shown that T cells specific for dominant self-

epitopes are made tolerant in the thymus, whereas those specific for cryptic epitopes
escape tolerance induction (74,76). In these models, the cryptic epitope-specific T cells
can be activated by a synthetic peptide but not by the native antigen (84,85). Once
activated, these T cells can then lead to the induction of autoimmunity. Indeed, it has
been documented that epitope spreading observed during the course of EAE targets
various cryptic epitopes of MBP (76,81). Presentation of the HLA-DR2-restricted
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MBP (85–99) epitope is greatly enhanced by inhibition of the cysteine protease
asparagine endopeptidase (AEP), whereas overexpression of AEP diminishes presen-
tation of this epitope (77). AEP is therefore able to unmask cryptic epitopes, leading
to the activation of pathogenic T cells (86). There is an enhanced processing and
presentation of previously cryptic epitopes of MBP, which are then revealed to the T
cells as the disease progresses.

Nondominant cryptic pathogenic epitopes of thyroglobulin have also been described
in autoimmune thyroiditis (87). These epitopes can become dominant following
posttranscriptional modifications or formation of antigen–antibody complexes (87,88).

The significance of cryptic epitopes in human autoimmunity, however, has been
more difficult to establish.

Role of Cryptic Epitopes in Human Autoimmunity
The most compelling description of cryptic epitopes in human autoimmune diseases

is in autoimmune thyroiditis. A panel of thyroid peroxidase (TPO)-specific T cells
isolated from a patient could be stimulated by the autologous thyroid epithelial cells
(MHC class II+) but not by dendritic cells (DC) pulsed with the native TPO (89).
Because thyroid epithelial cells are normally MHC class II−, the cryptic TPO epitope
(536–547) may be usually not available for the specific T cells. Detailed studies
have identified that only endogenous processing of TPO, usually operated by thyroid
epithelial cells, can upregulate presentation of this cryptic epitope, whereas exogenous
processing operated by DC does not (90). In vitro presentation of this TPO cryptic
epitope cannot be enhanced by bound antibodies that are on the contrary very
efficient in modulating presentation of other dominant epitopes (91). The gener-
ation of a humanized mouse model that expresses the human TCR specific for the
cryptic TPO epitope (536–547) has further strengthened the importance of this cryptic
TPO epitope in autoimmune thyroiditis (7,11). In this humanized model, the TPO-
specific TCR not only does not get deleted, but it induces spontaneous autoimmune
thyroiditis in all animals, confirming the pathogenic role of the cryptic epitope-specific
T cells (7,11).

Failure of Peripheral Regulation
We have just appreciated that there are several mechanisms that may trigger self-

reactive T cells in the periphery, leading to a transient autoimmunity that may (or
may not) develop into a frank autoimmune disease. It is now accepted that peripheral
suppression of self-reactive T cells is another essential mechanism to maintain self-
tolerance (3). Indeed, abnormality in the number or function of these regulatory cells
can lead to autoimmune diseases in animals and humans (92). This specialized subset
of regulatory T cells (Treg) that maintain immunological homeostasis originates in
the thymus has the CD4+CD25+ phenotype and expresses the transcription factor
Foxp3 (or FOXP3 in human) (93). CD4+CD25+ Treg can act locally in tissues and
draining lymph nodes; they can suppress APC and effector T cell through a cell–cell
interaction or through soluble mediators such as cytokines (mainly IL-10 and TGF-�)
or chemokines (3,93) (Fig. 3).
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Fig. 3. Regulatory T cells (Treg) can maintain immunological tolerance. Treg cells can directly
suppress dendritic cells (DC) through cell–cell interactions or indirectly through soluble mediators
such as cytokines. The result is a modulated antigen-presenting cell (APC) that is incapable of
triggering self-reactive T effector cells. Alternatively, Treg cells can directly inhibit self-reactive T
effector cells.

Role of Treg in Autoimmune Diseases
Removal of Treg from the normal immune system inevitably results in break of

T-cell tolerance and development of several autoimmune diseases, such as autoimmune
gastritis and pernicious anemia, Hashimoto thyroiditis, adrenalitis and Addison’s
disease, insulitis and T1D, and inflammatory bowel disease (93). On the contrary,
injection of Treg has been shown to prevent or ameliorate several experimental
autoimmune diseases (94–96). Furthermore, retroviral gene transfer of Foxp3 converts
naive T cells toward a Treg phenotype similar to that of naturally occurring Treg (97).

Interestingly, Treg constitutively express CTLA-4, and administration of anti-CTLA-
4 antibodies to normal young naive mice elicits autoimmune diseases similar to
that produced by the depletion of CD4+CD25+ Treg cells, without reducing their
number (98). It is likely that CTLA-4 blockade prevents Treg activation and hence
attenuates suppression, causing autoimmune diseases. Of note, even in this case,
polymorphisms of the CTLA-4 gene have also been shown to affect autoimmunity in
humans and rodents (99).

The dominant regulatory effect of Treg is also broken by ligation of glucocorticoid-
induced TNF receptor (GITR) family-related gene, which is preferentially expressed by
these cells (92). This implies that expression of the ligand for GITR at sites of inflam-
mationmightalsobecrucial forTregactivity.This suggests thatautoimmunediseasesmay
be not only the result of the activation of effectors but also the failure of Treg cells.

Evidence for Treg in Humans
A disruption of Foxp3 is responsible for an X-linked recessive inflammatory disease

in scurfy mutant mice and subsequently for immune dysregulation, polyendocrinopathy,
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enteropathy, X-linked (IPEX) syndrome in human (100). The disruption of FOXP3
abrogates the development of Treg cells or alters their function, leading to hyper-
activation of self-reactive T cells, intestinal bacteria, or innocuous environmental
substances. This causes the X-linked immunodeficiency syndrome IPEX, which is
associated with autoimmune disease in multiple endocrine organs (such as T1D and
thyroiditis), inflammatory bowel disease, atopic dermatitis, and fatal infection (92).

Further studies on these patients and the molecular basis of Treg development and
function might shed some light on the pathogenic mechanism of autoimmune diseases
in general.

CONCLUSIONS

Despite our understanding of the immunological mechanisms that has progressed
tremendously in the last 20 years, much confusion still remains on the pathogenesis of
autoimmune diseases. All the hypotheses drawn in this chapter are not just plausible
but always substantiated by a cohort of experimental data and often demonstrated in
animal models. However, they are not yet conclusive, and what we need at this point
are new approaches to fully understand the difficult human system.
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Summary

Many genetic loci are likely to contribute to the genetic susceptibility to autoimmune diseases. To date,
however, only three genes/gene regions have been consistently associated with multiple autoimmune diseases,
namely the human leukocyte antigen class II region on chromosome 6p21, the cytotoxic T-lymphocyte-
associated antigen-4 gene on chromosome 2q33, and the PTPN22 encoding lymphoid tyrosine phosphatase
on chromosome 1p13. Further genes have been identified that contribute specifically to a particular disease,
and many putative genes are awaiting replication in further data sets. Identification of susceptibility loci is
confounded by the involvement of environmental factors in many of these conditions and by their complex
polygenic nature requiring large data sets to detect genes of small effect. To identify genes that may increase
susceptibility to these diseases, it is necessary to understand the role that the immune response plays in such
disorders. This chapter aims to provide an overview of this role and how breakdown of complex immune
mechanisms may lead to disease presentation. The role of the three common autoimmunity genes above is
also discussed along with new developments in the field.

Key Words: Autoimmune disease, HLA, CTLA-4, PTPN22, LYP, single-nucleotide polymorphism.

INTRODUCTION

Autoimmune diseases are common polygenic disorders affecting between 5 and 10%
of the population (1). They include a wide spectrum of diseases such as type 1 diabetes
([T1D]; also known as insulin-dependent diabetes mellitus [IDDM]), Graves’ disease
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(GD), autoimmune hypothyroidism ([AIH]; also known as Hashimoto’s thyroiditis
[HT]), systemic lupus erythematosus (SLE), multiple sclerosis (MS), inflammatory
bowel disease (IBD), autoimmune Addison’s disease (AAD), rheumatoid arthritis (RA),
celiac disease (CD), and psoriasis. They are of unknown etiology but are thought
to be caused by both genetic and environmental factors where disease onset can be
triggered in a genetically susceptible individual by a permissive environment. Research
to date on environmental triggers of such diseases in humans is inconclusive with
the exception of CD, which is known to be caused by the presence of gluten in the
diet (2,3), although many factors have been postulated as playing a role in these
disorders including smoking, diet, stress, and viral or bacterial infections.

In contrast, evidence for a genetic basis for these diseases is strong with studies
showing higher disease concordance rates in monozygotic twins (ranging from 30
to 70 %) compared with dizygotic twins (4). The lack of complete concordance in
monozygotic twins has largely been attributed to the influence of environmental factors
on disease manifestation. However, a recent study has suggested that this could be
owing to epigenetic differences that have an impact on gene expression (5). It was
observed that, as monozygotic twins got older, they exhibited marked differences in
DNA methylation and histone modification, which could affect gene expression (5).
These modifications could be influenced by external factors such as diet and lifestyle
but equally could be attributed to defects in transmitting or maintaining epigenetic
information in cells (5). Whatever the cause of these differences, they could go some
way to explain why subjects with the same genotype can exhibit different disease
phenotypes. Further evidence for a strong genetic link to these diseases comes from
the observation that individual diseases tend to cluster within families (1,6,7) and that
multiple autoimmune diseases are also seen to cluster within families (8), suggesting
that not only are these disorders genetically based but some of the genes that contribute
to their development are shared between the diseases.

Autoimmune diseases occur because of a breakdown in the tightly regulated immune
cascade (see Chap. 1). This system is designed to recognize foreign antigens within
the body and to eliminate them with minimum disruption to normal function. This is
an extremely complex process involving many components. Defects in any of these
components may cause failure to distinguish between foreign and “self”-antigens,
resulting in an immune attack being mounted against one or more systems or organs
within the body. The mechanisms that the body uses to prevent such an attack are
known as central and peripheral tolerances.

TOLERANCE MECHANISMS

Central Tolerance – Regulation and Breakdown
The prevention of autoimmunity begins in the thymus with the process of central

tolerance, whereby self-reactive T cells are deleted through positive and negative
selection. Immature thymocytes undergo gene rearrangement of their T-cell receptor
(TCR) in the thymus such that each thymocyte displays a unique TCR capable of
binding self-peptides from the periphery bound to the major histocompatibility complex
(MHC) molecules. The strength of this interaction will determine the fate of the
thymocyte. Those that fail to interact with MHC–peptide complexes undergo apoptosis
in the positive selection process, whereas those that exhibit high affinity for such
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complexes are deleted in the negative selection process (9). The remaining population
of the mature thymocytes are then released into the periphery.

Expression of peripheral genes in the thymus is known to be controlled by the
autoimmune regulator (AIRE) protein, although the mode of action by which this
occurs is currently unknown (10). Evidence of the importance of AIRE in central
tolerance can be seen from studies in both mice (11) and humans (9) where deficiency
of this molecule causes a reduction in gene expression in the thymus, leading to
the production of autoantibodies to multiple organs, and results in a phenotype in
mice, which is similar to the human disease autoimmune polyglandular syndrome type
(APS)-1 described in Chap. 16. It clearly demonstrates an important mechanism by
which central tolerance can be broken. Loss of function of AIRE causes a decrease of
AIRE-dependent thymic antigens resulting in an increased incidence of autoreactive T
cells escaping control of central tolerance and entering the periphery where they are
too numerous to contain leading to the onset of autoimmunity (12).

A further mechanism by which central tolerance can be broken can be shown by
studies into the non-obese diabetic (NOD) mouse, the animal model of T1D. It has
been observed that thymocytes within these mice exhibit a reduction in thymic deletion
when present on the NOD.H-2k background that leads to diabetes onset (13). Further
analysis has indicated that the genes responsible for apoptosis of these self-reactive
thymocytes are poorly induced in these mice (12,14) and that additional loci that
contribute to this trait are present within regions identified as diabetes susceptibility
loci (Idd regions) (14). Such studies have important implications for research into
the role that defects in central tolerance regulation may have in the onset of human
autoimmune disease.

An inherent problem of the central tolerance system is that not all peripheral self-
peptides are expressed in the thymus. It is estimated that medullary thymic epithelial
cells express 10% of all known genes in addition to those basally expressed on such
cells (15). It is, therefore, necessary to have a second-line of defence against the onset
of autoimmunity, namely peripheral tolerance.

Peripheral Tolerance – Regulation and Breakdown
Mature T cells that enter the periphery from the thymus have low to intermediate

affinity for self-antigens presented in the thymus. However, a small subset of T cells
released will be autoreactive to self-antigens because of the absence of their expression
in the thymus. Control and/or deletion of such T cells is essential if the autoimmune
state is to be prevented. Peripheral tolerance mechanisms that perform this role can
act directly on the T cell and include ignorance and anergy, phenotype skewing, and
apoptosis (16), or they can act by activating other cells such as dendritic cells (DCs)
and regulatory T cells (Treg).

Ignorance is probably the simplest mechanism of peripheral tolerance whereby a
T-cell response to self-antigen does not occur because the antigens are either located in
sites that are not accessible to the T cell (17) or present in insufficient numbers to trigger
a T-cell response (18). However, if the T cell does interact with self-antigens, this can
lead to anergy, which is a functional inactivation of the T cell itself. Two molecules
that have been proposed as contributing to the anergic state are the costimulatory
molecule, cytotoxic T-lymphocyte-associated antigen (CTLA)-4 and the programmed
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cell death (PD)-1 molecule. Although the mechanisms by which they contribute to
anergy are unknown, it has been noted that the absence of CTLA-4 results in a fatal
lymphoproliferative disorder (19), suggesting that this molecule is essential for control
of the T-cell response to self-antigen. PD-1 may act by inhibiting cytokine secretion
or by causing cell-cycle arrest (20,21).

Phenotypic skewing is also thought to be partially mediated by costimulatory
molecules and involves alteration of the Th1/Th2 cytokine response by T cells in
response to signals from these molecules received when the TCR is activated (22,23).
This can result in the development of a non-pathogenic phenotype, thus preventing
autoimmune damage (16).

Apoptosis is probably the most effective direct-acting mechanism to prevent autoim-
munity from developing, as it involves deletion of the autoreactive T cell through
interaction between Fas ligand and its receptor (16). However, in most cases, not all
T cells are deleted but remain in the periphery in an anergic state, suggesting that
apoptosis only occurs until the levels of autoreactive T cells are such that they can be
controlled by the process of anergy (16).

In addition to these direct-acting mechanisms, activation of other cells can also aid
peripheral tolerance.Themajorcells involved in thisprocessareDCsandTregs.DCshave
been proposed to aid tolerance by two mechanisms. The first hypothesizes that DCs have
receptors that recognize pathogen-associated molecules and initiate an immune response
upon encountering such a molecule (24,25). In the absence of such an encounter, any
interaction with a T cell will lead to anergy or apoptosis. The second theory suggests that
immune responses to pathogens only occur when the pathogen causes damage to the body.
This is detected by the release of intracellular components of the cell and provides a signal
to DCs to initiate an immune response (25). Absence of these “danger” signals would
result in induction of tolerance upon interaction with a T cell.

Regulatory T cells are either naturally expressed in the thymus and express CD25
or are induced in the periphery (16). Absence of CD25+ T cells in mice has been
shown to lead to multiple autoimmune diseases (26), indicating their importance in
regulating peripheral tolerance. They represent 10% of CD4+ T cells in humans (27)
and are thought to function by preventing T-cell proliferation to self-antigen (28)
through cell–cell contact (29). These cells have been shown to express CTLA-4 (30)
along with other members of the B7/CD28 family, suggesting that these molecules
play important roles in T reg maturation and function and, therefore, in preventing
autoimmunity (9). They also express the forkhead/winged helix transcription factor
Foxp3, with loss of function mutations of this gene leading to the absence of CD25+ T
regs and the development of autoimmune endocrinopathy, T1D, and thyroiditis in both
humans and mice (31). Other factors that impact on the ability of T regs to regulate
autoreactive T cells are the numbers of these cells produced in the thymus and their
functional capacity (12). Lack of regulatory CD25+ T cells has been shown to increase
autoimmunity (32), and, although the molecules required to enable T regs to function
are unknown, it can be hypothesized that downregulation of such molecules would
affect the ability of T regs to inactivate autoreactive T cells (12,33).

Induced T regs are termed TR1 cells (33) and rely on interleukin 10 (IL)-10 and
transforming growth factor (TGF)-� to function. They have been shown to inhibit
T-cell proliferation in vitro, suppress autoimmune disease that has been experimentally
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induced and control CD4+ and CD8+ numbers in vivo (33–35). It is unclear how
these derived T regs relate to naturally occurring T regs in respect to function and
control of peripheral tolerance (27).

As can be seen, both central and peripheral tolerances are complex processes,
involving the interaction of many components, defects of which could cause a
breakdown in tolerance as previously illustrated. However, other mechanisms that could
cause tolerance breakdown and lead to autoimmunity have been postulated. These
include molecular mimicry, exposure of cryptic epitopes, or microbial superantigens.

OTHER FACTORS CAUSING TOLERANCE BREAKDOWN

Molecular Mimicry
Molecular mimicry is based on the concept that sufficient similarity exists between

foreign antigen and self-antigens such that the immune system cannot distinguish
between them (36). It has been postulated that this can lead to autoimmunity because
of inappropriate responses to self-antigens. The presence of cross-reactive T cells and
autoantibodies in certain autoimmune conditions such as ankylosing spondylitis (37),
MS (38), and T1D (39) has increased favor for this hypothesis. However, no direct
evidence for this hypothesis exists to date because of its complex nature. The presence
of similar epitopes on both foreign and self-antigens does not ensure that they will elicit
the same immune response (36). Also, a microbial epitope may display different avidity
to the self-epitope such that an additional immune event may be required to activate
the T cell and cause disease (36). It seems unlikely that molecular mimicry alone can
account for onset of autoimmune disease as these disorders would be far more common
if this was the case. A more likely scenario is that this process may enhance clinical
presentation of disease in a genetically susceptible individual through activation of
other mechanisms of innate immunity (40). This may lead to an amplification of the
autoimmune process, thus leading to disease presentation.

Cryptic Epitopes
T cells can only be tolerized to epitopes that are presented to them in sufficient

levels to be recognized. However, epitopes exist that are not recognized by T cells
as they are either present at very low levels or inaccessible to the T cell. They are
known as cryptic epitopes, and it has been proposed that they may play a major role in
the autoimmune response if they increase in number or become visible to the immune
system (41). Several mechanisms have been proposed as to how this may occur.
First, increased antigen may be processed, leading to levels of the epitope increasing
above the threshold for recognition (42). Second, the antigen may be processed in a
different manner, thus revealing cryptic epitopes to the immune system (43), and, third,
there may be an increase in human leukocyte antigen (HLA) class II or costimulatory
molecule expression, leading to increased levels of the epitope being present to activate
T cells (41). These mechanisms may act together or independently to initiate an
autoimmune response. These mechanisms could be triggered by presentation of self-
antigen containing cryptic epitopes on DCs, presentation of these epitopes by non-
professional APCs such as B cells, or activation of autoreactive B cells by these
epitopes (41)—possibilities that all warrant further investigation.
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Superantigens
Superantigens, of either viral or bacterial origin, activate T cells through the variable

domain of the beta chain of the TCR. They are capable of binding to a large number
of MHC class II molecules, thus activating a large population of T cells with a wide
variety of MHC/peptide specificities (44). It has been shown that they are capable
of causing relapse and exacerbation of experimental autoimmune encephalomyelitis
(EAE) in mice (45) but cannot induce this disease in previously unaffected animals.
However, in a similar scenario to molecular mimicry, it is difficult to prove a
causative role for superantigens in autoimmune disease. The pathogen needs to be
identified in patients with autoimmune disease and be isolated at the time of infection.
This relies on the diagnosis of the autoimmune disease at the time of infection—an
impossible task for most autoimmune disorders that do not exhibit an acute onset
following infection (44), therefore, although the hypothesis of microbial superantigens
triggering autoimmunity is attractive, it remains to be proven for the majority of such
disorders.

GENETIC REGIONS ASSOCIATED WITH AUTOIMMUNE DISEASE

Owing to the observation that multiple autoimmune diseases can cluster within
families, it has been postulated that such disorders will be caused by a combination of
common and specific genes. Specific genes will largely depend on the disease studied,
for example, the insulin gene region (designated IDDM2) is involved in T1D and the
thyrotropin-stimulating hormone receptor (TSHR) gene is involved in GD. To date, only
three genes/gene regions have been consistently associated with multiple autoimmune
conditions namely the HLA class II region on chromosome 6p21 (46–48), the CTLA-4
gene on chromosome 2q33 (49,50), and the PTPN22 gene encoding lymphoid tyrosine
phosphatase (LYP) on chromosome 1p13 (51,52).

HLA Class II Region
The HLA class II region contains many genes including those that encode the

DRB1, DQB1, and DQA1 molecules. These molecules are involved in processing
and presentation of exogenous antigens. The region is highly polymorphic, with many
different alleles of the DR and DQ genes being associated with various autoimmune
diseases. The presence of strong linkage disequilibrium (LD) within this region makes
the analysis and identification of primary etiological variants difficult, and for this
reason, it remains unclear whether association of the HLA region is restricted to class II
genes or, as seems increasingly likely from tag single-nucleotide polymorphism (SNP)
LD-mapping studies of the MHC (53), that other loci outside the class II region are
also exerting primary disease-causing effects.

Alleles and haplotypes of the DRB1, DQB1, and DQA1 genes have been consistently
shown to confer both predisposition and protection to many autoimmune diseases
(54–59) (Table 1). There is increasing evidence to suggest that the ability of HLA class
II molecules to bind antigens, present them at the immunological synapse and allow
correct TCR interaction could be determined, at least in part, by DNA polymorphisms
causing amino acid substitutions in these molecules. This in turn could lead to the
development of the autoimmune phenotype.
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Table 1
HLA Class II Haplotype Associations with Autoimmune Disease

Disease Predisposing
haplotypes/alleles

Protective
haplotypes/alleles

Type 1 diabetes DR3, DR4 DR2
Multiple sclerosis DR2 DRB1∗01, ∗07, ∗11
Rheumatoid arthritis DRB1∗0401,∗0404,

∗0405, ∗0408, ∗0102,
∗0101, ∗1402, ∗09,
∗1001

DRB1∗07, ∗1201,
∗1301, ∗0103,
∗1501

Graves’ disease DR3 DR7
Autoimmune Addison’s disease DR3
Autoimmune hypothyroidism DR3, DR4
Systemic lupus erythematosus DR3, DR2, DR8

DR3, DRB1∗03-DQB1∗02-DQA1∗05; DR4, DRB1∗04-DQB1∗0302-DQA1∗0301; DR7, DRB1∗07-
DQB1∗02/03032-DQA1∗02; DR2, DRB1∗1501-DQB1∗0602-DQA1∗0102; DR8, DRB1∗08-DQB1∗04-
DQA1∗04.

This hypothesis was first examined in T1D where it was observed that association
of the DQB1 gene with disease appeared to be stronger than that of the DRB1 gene,
and this could be explained largely by the specific residue present at position 57
of the DQ� chain. Neutrally or negatively associated DQ� alleles possessed Asp at
position 57, whereas positively associated DQ� alleles contained Ala, Val, or Ser at
this position (60). Substitution of Asp at �57 has been shown to adversely affect the
interaction of the DQ� chain with the DQ� chain, thus affecting the heterodimeric
structure and, therefore, antigen-binding ability and TCR interaction. However, this
association with T1D is incomplete, suggesting that other residues in this and other
binding pockets might contribute to disease susceptibility.

More recent studies (48,61) have focused on the role played by position 74 of the DRB1
chain (�74). A study of patients with GD noted a significant increase in Arg at position 74
in GD patients compared with that in healthy controls (61). Structural modelling indicated
that the presence of a positively charged Arg in the peptide-binding pocket can alter the
three-dimensional structure thereby potentially affecting antigen binding (61). An in-
depth study performed by Simmonds and colleagues identified nine amino acids in the
DRB1 chain that conferred susceptibility to GD. Analysis by two-locus stepwise logistic
regression showed that �74 was the most strongly associated position. Encouragingly,
the DRB1∗03 allele found to confer susceptibility in this study contained arginine at �74,
whereas the DRB1∗07 allele seen at a reduced frequency in GD patients encodes glutamine
at�74. Simmonds also noted association between DRB1∗08 alleles and GD, which encode
either Leu or Ala at �74, suggesting that association cannot entirely be explained by a
simple association between Glu and Arg at �74 disrupting the three-dimensional structure
in the binding pocket. Further support for position 74 in autoimmune disease comes from
studies in T1D (62,63), RA (56,64), and MS (65).

Structural changes in the binding pockets of HLA molecules caused by amino
acids of different size and charge may alter T-cell recognition owing to changes in
conformation of the peptide–MHC complex (66,67). It has been shown that different
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TCRs can interact with the same peptide–MHC complex but that different residues of
the peptide can bind to the TCR to elicit different responses (68,69). Such differences
might, for example, explain the association of MS with DR15-containing haplotypes,
which confer protection to T1D (55,70). The observation that a single T cell can
recognize different peptides bound to the same MHC molecule (71) might also go
some way to explain why the same HLA molecules are involved in many different
autoimmune diseases that are triggered by different auto-antigen binding.

HLA-associated autoimmunity could result from activation of either peripheral T
cells that have escaped immune tolerance and have high affinity for self-antigens or
those with low affinity but with the ability to cross-react with external stimuli (such as
viruses or bacteria) that mimic self-antigens (72). HLA molecules could play a role in the
autoimmune disease process with the particular HLA type of an individual controlling the
level of amplification of the T-cell response following activation (72). The HLA molecule
could also influence the autoimmune disease process through its stability when complexed
with peptide. For example, the DQ3.2 molecule (encoding DQB1∗0302/DQA1∗0301)
is the HLA molecule most associated with T1D and is also extremely unstable when
complexed with peptide. Molecules such as this could escape the negative selection
process, as interaction between the peptide and the HLA molecule is too short to be
detected in the thymus, and therefore, even T cells with high affinity for self-peptide
displayed on these molecules will escape tolerance (72). This scenario could also apply
to other autoimmune diseases in which the DR3 haplotype is predisposing (Table 1) as
the DQA1∗0501/DQB1∗0201 molecule is also highly unstable (72). However, as shown
in Table 1, some HLA haplotypes provide protection from disease, and it is thought that
they confer protection by binding to the same peptides as susceptibility haplotypes, thus
preventing the threshold for an autoimmune response being reached (73).

CTLA-4 Gene

CTLA-4 is an important negative regulator of T-cell activation (74). Owing to this
role in the regulation of T-cell activation and its potential to affect the autoimmune
disease process, numerous association studies have been performed, with SNPs within
this gene being associated with GD (50,75,76), T1D (50,77), AIH (78), AAD (79,80),
SLE (81), and MS (82). A fine-mapping study of the CTLA-4 gene and surrounding region
located the etiological variant/s within a 6.1-kb region in the 3′-untranslated region (50).
Owing to strong LD between the four most associated SNPs within this region, it was
impossible to determine which of CT60, JO30, JO31, and JO27_1 is/are the primary
etiological variant(s). Differences in the relative amounts of the two isoforms of CTLA-4
were seen, depending on CT60 genotype, with increased levels of the soluble isoform
seen in protective genotypes (50), suggesting that the 6.1-kb region might determine
the efficiency of CTLA-4 splicing and therefore the control of T-cell activation. This
result, however, was not replicated in a more recent study by Anjos et al. (83), which
found no significant difference in the levels of either mRNA transcript in heterozygous
individuals. Further studies in mice have identified an additional ligand-independent
isoform (liCTLA-4), which lacks the ligand-binding domain (MYPPPY) but can associate
independently with the TCR-� chain to be a more potent inhibitor of T-cell prolifer-
ation and cytokine production compared with full-length CTLA-4 (flCTLA4) (84). The
expression of liCTLA-4 in T reg cells of diabetes-resistant NOD congenic mice has been
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shown to be enhanced in comparison with flCTLA-4, illustrating an important regulatory
role for liCTLA-4 in the activation of mouse T reg cells (84).

Although the mechanism by which CTLA-4 inhibits T-cell activation is currently
unknown, various theories have been proposed (Fig. 1). First, CTLA-4 might success-
fully compete with CD28 for the CD80/86 ligands owing to its greater affinity for these
molecules and thereby inhibit the costimulatory effect of CD28 (Fig. 1A). Evidence in
supportof thismodelcomes fromdifferencesobserved in theexpressionkineticsexhibited
between CD28 and CTLA-4 (74). Second, CTLA-4 might apply its inhibitory effect
by acting on downstream signaling pathways at activation (Fig. 1B). It is well known

APC

LYP

PAG/Cbp

LYP

LYP

LYP

C-CBL

C-CBL

LYP

ZAP-70

ZAP-70LCKFYN

LYP

C
D

28 C
D

28

C
D

80
/8

6

C
D

80
/8

6

C
D

80
/8

6

C
D

80
/8

6

C
T

L
A

-4

C
T

L
A

-4

T-Cell

CSK

LYP

LYP

LCKFYN

CSK

Grb2

SH2

SH3SH3

+’ive-’ive

A.

C.

B.

D.

E.

F.

G.

Fig. 1. Potential mechanisms of action of cytotoxic T-lymphocyte-associated antigen (CTLA)-4 and
lymphoid tyrosine phosphatase (LYP). (A) CTLA-4 might successfully compete with CD28 for the
CD80/86 ligands owing to its greater affinity for these molecules and thereby inhibit the costimu-
latory effect of CD28. (B) CTLA-4 might apply its inhibitory effect by acting on downstream signaling
pathways at activation. (C) CTLA-4 directly interacts with TCR-� at the immunological synapse. (D)
LYP might associate with PTK without the aid of adaptor molecules. (E) LYP bound to c-Cbl might
target ZAP-70 through the SH2 domain on c-Cbl binding to the phosphorylated Tyr292 of the ZAP-70
molecule. (F) It is known that the SH2 domain of Csk can bind to PAG/Cbp molecules present in the
lipid rafts of the cell membrane. If LYP and Csk were bound through the SH3 domain of Csk and the P1
domain of LYP, and Csk was bound to PAG/Cbp, this would bring LYP closer to Lck and Fyn and might
enable dephosphorylation. (G) It has been well established that Grb2 plays a role in the downstream
signaling pathway for CD28-mediated T-cell activation, and the presence of similar binding domains
between CTLA-4 and CD28 has raised the possibility that CTLA-4 might bind to Grb2 through one of
these domains and use its association with LYP to regulate T cells negatively.
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that Lck, Fyn, and ZAP-70 protein kinases are instrumental in phosphorylating protein
tyrosines of the TCR–CD3 complex during downstream cell signaling pathways at T-cell
activation. Studies have shown that T cells in CTLA-4−/− mutant mice displayed consti-
tutive activity of Fyn, Lck, and ZAP-70, as well as the Ras pathway, thus suggesting that
CTLA-4 interacts with these molecules through SHP1 phosphatases to prevent consti-
tutive expression (85,86). A third possibility is that CTLA-4 directly interacts with TCR-�
at the immunological synapse (Fig. 1C). This would essentially disrupt the cascade of
biochemical signals that lead to activation of the T cell (87).

A more recent study implicates a role for CTLA-4 in the regulation of the Cbl-b
molecule as a possible mechanism for aberrant T-cell activation that might lead to
autoimmunity (88). The Cbl family of ubiquitin ligases regulates the threshold of
signaling for T-cell activation by negative regulation of activated tyrosine kinase-
coupled receptors (89). Loss or impairment of Cbl-b can result in the development
of autoimmunity (90); indeed, a nonsense mutation in the gene encoding Cbl-b has
been associated with the development of T1D in the Komeda diabetes prone rat (91).
A recent study in T1D in humans found association of an SNP in exon 12 of the
Cbl-b gene with T1D, and, when stratified with the CT60 SNP of the CTLA-4 gene,
significant genetic interaction was observed (92). Cbl-b protein expression appears to
correlate with rates of T-cell activation leading to the hypothesis that CTLA-4/CD28
might control T-cell activation by regulating Cbl-b expression (88).

PTPN22 Encoding LYP

Some protein tyrosine phosphatases (PTPs) play a negative role in TCR signaling by
dephosphorylation of protein tyrosine kinases (93). These PTPs include LYP encoded
by the PTPN22 (94). It is a strong negative regulator of T-cell activation through
binding to various adaptor molecules including Csk kinase (95), c-Cbl (94), and
Grb2 (96). Owing to this function, many recent studies have focused on the role that
this PTP may play in the development of autoimmune disease.

An SNP within the PTPN22 at position 1858 in codon 620 (R620W) has been
identified that results in an arginine to tryptophan (C to T) shift (97). The T allele has
been associated with T1D (51,98–100), RA (52,100– 103), SLE (52,104), AIH (52), and
GD (51,105,106), although no such association has been observed with MS (107,108).
A recent fine mapping study in patients with RA (109) identified 37 SNPs within the
coding region of the PTPN22 which formed 10 common haplotypes. Stratification by
R620W revealed that association of this gene with RA could not be fully explained
by the R620W SNP with a further two SNPs being identified that seemed to exert an
independent disease-causing effect. Further studies in other autoimmune disease are
needed to replicate these findings.

It is known that the presence of tryptophan at position 620 (Trp620) can disrupt the
ability of LYP to bind to at least one of its adaptor molecules, namely Csk kinase (97).
Csk kinase has been documented as being a negative regulator of TCR signaling through
phosphorylation of Lck and Fyn (110). Inhibition of T-cell activation requires the
physical association of Csk and LYP to dephosphorylate the Src kinases and ZAP-70
that facilitate activation of the T cell (95). This physical association is achieved by the
Arg620 residue of LYP interacting with Trp 47 of Csk (111). Replacement of Arg620
with Trp620 would be expected to prevent this interaction, as Trp is a larger molecule
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that would not be able to fit into the binding pocket on the Csk molecule. Indeed, this
has been demonstrated experimentally by Bottini et al. (97) in both Escherichia coli
and COS cells where only the construct containing Arg620 was precipitated by Csk.
These data strongly suggest that LYP containing Trp at this position cannot form a
complex with Csk and therefore abrogates inhibition of T-cell activation. Murine LYP
has been shown to inhibit T-cell activation in a synergistic manner with Csk (112),
leading to the hypothesis that those individuals heterozygous for the T allele of this
SNP will have reduced LYP–Csk complexes, and those homozygous for this allele will
have none (97). Absence of these complexes would lead to massive T-cell proliferation
and ultimately an autoimmune phenotype that could be potentially fatal. However, the
fact that homozygous individuals exist indicates that the LYP–Csk interaction is not
the only pathway leading to negative regulation of T-cell activation.

Studies have shown that LYP can also associate with other adaptor molecules
to inhibit T-cell activation, namely c-Cbl (94) and Grb2 (96). c-Cbl is a proto-
oncogene that is associated with LYP in thymocytes, and phosphorylation of c-Cbl is
reduced when LYP is overexpressed (94). These data suggest that LYP might regulate
the activity of c-Cbl by controlling its phosphorylation status, although the precise
mechanism by which LYP and c-Cbl associate is currently unknown. A recent study
has shown that Grb2 binds to LYP through its SH3 domain, leading to formation of a
functional complex resulting in negative regulation of T cells (96).

The previously described data strongly support the role of LYP in inhibition of T-
cell activation, and, although the exact mechanisms by which this occurs have yet to
be confirmed, three mechanisms have been postulated as to how LYP may perform
this function (Fig. 1). First, LYP might associate with PTK without the aid of adaptor
molecules (93) (Fig. 1D). Second, LYP bound to c-Cbl might target ZAP-70 through the
SH2 domain on c-Cbl binding to the phosphorylated Tyr292 of the ZAP-70 molecule
(Fig. 1E). This residue is phosphorylated when ZAP-70 is activated in the T-cell activation
pathway; so this might be the mechanism by which targeting between these two molecules
occurs to dephosphorylate ZAP-70 and inhibit further T-cell activation (93). Third, it is
known that the SH2 domain of Csk can bind to PAG/Cbp molecules present in the lipid
rafts of the cell membrane (Fig. 1F). If LYP and Csk were bound through the SH3 domain
of Csk and the P1 domain of LYP and Csk was bound to PAG/Cbp, this would bring LYP
closer to Lck and Fyn and might enable dephosphorylation (93).

The role of Grb2 is particularly interesting as it has been postulated that CTLA-4
could use LYP complexed with Grb2 to aid inhibition of T-cell activation (96). CTLA-
4 and CD28 contain both SH2- and SH3-binding sites (96). It has been well established
that Grb2 plays a role in the downstream signaling pathway for CD28-mediated T-
cell activation, and the presence of similar binding domains between CTLA-4 and
CD28 has raised the possibility that CTLA-4 might bind to Grb2 through one of these
domains and use its association with LYP to regulate T cells negatively (Fig. 1G).

IDENTIFICATION OF NEW GENES AND PRIMARY ETIOLOGICAL
VARIANTS

With the exception of the three genes previously mentioned, identification of novel
susceptibility loci has been a slow process largely because of such loci only contributing
small effects to disease susceptibility. To detect such effects, large data sets are needed
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to provide sufficient power to ensure that any association seen is a true association and
not a false-positive result because of a small data set. A further confounding problem in
this search is that some genes appear to confer susceptibility only to specific diseases
or in specific populations, making replication studies difficult. Candidates that fall into
this category include the FCRL3 gene, associated with RA, SLE, and autoimmune
thyroid disease in Japanese populations (113) but awaiting replication in Caucasian
populations; the SLC22A4 (114) and PADI4 (115) genes, associated in Japanese RA
patients but not in Caucasian RA patients; the SUMO4 gene, initially associated with
T1D in a multiethnic data set (116) but not replicated in a number of large follow-up
studies (117,118) and the CD25 gene, associated with T1D in Caucasians (119) but
awaiting replication in further populations.

Despite consistent associations of some genes with disease, the identification of the
primary etiological variant within these genes has also been difficult largely as a result
of the strong LD present in the human genome. To successfully identify such variants,
large-scale genotyping studies of all DNA variants in the associated region need to be
undertaken in adequately powered data sets.

CONCLUSIONS

The pathways leading to the development of autoimmune disease are complex,
involving defects in the immune system leading to the release of autoreactive T
cells into the periphery, which can trigger disease. Many genes and gene products
are involved in this process with a combination of both common and specific genes
leading to the development of specific disorders. The recent advances in genotyping
technology have vastly improved the ability of the geneticist to narrow down the
search for primary etiological variants within these genes; however, further advances
are necessary to identify rare variants that may contribute to these disorders and to
elucidate the functional role that susceptibility loci play in disease development.
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INTRODUCTION

The autoimmune endocrinopathies encompass a wide range of diseases affecting one
or more endocrine glands. Like most autoimmune diseases, a strong genetic predispo-
sition underlies their development. The first hint that there is a genetic component in
these diseases arose from the observations of astute clinicians who noticed a clustering
of diseases of the thyroid and other endocrine organs in certain families (1). Similarly,
siblings and offspring of patients with type 1 diabetes mellitus (T1DM) showed a
higher prevalence of disease than that found in the general population (2). These obser-
vations were strengthened by large-scale studies showing that relatives of patients with
autoimmune endocrine disease often have antibodies to the same or other endocrine
organs (3). Finally, a large body of investigations has clearly implicated the major
histocompatibility complex (MHC) as a prominent genetic risk factor in the devel-
opment of autoimmune endocrinopathy (see Chap. 2). More recently, a number of
immunoregulatory genes that contribute to a heightened susceptibility to particular
autoimmune diseases of the endocrine organs have been identified, such as the cytotoxic
T-lymphocyte-associated antigen (CTLA)-4 and lymphoid tyrosine phosphatase locus
LYP/PTPN22 loci (4–7). In addition, genetic traits that heighten the vulnerability of the
target organ have been described. Thus, at least three major categories of genes seem
to participate in determining inherited susceptibility to autoimmune disease: (1) genes
that determine recognition of immunodominant, pathogenic epitopes (MHC and
autoimmune regulator [AIRE]); (2) traits that modify the immune response (CTLA-4);
and (3) inherited characteristics that predispose to damaging inflammation in the target
organ (e.g., adhesion molecules) (8). A number of years ago, one of us (NRR) predicted
that the accumulation of a number of unrelated genetic traits contributing to suscepti-
bility to autoimmune-mediated tissue injury by different pathways represents the most
appropriate model for describing the genetic predisposition to autoimmune disease (9).
Termed the “3 gene hypothesis,” experimental evidence accumulating since the original
proposal seems to have justified that prediction.

In experimental animals, the aggregation of disease susceptibility genes by artificial
breeding has produced models of autoimmune endocrinopathy that occur sponta-
neously. They include, for example, the non-obese diabetic (NOD) mouse model of
T1DM or the obese strain (OS) chicken and NOD.H2h4 mouse model of Hashimoto’s
thyroiditis. Among humans, in contrast, it appears that genetic predisposition in total
accounts for less than half of the susceptibility to autoimmune disease (10–12). Concur-
rence rates of 5–50% for T1DM and for autoimmune thyroid disease in genetically
identical twins indicates that environmental agents as well as genetic factors are
involved in the etiology of autoimmune endocrinopathies.

A note of caution is needed. Not all non-inherited differences are due to external factors.
During their generation of diversity, the lymphocyte receptors of the immune system
undergo extensive, post-germline recombination. Immune recognition even in genetically
identical mice or monozygotic twins may vary greatly. In addition, the immune response is
influenced over time by other regulatory activities of the endocrine and nervous systems.
Thus, many autoimmune diseases, especially autoimmune diseases of the thyroid, are
much more prevalent in females than in males (13,14). Those diseases may remit during
pregnancy but recur and exacerbate post-partum (15). Nervous stimuli including stress
also influence the immune response (16). Thus, the relatively low concordance rates
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in monozygotic twins may be due in part to immunologic randomness and physiologic
changes and not solely because of environmental factors.

Yet, an increasing number of epidemiologic studies support the view that the
environment does play a significant role in triggering autoimmune diseases in humans.
As examples, the onset of clinical T1DM is less in the summer than in the winter
months in both the northern and the southern hemispheres (17). Incidence or preva-
lence of T1DM tends to be higher in northern European countries compared with the
southern ones and greater in the southern states of Australia than the northern ones
with no clear association with genetic differences (17). The incidence of T1DM in a
number of countries has risen rapidly over the past three to five decades accompanied
by a decreasing age of onset and a broadening of the human leucocyte antigen (HLA)-
risk profile. These results suggest increasing environmental influence in a constant
proportion of genetically susceptible individuals.

The previously listed examples clearly demonstrate that environmental factors partic-
ipate in the etiology of the autoimmune diseases, including those that affect endocrine
organs. In this chapter, we will discuss the role of environmental agents such as infec-
tions, therapeutic drugs, chemicals, and radiation, which have been associated with the
most common autoimmune endocrinopathies in humans and animal models.

AUTOIMMUNE ENDOCRINOPATHIES AND INFECTIOUS AGENTS

The onset of autoimmune diseases following infection has given rise to conjectures
that infection plays a direct or indirect role in disease etiology. It is well recognized
that infections modulate immune responsiveness and may prepare the ground for the
seed, which later germinates into autoimmune disease. Infections may provide the
inflammatory milieu that increases the potency of self-antigens, a phenomenon that we
have termed the “adjuvant effect” of infection (18). An infectious agent can upregulate
costimulatory molecules and increase production of proinflammatory cytokines. As
a result, autoreactive T cells can be easily activated and can start an autoimmune
reaction. Sometimes, infections produce a shift in the Th1/Th2 balance, favoring the
induction of pathogenic rather than benign autoimmunity. In other instances, infection
may alter self-antigens or express them in a setting that heightens their immunogenic
potency. Finally, epitopes represented by particular pathogens may mimic epitopes
present on self-antigens leading to a subsequent autoimmune response, a phenomenon
termed “molecular mimicry.”

It is difficult to establish a firm relationship between infectious agents and
autoimmune diseases. The problem can be attributed to the following issues:

1. The onset of autoimmune disease may occur much later than the infection. Once set
into motion, an autoimmune response often requires months or years before reaching
a clinically apparent state. Therefore, an infection acquired in childhood may not be
expressed until adolescence or early adulthood as an autoimmune disease.

2. Different infectious agents can cause the same or a virtually similar clinical outcome.
3. An infectious agent may trigger autoimmune disease only in genetically more suscep-

tible individuals as determined by non-HLA and HLA genes.
4. An infection might not add to the risk of developing an autoimmune disease in patients

with highly susceptible genetic backgrounds. The additive effect of infection may
increase the chance for developing autoimmune disease in patients with lower genetic
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predisposition. For example, Weets et al. (19) showed that a seasonal increase of
T1DM occurred only in the genetically low-risk population without the high-risk HLA
background.

It is very likely that many infections can lead to harmless autoimmune responses
in the form of autoantibodies. It remains unknown what factors trigger a full-blown
autoimmune disease in some patients.

Diabetes and Viral Infections
The incidence of some autoimmune diseases has increased over the past decades.

In particular, it is well documented that the incidence of T1DM increased in Finland
between 1965 and 1996 of 0.67 per year on average (20). This increase is probably
caused by environmental factors, because no important genetic changes occur in the
population in such a short period of time. Viral infections are the first candidate
among the environmental factors. Many studies looked at different viruses to explain
the increase in T1DM incidence. One of the main suspects in triggering T1DM is
enterovirus infection. However, it is known that frequency of enterovirus infections
decreased in Finland in the 1980s and 1990s (21). In addition, although the incidence
of T1DM increased in Finland, it remained stable in the genetically similar populations
of Estonia and Russian Karelia.

Many studies show only presence of autoantibodies following the onset of an
infectious disease, which is far from indicating causality. Only longitudinal, HLA-
matched studies can answer the question whether a single virus infection can increase
the incidence of an autoimmune disease. If a viral infection acts as an adjuvant in
autoimmune disease development, as we have shown in mice, the same autoimmune
disease in humans might be triggered by many different viruses.

Diabetes and Rubella

Increased incidence of T1DM and thyroid disease has long been recognized as part
of the congenital rubella syndrome (CRS). Patients can also develop other endocrine
tribulations such as Addison’s disease and growth hormone deficiency (22,23). Rubella
virus can be isolated from the pancreas as well as other fetal tissues. Up to 20% of
children infected with rubella in utero develop T1DM (24). It was originally thought
that rubella initiates the autoimmune destruction of islet cells. An association with the
HLA haplotype DR3 has been reported along with the recognition of glutamic acid
decarboxylase (GAD) 65/67 determinants by T cells of the CRS patients (25). Also,
20% of CRS patients tested positive for diabetes-associated autoantibodies (26,27).
However, the autoantibody assays used in these studies had serious problems (28,29).
No diabetes-associated autoantibodies such as GAD, islet cell antibodies (ICA), insulin
autoantibodies (IAA), or IA-2a were detected in any of 37 CRS patients from Finland
and Poland in study in 2003 (30).

The incidence of rubella infection in fetus has decreased by 99% since the intro-
duction of the rubella vaccine in the United States in 1969. This decrease in the fetal
exposure to rubella did not reverse the increase in diabetes incidence in the population,
showing that rubella is not responsible for the majority of the diabetes cases. Therefore,
it seems that diabetes in CRS might develop mainly after destruction of the pancreatic
beta cells by the virus rather than by an autoimmune process.
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Diabetes and Mumps

Several clinical reports have associated mumps with diabetes for many years. In
1927, a report suggested possible association between increased incidence of T1DM
2–4 years of following mumps infection (31). Numerous case reports since that
time have linked mumps and autoimmune diabetes. In one report, 127 children who
developed natural mumps infection and 7 children who developed active mumps
infection after vaccination produced antibodies to islet cells, but no clinical disease
(32). Infection of the human beta cells with mumps virus in vitro leads to their
upregulated HLA class I expression and increased production of proinflammatory
cytokines (33–35). In Finland, the introduction of mumps measles/rubella (MMR)
vaccination in 1982 was followed by a brief pause in the rising incidence of T1DM, but
the pause was only temporary (36). In general, the introduction of mumps vaccine did
not cause a decrease in the incidence of T1DM. Therefore, the association of mumps
virus infection with T1DM remains unproven.

Diabetes and Enteroviruses

Of the large family of enteroviruses, some are pancreotropic with a potential to
damage the islet cells. A case of neonatal diabetes was described in which the
mother had an Echovirus 6 infection diagnosed by neutralizing antibodies at 14-weeks
gestation. Antibodies to insulin and GAD were present in the infant but not in the
mother (37). Coxsackievirus B (CB) 4 was isolated from the pancreas of a patient who
died shortly after the onset of acute T1DM (38). The autopsy showed lymphocytic
infiltration of the pancreas islet cells with beta cell necrosis. Serologic data revealed a
rise in titer from less than 4 on day 2 to 32 on the day of death. Transfer of the virus
associated with this patient to mice induced severe diabetes within a few days. In other
experiments, CB4-specific antigens were demonstrated in the islets in association with
beta cell damage (39). Coxsackievirus can replicate in human beta cells as demonstrated
by RNA hybridization in beta cells of infants who died of fulminant infection (40).
Cocultivation of virus with pancreatic beta cells impaired the metabolism of islets,
showing a decreased insulin secretion as early as 24 hours after infection (39). These
data show that enteroviruses have great potential to damage the pancreas and may
cause a person or an animal to become diabetic. They do not, however, show that the
disease is caused by an autoimmune response.

There are numerous epidemiologic studies indicating that, at the onset of diabetes,
patients are more likely to also have antienterovirus (mainly CB3) immunoglobulin
(Ig)M antibodies than healthy controls (41,42).

Blood spots taken routinely on days 2–4 of life from 600 children with early diabetes
in Sweden were analyzed for enterovirus RNA. It was found that 4.5% of children,
who later develop diabetes, had enterovirus RNA in their blood compared with 2.3%
controls (p < 0�04) (43). In another study, T-cell responses to enterovirus were detected
at the time of onset of T1DM (44,45). Enteroviral RNA has been also detected in
T1DM patients’ sera (46,47). Using a molecular approach with PCR of peripheral
blood mononuclear cells, a study of diabetics in Sweden showed evidence of CB4,
CB5, and CB6 in 50% of the subjects compared with 26% of normal siblings with no
evidence of infection in age- and sex-matched normal controls (48). Another study on
patients from England, Austria, and Australia provides evidence for the virus-specific
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IgM responses to CB4 and CB5 during the juvenile onset of T1DM (49). Jones and
Crosby (50) assessed the proliferation of T cells to viral proteins and showed an
association among T1DM, MHC II (DRB 1∗04), and CB infection.

These studies consistently show that enterovirus infection can precede the onset of
diabetes. However, they do not exclude possibilities that prediabetic patients with ongoing
yet clinically silent diabetes are more prone to CB3 infection or that their genetic makeup
predisposes them independently to both diabetes and enterovirus infection. Indeed, the
diabetic patients with anti-CB3 IgM antibodies are also more likely to be HLA-DR3
or HLA-DR4 positive than controls (42,51). In a longitudinal diabetes prevention study
carried out in Finland, enterovirus infections were diagnosed in 51% of cases and 28%
of controls in the 6 months before the development of ICA (52). On the contrary, other
longitudinal studies in the United States (DAISY Study) and Australia (Baby Diab
Study) did not confirm any association of enteroviral infection with the onset of islet
cell autoimmunity or symptoms of diabetes (49). The results may reflect differences
in geographic distribution of disease, differing genetic backgrounds of the populations,
variations in the viruses that are involved, or different ages of the population studied.

The possibility that the CB3 infection is able to accelerate an already ongoing
autoimmune process can be found in animal models. In the NOD mouse model of
autoimmune diabetes, it has been reported that the infection 8 weeks after the devel-
opment of insulitis accelerates the onset of disease, whereas pre-insulitis CB infection
protects against the development of diabetes (53).

The main question of whether the CB3 infection is able to initiate autoimmune
destruction of the pancreas by itself still remains to be answered.

Thyroid Disease and Viral Infections

Viruses are suspected to be a cause of subacute thyroiditis, which usually lasts
several weeks and resolves itself, although the thyroid gland destruction can lead to
hypothyroidism. Subacute thyroiditis clinically manifests itself as painful enlargement
of the thyroid gland, destruction of follicular epithelium, dysphagia and hoarseness,
and symptoms of thyrotoxicosis. Mumps infection is a notorious suspect in subacute
thyroiditis. Other viruses that are suspected to cause subacute thyroiditis are measles
virus, influenza, adenovirus, Epstein-Barr virus (EBV), and enteroviruses. EBV DNA
was detected in the thyroid gland of a 3-year-old girl with subacute thyroiditis (54). An
early study reported changes in antibody titers against some viruses such as influenza
and mumps, in half of the tested patients with subacute thyroiditis (55). However, these
findings were not supported by more recent studies. No changes in antiviral antibody
titers against measles, rubella, mumps, type I herpes, chicken pox, parvovirus B19, and
cytomegalovirus (CMV) were observed in 10 patients with subacute thyroiditis (56).
Also, there was no EBV or CMV DNA detected in thyroid of these patients. Thus, it
seems that many different viruses can cause subacute thyroiditis.

However, the role of autoimmunity in the disease pathology is uncertain. This is
supported by the finding of thyroid autoantibodies in some cases (55). The autoimmune
part of the process may represent non-specific response to inflammation and release
of thyroid antigens. The majorities of subacute thyroiditis cases resolve spontaneously
and do not evolve into typical autoimmune thyroiditis.

Autoimmune thyroid disease (both Hashimoto’s and Graves’ disease) is sometimes
associated with several viral infections. The data on association of chronic hepatitis
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C virus (HCV) infection of the liver with several autoimmune diseases including
autoimmune thyroiditis have thus far been mixed. Several studies found an increase
in antithyroid antibodies and hypothyroidism in HCV patients before interferon
treatment (57–60). An Italian study showed a high frequency of hypothyroidism (13%)
and antithyroid antibodies positivity (27%) in 630 untreated HCV patients. About 657
healthy controls had a 3.8% incidence of hypothyroidism and 16% were positive for
at least one of the anti-thyroid antibodies (61). However, other investigations did not
find such an association. A UK study on 111 hepatitis C patients (62) and a Spanish
study on 107 patients (63) did not report a significant increase of hypothyroidism or
anti-thyroid antibodies. Differences in the genetic background of the populations and
environmental cofactors, such as iodine, are usually cited as reasons for the different
results. Thus, it is unknown whether HCV can interact with other environmental factors
or whether the risk of thyroiditis is increased only in part of the HCV population such
as older females as some studies would suggest.

Retroviruses have been also implicated in the induction of autoimmune thyroid
disease. Human T-cell leukemia virus type I (HTLV-I) is a human retrovirus highly
endemic in southern Japan, tropical Africa, Melanesia, Latin America, and the
Caribbean and is suspected of causing T-cell leukemia. It is also suspected to have
a role in Hashimoto’s as well as Graves’ disease. It was shown that there is a larger
percentage of patients with Hashimoto’s with HTLV-1 positivity than expected (6.3–
2.2%) (64). Also HTLV-1 carriers have higher prevalence of anti-thyroid antibodies
than the general population (65,66). HTLV-I envelope protein and DNA were detected
in follicular epithelial cells of the thyroid gland of a patient with Hashimoto’s
thyroiditis (67) and Graves’ disease (68).

Thyroid Disease and Bacterial Infections
Chronic infection by Yersinia enterocolitica has been suspected to be a cause or

trigger of autoimmune thyroid disease for a number of years. A study in 1970 reported
a high incidence of Yersinia antibodies in thyroid disease patients (69). Among the
patients, 66% had Graves’ disease and 83% Hashimoto’s thyroiditis. All subjects were
positive for antibodies to Yersinia compared with 8% of controls (69). This result
was attributed to cross-reaction between thyroid antibodies and Yersinia antigens. An
association of Graves’ disease with Yersinia infection was further suggested in a study
of 30 twins where there was an increased frequency of antibodies to Yersinia serotype
3 in the thyroid patients (70). Leukocytes from Graves’ disease patients are also able
to recognize Yersinia antigens, as was demonstrated in leukocyte migration inhibition
assays (71). With respect to a possible mechanism linking Yersinia infection with
Graves’ disease, a binding site for thyroid-stimulating hormone (TSH) has been found
on Y. enterocolitica (72,73). Purified antibody to Y. enterocolitica envelop proteins have
shown to bind with human thyrotropin receptor (74,75). Mice produced anti-thyrotropin
receptor antibodies after immunization with Yersinia (76). The cross-reaction between
epitopes of Y� enterocolitica and human thyrotropin receptor might be an example of
molecular mimicry (77). However, it is still unclear whether infection with Yersinia
can induce autoimmune thyroid disease in susceptible individuals or whether it just
induces transient anti-TSH-R antibodies.
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Correlation of infection with Helicobacter pylori and autoimmune thyroid disease
has been also proposed. In one investigation, four women with autoimmune thyroid
disease and 33 euthyroid-matched controls were compared for serologic evidence of
H. pylori infection (78). The prevalence of antibodies to H. pylori was 78.0% in the
patients compared with 48.4% in controls. A more recent study evaluated 90 children
with autoimmune thyroid disease, 70 age- and sex-matched healthy controls as well as
65 patients with Turner syndrome (79). The prevalence of positive H. pylori antibodies
was significantly higher in the thyroid disease patients than in the control group. No
association was found between individual HLA haplotypes and helicobacter serology.
The evidence is not strong enough to establish that H. pylori plays any causative role
in thyroiditis pathogenesis or whether the increased H. pylori infection is because of
same genetic susceptibility factors.

Thyroid Disease and Parasitic Infections
Autoantibodies developed as the result of parasitic infections are often polyreactive,

binding to a number of self-antigen as well as foreign antigens. Although several
instances of the association of parasitic infections with other autoimmune diseases are
cited in the literature, only a few examples have been reported for the autoimmune
endocrinopathies. One study reported no correlation between 17 schistosomiasis-
infected men and abnormal serum thyroxin (T4) or serum tri-iodothyronine (T3)
levels (80). Infectious pathogens may also influence the disease pathology by altering
the Th1/Th2 responses. Environmental factors may further alter these responses as
explained by the hygiene hypothesis (81). Another study describes immune polar-
ization induced by schistosomiasis infection in a mouse model of Graves’ disease. A
synthetic glycolipid �-galactosylceramide was used as it is known to skew immunity
toward Th2 responses (82). Helminth infection is Th1-dominant and not a Th2 disease
as believed previously. Furthermore, once the thyrotropin receptor response was fully
induced neither infection nor �-galactosylceramide could suppress disease, suggesting
that the time of antigen priming is crucial in relation to infection. Once antigen priming
is initiated, inhibition of pathogenic responses becomes difficult (82). Moreover,
all autoimmune endocrinopathies display mixed Th1/Th2 responses. It is, therefore,
difficult to relate these responses to a specific autoimmune disease.

Thyroid Disease and Vaccination
A study of 386 school children in the age group of 11–13 years found an inhibitory

effect of IgG antibodies against measles, mumps, or both on the prevalence of thyroper-
oxidase antibodies (5%) as compared with seronegative controls (15%) (83). No such
correlation was found for rubella antibodies. There were no changes in the prevalence
of islet cell antibody in the seropositive group for measles, mumps, or rubella. None of
the children had thyroid disease. It is unknown whether any of the children with thyroid
antibodies will develop autoimmune thyroiditis in the future and whether the measles
or mumps infection or immunization will have any protective effect against thyroid
disease (83). There are a few case reports of development of a subacute thyroiditis
after hepatitis B vaccination, which resolved themselves and one case following strep-
tococcal vaccination (84,85).
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AUTOIMMUNE ENDOCRINOPATHIES AND DRUGS

Concurrent or recent exposures to drugs such as beta blockers, thiazide diuretics, and
antipsychotics have been associated with glucose intolerance in some patients (86,87),
whereas thyroid dysfunction associated with lithium carbonate, aminoglutethimide,
thalidomide, betaroxine, stavudine, and amiodarone is well known (88). In contrast,
drugs that have been clinically associated with the autoimmune endocrinopathies,
T1DM, and autoimmune thyroiditis are rarer. In this respect, streptozotocin (STZ) (89),
Vacor (90,91), cyclosporine (92), and tacrolimus (93,94) have been associated
with an acute onset of diabetes with features resembling T1DM. Additionally,
amiodarone (95,96), interferon (IFN)-� (88), and interleukin (IL)-2 (97) have been
associated with hypothyroidism with autoimmune features. The development of
autoimmune endocrinopathies in these patients has left clinicians wondering whether
the primary inciting agent is the drug or whether the patient has some previously
unrecognized tendency for the development of autoimmune endocrinopathy.

Fortunately, some drugs associated with autoimmune endocrinopathies in patients have
also been associated with the induction of diabetes and autoimmune thyroiditis in animal
models of these diseases. These drug-induced animal models of diabetes or autoimmune
thyroiditis have provided some insights into mechanisms that may be associated with
the development of autoimmune endocrinopathies in patients. In this section, we will
discuss the association of autoimmune endocrinopathies with drugs such as STZ, Vacor,
amiodarone, IFNs, tacrolimus, and IL-2 inpatients aswell as the roleofSTZ,cyclosporine,
the IFNs, and IL-2 in animal models of T1DM and autoimmune thyroiditis.

Streptozotocin
For several years, STZ, a glucosamine nitrosourea compound, was utilized in patients

as a broad-spectrum antibiotic and more recently as a chemotherapeutic agent for
neuroendocrine tumors; however, in several patients, hyperglycemia and glucose intol-
erance have been documented with this drug (89,98). Later studies demonstrated that
STZ administration can induce insulin-dependent diabetes in mice utilizing two STZ
immunization regimens: ∼2–3 days after single high-dose (90 mg/kg) intraperitoneal
injection or ∼5–6 days after five daily low-dose (40 mg/kg) intraperitoneal injections
of this compound. Experiments utilizing the STZ-diabetes models have used either
regimen. However, prior investigations suggest that multiple low doses of STZ may
be less toxic to the mice undergoing this experimental regimen (99). Nevertheless,
investigators agree that this animal model of insulin-dependent diabetes provides a
golden opportunity to study mechanisms that may be responsible for T1DM in patients
as well as a vehicle to investigate the role of this autoimmune endocrinopathy in
the development of diabetic nephropathy, obstetrical complications, and rejection or
tolerance of pancreatic islet cells.

Several strains of mice have been found to be susceptible to STZ-induced insulin-
dependent diabetes. These mice include male CD-1 mice, C57Bl/Ks mice (100), male
mice given multiple low doses of STZ (MSZ) (99), and diabetic prone NOD mice
before the onset of spontaneous insulinitis (101). Interestingly, one study documented
sex differences in susceptibility to STZ-induced diabetes using the multiple dose STZ
regimen (102). This study showed that susceptible male mice developed a higher
hyperglycemic response than female mice, and this response was associated with
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testosterone. Hence, the STZ model of diabetes in mice could also be used to study the
role of gender and genetics in the development of diabetes in this experimental model.

No single mechanism has been able to completely explain the development of insulin-
dependent diabetes following STZ-administration in mice, although most studies agree
that the final pathway responsible for diabetes following STZ administration involves
direct toxicity to pancreatic beta cells. What is not clear, however, is which mechanism
is primarily responsible for the destruction of pancreatic beta cells; hence, studies have
suggested that several non-immune and immune mechanisms may have a vital role
in this process. The most common non-immune mechanism is based on the finding
that glucose transporter Glut-2 in pancreatic beta cells takes up STZ (103). This
study demonstrated that uptake of STZ by Glu-2 resulted in direct DNA damage by
alkylation (104) or indirect DNA damage following the generation of nitric oxide
(NO) (105,106). The prevailing immune mechanism of STZ-induced insulin-dependent
diabetes suggests that pancreatic beta cell injury occurs as a result of STZ-induced
increases in CD8+ T cell and macrophage numbers as well as cytokine injury from
IFN-� producing T-helper and cytotoxic T cells (107). Studies further characterizing
these infiltrating T cells show that T cells infiltrating the islets of STZ-induced diabetic
mice are relatively oligoclonal, expressing the V�8.2 T-cell receptor (108) and also
show that diabetes can be adoptively transferred to naïve mice using T cells from
STZ-treated mice (109). Last, studies investigating the role of T-cell signaling in STZ-
induced experimental diabetes have found that this disease requires T-cell recognition
of self in inflamed pancreatic islets as well as CD28 costimulation (110).

As might be expected, immune mechanisms believed to have a role in STZ-induced
experimental diabetes often overlap with non-immune mechanisms, resulting in damage
to pancreatic beta cells. In this fashion, Th1 cytokines such as tumor necrosis factor
(TNF)-�, IFN-�, and IL-1� produced by macrophages have been associated with
diabetes following STZ administration (111). Additionally, these same macrophages
can damage pancreatic beta cells by generating oxygen-free radicals (112). An
additional mechanism that may be responsible for the production of oxygen-free
radicals is through increased expression of inducible NO synthase (113) and the
resultant production of NO and peroxynitrite. These studies show that the production
of oxygen-free radicals is a final common pathway in the pathogenesis of STZ-induced
experimental diabetes.

In the last few years, the importance of a non-immune mechanism involving direct
DNA damage and subsequent repair has been extensively investigated. These studies
may have been generated from the observation that NO can functionally inhibit beta
cells, resulting in reduced insulin secretion (114) and ATP levels (115), in addition
to increased DNA damage (116) and cell death (117). Studies clearly document the
importance of DNA repair by poly (ADP-ribose) synthase also referred to as poly
(ADP-ribose) polymerase in the mechanism of STZ-induced injury (118,119) and
suggest that these studies may reveal future therapeutic targets for T1DM in patients.

Cyclosporin A
Cyclosporin A (CSA), a fungal metabolite, is an established and potent

immunosuppressive agent primarily used in patients after undergoing organ trans-
plantation (120,121). Immunosuppression by CSA occurs through initial binding
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to intracellular cyclophilin and subsequently to calcium-dependent calcineurin. This
binding to calcineurin inhibits activation of the IL-2 gene and thus prevents expansion
of T-cell clones through interference with the production of IL-2 from proliferating T
cells (122,123). Despite its role in immunosuppression, CSA has long been associated
with organ-specific autoimmune disease in experimental mice (124,125) as well as
glucose intolerance (126), T1DM (127), and more recently subacute thyroiditis in
patients post-transplantation (128).

Exact mechanisms responsible for CSA-associated autoimmune endocrinopathies in
patients have not been completely clarified. Nevertheless, mechanisms for CSA-induced,
organ-specific autoimmunity in mice have been investigated. Researchers have found
that daily administration of CSA to newborn BALB/c mice induces gastritis, oophoritis,
orchitis, adrenalitis, insulinitis, and thyroiditis with their associated serum autoantibodies
1 or 2 weeks following the cessation of CSA treatments (125). These authors have
suggested that organ-specific autoimmunity developed from the selective deficiency of
regulatory T cells. Later studies suggested alternative mechanisms that also may be
responsible for CSA-induced autoimmunity and suggested that CSA can induce thymic
involution, inhibit deletion of low-affinity thymic clones, or prevent the development of
T-cell clonal anergy (129). Additionally, these authors noted that withdrawal of CSA can
also induce a graft-vs-host response that may aggravate or induce autoimmune diseases
such as autoimmune thyroiditis. These prior articles infer that the mechanism of CSA-
induced autoimmune endocrinopathy targets T cells and T-cell function.

Other authors investigating the mechanisms of the CSA-induced autoimmune
endocrinopathy, T1DM, have focused primarily on the effects of CSA on pancreatic
beta cell function. These authors have showed that CSA reduced glucose-induced
insulin secretion using in vitro cell cultures of rat pancreatic beta cells (130,131)
and suggested that reduced insulin secretion occurred through two possible mecha-
nisms. The first mechanism was through CSA-induced inhibition of insulin DNA or
mRNA (132), whereas the second mechanism was by CSA-induced direct damage of
pancreatic beta cells (133). A more recent article to address the mechanism of CSA
action in pancreatic beta cells suggested an alternative mechanism for CSA-induced
decreases in insulin. These authors showed that CSA decreased insulin secretion by
interfering with the mitochondrial permeability transition pore (134) and suggested that
CSA immunosuppressive effects occurred through calcineurin, whereas the diabeto-
genic effects occurred through the mitochondrial permeability transition pore.

The mechanism of CSA-induced autoimmune thyroiditis has not been as exten-
sively investigated as that of T1DM, because a direct association with autoimmune
thyroiditis in patients may be less clear. The first article to report subacute thyroiditis
associated with CSA was in a patient on CSA, prednisolone, and chronic lithium,
an agent well known to impair thyroid function (88,128). Whether CSA contributed
to the development of lithium-induced thyroid dysfunction was unclear from this
report. Possibly, the role of CSA in autoimmune thyroiditis could be clarified using
experimental models. However, investigations centering on the influence of CSA on
thyroxin levels in experimental autoimmune thyroiditis showed a paradoxical effect
of CSA where a high dose (360 mg/kg) prevented a decrease in thyroxin levels and
a small dose (25–60 mg/kg) potentiated a decrease in serum thyroxin. Fortunately,
earlier studies investigating CSA and organ-specific autoimmunity have familiarized
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us with paradoxical effects of CSA (125). Hence, these articles investigating mecha-
nisms of CSA-induced autoimmunity in mice may imply that similar mechanisms are
responsible for CSA-induced autoimmunity in patients, but to date, there is no one
mechanism that could explain the development of this phenomenon in patients.

Tacrolimus
Cyclosporin A is not the only calcineurin-inhibiting therapeutic agent that has been

associated with the development of T1DM. Tacrolimus, also referred to in the liter-
ature as FK506, has been associated with T1DM in post-transplant patients. Tacrolimus
is a macrolide antibiotic (135) that inhibits calcineurin by binding to an alternative
calcineurin-associated immunophilin, tacrolimus-binding protein 12 (136). It was intro-
duced as an alternative to CSA with less potential for arterial hypertension and hyper-
lipidemia and no association with hirsuitism and gingival hyperplasia, two well-
known complications of CSA (137). Unfortunately, several studies suggest that patients
receiving tacrolimus are more likely to develop T1DM when compared with CSA-treated
patients, and this tendency is increased with the concomitant use of steroids (94).

The mechanisms responsible for tacrolimus-induced T1DM in patients have not been
fully elucidated. Previous studies have suggested direct toxicity to pancreatic beta cells,
decreased insulin sensitivity or decreased insulin release, or synthesis by pancreatic
beta cells as possible mechanisms to explain this phenomenon (94,138,139). However,
a thorough investigation of these mechanisms in experimental animal models will be
useful. To date, there are no reports of tacrolimus-induced autoimmune thyroiditis in
patients.

Amiodarone
Amiodarone is a benzofuranic derivative used to treat tachyarrhythmias, such as

paroxysmal supraventricular tachycardia (140) as well as congestive heart failure (141)
in patients. It has several unique pharmacological features including a relatively long
half-life of around 40 days and a wide distribution to several key tissues including
liver, heart, and thyroid. In addition to these features, it has a high iodine content of
reportedly anywhere from 27% (76) to 37%, which results in increased exposure to
iodine in patients treated with amiodarone for prolonged periods (142,143). Not surpris-
ingly, then, treatment of patients with amiodarone has been associated with thyroid
dysfunction; however, whether or not amiodarone can cause thyroid autoimmunity
remains controversial.

Nevertheless, most clinicians will agree that 14–18% of persons treated with
amiodarone will develop abnormalities in thyroid function (144), which are generally
categorized into three types. The first type of amiodarone-induced abnormality results
in thyrotoxicosis, more commonly seen in male patients with thyroid abnormalities,
and caused by deiodination of thyroxin resulting in elevated serum-free T4 (145).
Studies suggest that the mechanism of this type of amiodarone-induced thyrotoxicosis,
also termed AIT-1, is from a direct effect of amiodarone on thyroid cells from iodine-
induced excess thyroid hormone (TH) synthesis (146). Because of underlying thyroid
abnormalities in these patients, the role of thyroid autoimmunity in this disease has
been investigated. From these studies, researchers have concluded that humoral thyroid
autoimmunity did not have a role in AIT-1 in patients without underlying thyroid
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disorders (147). The second type of AIT, termed AIT-2, results in destructive thyroiditis
in patients with no previously known abnormalities of the thyroid that occurs from the
discharge of pre-formed hormones (143). In AIT-2, most clinicians agree that thyroid
autoimmunity is not an issue.

The third and last form of amiodarone-induced thyroid injury causes hypothy-
roidism and occurs more frequently in women with pre-existing thyroid injury,
especially autoimmune thyroiditis (143,144). Studies investigating the pathogenesis
of amiodarone-induced hypothyroidism (AIH) suggest that damage from amiodarone
occurs in areas already injured by autoimmune thyroiditis, resulting in susceptibility to
iodine inhibition of TH and an inability to escape from Wolff–Chaikoff effect (143).
Even so, the association of AIH with autoimmunity lies with a pre-existing diagnosis
of autoimmunity and not the development of new-onset autoimmunity. Clearly, from
these mechanisms, amiodarone can induce thyroid injury; however, the development
of thyroid autoimmunity may require an already injured thyroid gland. In fact, only
one study transiently detected anti-thyroid peroxidase antibodies in patients following
amiodarone treatment (148). This study found that ∼55% of patients developed these
autoantibodies after starting amiodarone therapy (148); however, later investigators
were unable to reproduce these findings in other groups of patients (149,150).

Rat Poison (Vacor)
Vacor is a rodenticide that can induce diabetes in rodents and humans (90,91).

However, in recent years, Vacor has been discussed primarily for its historical
perspective. Before 1993, following inadvertent or intentional exposure to Vacor,
individuals developed signs and symptoms similar to T1DM. The pathogenesis of
diabetes in patients or mice is thought to be from direct toxicity to pancreatic beta
cells using similar mechanisms found following administration of STZ, in addition to
possible direct inhibition of NADH. Nevertheless the issue of autoimmunity following
Vacor exposure has not been resolved.

Interferons and IL-2
The IFNs can be grouped into two classes: Type 1, which includes IFN-� and

IFN-�, and Type 2, which includes IFN-� (151). Investigators have discovered several
type 1 alpha IFNs but only one type 1 beta IFN, which may suggest that IFN-�
may be capable of responding to a wider variety of environmental stimuli (152). In
fact, previous studies have demonstrated that challenging experimental systems with
bacteria or lipopolysaccharide (153), polyanions in addition to double-stranded DNA
and RNA (154), IL-2 (155), IFN-� (156), hypoxia (157), or vasoactive intestinal
polypeptide (158) can induce IFN-�. Even so, investigators agree that viruses are the
most potent inducers of IFN-� (152,159). Hence, the antiviral properties of IFN-�
have been utilized to treat persistent hepatitis B and C infections, and because of its
diverse therapeutic effects, IFN-� is also used to treat leukemias, lymphoma, carcinoid
tumors, and breast cancer (160,161).

As a corollary to responding to various stimuli, IFN-� has various effects on
the immune system. IFN-� can activate dendritic cells, stimulate T-helper cell
and cytotoxic T-cell proliferation (152), as well as promote immunoglobulin class
switching (162,163). Moreover, generation of these immune responses can occur
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through several avenues using specialized cell types, such as natural killer cells (164)
and monocytes (165) and a number of cytokines including IL-1, IL-2, IL-4, IL-6, IL-8,
IL-10, and IL-15 (152). It is not surprising then that the ability of IFN-� to respond
to a diverse array of stimuli and induce various effects on the immune system may
predispose some patients receiving recombinant formulations of this drug or patients
with elevated IFN-� to the development of autoimmune diseases.

Previous studies have associated the induction of natural IFN-� and the administration
of recombinant IFN-� with the development of several autoimmune diseases in humans
including systemic lupus erythematosus (SLE), T1DM, and thyroiditis. Our review of
reports associating the induction of natural IFN-� with the development of autoimmune
diseases demonstrated that SLE is the best documented of these diseases. Cross-sectional
human studies clearly showed that SLE patients had elevated serum levels of IFN-� (166,
167). Interestingly, these studies did not demonstrate recurring increases in IFN-� in these
patients. Elevated levels of natural IFN-� were also documented in pancreatic biopsies
from patients newly diagnosed with T1DM, and similar to SLE, IFN-� was not reliably
elevated (168,169). In contrast to these diseases, elevated expression of natural IFN-� has
not been reported in autoimmune thyroiditis, although also documented in psoriasis (170),
Crohn’s disease (171), and celiac disease (172).

The development of the autoimmune diseases T1DM and thyroiditis have been
well documented following the administration of recombinant IFN-�. Yet, it cannot
be ignored that several of these studies reporting an increase in the frequency of
autoimmune diseases following IFN-� administration were performed in patients
infected with chronic viral hepatitis (173,174). Hence, the role of the concurrent
infection in the development of T1DM and thyroiditis could not be separated. Even
so, the first study correlating IFN-� with T1DM demonstrated increased autoantibody
titers in a patient with hepatitis C who had T1DM-associated autoantibodies GAD
and IAA before treatment with IFN-� (175). Subsequent studies performed in Japan
reported diabetes in 0.08–0.7% patients following IFN-�; however, these studies did
not document autoantibody measurements in these patients (173,174). A later study
in hepatitis C patients then showed that the numbers of T1DM autoantibody-positive
patients rose by 4%, from 3 to 7%, following treatment with IFN-�, further suggesting
that recombinant IFN-� may have a role in the development of autoimmunity and
T1DM in susceptible patients (176).

Autoimmune thyroiditis following recombinant IFN-� is also well documented.
Previous studies have recognized the types of autoimmune thyroiditis, the incidence,
the potential risk factors, and the natural history of this disease in patients. These
studies assist clinicians in potentially identifying high-risk patients before the onset of
autoimmune thyroiditis. In this way, two types of autoimmune thyroid diseases have
been associated with this therapy in patients: autoimmune hypothyroidism and thyro-
toxicosis (177). Although somewhat less investigated than SLE and T1DM following
IFN-�, the incidence of IFN-�-associated autoimmune thyroiditis is surprisingly 6%.
Not surprisingly, although, risk factors for developing autoimmune thyroid diseases
resemble those associated with the development of T1DM following IFN-� and
include female sex, malignancy or hepatitis C, pre-existing thyroid autoantibodies,
prolonged IFN-� therapy, or therapy in combination with IL-2. Earlier studies investi-
gating this phenomenon in hepatitis C patients suggested that, following recombinant
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IFN-�, autoimmune thyroiditis in the majority of patients spontaneously resolves (177);
however, a recent study investigating the natural history of this type of thyroiditis
suggests that thyroiditis may not resolve in some patients with hyperthyroidism who
require therapy >5 years (178).

Animal models of IFN-�-induced autoimmunity have assisted in the identifi-
cation of mechanisms that may be responsible for IFN-�-associated autoimmunity in
patients. The animal model of IFN-�-induced T1DM clearly demonstrates elevated
IFN-� production by pancreatic islets cells before the onset of diabetes in STZ-
treated mice (179). Moreover, administration of anti-IFN-� antibodies could prevent
the development of diabetes in these mice. Immunization with polyinosine/cytosine,
an inducer of IFN-� accelerated the onset of T1DM in STZ-treated mice (180).
Additionally, further mechanistic investigations found that the induction of autoreactive
T cells by IFN-� required the induction of intercellular adhesion molecule (ICAM)-1
and B7.2 (181). To our knowledge, there are no animal models of IFN-�-induced
autoimmune thyroiditis.

Low-dose IL-2 has been used as a systemic adjuvant with experimental cancer
vaccines (182). IL-2 is also used to promote the proliferation of antigen-specific T cells.
However, administration of IL-2 has been associated with autoimmune diseases such as
vitiligo, T1DM, and thyroiditis. One study evaluating the development of autoimmune
diseases in patients treated with anti-tumor vaccines and low-dose IL-2 found that
the most common autoimmune disease associated with this therapy was autoimmune
thyroiditis (15.4%), whereas the frequency of T1DM (2%) was a distant third following
vitiligo and visual and ocular inflammation (97). Surprisingly, the majority of patients
developing these diseases were male, suggesting that other mechanisms and not just
autoimmunity could account for the development of thyroid dysfunction and hyper-
glycemia. To highlight this issue, in the case of thyroiditis, autoantibodies were not
consistently measured before the onset of treatment and following the development
of thyroiditis. However, in three patients, anti-thyroglobulin (Tg) and anti-microsomal
antibodies were detected. In patients who developed hyperglycemia and diabetic
ketoacidosis, autoantibodies were not documented. Nevertheless, these studies highlight
the need for determining not only thyroid function and fasting hyperglycemia but also
autoantibody status before the onset of treatment with IL-2. Additionally, the contri-
bution of the anti-tumor vaccine to the development of autoimmunity has not been
discussed.

AUTOIMMUNE ENDOCRINOPATHIES AND DIETARY FACTORS

Diet plays an important role in the development of an autoimmune endocrinopathy.
Dietary factors such as fatty acids and sugars are often associated with autoimmune
diabetes, and iodine, a micronutrient largely affects autoimmune thyroid diseases.
Excessive consumption of foods with high nutritional values or “nutritional toxicity”
has been referred to be a main cause of dysregulated glucose metabolism and obesity.
Thus, nutritional habits in combination with behavioral factors determine the outcome
of several autoimmune endocrinopathies.



50 Part I / Introductory Chapters

T1DM and Dietary Factors
The prevalence of obesity has increased remarkably in the United States in the

past decade, leading to increased risk of diabetes. The combination of eating large
meals containing high amounts of fatty acids, fiber, cholesterol, and excess sugars
with sedentary life style accounts for obesity. Obesity is often an adjunct to impaired
glucose tolerance, dyslipidemia, hypertension, and type 2 diabetes. The dietary habits
also vary with age, sex, and geographical distribution of the population. Although
diet plays a major role in the development of endocrinopathies, only few studies have
been performed that show a direct association between diet and T1DM. Interestingly,
a study on 38 children aged 6–18 years showed a decreased sensitivity to insulin
after intervention of 24-weeks exercise and controlled nutrition (183). A large study
comparing the effects of dietary changes among the non-migrated and migrated Indians
to the United Kingdom showed a strong correlation between adapted high-fat diet and
its effects on modulated insulin-like growth factor (IGF) and IGF-binding protein (184).
The study sets strong evidence for the role of environmental factors in disease etiology
among genetically matched population. Both increased fatty acids and high glucose
levels are shown to cause an excess stimulation of beta pancreatic cells, resulting in
their functional impairment.

Very little is known about the immune-mediated effects that are caused because
of excess glucose consumption; however, a direct effect of “hypersensitivity” has
been observed. More studies are available that describe the effects of fatty acids
on autoimmune diabetes. A study on transgenic mice with defective muscle insulin
receptor signaling showed a correlation between impaired glucose tolerance and
obesity (185). The only fatty acids shown to be protective for glucose intolerance
so far are the ones from the Omega 3 family (186). The mechanisms suggested for
fatty acid-induced beta-cell death involve the NF-�B signaling pathway mediated by
cytokines such IL-1� and IFN-� (187). The initiation of NF-�B signaling leads to
NO production, Fas expression, and beta-cell death (188). However, another study has
suggested that the mechanisms by which fatty acids and cytokines cause beta-cell death
may be different and independent of NF-�B signaling (189). Contrary to the above
studies, the protective role of NF-�B activation in cytokine-mediated beta-cell death
has also been described (190). In summary, the effects of excess fatty acid exposure
clearly involve an immune-mediated phenomenon of pancreatic beta-cell destruction;
there may be more than one underlying mechanism.

Thyroid Disease and Dietary Factors

Iodine

Iodine has been known to be a major dietary factor involved in the manifes-
tation of both hyperthyroidism (Graves’ disease) and hypothyroidism (Hashimoto’s
thyroiditis). The interaction among genetic, hormonal, and environmental factors
initiates disease. Results of epidemiological studies showing a strong association
between iodine deficiency and thyroid dysfunction led to the implication of national
policies on countrywide iodine supplementation in diets. Iodination of salt was intro-
duced as a public health measure in the 1920s. The program was very successful and
virtually eliminated endemic goiter in the United States (191). However, the incidence
of autoimmune thyroiditis increased concomitantly with the progressively increasing
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iodine content in the diet (192–195). For example, a threefold increase in the prevalence
of autoimmune thyroiditis among schoolchildren was noted once iodine deficiency
was eliminated in an area of endemic goiter in northwestern Greece (196). This
increased iodine consumption is strongly implicated as a trigger for thyroiditis in genet-
ically susceptible individuals (197). Sources of dietary iodine include food and food
additives (kelp and seaweed, iodinated salt, iodine additives to bread/flour, preserva-
tives, and red coloring), therapeutics (amiodarone, vitamins, Lugol’s solution, etc.),
topical antiseptics, and contrast dyes (198–200).

Besides the epidemiologic association mentioned previously, clinical studies have
also associated elevated iodine intake with autoimmune thyroid diseases (201–203). In
one study, restriction of dietary iodine reversed the hypothyroidism in 12 of 22 patients.
Seven patients with reversed hypothyroidism were re-fed iodine, and all of the seven
patients became hypothyroid again (197). Further clinical studies indicated that iodine
restriction of many patients with primary hypothyroidism restored normal thyroid
function (204,205). Thus, high iodine intake facilitates the induction of autoimmune
thyroid disease, but only in genetically predisposed individuals.

Thyroglobulin

The Tg molecule is an essential and abundant protein of the thyroid follicular cells
on which the iodides are stored. Each chain of human Tg consists of 2748 amino acids,
67 (2.4%) of which are tyrosines (206). Normally, no more than 25% of tyrosines are
iodinated. Moreover, only four of the tyrosines per chain (positions 5, 2553, 2567, and
2746) are reputed to play a role in hormonogenesis (207). These four tyrosines have
high affinity for iodine. Early iodination takes place at these specific sites and in a
particular sequence (208,209). However, many other tyrosyl sites are available for the
storage of iodine besides the four hormonogenic ones. The affinity of the other tyrosyl
residues varies considerably according to their accessibility, neighboring groups, and
ionization constant. With increasing degrees of iodination, structural modifications in
Tg molecule may occur, leading to new molecular forms (27S or 37S) and to some
extent change in its properties (210). Increased binding of iodine into tyrosyl residues
increases the stability of Tg and also increases its resistance to proteolysis (211). The
effect is presumably dependent on a greater hydrophobicity of the iodotyrosyl and
iodothyronyl residues compared with tyrosyls alone (212). Thus, increased iodination
can have significant stereochemical effects on the Tg molecule, which can lead to the
development of novel autoimmunogenic epitopes.

Variations in iodine content have also been shown to affect the immunogenic
properties of Tg. Highly iodinated Tg is more immunogenic than poorly iodinated Tg.
Studies in humans show that both antibody and in vitro T-cell responses decreased
to background levels when Tg lacked iodine. Thyroglobulin re-iodination restored
these responses (213–215). Differing iodine content of human Tg can both create new
epitopes and render others inaccessible, as recognized by monoclonal antibodies (215).
As in-depth research is difficult in human subjects, most of the mechanistic work has
been performed using animal models.

Iodine-containing epitopes are more important in the induction of thyroid autoim-
munity, because non-iodinated Tg fails to induce severe thyroiditis (216,217). These
important findings suggest that the critical effect of iodine may begin at the level of
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T-cell recognition. Investigations on animal models such as (OS) chickens, (BB/W)
rats, and NOD.H2h4 mice have provided firm support for the pathogenic role of
iodine in autoimmune thyroid disease. Certain observations from animal studies remain
consistent: (1) increased dietary iodine leads to earlier and more severe disease; (2)
disease occurs only in a subset of genetically predisposed animals; (3) high-iodine diet
increases the immune responses to Tg; and (4) iodine restriction retards lymphocytic
infiltration.

The NOD.H2
H4

Mouse

Among the animal models of thyroid diseases NOD.H2h4 has been the most relevant
model of spontaneous autoimmune thyroiditis. NOD.H2h4 was developed at Merck
Laboratories by Dr. Linda Wicker and colleagues. The mouse line was generated by
crossing the NOD with the B10.A(4R) strains and extensively backcrossing to the NOD.
The strain expresses the MHC-II (I-Ak) background permissive for thyroiditis (218).
None of the mice develop diabetes; however, a high proportion of older animals show
an evidence of thyroiditis (50% in NOD.H2h4 vs 5% in the NOD strain). Furthermore,
the incidence of thyroiditis in NOD.H2h4 rise to 90% if excess iodine is added to their
drinking water (219). The disease pathology is similar to that of autoimmune thyroiditis
of humans, characterized by chronic infiltration of mononuclear cells, including CD4,
CD8, B cells, macrophages, and dendritic cells (220–222). Furthermore, severity of
disease correlates with autoantibody to Tg. The previously described findings show
a close analogy between mouse and human thyroiditis and that the NOD.H2h4 is a
relevant model of human autoimmune thyroid disease.

Initiation of Disease Pathology

Both CD4 and CD8 T cells are required for the initiation of thyroiditis in
the iodine-enhanced NOD.H2h4 model; however, only CD4 cells are required to
maintain chronicity of the disease, because depletion of CD4 cells, but not of CD8,
reduced disease severity, suggesting that CD8 cells are not necessary for maintaining
progression to severe thyroiditis (221). It is further demonstrated that B cells, especially
early in life, were required for the initiation of disease in NOD.H2h4 mice (223). These
investigators depleted B cells with an anti-IgM treatment and found that thyroiditis
was severely compromised (223). Passive transfer of antibody or reconstitution of
adults with B cells did not induce thyroiditis, suggesting further that there was early
requirement for B cells and that B cells are important in antigen presentation. There
is a little evidence for the effects of differentially iodinated Tg on the role of antigen-
presenting cells (APCs), although THs and other iodinated compounds are known to
play a role in the transition of monocytes to dendritic cells mediated by components
such as granulocyte-monocyte colony-stimulating factor (GM-CSF), TNF-�, and IL-6
and are shown to considerably affect the immune responses (224,225). Thus, it is
possible that iodine acts by altering APCs directly to initiate the events that lead
to thyroiditis. It is also likely that critical events in determining pathogenicity are
downstream of these events. These results also suggest that the critical events for the
initiation of diseases differ from the chronic stage of disease. Once the disease is
established, no reduction in disease is found even after excess iodine is discontinued,
suggesting that the initial stimuli are especially important in determining the future
course of this disease.



Chapter 3 / Environmental Factors and Autoimmunity 53

Iodine and Adhesion Molecules

Our recent studies showed that iodine provides an initial stimulus for ICAM-1
upregulation and leads to progression of thyroid disease. NOD.H2h4 mouse thyrocytes
express ICAM-1 constitutively, which is considerably enhanced on a few weeks of
iodine feeding (8,226). Further evidence came from our in vitro experiments where
thyroid cells were isolated by magnetic beads and were cultured without any inter-
ference of mononuclear cells. An upregulated expression of ICAM-1 was noticed
within 24 h after stimulation with iodine (8). Therefore, iodine by itself could foster
increased expression of ICAM-1, which accounts for initial stimulus in disease.

ICAM-1 is shown to play a major role in early stages of inflammatory immune
responses that help to determine the localization of inflammatory mononuclear cells.
Several similar studies in humans have also reported an enhanced ICAM-1 expression
in the thyroid glands of both Graves’ disease and Hashimoto’s thyroiditis patients
(227,228). Using the NOD.H2h4 mouse model, we have expanded these findings to
understand the mechanisms of ICAM-1 regulation.

The ICAM-1 gene promoter has multiple transcription binding sites with at least three
different transcriptional initiation sites. Many stimuli can promote ICAM-1 expression
that includes certain cytokines, viruses, radiation, retinoic acid, and oxidants. Iodine
is taken up by the thyrocyte, organified, and stored on the Tg molecule through the
enzymatic reaction of thyroperoxidase. During this process, reactive oxygen species
(ROS) such as superoxide anion and hydrogen peroxide are generated. Both of these
ROS are known to stimulate the ICAM-1 gene promoter. In genetically susceptible
individuals, this process is triggered through diverse small stimuli, so that ICAM-1 is
overexpressed in the thyroid gland. In NOD.H2h4 mice ROS blocking with specific
pharmacological inhibitors suppressed ICAM-1 expression on iodine treated thyrocytes
in vitro (our unpublished data). The upregulated ICAM-1 was due solely to iodine, as no
immune cells were present in the cultures. Thus, iodine can affect the thyrocyte directly
as well as indirectly through the cytokine production by infiltrating lymphocytes.

ENDOCRINOPATHIES AND BEHAVIORAL FACTORS

T1DM and Cigarette Smoking
Cigarette smoking is a major public health concern in many countries and is

considered a risk factor for T1DM. Only a few studies are available to provide
direct evidence for the autoimmune nature of disease, and no study has revealed
the immunogenic effects of tobacco on disease development. A retrospective study
assessed the effects of smoking on circulating ICAM (cICAM)-1 in young adults.
The levels of cICAM-1 were found to be significantly enhanced in a dose-dependent
manner (229). Similarly, another study found increased levels of vascular ICAM
(VCAM)-1 and endothelium ICAM (ECAM)-1 in T1DM patients with smoking
habits. Most studies conducted are based on the information after the disease has
established.

The exact mechanism responsible for smoking-induced T1DM is not clear; however,
considering increased levels of plasma cICAM-1 and cVCAM-1, it may be speculated
that enhanced inflammation, cell–cell interaction, and inflammatory cytokine secretion
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could be one mechanism of beta-cell destruction. In the absence of any antibody data,
it is difficult to conclude whether the disease is truly of an autoimmune nature.

Thyroid Disease and Cigarette Smoking
A meta-analysis reviewed 25 studies pertaining to smoking history and Graves’

disease with opthalmopathy and various forms of hyperthyroidism and hypothy-
roidism (230). A dose–response relationship was described between increasing risk of
disease among current smokers. Stronger association (odds ratio 4.4) for ever-smoking
subjects were seen with Graves’ disease with ophthalmopathy. Strong association
(odds ratio 3.3) among current smokers was found with Graves’ disease compared
with former smokers. Sex-specific analysis showed a stronger association of Graves’
disease in women smokers. Fewer studies are available pertaining to smoking and
hypothyroidism, Hashimoto’s thyroiditis, or subclinical hypothyroidism (230,231). In a
study on 759 women in the Netherlands, a decreased prevalence of thyroid peroxidase
antibodies was reported (232). Yet, another study on 115,109 women reported smoking
as a risk factor in Graves’ hyperthyroidism (95% confidence interval), but the study
does not present any antibody data (233). The Denmark study on 132 same-sex, twin
pairs showed a significant increase in clinically overt autoimmune thyroid disease in
smokers as compared with their twin non-smokers (234). Contradicting results were
reported by National Health and Nutrition Examination Survey III (NHANES III)
(235). The study evaluated the levels of serum cotinine levels to distinguish smokers
from non-smokers. A negative correlation among smokers and thyroid autoimmunity
was found.

Very little is known about the mechanisms of cigarette smoking-induced thyroid
diseases. Few studies show that thiocyanate a chemical substance generated by smoking
may affect the thyroid gland functioning. Thiocyanate and perchlorate ions are known
as inhibitors of iodine-trapping mechanism (see Endocrine Disease and Occupational
Exposure). A relationship between cigarette smoking and Hashimoto’s thyroiditis is
well described (234,236). High levels of serum thiocyanate were detected in smokers
who had hypothyroidism but not hyperthyroidism (236).

T1DM and Breastfeeding
Literature analysis showed a small protective effect of breastfeeding in infants

and a few harmful effects of formula foods with respect to T1DM. Similarly, early
introduction of cow’s milk and dairy products to infants did not show any significant
harmful effects on islet cell autoimmunity in children. A study on 10 children who
progressed to T1DM showed no association between islet cell autoimmunity and
duration of cow’s milk or breastfeeding (237). Similar findings were reported by the
German baby diabetes study conducted on 1610 children (238). However, children
with increased genetic susceptibly (HLA-DQB1 alleles) were found to be at a higher
risk for developing beta-cell autoimmunity after early introduction of cow’s milk or
short-term breastfeeding (239). A recent pilot study has shown the interference of diet
in the manipulation of spontaneous beta-cell autoimmunity in infants with HLA-DQB1
genotype. Therefore, most human studies have their limitations in providing a strong
association between infant dietary factors and autoimmune diabetes.
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Autoimmune Thyroiditis and Breastfeeding
Reduced breastfeeding practices because of changing life styles and demanding work

needs of women have significant effects on infants’ thyroid health. Breastfeeding is
often replaced with several formula feeds with various combinations, which have put
infants at a higher risk of thyroid autoimmune disease. More research studies have
investigated the effects of infant formula foods and cows’ milk feeding on children’s
health. Perchlorate, a goitrogenic anion, is well known as a competitive inhibitor of
the sodium iodide transporter and has been widely detected in cow’s milk throughout
the United States. A study has indicated that almost 80% of perchlorate is metabolized
in the lumen and could be a possible risk factor to cattle itself (240). The remaining
proportion that is fed from cows’ milk could equally be goitrogenic in infants and can
impair thyroid and neurodevelopment (241). The effect of perchlorate on adults on the
contrary had no significant effects on overall health of occupational workers that were
exposed for an average of 1.7 years. No significant changes in the serum TSH and
Tg concentrations were reported, but serum T4, free T4, and free T3 although slightly
increased were significant as compared with controls (242). Long-lasting protective
effects of breastfeeding are well documented (243,244). The effect of infant formula
food is still controversial because of variations in iodine content in each preparation. A
food survey study on eight infant formulas and 18 brands of cows’ milk from 2001 to
2002 reported extremely high variations in iodine levels. The iodine content in infant
food was found 23.5 ± 13.8 �g/5 oz and in the cows’ milk 116.0 ± 22.1 �g/250 ml.
Thyroid gland volumes were found to be greatly reduced in infants who were partially
or exclusively fed iodine-supplemented or iodine-free formula (245). Interestingly,
infants with mothers who had Hashimoto’s thyroiditis or Graves’ disease had normal
thyroid functioning and T3, T4 levels on breastfeeding as compared with formula-fed
infants (246). More importantly, even with low maternal iodine status, breastfeeding
compensated for iodine in infants (247). Therefore, it is certain that breastfeeding
protects from thyroid dysfunctions during early childhood.

ENDOCRINE DISEASE AND OCCUPATIONAL EXPOSURE

Exposure to industrial byproducts such as polychlorinated biphenyls, hexachlo-
robenzene, and organochlorine pesticides, thiocyanate and perchlorates, has been impli-
cated in the development of autoimmune thyroid disease (248,249). Increased levels of
TSH, decreased T4, and anti-thyroid antibodies were detected in workers exposed to
polychlorinated biphenyls in a manufacturing plant in East Slovakia (250). Evidence
of increased thyroid size and other thyroid-related defects because of exposure to
dithiocarbomates and ethylenebisdithiocarbomates has been documented (251,252). A
longitudinal study on occupational workers in a factory of ammonia production plant
studied the effects of perchlorate and thiocyanate on thyroid function. Both chemicals
are associated with iodine uptake directly in the thyroid at the sodium–iodide symporter
level. The study reported a small but significant increase in the levels of serum T4, free
T4 and total T3 levels among the workers with 3-day (12 h/day) exposure compared
with 3-day off workers (242). It is important to consider the intensity and duration of
exposure, combined with age, sex, and genetics that alter diseases pathology.

A large body of data are available from many examples of both animals and humans
showing that chemicals directly initiate and exacerbate the pathological immune
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process, mutate genes, alter regulatory and immune effector pathways, and modify
immune tolerance. Systemic allergenic reactions sometimes resemble an autoimmune-
like phenomenon and progress to an autoimmune disease. In systemic allergenic
reactions, an immune response may be directed to the chemical compound, whereas
in autoimmune process, the immune reaction is directed toward the autoantigens. The
basic mechanisms are summarized later in this chapter.

Chemicals or xenobiotics alter thyroid gland functioning either directly by disrupting
the thyroid structure or indirectly by disrupting the action of regulatory enzymes
involved at various levels of TH synthesis. THs T3 and T4 are produced in the thyroid
gland from where they are released into the circulation and transported to different
tissues. Chemicals such as thiocyanate and perchlorate inhibit the uptake of iodine
at the symporter level or during thyrotropin stimulation, affecting TH synthesis (253).
Chemicals such as methimazole, aminotriazole, and thionamides inhibit TH synthesis
by blocking organic binding of iodine to Tg molecules and thyroperoxidase
activity (253–255). Dithiocarbamates and ethylenebisdithiocarbamates on the one
hand disrupt thyroid function similarly affecting the catalytic activity of thyroper-
oxidase (252). Polyhalogenated aromatic hydrocarbons on the other hand affect TH
synthesis at the tissue level by inducing enzymes such as uridine diphosphoglu-
curonosyl transferases that eliminate THs and affecting hepatic metabolism (256–259).

Therefore, the mechanism of action of each compound may vary with its nature and
so its effects on immune regulation.

Endocrine Diseases and Irradiation
Exposure of environmental radiation and its correlation with thyroidal dysfunction

has generated considerable attention since the Chernobyl accident in 1986. The steam
explosion from the Chernobyl nuclear reactor resulted in release of about 5% of the
total radioactive core into the atmosphere and downwind. Over the last three decades,
several studies on thyroid disease have been conducted on cohorts exposed to radiation
in Chernobyl, Ukraine, Russia, and Belarus (260). Studies on exposure to other ionizing
radiations after the atomic bomb explosion in Hiroshima and Nagasaki have also been
published. In the United States, the National Cancer Institute has provided a report in
1997 for the thyroid doses in the US population, resulting from fallouts from nuclear
weapon testing at the Nevada Test Site (261).

Thyroid Disease and Ionizing Radiation
Over the past two decades, several studies have suggested an association between

environmental radiation exposure and risk of autoimmune thyroid disease. Most
studies have assessed their diagnosis based on antithyroid antibodies, the size of
thyroid gland, and ultrasonography of thyroid gland (262). Significant increase in the
incidence of hypothyroidism after radioactive iodine therapy was reported (263). These
studies establish a correlation between environmental radiation exposures with thyroid
function.

Therapeutic use of radioactive isotope of iodine is over 50 years old, a dose of 15 mCi
or 550 MBq is known to be safe. The thyroid being one of the most radiosensitive
tissues is rapidly affected in terms of its function as well as pathophysiology because
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of radiation exposure. The genetic susceptibility of an individual together with dietary
variations contributes to the initiation of the disease.

A study of 888 school children in the age group of 10–15 years from Chechelsk in
Belarus assessed the effects of radiation exposure in a heavily contaminated area during
the Chernobyl disaster (264). Age-matched 521 children from Bobruisk, Belarus, were
studied to represent a less-contaminated area. Thyroid examination was carried out in all
the children; blood tests and ultrasonography were done in those who were found with
enlarged thyroid glands/goiters. The study showed no statistical significant difference
in thyroid function tests between the two groups of children. The incidence of diffused
goiter was significantly higher (p < 0�01) in the less-contaminated region (264).

Another study on occupational exposure to ionizing radiation in 4299 subjects
described a high risk of autoimmune thyroid disease. TPO antibody was assessed, and
ultrasound of the thyroid gland was performed in patients with higher antibody levels.
Long-term exposure up to 5 years was evaluated. The results showed that subjects
with long-term exposure to ionizing radiations were at a higher risk of developing
autoimmune thyroid disease (265).

In the animal studies, the pathophysiological effects of ionizing radiations leading
to thyroid disease have been observed in a closed colony of beagle dogs. Thyroid
neoplasia in addition to thyroid dysfunction has also been observed (266).

Two different mechanisms by which radiation may cause an autoimmune pheno-
menon have been proposed. Radiation exposure may directly injure the thyroid cell
or may affect the DNA methylation process of T cells, thereby indirectly modulating
the immune responses.

SUMMARY OF MECHANISMS

Autoimmunity may be initiated by various mechanisms involving changes in
autologous antigens or alterations in immune regulation (Fig. 1). The pathological
consequence of an autoimmune response depends initially on the stimulation of
helper/inducer T cells reactive with self-antigens. The activated CD4+ T cells secrete
a combination of cytokines and other mediators that direct the quantity and quality of
the subsequent immune response. Cytotoxic CD8+ T cells penetrate tissue spaces and
attack cells bearing requisite surface antigens complexed with the appropriate MHC
product. Their inflammogenic products indirectly damage tissues through delayed
hypersensitivity-like reactions. Autoantibodies react with accessible cell antigens and
mediate injury directly or indirectly. Mast cells, macrophages, and NK cells, activated
by cytokines, have the potential to augment tissue damage. These several mechanisms
do not operate in isolation; rather, multiple processes act in unison in most autoimmune
diseases (267,268).

The interference of an environmental factor with the ongoing immune process could
alter the immune responses in various ways. The outcome of these interactions is
essentially regulated by the quality, quantity, and duration of the exposure of one or
more environmental factors. As we discuss here, the interaction may have an impact
at the level of antigen processing, T- or B-cell responses, gene mutations or at thymic
regulation.
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AUTOIMMUNE
ENDOCRINOPATHY 

Genetics Environment

Initiation of autoimmune response

Altered Antigen Altered Immune Response Alteration of Genes

Covalent modifications 
Cryptic epitopes 
Altered Ag presentation 
Molecular mimicry 

Thymic dysregulation 
Altered MHC recognition 
Epitope spreading 
Bystander mechanism 
Adjuvant effects

Radiation 
Gene penetrance and mutation 
Chromatin breaks 

Fig. 1. Summary of mechanisms.

Altered Antigen
As a result of metabolic process, certain drugs and chemicals get converted into

reactive electrophils, such as haptens or low-molecular weight compounds (LMWC).
These LMWC are too small to be recognized by the T cells, but on conjugation
with a larger self-protein, they may form new self-antigenic structure or a hapten–
carrier complex, which can then induce an autoimmune-like response leading to an
autoimmune disease. Termed as antigenic covalent modifications, these reactions form
the basis of “hapten-hypothesis” (269). These complexes are processed by MHC
molecules of APCs and presented as neoantigens or altered self-antigens (269). Initially,
the immune responses are directed exclusively to the hapten or the altered self-antigen,
but after a certain time period, autoimmune responses to native self-antigens may
arise. For example, trifluoroacetyle (TFA) combines with the liver protein S100 to
form hapten–carrier complex TFA-S100 and has been shown to induce autoimmune
hepatitis in mice (270). Another study on mice exposed to mercury (HgC12) revealed
that T cells of treated mice first responded to mercury-modified fibrillarin, but after 8
weeks, a T-cell response to native fibrillarin epitope was also found (271). This process,
referred to as determinant or epitope spreading (272,273), may explain why patients
after exposure to certain drugs or other chemicals sometimes develop autoantibodies
to unchanged self-antigens.

In certain cases of drugs such as procainamide and hydralazine, which are shown
to induce a lupus-like autoimmune disorder, discontinuation of the drug causes the
autoimmune reaction to cease. In such cases, it is believed that the initiation of an
autoimmune response is directly dependent on the availability of the metabolic product
(hapten) that contributes in the formation of altered self-antigen. Furthermore, these
drugs are known to be activated by the acetylation pathway of drug metabolism. Slow
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acetylation of these drugs in genetically predisposed patients lead to accumulation of
amines causing lupus-like disease. Removal of free amines from the systems recovered
the patients (274). Similarly penicillamine has been associated with pemphigus and
myasthenia gravis and other autoimmune diseases. Discontinuation of d-penicillamine
favored the recovery of the patient (275). It is also suggested that the drug can unmask
the antigens to have immunomodulatory effects (275). In these examples, ceasing of
the administered drugs usually results in remission of disease. Such examples show that
the response to altered antigen often does not extend to unaltered, native self-antigen.

Changed Antigen Processing—Structural Alteration of the Antigen
An autoimmune response may be caused by a chemical, drug, or metal ions by

changes in antigen processing. It has been shown that interaction of certain metals such
as gold and iron may interfere with antigen processing such that the cryptic epitopes
end up in the MHC groove in a very high concentration, so that they can be presented
to the T cells (276–278). Gold salts [Au (III)] rapidly oxidize proteins during their
processing and causes changes in the mononuclear phagocytes. Once the antigen has
been processed, T-cell recognition does not require the presence of gold. The APCs
then deliver receptor-specific signals to T lymphocytes accompanied by costimulatory
signals to elicit an autoimmune response (276). Chemicals such as para-substituted
benzene derivatives have similarly been shown to cause changes in the structure of
antigens that are recognized by the T cells (279). Therefore, interference of chemicals
and metal salts may cause changes in antigen processing, resulting in its structural
alteration and presentation of cryptic epitopes.

Altered Self/Altered MHC
Sometimes drugs containing metallic ions or their metabolic byproducts may

directly alter MHC molecules when a hapten–carrier complex is being processed. This
hypothesis is an extension of the hapten-hypothesis proposing that T cells recognize
altered MHC primarily on the B cells of a healthy individual such that they provide
“help” signals to autoreactive B cells carrying these molecules to produce autoanti-
bodies (280,281). This hypothesis is supported mainly by studies with chemicals such
as certain metals such as nickel and gold that can alter MHC molecule to induce an
autoimmune disease (282). The T cells in this case recognize antigen that is presented
by MHC molecules of a B cell, the help provided by T cells is therefore a non-cognate
help because both cells recognize different antigens. Thus, B- and T-cell cooperation
because of altered self may induce an autoimmune response initially triggered by a
reactive chemical.

Cross-Reactivity/Molecular Mimicry
Epitopes of an infectious agent may closely resemble epitopes found in the host cells.

The phenomenon is commonly described as molecular mimicry. Infectious agents or
chemicals may stimulate autoimmune responses by inducing generation of cross-reactive
T cells (283,284). Once the cross-reactive T cells are generated, the autoimmune responses
lead to autoimmune disease. Cross-reactivity between the host antigen and a pathogen
resulting in autoimmunity may occur at the T-cell level or at the antibody level. A study
performed on human T cells isolated from rheumatoid heart disease patient revealed
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the molecular mimicry between streptococcal M protein and cardiac myosin (283). The
potential sites on T-cell clones for molecular mimicry were also identified (283). In
another example, CD4+ T-cell clones isolated from human Chagas disease cardiomy-
opathy patients were shown to cross-react with the immunodominant B13 protein of
protozoan parasite Trypanosoma cruzi, describing a molecular mimicry with human
cardiac myosin (285). Furthermore, the definition of cross-reactivity implies that T cells
may recognize not only the best-fitting MHC–peptide complex but also different peptides
in the groove of a related MHC molecule (286,287). It appears that T-cell clones are not
stringent with respect to the structure of the peptide they recognize. For example, in the
absence of the initiating agent, some T cells respond to syngeneic MHC complex of an
autologous peptide. The implications of such reactions are that specificity of drug-reactive
T cells may be highly MHC restricted yet not drug specific. Cross-reactivity of T cells
thus caused by certain chemicals and drugs may play an important role in the recruitment
and expansion of autoreactive T cell, resulting in an autoimmune disease.

Altered Gene Expression and Gene Penetrance
Normal T-cell functioning requires appropriate levels of DNA methylation. Defective

methylation may lead to hyperactive or hypoactive genes. Ultraviolet radiation, drugs,
and diet are common environmental factors that can alter the DNA methylation
patterns. Richardson in 2003 (288) hypothesized that altered gene expression because
of changes in DNA methylation may contribute to the pathogenesis of autoimmunity.
Antiarrhythmic agents such as procainamide and hydrolyzine, which are known to
induce lupus-like diseases, have been reported to inhibit DNA methylation in some
cases (289). This results in increased expression of the adhesion molecule leukocyte
function-associated antigen-1 (LFA-1) and induction of autoreactivity in human and
murine T cells (290). In addition to the environmental factors, age-dependent changes
in the T cell and DNA methylation may contribute to the development of some forms
of autoimmunity in the elderly (291).

Thymic Regulation
Neonatal thymectomy of 2- to 4-day-old mice can lead to organ-specific autoimmune

disease (292). These effects are probably because of the preferential removal of a
population of CD4+ CD25+ regulatory T cells that have been characterized for their role
in anti-tumor immunity as well as in the induction of autoimmunity (293). Cyclophos-
phamide treatment exerts similar effects and can enhance autoimmunity (294). Neonatal
treatment with methylcholanthrene induces thymocyte apoptosis and is thought to
disrupt the development of suppressor or regulatory T cells (295). These examples
of studies in mice suggest that non-specific suppressor cells are formed during the
first three days of development and have an active role in self-tolerance (292).
Replenishing these cells through adoptive transfer reduces autoimmunity (296).

CONCLUSIONS

Multiple genes and environmental factors interacting in various ways account for the
etiology of autoimmune diseases. It is, however, difficult to search out individual factors
initiating or modifying a particular disease. Incomplete gene penetrance may delay
or obviate induction, so that not all susceptible individuals develop an autoimmune
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disease. Several disease susceptibility loci may interact differently, or different alleles
may cause disease in different populations. In other words, it becomes difficult to
identify disease susceptibility genes, ascertain the number and relationship of disease-
associated loci and quantitate their effects in inheritance. To further understand the
complex origin of an autoimmune disease, a full account of the numerous non-
hereditary agents must be sorted out from genetic factors. Although, a great deal of
circumstantial evidence strongly implicates infectious, chemical and physical agents
act as adjuncts in the etiology of autoimmune disease, there are but few specific
examples of environmental triggers in human autoimmune endocrinopathies and even
less understanding of how they act.
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Summary

Autoimmune thyroid diseases (AITD) cover the spectrum from hypothyroid Hashimoto’s thyroiditis
(HT) to hyperthyroid Graves’ disease (GD). The main autoimmune targets are thyroglobulin (TG), thyroid
peroxidase (TPO), and the thyrotropin receptor (TSHR). Autoantibodies and specific T cells directed
against all three autoantigens can be detected in the circulation of HT and GD patients and also in a
significant proportion of the healthy population. In AITD, as in other autoimmune conditions, the central
question remains how is immune tolerance overcome? In vivo models, mostly induced in rodents, have
contributed to our understanding of the mechanisms operating and many hundreds of papers, spanning
from 1956 to the present day, have been published describing the results obtained. Most of the information
has been derived from experimental autoimmune thyroiditis models induced with TG, an antigen that,
based on current knowledge, seems to be of lesser importance in human AITD. Nevertheless, many of
the basic precepts underlying autoimmunity, for example the importance of the major histocompatability
complex II and the existence of immunoregulatory T cells, have been identified using TG-based models,
and these are described. Reports based on induction of disease with TPO, the driving antigen in HT, are not
very numerous but include a seminal paper that clearly demonstrates the redundancy of autoantibodies and
the central role of T cells in pathogenesis. In contrast, autoantibodies to the TSHR cause GD and much of
the chapter is devoted to models attempting to mimic GD, and these have been the subject of considerable
effort since its cloning in 1989. This has culminated with the recent publication of monoclonal antibodies
with thyroid stimulating activity either measured in vitro or in vivo.
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INTRODUCTION

The concept of autoimmunity was proposed following two observations by two
separate groups of investigators working on opposite sides of the Atlantic; (1) the
binding of a serum component, from patients with thyroiditis, to sections of thyroid
tissue (1) and (2) the induction of thyroiditis in rabbits immunized with thyroid
extract (2). Both of these occurred in 1956, and in the intervening years, considerable
progress has been made in understanding the mechanisms in operation. In the case of
thyroid autoimmunity, this has extended to the recognition that at least three proteins
central to thyrocyte function are targets of the response (3). Beyond the thyroid,
many diseases previously described as idiopathic were found to have an autoimmune
pathogenesis (4).

Much of the information has been derived from the study of animal models of
autoimmunity, both spontaneous and induced. Spontaneous models of thyroid autoim-
munity are rather scarce, and the underlying autoimmune response is restricted chiefly
to thyroglobulin (TG). Examples include the obese strain chicken and the BB rat.
These are reviewed in refs. 5 and 6 and will not be explored further in this chapter.

The success of any induced animal model is based on how closely it resembles
its human counterpart. Hashimoto’s thyroiditis (HT) and Graves’ disease (GD) cover
the spectrum from hypothyroidism to hyperthyroidism, accompanied by destruction
or hypertrophy of the gland. Despite these differences, they also share many
features including a higher proportion of women affected than men, a strong genetic
predisposition (polymorphisms in human leukocyte antigen [HLA]-DR, cytotoxic
T-lymphocyte-associated antigen [CTLA])-4 and so on and susceptibility to environ-
mental variables such as iodine intake (7).

For convenience, the models of experimental autoimmune thyroiditis (EAT) will be
described according to the inducing thyroid antigen, namely TG, thyroid peroxidase
(TPO) or the thyrotropin receptor (TSHR).

TG-INDUCED MODELS OF EAT

The mature 660-kD TG protein is a glycosylated homodimer of two identical 300-kD
subunits and functions as the substrate and storage protein for thyroid hormones in
the follicular lumen (8). It is the most abundant thyroid protein, and thus, it is not
surprising that the first demonstrated autoimmune response, both in animals and in
humans, was to TG. Following the initial report, the model, essentially comprising
injection of TG plus adjuvant, was adapted for use in mice, and disease susceptibility
was shown to be strain specific and in particular dependent on the H-2 haplotype (9).
Subsequent studies led to (1) the identification of pathogenic peptide fragments of TG,
(2) the role of iodide in modulating TG antigenicity, (3) the passive transfer of disease
through T cells, and (4) the establishment of disease-inducing T-cell clones (reviewed
in ref. 10).

An alternative protocol involved eliminating the T-cell population in rats. This
was achieved by thymectomy in early life or in later life accompanied by sub-lethal
irradiation of the bone marrow (11). The T-cell depleted rats developed thyroiditis
consequent to an autoimmune response to TG. In common with the model induced
using TG plus adjuvant, the response was found to be strain specific, again pointing to
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the importance of major histocompatibility complex (MHC) class II-encoded suscepti-
bility. Furthermore, it was demonstrated to be more prevalent in female animals, which
could be protected by administration of testosterone; this diminished the thyroiditis,
although TG antibody titers remained high (12).

There are two human scenarios that resemble this model, although the resulting
immune response is to the TSHR and not TG.

1. In patients with multiple sclerosis (MS) treated in vivo with Campath1, a humanized
monoclonal to the pan-lymphocyte antigen CD52, >95% of their circulating T lympho-
cytes were eliminated, and there was considerable amelioration of their disease. Eighteen
months after this treatment, T-cell numbers had returned to 35% (mostly CD8+, and
in the CD4+ population, the CD45RO:RA ratio was low) and B cells to 180% of
pre-treatment values. Furthermore, less interferon (IFN)-� was produced upon in vitro
activation of the T cells post-treatment. Cytokines play a pivotal role in the patho-
genesis of all autoimmune diseases, with IFN-� and interleukin (IL)-4 indicating Th1
(cell-mediated) and Th2 (humoral) responses, respectively (13). Most organ-specific
autoimmune conditions display a Th1 pattern. Of 47 MS patients treated (30 female),
14 (11 female) developed GD with TSAB. The deviation from Th1 to Th2, although
beneficial for MS, was permissive for GD and stresses the importance of balance
in maintaining appropriate immune responsiveness (14) (Alasdair Coles). Of interest,
the same treatment has been applied to more than 600 patients with other Th1-type
autoimmune diseases but without this complication.

2. A multi-center study of patients positive for human immunodeficiency virus, and who
received highly active antiretroviral therapy, identified 17 with autoimmune thyroid
disease (AITD), 15 of whom had GD. The estimated combined prevalence was 7/234
for women and 2/1289 for men. The authors attributed this late complication of immune
reconstitution to immune dysregulation (15).

Adequate immunoregulation depends on a range of mechanisms that maintain
discrimination between self and non-self. These include elimination of autoreactive
T cells in the thymus, peripheral tolerance and anergy—the need for a second signal in
the immune synapse. Mature CD4+ thymocytes contain a high frequency of cells with
the potential to differentiate into regulatory T cells in the periphery (16) in sufficient
numbers to prevent disease. The radiation- and thymectomy-induced thyroiditis model
provides clear evidence for the existence of such a process, because disease is prevented
by reconstituting animals with peripheral CD4+ cells from syngeneic donors (17).
These cells have a “memory” phenotype (CD45RC-), suggesting that recognition of
specific antigen in the periphery is an essential development step. Peripheral regulatory
T cells that prevent thyroiditis are not found in rats whose thyroids were ablated by
radio-iodine treatment in utero, although the thymus maintains the capacity to generate
them (18). These experiments suggest an involvement of antigen-specific immuno-
suppression in the pathogenesis of AITD (19). However, very different results were
obtained when the TSHR was the immunogen, comparing the induced response in
wild-type (WT) and TSHR knock-out animals (see TSHR-Induced Models).

In HT, disruption of thyroid follicular structure with progressive destruction of the
gland leads to hypothyroidism (7,20). CD8+ T lymphocytes play an important role
in mediating the cytotoxic processes (21,22) that culminate in the destruction of the
cells by either necrosis or apoptosis (20,23). In the necrotic process perforin plays
a central role (24), as demonstrated by the correlation between perforin expression
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in infiltrating lymphocytes and T-cell-mediated cytotoxicity (21,25). The Fas–FasL
system is the most studied apoptotic pathway (26), and thyrocytes can express the death
receptor Fas, but little is known about its regulation. Giordano et al. demonstrated that
Fas was not expressed on thyrocytes unless IL-1� was present (27), whereas others
reported the constitutive expression of this protein on thyroid cells (28). In EAT, it
has been demonstrated that the expression of FasL on thyroid cells strongly inhibited
lymphocytic infiltration, with simultaneous reduction of the anti-TG proliferative and
cytotoxic T-cell responses, as well as autoantibody production (29). The effects were
dependent on FasL levels, because only elevated expression was protective, whereas
low-level expression exacerbated the disease by attracting inflammatory cells. In the
same model, the Fas/FasL pathway may contribute to resolution of thyroiditis by the
activity of CD8+ lymphocytes (30), perhaps by upregulating FasL on thyrocytes which
in turn kill Fas+ inflammatory CD4+ cells and thus limit thyrocyte destruction.

TPO-INDUCED MODELS OF EAT

TPO is a glycosylated hemoprotein that catalyzes the iodination and coupling of
tyrosyl residues in TG to produce thyroid hormones, T3 and T4 (31). Despite its
location, on the apical surface of the thyrocyte, it is the target of both humoral and cell-
mediated autoimmune responses, which underlie the pathogenesis of HT (32). Thus,
animal models induced by TPO should resemble more closely human disease. The
first report, from Kotani and colleagues (33), used biochemically purified TPO from
pig thyroids to induce thyroiditis and TPO antibodies in C57BL/6 mice. Other mouse
strains were resistant to disease induction. The authors also generated a T-cell line,
which was capable of transferring disease to naïve syngeneic recipients. In subsequent
studies, a thyroiditogenic epitope of TPO was identified in a peptide corresponding to
TPO residues 774–788 (34). This precise model has not been reproduced by others but
use of the cDNA (see TSHR-induced models) for human TPO, in combination with
IL-12 or GM–CSF, induced TPO antibodies but minimal thyroiditis in the C57BL/6
strain. When the protocol was applied to HLA-DR3 transgenic non-obese diabetic
(NOD) mice, thyroiditis was present in nearly one quarter of the animals and the TPO
antibodies produced recognized the immunodominant regions of TPO, as defined using
human autoantibodies (35). The C57BL/6 (but not CBA) strain is also susceptible to
HT-like disease induced with bacterially generated mouse TPO fusion protein (36). In
none of these protocols, does the thyroiditis comprise follicular destruction leading to
hypothyroidism.

Although much emphasis has been placed on the fact that the induced TPO antibodies
resemble the human equivalent, a recent report questions the relevance of the humoral
response to the pathogenesis of HT. The authors made use of T-cell clones derived
from the thyroid infiltrate of a patient with HT. The clone selected recognizes a
cryptic epitope of TPO (residues 536–547), and the extracellular domains (ECDs) of
its TCRA and TCRB were ligated to the intracellular domains of the mouse TCRA
and TCRB. The resulting construct was used to generate transgenic mice, both on
a rag+/+ and rag−/− background, the latter to exclude the possibility of endogenous
TCR� chains. The transgenic mice expressed the humanized TCR in the thymus
and in CD4+ and CD8+ T cells. By 20 weeks of age, the transgenic animals were
significantly heavier than their littermates and had significantly lower circulating T4
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accompanied by elevated TSH. Their thyroids had extensive lymphocytic infiltration,
small follicles and evidence of thyrocyte destruction, correlating with massive epithelial
apoptosis. The inter-follicular spaces were filled with clusters of CD4+ and CD8+ T
cells. Because the mice are recombinase deficient, they did not have TPO autoanti-
bodies. The model confirms a pathogenic role for T cells specific for cryptic epitopes in
AITD (37). In subsequent studies, the mice were shown to have a significant reduction
in CD4+ CD25(hi) regulatory T cells (38).

TSHR-INDUCED MODELS

Graves’ disease is a common autoimmune condition caused by thyroid-stimulating
antibodies (TSAb), which mimic the action of TSH (39). As both the growth and the
function of the thyroid are controlled by TSH (40), TSAb lead to hyperthyroidism and
diffuse goiter. The target of the autoimmune response in GD is the TSHR (41). There
are several lines of evidence suggesting that it may also provide a link between the
thyroid and the orbit resulting in thyroid eye disease (TED), including the demonstration
of functional TSHR in the adipose compartment, and that patients with TED tend to
have the highest titers of TSAb (42–45).

The TSHR is a G-protein-coupled receptor, composed of two subunits. There is a
398 residue ECD of ∼55 kD that provides the high-affinity TSH-binding domain (46).
The ECD is attached by disulfide bonds to the 346 residue membrane-spanning region
(MSR) of ∼40 kD, which has the characteristic serpentine portion responsible for
signal transduction. The process of generating the two subunits (47) may release a
highly immunogenic portion of the TSHR into the circulation, which has the capacity
to stimulate affinity maturation of receptor antibodies, some of which will be TSAB
or thyroid-blocking antibodies (TBAb). The structure also permits the ECD to act
as a tethered inverse agonist, which switches to a true agonist in the presence of
TSH (48). Other post-translational modifications of the TSHR required for TSH
activation include tyrosine sulfation (49) and glycosylation on four of the six potential
N-linked sites (47). Recent studies have employed the ECD tethered to the cell surface
by a glycophophatidyl inositol (GPI) link. The affinity of TSH for ECD–GPI is much
higher than that for the holoreceptor on intact cells (50), and TSAb (but not TBAb)
preferentially recognize ECD–GPI compared with the holoreceptor (51), a feature
which has been exploited in a TSHR-induced model (see TSHR-Induced Models).

Despite recognizing that TSAb cause GD and that GD and TED share a common
autoantigen, very little progress has been made in understanding the mechanisms
responsible for breaking immune tolerance. The low expression of TSHR in the thyroid
has impeded the development of animal models and made it necessary to resort
to recombinant methods to produce the quantities of receptor protein required for
autoimmunization protocols. Consequently, although TG-induced models have been in
existence for 50 years, TSHR-induced models are a far more recent development.

Most in vitro protein production methods, from synthetic peptides through
prokaryotic expression in bacteria and eukaryotic expression in insect or mammalian
cells, have been tried with varying degrees of success (reviewed in ref. 52). I will
review the models that come closest to reproducing the main features of GD and TED,
that is (1) elevated circulating thyroxine and/or suppressed TSH; (2) antibodies to the
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TSHR, at least thyrotropin-binding-inhibiting immunoglobulins (TBII) and preferably
TSAb; (3) changes in thyroid architecture and size; (4) lymphocytic non-destructive
thyroiditis; (5) clinical signs of hyperthyroidism such as weight loss; (6) female animals
more susceptible than male; and (7) orbital changes similar to those seen in TED,
including disordered structure of extraocular muscles, edema, infiltration by immune
cells, and fat accumulation.

The first clear induction of TSAb was achieved by immunizing AKR/N mice with
fibroblasts transfected, so that they have stable expression of a MHC class II molecule,
H-2k (homologous with the mice) and the full-length human TSHR (53). When female
mice were injected six times, at two weekly intervals, with 107 fibroblasts by the
intraperitoneal route, about 20% of them developed increased thyroxine levels and
TSAb. In addition, the thyroids of the animals were enlarged and displayed microscopic
hypertrophy and hypercellularity but no lymphocytic infiltration. The same authors
then repeated the protocol but used fibroblasts expressing chimeras of the TSHR and
luteinizing hormone receptor (LHR), along with H-2k (54). The aim was to define
regions of the TSHR that are required and/or sufficient to induce disease. TBII (but
not TSAb) were induced in mice treated with cells expressing a chimera lacking the
carboxyl part of the ECD of the TSHR but not when the fibroblasts expressed a receptor
construct lacking the amino end of the ECD. The absence of TSAb and elevated
thyroxine, in all except animals receiving cells expressing the full-length human TSHR,
confirm the requirement for numerous discontinuous residues in the ECD for complete
autoreactivity to the TSHR.

The model has been confirmed (55) by modifying the protocol to include adjuvants
most likely to stimulate T-lymphocyte helper 1 (Th1) or Th2 immune cells. These
subsets of T lymphocytes, although both of a helper phenotype, are associated with
either predominantly cell-mediated immunity, in the case of Th1, or humoral antibody
production (including the immunoglobulin [Ig]E isotype) for Th2. The adjuvants,
complete Freund’s for Th1 and alum for Th2, were administered at the same time
as the fibroblasts expressing H-2k and the human TSHR. Nine of 19 mice receiving
alum had increased thyroxine levels and goiters and with an earlier onset than in mice
not receiving the alum (9 vs 11 weeks). In contrast, induction of hyperthyroidism was
slower in the mice treated with complete Freund’s adjuvant (14 weeks). No difference
in susceptibility was noted between male and female animals.

The most recent variation to this approach used cells expressing H-2d and the full-
length murine TSHR to induce TSAb and hyperthyroxinemia in the majority of treated
BALBc mice examined at 26 weeks (56). The animals also exhibited weight loss, and, late
in the disease process, their thyroids displayed focal necrosis and lymphocytic infiltration.
The success of the model (which can also induce a response when TPO is the expressed
thyroid antigen) may well reside in the expression of the B7.1 costimulatory molecule by
the fibroblasts, rendering them capable of antigen presentation (57).

Modelling GD and TED has been attempted by transferring TSHR-primed T cells
to naive syngeneic recipients. Our experiments used unfractionated T cells and a
CD4+-enriched population with the in vivo TSHR priming step performed using the
ECD of the receptor produced as a maltose-binding protein fusion (ECD–MBP) in
bacteria or genetic immunization (see TSHR-induced models). In both cases, in vivo
priming was followed by an in vitro priming period using ECD–MBP. In the first
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study (58), BALBc and NOD recipients were examined 16 days after the transfer of
syngeneic receptor-primed T cells, and both strains of mice displayed thyroiditis but
of very different phenotype. In the BALBc mice, B cells and immunoreactivity for
IL-4 and IL-10 were found, but in the NOD mice, there was a minimal B-cell infiltrate
and immunoreactivity for IFN-�, indicating the respective Th2 and Th1 nature of
the induced disease. In neither strain had antibodies developed to the receptor in the
recipient animals at this early stage, although these antibodies were present in the
donor mice.

Although these studies were in progress, we and others were able to demon-
strate TSHR transcripts and protein in the human orbit, particularly in the adipose
compartment (43–45). Consequently, in more recent experiments (59), to determine
the kinetics of disease induced using unfractionated T cells and a CD4+-enriched
population, the mouse orbits were also examined. In both BALBc and NOD recipients,
the Th2 and Th1 nature of induced thyroiditis respectively was confirmed and found
to persist for the 12-week duration of the experiment. At 4 weeks, TSHR antibodies,
including TBII, had been induced in both strains, and these too persisted throughout
the experiment. Changes in thyroid hormone levels were more difficult to evaluate,
especially in the BALBc strain. In NOD recipients of TSHR-primed T cells, thyroxine
levels were reduced, as might be expected from the destructive thyroiditis induced in
this strain. Four weeks after transfer, BALBc recipients of TSHR-primed and control-
non-primed T cells had reduced thyroxine levels, which slowly recovered in the latter.
At 8 and 12 weeks, some BALBc recipients of receptor-primed T cells had increased
thyroxine, relative to the control-non-primed recipients.

When examining the orbits, all of the NOD recipients of primed and non-primed
cells displayed normal histology with intact, well-organized muscle fiber architecture.
BALBc orbits of primed (but not non-primed) T cells appeared strikingly different.
The muscle fibers were disorganized and separated by periodic acid Schiff-positive
edema. There were accumulation of adipose tissue and infiltration by immune cells,
especially mast cells. These changes were observed in 17 of 25 BALBc recipients of
receptor-primed cells and did not correlate with TBII or T4 levels. However, orbital
changes were observed only in mice having the most severe thyroiditis with 25–30%
of the gland occupied by interstitium, which also correlated with the most skewed Th2
response, B:T cell ratio 1.6–1.9 and IL-4:INF-� ratio >2.5.

One of the most ingenious protocols involves immunization with the cDNA for the
full-length human TSHR cloned into a eukaryotic expression vector, a protocol that
has also been applied for TPO (60). One assumes that the cDNA is taken up into
the myocytes at the site of injection (usually the anterior tibialis) and subsequently
expressed at the surface of these cells. Myocytes do not express MHC class II or the
costimulatory molecules necessary to activate T cells. Consequently, there must be a
phase, perhaps triggered by inflammation of the muscle, in which professional antigen-
presenting cells become involved, maybe by phagocytosing fragmented receptor/TPO
released from myocytes.

Fourteen of 15 female BALBc mice treated with receptor cDNA developed
antibodies to the TSHR measured by flow cytometry, and the majority contained TBII
activity. One serum contained TSAb, resulting in 800% increase in cAMP production
and which persisted for 18 weeks. Thyroid hormone levels remained normal throughout
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the experiment. All mice displayed severe thyroiditis with many infiltrating B cells, but
instead of thyroid destruction, there were signs of epithelial thickening and budding.

The method was then applied to the NMRI outbred strain of mice with exciting
results (61). Thirty male and 30 female mice underwent the genetic immunization
protocol, and virtually all developed receptor antibodies detectable by flow cytometry.
Nine of the 30 males displayed signs of hypothyroidism with reduced T4. Five of
29 females developed stable hyperthyroidism with circulating TSAb accompanied by
increased thyroxine but undetectable TSH levels. In addition, Th2-dependent thyroiditis
and orbital changes, including infiltration by mast cells and macrophages, were induced.
Analysis of the MHC haplotype of the mice revealed that they were predominantly
H-2q, irrespective of whether disease had been induced or not. This highlights the
importance of non-MHC genes in the development of GD and also TED, which in the
words of the authors “provides the most convincing murine model of GD available to
date.”

All of these experiments had been performed in the animal unit in Brussels. More
recently, we attempted to establish the models in the United Kingdom and found that
the characteristics of the induced pathology are completely different, even when using
identical Balb/cbyJico mice from the same supplier (62). Although >95% of mice
in both locations had antibodies recognizing the native conformation of the TSHR,
as detected by flow cytometry, only a small proportion of the Balb/cbyJico mice
immunized in Brussels had TSAB (and consequently raised T4) contrasting with up
to 50% in Cardiff, even when using a fusion protein. However, thyroiditis was not
induced in any of the TSHR-treated mice in Cardiff. We immunized 15 Balb/cbyJico
mice using TSHR cDNA and the same using a TSHR fusion protein of which 15 and
12, respectively survived for analysis. From our earlier work, we would have expected
at least nine mice to have thyroiditis and three of these to display orbital changes akin
to TED. None of the animals developed thyroiditis or TED.

Part of the reason for this discrepancy is the possible overestimation of thyroiditis
in the previous studies, caused by the high level of ectopic thymus we have found in
the substrain from this supplier. Previously published thyroid histology demonstrates
“inflammatory clusters at the periphery of the thyroid”, which bear all the hallmarks of
ectopic thymus tissue being encapsulated with and adjacent to the parathyroid gland.
It should be stressed that the references also state that “cell infiltrates were also found
between the follicles”, and these are clearly visible in the relevant figures. However,
recent flow cytometry studies of normal whole thyroid digests demonstrate significant
amounts of resident immune cells (63). Such a quantifiable technique would differen-
tiate more convincingly between populations of resident and infiltrating immune cells.
Any experimental animal with peripheral focal thyroiditis should have its relationship
to the parathyroid described to prevent misinterpretation of ectopic thymus for a patho-
logical lymphocytic infiltration, particularly given the high incidence of thymic ectopy
reported in BALB/c (and CBA/J) mice (63,64). Similarly, ocular muscle anatomy
is complex and easily disturbed if muscle contraction occurs before fixation (65).
We obtained contraction artefacts, which could be misinterpreted as edema, in both
immunized and control mice.

Given the identical genetic makeup of the animals studied, the results indicate
an important influence of environment in shaping the TSHR-induced response. One
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potential difference between the two locations is in the iodine intake. The local feed has
1 mg/kg iodine, whereas the feed used in Brussels has 4.5 mg/kg iodine. Apart from the
many reports of iodine influencing autoimmunity in rodents and humans (reviewed in
Chap. 3), an enriched iodine diet (water containing 6.5 mg/L) can transiently increase
the amount of thyroid-associated ectopic thymic tissue in Wistar rats (66).

Neither the Brussels nor the Cardiff animal units are specific pathogen free (SPF),
and in both, genetic immunization produces antibodies recognizing the native receptor,
in contrast to other investigators (67,68). Some differences in cytokine profile are
apparent, for example in Cardiff, levels of IL-4 were low but measurable, unlike
secretion of IFN-�, which largely remained below the limit of detection in all mice.
This differs from the findings of Pichurin et al. (67) in which genetic immunization
of BALB/c mice, in an SPF facility, did not induce antibodies to the TSHR, and
splenocytes stimulated with a receptor preparation produced significant IFN-� but
no IL-4.

With some rare examples of thyroiditis induced late in disease (56) and even allowing
for overestimation, it is only in the Brussels animal unit that BALB/cbyJico mice
develop TSHR-induced lymphocytic infiltration. A similar frustration is encountered
in models of type 1 diabetes in which protocols based on injection of antigen (GAD or
insulin) plus adjuvant or �-cell-specific expression of a viral antigen in combination
with T cells with the relevant receptor fail to induce autoimmune diabetes. In the
latter case, diabetes ensued following infection with live virus, which was postulated
to overcome the state of ignorance (reviewed in ref. 69). The mechanism in operation
has been elegantly demonstrated to be activation of Toll-like receptors (TLRs). In this
case, agonists of TLR3 or TLR7 were able to mimic the action of the live virus, and
the effects are mediated through IFN-� (70). The TLRs receive signals from bacteria
and viruses (71), and these experiments highlight the importance of infection, and the
innate immune system, in the development of antigen-specific autoimmunity. TLR
stimulation may be one of the contributions of an adjuvant, and, to my knowledge,
only Freund’s adjuvant (favors Th1) and alum (favors Th2) have been applied to
TSHR-induced AITD (55). A recent poster presentation reports that TSHR-immunized
mice in a conventional unit (as in Brussels or Cardiff) have higher and more persistent
TSAB levels than those in SPF conditions (72). It could be enlightening to compare
the serology of mice (preferably from the same supplier) from various units conducting
such experiments.

The last study employed a protocol in which mice are immunized with adenovirus
expressing the human TSHR. First described by Nagayama and colleagues (73), 3 × IM
injections of 1011 viral particles, induced GD-like hyperthyroidism (elevated T4, TSAB
but no thyroiditis) in 55% female/33% male BALB/c and 25% of female C57BL/6
mice. Female mice of other strains, including CBA/J, DBA/1J, and SJL/J, did not
develop disease. The model has then been applied in a series of investigations reported
by Rapoport and McLachlan and their co-workers. The first (74) used three forms of
human TSHR: (1) full-length WT, (2) a mutant from which is incapable of cleavage, and
(3) the free A subunit (ECD). Thyrotoxicosis and thyroid enlargement were induced in
>80% ECD treated compared with 30–50% in the WT and 10–20% in the non-cleaving
receptor immunized animals. Titers of TSHR antibodies, measured by enzyme linked
immunosorbent assay (ELISA) or as thyrotropin-binding-inhibiting immunoglobulins
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(TBII), were similar in all three groups of animals. This contrasted with TSAB and
TBAB activities of which the ECD group had the highest TSAB but lowest TBAB,
with the opposite in the non-cleaving receptor treated mice; once again the WT animals
were at an intermediate level. The authors conclude that shed A subunits induce or
amplify the immune response leading to hyperthyroidism. We have employed the
ECD-GPI, in a flow cytometry protocol, to demonstrate the presence of IgG, IgA,
and IgE class antibodies to the TSHR not only in GD but also in 8–12% of normal
healthy individuals (75). These non-functional antibodies would not cause thyroid
dysfunction, but such individuals may be at higher risk of developing GD, just as
healthy TPO-positive people are more likely to progress to HT. The amplification of
the immune response, leading to the evolution of TSAb, could be through increased
cleavage, for instance by an estrogen-regulated metalloprotease, or by TLR stimulation
following infection or treatment with IFN-� (76). TSHR expression is increased in GD
compared with other thyroid pathologies or with normal glands (77,78). It is possible
that TSHR gene polymorphisms (79) have a role in controlling the expression level
thereby conferring predisposition to GD in individuals harboring them.

Several other conclusions can be drawn from the adenovirus model in BALB/c
mice: lower doses of virus induce autoantibodies more closely resembling GD (80)
and factors other than TSHR T-cell epitopes contribute to the induction of hyperthy-
roidism (81). When applied to other strains, it was found that even though TSAB
were present in C57BL/6 mice, the accompanying high titer of TBAb prevented overt
hyperthyroidism, in contrast to the situation in BALB/c mice. In the NOD mouse, the
presence of thyroiditis (which occurs spontaneously in this strain) did not correlate
with the magnitude of the TSHR-induced response, suggesting that the receptor may
not be the autoantigen responsible for the lymphocytic infiltration found in some GD
patients (82). The adenoviral and other models of GD have recently been the subject
of an insightful review from these authors (83).

In related studies, TSHR null mice were generated on the C57BL/6 background. The
magnitude and/or type of immune response induced to other self-proteins have been
reported to differ in WT animals compared with the null equivalent (84,85). The TSHR
null mice and their WT counterparts received cDNA for the full-length human TSHR.
The results obtained were surprising, because TSHR antibodies, whether measured by
ELISA as TBII or by flow cytometry, were similarly induced in both groups of animals.
Furthermore, splenocyte responses to TSHR protein were not significantly different,
and T cells from the two strains recognized the same TSHR peptides (86). If we think
back to the experiments using thyroidectomized rats, these animals had no regulatory
T cells that would prevent induction of thyroiditis in the thymectomy/irradiation model.
We would expect the TSHR null mice to be the same and thus, devoid of regulatory
T cells, to be highly susceptible to TSHR-induced immunity. This has certainly been
the experience with other experimental models of autoimmune disease (84,85). Does
this imply that tolerance mechanisms for the receptor differ from other self-proteins?
Or is it a consequence of the strain of mouse studied (C57BL/6) being only partially
susceptible to the immunization protocol employed?

Finally, it is probably true to say that many of the TSHR-induced models are the
byproducts of attempts to generate monoclonal TSAb. The considerable efforts that
have been expended by many investigators have been rewarded with the publication, in
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December 2002, of the production and characterization of three different monoclonal
antibodies with TSAb activity. Three differing approaches were used: (1) adenoviral
injections into hamsters (87), (2) cDNA immunization of NMRI mice (88), and (3)
cDNA immunization of BALB/cbyJico mice (89). In each case, the full-length human
TSHR was employed as immunogen, and even though the sera contained strong TSAb,
many hundreds of hybridomas had to be screened to identify the monoclonal equivalent.
The monoclonals had EC50 values in the nanomolar range, displaced TSH, TSAb, and
TBAb from the TSHR in binding experiments and functioned as Fabs, a feature shared
by their human counterparts (87–89). Furthermore, when two such monoclonal TSAb
were injected into mice, biological and histological signs of hyperthyroidism were
induced, accompanied by an inflammatory reaction in the thyroid gland (90).

CONCLUSIONS

The science of autoimmunity began (in part) with an animal model, and in vivo
studies have been central in defining many of the fundamental principles including
the role of the MHC II gene cluster, the mechanisms of central tolerance induction,
and the existence of antigen-specific immunoregulatory cells. Although there are many
theories as to how immune tolerance is broken, there is little convincing data to
support some of them such as molecular mimicry. We know that individuals expressing
certain MHC haplotypes and polymorphisms in CTLA-4 will have circulating self-
reactive T cells and are predisposed to develop autoimmune disease. The antigen
that becomes the target of the response may depend on polymorphic variation in an
organ-specific protein, for example, the TSHR (79). The environment must provide
the trigger to tip the balance toward chronic autoreactivity, and activation of TLRs, by
viral or bacterial products, may well contribute as has been shown for experimental
autoimmune disease (70,91). The next challenge will be to identify which TLRs are
implicated in AITD, initially in various induced models and ultimately in patients with
HT and GD.
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Summary

Identification and characterization of key antigenic targets is an important step in understanding the
development and pathogenic mechanisms of autoimmune disease. Fifty years after the initial description of
thyroid autoimmunity and identification of the major autoantigens, the disease remains the best understood
form of human organ-specific autoimmunity. The structure and function of the major thyroid antigens,
together with recent advances in our understanding of the corresponding autoimmune responses to these
targets, will be discussed in this chapter.
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INTRODUCTION

Autoimmune thyroid disease (AITD), the archetypal example of organ-specific
autoimmunity, comprises several disorders that together constitute the most common
form of autoimmune disease affecting approximately 1% of the population (1).
Autoimmune hypothyroidism (AH) is generally divided into goitrous (Hashimoto’s
thyroiditis [HT]) and non-goitrous primary myxedema. HT features extensive
lymphocytic infiltration of the thyroid gland, often with the formation of germinal
centers, whereas in myxedema progressive fibrosis and atrophy of the gland proceed
with little inflammatory infiltrate.

Autoimmune hyperthyroidism or Graves’ disease (GD) affects approximately 2% of
women and 0.2% of men (1). The disease is characterized by the presence of thyroid-
stimulating antibodies (TSAbs) that target the thyrotropin receptor (TSHR) and act
as agonists, resulting in chronic overstimulation and thyrotoxicosis (2). Lymphocytic
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infiltration is also a feature of GD, though this tends to be less abundant and more
focal in nature than that observed in HT (2).

Thyroid-associated ophthalmopathy (TAO) and pretibial myxedema (PTM) are two
extrathyroidal manifestations of GD, the etiology of which remains unclear. TAO, the
more common and clinically more significant of the two, features edema and lympho-
cytic infiltration of the retro-orbital soft fatty tissues and the retro-orbital muscles.
Given the association with GD, investigations into the pathogenesis of TAO have
focused on the concept of an autoimmune process directed at a component common
to both tissues, though to date there is no conclusive evidence to support a particular
candidate antigen (3).

Evidence for a genetic predisposition to AITD is well established from both family
and twin studies with sibling-risk estimated to be between 5 and 10 for individual
diseases (4,5). Cumulative data from a range of genetic studies support the hypothesis
that the occurrence of AITD is the result of a complex interaction between environ-
mental factors an array of susceptibility genes (6). The most clearly established
genetic associations with AITD are that of the major histocompatibility complex
(MHC), in particular human leukocyte antigen (HLA)-DR3 (2), and more recently the
immunomodulatory gene CTLA-4 (6). The contributions of these genes to the overall
risk of AITD are relatively minor and suggest a role for additional, as yet undetermined,
genetic factors. Candidate genes include the major thyroid autoantigenic targets, and
the current evidence regarding the potential role of these genes as susceptibility factors
will be reviewed next.

AITD represents a most useful model of organ-specific autoimmunity, not least
as the major autoantigens involved: thyroglobulin (TG), thyroid peroxidase (TPO),
and TSHR were identified some five decades ago and have been the subject of
intense investigation over this period. It could be said that each thyroid antigen
provides insights into different facets of the autoimmune process, from the role of
post-translational modification in the immunobiology of TG, to the cytotoxic cellular
destructive processes associated with the immune response to TPO, and finally the
critical role of TSHR autoantibodies in the pathology of GD. Understanding the nature
of thyroid autoantigens, from their biological function in the thyroid gland to their
role as targets for the immune system, and as potential genetic determinants in disease
susceptibility, offers insights into the etiology and the pathogenesis of AITD and, by
extension, other organ-specific autoimmune conditions. This account will provide a
summary of current knowledge and recent advances in this field.

THYROGLOBULIN

Structure and Function
TG is a large 660-kDa homodimeric glycoprotein and the major protein product of

the thyroid gland. TG is synthesized in the endoplasmic reticulum of thyroid follicular
cells (thyrocytes) and, following post-translational modification, mainly glycosylation,
is secreted into the thyroid lumen where it accumulates. TPO catalyzes the iodination
of TG tyrosine residues to form monoiodotyrosines and di-iodotyrosines, and subse-
quent oxidative coupling of these iodotyrosines produces TG molecules bearing tetra-
iodothyronine (T4) or tri-iodothyronine (T3) at specific hormonogenic sites (7). Release
of thyroid hormones into the circulation takes place following limited extracellular
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proteolysis of stored TG–T4/T3 complexes and lysosomal-mediated liberation of T3

and T4 (7). Human TG (hTG) monomer is a 2748-residue polypeptide with a predicted
molecular weight of approximately 303 kDa (8). The amino-terminal 70% of the
primary sequence features a number of regions of internal homology that can be subdi-
vided into three groups based on sequence conservation: 10 type 1 domains containing
60 amino acids and featuring proline, cysteine, and glycine residues in conserved
positions suggesting a conserved three-dimensional (3D) structure; three relatively
short type 2 domains containing 14–17 residues; and five type 3 domains that feature
repeated cysteine residues (9). The carboxy terminal region of TG has homology to
acetylcholinesterase, with similarity ranging from 20% overall but increasing to 60% in
specific regions (9). This feature has been the subject of discussion and investigation,
but the significance of this similarity remains unclear. The identification of autoan-
tibodies directed against the carboxy-terminal portion of TG and cross-reactive with
acetycholinesterase suggested a possible connection between TG immunoreactivity and
targets expressed in eye muscle, but low frequency of such antibodies in GD patient
sera mitigated against there being a causal role for this phenomenon in TAO (10).
Immunologically TG possesses a number of interesting features. Unlike other thyroid
antigens, it is not sequestered but released into the circulation together with T3 and
T4 (11). The release of TG into the circulation and the anatomical connection between
the lymphatic system of the thyroid gland and the eyes led to the suggestion that
deposition of TG in the orbit could initiate an immune process that either precipitated or
contributed to TAO (12). More recent evidence however indicates that the interaction
of circulating TG with orbital tissues is so weak as to make this an unlikely pathogenic
mechanism (13). There is evidence that the degree of iodination influences the immune
response to TG, suggesting the possibility that dominant epitopes may either contain
iodine or are modified by iodination (11). The concept of “cryptic self ” extends this
hypothesis to include the additional post-translational modifications that are a feature
of TG biosynthesis and function and suggests a pathogenic mechanism based on the
unmasking of hidden epitopes and subsequent breakdown of tolerance (11).

Genetics
The TG structural gene is located on chromosome 8q24.2–q24.3 and extends over

some 300 kbp (9). A number of polymorphisms of TG gene have been described, and
TG has been investigated as a candidate risk factor for AITD with mixed results.
A genome-wide sib-pair linkage analysis identified region 8q23–q24 as a potential
AITD susceptibility locus in the Japanese population (14), and a subsequent case–
control study demonstrated a weak association between a TG microsatellite (Tgms2)
and AITD, though it could not be determined if this association was due to the TG gene
or an adjacent locus in linkage disequilibrium (15). A large case–control study based
on UK patients demonstrated an increased frequency of Tgms2 in the patient group,
but the rarity of the associated allele prevented a familial analysis and conclusive
demonstration of a causal connection rather than chance (16). A case–control analysis
of three more common (non-conservative) single base polymorphisms in exons 10,
12, and 33 indicated an association with AITD in the Caucasian population (17),
though another larger case–control study failed to confirm this association in the UK
population (18). Thus, while the linkage of chromosomal region 8q23–q24 has been
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confirmed independently as a risk locus for AITD, whether this is due to the TG gene
or another adjacent gene remains unclear.

T-Cell Epitopes
Mice immunized with TG or TG peptides develop experimental autoimmune

thyroiditis (EAT), a T-cell mediated disease with similarities to HT (2). The induction
of EAT with TG has been shown to be MHC dependent (2), and work from several
groups has identified 13 thyroiditogenic T-cell epitopes (Fig. 1) (19). Eight of these
were identified in murine TG (mTG) and three in hTG, and two (1–12, 2549–2560)
were conserved sites of hormonogenesis and identical in both species. Peptide
2549–2560 contains T4 at position 2553 and has been shown to be a potent stimulus
for both proliferative and cytotoxic T-cell responses (11). By contrast, two other
T4-containing peptides (2559–2570 and 2737–2748) lack immunogenicity, indicating
that the T4 hapten is not in itself sufficient to elicit a T-cell response (11). Studies
with an analogue peptide (2549–2560) containing thyronine but lacking the four iodine
atoms of T4 showed that iodination per se does not render a peptide immunogenic
but iodine atoms can contribute to peptide–MHC complexes and generate a specific
T-cell response (11). It is not known whether iodination of other non-hormonogenic
TG peptides can generate T-cell epitopes by this mechanism, but this phenomenon
provides a possible explanation for observations such as the reduced immunogenicity
of TG with low iodine content in mice and rats and conversely the increased immuno-
genicity of highly iodinated TG (11). Finally, it has been shown that a number of
peptides, synthetically or biochemically derived, that contain T-cell epitopes are also
targets of B-cell responses (Fig. 1), and this has highlighted the possibility that TGAb
binding can modulate the processing and presentation of immunogenic peptides and
thus potentially contribute to the autoimmune process perhaps by promoting the spread
of the immune response to cryptic T-cell epitopes (11).

B-Cell Epitopes
TG autoantibodies (TGAbs) are a common marker of AITD and can be present at a

high level in patient sera (20). Natural autoantibodies to TG are also present in normal
individuals (21) and anti-TG antibodies feature in monogammaglobulinopathies (22),
suggesting that TG is a common target for both normal and pathogenic B-cell responses.
However, TGAbs from AITD patients recognize a narrower range of epitopes with high
affinity, reach higher titres, and, in contrast to natural antibodies, exhibit somatic hyper-
mutation (23). The role of TGAb in disease is unclear as they do not fix complement and
do not appear to contribute to complement-mediated tissue destruction (24). However,
cytotoxic TGAb have been described in HT (25), and it has been suggested that the
formation of opsonized immune complexes can promote B-cell and T-cell proliferation
in response to self-antigens in AITD (11).

Early attempts to determine epitopes used fragments of TG produced mixed results
with AITD patient sera. Screening of �gt11 fragment libraries using rabbit TG-antisera
identified linear epitopes, but none of these were recognized by AITD patient sera (26).
Consistent data were only achieved with the use of intact native antigen, suggesting
that, in common with other thyroid autoantigens, the majority of patient epitopes are
conformational (27). Analysis of IgG and IgM TGAb has been reported from peripheral
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Fig. 1. Diagrammatic representation of the polypeptide chain of hTG showing the location of epitopes
recognized by human TGAb and immunopathic peptides causing EAT in mice. T and B cell epitopes
are indicated by boxes and identified by numbering of N- and C-terminal amino acids. Peptides in
which the C-terminus is only predicted are identified by the N-terminal residue number alone and
dotted lines at the C-terminal end. (a) Chemically synthesized peptides; (b) fragments produced by
oxidative cleavage; (c) peptides produced by chemical or enzymatic cleavage; (d) recombinantly
expressed peptides. Overlapping regions of different epitopes are connected by vertical dashed lines
(dotted lines for presumptive C-termini). Figure reproduced with permission (19).

blood, intrathyroidal lymphocytes, and lymph node tissue from several patients with
HT using both conventional hybridoma and phage display approaches (28). Although
the limited number of patient studies carried out to date suggests that the available
monoclonals probably represent only a fraction of the TGAb patient repertoire, some
useful insights have been provided by analysis of these reagents. In one study of
TGAbs isolated from a patient combinatorial library (� and �), the heavy chains used
were all from the relatively common (frequently rearranged) VH-3-23 family (23).
Interestingly, these TG Fabs shared both heavy gene usage and epitope specificity
with a previously isolated conventional hTG mAb 3C42 (29). A second combinatorial
approach utilized an alternative screening method to increase the diversity of recovered
mAbs, and the resultant pool of 64 monoclonals were used in competition studies to
define two major patient epitopes and several minor TG epitopes (28). One major
epitope was recognized by mAb 3C42, though this antibody was also able to inhibit TG
binding by normal euthyroid sera suggesting that this epitope may also be common to
the natural autoantibody repertoire (28) and raising the intriguing possibility that some
of the AITD patient TGAb repertoire may arise from affinity maturation of natural
autoantibodies.

THYROID PEROXIDASE

Structure
TPO is a membrane-bound glycoprotein expressed on the apical surface of thyroid

follicular cells. TPO contains a prosthetic heme group and, in a reaction dependent
upon iodide and H2O2, catalyzes the iodination of tyrosine residues on TG and the
condensation of these iodinated groups to generate diiodothyronines T3 and T4 (30).
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Structurally, TPO is most related to human myeloperoxidase (MPO) with approxi-
mately 42% amino acid similarity. TPO has an additional 197-amino acid extension
comprising two domains, the first similar to a complement control protein repeat
motif (CCP) and the second similar to the epidermal growth factor (EGF) low-density
lipoprotein receptor families (31). This region is followed by a single transmembrane
domain and intracellular carboxy terminus (Fig. 2A).

Genetics
The cDNA for human TPO was simultaneously isolated by a number of groups in

1987 (32–34). The full-length gene encodes a polypeptide of 933 amino acids, though
a number of splice variants exist (30). The human TPO gene is located on chromosome
2 and spans approximately 150 kbp (33,35). A number of genetic variants of TPO
have been identified in studies of congenital defects in iodine fixation and hypothy-
roidism (30); however, no known polymorphisms of TPO are associated with risk of
AITD, and the most powerful study to date revealed no linkage to the corresponding
chromosomal region (36).

Fig. 2. Representation of the three-dimensional structure of TPO, based on the known structure
of MPO (reproduced with permission from Zeng and Fenna 1992 (61)). Only one TPO monomer
is depicted, and TPO amino acid residues 1-121 (corresponding residues cleaved from mature
MPO) have been omitted. The mAb47 epitope is shown shaded in black. The relative positions of
R225, K627, and peptide #14, and the predicted TPO structural features are estimates based on the
homology between the TPO and MPO primary sequences.
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T-Cell Epitopes
Compared with the body of work surrounding TPO autoantibodies relatively little

has been reported regarding T-cell responses to TPO. In contrast to human disease,
a clear role for TPO has not been demonstrated in the various known spontaneous
animal models of AITD (37–39). Historically, TG has been the antigen of choice for
animal models of AITD, and the majority of T-cell studies have been carried out on
patient intrathyroidal and circulating T cells using synthetic peptides and recombinant
TPO fragments. Investigation of expanded T-cell clones recovered from thyroid infil-
trate indicated that the response to TPO was diverse in terms of HLA dependency and
identified at least two separate T-cell epitopes (40). Subsequent studies from different
groups have demonstrated reactivity to a range of TPO peptide epitopes (summa-
rized in Table 1) (41–46). Interestingly, a potentially cross-reactive epitope present in
TPO and TG was identified (47), and a corresponding synthetic peptide was able to
stimulate splenocytes from mice immunized with TG or TPO (48). In recent years, the
central role of regulatory T cells in the etiology of human autoimmunity has become
increasingly clear, and studies of T-cell responses in animal models of thyroiditis have
assumed a greater importance. Importantly, a novel animal model of EAT was recently
developed in which mice transgenic for a human TPO peptide-specific (536–548)
T-cell receptor molecule developed spontaneous destructive thyroiditis and hypothy-
roidism (49). Vaccination of BALB/c mice with TPO-DNA in a plasmid led to the
generation of TPO antibodies and T-cell responses to a diverse response to a range
of peptides encompassing the TPO ectodomain and the identification of two dominant
T-cell epitopes, one of which was also recognized by AITD patients (50). In summary,
current data suggest that the response to TPO not restricted but directed to a range of
epitopes spread throughout the TPO ectodomain.

Table 1
Summary of Synthetic Thyroid Peroxidase (TPO) Peptides

Recognized by T Cells in Autoimmune Thyroid Disease

Amino acids TPO sequence

100–119 AMKRKVNLKTQQSQHPTD (41,42)
110–129 QQSQHPTDALSEDLLSIIA (43)
211–230 HVIQVSNEVVTDDDRYSDLL (43)
415–432 NRLAAALKALNAHWSADA (44,45)
420–434 ALKALNAHWSADAVY (41)
439–457 KVVGALHQIITLRDYIPRI (44)
463–481 AFQQYVGPYEGYDSTANPTV (44)
535–551 LDPLIRGLLARPAKLQ (40)
536–547 DPLIRGLLARPAK (46)
625–645 LYKHPDNIDVWLGGLAENFLP (41)
632–645 IDVWLGGLAENFLP (40)
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B-Cell Epitopes
It was long recognized that approximately 90% of AITD patients have antibodies to

the “microsomal antigen;” with the isolation of the TPO cDNA sequence, it became
clear that TPO and the “microsomal antigen” (51) were identical. TPO autoantibodies
are diagnostic for AITD and found in approximately 90% of HT patient and 75% of
GD patient sera (52). Antibody responses to TPO are pathologically significant as in
contrast to TG and TSHR, anti-TPO antibodies are able to fix complement (24) and
mediate cell destruction via the complement cascade (53). It has also been shown that
TPOAb can mediate NK cytotoxic responses (25,54).

The advent of the molecular revolution offered the hope of rapid advances in the
analysis of antigen recognition and epitope mapping, and indeed a number of studies
followed the initial TPO cDNA cloning. Using high-titre patient sera, two linear
epitopes were described (55), and one of these, C21, overlaps completely with the
epitope of a murine monoclonal mAb47 (56), both recognizing residues 713–717 (57).
However, while it was reported that some patient sera could recognize various linear
determinants of denatured forms of TPO, including tryptic peptides and recombinant
protein fragments, with subsequent access to patient mAb, it soon became clear that
the majority of AITD patient sera recognize a limited number of highly conformational
TPO epitopes and that the bulk of patient TPOAb binding mapped to an immunodom-
inant region (IDR) comprising two adjacent and partially overlapping sub-domains
termed A and B (58). It also became apparent that relatively simplistic epitope-mapping
methods, including recombinant expression of deletion and substitution mutants, and
synthetic peptide arrays, would not be applicable in the case of complex conformational
epitopes. Competition studies using a series of murine mAbs defined an IDR, and this
was subsequently refined to include two overlapping but distinct sub-regions termed
A and B (58). Competition studies showed that the murine mAbs specific for these
regions could block approximately 90% of patient serum binding. Although defining
the bulk properties of patient sera is a useful step in estimating the antibody diversity,
mapping of patient B-cell epitopes depends ultimately on the availability of human
monoclonal reagents. The development of recombinant antibody technology led to
significant advances with a number of groups isolating a range of patient monoclonal
Fabs that could compete with patient sera and the original murine mAbs for binding to
the IDRs (59,60). It was unfortunate that the human IDR nomenclature became then
reversed with respect to the original studies and here the original murine nomenclature
will be used. Mapping of conformational epitopes presents several challenges. Synthetic
peptides do not provide the correct conformation, and molecular approaches such as
deletion or substitution mutagenesis are essentially precluded as both can have unpre-
dictable affects on the 3D structure of the target antigen. One approach to this task was
based on the use of chimeric molecules in which regions of the immunologically distinct
but closely related protein MPO, for which the crystal structure is available (61), were
exchanged with corresponding regions of TPO, exploiting structural conservation to
preserve native conformation in the recombinant molecule. Evidence for the exquisitely
specific nature of patient antibody recognition was provided by an initial substitution
study based simply on primary sequence homology. Despite the high degree of conser-
vation between TPO and MPO, exchange of selected regions led to loss of antibody
recognition in seven of eight chimeric molecules (62). A subsequent study used crystal-
lographic data to guide the exchanges, and here, by contrast, the chimeric molecules
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were recognized by patient sera and monoclonal Fab (63), showing that the native
structure had been preserved in the chimera and emphasizing the importance of a guided
approach based on knowledge of 3D structure. Recently, in an innovative and elegant
approach, a series of rabbit antisera were raised against amino acid sequences loops
that, based on structural modelling, were predicted to be exposed on the TPO surface.
Exploiting steric hindrance, it was possible using these reagents to identify residues
599–617 as critical for recognition of IDR-B by mAbs and patient sera (64). The
complexity of these studies is highlighted by the somewhat conflicting data regarding
IDR-A. It was reported that mAb47 could compete with some region A region patient
Fabs (65,66), suggesting that residues in the region 713–717 contributed to IDR-A.
This contradicted earlier studies in which IDR-A-specific Fabs could not compete with
mAb47 for TPO binding (60). However, when used at a higher concentration one
these Fabs (TR1.9) did weakly compete with mAb47, and a subsequent footprinting
study identified a lysine residue at position 713 as critical for TR1.9 binding (67).
This observation was also supported by a targeted mutagenesis study (68). It now
appears that the overlapping subdomains A and B map to residues on opposite poles
of one face of the TPO molecule (Fig. 2). The IDR-B-specific residues identified by
the rabbit anti-peptide sera (599–617) lie between putative helices 13 and 14 appar-
ently remote from IDR-A-specific residues 713–717 (Fig. 2). Possible explanations
for these data could include the fact that B-cell epitopes are generally larger than 5
amino acids, so it is possible that region 713–717 contributes to a larger epitope that
depends on additional residues, which may be shared with IDR-B, and that the affinity
of the A and B mAbs depends on different amino acid residues spread out across
the IDR region. Further mutagenesis studies confirmed this model and highlighted
residues R225 and K627 as critical components of IDR-A and IDR-B, respectively (69),
and N642 was identified as marking the boundary of IDR-B for A and B (64).

THYROTROPIN RECEPTOR

Structure and Function
In humans, TSH activates both the cAMP and, at higher concentrations, the

phospholipase C-diacylglycerol pathways. The cAMP cascade upregulates a range of
thyroid hormone synthesis and stimulates thyrocyte growth (70). In common with
other glycoprotein hormone receptors, TSHR is a member of the leucine-rich-repeat-
containing (LGR) subfamily of G-protein-coupled receptors (GPCRs) characterized by
a large extracellular domain containing multiple leucine-rich repeats (LRRs) and a
rhodopsin-like domain of seven-transmembrane (7TM) helices (71). In contrast to other
GPCRs, the LGRs have large ectodomains and bind protein ligands including glyco-
protein hormones. The TSHR has yet to be crystallized, but recently the structure of the
related follicle-stimulating hormone receptor (FSHR) was determined and the resulting
information offers insights into the structure and function of the LGR subfamily of
receptors (72). The LRRs form a curved tube arrangement in which the leucine residues
form part of a buried framework supporting a concave inner surface composed of
parallel relatively flat �-sheets (Fig. 3). Parallel �-sheets are a rare feature more
commonly found in the interior of proteins where helices or other �-sheets pack against
them (73). The complementarity of LRR protein receptor-binding sites is relatively
poor, and it appears that high-affinity ligand binding is mediated by multiple contact
points across the �-sheet surface and intrinsic plasticity of the structure (74). It is
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Fig. 3. The subunit structure of TSHIR. Following intramolecular cleavage a region of approximately
50 amino acids is lost, forming a two subunit structure. The large extracellular A subunit is the site
of patient antibody recognition and contains the nine leucine-rich repeat (LRR) domain responsible
for hormone biniding. Subunit A and the transmembrane and intracellular subunit B are linked by
disulfide bonds (75).

thought that the LRR structure is oriented normal to the cell surface and binds the
central cysteine belt region (72) of FSH in a cupped hand configuration with the ligand
perpendicular to the cell membrane, allowing loops of the FSH �-chain to interact
with the 7TM domain. Given the structural conservation of glycoprotein hormones,
it is likely that the other glycoprotein receptors of the family, including TSHR, will
function in a similar fashion. It is thought that the signal is transduced by a confor-
mational change in the receptor due to hormone binding, but the mechanism remains
unclear. There is evidence that these receptors can dimerize on the cell surface and
this has been observed with TSHR (75).

A unique feature of TSHR is that, compared with similar related LGRs such the
gonadotropin receptor, it features an additional 50 amino acid insert in the ectodomain,
and a proportion of mature receptor undergoes intramolecular cleavage leading degra-
dation of this peptide and the generation of two distinct subunits (A and B) covalently
linked by disulfide bonds (75). Subunit A comprises the extracellular TSH-binding
domain, and subunit B includes the 7TM and intracellular domains. Evidence suggests
that a proportion of subunit A is shed from the cell surface and subunit B predom-
inates (75). The physiological significance of this distinctive feature of the TSHR is
currently unclear. A second unique feature of the TSHR is the presence of constitutive
activity in the absence of ligand. This intrinsic activation is suppressed in part by the
TSHR A subunit, and the ectodomain has been described as a tethered inverse agonist
for this reason (76). This seems to be unique to the TSHR though whether this is
associated with the subunit structure is unknown. Another interesting feature of TSHR
is the high degree of glycosylation; up to 45% by weight of the extracellular domain
is in the form of carbohydrate (75).

As the major immune target in GD TSHR has been proposed by a number of groups
as the putative cross-reactive antigen in TAO (3). A number of studies have correlated
the levels of TSAb and TBAb with TAO clinical activity score, but the significance
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of this association is not clear (reviewed in ref. 3). Several laboratories have reported
the expression of TSHR cDNA and protein in a range of orbital preparations (3).
However, TSHR transcripts have also been reported in a number of other extrathyroidal
tissues, and further studies will be required to confirm a specific association with TAO.
Recent successes in the development of animal models of GD by immunization with
TSHR protein or cDNA have led to accounts of orbital changes associated with the
immune response to the receptor, but a convincing and reproducible model of TAO
has yet to be established (77).

Genetics
TSHR cDNA was cloned independently by a number of groups (78–80) and shown

to encode a primary polypeptide of 764 amino acids. The TSHR gene covers more
than 60 kbp on chromosome 14q31 and is split into 10 exons (81,82). As a major
thyroid autoantigen TSHR has been analyzed as a candidate gene for susceptibility to
AITD in a number of studies with mixed results. A single base polymorphism leading
to a Pro52Thr substitution was identified in a group of GD patients with TAO, and
subsequent studies suggested that this polymorphism was associated with the occur-
rence of GO (83) and AITD in the female population (84). However, neither of these
reports could be confirmed (85,86), and another study failed to observe any association
between a TSHR microsatellite marker and GD (87). More recently, a genome-wide
screen based on 56 multiplex AITD families found evidence of linkage between GD
and a chromosome 14q region near to but distinct from the TSHR gene (88). By
contrast, Hiratani et al. (89) carried out a large association study and showed that
several single-nucleotide polymorphisms (SNPs) in intron 7 of TSHR were associated
with GD in the Japanese population. These data are supported by a separate UK multi-
family study involving two separate association studies in which a TSHR SNP was
found to be associated with the occurrence of GD, the first disease-specific locus to
be identified (90).

T-Cell Epitopes
The majority of studies of T-cell responses to TSHR have been carried out using

patient peripheral blood mononuclear cells (PBMCs), though in some cases T-cell
lines expanded from thyroid infiltrate have been employed. Use of synthetic peptides
overcomes the requirement for antigen processing and enables mapping of epitopes.
T-cell reactivity to a range of TSHR peptides has been described (91) (summarized in
Fig. 4), and these cover the entire extracellular domain, in some cases extending into
the transmembrane region. Considering that in general these proliferative responses are
relatively minor, and in some cases comparable with those obtained from controls (75),
it is difficult to draw firm conclusions regarding patient T-cell reactivity to TSHR. By
grading the T-cell responses, a number of major epitopes have been identified including
residues 52–71, 142–161, 202–221, and 247–266 (91) but no single dominant epitope.

Autoimmunity represents a breakdown in tolerance to self-proteins. Central tolerance
is the process by which immature T cells undergo a process of education in the thymus
and develop tolerance to peptides derived from self-proteins expressed in thymic
epithelium. Low levels of TSHR mRNA and protein have been detected in rodent
and human thymic tissue, and it is assumed that central tolerance plays a significant
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Fig. 4. Synthetic TSHIR peptides and mixed peptide pools that stimulate proliferation in Graves’
PBMC, T cell lines, or clones (75). Peptide pools are indicated, together with the first and last amino
acid residues of the spanned range.

role in preventing thyroid autoimmunity. It has now become clear that the situation
may be more complex than originally thought. Recently, a TSHR-knockout mouse
was developed in which expression of TSHR mRNA and protein was abolished (92).
Although these mice clearly fail to develop central tolerance to TSHR and so recognize
it as a foreign protein, immunization with TSHR DNA generated an immune response
in an equivalent percentage of animals to that observed with wild-type control mice
and led to similar humoral and cellular TSHR responses in both groups (93). These
observations suggest that TSHR may not fit in with general models of central tolerance
and suggest a role for alternative regulatory pathways such as peripheral tolerance
and regulatory T cells in the control of immune responses to the TSHR and thyroid
autoimmunity in general. Recently, it was reported that therapeutic trials of a T-cell
depleting mAb led to the appearance of GD in a large proportion of treated patients (94),
and similar results have been reported in patients featuring immune dysregulation while
undergoing HIV treatment (95). These data, together with emerging clarity in the often
controversial field of regulatory T cells, suggest that the function of specific T-cell
subsets (26), and more specifically, T-cell suppression, may be an important factor in
the aetiology of GD and AITD (96).

B-Cell Epitopes
Given the pathological role of TSHR autoantibodies in GD, the identification of the

corresponding B-cell epitopes has been a major research objective since the original
description of TSAb. Knowledge of the autoantibody binding sites would not only
contribute to our understanding of pathology but would also open up new opportunities
for targeted therapeutic approaches. Attempts to classify TSHRAb have been based
on the different assays used for detection and quantification. Bioassays in which
stimulation of TSHR expressed on thyrocytes or transgenic cell lines is measured
by direct or indirect determination of cAMP levels are the most direct method of
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TSAb detection and quantification. Assays based on the ability of TSHRAb to block
binding of TSH to the receptor define the classification of TSH binding inhibiting
immunoglobulins (TBII). Early insights into the nature of the TSHRAb-binding sites
were derived from determination of TBII activity, and it was shown that a large
proportion of patient TSHRAb could block TSH binding, and this largely correlated
with TSAb activity. TBII measurements also defined a second class of THSRAb that
were able to block TSH binding but not stimulate the receptor, and these thyroid-
blocking antibodies (TBAb) are thought to be the basis of hypothyroidism in a subset
of AITD patients (97). The nature of these antibodies and in particular what features
determine whether an antibody exhibits TSAb or TBAb activity are still subjects of
some debate (75). Most recent data suggest that the residues associated with TSH
binding and the epitopes for blocking and stimulating antibodies are probably all in
close proximity (98), and it has been suggested that TBAbs are actually functionally
equivalent to weak TSHR agonists (99). Initial studies of serum TSAbs did show
that they were restricted to the �-immunoglobulin subclass (100), but more detailed
studies of TSAbs, and in particular the corresponding TSHR epitopes, were often
conflicting—not least as it was often overlooked that in the absence of monoclonal
reagents the properties described were a property of the patient sera and not necessarily
characteristics of individual TSAbs, an unknown fraction of the circulating TSHRAb.

Attempts to dissect the TSHR autoantibody response in detail have presented a
number of particular difficulties. First, the levels of circulating patient TSHRAb are
much lower than those of other thyroid antigens such as TPO (75). Second, TSHRAbs
recognize highly conformational epitopes, and even the degree of glycosylation appears
to be an important factor, though whether this is directly associated with antibody
recognition or secondary to receptor misfolding is currently unknown (75). TSHR is
highly glycosylated with up to 45% by weight of the extracellular domain in the form
of carbohydrate (75). Finally, until recently, the absence of a suitable animal model of
GD was a significant obstacle. No spontaneous animal model of GD is known, and for
more than a decade, attempts to generate TSAbs by immunization with various forms
of recombinant receptor invariably failed, though a range of non-functional TSHRAbs
were readily produced (75).

A significant breakthrough came with the development of the first successful animal
model of GD by Shimojo et al. (101) based on the multiple injection of mice with
syngeneic fibroblasts stably transfected with MHC class II and TSHR. The majority
of mice developed TSHRAb, as determined by TBII assay, and approximately 20%
developed TSAbs and elevated serum thyroxine.

This approach was reproduced in modified form by a number of other groups.
Davies et al. (102) immunized hamsters with stably transfected chinese hamster ovary
cells expressing the TSH receptor, together with conventional adjuvants, and hyper-
thyroidism was observed in approximately 30% of animals. An alternative approach,
based on DNA vaccination in the form of intramuscular injections of eucaryotic
expression vectors encoding the TSH receptor, produced hyperthyroidism in outbred
mice (103) though at a lower rate than the fibroblast approach, and there has been
some difficulty in reproducing this model (104). The most effective animal model of
GD exploits adenoviral vectors encoding the TSH receptor to generate in vivo receptor
expression following intramuscular injection (105). This approach has been reproduced
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by different groups in both mice and hamsters and is highly efficient with approx-
imately 100% TSHRAb induction and in the case of BALB/c mice approximately
50–60% induction of TSAb activity (104). These models have provided a number of
insights into the pathogenesis of GD. All but one of the mouse models relied upon
in vivo expression of receptor (105), whereas previous attempts to induce TSAb by
immunization with various forms of TSH receptor and adjuvant were uniformly unsuc-
cessful (106). A possible explanation is provided by the recent observation that GD
patient TSAbs preferentially recognize free TSHR ectodomain rather than the two-
subunit form or corresponding single full-length polypeptide (105), suggesting that
the A may be the most effective immunogenic form. One possibility is that in vivo
expression and subunit A shedding may bias the immune response towards receptor-
stimulating epitopes, and this is supported by evidence from adenovirus-mediated
immunization using truncated receptor constructs (107).

Following on from the successful development of animal models, the year 2002 saw
three independent accounts of the successful isolation of animal TSAb monoclonal
antibodies (108–110). These were followed shortly afterwards by the report of a single
human TSAb monoclonal (98), this the result of a prodigious screening effort involving
TBI assay of 16,500 wells. These monoclonals fulfilled a number of the criteria that
have been defined for TSAb (111); they stimulated the receptor at ng/ml concentrations,
they had high affinity for the receptor, and they recognized conformational epitopes
and not synthetic peptides (105). Interestingly, the human TSAb was much more active
in bioasssay than the best of the animal monoclonals with maximal receptor obtained
at an IgG concentration of 10 ng/ml compared with approximately 20,000 ng/ml for
the mouse/hamster mAbs (105). Patient sera with stimulating or blocking activity were
able to compete with monoclonals for receptor binding, indicating the corresponding
epitopes for agonist and antagonist activity are in proximity or similar (105).

Finally, the availability of monoclonals also eliminated much of the uncertainty
surrounding the question of valency and TSAb. Fab fragment was also stimulatory and
there was no requirement for bivalency or crosslinking of antibody for function. The
isolation of monoclonal stimulating antibodies will allow the first detailed analysis of
the functional basis of different TSHR epitopes and the development of novel assays
free from the complications associated with the use of mixed sera.

OTHER THYROID ANTIGENS

Sodium Iodide Symporter Antibodies
Sodium iodide symporter (NIS) is a membrane glycoprotein that mediates active

transport of I− into thyroid follicular cells and thus plays a key role in thyroid hormone
biosynthesis (112). Following the isolation of NIS cDNA, it was shown that sera from
GD and HT patients could recognize recombinant NIS protein in Western blots and
inhibit iodide uptake (113). Using a NIS bioassay, it was reported that approximately
30% of tested GD sera were able to inhibit NIS-mediated iodide transport (114).
In another study, 22% of GD and 24% of HT patient sera were positive in an in
vitro translation immunoprecipitation assay, and a large proportion of the positive
samples from this assay were also shown to inhibit iodide uptake (115). By contrast, a
study based on an alternative bioassay found only a small proportion of samples had
I− uptake inhibiting activity, and this was lost upon IgG purification or dialysis (116).
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The evidence for NIS as a thyroid autoantigen is to some extent contradictory, though
it seems unlikely that the symporter represents a major antigen.

Megalin (gp330)
Megalin is a member of the low-density lipoprotein (LDL) receptor family that

binds a range of varied ligands and mediates its endocytosis via coated pits. Megalin is
expressed on a limited range of absorptive epithelial cells including thyroid follicular
cells, where it has been shown to be a high-affinity receptor for TG and critical for
TG endocytosis (117,118). Megalin was identified as an autoantigen in rat model
of membranous glomerulonephritis and based on this association investigated as a
potential antigen in AITD. Using a flow cytometric assay, antibodies to megalin were
demonstrated in 13 of 26 autoimmune thyroiditis patient and 2 of 19 GD patient
sera (119). The significance of these findings remains to be clarified, but it is of interest
that though none of the patients in the previously described study had evidence of
renal disease, a recent case report described a pediatric case of autoimmune thyroiditis
and membraneous nephropathy (120), suggesting the possibility that megalin may, in
some cases, play a role as a common antigen in the two disorders.
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Summary

Hyperthyroid Graves’ disease is one of the most common autoimmune disorders, affecting about 1% of
women. It is most frequent in the 4th decade of life. There is a genetic predisposition to Graves’ disease,
determined by alleles at the major histocompatibility complex, cytotoxic T-lymphocyte-associated antigen,
protein tyrosine phosphatase non-receptor 22, and other less well-defined chromosomal loci. Additional,
non-genetic, factors that have an influence are cigarette use, pregnancy, estrogen use, and stressful
life events. The hyperthyroidism is caused by thyroid-stimulating hormone (TSH) receptor stimulating
autoantibodies that lead to excess thyroid hormone production and thyroid growth. Thyroid peroxidase
autoantibodies are also frequently found and may be important in thyrocyte destruction and perpetuation of
autoimmunity. Graves’ disease may be treated with thionamide antithyroid drugs, radioiodine, or thyroid
surgery. No treatment is perfect and each has its pros and cons. The recent isolation of monoclonal human
TSH receptor antibodies may lead to more sensitive tests for thyroid-stimulating autoantibodies. A key
challenge is to define novel therapies that lead to more certain and safe remission of hyperthyroidism
without ablation of thyroid function.

Key Words: Autoimmune hyperthyroidism, thionamide, radioiodine, TSH receptor, thyroid peroxidase,
autoantibody, goiter.

INTRODUCTION

Graves’ disease is unique among autoimmune conditions in that the target tissue is
stimulated by the immune response, rather than being progressively destroyed by it.
This, coupled with the early identification of circulating thyroid-stimulating autoan-
tibodies as the immunological hallmark of the condition, has led to Graves’ disease
acting as a paradigm for research into autoimmune endocrinopathies. The curious
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combination of thyroid disease and ophthalmopathy has also sparked interest in the
condition over more than a century, and there are several aspects of this associ-
ation that remain unexplained. Detailed discussion of Graves’ ophthalmopathy can be
found in Chap. 9, and basic mechanisms and animal models of autoimmune thyroid
disease (AITD) are reviewed in Chaps. 1–4. This chapter reviews the pathophysiology,
immunology, and clinical features of human hyperthyroid Graves’ disease.

EPIDEMIOLOGY

Graves’ disease is one of the most common autoimmune disorders and affects women
about seven times more frequently than men. Its prevalence varies, with 0.5–1% of
women having had hyperthyroidism in different westernized populations (1,2). More
accurately, the 12-year follow-up of the Nurses Health II study in North America found
an incidence of 0.04% per year for Graves’ disease (3) and this is corroborated by a
20-year follow-up study from the North East of England, which showed an incidence
of hyperthyroidism of 0.08% per year in women (4). Graves’ disease is more prevalent
in countries that are iodine replete (5). Graves’ disease may occur at any time from
early childhood to old age, and there is a peak in incidence in the fourth decade with the
mean age at diagnosis being between 35 and 40 years in most large series (3). It is often
found in women around the time of pregnancy, during which time hyperthyroidism is
often mild and easy to control, with a tendency to remission by the third trimester.
However, there is typically relapse of GD 4–8 months post-partum. Thyroid eye disease
(Graves’ ophthalmopathy; GO) is a frequent accompaniment to hyperthyroid Graves’
disease, with eyelid manifestations or surface symptoms being found in about 40% of
hyperthyroid subjects. In contrast, functionally significant thyroid eye disease (most
commonly manifest as proptosis and extraocular muscle involvement) has a relative
predilection for older subjects and occurs equally frequently in both sexes (6).

GENETIC AND ENVIRONMENTAL FACTORS

Genetics
Graves’ disease is a complex genetic condition, meaning that alleles at several

different chromosomal loci, along with non-genetic factors, are thought to contribute
to disease pathogenesis in varying degrees in each affected individual. Between one-
quarter and one-third of GD patients have a first-degree relative with either Graves’
or another AITD, suggesting a significant contribution of genetic factors (7). Detailed
twin studies have also suggested that inherited factors make the dominant contribution
to disease susceptibility, perhaps contributing up to 79% of the risk (8). An index of
the heritability of a disorder can be gained by assessing the risk to a sibling of an
affected individual compared with that of the unrelated background population. For
GD, this relative risk estimate, termed �s, has been estimated to between 10 and 15 (7),
which is comparable to that found for other common autoimmune disorders.

Among genes known to contribute to GD susceptibility, alleles at three loci have
been identified to have moderate or large effects: the major histocompatibility
complex (MHC, including HLA alleles), the cytotoxic T-lymphocyte antigen-4 locus
(CTLA4), and the protein tyrosine phosphatase-22 (PTPN22) gene, which encodes the
lymphoid tyrosine phosphatase protein (Fig. 1). Alleles at each of these loci underlie
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Fig. 1. An antigen-presenting cell (APC) interacting with a T lymphocyte. The dendritic APC
presents a cleaved peptide antigen bound to the groove of the tetrameric class II major histocompat-
ibility complex (MHC) molecule. This is recognized by a T lymphocyte with an antigen receptor
(CD3 complex) of appropriate affinity for the peptide/MHC combination. For the lymphocyte to
become activated a second signal must be delivered by the interaction of a costimulatory molecule
with B7 molecules expressed on the APC. CD28 is a positive costimulator allowing lymphocyte
proliferation and activation, but cytotoxic T-lymphocyte-associated antigen (CTLA4) is an inhibitory
costimulator, causing the lymphocyte to become quiescent or to apoptose. Soluble CTLA4 (sCTLA4)
may have a role as a natural inhibitor of CD28 engagement, by binding to APC B7 molecules with
a higher affinity than CD28 and thereby stopping the costimulatory activation of the lymphocyte
via CD28-B7 interaction. Subjects with the susceptibility allele for AITD at CTLA4 have relatively
less sCTLA4 mRNA (21) and if reflected at the protein level, this could allow a greater activation
signal to T lymphocytes, by stronger costimulatory activity. Lymphoid tyrosine phosphatase (LYP)
is encoded by the PTPN22 gene, and the autoimmunity-associated SNP codes for an arginine
(wild-type) to tryptophan change. The LYP molecule inhibits Lck signalling following TCR (CD3)
engagement, however the tryptophan variant of LYP is more highly active than the arginine variant,
paradoxically causing more potent downregulation of signaling (23).

the susceptibility to many common autoimmune disorders including autoimmune
hypothyroidism, type 1 diabetes, rheumatoid arthritis, celiac disease, autoimmune
Addison’s disease, and systemic lupus erythematosis, as well as Graves’ disease.
These immune-response genes determine the “general” predisposition to autoimmunity
that accounts for much of the co-occurrence of other autoimmune conditions with
AITD (9). In addition to these general autoimmune disease alleles, there are likely to
be “target-organ” specific genes that determine whether the thyroid is affected by the
autoimmune disease and the course of the autoimmune disease (e.g., hyperthyroidism
or hypothyroidism; transient or permanent). The genetic factors established for GD
will be briefly reviewed next; more detailed analysis is given in Chap. 2.

The association of GD with alleles of the MHC on chromosome 6p21 has long been
established (10,11). The dominant association in white populations of European descent



120 Part II / Autoimmune Thyroid Disease

is with HLA-DR3 carrying haplotypes (DRB1∗0301-DQB1∗0201-DQA1∗0501) (12,13).
This haplotype is carried by 25–30% of unaffected individuals but is consistently
over-represented among those with GD, of whom about 50% carry the haplotype.
Recent studies have resequenced the DRB1 gene in many GD subjects and suggest
that a critical amino acid for disease susceptibility is arginine at position 74 (14,15).
Even so, the odds ratio for the DR3 haplotype in GD is about 2, and MHC does
not have the dominant genetic effect in GD that is found in other autoimmune
disorders (e.g., type 1 diabetes or rheumatoid arthritis). This is manifest by the
lack of strong evidence for genetic linkage to 6p21 in many studies (16–18) and
suggests that loci other than MHC also have major effects. The fact that 50% of GD
subjects carry “non-DR3” HLA alleles may also indicate that there is not one unique
immunogenic or pathogenic peptide that is always involved in triggering the T-cell
response in GD.

Alleles in the 3′ region of the CTLA4 gene on chromosome 2q33 have been exten-
sively associated with GD. CTLA4 is involved in the regulation of the costimulatory
(“second”) signal in T-lymphocyte activation and so was a good candidate gene. Initial
investigations by Yanagawa and colleagues (19) were confirmed with a gamut of
replication studies in many different GD populations (reviewed in ref. 20). The true
disease susceptibility allele at CTLA4 remains to be defined but probably lies within a
6-kb region including the 3′ untranslated region (UTR) of the gene (21). The suscep-
tibility haplotype at CTLA4 is carried by about 50% of the healthy white population,
and its prevalence increases to 60% in subjects with GD, with an odds ratio for the
most associated allele of about 1.5 (21). The mechanism by which these non-coding
polymorphisms might modulate the immune response is far from clear. One recent
study has suggested a role for CTLA4 polymorphisms in T-cell differentiation and
lineage commitment, with genotypes being correlated to the number of circulating
CD4+, CD25+ T regulatory lymphocytes (22).

An additional locus that has come to light in the last year is PTPN22, which
encodes the lymphoid tyrosine phosphatase (LYP). A coding polymorphism, arginine
to tryptophan at codon 620, activates the LYP molecule, paradoxically causing more
potent inhibition of the T-cell antigen receptor (CD3)-signaling kinases, following
engagement with MHC antigen (23). The tryptophan allele is carried by about 7% of
healthy subjects in white populations but is over-represented in GD subjects with a
prevalence of about 13% (24,25). The odds ratio for the effect of this allele is about
1.8, but because of its comparative rarity (24,25), it contributes slightly less to overall
population Graves’ disease susceptibility than CTLA4. It remains to be seen how the
effect of this variant on TCR signaling predisposes to autoimmunity.

Disease-specific loci for GD have started to be identified in recent years. After a
period of negative investigations into the thyroid-stimulating hormone (TSH) receptor
gene, alleles of SNP markers have now been shown to have unequivocal association
with GD in two distinct patient cohorts (26,27). The associated polymorphism lies
within the regulatory regions of the extracellular domain of the receptor, and fine
mapping studies are in progress to more fully define the disease-associated allele and
hence the mechanism for the disease effect (26,27). In contrast, several studies have
shown weak evidence for association of GD with SNP and microsatellite markers in
the thyroglobulin (Tg) gene (28,29). On aggregate, these studies of the Tg gene have
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not shown convincing evidence for association with GD (although the effect may be
different in autoimmune hypothyroidism) (30). Tg is a huge, 48 exon, gene and further
work, to define and test the enormous diversity of haplotypes, is currently awaited.

Environment
Of environmental influences, cigarette smoking and stress are the best defined risk

factors for GD (31). Although many studies have demonstrated a clear association of
smoking with Graves’ ophthalmopathy, a meta-analysis of eight studies shows an odds
ratio of 3.3 (95% confidence intervals 2.1–5.2) for the effect of current smoking on
Graves’ disease (32). However, the mechanism of this effect is unclear. Two recent
studies have looked in detail at thyroid autoantibody production in smokers and both
show a protective effect of current smoking for thyroid peroxidase (TPO) antibody
positivity (33,34). There is also an association of current smoking with a trend toward
a lower TSH value in large populations (34), but this may be a chemical effect of
smoke thiocyanates or other substances on thyroid hormone production or metabolism,
rather than an immunomodulatory effect.

Since the first descriptions of Graves’ disease, stress has been suggested to have
a role in pathogenesis. Several studies of the prevalence of Graves’ disease during
times of national conflict have shown significantly increased rates (35,36), (reviewed
in ref. 37), however, there have also been simultaneous major dietary changes within
these wartime populations. Graves’ patients from many cultural backgrounds have also
been shown to have experienced more “negative life events” (e.g., death of family
member) in the year before the onset of their disease (38,39). This appears to be
true, even after carefully controlling for the hyperthyroid state using non-autoimmune
hyperthyroid subjects (40). There are many mechanisms by which stress could be
acting through altered immune function to precipitate Graves’ disease in a predisposed
individual (37), although no correlation has been shown between stressful life events
and TPO antibody status (41).

Pregnancy and estrogen use also have significant influences on the occurrence of
Graves’ disease. As mentioned, previous pregnancy is a common risk factor for Graves’
disease with an odds ratio of more than six in one study (33). In contrast, estrogen
use (most commonly in the form of the combined oral contraceptive pill) is protective
against Graves’ disease (33). This protective effect holds true even when corrected for
the lack of pregnancy in estrogen users. The mechanism for the effects of pregnancy
on Graves’ disease may relate to a relative suppression of immune function during
pregnancy and a rebound of immune activity in the postpartum period, which may have
some analogy to the immune reconstitution Graves’ disease seen in other circumstances
(see paragraph below).

Modulation of normal immune function, by infection, allergy, or iatrogenic manip-
ulation, is associated with Graves’ disease in various circumstances. During recovery
from a severe immunosuppressive insult, a reconstituted and relatively antigen-naïve
immune system, presumably recently re-exposed to thyroid antigens, can lead
to Graves’ disease. This immune reconstitution GD occurs in up to 30% of
multiple sclerosis patients, following the T-cell-depleting (anti-CD52) Campath-H1
treatment (42), and in a small number of patients (2–5%) recovering T-cell function
following successful highly active antiretroviral therapy for HIV infection (43).



122 Part II / Autoimmune Thyroid Disease

Probably by a different mechanism, a minority of Graves’ cases appear to have
a clear temporal link to an attack of allergic illness (typically allergic rhinitis) with
high serum IgE levels preceding the onset of, or relapse, of symptoms (44,45). It
has been speculated that the Th2 (humoral) arm of the immune system is active
in these circumstances and provides a permissive environment for thyroid antibody
generation. Although there are many reports of different infectious agents, or serum
antibodies toward such organisms, being associated with Graves’ disease (46,47),
(reviewed in ref. 48), many of these studies are small and have not been convincingly
reproduced (49). Importantly, Graves’ patients represent a population with a distinct
immunogenetic profile (e.g., 50% of whites with GD are HLA-DR3 positive), and
studies looking at infectious factors need to be designed with an HLA-matched healthy
control group before such reports can be considered credible.

IMMUNOPATHOGENESIS

Antibodies that stimulate the TSH receptor (TSHR) are the essential driver
for the hyperthyroidism and thyrocyte hyperplasia that characterize Graves’
disease (50). These stimulating antibodies, termed TSAbs, are demonstrable by
sensitive immunoassays in >95% of Graves’ subjects (51). TSAbs are predominantly
of the IgG1 subclass and target a conformational and discontinuous epitope in the
amino-terminal region of the leucine-rich repeat motif in the extracellular domain of
the TSHR (52) (Fig. 2). The TSHR has the unique feature for a glycoprotein hormone
receptor of being cleaved and re-formed from two disulfide-linked subunits (termed
A & B) during its processing for cell surface expression. Curiously, it appears that
TSAbs have a higher affinity for the cleaved off, “shed,” extracellular A domain of
the receptor than for the intact “holoreceptor,” and indeed, immunization with the
A domain also generates higher TSHR-stimulating activity in murine models than
with intact receptor (53,54). Binding of these TSAbs activates the intracellular G
proteins coupled to the TSHR, and this induces transcription of the genes encoding
Tg, the thyroid hormone-generating enzymes (including TPO), and the sodium iodide
transporter through the cyclic-AMP and phospholipase-C pathways. Thyroid hormone
production, secretion, and thyrocyte growth results. As well as TSAbs, subjects with
Graves’ disease and other AITD may have circulating antibodies that block the effects
of TSH (or of TSHR-stimulating antibodies) on TSHR activation. The presence of
these blocking antibodies, co-existing with circulating TSAbs, is partly responsible
for the fluctuating nature of the hyperthyroidism that is sometimes seen in Graves’
disease. In addition, high titer blocking antibodies are responsible for the occasional
individual with hyperthyroid Graves’ disease who presents after a prolonged period of
hypothyroidism.

Whether the immune response directed against the TSHR is the initiating immuno-
logical event for Graves’ disease may never be fully clarified; however, there are
circulating antibodies to several other thyroid antigens in the majority of subjects with
Graves’ disease. These include antibodies directed against TPO, thyroglobulin, the
sodium iodide symporter, and some other less well-defined thyrocyte components. Of
these, anti-TPO (formerly known as microsomal) antibodies are pathogenically the most
important and also the most frequent, being found in up to 90% of Graves’ subjects
using sensitive assays (55). These anti-TPO antibodies may be of various subclasses
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Fig. 2. Ribbon diagram of the putative structure of the TSH receptor. The large extra-cellular “A”
domain contains 9 leucine-rich repeat (LRR) regions, which is attached to the transmembrane and
intracellular tail of the receptor (“B” domain) by disulfide bonds. The sites of TSHR-stimulating
antibody binding have been mapped to discontinuous and conformational epitopes involving the
amino-terminal portion of the LRR domain.

(immunoglobulin [Ig]G-1, -2 or -4) and uniquely among thyroid autoantibodies have
the capacity to fix complement and to mediate thyrocyte damage through antibody-
dependent cell-mediated cytotoxicity (56,57). In contrast to the low concentration
THSR-stimulating antibodies, which circulate in nanogram per milliliter quantities in
Graves’ disease, TPO antibodies are commonly found at 1000-fold or higher concen-
trations. Naturally occurring TPO antibodies tend to be directed against certain specific
and highly conformational “immunodominant” epitopes of TPO (58,59) (Fig. 3).
Interestingly, these patterns of TPO antibody response (epitopic fingerprints) are stable,
persisting for many years; they are also inherited in a dominant fashion (60). In contrast
to anti-TSHR antibodies, anti-TPO antibodies do not seem to affect the enzymatic
function of TPO in vivo.

In the untreated state, the thyroid gland in Graves’ disease, as well as being enlarged
by thyrocyte hyperplasia, also contains an extensive B- and T-cell lymphocytic infil-
trate. The thyroid autoantibodies are produced predominantly from these intrathyroidal
B cells/plasma cells (61), which cluster into lymphoid follicles. Antibodies are also
produced to a lesser degree from activated B cells in adjacent lymph nodes, spleen,
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Fig. 3. Space-filling diagram of the putative structure of the myeloperoxidase-like domain of thyroid
peroxidase. Thyroid peroxidase (TPO) acts as a cell surface homodimer, and has a large myeloper-
oxidase (MPO)-like domain, with two smaller, complement control protein (CCP)-like and EGF-like
domains (not shown). There are specific TPO epitopes that are predominantly recognized by autoan-
tibodies in human autoimmune thyroid diseases. The TPO peptides that block autoantibody binding
to these immunodominant regions are shown mapped out on the surface of the MPO-like domain, but
in reality these epitopes involve additional residues on the CCP-like domain in a three-dimensional
conformation (96).

or thymus. These B cells, in turn, are regulated by activated intrathyroidal T cells,
which are of restricted T-cell antigen receptor diversity (62), suggesting derivation from
a limited number of precursor T cells. Once established, it is likely that the immune
response in the thyroid is maintained by a number of factors, including the ability of
thyrocytes themselves, as well as the intrathyroidal B cells, to present antigen to T cells
and the overexpression of TPO and Tg that is driven by TSHR stimulation. It can certainly
be envisaged that a circle of perpetuation might occur, whereby antibody-mediated TSHR
stimulation triggers increased TPO and Tg expression, leading to formation of anti-TPO
and Tg antibodies and progressive thyrocyte antigen release, which re-primes the immune
response.

DIAGNOSIS

Clinical Presentation
The symptoms of thyrotoxicosis are often non-specific, so patients with Graves’

disease may present in numerous ways. The start of symptoms is gradual and often
poorly defined with most subjects having felt unwell for 3–6 months before seeking
medical attention. If the onset of thyrotoxic symptoms can be pinned down to a single
day or few days, then the diagnosis is most frequently that of a destructive thyroiditis
rather than Graves’ disease. Weight loss despite an increase in appetite is found in
80% of subjects, although in a minority the increase in appetite, coupled with the
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free availability of calorie-dense food, leads to weight gain. Pervasive exhaustion
may alternate with periods of restlessness and hyperactivity. Heat intolerance is also
common, with the need to wear fewer clothes and sweating at night being characteristic.
Palpitations at rest or on minimal exertion, or shortness of breath during light exercise
are common at all ages. Tremor of the hands may be noted, along with inappropriate
feelings of anxiety, apprehension, or jumpiness. Poor sleep with mental overactivity and
physical hyperkinesis at night may be a problem. Intestinal transit-time is shortened,
leading to more frequent defecation. Menstrual bleeding may be light, decreased in
frequency, or absent.

Thyroid tenderness or pain is not a feature. Less commonly reported symptoms are
thirst, nausea, generalized itch, and diffuse scalp hair loss. In 5–10% of people, the
first symptoms are because of Graves’ ophthalmopathy (see Chap. 9), with itchy, gritty,
or watering eyes, or an abnormal appearance. Individuals with asymmetrical ophthal-
mopathy tend to present earlier with change in appearance. In the elderly, there may be
little to suggest thyrotoxicosis. Feelings of lethargy, along with reduced appetite may lead
to a diagnosis of depression. Alternatively, the onset of atrial fibrillation may precipitate
a cardiac presentation with dyspnea and/or congestion. In childhood, hyperactivity, short
attention span, behavioral problems, and increased linear growth are found.

The subject may have difficulty sitting still, with constant fidgeting of the hands.
The face, neck, and upper chest wall are often flushed. The palms may be warm and
sweaty, with a symmetrical fine tremor when hands are outstretched. A diffuse goiter
can be visible or palpable, with a systolic phase bruit found over it. There is often
tachycardia unless beta-blockers are being taken, and rapid atrial fibrillation may be
present, particularly in the elderly. Systolic blood pressure may be elevated. There
may be hepatomegaly or splenomegaly. The ankles may be swollen with pitting edema
or rarely because of infiltrative thyroid dermopathy (pretibial myxedema). However,
the latter is more commonly manifest as discrete violaceous plaques on the shin or
dorsum of the foot. Hyperreflexia is common and proximal musculature can be weak.
Frank spasticity and pseudobulbar paresis are late features. Rapid onset of severe and
generalized muscle weakness suggests hypokalemic periodic paralysis: a syndrome
most common in men of Asian descent that is precipitated by thyrotoxicosis. Signs
of Graves’ ophthalmopathy, including lid retraction, lid or conjunctival redness and
edema, proptosis and restricted ocular motility may be present. Rare signs of Graves’
disease include chorea, onycholysis, or acropachy of the nails.

Investigation
Elevation of one or both serum-free thyroid hormones together with an undetectable

TSH (on a third generation assay) confirms the diagnosis of thyrotoxicosis. About
5% of subjects, most commonly elderly, present with elevation of free T3 alone, with
normal free T4 and undetectable TSH. This “T3 thyrotoxicosis” is often a manifes-
tation of relatively mild hyperthyroidism and may respond better to medical treatment.
Elevation of free T4 alone, with normal free T3 and undetectable TSH may be found
in someone with co-existing major illness (a combination of thyrotoxicosis and sick-
euthyroid syndrome) but is also typical of iodine-induced thyrotoxicosis or exogenous
levothyroxine use. If there is doubt about the chronicity or severity of symptoms,
then it is good practice to repeat the abnormal thyroid function tests after a short
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period, as a rapid fluctuation may be the clue to the diagnosis of destructive (silent)
thyroiditis. If the TSH is low but detectable, then the diagnosis is almost certainly
not Graves’ disease and further investigations are needed. Individuals with a persis-
tently undetectable TSH but normal free thyroid hormones (in the absence of pituitary
disease and drug effects) are said to have subclinical hyperthyroidism and need further
investigation (i.e., serum thyroid antibodies, Holter monitor, DEXA bone scan). There
is little clear evidence to guide treatment in this situation (63,64), but in the presence
of atrial fibrillation or established osteoporosis, such subjects warrant treatment for
their mild hyperthyroidism (65).

In the presence of clear extrathyroidal signs of Graves’ disease (e.g., proptosis,
dermopathy), no further testing beyond free thyroid hormone(s) and TSH is necessary.
In the absence of these features, an attempt to secure an etiological diagnosis should
be made. The gold-standard test is a highly sensitive TSHR-stimulating antibody
assay, which will be positive in >95% of subjects with Graves’ disease (51). But
other serum antibody tests, including indirect assay of TSH-stimulating antibodies by
TSH-binding inhibitory immunoglobulin (TBI or TBII) or TPO antibody assay are
commonly employed and have >90% sensitivity for Graves’ disease. In the absence
of a positive antibody test, or in the presence of a nodular thyroid on palpation,
the thyroid gland should be imaged. Although an ultrasound examination may give
a diagnosis of multinodular goiter, a radionuclide image with either 99−Tc or 123−I
gives functional data as to the presence and distribution of functioning thyroid tissue.
Where both tests are available, radionuclide imaging with measurement of isotope
uptake may be the preferable investigation for a positive diagnosis of Graves’ disease.
Other investigations may be worthwhile depending on the clinical situation and likely
treatment plan. If there is significant tachycardia, it is good practice to document the
rhythm by ECG, and subjects with atrial fibrillation should proceed to a more detailed
cardiac evaluation. If antithyroid drug treatment is planned, then a blood count and
white cell differential at baseline may be helpful for the future. A negative pregnancy
test is mandatory if radioiodine treatment is to be undertaken. Microcytosis, elevation
of serum alkaline phosphatase, and mildly deranged liver enzymes are often found;
mild hypercalcemia is rare.

TREATMENT

The treatment options for hyperthyroid Graves’ disease include thionamide
antithyroid drug treatment, radioiodine therapy, or thyroid surgery. All thyrotoxic
patients may gain symptomatic benefit from beta blockade, but this is contraindicated
in those with asthma. Higher doses (e.g., 80 mg tds of propranolol or more) may
be needed to gain heart-rate control in severe thyrotoxicosis, as there is accelerated
drug metabolism in this situation. Individuals with atrial fibrillation should also be
considered for anticoagulation. Currently, there is no perfect treatment for Graves’
hyperthyroidism (66). Each modality has its own pros and cons, and patient preference
is frequently a deciding factor.

Thionamide Treatment
The thionamide antithyroid drugs, propylthiouracil, carbimazole, and its active

metabolite methimazole, have been in use to treat Graves’ disease for >50 years.
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After prolonged administration, they induce remission of hyperthyroidism in about
50% of those treated (67,68). Thionamides act as preferential substrates for iodination
by TPO (69), competing with thyroglobulin to prevent iodotyrosine formation, and as
the iodinated drug derivative is metabolized peripherally, there is gradual depletion of
the thyroidal iodine stores (70). Initial treatment with methimazole or carbimazole is
preferable to propylthiouracil as the drugs can be taken once or twice daily, rather than
8 hourly, and the longer half-life leads to more rapid control (71).

The majority of subjects with hyperthyroid Graves’ disease are rendered euthyroid
(as judged by normal free thyroid hormones) by 4- to 8-weeks treatment with methi-
mazole (30 mg daily) or carbimazole (40 mg daily). Only those with large goiter, recent
iodide exposure, or with poor treatment compliance may need to be treated for longer
or with larger thionamide doses. After euthyroidism is achieved, two different regimens
can be employed. In the first regimen, termed “block-replace,” the dose of thionamide
is kept constant (e.g., carbimazole 40 mg daily), blocking thyroid hormone production,
and levothyroxine is added in a suitable dose to maintain euthyroidism (e.g., 100 �g
daily for a woman, 125 �g daily for a man). In the second regimen, termed “titrated,”
the thionamide dose is progressively lowered at regular intervals to allow endogenous
synthesis of thyroid hormone to continue in a regulated fashion, with only a partial
blockade to hormone production.

In both regimens, there is approximately a 50% remission rate if treatment is
continued for between 6 and 18 months and then stopped (Table 1) (72,73). The relative
merits and drawbacks of the two treatment regimens are summarized in Table 1. The
disadvantage to antithyroid drug treatment with either regimen relates to the uncer-
tainty that the individual may not achieve remission after treatment is stopped and
the potential adverse effects of the antithyroid drugs (70,74). A pruritic rash, which
is often transient, is seen in about 5% of subjects taking antithyroid drugs. The much
rarer but occasionally lethal problem of thionamide-induced agranulocytosis occurs in
1 in 300–500 subjects (74), and patients embarking on antithyroid drug treatment for
any length of time should have clear (and ideally written) instructions to discontinue
treatment and seek a blood count should fever and sore throat develop. Agranulocytosis
occurs most frequently in the first 3 months of treatment (with a median time of about
30 days) and is rare after 6 months (75).

A recent Cochrane evidence-based medicine review has performed meta-analysis of
all randomized controlled trials of thionamides and suggests that titrated regimens are

Table 1
Methods of Administering Antithyroid Drugs

Block–replace regimen Titrated dose regimen

Stable euthyroidism Prone to periods of hypo- and hyperthyroidism
Less clinic visits, less monitoring More clinic visits, more monitoring
Higher rate of adverse reaction Lower risk of adverse reaction
Optimal remission rate after 6–12 months Optimal remission rate after 12–18 months
No prediction of remission by dose changes Prediction of early remission by successful dose

reduction
No significant difference in early or late remission rates between either regimen
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preferable, as they have a lower incidence of adverse reactions (73). However, this recom-
mendation is not relevant to current practice as the block-replace treatment arms in the
three of the four trials that provided evidence of adverse effects used what would now
be considered as high-dose treatment (i.e., carbimazole 60 mg daily or higher dosages).
Nevertheless, the adverse effects of thionamides, including agranulocytosis, are clearly
dose-dependent, and subjects should be carefully observed when higher dosages are
necessary to gain control of hyperthyroidism. Occasional subjects feel persistently unwell
despite euthyroidism on antithyroid drugs. It is worth investigating these for evidence of
Addison’s disease, pernicious anemia, or celiac disease. The ideal Graves’ patient to treat
with antithyroid drugs is someone with a high chance of remission after treatment. Thus,
individuals of older age, female sex, small thyroid size, no extrathyroidal manifestations,
mild hyperthyroxinemia at presentation, and low-titer TSHR antibodies are most likely to
have a successful outcome from drug treatment (76,77).

Radioiodine
131I (radioiodine, RAI) is a beta and gamma radiation emitter, which is rapidly

concentrated by the thyroid after oral ingestion. The active beta particles have a short
2-mm radius of activity and induce DNA damage in the thyrocytes and surrounding
non-epithelial thyroid cells, leading to necrosis, followed by fibrosis and atrophy. Over
6 weeks to 6 months following RAI treatment, most individuals with Graves’ disease
are rendered sequentially euthyroid and then hypothyroid (78). Although there have
been many attempts to use careful dosimetry to estimate the optimal dose of RAI for
each individual (79), many centers administer a pragmatic dose that results in eu- or
hypothyroidism in 70–90% of subjects treated. The exact dose and its efficacy depends
on the iodide nutritional status of the local population, the restriction to iodide intake
imposed on the subject before administration, and whether antithyroid drugs are used
and how long they are stopped before administration (80). In the United Kingdom,
doses of 370 to 550 MBq (10–15 mCi) are routinely used to treat Graves’ disease
in different centers. There is a small risk of exacerbating hyperthyroidism (or even
precipitating thyroid storm) in the month following RAI treatment because of release of
pre-formed hormone. For subjects with large goiters, moderate to severe thyrotoxicosis,
known ischemic heart disease, or arrhythmic tendency, it is recommended to pre-treat
with thionamide until the subject is euthyroid, to reduce this risk (81). Propylthiouracil
in particular (80), but also other thionamides, should be stopped several days (3–14)
before RAI is administered. These can be restarted 2 weeks after the dose, with or
without thyroxine, if ongoing control of thyrotoxicosis is critical.

RAI is absolutely contraindicated in pregnancy and lactation, and subjects are
advised to avoid new pregnancy for 6 months after the treatment. RAI is best avoided
in childhood and adolescence while subjects are still growing (<18 years), as the
thyroid at this age is probably more vulnerable to the deleterious effects of ionizing
radiation. Several studies have looked in detail at cancer risk following therapeutic
RAI use in adults, and the data are strongly reassuring that cancers at all major sites
are no different or less frequent in RAI-treated individuals than in the background
population (82,83). The limited long-term follow-up data for RAI use in childhood and
adolescence are also reassuring (84). Some patients believe that taking RAI will render
them infertile or lead to alopecia. These fairly common but unfounded preconceptions
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should be directly addressed. Radioiodine is relatively contraindicated in individuals
with active inflammatory Graves’ ophthalmopathy, as thyroid antigen release and
subsequent hypothyroidism may be associated with deterioration of eye disease (85).
However, this is rarely observed in subjects who do not smoke or with inactive ophthal-
mopathy, as long as prompt levothyroxine replacement is undertaken (86). RAI is a
good treatment for subjects who want a predictable cure from their Graves’ disease
and for whom the high probability of lifelong levothyroxine treatment afterward is an
acceptable consequence. RAI is the treatment of choice for individuals with severe
Graves’ disease, males, and those with large goiter but without active (inflammatory)
ophthalmopathy (87).

Thyroid Surgery
Total (or near total) thyroidectomy is a highly effective and predictable treatment

for Graves’ disease. Individuals with Graves’ disease who have relapsed following
adequate medical therapy, those with active Graves’ ophthalmopathy or with a cosmet-
ically undesirable goiter are all well suited to surgical intervention. Patients who have
had severe hyperthyroidism with circulatory disturbance treated by iodine load, having
been unable to tolerate thionamides, may also be best treated with early surgery (88).
Long-term complications of thyroid surgery should occur in <2% of operations. These
include hypocalcemia as a result of hypoparathyroidism, which is most frequently
transient and vocal cord paresis because of operative compromise of the recurrent
laryngeal nerve.

Historically, subtotal thyroidectomy has often been performed for Graves’ disease, on
the basis that the small amount of residual tissue was enough to avoid hypothyroidism
and levothyroxine prescription. In the modern era, where the majority of patients who
are treated by thyroidectomy have aggressive or difficult to control Graves’ disease, the
risk of recurrent hyperthyroidism from the TSAb-stimulated thyroid remnant outweighs
this small benefit (89,90). Techniques for less invasive thyroid surgery are currently
being developed (91), and could be suitable for subjects with Graves’ disease. Patients
need to be rendered euthyroid before surgery, and where thionamides cannot be used,
iodine loading with potassium iodide, Lugol’s iodine, or oral cholecystographic contrast
media (iopanoic acid 1 g daily) for 5–10 days is sufficient to achieve euthyroidism in
almost all cases (92).

Special Situations
Antithyroid drug treatment with titrated dose propylthiouracil is the treatment of

choice for Graves’ disease during pregnancy (93). In this situation, block–replace
regimens risk fetal hypothyroidism and goiter. There is also a possible risk of aplasia
cutis and embryopathy with carbimazole or methimazole (94,95). The dose of propy-
lthiouracil may be progressively dropped throughout the pregnancy, and often, the drug
can be discontinued in the third trimester. The onset of intractable vomiting in a newly
diagnosed thyrotoxic is likely to herald pregnancy. There is a risk of TSAb-mediated
fetal or neonatal hyperthyroidism in pregnant women whose Graves’ disease has been
treated with RAI or surgery; assay of maternal TSAb during pregnancy will allow
anticipation of this rare but treatable complication. Breastfeeding is safe with all three
antithyroid drugs.
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As previously described, RAI should be avoided in active inflammatory Graves’
ophthalmopathy. Antithyroid drug treatment in a block and replace regimen is probably
the optimal treatment, until the ophthalmopathy becomes inactive (86). If this cannot
be tolerated, then total thyroidectomy is a good option. In childhood and adolescence,
the chances of remission following thionamide treatment are lower. If compliance with
medication is good, such subjects may be best treated with longer-term thionamide. This
can be withdrawn at an age when RAI treatment has become a more acceptable option.

FUTURE DEVELOPMENTS

With the recent isolation of monoclonal human TSHR-stimulating antibodies, more
sensitive antibody assays to confirm Graves’ disease are set to become widely
available (51). Genomic investigation into the association with the TSHR locus are
likely to shed light on why some people develop Graves’ disease, whereas others in the
same family develop autoimmune hypothyroidism. There are also likely to be results
of genome scans for association in Graves’ disease cohorts in the next 5 years, and
these will lead to a leap in novel biological insights into AITD. It is disappointing
that the therapeutic armamentarium for the management of Graves’ disease remains
unchanged since the introduction of RAI and thionamides in the 1940s. However, it
is possible that novel and specific treatments will stem from knowledge gained from
genomics and from the detailed molecular studies of thyroid antigens that are also
currently moving at a fast pace (52–54,96).
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Summary

Hypothyroidism is defined as the lack of action of thyroid hormones on target tissues. The
term autoimmune hypothyroidism identifies situations with insufficient thyroid function caused by an
autoimmune thyroid diseases autoimmune destruction of the thyroid gland. The most common form of
autoimmune thyroid diseases is chronic or lymphocytic autoimmune thyroiditis (Hashimoto’s thyroiditis).
Prevalence of autoimmune hypothyroidism is high. In its initial stage, chronic autoimmune thyroiditis is
characterized by the presence of hallmarks of thyroid autoimmunity and normal thyroid function. As a
consequence of the autoimmune attack to the gland, hypothyroidism may develop, usually slowly and
insidiously, through a subclinical phase (normal thyroid hormone and slightly elevated thyroid-stimulating
hormone [TSH] levels) and an eventual phase of overt insufficiency (low thyroid hormones and frankly
elevated TSH levels). Etiology and pathogenesis of chronic autoimmune thyroiditis and mechanisms
leading to the hypothyroid phase remain elusive. However, some predisposing genetic factors and some
triggering environmental factors have been identified. The role of antigen-presenting cells, of T- and B-cell
response, and of effector mechanisms in the immunopathogenesis of chronic autoimmune hypothyroidism
has been extensively investigated. Clinical presentation and consequences of autoimmune hypothyroidism
vary according to patient’s age and duration and severity of hypothyroidism. The picture is peculiar in
the elderly, and the effects are particularly negative in fetuses and newborns. Circulating thyroid autoan-
tibodies and a hypoecogenic pattern at thyroid ultrasound are the two hallmarks of AITD. Treatment of
hypothyroidism is based on the administration of synthetic levo-thyroxine (l-T4), whereas the usefulness
of combined treatment with liothyronine (l-T3) is uncertain and difficult to manage. Opinions about
treatment of subclinical hypothyroidisms diverge largely, but it should be supported, or at least not
discouraged. Because of the awareness about negative consequences of maternal hypothyroidism on the
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fetus development, screening or intensive case finding for chronic autoimmune hypothyroidism in women
of childbearing aging is unanimously recommended.

Key Words: Thyroid, chronic autoimmune thyroiditis, Hashimoto’s thyroiditis, hypothyroidism, thyroid
autoantibodies, levo-thyroxine, liothyronine, screening, pregnancy.

INTRODUCTION

Hypothyroidism is defined as the lack of action of thyroid hormones on target tissues.
It can be caused by transient or permanent thyroid failure (primary hypothyroidism),
by lack of thyroid stimulation by thyroid-stimulating hormone (TSH) (secondary or
central hypothyroidism) or by resistance to thyroid hormone (Table 1). The causes of
primary hypothyroidism are autoimmune, iatrogenic (“definitive” treatment of thyroid
disease with radioiodine or thyroidectomy, external neck radiotherapy or treatment
with anti-thyroid or other drugs), subacute thyroiditis, severe iodine deficiency,
natural goitrogens, infiltrative diseases of the thyroid (amyloidosis, sclerodermia),
congenital abnormalities (congenital defects in thyroid hormone biosynthesis, inacti-
vating mutations of the TSH receptor [TSHR], and thyroid dysgenesis).

The term autoimmune hypothyroidism identifies some situations with insufficient
thyroid function caused by an autoimmune destruction of the thyroid gland. The most
common forms of AITD are chronic or lymphocytic autoimmune thyroiditis (with its
goitrous, subatrophic, or atrophic variants). Other AITD include postpartum thyroiditis
(PPT), painless (or sporadic) thyroiditis, focal thyroiditis, and juvenile thyroiditis.
Riedel’s thyroiditis, which is characterized by a progressive fibrosis, has an uncertain
pathogenesis. Although Hashimoto’s thyroiditis, according to the author’s definition in
1912, identified its goitrous variant only, this term is used frequently as synonymous
of chronic autoimmune thyroiditis. The autoimmune process is similar in the goitrous
and atrophic (idiopathic myxedema) variants of chronic autoimmune thyroiditis, and
it is uncertain whether they are distinct entities or represent two ends of a spectrum
of autoimmune thyroid destruction. No clear evidence for progression between the
goitrous and the atrophic form of chronic autoimmune thyroiditis has been reported.

A large number of surveys, until recently, have established the high prevalence of
autoimmune hypothyroidism. With the possible exception of areas with severe iodine
deficiency, chronic autoimmune thyroiditis is the most common cause of spontaneous
hypothyroidism. In its initial stage, chronic autoimmune thyroiditis is characterized
by the presence of hallmarks of thyroid autoimmunity and normal thyroid function.
As a consequence of the autoimmune attack to the gland, hypothyroidism develops,
usually slowly and insidiously through a subclinical phase (normal thyroid hormone
and slightly elevated TSH levels) and an eventual phase of overt insufficiency (low
thyroid hormones and frankly elevated TSH levels) (1). The etiology and pathogenesis
of chronic autoimmune thyroiditis and the mechanism leading to the hypothyroid phase
of autoimmune hypothyroidism remain not clear. The clinical presentation and the
effects of autoimmune hypothyroidism vary according to the age of patients. Mild
maternal hypothyroidism can affect fetal neurodevelopment. More rarely, maternal
autoantibodies to the TSHR (TSHR autoantibodies) with blocking activity (TSHR-B
autoantibodies) can induce transient neonatal hypothyroidism. Juvenile autoimmune
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Table 1
Classification of Hypothyroidism

Primary (transient or
permanent)

Autoimmune (thyroiditis) Chronic (lymphocytic)

Goitrous (Hashimoto’s thyroiditis)
Atrophic (idiopathic mixedema)

Post-partum
Painless (sporadic)
Focal
Juvenile

Subacute thyroiditis
Riedel’s thyroiditis
Iatrogenic Post-radioiodine

Post-thyroidectomy
External radiotherapy
Anti-thyroid and other drugs
(thionamides, iodine, amiodarone,
lithium, interferon-�, interleukin-2,
granulocyte-macrophage
colony-stimulating factor)

Severe iodine deficiency
Natural goitrogens
Infiltrative diseases
of the thyroid

Amyloidosis
Sclerodermia

Congenital abnormalities Defects in thyroid hormone
biosynthesis
Inactivating mutations of the
thyroid-stimulating hormone receptor
(TSHR)
Thyroid dysgenesis

Transient neonatal
hypothyroidism

Transplacental passage of maternal
TSHR-B autoantibodies
Iodine deficiency
Iodine excess
Administration of antithyroid agents
to the mother

Secondary or central Pituitary disease
Hypothalamic disease

Thyroid hormone
resistance

hypothyroidism can affect physical and sexual development. Clinical presentation
of hypothyroidism in the elderly is peculiar. Whereas the need for treatment of
clinical hypothyroidism and its management are universally accepted, the necessity of
treating subclinical hypothyroidism is discussed. The need of screening for autoimmune
hypothyroidism is debated as well.
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Juvenile thyroiditis is usually characterized by a moderate lymphocytic infiltration
and may have a transient course. A mild degree of infiltration and no evidence of
thyroid dysfunction are the distinctive features of focal or minimal thyroiditis. A period
of transient thyrotoxicosis and a phase of transient or permanent hypothyroidism are
typical of PPT and painless sporadic thyroiditis.

EPIDEMIOLOGY

The prevalence of chronic autoimmune thyroiditis and hypothyroidism is influenced
by gender, age, and the environment.

Some degree of lymphocytic infiltration at autopsy is present in the thyroid in 32%
of adult women and in 8% of adult men and is more common over 50 years (2).
Thyroid autoantibodies correlate with the presence of focal thyroiditis in biopsy and at
autopsy (3). Their frequency and distribution are greatly influenced by the technique of
detection. In the Whickham survey, thyroglobulin (Tg) autoantibodies were reported
in 2% of population, whereas thyroperoxidase (TPO) autoantibodies (microsomial
antibodies) were positive in 7% of subjects (10% of women and 3% of men); the
figures in females over 75 years of age were 7% for Tg autoantibodies and 9% for
TPO autoantibodies (4). Similar results have been recently reported in populations
living in iodine-sufficient areas (5,6). Taking as control a group of people aged <50
years, the prevalence of TPO autoantibodies and Tg autoantibodies was significantly
greater in subjects aged 70–85 years but not in centenarians (7). In addition, the
prevalence of TPO autoantibodies and Tg autoantibodies was higher in unselected or
hospitalized elderly patients and lower in centenarians and in “younger” healthy elderly
as compared with an apparently normal population (8). Therefore, the appearance of
thyroid autoantibodies in elderly subjects might be related to age-associated disease, and
healthy older subjects might represent a selected population with an unusually efficient
immune system (9). The influence of age, sex, and iodine intake on the prevalence of
hypothyroidism is similar to that on thyroid autoantibodies. In large epidemiological
studies on populations living in iodine-sufficient areas, hypothyroidism occurs in 1–
9.5% of the general population and in 3–20% over 75 years (4–6), whereas only 0.2% of
people living in an iodine-deficient area were hypothyroid (10). In the Wickham survey,
spontaneous overt hypothyroidism was 1% in women and <0.1% in men, the mean
serum concentration of TSH was significantly higher in subjects with positive antibody
tests, and 50% of subjects with circulating thyroid autoantibodies had serum TSH
>6 mUI/L (4). In the same survey, subclinical hypothyroidism was present in 8% of
women and in 3% of men and increased with aging. Similar results have been reported
by recent surveys (5,6). The prevalence of subclinical hypothyroidism was lower in
an iodine-deficient area (3.8% of adults) (10). Indeed, it has been shown that small
differences in iodine intake influence greatly the incidences of overt hypothyroidism
and hyperthyroidism (11). Thus, subclinical hypothyroidism is two- to fourfold more
common than the corresponding overt condition and is more frequently in women, in
elderly, and in iodine-sufficient areas.

Risk factors for hypothyroidism have been determined in the 20-year follow-up study
of the Whickham survey (12). The mean incidence of spontaneous hypothyroidism in
women was 3.5/1000/year, and the risk increased with age to 13.7/1000 in women
between 75 and 80 years. In men the risk was 0.6/1000/year. The risk factors for having
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developed hypothyroidism at 20-year follow up in women were elevated TSH (odds
ratio 14) and positive thyroid autoantibodies (odds ratio 13); when elevated TSH and
positive thyroid autoantibodies were combined, the odds ratio was 38. The results were
similar in men. Thyroiditis is the cause of euthyroid goiter in about half of children and
adolescent living in iodine-sufficient areas. Its prevalence in these areas is 1.2% (13).
The disease is rare in children younger than 5 years.

GENETIC AND ENVIRONMENTAL FACTORS (TABLE 2)

Genetic Factors
A bulk of epidemiological studies have established that the prevalence of chronic

autoimmune thyroiditis is higher within some families and that chronic autoimmune
thyroiditis and Graves’ disease (AITD) frequently occur in members of the same
family. The prevalence of thyroid autoantibodies is higher in first-degree relatives of
patients with chronic autoimmune thyroiditis, and a high correlation rate for thyroid

Table 2
Factors Involved in the Pathogenesis of Autoimmune Hypothyroidism

Genetic Genes HLA class I and class II
Tumor necrosis factor
T-cell receptor
Immunoglobulin
Cytokine regulatory
Thyroid autoantigens

Thyroperoxidase
Thyroglobulin
TSH-receptor

Genetic syndromes Turner’s syndrome
Down’s syndrome

Endogenous Sex hormones
Sex chromosomes
Glucocorticoids
Low birth weight
Stress

Environmental Infectious agents Congenital rubella syndrome
Hepatitis C virus infection

Iodine
Drugs Amiodarone

Lithium
Interferon-�
Interleukin-2
Granulocyte-macrophage
colony-stimulating factor

Radiation Internal: 131-I (fallout, treatment)
External: head and neck irradiation
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autoantibodies is reported in twins (14). Although the results differ, partially as a
consequence of the different parameters evaluated in different studies, the relative risk
reported for chronic autoimmune thyroiditis in siblings (between 10 and 45) clearly
indicate that genetic predisposition is relevant in chronic autoimmune thyroiditis (15).

Human leukocyte antigens (HLA) class I and class II genes, tumor necrosis factor
genes (TNF), T-cell receptor (TCR) genes, immunoglobulin (Ig) genes, and cytokine
regulatory genes have been implicated in susceptibility to thyroid autoimmunity.

An increased frequency of HLA-DR3, DR4, and DR5 has been reported in white
patients with chronic autoimmune thyroiditis and in PPT but not in other ethnic
groups (16). As the relative risk for people bearing this HLA alleles is low (2–7) and
specific HLA loci often fail to segregate with the expression of the autoimmunity within
families (17–19), it has been accomplished that HLA genes cannot be the only factors
contributing to the genetic predisposition of chronic autoimmune thyroiditis (15,20).

The role of the three major thyroid-specific genes (TPO, Tg, and TSHR) in AITD
has been investigated. The epitopic specificity of TPO autoantibodies is inherited
dominantly (21), but TPO gene is not linked nor associated with chronic autoimmune
thyoiditis (22). Neither TSHR gene shows any correlation with AITD (23). Amino acid
substitutions of Tg gene have been recently correlated with susceptibility for AITD
both in humans and in experimental autoimmune thyroiditis (EAT) (24).

A higher prevalence of chronic autoimmune thyroiditis has been reported in some
chromosomal abnormalities. In Turner’s syndrome, both thyroid antibody (25) and
hypothyroidism (26) are more common. However, linkage studies on the correlation
between chromosome X and AITD were not conclusive (20). AITD are more common
in patients with Down’s syndrome (27,28), but serum markers of thyroid autoimmunity
are not more frequent in the parents of Down’s patients with thyroid disease (29).

As few genes conferring a low risk have been identified to date, it has been
accomplished that genetic predisposition to chronic autoimmune thyroiditis is probably
complex and induced by several genes with reduced penetrance (20). In addition,
different genetic backgrounds, probably with different types of inheritance, can
determine an identical phenotype (15).

There is a predisposition to develop other autoimmune diseases associated with
chronic autoimmune thyroiditis. Patients with chronic autoimmune thyroiditis have
autoantibodies to adrenal cortex (1–2%), pancreatic islet cells (1–3%), gastric parietal
cells (10–30%), intrinsic factor (1%), DNA, phospholipids, or IgG (30).

Endogenous Factors
The endogenous factors that have been proposed to play a role in chronic autoimmune

thyroiditis include sex hormones, glucocorticoids, and low birth weight.
Sexual dimorphism is apparent in normal immune function and in autoimmune

diseases in humans as well as in animals. Most organ- and non-organ-specific
autoimmune diseases are more prevalent in women than in men. In addition, a sex-
related susceptibility is apparent in models of both spontaneous and induced EAT and
of other autoimmune diseases (31). The sexual dimorphism of immune and autoimmune
responses can be because of the influence exerted on the immune system by genes
carried by sex chromosomes (X or Y) or by sex hormones. The levels of estrogens and
androgens can influence the prevalence of autoimmune diseases in animals (31,32).
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Estrogens may modulate the function of the antigen-presenting cells (APCs), influ-
encing their cytokine profile, differentiation, and migration (33). However, estrogens
were not able to increase TPO expression on human thyroid cells (34). Stress does
not seem to play a crucial role in the induction of chronic autoimmune thyroiditis,
but it could affect susceptibility through cortisol secretion variations, as shown in
animals (35). The prevalence of high thyroid autoantibody concentrations in monozy-
gotic twins has been related to their birth weight (36).

Environmental Factors
Environmental factors involved in autoimmune thyroiditis include infectious agents,

iodine, treatment with amiodarone, interferon (IFN)-�, interleukin (IL)-2, granulocyte-
macrophage colony-stimulating factor (GM-CSF), ionizing radiation, and toxins.

Only few reports relating chronic autoimmune thyroiditis and viral infections
(congenital rubella syndrome and hepatitis C virus infection) have been published so
far (37,38).

The role of iodine intake in the development of EAT is well known. In addition,
epidemiological surveys have demonstrated the role of dietary iodine in human
autoimmunity. After introduction of iodization programs into iodine-deficient regions,
an increased prevalence of thyroid autoantibodies and lymphocytic infiltration was
reported (39). As already mentioned, iodine intake modifies the incidence of overt
hypothyroidism as a consequence of direct effect on thyroid function and on thyroid
autoimmunity. Patients with chronic autoimmune thyroiditis treated with iodine have
an enhanced susceptibility to develop hypothyroidism (40).

Amiodarone-induced hypothyroidism is more common than amiodarone-induced
thyrotoxicosis in iodine-sufficient areas (41). Female sex and positive TPO autoanti-
bodies represented a relative risk of 7.9 and 7.3, respectively, for amiodarone-induced
hypothyroidism, and when both were present, the risk was 13.5 (42). Thus, pre-existing
chronic autoimmune disease is a risk factor for the occurrence of hypothyroidism in
amiodarone-treated patients (43). The most likely pathogenetic mechanism is that the
thyroid gland, damaged by chronic autoimmune thyroiditis, is unable to escape from
the acute Wolff–Chaikoff effect after the iodine load and therefore to resume a normal
hormone synthesis (44). In addition, iodine-induced damage to the thyroid may add to
that caused by the pre-existing chronic autoimmune thyroiditis, thus accelerating the
trend toward hypothyroidism. Amiodarone-induced hypothyroidism is more frequently
persistent in TPO autoantibody-positive patients and more commonly transient in TPO
autoantibody-negative patients (43). The majority of studies indicate that the occur-
rence of de novo TPO autoantibodies after amiodarone treatment, reported by some
authors, is unlikely (reviewed in ref. 44). In the presence of thyroid autoimmunity,
treatment with lithium may increase thyroid antibody concentration and may induce
subclinical or overt hypothyroidism (45). The development of thyroid antibodies,
transient thyrotoxicosis, hypothyroidism, or both has been reported after therapy
with IFN-� (46), IL-2 (47,48), and granulocyte-macrophage colony-stimulating factor
(GM-CSF) (49). Patients with pre-existing circulating antibodies are at higher risk for
thyroid dysfunction. However, in 15% of patients with no evidence of thyroid autoim-
munity, treatment with IFN-� will induce high serum TPO autoantibody concentration
or thyroid dysfunction (50).
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Thyroid can be exposed to external and internal radiation. Internal radiation can be
the consequence of indirect exposure after environmental disasters (fallout) or after
therapeutic irradiation with 131-I. External radiations are the consequence of direct
exposure after environmental disasters or therapeutic irradiation for diseases of the
head and the neck. The effects of environmental irradiation on thyroid autoimmunity
are controversial (51). Hypothyroidism was correlated with exposure to fallout from a
hydrogen bomb explosion releasing short-lived radioiodine isotopes (52). About 6–8
years after the Chernobyl accident, a significant increase in thyroid autoimmunity
without evidence of thyroid dysfunction was found in children exposed to radioactive
fallout (53). Pubertal age in girls was a risk factor for increased prevalence of thyroid
autoimmunity. In a subsequent analysis with a longer follow-up, no increase has been
found by the same group (Pinchera and Elisei, unpublished data), suggesting that
this phenomenon is transient. In persons exposed as children to 131-I released in
the atmosphere from the Hanford nuclear site, the radiation did not correlate neither
with chronic autoimmune thyroiditis nor with autoimmune hypothyroidism 40 years
after exposure (54). Although a significant relationship between thyroid radiation dose
and autoimmune hypothyroidism was observed in atomic bomb survivors in Nagasaki
40 years after the atomic bomb explosion (55), neither anti-thyroid antibodies nor
autoimmune hypothyroidism correlated with thyroid radiation dose in Hiroshima and
Nagasaki atomic bomb survivors 55–58 years after radiation exposure (56). The role of
occupational exposure to ionizing radiation in inducing AITD, which has been reported
recently (57), needs confirmation in larger studies. The occurrence of hypothyroidism
after neck and head irradiation has been long recognized and histological lymphocytic
thyroiditis after low-dose irradiation exposure during childhood has been demon-
strated (58). AITD were more frequent in patients exposed to multiple fluoroscopic
examination, although the difference was not statistically significant (59). Hypothy-
roidism has been reported after irradiation for Hodgkin’s disease (60). 131-I treatment
can induce a transient rise of titers in thyroid autoantibody-positive patients (61) and
the appearance of thyroid autoantibodies in autoantibody-negative patients (62,63).

Smoking may increase the risk of hypothyroidism in patients with chronic
autoimmune thyroiditis (64).

IMMUNOPATHOGENESIS

Autoimmune hypothyroidism results from an interaction of endogenous and environ-
mental factors with thyroid and non-thyroid genes, leading to activation of thyroid-
autoreactive T cells and ultimately hypothyroidism through immune-mediated inflam-
mation and thyroid tissue destruction. A number of mechanisms are involved in this
process.

Antigen Presentation
Antigen presentation from APCs expressing HLA class II stimulates T cells through

TCRs, in the presence of costimulatory molecules. This process initiates and maintains
immune response. In the absence of costimulatory molecules, the presentation of
antigens on APCs induces T-cell inactivation or anergy.

As previously reported, some predisposing genes, including HLA and thyroid-
specific genes, have been implicated in chronic autoimmune thyroiditis. In keeping
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with this view is the recent demonstration that amino acid substitutions in the Tg gene
interact with HLA-DR3 in conferring susceptibility to human and murine AITD (24).
It is envisaged that Tg gene may predispose to AITD by many mechanisms: sequence
changes in Tg may make the molecule more immunogenic or may change its interaction
with HLA class II molecules (24).

The observation that thyroid follicular cells from patients with chronic autoimmune
thyroiditis express on their surface HLA class II molecules (65,66) and that TPO and
HLA class II expression in thyroid follicular cells is a dynamic phenomenon under the
influence of TSH, TSHR-S autoantibodies, and IFN-� (67), led to the suggestion that
they may act as facultative APCs. More recently, costimulatory molecules have been
demonstrated on thyroid cells from patients with AITD (68–71). Taken together, these
findings support the role of thyroid follicular cells as APCs, at least in the perpetuation
of chronic autoimmune thyroiditis, whereas their importance in the initiation of the
autoimmune process remains uncertain (72).

The function of APCs in chronic autoimmune thyroiditis is complex and diverse
among the different cell types involved. In particular, thyroid follicular cells may act
as facultative APCs by unmasking a “cryptic” epitope of TPO, leading to thyroid
immune response (73), whereas competent APC dendritic cells, in addition to exert a
stimulatory action on T cells, may also induce anergy of a T-cell clone specific for
human TPO epitope (74).

T-Cell Responses
The pivotal role of T cells in inducing chronic autoimmune thyroiditis has recently

been demonstrated by the induction of hypothyroidism associated with histological
changes of thyroiditis in a transgenic mouse model, which was unable to produce
antibodies (75).

The reported restriction of the V� gene usage of TCRs among T cells infiltrating the
thyroid in AITD, which raised the possibility of a clonal restriction of T-cell response
in thyroid autoimmune disease (76), has not been confirmed (77).

More recently, a role of cytotoxic T-lymphocyte antigen (CTLA)-4, the protein
involved in the down regulation of activated T cells and thus in tolerance, has been
proposed. In particular, a polymorphism of the CTLA-4 gene, which reduces the mRNA
expression of the soluble form of this protein, represents a risk for the development of
AITD (78).

B-Cell Responses
TPO, Tg, and TSHR are the most important thyroid autoantigens, giving rise

to autoantibodies detectable in the serum of patients with chronic autoimmune
thyroiditis. Autoantibodies to megalin and to thyroid hormones have been reported,
whereas the presence of autoantibodies to Na/I symporter is uncertain (reviewed in
ref. 79).

TPO autoantibodies are present in >80% and Tg autoantibodies in up to 80% of
patients with chronic autoimmune thyroiditis (80–82). The variable heavy (H) and
light (L)-chain composition of TPO autoantibodies and Tg autoantibodies and the
usage of different H and L chain V region genes encoding Tg autoantibodies and
TPO autoantibodies derived from the same patient (83) indicate that a polyclonal
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B-cell response is involved in thyroid autoimmunity. Both TPO autoantibodies and
Tg autoantibodies are predominantly of IgG class. In patients with chronic autoimmune
thyroiditis, Tg autoantibodies are predominantly IgG2 (84). IgA class Tg autoantibodies
and TPO autoantibodies are also present (85). TPO autoantibodies and Tg autoanti-
bodies recognize the respective human autoantigens with high affinity and better than
antigens from other species. Human TPO autoantibodies recognize conformational
epitopes on two overlapping domains, each of which subdivided into two subdomains
and, less commonly, linear epitopes (86). TPO autoantibodies can fix complement.
The observations that Tg autoantibodies do not fix the complement, that are present in
otherwise healthy subjects (80), and that their levels do not correlate with the severity
of chronic autoimmune thyroiditis support the concept that these autoantibodies are not
pathogenetic. As previously reported, chronic autoimmune thyroiditis is more common
in iodine-sufficient areas. The degree of iodination of Tg changes its antigenicity with
respect to mouse monoclonal antibody binding (87). In EAT, enhanced iodination of
Tg facilitates the selective presentation of a cryptic pathogenetic peptide to APCs (88).
Human Tg autoantibodies recognize conformational epitopes preferentially. The view
that the binding of Tg autoantibodies from patients with AITD is restricted to two
major (and several minor) epitopic regions on Tg has been recently confirmed (89). In
addition, the overlap of Tg epitope recognition by Tg autoantibodies from patients with
Graves’ disease and chronic autoimmune thyroiditis was demonstrated by inhibition
studies using two human monoclonal Tg autoantibodies (90). At variance, evaluating
inhibition of binding of Tg autoantibody-positive sera to Tg by a panel of mouse
monoclonal Tg autoantibodies, recognition was more restricted for patients with AITD
than for patients with non-toxic goiter (and normal individuals) (91).

The finding of autoantibodies cross-reacting with Tg and TPO (TgPO Ab) in patients
with chronic autoimmune thyroiditis (92,93), which suggested a role for cross-reactivity
of B-cell response to Tg and TPO (94), has not been confirmed (83).

TSHR autoantibodies play a direct role in the pathogenesis of AITD. They
are detectable in most patients with Graves’ disease, in whom they act as TSH
agonist, activating TSHR and inducing hyperthyroidism and goiter (TSHR-stimulating
[TSHR-S autoantibodies]). Conversely, TSHR autoantibodies are present in a minority
of patients with chronic autoimmune thyroiditis, in whom they exert a TSH antag-
onist action, thus inducing hypothyroidism and thyroid atrophy (TSHR-B autoanti-
bodies). Currently, TSHR autoantibodies can be detected by radioreceptor assays or
by bioassays (95). Direct assays for TSHR autoantibody detection are also available.
Radioreceptor assays are based on the ability of TSHR autoantibodies to compete
for the binding of radiolabeled TSH to the TSHR (TSH-binding inhibitory assay,
TBI) and thus cannot differentiate TSHR-S from TSHR-B autoantibodies. The differ-
entiation is possible by bioassay, which measures in cultured cells expressing the
TSHR the ability of TSHR autoantibodies to directly stimulate cyclic AMP production
(TSHR-S autoantibodies) or vice versa to block cyclic AMP production induced by
TSH simulation (TSHR-B autoantibodies). In a TBI assay, only 15% of patients with
chronic autoimmune thyroiditis resulted positive as compared with nearly 100% of
patients with Graves’ disease (96). By bioassay, TSHR-B autoantibodies are present
in up to 20% of patients with the atrophic variant of chronic autoimmune thyroiditis
and less frequently in those with the goitrous variant (97,98). At variance with TSHR
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autoantibodies from patients with Graves’ disease (99,100), TSHR-B autoantibodies
are not class-restricted, and therefore, their origin is probably polyclonal (101). TSHR
autoantibody epitopes comprise discontinuous sequences of the polypeptide chain that
are contiguous in the folded protein under native conditions (102). Whereas TSHR-S
autoantibodies interact mainly with the N-terminal components of the ectodomain,
TSHR-B autoantibodies interact to a greater extent with the C terminus and to a
lower degree with the N terminus and the midregion of the TSHR (102,103). Accord-
ingly, immunization of mice with the N-terminal component of the TSHR or with
the TSHR holoreceptor generated preferentially TSHR-S and TSHR-B autoantibodies,
respectively (104). Whereas the epitope(s) for TSHR-S autoantibodies are partially
sterically hindered on the holoreceptor by the plasma membrane, those for TSHR-B
autoantibodies are fully accessible (105). Thyroid autoantibody production requires the
presence of thyroid autoantigens as indicated by their disappearance after total thyroid
ablation obtained by thyroidectomy plus 131-I treatment (106).

Megalin (gp330) binds Tg with high affinity and participates in its transcytosis
across thyroid cells (107). Autoantibodies to megalin were detected in 50% of
patients with chronic autoimmune thyroiditis and in some patients with Graves’
disease and thyroid carcinoma but not in normal subjects (108). Autoantibodies to
T4 and T3 (109) have been reported. A role of Na/I symporter as autoantigen in
thyroid autoimmunity has been proposed by some authors (110,111) but excluded by
others (112–114).

Effector Mechanisms
Both cell-mediated and humoral mechanisms are responsible for thyroid damage in

chronic autoimmune thyroiditis.

Cell-Mediated Mechanisms

T-cell-mediated cytotoxicity plays a role in EAT, by the release of soluble cytolytic
mediators such as perforin and granzymes, resulting in death of thyroid cells. This
mechanism is probably important in human chronic autoimmune thyroiditis as well. An
additional mechanism resides in the release of cytokine following lymphocytic infil-
tration, which contributes to thyroid cell damage and death. Intrathyroidal cytokines can
increase the expression of intercellular adhesion molecule (ICAM)-1 on thyroid cells,
with the consequent binding to its cognate receptor (lymphocyte function-associated
antigen [LFA]-1), present on lymphocytes. This sequence of events exert a cytotoxic
effect on thyroid cells. In addition, a role for Fas (CD 95) has been proposed in chronic
autoimmune thyroiditis. Fas, a death-signaling receptor, is known to induce peripheral
deletion of chronically activated T cells when activated by its ligand (Fas L) on their
surface. The finding that Fas expression could be induced by IL-1 on thyroid cells from
patients with chronic autoimmune thyroiditis led to the suggestion that the interaction
of Fas with Fas L is a mechanism of cell death in this disease (115). Subsequent studies
provided no support to this interpretation (116,117).

Humoral Mechanisms

TPO autoantibodies can fix complement and have been shown to induce cytotoxic
of thyroid cells in vitro (118). TPO autoantibodies have been detected within thyroid
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follicules of patients with chronic autoimmune thyroiditis (119), raising the question of
their in vivo cytotoxic role. As the prerequisite for their access to intrafollicular TPO
is the disruption of tight junctions between thyroid cells, TPO autoantibodies probably
exert a secondary destructive mechanism. Babies born to mothers with circulating
TPO autoantibodies are euthyroid because TPO autoantibodies have no direct access
to their target. Cytotoxic activity of TPO autoantibodies does not correlate with their
concentration (118) and is restricted to IgG1 subclass, at least in vitro (120). Tg autoan-
tibodies are unable to fix the complement but may form Tg–Tg autoantibody immune
complexes along the basal membrane of thyroid follicles, inducing complement attack
and subsequent release of proinflammatory molecules. By binding natural killer (NK)
cells through their Fc, both types of thyroid autoantibodies can cause antibody-
dependent cell-mediated cytotoxicity. The importance of this mechanism in chronic
autoimmune thyroiditis is unclear (121,122). TPO autoantibodies and TSHR autoanti-
bodies may also exert a direct effect on thyroid cells. TPO autoantibodies have been
reported to inhibit the enzymatic activity of TPO in vitro by some (123) but not all
authors (124,125). TSHR-B autoantibodies contribute to the development of hypothy-
roidism in some patients with the atrophic form of chronic autoimmune thyroiditis
and in few patients with goitrous chronic autoimmune thyroiditis (97). The occasional
reports of a temporal association between disappearance of TSHR-B autoantibodies
and remission of hypothyroidism and that of a transient neonatal hypothyroidism
induced by maternal TSHR-B autoantibodies crossing the placenta in neonates born
to mothers with TSHR-B autoantibodies (126,127) are in keeping with this view. The
hypothesis that maternal TSHR-B autoantibodies crossing the placenta might play a
crucial role in athyreotic myxedematous cretinism (128) has been excluded by the
demonstration that these autoantibodies are present only in a minority of mothers
of athyreotic subjects (129). The de novo appearance of TSHR-B autoantibodies
after 131-I treatment of Graves’ disease, which was proposed as a prevalent
cause in inducing hypothyroidism following 131-I treatment (130), has not been
confirmed (131).

Histological Findings
Histological findings of chronic autoimmune thyroiditis encompass a spectrum of

pathological changes, from a large goiter to an atrophic gland, from scattered clusters
of infiltrating lymphocytes to extensive chronic inflammation and scarring with almost
complete loss of follicular epithelium (reviewed in ref. 132). If the thyroiditis is slight
and focal, then the thyroid is normal in size and contains scattered infiltrates of T
and B cells and few plasma cells. Some infiltrates contain lymphoid follicular centers.
The involved thyroid follicles are atrophic and devoid of colloid. Focal lymphocytic
thyroiditis might represent the early form of autoimmune thyroiditis. When lymphocytic
infiltration is more extensive, occasional follicular cells undergo metaplasia toward
oxyphilic cells. In more advanced cases of autoimmune thyroiditis, little or no normal
parenchyma is visible, many follicles are small and contain little amount of colloid, and
infiltrates of lymphocytes, plasma cells, and macrophages become extensive. Lymphoid
follicular cells are numerous, the amount of connective tissue is increased, and some
thyroid follicular cells are atrophic or damaged, hyperplastic or metaplastic (oncocytic
or Hürthle cells).
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Chronic Autoimmune Thyroiditis and Pregnancy
Ameliorationof theclinical courseofchronicautoimmune thyroiditisduringpregnancy

is the consequence of the heightened state of immune tolerance in this period. The
large amounts of estrogens and progesterone during pregnancy have been implicated in
this immunomodulation and in particular in the shift from Th1 to Th2 response (133).
An additional mechanism is the production by trophoblastic cells of special substances
such as a special major histocompatibility complex class I molecule (HLA-G). As
a consequence of the rebound of the immune response following delivery, exacer-
bation of autoimmune thyroiditis or development of PPT may occur. An additional
mechanism of post-partum thyroid autoimmunity is attributed to fetal microchimerism.
This phenomenon consists of the migration of fetal cells into maternal tissues during
pregnancy. Intrathyroidal fetal microchimerism has been reported in thyroid specimens
of women with chronic autoimmune thyroiditis (134,135), leading to the concept
that a graft-vs-host reaction is important in post-partum thyroid autoimmunity.

DIAGNOSIS

Clinical Presentation
In the natural history of chronic autoimmune thyroiditis, the presence of hallmarks of

thyroid autoimmunity with normal thyroid function usually precedes the development
of hypothyroidism (Table 3). The progression from euthyroidism to hypothyroidism
may take several years. The presence of a goiter may be the first clinical manifestation
of chronic autoimmune thyroiditis. In some patients, the diagnosis is based on the
finding of positive circulating thyroid autoantibodies and of the typical hypoecogenicity
at thyroid ultrasound. In other cases, the first finding is a slightly elevated TSH
concentration, which is detected accidentally, in the absence of symptoms and signs
of hypothyroidism (subclinical hypothyroidism). When the thyroid damage is more
severe, a mild-to-severe clinical hypothyroidism is present. Clinical expression of
hypothyroidism is mainly influenced by its rate of development and patient’s age.
When progression of hypothyroidism is rapid, as after withdrawal of replacement
therapy or total thyroidectomy, symptoms are well recognized, whereas when it is
slow, as in chronic autoimmune thyroiditis, its appearance may be insidious and its
severity variable. In most adult patients with the goitrous form of chronic autoimmune

Table 3
Clinical Presentation of Autoimmune Hypothyroidism

• Goiter
• Positive circulating thyroid autoantibodies
• Hypoecogenicity and/or thyroid atrophy at ultrasound
• Slightly elevated circulating thyroid-stimulating hormone (TSH) levels and normal

thyroid hormones (subclinical hypothyroidism)
• Frankly elevated TSH levels and low thyroid hormones (clinical hypothyroidism)
• Symptoms and signs of hypothyroidism
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thyroiditis, few and mild symptoms are present, and sometimes, they are recognized
only retrospectively, after restoration of euthyroidism with thyroid hormone treatment.
In the elderly, the atrophic form of chronic autoimmune thyroiditis may cause a
particularly insidious and severe form of hypothyroidism, which may eventually lead to
myxedema coma. Diagnostic indexes that score the presence or absence of symptoms
and signs of hypothyroidsm have been proposed (136,137).

As previously reported, mildly increased serum TSH levels and elevated thyroid
autoantibody levels are predictive of subsequent thyroid failure (12,138). In a 20-year
follow-up study of goitrous juvenile thyroiditis, hypothyroidism developed in 33% of
patients (13).

Symptoms of Overt Hypothyroidism in Adulthood

Overt hypothyroidism of adulthood induces changes in almost every organ system
(Table 4) (139). Cutaneous changes are frequent and include cold intolerance, nail
abnormality, thickening and dryness of hair and skin, edema of hands, face, and eyelids,
change in shape of face, malar flush, non-pitting edema, alopecia, and pallor. Unusual
coldness of the arms and legs is common.

Multiple alterations of the cardiovascular system are present. Bradycardia parallels
the decrease in body metabolic rate. Loss of the inotropic and chronotropic actions
of the thyroid hormones reduces myocardial contractility, thus both stroke volume
and hearth rate and consequently cardiac output at rest. Narrowing of pulse pressure,
prolongation of circulation time, and decreased blood flow to the tissues are because
of the increase of peripheral vascular resistance at rest and reduction of blood volume.

Table 4
Manifestations of Overt Hypothyroidism

Cutaneous Cold intolerance
Nail abnormality
Thickening and dryness of hair and skin
Edema of hands, face, and eyelids
Change in shape of face
Malar flush
Non-pitting edema
Alopecia
Pallor
Decreased sweat secretion

Cardiovascular Dyspnea
Decreased exercise tolerance
Angina
Low pulse rate
Increased systemic vascular resistance
Diastolic hypertension
Cardiomegaly
Pericardial effusion
Peripheral non-pitting edema
Low-voltage ECG, non-specific ST-T changes
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Gastrointestinal Anorexia
Gaseous distension
Constipation
Prolonged gastric emptying
Prolonged intestinal transit time
Slowed intestinal absorption
Ascites
Elevated liver enzymes
Gallbladder hypotonia
Atrophy of the gastric and intestinal mucosa, immune

gatritis
Neurologic Somnolence, lethargy

Slow speech
Impaired cognitive functions
Headache
Paraesthesias
Cerebellar ataxia
Deafness
Vertigo
Delayed relaxation of deep tendon reflexes
Low-voltage EEG, slow �-wave activity

Psychiatric Depression
Bipolar disorders
Affective psychosis

Musculoskeletal Generalized muscular hypertrophy
Easy fatigue
Slowness of movements
Articular and muscular pain
Stiffness of the extremity

Female and male Oligomenorrhea, amenorrhea, polymenorrhea, menorrhagia
reproductive system Diminished libido

Fetal wastage and abortion in the first trimester
Impotence

Metabolic changes Reduced basal metabolic rate
Reduced protein synthesis and degradation
Reduced glucose absorption and assimilation
Increased sensitivity to exogenous insulin
Increased total cholesterol, LDL-cholesterol, and triglycerides
Normochromic or macrocytic anemia

Because myocardial oxygen consumption is decreased more than blood supply to the
myocardium, angina is uncommon. The hemodynamic alterations at rest resemble
those of congestive heart failure, but, in response to exercise, cardiac output increases
and peripheral vascular resistance decreases normally, unless the hypothyroid state is
severe. As a consequence of the increase of peripheral resistance, blood pressure raises
mildly. Diastolic hypertension is usually restored to normal after treatment. All these



152 Part II / Autoimmune Thyroid Disease

cardiovascular alterations induce few symptoms. The occurrence of angina before or
after the beginning of substitutive treatment indicates the presence of coronary artery
disease.

Respiratory troubles are rarely a serious complaint in hypothyroid patients. Fatigue
and particularly dyspnea on exertion are reported commonly by hypothyroid patients
but also by well-being people and patients with other diseases. The severity of
hypothyroidism parallels the incidence of impaired ventilatory drive. Carbon dioxide
narcosis may be a cause of myxedema coma. Sleep apnea syndrome and upper airway
obstruction can be present.

Poor appetite can be a leading symptom in hypothyroid patients. Weight gain is
reported by most patients but is of modest amount and due largely to retention of
fluid. True obesity is uncommon. Constipation is frequent and is because of lowered
food intake and decreased peristaltic activity; it may mimic mechanical ileus. Gaseous
distension may be a troublesome symptom. As a result of decreased energy metabolism
and heat production, the basal metabolic rate is low, the appetite decreases, and the
patients suffer of cold intolerance and slightly low basal body temperature.

In adults, severe hypothyroidism induces neurologic symptoms such as somno-
lence, slow speech, impaired cognitive functions, loss of initiative, memory defects,
headache, paraesthesia, deafness, and vertigo. An unusual complacency, fatigue, and
pronounced somnolence or even lethargy should suggest the possibility of severe
hypothyroidism. Cerebellar ataxia is present in rare cases of long-standing hypothy-
roidism. Sensory phenomena are common. Numbness and tingling of the extremities
are frequent, as well as carpal tunnel syndrome and other mononeuropathies, which
cause nocturnal paraesthesia and pain. Deafness is a characteristic symptom of hypothy-
roidism and is because of both conduction and nerve impairment. Serous otitis media is
common. Vestibular abnormalities and night blindness can be present. These symptoms
respond to treatment with thyroid hormone. Psychiatric symptoms are common and
include depression, bipolar disorders, and affective psychosis. Reasoning power is
preserved, except in the terminal stage. The emotional level seems low, and irritability
is decreased. Hypothyroidism should be suspected in any patient presenting with
depression.

Muscle symptoms such as myalgia, stiffness, cramps, slowness of movements,
and easy fatigability are often the predominating features and sometimes the sole
manifestations of hypothyroidism. Hoffman’s syndrome identifies hypothyroid adult
with increased muscle mass because of pseudohypertrophy, which mainly involves
gastrocnemius, deltoid, and trapezius muscles.

Articular and muscular pain and stiffness of the extremity may mistakenly suggest
the diagnosis of rheumatoid arthritis or polymyalgia rheumatica.

Bleeding symptoms are uncommon. Hypothyroid women of fertile age have changes
in cycle length and amount of bleeding. Oligomenorrhea is the most common
symptoms; amenorrhea, polymenorrhea, and menorrhagia are also reported (140).
Severe hypothyroidism in women is associated with diminished libido and failure
of ovulation. Hypothyroidism is associated with more fetal wastage and abortion in
the first trimester. In adult men, hypothyroidism may cause diminished libido and
impotence.
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Ocular manifestations typical of Graves’ ophthalmopathy are uncommon in
autoimmune hypothyroidism and may represent different stages of a common disorder
or, more probably, distinct entities with common pathogenetic mechanisms.

Physical Findings

The typical goiter of Hashimoto’s thyroiditis of adult patients is firm, moderate in
size, lobulated; well-defined nodules are unusual. Both lobes are enlarged, but usually
asymmetrically. Goiter may develop gradually over many years and rarely enlarges
rapidly. In the atrophic form of chronic autoimmune thyroiditis, thyroid volume is
reduced.

The main physical findings of overt hypothyroidism include changes of skin, face,
hands, voice, thyroid, and reflexes.

The epidermis is dry, rough, cool, and covered with fine superficial scales, as a conse-
quence of decreased cutaneous metabolism, reduced secretion of sweat and sebaceous
glands, vasoconstriction, and hyperkeratosis of the stratum corneum. Subcutaneous fat
may be increased, particularly above the clavicles. The hands and feet show a broad
appearance, because of thickening of subcutaneous tissue. The diffuse pallor and pale
waxy surface color is because of vasoconstriction, excess fluid, and mucopolysac-
charide accumulation in the dermis and coexistent anemia. Yellowish discoloration
of the skin is caused by the elevation of carotene concentrations. The face is puffy,
pale, and expressionless at rest; sometimes it appears round or moonlike (Fig. 1). The
palpebral fissure may be narrowed. The tongue is usually large and appears smooth if
pernicious anemia coexists. The voice is husky, low-pitched, and coarse. The speech is
slow. The hair is sparse, dry, dull, and coarse, grows slowly, and falls out readily. Loss
of scalp, genital, and beard hair may occur. Hair may be lost from the temporal aspects
of the eyebrows; however, this sign may be present in other diseases. In men, the beard
becomes sparse. The nails are thickened, brittle, and striated. The non-pitting swelling
is because of an abnormal accumulation of salts, mucopolysaccharides, and protein
in the interstitial spaces of the skin, with the consequent increase of water-binding
capacity. Capillary permeability is augmented in hypothyroidism.

Tendon reflexes are slow, especially during the relaxation time, as a consequence
of a decrease in the rate of muscle contraction. Patients with hypothyroid myopathy
may present with firm, large, well-developed muscles, especially in the arms and legs.
More commonly, physical examination of muscles is unimpressive.

Cardiovascular signs such as low pulse rate, diastolic hypertension with narrowing
of pulse pressure, cardiomegaly, and peripheral non-pitting edema are present. The
heart sounds may be diminished in intensity, because of pericardial effusion. Ascites
is unusual in hypothyroidism and can occur in association with pleural and pericardial
effusion.

Laboratory Tests

The serum levels of creatine phosphokinase, aspartate and alanine aminotransferases
and lactate dehydrogenase may be increased. In most patients, isoenzyme distribution
indicates its origin from the skeletal rather than the cardiac muscle.

Hypothyroidism reduces the basal metabolic rate. Synthesis and particularly degra-
dation of proteins are decreased with the result that nitrogen balance is usually slightly



154 Part II / Autoimmune Thyroid Disease

Fig. 1. A patient with autoimmune hypothyroidism (see Table 4).

positive. Absorption of glucose from the gastrointestinal tract is reduced, and peripheral
glucose assimilation is retarded. Owing to reduced insulin degradation, sensitivity
to exogenous insulin is increased, but hypoglycemia is rare. Various abnormalities
in plasma lipid concentrations occur: triglycerides, phospholipids, and low-density
lipoprotein (LDL) cholesterol are elevated. These changes bear in general a reciprocal
relationship with the levels of thyroid hormones. The increased serum cholesterol is
caused by a transient proportionally greater retardation in degradation than in synthesis,
in particular of the LDL cholesterol.

About 5–25% of patients have been reported to have circulating autoantibodies
directed against the gastric parietal cells or intrinsic factor, and a small minority have
pernicious anemia because of impaired absorption of vitamin B12.

Anemia is a common finding of hypothyroidism. It is usually mild and may be
normochromic and normocytic, as a consequence of decreased production of erythro-
poietin and depression of bone marrow, or macrocytic, as a consequence of deficiency
of vitamin B12 and folate. An additional cause of anemia is iron deficiency, resulting
from blood loss because of menorrhagia and poor iron absorption secondary to
achlorhydria. Leukocytes and thrombocytes are usually normal. The most frequent
defects in hemostasis are prolonged bleeding time, decreased platelet adhesiveness, and
low plasma concentrations of factor VIII and of Von Willebrand factor. The clinical
relevance of these abnormalities is usually limited.
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As a consequence of a mild decrease of renal blood flow and glomerular filtration
rate, a slight increase of serum creatinine and uric acid can be present. Occasionally,
minimal proteinuria is reported. The total body sodium content is increased, but its
serum concentrations tend to be low. Plasma potassium, calcium, and phosphorus levels
are usually normal.

Changes of Other Endocrine Glands

The dramatic retardation of growth observed in hypothyroid children is caused by
a deficient secretion of growth hormone (GH) and by an impairment of its action.
In severe hypothyroidism, prolactin levels may rise as a consequence of an increased
production of thyrotropin-releasing hormone. The total serum concentrations of both
testosterone and estradiol are reduced because of a diminution of the concentration of
the carrier sex hormone-binding globulin (SHBG). Thus, their absolute free concen-
trations remain normal. Hypothyroid patients have subtle abnormalities of pituitary
adrenal function that may be correlated with the severity and duration of hypothy-
roidism.

Instrumental Changes

Electrocardiogram changes include sinus bradycardia, prolongation of the PR
interval, low amplitude of the P wave and of the QRS complex, alterations of
the ST segment, and flattened or inverted T waves, which are all suggestive of
myocardial ischemia. Complete heart block is uncommon. Ventricular premature beats
and ventricular tachycardia may occur. These changes disappear with thyroid hormone
treatment. Echocardiographic findings include a prolongation of the pre-ejection time
and pericardial effusion, which is more common and severe in long-standing, severe
hypothyroidism.

Atrophy of the gastric and intestinal mucosa and myxedematous infiltration of the
bowel wall may be present at histological examination. Immune gastritis is often
observed in autoimmune hypothyroid patients, and as many as 50% of patients have
achlorhydria.

Electroencephalographic changes include slow �-wave activity and general loss of
amplitude. Cognitive tests of patients with moderate-to-severe hypothyroidism indicate
difficulties in performing calculations, recent memory loss, reduced attention span,
and slow reaction time. Electromyography abnormalities are not specific. Patients with
muscle hypertrophy lack the classic electromyography findings of myotonia.

Measurement of the resting energy expenditure is rarely performed nowadays. In
patients with complete athyreosis, it falls between 35 and 45% below normal.

Clinical Aspects of Autoimmune Hypothyroidism at Different Ages

Congenital Hypothyroidism. Autoimmunity is a rare cause of transient congenital
hypothyroidism (129,141,142). Infants born to mothers with chronic autoimmune
thyroiditis and circulating TSHR-B autoantibodies may show a transient hypothy-
roidism because of the inhibition of their thyroid function by TSHR-B autoanti-
bodies crossing the placenta, which gradually disappear within 3–4 months after
delivery. Severe hypothyroidism is a rare occurrence and is associated with high-titer,
high-affinity TSHR-B autoantibodies that inhibit fetal thyroid function throughout
gestation (126).
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Acquired Hypothyroidism in Infancy, Childhood, and Adolescence. Chronic
autoimmune thyroiditis is the most common cause of acquired hypothyroidism in
children and adolescents living in iodine-sufficient areas. The atrophic variant seems
more common in infants, whereas the goitrous variety is more frequent in adolescents.
Clinical presentation is mainly influenced by the age of the onset of the disease and the
rapidity of its progression. Hypothyroidism may affect the development of the central
nervous system when it occurs in the first 3 years of life, whereas its detrimental effects
on skeletal growth and maturation, pubertal development, and adult height occur until
puberty is complete. Longitudinal bone growth is mainly sensitive to hypothyroidism.

Acquired autoimmune hypothyroidism in infants is rare. Symptoms and signs
develop after 6 months of age and resemble those infants with congenital hypothy-
roidism not detected by screening (143). Deceleration in linear growth and delay or
arrest in the developmental milestones are also present. Because of the rapid devel-
opment of hypothyroidism, skeletal maturation and eruption of primary teeth are not
delayed. Early recognition and prompted treatment are essential to prevent neurologic
damage and possible mental retardation (143).

Hypothyroidism acquired after 3 years of age does not affect school performance
and progression. Deceleration of linear growth with preservation of weight gain is
the predominant clinical feature, associated with goiter, easy fatigability, and changes
in school and athletic performance. True obesity is rare. Some children have muscle
weakness and muscle pseudohypertrophy (Kocher-Debré-Sémélaigne syndrome). A
profound delay in dental and skeletal maturation, often with radiographic evidence of
epiphyseal dysgenesis, is present in younger children. The bone age is often younger
than the height age.

Older children and adolescents with hypothyroidism may show symptoms and signs
similar to those that occur in adults. Non-specific symptoms such as fatigue, excessive
sleeping habits, anemia, and headache may occur. School performance may be normal.
Harsh skeletal and growth retardation and delayed eruption of permanent teeth are the
characteristic findings of severe hypothyroidism at this age. Pubertal development may
occur at a normal age or may be delayed. Sexual precocity is rare and is characterized
by breast development, galactorrhea, and vaginal bleeding, in absence of sexual hair.
Isolated menarche has been reported. In boys, precocious testicular enlargement may
occur. The testicles are histologically immature if hypothyroidism precedes puberty
and show tubular involution if the onset is after puberty. Testosterone secretion is not
increased. In some children, the effect of sex steroids on bone maturation seems to
override that of hypothyroidism, leading to an adult height below genetic potential.

Autoimmune hypothyroidism occurs more frequently in children with Turner’s and
Down’s syndromes and with type 1 diabetes.

Hypothyroidism in the Elderly. In the elderly chronic autoimmune thyroiditis is
usually atrophic. The clinical features of autoimmune hypothyroidism described in
younger patients are often absent, and several symptoms and signs including fatigue,
weakness, cold intolerance, dry skin, hair loss, constipation, poor appetite, depression
and/or mental deterioration, hearing loss, cardiomegaly and congestive heart failure
may be confused with changes of “normal” aging (reviewed in ref. 144). The most
relevant clinical findings that are suspicious for hypothyroidism in the elderly are
increased level of cholesterol, constipation, congestive heart failure, and macrocytic
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anemia. Neurological manifestations (syncope, seizure, impaired cerebellar function,
and carpal tunnel syndrome) and arthritic complaints are common. Owing to the
cardiovascular involvement, dyspnea and chest pain are common. As a consequence
of reduced appetite, some elder hypothyroid patients lose weight. Neuropsychiatric
symptoms are common, and depression may be the presenting symptom of hypothy-
roidism. Dementia is rarely a direct consequence of hypothyroidism and reverts after
restoration of euthyroidism with thyroid hormone treatment.

Myxedema Coma

Myxedema coma, a rare but dreadful event, is more common in older subjects and
represents the extreme of hypothyroidism. It generally occurs in the winter months
and can be precipitated by non-thyroidal illness, drugs, exposure to cold, and stress. In
the absence of a known prior thyroid dysfunction, the diagnosis can be cumbersome.
Cold intolerance, constipation to paralytic ileus, progressive deterioration of mental
status to stupor, and coma are the typical symptoms. Localized neurological signs,
marked hypotension, bradycardia, periorbital edema, and dry skin are the usual signs.
Laboratory findings include hypercapnia, hypoglycemia, hypoxemia, hyponatremia,
and elevated creatine phosphokinase. Cardiac enlargement is present at thoracic radio-
graphy, bradycardia, low voltage, and non-specific ST wave changes at ECG. Echocar-
diography shows decreased left ventricular contractility and cardiac workload. The
mortality rate is very high, unless vigorous treatment with thyroid hormones and
supportive measures are given immediately.

Hypothyroidism During Pregnancy

Severe hypothyroidism is associated with stillbirth and prematurity. Gestational
hypertension is two to three times more common in hypothyroid women and can cause
premature delivery with low birth weight. Thyroid hormones are essential for brain
development. Indeed, euthyroid neonates born to mothers who were hypothyroid during
pregnancy achieve a lower intelligence quotient later in life (145,146), whereas fetal
death and congenital abnormalities are not increased in properly treated hypothyroid
pregnant women (147).

Subclinical Hypothyroidism

Subclinical hypothyroidism, particularly in the presence of TSH levels >10 mIU/L,
has been associated with neuromuscular symptoms (148), increased cholesterol levels,
and other lipid abnormalities (5,149,150), cardiac alterations (151,152) and vascular
impairment (153,154). Subclinical hypothyroidism has recently been reported to be
an independent risk factor for atherosclerosis and myocardial infarction in post-
menopausal women (155) and in men (156). However, other authors have reported
that subclinical hypothyroidism does not alter mortality rate (157). Many studies on
this issue have recently been criticized because they do not meet the “evidence-based
medicine” criteria (158).

Recent stimulating data have to be taken into account in the discussion of subclinical
hypothyroidism. First, variations of FT4 in the individuals are narrower than varia-
tions within the reference range of a population, and therefore, an FT4 value that
is normal for the population when associated with an increased TSH level probably
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reflects an abnormal low FT4 for the individual patient (159). Second, a recent large
epidemiological study has shown that the upper limit of serum TSH in a population
living in an iodine-sufficient area and with no evidence of thyroid autoimmunity does
not exceed 2.5 mIU/L (6). Thus, the suggestion has been made by some (160) but
not all authors (161) to consider 2.5 mU/L as the upper limit of the normal range of
TSH. Finally, as mildly elevated TSH may normalize over time (162), it is generally
recommended to confirm this finding by a second determination.

Association with Other Diseases

Thyroid autoimmunity, independently from the thyroid status, might interfere with
the female reproductive function and the outcome of the pregnancy. Positive thyroid
autoantibodies have been associated with an increased rate of abortion (163,164). In
female patients of infertile couples, the relative risk for AITD is slightly increased
(1.95) (reviewed in ref. 165), and a lower rate of success of assisted reproduction,
because of a higher risk of miscarriage, has been reported in women with circulating
thyroid autoantibodies by some but not all studies (166). The link between these two
conditions is unknown.

Chronic autoimmune thyroiditis is a component of the type II autoimmune polyg-
landular syndrome, which is characterized by the coexistence of at least two of the
following disorders: Addison’s disease, chronic autoimmune thyroiditis, type 1 diabetes
mellitus, atrophic gastritis (with or without pernicious anemia), vitiligo, alopecia,
myasthenia gravis, and hypophysitis (30). Association of primary autoimmune hypothy-
roidism and primary adrenal insufficiency is known as Schmidt’s syndrome. A latency
of months or years is observed from the clinical manifestation of the first to the last
disease, but the clinical manifestations are preceded by the appearance of circulating
specific antibody (167). Premature ovarian failure, celiac disease, psoriasis, rheumatoid
arthritis, systemic lupus erythematosus, Sjogren’s syndrome, polymyalgia rheumatica,
temporal artheritis, chronic active hepatitis, biliary cirrhosis, and systemic sclerosis
may also be associated with chronic autoimmune thyroiditis (72).

In patients with chronic autoimmune thyroiditis, the prevalence of primary
lymphomas of the thyroid is 80 times greater than expected (168). The lymphomas are
mainly non-Hodgkin B-cell type and occur more frequently in older women. Despite
this increased incidence, thyroid lymphoma remains a rare occurrence.

Diagnosis
Positive circulating thyroid autoantibodies and a hypoecogenic pattern at ultrasound

are the two hallmarks that identify chronic autoimmune thyroiditis and differentiate
the autoimmune from other forms of hypothyroidism (169). These include previous
treatments of thyroid diseases, other causes of permanent thyroid damage and rare cases
of isolated hyperthyrotropinemia, in which TSH rises because of partially inactivating
mutations of the TSHR or other defects (1).

Laboratory Investigation

As previously reported, TPO and Tg autoantibodies are extremely common in chronic
autoimmune thyroiditis. The finding of elevated TPO autoantibodies despite negative
Tg autoantibodies is not unusual, whereas the opposite is rare. In comparison with
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Tg autoantibodies, TPO autoantibodies are more strictly associated with lymphocytic
infiltration of the thyroid (170) and correlate directly with the rate of development
of hypothyroidism (6,12). Therefore, Tg autoantibody measurement is indicated only
when chronic autoimmune is suspected despite negative TPO autoantibodies. Low
titers of TPO autoantibodies and Tg autoantibodies can be detected in other thyroid
diseases, particularly in goiter and in thyroid cancer, as well as in normal population.

Determination of TSHR autoantibodies by radioreceptor assay is not recommended
routinely because only 15% of patients with chronic autoimmune thyroiditis are TBI
positive (96). By bioassays, TSHR-B autoantibodies are present in up to 20% of
patients with the atrophic and less frequently in those with the goitrous form of chronic
autoimmune hypothyroidism (97,98). However, bioassays are available in specialized
centers only. High TBI titers and positive TSHR-B autoantibodies in the third trimester
of pregnancy in women with chronic autoimmune thyroiditis predict the occurrence
of transient neonatal hypothyroidism (142,171). The diagnosis of congenital transient
autoimmune hypothyroidism because of maternal autoantibodies crossing the placenta
is confirmed by the transitory presence of circulating TSHR (TSHR-B) autoantibodies
in neonates.

In juvenile thyroiditis, thyroid autoantibodies are more frequently negative or
at lower titers than in adults, and thyroid ultrasound shows a heterogeneous
echogenicity (172).

The consequence of thyroid hormone therapy on the levels of thyroid autoantibodies
has been controversial, with some authors showing a reduction of their levels (173) and
others reporting no effect (174,175). A later longitudinal study demonstrated that levo-
thyroxine (l-T4) therapy reduces the levels of thyroid autoantibodies in hypothyroid
patients from idiopathic myxedema and Hashimoto’s thyroiditis and that this reduction
is associated with a decrease of TSH levels; no change was observed in treated and
untreated patients with euthyroid Hashimoto’s thyroiditis (176).

Thyroid Imaging and Other Tests

The homogeneous thyroid hypoecogenicity at ultrasound, which is typical of
chronic autoimmune thyroiditis and Graves’ diseases, indicates a diffuse autoimmune
involvement. This pattern correlates significantly with the levels of circulating thyroid
autoantibodies and is associated with or predicts the occurrence of hypothyroidism in
patients with chronic autoimmune thyroiditis (177).

Fine needle thyroid biopsy, which shows typical lymphocytic infiltration and
oxiphilic changes of thyroid cells, is not routinely advised but can be useful for the
diagnosis of chronic autoimmune thyroiditis in presence of negative circulating thyroid
autoantibodies.

TREATMENT

With the exception of some cases of PPT and painless thyroiditis, autoimmune
hypothyroidism requires a lifelong treatment.

Treatment with Levo-Thyroxine
Since its availability, synthetic l-T4 has gradually replaced animal thyroid extracts

for the treatment of hypothyroidism. During infancy, rapid restoration of euthyroidism
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is essential. A full replacement dose of 50–75 �g/day should be given as starting
dose. In children and adolescent, replacement can be less aggressive, and the starting
dose should be 25 �g/day for children and 50 �g/day for adolescent, respectively.
The dose should be increased by 25-increments at 4- to 8-week intervals until a
normal circulating TSH level is obtained. Starting daily dose of L-T4 in patients under
40 years should be 50–75 �g, with a reassessment of TSH and FT4 levels in 2–3
months. In patients over 40 years, the starting daily dose should be 25–50 �g, with
increments of 25 �g every 3–4 weeks. In elderly patients, particularly with known
or suspected coronary heart disease, the initial dose of l-T4 should be very small
(even 12.5–25 �g/day) and should be increased of 12.5–25 �g every 4–6 weeks, to
reach the replacement dose in 3–4 months. Thyroid hormone treatment aims to restore
euthyroidism, thus removing symptoms of hypothyroidism without inducing thyrotox-
icosis. Normalization of circulating FT4 and TSH should be achieved (178), with a
target range for TSH of 0.5–2.0 mIU/L. Low TSH levels should be avoided, partic-
ularly in older patients, in whom they are associated with and increased risk of
atrial fibrillation (179) and with hip and vertebral fractures in women (180). After
restoration of euthyroidism with l-T4 treatment, patients should be followed up at
intervals of 6–24 months, with a careful monitoring of FT4 and TSH values. The full
replacement dose of l-T4 for autoimmune hypothyroidism is 5 �g/kg/day for children
1–5 years old, 4 �g/kg/day for children 6–12 years old, 3 �g/kg/day for adolescents,
and 1.6 �g/kg/day for young adults. The dose decreases with aging, paralleling the
age-dependent reduction of lean body mass, which is its main determinant (181). In the
presence of angina, coronary artery bypass surgery and angioplasty are considered safe
even before euthyroidism has been restored by treatment. However, a higher mortality
rate in insufficiently replaced hypothyroid patients undergoing coronary artery bypass
has been reported (182). Women starting oral estrogen replacement therapy may need
to increase l-T4 dose (183). The replacement dose can augment because of treatment
with drugs that increase l-T4 metabolism or with drugs and dietary supplements that
reduce l-T4 absorption. Impaired acid secretion (184) and small bowel disease that
induce malabsorption have similar effects. Difference in l-T4 preparation can also
modify the required dose.

Association of Liothyronine with Thyroxine
Current guidelines recommend l-T4 monotherapy for the treatment of hypothy-

roidism because T4 is converted to its biologically active form, T3, in peripheral
tissues. Oral l-T4 administration ensures that T3 serum concentrations remain constant
and avoids the non-physiological T3 surge and short effect that follow L-T3 ingestion.
These are the main considerations that provide the rationale for the preference of L-T4
monotherapy over the combined treatment with l-T4 and l-T3.

However, the question is still open to debate, and some considerations should be
taken into account (185). First, although the large majority of T3 originates from the
peripheral monodeiodination of T4, at least 20% of circulating T3 in normal individuals
is secreted by the thyroid. Second, normalization of plasma TSH and tissue T3 in
hypothyroid animals can be obtained by continuous subcutaneous infusion of l-T4
plus l-T3 and not of l-T4 alone (reviewed in ref. 186). By inference, it may be
conceived that, in hypothyroid humans, monotherapy with l-T4 might not provide



Chapter 7 / Autoimmune Hypothyroidism 161

the right amount of T3 to all tissues. Third, in some L-T4 treated patients, normal
serum TSH values can be obtained only by maintaining elevated free T4:T3 serum
ratio and serum FT4 values close to the upper limit of its normal range or frankly
elevated. This condition probably results in thyreotoxicosis in some organs. Finally,
incomplete recovery has been reported by some hypothyroid patients treated with l-T4,
despite normal hormonal profiles and lack of signs of thyroid hormone deficiency. On
these grounds, the combined treatment would seem logical. It was proposed in the
1960s (187), but abruptly abandoned because of the adverse effects (188), which were
mainly induced by the excessive doses of l-T4 and l-T3 used (reviewed in ref. 186).

More recently, combined treatment has been reported to be more effective than l-T4
alone for the control of psychiatric symptoms of hypothyroidism in athyreotic (189)
but not in autoimmune hypothyroid patients. Other authors have failed to demonstrate
such a benefit (190–193). Some of the discrepancies of the results have been attributed
to differences in the ratio of l-T4 and l-T3 used in combination therapy. However, a
recent paper evaluating two different ratios of l-T4 and l-T3 treatment showed that
they were not superior to monotherapy in improving outcome measures (194). Partial
substitution of l-T4 with l-T3 in the treatment of hypothyroid patients might improve
their perception of wellbeing, and indeed, some recent studies reported that patients
preferred combined treatment to monotherapy (186,194). This could be caused by an
overcompensation of thyroid hormone deficiency in the tissues, resulting from transient
surge of serum T3 after oral administration of l-T3. Thus, a pharmacologic effect
of supraphysiological active hormone concentrations in tissues rather than that of the
optimization of the thyroid status could be responsible for this effect (185). In addition,
adverse cardiac and skeletal side effects might result from mild thyrotoxicosis if the
treatment were prolonged. No controlled studies on the consequences of long-term
combined treatment are available to exclude this possibility.

In conclusion, current evidences indicate that combined treatment should not be
recommended as a treatment of choice for hypothyroid patients until safety has been
definitively proven.

It has been proposed that sustained-release l-T3 preparations would avoid non-
physiological serum T3 peak. These preparations are not commercially available as yet.

Treatment of Myxedema Coma
For treatment of myxedema coma, an intravenous bolus of 500 �g of l-T4, followed

by a daily maintenance dose of 50–100 �g, is required. Before starting l-T4 treatment,
coexistent adrenal insufficiency must be ruled out and treated when present. In addition,
hypoglycemia and hyponatremia need adequate treatments.

Treatment in Pregnancy
A correct treatment during pregnancy is required to avoid the consequence of fetal

hypothyroidism. In hypothyroid women of childbearing age who plan pregnancy, l-T4
treatment should be adjusted to maintain a TSH value <2.5 mIU/L. The need for
additional l-T4 replacement therapy during pregnancy has been established (195).
The increment of dosage depends on the etiology; an increment of l-T4 dosage is
required in at least 50% of women with autoimmune hypothyroidism (mean increment
of about 25%, corresponding to 28 �g/day) but probably only in few patients with
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subclinical hypothyroidism (reviewed in ref. 196). The required daily dosage in overt
hypothyroidism first diagnosed during pregnancy is usually 1.8–2.0 �g/kg/day. In all
hypothyroid pregnant women treated with l-T4, serum TSH levels should be monitored
every 6–8 weeks and more frequently after a dosage change. However, during
pregnancy, serum TSH falls, as a consequence of human chorionic gonadotrophin
(hCG) secretion, and normal trimester-specific serum TSH concentrations are not
available at the moment. During the first trimester of pregnancy, maternal FT4 surges,
and this increase is probably crucial for fetal neurodevelopment (reviewed in ref. 197).
Therefore, substitutive treatment should be adjusted to maintain FT4 close to its upper
normal limit, particularly during the first trimester of pregnancy. After delivery, the
required dose usually returns to pre-gestational levels, although the need for a higher
dose has been reported in patients with autoimmune hypothyroidism (198).

Treatment of Subclinical Hypothyroidism
Although the need of treatment of clinical hypothyroidism is unanimously accepted,

that of subclinical hypothyroidism is under discussion (Table 5). The role of the
“evidence-based medicine” approach in managing subclinical hypothyroidism is
debated. On the basis of the consideration that large randomized control trials showing
benefit of treatment are lacking, a consensus panel has recently recommended against
treatment of patients with subclinical hypothyroidism with serum TSH levels of
4.5–10 mIU/L (158). These conclusions were challenged in a Consensus Statement
from the American Association of Clinical Endocrinologists (AACE), the American
Thyroid Association (ATA), and the Endocrine Society (TES), which considered that
these recommendations were based on “the lack of evidence for benefit rather than on
evidence for a lack of benefit” (199,200).

There are indeed a number of observations that favor the opportunity to recognize
and actively treat subclinical hypothyroidism. As serum TSH values are directly corre-
lated with total and LDL cholesterol levels (5,201), serum TSH determination is
recommended when circulating cholesterol is elevated (202). Although optimal total
and LDL cholesterol ranges are still uncertain (203), an aggressive control of LDL
cholesterol levels is advisable, particularly in the presence of coronary heart disease or
its risk equivalents (202). Effectiveness of treatment of subclinical hypothyroidism in
normalizing total and/or LDL cholesterol levels and other lipid abnormalities has been
reported in many (201,204–206) although not all studies (207,208). Similar results
have been reported for other abnormalities associated with subclinical hypothyroidism,
namely non-specific symptoms, cardiovascular dysfunctions, and vascular impair-
ments (148,151,153,154,206,209,210). Although still debated (158,208,211), based on
clinical judgment, it would appear that treatment of subclinical hypothyroidism should
be supported or at least not discouraged (1,199,200,212,213).

Management of isolated hyperthyrotropinemia is still uncertain (1).

Treatment of Thyroid Autoimmunity Associated with Recurrent Abortion
Treatment with heparin, aspirin, or intravenous Ig to prevent miscarriage in patients

with recurrent abortion and positive thyroid autoantibodies has been proposed. These
approaches have been suggested on the basis of the efficacy of treatment with heparin
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Table 5
Treatment of Subclinical Hypothyroidism: Pros and Cons

Pros References

Subclinical hypothyroidism is associated with:
Neuromuscular symptoms (148)
Increased cholesterol levels and other lipid abnormalities (5,149,150,201,202)
Cardiac alterations (151,152)
Vascular impairments (153,154)

Subclinical hypothyroidism is a risk factor for:
Atherosclerosis and myocardial infarction (155,156)

Treatment of subclinical hypothyroidism is effective in:
Normalizing total and/or LDL cholesterol levels and
other lipid abnormalities

(201,204–206)

Ameliorating non-specific symptoms (148)
Improving cardiovascular dysfunction (151,209,210)
Ameliorating vascular impairments (153,154)

Available data do not advise against and generally favor
treatment of subclinical hypothyroidism

(1,200)

Cons

Subclinical hypothyroidism does not alter mortality rate (157)
Treatment of hypothyroidism is not effective in
Normalizing total and/or LDL cholesterol levels and other lipid
abnormalities

(207,208)

Available data do not meet the “evidence-based medicine”
criteria required to advise treatment of subclinical hypothyroidism

(158,211)

Caveats

Variations of FT4 in individuals are narrower than variations
within the reference range of populations

(159)

Should the upper limit of TSH be reduced to 2.5 mIU/L ?
Yes (160)
No (161)

A mildly elevated TSH may normalize over time (162)

and/or aspirin in women with recurrent abortion and circulating cardiolipin antibody,
but confirmation by larger studies is required (reviewed in ref. 214).

SCREENING

The need and the extension of screening for thyroid diseases in the adult is debated,
and different recommendations have been proposed by different institutions.

The relatively high frequency of subclinical thyroid disease, the vague clinical
presentation of hypothyroidism, the progression to overt hypothyroidism and the likely
benefit of treatment in many patients have prompted the ATA to favor screening
for thyroid disease beginning at age 35 and every 5 years thereafter (199,200,215).
AACE recommends screening older patients, especially women (216). However, the
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recommendations of other associations diverge largely and the US Preventive Service
Task Force has recently recommended against routine screening for thyroid disease
in adults (217). Nevertheless, screening or aggressive case finding for mild hypothy-
roidism and thyroid autoimmunity in fertile women antenatally or during the first trimester
of pregnancy is unanimously advised (158,218). TSH measurement is recommended
before pregnancy, whereas FT4 is more useful in pregnant women (219). A better
definition of cutoff values of thyroid hormone in early pregnancy is awaited (197).

FUTURE DEVELOPMENTS

Identification of genes involved in the predisposition to chronic autoimmune
thyroiditis and of endogenous and exogenous factors involved in the evolution from
euthyroidism to hypothyroidism would provide precious insights into the etiology
of autoimmune hypothyroidism. Elucidation of immunological mechanisms would
add invaluable information on the pathogenesis. Treatment of hypothyroidism would
probably benefit from a sustained release T3 preparation. Large clinical trials are needed
to confirm the utility of treatment of subclinical hypothyroidism and the efficacy of
screening for subclinical thyroid disease. A better definition of normal values of serum
TSH and of thyroid hormone in pregnancy is required to ameliorate the management
of hypothyroidism in this critical period.
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Summary

Postpartum thyroiditis occurs in 5–9% of women and is strongly associated with positive thyroid
peroxidase antibodies (TPOAb positive) as determined around 14 weeks gestation. Postpartum thyroid
dysfunction (PPTD) occurs in 50% of TPOAb-positive women (measured at 14 weeks gestation) and
presents as transient hyperthyroidism (median onset 13 weeks postpartum) followed by transient hypothy-
roidism (median onset 19 weeks postpartum); the latter will develop into permanent hypothyroidism in
up to 30% of women. Women who then remain euthyroid after transient thyroid dysfunction have a 75%
chance of PPTD in a subsequent pregnancy and a 50% risk of permanent hypothyroidism after 7 years.
The hyperthyroid phase is relatively asymptomatic, but the hypothyroid phase may be very clinically
evident and require levothyroxine treatment.

Key Words: Postpartum thyroiditis, immune, hyperthyroidism, hypothyroidism, antibodies, cellular
immunity, screening, incidence.

INTRODUCTION

In addition to changes in circulating thyroid hormone concentrations observed during
gestation (1), pronounced alterations in the immune system are evident (2). The cellular
changes consist of a change from the so-called Th1 state to a predominance of cytokines
such as IL-4 consistent with a Th2 status (3). On the humoral side, the titer of anti-
thyroid peroxidase antibodies (anti-TPOAb), found in 10% of pregnant women at
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14–16 weeks gestation, decreases markedly during the second and third trimesters.
At birth, the Th2 status abruptly reverts back to the non-pregnant Th1 position, and
this is accompanied by a dramatic rebound in the titer of anti-TPOAb, which reaches
a maximum between 3 and 6 months postpartum (immune rebound phenomenon). If
thyrotropin receptor stimulating antibodies (TSHRAb) are present in early pregnancy,
they behave in a similar manner through gestation and the postpartum period. These
immunological changes at delivery and the postpartum (4) set the scene for the devel-
opment of postpartum thyroid dysfunction (PPTD). Various types of clinical thyroid
dysfunction may arise following delivery (Fig. 1). The changes in PPTD may be
transient or permanent and may be because of destructive or stimulating disease.

In 1948, H.E.W. Roberton (6), a general practitioner in New Zealand, described
the occurrence of lassitude and other symptoms of hypothyroidism relating to the
postpartum period. These complaints were treated successfully with thyroid extract.
The syndrome remained generally unrecognized until the 1970s when reports from
Japan (7) and Canada (8) rediscovered the existence of postpartum thyroiditis (PPT)
and recognized the immune nature of the condition (see reviews refs. 9–12). PPT
is essentially sporadic thyroiditis in the postpartum period. The term PPT relates to
destructive thyroiditis occurring during the first 12 months postpartum and not to
Graves’ disease, although the two conditions may be seen concurrently.

Postpartum thyroiditis with thyroid dysfunction (i.e., PPTD) is characterized by an
episode of transient thyrotoxicosis followed by transient hypothyroidism. The former
presents at about 14 weeks postpartum followed by transient hypothyroidism at a median
of 19 weeks. Very occasionally, the hypothyroid state is seen before the thyrotoxicosis.
The thyroid dysfunction that occurs in up to 50% of TPO antibody-positive women ascer-
tained around 14 weeks gestation comprises 19% with thyrotoxicosis alone, 49% hypothy-
roidism alone and the remaining 32% thyrotoxicosis followed by hypothyroidism (i.e.,
biphasic). Not all women manifest both thyroid states, and the thyrotoxic episode may
escape detection as it may be of short duration. PPTD is usually associated with the
presence of anti-thyroid antibodies, usually anti-TPO antibodies, which rise in titer after
6 weeks postpartum. Anti-Tg antibody occurs in about 15% and is the sole antibody in
<5%. However, PPTD has been described in small numbers of women who have not
been shown to have circulating thyroid antibodies (13). Although the clinical manifes-
tations of the thyrotoxic state are not usually severe, lack of energy and irritability are
particularly prominent even in thyroid antibody-positive women who do not develop

Fig. 1. Thyroid dysfunction occurring after pregnancy (from Amino et al. [5]). Illustration of various
types of thyroid dysfunction that can occur after delivery. Note that the thyrotoxicosis may be
persistent or transient, and the hypothyroidism may also be persistent or transient.
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thyroid dysfunction. In contrast, the symptomatology of the hypothyroid phase may
be profound. Many classic hypothyroid symptoms occur before the onset of thyroid
hormone reduction and persist even when recovery is seen in hormone levels (14). PPT
can also occur in women receiving T4 therapy before pregnancy (15) and after miscar-
riage (16). Quantitative evaluation of postpartum depression has shown an increase of
mild to moderate symptomatology in thyroid antibody-positive women even when they
remain euthyroid during the postpartum period compared with antibody negative controls,
and this may present as early as 6 weeks postpartum (17). This increase in depressive
symptomatology has not been observed by all groups (18).

EPIDEMIOLOGY

Owing to wide variations in the number of women studied, the frequency of thyroid
assessment postpartum, diagnostic criteria employed and differences in hormone assay
methodology, a variable incidence (from 3 to 17%) has been reported worldwide
(Table 1). The data in the table are also approximate as the calculations have been
performed on different proportions of the base population. However, there is a general

Table 1
Worldwide Epidemiology of Postpartum Thyroiditis (PPT)

Country Year Base population % PPT Reference

Japan 1982 507 5�5 (19)
Sweden 1984 644 6�5 (20)
USA 1986 216 1�9 (21)
Denmark 1987 694 3�9 (22)
USA 1987 238 6�7 (23)
USA 1988 1034 3�3 (24)
USA 1988 261 21�1 (25)
UK 1988 901 16�7 (26)
Thailand 1990 812 1�1 (27)
Denmark 1990 1163 3�3 (28)
Italy 1991 372 8�7 (29)
Canada 1992 1376 5�9 (30)
USA 1992 552 8�8 (31)
UK 1992 1248 5�0 (17)
Netherlands 1993 382 7�2 (32)
Netherlands 1998 448 5�2 (13)
Australia 1999 1816 10�3 (18)
Spain 2000 757 7�5 (33)
Brazil 2000 830 14�6 (34)
Japan 2000 4072 6�5 (35)
Iran 2001 1040 11�4 (36)
Turkey 2001 876 5�5 (37)
Czech 2002 650 2�8 (38)
India 2002 120 7 (39)
Greece 2002 1594 2�4 (40)
China 2003 119 5.6–23.1 (41)
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consensus that the disease occurs in 5–9% of unselected postpartum women, and the
clinical characteristics of PPT are similar in different areas with different prevalence
for example Brazil (34), Turkey (37), and Greece (40). Women with type 1 diabetes
mellitus have a threefold incidence of PPT compared with non-diabetics (42). PPT
is also more likely to occur in a woman who has had a previous episode (43). One
population-based case–control study in Kuwait found that women who have had PPT
were at an increased risk of developing thyroid cancer (odds ratio 10.2) (44). This
finding requires confirmation in other areas.

GENETIC AND ENVIRONMENTAL FACTORS

Initially, no association between HLA-A or -B phenotypes and PPT could be
found (45). Subsequently, a higher incidence of HLA-A26, -BW46 and -BW67 together
with a significantly lower frequency of HLA-BW62 and -CW7 and an increased
frequency of HLA-A1 and -B8 in women with this condition were reported (46).
In relation to HLA class II, increased frequencies of HLA-DR3 (46,47), DR4
(48–50), and DR5 (25,47,51,52) have been reported in patients with PPT. This variation
between studies may reflect ethnic differences as well as variations in sample number
and methodology. A negative association between PPT and DR2 together with the
increased frequency of DR3 was observed (46,53). The frequency of HLA-DQ7 is also
raised in PPT probably because of the increase in DR5, because both DR11 and DR12
are in linkage disequilibrium with DQ7 (52).

In view of the impact of iodide on thyroid autoimmunity (54), it might be expected
that the development of PPT may be related to the ambient iodine concentration.
Initially, it was suggested that iodine intake affected the severity of the thyrotoxic
and hypothyroid phases of the condition (51), and iodide administration was shown to
aggravate the disease in certain women (55), but a large study of PPT suggested that
iodine intake is unlikely to affect the prevalence of the condition (56). Nevertheless,
some studies have concluded that the incidence of PPT may be related to iodine
deficiency (41) and possibly to the transition from low to adequate iodine status (36).
Many studies have shown no effect of ambient iodine concentration. For example, in
the Kashmir valley, the iodine deficient status of the population does not alter the
incidence of PPT significantly (39,57). Administration of iodide to postpartum women
did not affect the expression of PPT (58), and this has been confirmed by a randomized
placebo-controlled double-blind trial in Denmark (59). The overall conclusion is that
although some data suggest moderate alterations in incidence related to iodine status,
the majority of studies do not show any effect of administered iodine or ambient iodine
concentration. The Danish study has confirmed that iodine supplementation in gestation
does not change the incidence of PPT in a moderate iodine-deficient population. This
is important in underpinning the strategy of iodine supplementation in pregnancy to
benefit the fetus (60).

IMMUNOPATHOGENESIS

There is abundant evidence that PPT is an immunologically related disease (9).
Biopsy of the thyroid in this syndrome shows lymphocytic infiltration similar to that
seen in Hashimoto’s thyroiditis (61). There is also evidence from immunogenetic data
in addition to humoral and cellular studies in this condition.
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As well as the inference of an immune etiology from examination of class I and II
HLA genetic data (see Genetic and Environmental Factors), it is known that the class
III area of the MHC contains the coding for several proteins, which are important in
the pathogenesis of the autoimmune diseases (namely tumor necrosis factor-�, HSP70,
complement). The allotype frequency of three complement proteins Bf, C4A, and C4B
showed significant differences in frequency distribution in women with PPT (62).
These findings are similar to those reported by Ratanachaiavong et al. (63) in Graves’
disease, an autoimmune thyroid disease, which is also associated with an increased
frequency of HLA-DR3. This may indicate linkage disequilibrium with candidate genes
in the class III region but could also be related to the pathogenesis of PPT, which is
known to be linked to activation of the complement system (64).

Amino et al. (5) first documented the association of PPT with high titers of
antithyroid antibodies and the dramatic rise of anti-microsomal antibody titer after
delivery was confirmed (26). There is also a rise in postpartum thyroglobulin antibody
titer in women who have been found to be TgAb-positive in early pregnancy. TgAb
is less prevalent than TPOAb in PPT, being present in only around 15% of cases:
however, it has been noted to be the only antibody present in 2% of patients.
Furthermore, gestation and the postpartum period are characterized by fluctuations in
the immune response, and the postpartum increase appears to be a reflection of a general
enhancement of immunoglobulin synthesis. This pattern of transient antibody increase
in microsomal antibody levels was observed also for serum total immunoglobulin
(Ig)G and IgG subclass levels but not for IgM, IgA, or IgE or indeed against viral and
bacterial antigens (65).

Various methodologies for the measurement of IgG subclass distribution of the
microsomal antibodies have produced conflicting results. For example, IgG-1 and
IgG-4 were the dominant subclasses with only minor contributions from IgG-2 and
IgG-3 in one study (66), whereas significant IgG-2 and IgG-3 microsomal antibodies
were found in women who developed a biphasic thyroid dysfunction (67). No variation
in IgG subclass-associated microsomal antibody activity was found between euthyroid
and thyroid dysfunctional women during the postpartum year in one study (68), whereas
a fourfold increase in IgG1 activity in the PPT group over 12 months postpartum
(IgG-3 being low during this time, IgG-2 elevated and IgG-4 constant) was observed
in another (69). What is clear is that, despite marked postpartum fluctuations in TPO
antibody concentration, the epitopic fingerprint is constant, presumably because of
inheritance of this characteristic (70). Although the antibody response is dramatic, its
precise role in the immunopathogenesis of the condition remains to be determined.
Probably the antibody titer is merely a marker of disease, and the immunological
damage is mediated by lymphocyte and complement-associated mechanisms.

Postpartum thyroiditis does not usually occur in women in the absence of elevated
thyroid autoantibodies at any time during the postpartum year. However, only some
50% of TPOAb-positive women become symptomatic. Studies on antibody functional
affinity (68) and IgG subclass distribution (69) in PPT suggest that, as in other
autoimmune diseases, activation of the complement system may have a role in
pathogenesis.

Using tests of complement fixation and complement activation (71,72), it has
been shown that there is activation of the complement system by thyroid-directed
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Fig. 2. Bioactive thyroid peroxidase (TPO) antibody in postpartum thyroiditis. Bioactive TPO
antibody levels in women euthyroid during the postpartum period (diamonds) compared to levels
in women who developed postpartum thyroid function during the postpartum year (filled boxes)
∗p = 0�05, ∗∗p < 0�001 (from ref. 64).

autoantibodies (64) (Fig. 2); in addition, complement activation is related to the extent
of the thyroiditis (73) and correlates with the severity of the thyroid dysfunction (74).

An antibody-directed sublethal complement attack on nucleated cells can result in
an increase in cellular metabolic activity through a number of mechanisms, including
a rapid rise in both intracellular Ca++ ions (75) and cAMP. In thyroid cells, these
metabolic changes could mimic the action of thyroid-stimulating hormone (TSH)
leading to the upregulation of thyroid peroxidase (76) and secretion of thyroid hormones
into the circulation with a consequent hyperthyroidism. A more severe complement-
mediated attack leads to destruction of thyroid follicular architecture, resulting in loss
of thyroid function and subsequent hypothyroidism. Complement has been shown
to be involved in the pathogenesis of autoimmune thyroid disease by the demon-
stration of terminal complement complexes (TCC) around thyroid follicles in such
patients (77). However, despite the presence of circulating bioactive TPOAbs, the extent
of complement activation is inadequate to cause detectable increases in peripheral
blood TCC, suggesting that the complement system may not play a major role in the
pathogenesis of PPT (78).

During pregnancy, maternal immune reactions are regulated to prevent rejection of
the fetal allograft such that the cytokine profile is a T helper (Th) 2 pattern, which
switches back to the Th1 state postpartum (3,4). As well as the Th2 status in pregnancy,
it is known that hormones such as estradiol, progesterone, and cortisol are in high
concentration and have immunological effects designed to maintain the developing
fetus and ensure adequate duration of gestation (79).

Early postpartum (within 3 months) changes in T-cell subsets have been described
similar to those seen in Hashimoto’s thyroiditis (9). The peripheral T-lymphocyte
subset ratio CD4/CD8 has been shown to be higher in TPOAb-positive women who
developed PPT compared with similar antibody-positive women who did not (31).
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Study of lymphocyte populations during and after pregnancy has shown a generalized
activation of immune activity at 36 weeks gestation in TPOAb-positive women who
went on to develop PPTD compared to those who did not; furthermore, the former group
had lower plasma cortisol concentrations pre-delivery (Fig. 3) (80). These data suggest
that there may be less immunological suppression at 36 weeks in TPOAb-positive
women destined to develop PPTD possibly because of lower levels of cortisol at this
time. Thus, the immunological determinants of PPTD may in part occur antenatally,
although the mechanisms for this are still unclear.

The immunological effects of microchimerism also require consideration. Leakage of
fetal cells into the maternal circulation occurs through the syncytiotrophoblast layer, and
it has been suggested that this phenomenon may be of immunopathogenetic importance
in scleroderma (81) and other connective tissue diseases (82). The presence of activated
fetal cells in maternal tissues may trigger susceptible women to develop autoimmune
disorders due in part to the continued exposure of the maternal immune system to
a paternal antigen (83). Intrathyroidal fetal microchimerism has been observed in
human Graves’ disease and Hashimoto thyroid glands (84,85) as well as in a newborn
thyroid (86). The influence of these fetal cells on the expression of PPT in humans
and in an animal model requires further investigation (83,87).
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Fig. 3. Median, 25/75 centiles, and range of plasma cortisol levels in the postpartum euthyroid
(PPTE) and postpartum thyroid dysfunction (PPTD) groups of patients at 36 weeks antepartum and 6
weeks postpartum. Although there was no significant difference between the two groups at 6 weeks
postpartum, the cortisol levels in the PPTE group was significantly higher than those in the PPTD
groups at 36 weeks antepartum (p < 0.022; Mann–Witney U test). The number (n) of patients in
each group is shown at the bottom of the figure (from ref. 80 with permission).
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DIAGNOSIS

Thyrotoxicosis in the postpartum period may be because of a recurrence or the
development of new Graves’ disease or to the destructive, thyrotoxic phase of PPT.
Symptoms of thyrotoxicosis are much more evident in Graves’ disease.

As postpartum thyrotoxicosis is a destructive process, radioiodine uptake will be
very low at early and late times after isotope administration. TSH receptor antibodies
are not seen unless there is coexisting Graves’ disease. Thyrotoxicosis because of PPT
is diagnosed by a suppressed TSH together with an elevated FT4 or FT3, or elevated
FT3 and FT4, with either set of criteria occurring on more that one occasion. If possible,
a normal range of thyroid hormone concentrations should be derived in the postpartum
period as they fall into a narrower range than the general population. Antibodies to
thyroxine and T3 may cause confusion in diagnosis, but they are infrequent (88).

Hypothyroidism in the postpartum period occurs at a median of 19 weeks but has
been observed as late as 36–40 weeks after birth. The symptoms are often dramatic
and may develop before the decrease in thyroid function is noted. The most frequent
symptoms have been found to be lack of energy, aches and pains, poor memory, dry
skin, and cold intolerance (14).

Hypothyroidism may be defined as TSH >3.6 mU/L together with FT4 <8 pmol/L
or FT3 <4.2 pmol/L or TSH >10 mU/L on one or more occasion. The use of thyroid
ultrasonography has demonstrated diffuse or multifocal echogenicity, reflecting the
abnormal thyroid morphology and consistent with the known lymphocytic infiltration
of the thyroid (89). The destructive nature of the thyroiditis is also shown by the
increase in urinary iodine excretion in the thyrotoxic as well as the hypothyroid phase
of the illness (56). In addition, there is evidence that an early rise in serum thyroglobulin
(a further indicator of thyroid destruction) may help in the identification of those
women at risk of PPT (90), but it is also raised in other thyroid conditions (e.g.,
Graves’ disease). IL-6 is elevated in Graves’ disease and other thyroid destructive
processes (91,92) but not in PPT (93). Despite the inflammatory nature of PPT, high
sensitivity C-reactive protein is also unhelpful in the diagnosis of the condition (94).

MANAGEMENT

The thyrotoxic phase is relatively asymptomatic and usually requires no specific
therapy. If symptoms of tachycardia and palpitations are troublesome or if other
symptoms such as sweating or anxiety are present, then beta adrenoreceptor-blocking
agents may be used. Propanolol is the drug of choice, but if nightmares develop, a
more cardioselective �-blocker may be used. If this class of drug is contraindicated,
verapamil may be effective for cardiac symptoms. Anti-thyroid drugs are not indicated
as the condition is a destructive thyroiditis. In contrast, patients experience persistent
and troublesome symptoms related to the hypothyroid period, and treatment with
levothyroxine should be given starting with 0.1 mg per day increasing as necessary. At
this stage, it will not be clear whether the patient has developed transient or permanent
hypothyroidism. In this instance, it is reasonable to treat with thyroxine for up to 1 year
postpartum and then review the patient to determine the thyroxine requirement. This
will normally mean that the patient should stop the therapy for 4–6 weeks and then
have a thyroid function test. Patients who have been known to have transient PPTD
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should be checked at least annually as 50% of them will develop hypothyroidism after
7 years. This is in contrast to TPOAb-positive women who have not experienced any
thyroid dysfunction postpartum whose rate of hypothyroidism at 7 years follow-up is
only 5% (95). Clearly, these patients require less intensive surveillance.

Although the thyrotoxicosis of PPT always resolves, several long-term studies have
documented persistence of hypothyroidism in 20–30% of cases (53,96). Assessment of
anti-TPO-positive women (at 16 weeks gestation) 7 years later showed that the rate of
development of hypothyroidism was significantly greater (48 vs 8%) in those who had
had PPT compared with those who were euthyroid antibody-positive (95). Recurrence
of transient PPT has been observed in small numbers of patients, and a recurrence
rate as high as 30–40% has been noted (reviewed in ref. 97). In women studied in
two pregnancies, there was a 70% chance of developing recurrent PPT after a first
attack and a 25% risk even if the woman was only anti-TPO-positive without thyroid
dysfunction during the first postpartum period (43).

FUTURE DEVELOPMENTS

In our opinion, PPT represents a unique experiment of nature where the development
of an autoimmune syndrome may be observed during a relatively short time period.
Moreover, in many cases, the immune peturbations resolve, and the patient remains
euthyroid. Although there have been advances in our understanding of the humoral and
cellular immune changes during and after pregnancy, the complete immunopathological
picture is not yet available. We need to know more about the immunogenetics as
well as appreciating the effects of pregnancy hormones on the immune response
during gestation. As suggested (80), it is possible that PPT is actually a disease of
dysimmunoregulation of the immune system with its origins during gestation. We
need answers as to the role of all currently known cytokines (the role of TGF-�1 has
recently been described in PPT (98). These studies may be difficult in patients and
normal pregnant women because of ethical considerations, but the opportunity should
be taken to perform further studies on appropriate animal models. The phenomenon of
microchimerism has been mentioned, but more understanding of this process in regard
to PPT is required (99). A tentative pictorial representation of the development of PPT
is presented in Fig. 4. Although it is logical to suggest that pregnancy may result in
thyroid deficiency in predisposed women, there is no evidence that multiple pregnancy
leads to more thyroid disease (100,101).

In view of the high incidence of PPT together with the accompanying medical
and psychiatric symptomatology, it would seem logical that an appropriate screening
program should exist. The presence of thyroid antibodies in early pregnancy at least
alerts the clinician to the possibility of the condition even if their presence is only
a 50% predictor of thyroid dysfunction at best. Further clinical features are required
to improve the predictive power of TPO antibodies in this setting. For example,
the measurement of serum thyroglobulin and biologically active TPO antibody may
improve the prediction of thyroid dysfunction perhaps to 75–80%. Proponents of
screening for PPTD justify it on the basis that it is relatively common, causes signif-
icant morbidity, and can be diagnosed with freely available tests that are inexpensive.
Effective treatment is available if required. Screening may also be pertinent in view
of the high incidence of long-term thyroid dysfunction in these women. However,
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Fig. 4. The development of autoimmune thyroid disease postpartum. Diagram to illustrate a proposed
development of hypothyroidism in relation to pregnancy (adapted from Muller et al. [9]).

there is a lack of consensus about the timing of screening or the screening test for
PPTD prediction. TPOAb or TSH have all been suggested as possible screening tools.
Opponents of screening cite the lack of good prospective cost-benefit analyses to
support their view. A review of published data on PPTD prediction using thyroid
antibodies in different population groups reveals several reasons for this lack of
consensus such as variability of the antibody measured (microsomal or TPOAb), varia-
tions in assay methodology, as well as different times of screening during pregnancy
and the postpartum period. However, the influence of disease definition and the effects
of variability of genetic predisposition, frequency of blood testing, and study design
should not be ignored, although TPOAb remains the leading candidate for PPTD
screening. The sensitivity, specificity, and positive predictive value of TPOAb in PPTD
prediction are highly variable and are dependent to some extent upon the above factors
(Table 1). Further refinements to the screening strategy have been suggested to improve
its positive predictive value. A variable degree of enthusiasism for screening of this
condition has been expressed (102) and a compromise would seem to be targeted
screening of individuals at the highest risk of developing PPTD, such as subjects with
previous PPTD and type 1 diabetes mellitus. The cost of testing is relatively high, but
new assay techniques may reduce this (103,104). The high incidence of the disease
suggests that a significant reduction in postpartum morbidity will be derived from this
strategy.
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Summary

Graves’ ophthalmopathy (thyroid-associated ophthalmopathy [TAO]) and dermopathy (thyroid-
associated dermopathy [TAD]) are extrathyroidal manifestations of Graves’ disease, which should be
viewed as a multisystem autoimmune disease involving thyrocytes but also orbital and pretibial fibroblasts.
Smoking is a risk factor for TAO, and cessation of smoking is useful in the primary, secondary, and tertiary
prevention of TAO. The immunopathogenesis of TAO and TAD looks very similar. Fibroblasts expressing
functional thyroid-stimulating hormone (TSH) receptors have been identified as the target cells of the
autoimmune attack. T cells sensitized to thyroid antigens (or TSH receptor stimulating antibodies, TSAb,
in later stages) may recognize shared antigens on fibroblasts, inducing release of cytokines. This results
in the production of hydrophylic glycosaminoglycans, causing tissue swelling. Recent findings point to
the insulin-like growth factor-1 receptor on fibroblasts as another likely autoantigen. TAO appears to be
primarily a Th1-cell-mediated disease. Intravenous methylprednisolone pulses are now recommended as
the treatment of choice in severe active TAO and topical corticosteroids under occlusive dressings for
TAD. Rehabilitative surgery for TAO should wait until the disease has become inactive. Promising new
but still experimental treatment modalities involve monoclonal antibodies against particular cytokines or
T-cell surface molecules.

Key Words: Thyroid eye disease, pretibial myxoedema, immunopathogenesis, thyrotropin receptor,
IGF-1 receptor, treatment, smoking.
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INTRODUCTION

Graves’ disease is primarily characterized by hyperthyroidism caused by thyroid-
stimulating hormone (TSH) receptor stimulating antibodies (TSAb). Because the
autoimmune reaction is directed against the TSH receptor (TSHR) in the thyroid
gland, Graves’ disease has been considered as the prime example of an organ-
specific autoimmune disease. This view, however, seems to be too restricted as it
does not take into account the three extrathyroidal manifestations of Graves’ disease:
thyroid-associated ophthalmopathy (TAO), thyroid-associated dermopathy (TAD), and
acropachy. The extrathyroidal phenotypes of Graves’ disease cannot be explained by
thyroid hormone excess itself. It is doubtful—as will be argued next—whether TSAb
can be held fully responsible for the phenotypic variation, although the concentration
of serum TSAb in general is higher in TAO and even more so in TAD than in Graves’
hyperthyroidism without extrathyroidal manifestations (1). These kinds of considera-
tions have led some authors to view Graves’ disease as a multisystem autoimmune
disease, in which the autoimmune attack is directed not only toward thyrocytes but
also against fibroblasts in the orbit and the dermis (2).

The present review is limited to TAO (also known as thyroid eye disease, Graves’
ophthalmopathy, or Graves’ orbitopathy) and TAD (also known as pretibial or localized
myxoedema), focusing on advances in knowledge obtained since 1990. Considerable
progress in understanding the nature of these conditions has been made, but it is fair
to say that TAO and TAD are still one of the remaining enigmas of autoimmune
thyroid diseases (AITD) with respect to their immunopathogenesis as well as to their
management. This is the more worrisome as the burden of disease of these conditions
can be substantial: the health-related quality of life in TAO patients is indeed markedly
decreased and lower than that of patients with diabetes mellitus, emphysema, or heart
failure (3). A short look at the appearance of extrathyroidal manifestations of Graves’
disease suffices to understand how the cosmetically disfiguring and the functionally
invalidating changes can have a serious impact on the patient’s daily life. The NO
SPECS classification of eye changes (Table 1) serves as a mnemonic in the examination
of the ophthalmopathy.

EPIDEMIOLOGY

A population-based cohort study in Olmsted Country, Minnesota, reports an overall
age-adjusted incidence rate of TAO of 16.0 women and 2.9 men per 100,000 inhabi-
tants per year (4). The incidence rate exhibits an apparent bimodal peak in the fifth and
the seventh decade of life. Seventy-four percent of the cases had minor eye changes not
requiring specific treatment other than supportive measures. Smoking greatly increases
the risk for TAO (odds ratio 7.7, 95% confidence interval [CI] 4.3–13.7), and smokers
have more severe eye disease than non-smokers (5). A trend toward a lower incidence
rate of TAO has been observed since 1990. In a questionnaire survey among thyroidol-
ogists from 15 European countries in 1998, 43% of the respondents thought TAO
was decreasing in frequency, 42% thought it unchanged, and 12% thought it to be
increasing (6). In this respect, it is noteworthy that all responders from Hungary and
Poland, where the population of smokers in the general population had increased since
1990, indicated an increased incidence of TAO. The overall trend toward a lower
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incidence rate of TAO might therefore be causally linked to a secular decrease in
the prevalence of smoking. An alternative explanation could be earlier diagnosis and
treatment of hyperthyroidism (because of the introduction of sensitive TSH assays in
the late 1980s), which might prevent to some extent the development of eye changes.
A study from the United Kingdom reported a declining proportion of patients with
TAO among all referred patients with Graves’ hyperthyroidism from 57% in 1960 to
35% in 1990; there was also a decline in the prevalence of severe TAO (dipoplia or
optic neuropathy) from 30 to 21% (7).

Most cases of TAO (93%) are indeed observed in patients with Graves’ hyperthy-
roidism, but 3% occur in hypothyroid patients and 4% are euthyroid (8). Among the
patients with TAO and Graves’ hyperthyroidism, the eye disease becomes manifest
before the onset of hyperthyroidism in about 20%, concurrent with hyperthyroidism
in 40%, and after the onset of hyperthyroidism in 40% (9). It is not unusual that
hypothyroid TAO patients proceed to Graves’ hyperthyroidism, probably caused by a
shift from TSHR-blocking antibodies to TSAb. Euthyroid TAO patients also develop
hyperthyroidism in due time in about 20% of cases, but it is unknown why others
remain euthyroid although TSAb can be detected in almost everyone (10). AITD (or,
more specific, autoimmunity to the TSHR) thus seems to be present in most if not all
TAO patients.

Conversely, TAO seems also to be present in most if not all patients with Graves’
hyperthyroidism, although more than half of them have no clinically appreciable TAO.
Evidence for subclinical TAO is, however, found in most of the patients without
apparent eye changes, including a shift to higher proptosis values than in healthy
controls, an abnormal increase in intraocular pressure on upgaze in 61% and enlarged
extraocular muscles on computerized tomography (CT) scan or ultrasound in 70–
100% (9). The data strongly support the view that the eye and thyroid manifestations
belong to the same disease entity: Graves’ disease.

GENETIC AND ENVIRONMENTAL FACTORS

Graves’ disease is generally viewed as a multifactorial disease in which the
autoimmune reaction to thyroidal antigens arises against a certain genetic background,
probably provoked by environmental factors. Despite many efforts including wide
genome screening the genes involved remain largely unknown. There is consensus on
three genes contributing (albeit to a modest degree) to the susceptibility for Graves’
disease: HLA-DR3, CTLA-4, and PTPN22. Here, we address the question whether the
phenotypic variation in Graves’ disease is related to different genotypes; in other words,
is there a difference in the frequency of polymorphisms of particular genes between
TAO and non-TAO patients within the population of patients with Graves’ hyperthy-
roidism? So far, the answer is predominantly negative (11). Only human leukocyte
antigen (HLA)-DPB1∗201 appears to be slightly protective for TAO. The report that
the biallelic polymorphism cytotoxic T-lymphocyte-associated antigen (CTLA)-4 A/G
at codon 17 confers susceptibility to TAO (in which the strength of the association
of the G allele with GO increased with the severity of the eye disease) (12) has not
been confirmed in subsequent studies (13,14). Non-genetic factors seem more likely
to promote the phenotype TAO than genetic ones.
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Indeed, among patients with Graves’ hyperthyroidism, smoking carries a risk for
the development of TAO with an odds ratio of 2.18 (95% CI 1.51–3.14) for current
smokers (15). The effect of smoking is further illustrated by a recent European question-
naire study on childhood TAO: TAO was observed in 37% of patients with juvenile
Graves’ hyperthyroidism, and its prevalence was higher in countries with a higher
prevalence of smoking among teenagers (16). Among TAO children in countries with
a smoking prevalence of <25% among teenagers, about 20% were ≤10 years old and
80% were 11–18 years; in contrast, in countries with a smoking prevalence of ≥25%
the distribution among the two age groups was roughly 50 and 50%. As it is unlikely
that children below the age of 10 years are all smokers, the overrepresentation of TAO
in children below 10 years living in an environment in which 25% or more of their
peers smoke might be because of passive smoking (16).

Another intriguing recent finding is that smoking seems to protect against the devel-
opment of thyroid peroxidase antibodies (TPO-Ab) and elevated TSH (17). In this
respect, it is relevant to note that, in a population of patients with Graves’ hyperthy-
roidism, the absence of TPO-Ab was an independent predictor of TAO (18), suggesting
that TPO-Ab confer moderate protection against TAO.

Which mechanisms cause these divergent effects of smoking remains largely
obscure. Does smoke really gets into the eyes? Orbital fibroblasts (OF) produce
more glycosaminoglycans (GAGs) when cultured under hypoxic conditions; tobacco
glycoprotein enhances the production of interleukin (IL)-1, which also stimulates the
secretion of GAGs (19).

A combination of nicotin and tar with interferon (IFN)-� led to upregulation of
HLA-DR in OF (20). Smoking enhances the generation of superoxide radicals and
reduces the formation of antioxidants (21). Systemic effects of smoking include
B- and T-cell polyclonal activation with the resultant production of costimulatory
cytokines (22). Cytokines, adhesion molecules, and heat-shock proteins are all involved
in the immunopathogenesis of TAO, and differences in the serum concentrations of
some of these molecules have been observed between smokers and non-smokers and
between TAO and non-TAO patients (23,24). These differences may reflect to some
extent what is going on in the orbit but may also just indicate more severe eye disease
in smokers than in non-smokers (11). Smoke exposure may lead to inflammation,
lymphocyte recruitment, increased adhesion molecule expression and as a result more
cell adhesion to vessel walls.

IMMUNOPATHOGENESIS

Pathology
The hallmark of TAO is an increased volume of orbital fatty/connective tissues and

extraocular muscles (25). The expanded tissue volume is because of adipose tissue
expansion and accumulation of GAGs in the fatty/connective tissue compartments, and
inflammation, edema, and GAG accumulation in the endomysial connective tissues.
The muscle fibres themselves are intact and widely separated by edema; only in
the later stages of the disease, the extraocular muscles may become fibrotic and
atrophic. Orbital connective tissue GAGs amount to 254 �g/g wet tissue in TAO
patients and 150 �g/g in controls; the higher GAG content in TAO is largely because of
an excess of chondroitin sulfate and hyaluronic acid (26). GAGs are large hydrophylic
polyanionic compounds, which osmotically attract and bind large amounts of water,
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thus contributing to volume expansion. The increase in orbital contents and the resulting
increase in intraorbital pressure (because of the constraints of the bony walls of the
orbit) do explain in a mechanistic sense the eye changes in TAO (Table 1) (27,28).

With regard to the immunopathogenesis of TAO, the most likely sequence of events
is that T cells infiltrate the orbit and recognize an orbital autoantigen that is identical to
or crossreactive with a thyroid autoantigen. The subsequent release of cytokines induces
OF to secrete excessive amounts of GAGs, causing edema and swelling (Fig. 1) (28).

Lymphocytic Infiltrate
A diffuse infiltration of lymphocytes is seen in orbital fatty/connective tissue and

extraocular muscle interstitial tissue of TAO patients, composed mostly of T lympho-
cytes and macrophages with sparse B lymphocytes (25). Both helper/inducer (CD4+)
and suppressor/cytotoxic (CD8+) T lymphocytes are present; a substantial proportion
of T cells are activated memory cells (CD45RO+), suggesting that TAO involves a
T-mediated autoimmune response (29–31).

Several studies have evaluated whether infiltrating T cells are primarily involved in
cell-mediated (Th1) or humoral-mediated (Th2) immune responses. On the basis of the
cytokine profile secreted by orbital T cell clones of TAO patients, it appears that both
Th1 cells (IFN-�) and Th2 cells (IL-4) are present as well as Th0 cells (producing both
Th1 and Th2 cytokines), but Th1 cells are seen more frequently (32–34). Another study
reports predominance of the Th1 clones in cultures from patients with recent onset TAO
(<2 years), and Th2 clones in patients with longer duration of TAO (35). T-cell receptor
V region gene usage is restricted in orbital tissue of active inflammatory TAO, but not
longer so in longstanding inactive TAO presumably because of epitope spreading (25,
36). The available data suggest that cell-mediated immunity by infiltrating T cells plays

Fig. 1. Pathogenesis of TAO (reproduced with permission from ref. 28).
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a primary role in the immunopathogenesis of TAO. This view is in agreement with
the absence of TAO in neonatal hyperthyroidism (caused by transplacental passage of
TSHR antibodies), because T cells do not cross the placenta.

Recruitment of T cells to retrobulbar tissues requires attachment to endothelial
cells and transendothelial migration, a process involving cytokine-induced expression
of adhesion molecules on endothelial cells and lymphocytes. Adhesion molecules
(intercellular adhesion molecule [ICAM]-1, vascular intercellular adhesion molecule
[VCAM]-1, and endothelium intercellular adhesion molecule [ECAM]-1) are highly
expressed in vascular endothelium in retrobulbar tissues of active TAO patients, but
much less in inactive TAO (37). Infiltrating lymphocytes also express an increased
number of adhesion molecules of the integrin family. Further recruitment of T cells
may be facilitated by HLA-DR expression on endothelial cells and OF (29,31,37);
the latter cells—upon exposure to Graves’ immunoglobulin (Ig)G—produce the T-cell
chemoattractants IL-16 and RANTES (38).

T-cell activation requires antigen presentation together with costimulatory signals.
The number of macrophages infiltrating retrobulbar tissues is significantly increased in
early TAO but less so in longstanding disease (29,50). Retrobulbar macrophages likely
are able to activate T cells through antigen presentation and provision of costimulatory
signals and by secreting proinflammatory cytokines such as IL-1�, tumour necrosis
factor (TNF)-�, and IL-10 (39,40). For efficient activation of T-cell effector functions,
it appears necessary that the cell surface receptor CD40 on antigen-presenting cells
binds to the CD40 ligand (CD40L, a member of the TNF-� cytokine family) on T cells.
Recent findings indicate an active CD40–CD40L pathway in OF. OF express CD40
and activation by CD40L induces hyaluronan synthesis, IL-6 and IL-8, and Cox-2 and
PGE2 (41,42). The CD40–CD40L is thus one potential pathway by which T cells can
activate fibroblasts.

Orbital Fibroblasts: The Target Cells
Retrobulbar T cells from TAO patients recognize autologous OF (but not eye muscle

extracts) in a major histocompatibility complex (MHC) class I restricted manner and
proliferate in response to TSHR antigen (43,44). Conversely, OF from TAO patients
proliferate in response to autologous T lymphocytes, dependent on MHC class II and
CD40–CD40L signaling (45). The data strongly suggest that OF are the target cells of
the autoimmune attack in TAO. This view is strengthened by the finding that OF express
the full-length TSHR, which is also functional as evident from an increase in cAMP in
response to TSH (25,46,47). Interestingly, a subpopulation of OF called preadipocytes
can differentiate in vitro into adipocytes; this process of adipogenesis is associated with
increased TSHR expression and is—at least in vitro—stimulated by IL-6 and inhibited
by TNF-�, IFN-�, and transforming growth factor-� (TGF-�) (48,49). Evidence for
enhanced adipogenesis in vivo is obtained from increased mRNA expression of leptin,
adiponectin, PPAR�, and TSHR in TAO compared with normal orbital adipose tissue
samples, with positive correlation in TAO tissues between TSHR and leptin and
adiponectin and PPAR� (peroxisome proliferator-activated receptor �) (50).

To further investigate the link between adipogenesis and TSHR expression, TAO-
derived OF in culture were treated with rosiglitazone, a thiazolidinedione agonist
of the PPAR� receptor that stimulates adipocyte differentiation; the drug stimulated
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TSHR and PPAR� expression as well as differentiation into mature lipid-laden
adipocytes (51). The use of thiazolidinediones through induction of orbital fat expansion
could thus be dangerous in TAO patients; indeed, exacerbation of TAO has been
witnessed in a diabetic patient upon prescription of pioglitazone (52). More genes
are likely involved; one is secreted frizzled-related protein-1, which is unregulated in
orbital adipose tissue of TAO patients and enhances adipogenesis and TSHR expression
in cultured OF (53). Differentiation of OF into adipocytes does not occur in fibroblasts
displaying the surface glycoprotein Thy-1; in this respect, it is noteworthy that orbital
fatty/connective tissue contains both Thy-1+ and Thy-1– OF but that perimysial OF
in contrast express only Thy-1 uniformly (54).

OF apparently differ from dermal fibroblasts (55). In particular, the magnitude of
cellular responses in OF to proinflammatory cytokines is far greater than that found in
dermal fibroblasts. OF express high levels of PGE2 (prostaglandin E2) when activated
by proinflammatory cytokines (25). Upon exposure to cytokines such as IL-1�, OF
synthesize IL-6, IL-8, IL-16, and RANTES (41,56), thereby activating and attracting
T cells. As well as promoting adipogenesis, IL-6 may also activate B cells locally.
When exposed to proinflammatory cytokines, OF synthesize high levels of hyaluronan,
whereas the effect is limited or absent in dermal fibroblasts. The induction is dependent
on de novo protein synthesis and can be inhibited by glucocorticoids (25). Hyaluronan
synthesis is catalysed by hyaluronan synthases, which in OF are upregulated by IL-1
and leukoregulin (57). Degradation of GAGs is governed by hyaluronidase, which in
contrast to dermal fibroblasts is not expressed by OF in culture (25). The functional
heterogeneity of fibroblasts at different anatomical sites may explain why activation of
fibroblasts in Graves’ disease remains restricted to the orbit (and sometimes to local
areas in the dermis when under mechanical pressure as in pretibial myxedema) (27).

The Nature of the Autoantigen

TSH Receptor

The presence of a functional TSHR on OF strongly suggests that the TSHR is indeed
the long sought after shared antigen between the orbit and the thyroid. After all, TSAbs
are the immediate cause of hyperthyroidism in Graves’ disease, and the occurrence of
TSHR outside the thyroid gland might explain the various phenotypic appearances of
Graves’ disease. In patients with untreated Graves’ hyperthyroidism, the prevalence of
TAO increases indeed with increasing TSAb levels (18), and in TAO patients who had
been euthyroid for at least 2 months, serum TSAbs are directly related to proptosis and
the clinical activity score (CAS) (58). In line with these data is the finding that TSHR
expression in orbital fatty/connective tissue of TAO patients is much higher in the
active than in the inactive stage of the disease and in direct relationship to local IL-1�
mRNA levels (34). Autoreactive T cells specific for the TSHR may recognize the orbital
TSHR upon contact with macrophages presenting the autoantigenic peptides; TSAb
could accelerate the immune response in the eye (39). This issue, however, is far from
being resolved: we do not really understand—apart from the role of smoking—why
the majority of patients with Graves’ hyperthyroidism despite high TSAb levels never
develop overt ophthalmopathy. Animal experiments involving TSHR immunization so
far also have failed to produce TAO (59) (see Chap. 4).
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Insulin-Like Growth Factor-1 Receptor

It has been known for a long time that in vitro insulin-like growth factor (IGF)-1
stimulates the secretion of collagen and GAGs by OF (27). Weightman et al. (60)
demonstrated that [125I] IGF-1 binding to OF was displaced by Graves’ IgG,
suggesting the presence of IGF-1 receptor (IGF-1R) antibodies. Recent studies by
Smith et al. (61,62) indicate that Graves’ IgG (like IGF-1) recognizes the IGF-1R on
OF, and by activating that receptor induce IL-16, RANTES and hyaluronan synthesis
in these OF. The effects can be abolished by glucocorticoids and by specific IGF-
1R-blocking monoclonal antibodies. The effects are not seen in non-TAO OF or in
dermal fibroblasts. The data strongly suggest the possibility of IGF-1R as another
relevant autoantigen in TAO. Any autoimmunity against IGF-1R, however, does not
affect serum concentrations of free and total IGF-1 or IGF-binding proteins, which are
completely normal in euthyroid patients with active TAO (63).

Other Autoantigens

A number of antibodies against eye muscle antigens have been observed in the serum
of TAO patients, but they do not seem to play a primary role in the immunopathogenesis
of TAO. Most likely, the eye muscle antibodies are secondary to cytotoxic T-cell
reactions in TAO (64). Antibodies to thyroglobulin occur frequently in Graves’ disease
but are likely irrelevant in TAO in view of the poor binding of thyroglobulin to OF (65).

Cytokine Profile
Cytokines are produced by inflammatory cells infiltrating the orbit as well as by

OF. Locally produced cytokines stimulate proliferation and GAG production of OF;
they also localize and augment the immune response by increasing the expression
of MHC class II, adhesion molecules, heat-shock protein, CD40, and prostaglandin
(Table 2) (66). The listed functional effects of cytokines have been obtained from in

Table 2
Functional Effects of Cytokines in the Orbit in TAOa

Increase

GAG synthesis IL-1, IFN-�, TGF-�
Cell proliferation IL-1, IL-4, TGF-�
Class II expressionb IL-1, IFN-�, TNF-�
Adhesion molecules expression IL-1, IFN-�, TNF-�
Heat shock proteins expression IL-1, IL-6, IFN-�, TNF-�, TGF-�
Metalloproteinase inhibitors IL-1, IFN�, TNF-�, TGF-�
TSHR expressionc IL-4, IL-6
CD 40 expression IL-1, IFN-�
Prostaglandin E2 IL-1, IL-4

IL, interleukin; IFN, interferon; TGF, transforming growth factor; TNF,
tumor necrosis factor.
aFrom ref. 66 with some modifications.
bDecreased by IL-6.
cDecreased by IFN�, TNF�, TGF�.
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vitro studies and may not necessarily reflect the in vivo effects. Cytokine profiles of
orbital tissue samples have been made (32–35,40), but proper interpretation requires
knowledge about the duration and activity of TAO (early inflammatory or late fibrotic
stage), any previous treatment (such as glucocorticoids and retrobulbar irradiation)
and the cell types producing the cytokines. Activated T cells produce IFN-� and IL-
4, whereas antigen-presenting cells and T-cell activated macrophages produce IL-1�
and TGF-� (39). All four cytokines enhance inflammation and stimulate hyaluronan
production. IL-1� especially is highly expressed in active TAO (34,67).

DIAGNOSIS

The diagnosis of TAO is based on (1) evaluation of eye changes, (2) evidence of
coexisting thyroid autoimmunity, and (3) imaging to exclude an alternative diagnosis.
Usually the diagnosis is straightforward when a patient with known Graves’ hyperthy-
roidism presents with bilateral fairly symmetrical eye changes. However, none of the
eye changes is specific for TAO, and orbital imaging is required especially in unilateral
ophthalmopathy.

Eye Changes
Evaluation of eye changes requires assessment of both disease severity and disease

activity. Severity is judged by recording the present signs and symptoms of NO SPECS
classes 1–6 (Table 1). Soft tissue involvement is most prevalent (75%), followed by
proptosis >21 mm (63%), eye muscle motility dysfunction (49%), keratopathy (16%),
and optic nerve involvement (21%) (8). Activity can be judged by various imaging
procedures (see “Orbital Imaging”) but most easily by the CAS. One point is given for
each of the following items if present: spontaneous retrobulbar pain; pain on attempted
up, side, or down gaze; redness of eyelids; redness of conjunctiva; chemosis; swelling
of the caruncle; eyelid edema or fullness. The maximum score is 7 (68). A very useful
detailed protocol with comparative photographs for objective assessment has been
published (69).

Ocular torticollis is present in 7%, lagophthalmos in 25%, and unilateral eye disease
in 5%. TAO is the most frequent cause of unilateral ophthalmopathy. Usually, imaging
reveals already some extraocular muscle enlargement in the fellow-eye, and bilateral
TAO may develop shortly. Some cases, however, remain strictly unilateral for unknown
reasons.

In TAO patients, about 75% are females, 40% are smokers, 14% have glaucoma or
cataract, 9% have diabetes, and 9% have dermopathy (TAO) (8).

Thyroid Autoimmunity
Associated hyperthyroidism or hypothyroidism because of AITD increases substan-

tially the chance the eye changes are caused by TAO. In euthyroid patients, one should
search for TPO-Ab, and especially for TSAb, which are present in most euthyroid TAO
patients (10). Higher TSAb are associated with more severe TAO (18,70). Euthyroid
TAO patients frequently develop hyperthyroidism with time, but some always remain
euthyroid for unknown reasons.
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Orbital Imaging
Orbital imaging by CT or magnetic resonance imaging (MRI) may not be necessary

in most TAO patients because the diagnosis is self-evident. It is, however, indicated
in unilateral ophthalmopathy (to exclude an alternative diagnosis), in suspected optic
neuropathy (crowding of muscles in the apex of the orbit increases the risk on loss
of visual functions) and before decompressive surgery (by CT to judge the bony
surroundings of the orbit).

Increased size of both eye muscles and orbital fat is found in 46% of TAO-patients;
8% of patients have only increased size of the fat compartment (71). The determinants
of this differential involvement of orbital muscles and fat are unknown. Inferior (60%)
and medial (50%) rectus muscles are most frequently enlarged, followed by the superior
rectus/levator muscle complex (40%); why the lateral rectus muscle is enlarged only
in 22% again is unclear (9). In TAO, the muscle swelling is typically most prominent
in the muscle belly, sparing the tendons. This is an important sign in the differential
diagnosis with orbital myositis, in which the muscle tendons are thickened as well.

Various imaging procedures have been used as indicators of disease activity in
TAO (68,72). Active TAO is likely to be present in case of eye muscle reflectivity
of <40% on A-mode ultrasonography, a prolonged T2 relaxation time MRI or a high
orbital uptake on octreoscan. Interestingly, recombinant human TSH induced significant
orbital uptake on octreoscan in a patient with inactive TAO and a negative scan before
recombinant TSH (73), further supporting involvement of TSHR in the pathogenesis of
TAO. Recent developments are orbital scanning with 99mTc-P829 (depreotide, a peptide
binding to somatostatin receptors 2, 3, and 5) (74,75) or 67Gallium (76) and blood flow
parameters in orbital vessels by Doppler sonography (77). All these measurements
have a good direct relationship with CAS and are helpful in predicting the response
to immunosuppressive treatment of TAO. These techniques, however, are technically
demanding and require considerable expertise; presently, they are performed in a few
specialized centers. For day-to-day practice, the CAS may suffice despite its subjective
nature, as the scoring is easy to do in a few minutes and inexpensive.

TREATMENT

TAO patients are best treated in a multidisciplinary setting of combined thyroid-eye
clinics (78). The management plan should be tailored according to the needs of the
individual patient. Schematically, each plan should consider (1) cessation of smoking,
(2) restoration and maintenance of euthyroidism, and (3) specific eye treatment.

Cessation of Smoking
There is good circumstantial evidence that refraining from smoking is effective

in the primary, secondary, and tertiary prevention of TAO (79). Current smokers
consuming >20 cigarettes daily have a RR of 7.0 (95% CI 3.0–16.5) for developing
diplopia; in heavy smokers who had quit their habit to smoke >20 cigarettes per day,
the RR decreases to 1.9 (95% CI 0.5–7.7) (80). Secondary prevention of TAO refers
to patients with Graves’ hyperthyroidism but without TAO: to stop smoking at this
stage is sensible as recurrent hyperthyroidism (with the associated risk of TAO) after
a course of antithyroid drugs is more frequent in smokers than in non-smokers (81).
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Tertiary prevention refers to measures that can be taken to inhibit further progression
of TAO that already has become manifest. To stop smoking should still be beneficial
because the response rate to immunosuppression is clearly lower in smokers than in
non-smokers (82,83).

Thyroid Treatment
Restoration and maintenance of a normal thyroid function is important for the

eyes: eye changes are more severe in TAO patients who still have abnormal thyroid
function and improve slightly (especially NO SPECS classes 2 and 4) upon achieving
euthyroidism (84). It has been a matter of debate if it matters for the eyes how the
patient is rendered euthyroid (with antithyroid drugs, 131I, or subtotal thyroidectomy).
It seems that neither antithyroid drug treatment nor total thyroidectomy affect the
natural course of TAO, whereas 131I treatment may cause development or worsening
of eye changes in about 15% (68,85,86). The postradioiodine eye changes occur a few
months after treatment but fortunately are mostly transient and can be prevented by
a course of prednisone starting at the time of 131I therapy (86). It seems prudent to
restrict prednisone treatment to those patients with Graves’ hyperthyroidism who are
at risk for TAO; identified risk factors are severe Graves’ hyperthyroidism (plasma
T3 > 5 nmol/l, pre-existent (active) ophthalmopathy, smoking, high TSAb and high
TSH postradioiodine (87). 131I therapy in inactive TAO patients is not associated with
deterioration of TAO provided postradioiodine hypothyroidism is prevented (88).

If one accepts the view that autoimmunity to thyroid antigens (like the TSHR) is
involved in the immunopathogenesis of TAO, it makes sense to get rid of all thyroid
antigens by complete ablation of the thyroid gland. A case–control study, however,
failed to demonstrate a greater benefit of near-total thyroidectomy as compared to
antithyroid drugs with respect to the course of TAO (89). A randomized clinical trial
comparing total with subtotal thyroidectomy in patients with active TAO likewise did
not find a better outcome of TAO after total thyroidectomy, which was moreover
associated with a higher surgical complication rate (90). A retrospective follow-up study
in TAO patients reports that TAO becomes more often inactive after thyroidectomy
plus 131I ablation than after thyroidectomy alone (91). The results of an ongoing Italian
randomized trial comparing near-total thyroidectomy plus 131I ablation with near-total
thyroidectomy alone are eargerly awaited.

Eye Treatment
Treatment of eye changes involves general measures, which should be taken in any

stage of the disease, and specific measures according to the severity and activity of
TAO (Table 3). General measures include dark glasses against photophobia, prisms to
alleviate diplopia, eye ointments, and occlusive eye pads at night in case of lagoph-
thalmos and especially artificial tears that should be used liberally to protect the
cornea. Specific measures depend primarily on the severity of TAO. Very severe cases
(dysthyroid optic neuropathy [DON]) require immediate treatment. Mild TAO (only
soft tissue involvement and/or slight proptosis and some restriction of eye muscle
motility—mostly in elevation—with or without diplopia) may warrant a wait-and-see
policy in view of the tendency to spontaneous improvement of eye changes in the
natural course of the disease. Moderately severe TAO (marked proptosis and eye
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Table 3
Specific Eye Treatment of TAO

In any stage Local measures (dark glasses, eye ointments,
prisms, and artificial tears)

In very severe TAO (optic neuropathy) iv methylprednisolone pulses; if no improvement
after 2 weeks, urgent surgical decompression

In moderate severe TAO
If active iv methylprednisolone pulses; in case of

insufficient response: low dose oral prednisone
with either retrobulbar irradiation or cyclosporin

If inactive Rehabilitative surgery (orbital decompression, eye
muscle, and eyelid surgery in this order as
required)

In mild TAO “Wait-and-see” policy; retrobulbar irradiation

muscle disturbances usually with diplopia but no optic neuropathy) may benefit from
immunosuppressive treatment if the disease is still in its early active inflammatory
stage but not in the late inactive fibrotic stage (Fig. 2) (92). Rehabilitative surgery
should wait until TAO has reached its inactive stage.

Very Severe TAO (Optic Neuropathy)

Dysthyroid optic neuropathy (also called malignant exopthalmos) is the most severe
expression of TAO. Affected patients are relatively older and more often males and
heavy smokers. Usually, there is significant comorbidity, especially diabetes mellitus
in which the outcome of DON is worse than in non-diabetics (93). A recent randomized
controlled trial—albeit of a limited sample size—indicates that immediate decom-
pressive surgery does not result in a better outcome than methylprednisolone pulse
therapy (94). Therefore, it is recommended to start with 1-g methylprednisolone given

Fig. 2. Relationship between disease activity and disease severity in the natural history of TAO.
The curve depicting disease severity reflects the tendency to spontaneous improvement. Immuno-
suppressive treatment is likely more effective when given in the early active stage (time A) than in
the late inactive stage (time B) of the disease (reproduced with permission from ref. 92).
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intravenously on each of three successive days of the first week, to be repeated in the
second week. If visual function improves after 2 weeks, one should continue with oral
prednisone; if not, urgent surgical decompression of the orbit is indicated.

Mild TAO

Although mild TAO is not considered as mild by the patients themselves as evident
from quality-of-life measurements (95), most physicians will be reluctant to prescribe
steroids at this stage in view of its side effects and the possibility of spontaneous
improvement. Retrobulbar irradiation by virtue of its good tolerability is an option, as
it has proven to be effective in mild TAO: in a randomized controlled trial, the outcome
was successful in 52% of irradiated vs 27% of sham-irradiated patients (p = 0�02) (96).
Radiotherapy specifically improved eye muscle motitility and decreased the severity of
diplopia and orbital pain. It also decreased the proportion of patients requiring further
treatment (66 vs 84% after sham-irradiation). On the contrary, radiotherapy did not
prevent worsening of TAO (∼15%), and the improvement in quality-of-life was also
similar in both groups.

The efficacy of retrobulbar irradiation has also been proven in moderately severe
TAO in one randomized trial (97) but not in another (98). The latter, however, seems
to be biased by for example pretreatment with glucocorticoids in 45%.

Retrobulbar irradiation is usually given in a dose of 20 Gy, administered in 10 daily
doses of 2 Gy in 2 weeks. Lower doses might be equally effective: randomized
controlled trials did not observe different outcomes between 10 Gy and 20 Gy (99)
or between 2.4 Gy and 16 Gy (100). Concern has been expressed on the safety of
radiotherapy, but long-term follow-up studies so far have neither identified a single
case of radiation-induced tumors nor an increased rate of cataract formation (101–103).
Retinal micro-aneurysms occur more often in irradiated than in non-irradiated patients,
but they are few in number (<5), not associated with lower visual acuity and conse-
quently without clinical significance (103,104). Clear retinopathy after radiotherapy
may develop in diabetic patients (RR 21, 95% CI 3–179) (103). Diabetes and possibly
hypertensive retinopathy are therefore contraindications for retrobulbar irradiation.

Moderately Severe TAO

Oral prednisone, retrobulbar irradiation, and intravenous immunoglobulins are all
effective in moderately severe TAO, more so in improving soft tissue changes and
eye muscle motility than in decreasing proptosis (68). In general, one-third of patients
do not respond, most likely because they were in the late inactive stage of TAO
(Fig. 2). Restriction of immunosuppressive treatment to patients with active TAO will
increase the response rate and save non-responders from its expense and side effects.
Discrimination between active and inactive TAO is not always easy. Prognostic score
charts using a number of disease activity parameters are able to predict accurately
the outcome of immunosuppression in 89% but are not always feasible and await
confirmation (105). For daily practice, patients with a duration of TAO of <18 months
and a CAS > 3 are likely to be still in the active stage.

Oral prednisone in combination with radiotherapy is more effective than prednisone
alone, but two recent randomized clinical trials report that equally high response rates
can be reached by using intravenous pulses of methylprednisolone: responders to iv
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pulses or oral steroids were 88 and 63%, respectively, in an Italian study (106) and
77 and 55% in an German study (107); side effects were fewer in both studies after
iv pulses than during oral medication. However, acute severe liver damage associated
with iv pulse therapy has been observed by the Italian group in about 0.8%, leading to
death in three patients (108). This serious side effect remains incompletely understood
but might be related to direct damage of hepatocytes and pre-existing liver steatosis,
to precipitation of a virus-induced hepatitis or autoimmune hepatitis (108,109). It is
thus prudent to monitor liver function but also to assess before pulse therapy hepatitis
serology, antinuclear antibodies and liver steatosis by ultrasound. Acute liver failure
has not been observed in the German study, which applied a cumulative dose of
4.5 g steroids, much lower than that of about 10 g in the Italian study. Our current
recommendation is therefore 500 mg methylprednisolone as a 2-h intravenous infusion
every week for 6 weeks, followed by weekly 250 mg methylprednisolone infusions for
another 6 weeks (107).

In patients with a flare-up of TAO after discontinuation of steroids, the combination
of a low dose of oral prednisone (20 mg daily) with either radiotherapy or cyclosporin
might be beneficial (68). Octreotide treatment in two placebo-controlled trials has no
significant therapeutic effect on TAO (110,111).

In patients with stable eye changes for about 6 months, who have reached the
inactive stage of TAO, rehabilitative surgery can be done as required.

FUTURE PERSPECTIVES

Progress in unraveling the immunopathogenesis of TAO will take in all likelihood
many more years but should ultimately provide clues to appopriate treatment. One
can speculate that interfering with the expression of orbital TSHRs might be useful.
It could be advantageous to identify at an early stage those patients with Graves’
hyperthyroidism, who will progress to develop clinically overt TAO; treatment of
such subjects with antioxidants (112) or pentoxifylline (113) might prevent TAO. For
immunosuppressive treatment of TAO, we need drug regimens with less side effects and
greater efficacy. In this respect, we need dose-finding studies for methylprednisolone
pulse therapy and trials on combination therapy of steroids and radiotherapy with for
example methotrexate. The newly developed somatostatin analogue SOM 230 might
be effective in contrast to octreotide. Anticytokine therapy is promising (114), although
a pilot on the use of anti-TNF antibodies was disappointing (115). A recent case report
describes that rituximab, a monoclonal antibody against the surface antigen CD 20
expressed solely on B lymphocytes, was highly effective in the treatment of recurrent
Graves’ hyperthyroidism and steroid-resistant TAO (116).

THYROID-ASSOCIATED DERMOPATHY

Thyroid-associated dermopathy resembles TAO in many aspects (1). The female
to male ratio of 4:1 and the association with AITD (Graves’ hyperthyroidism 91%,
hypothyroidism 6%, and euthyroidism 3%) are similar to those in TAO (117). Only
3% have no TAO, and TAD develops usually (in 72%) after TAO. The clinical forms
of TAD are non-pitting edema accompanied by typical skin discoloration giving the
lesions an orange-peel appearance in 43%, plaque in 27%, nodules in 19%, and elephan-
tiasis in 3%. They occur most frequently in the pretibial area (93%) but may develop
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in feet and upper extremities. Predilection for involved skin areas has been explained
from the effects of gravity and local trauma (8,118). Histology shows lymphocytic
infiltration, edema, and accumulation of GAGs (especially hyaluronan) produced by
fibroblasts expressing HLA-DR and heat-shock proteins. The TSHR protein is expressed
in elongated cells beneath the epidermis resembling fibroblasts but not in control
tissues (119). The immunopathogenesis of TAD is therefore likely identical to that
of TAO (27). Treatment, if necessary, is generally with topical corticosteroids under
occlusion or compressive dressings (nighttime dressing of 0.05–0.1% triamcinolon
acetate in cream base for 2–10 weeks). Octreotide has no or minimal effect (120). After
a mean follow-up of 7.9 years, 26% of patients have complete remission, 24% have
partial remission, and 50% no or minimal improvement (117).
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Summary

Type 1 diabetes (T1D) or insulin-dependent diabetes is an autoimmune disease caused by the selective
destruction of insulin secreting � cells in the pancreas by autoreactive CD4+ and CD8+ T lymphocytes.
Animal models of the spontaneous disease as well as genetically modified models have contributed
significantly to our understanding of both the pathogenesis and the pathophysiology of the disease.
In particular, animal models have allowed a better approach to the complex problem of genetic and
environmental factors that are important not only for disease predisposition but also for disease protection.
The molecular characterization of triggering autoantigens has also been facilitated by the study of animal
models. Although various molecules expressed by � cells are well-recognized targets of the autoimmune
response, the use of particular genetically modified mouse models has recently pointed to proinsulin/insulin
as the primary autoantigen. Last but not least, when used adequately, animal models of T1D have also
been helpful in preclinical studies to search for new immunointervention strategies applicable to the
clinic. The overall conclusion of >30 years of studies conducted using animal models of T1D is that
they recapitulate quite satisfactorily the human situation. In analyzing the data, it is, however, essential to
consider that each of the mouse or rat strains used is genetically identical. In fact, they represent multiple
copies of a single individual which is of course not the case for the clinical situation.

Key Words: Type 1 diabetes mellitus, animal models, insulitis, NOD mouse, BB rat, transgenic mice.

INTRODUCTION

Diabetes mellitus is a clinical syndrome mainly characterized by chronic hyper-
glycemia. Quite recently, in the 1970s, it became apparent that this definition included
two totally distinct physiopathological entities namely, Type 1 (T1D) and Type 2 (T2D)
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diabetes. Compelling evidence was accumulated to show that T1D is an autoimmune
disease because of progressive and selective destruction of insulin-producing � cells of
the islets of Langerhans. This explains the absolute requirement for chronic adminis-
tration of exogenous insulin in patients with overt T1D, also termed insulin-dependent
diabetes, to maintain an adequate metabolic control. On the contrary, T2D, or non-
insulin-dependent diabetes, is a metabolic disease often associated and/or exacerbated
by weight excess and obesity. Here, the abnormal glucose control is not because of
deficient insulin production by � cells but due to an aberrant sensitivity of peripheral
tissues to the effect of the hormone, a state defined as insulin resistance, which impairs
their capacity to handle glucose. Thus, treatment of T2D is not based on insulin
replacement therapy but rather on the use of drugs that counteract insulin resistance.
The two diseases are genetically controlled and are polygenic. Interestingly, 5–15% of
patients diagnosed as T2D present in fact slow-progressing autoimmune T1D. They
are now defined as late autoimmune diabetes of the adult (LADA) patients.

In humans, the autoimmune origin of T1D was suspected when Botazzo and Doniach
first demonstrated that sera from T1D patients contained autoantibodies to pancreatic
islet cells, as assessed by conventional immunofluorescence using sections of normal
human pancreas (1). However, the difficulties of having access to the target organ greatly
hampered a more in-depth analysis of the disease. This explains why spontaneous models
of T1D in rodents, which rapidly became available, constituted invaluable tools not only to
address the physiopathology and the genetics of the disease but also to test for immunoin-
tervention strategies aimed at both preventing and reversing established T1D.

The aim here will be to provide a critical review of these models, trying to highlight
the data that help addressing the main question, namely which lessons may be drawn
from the study of these animal models that translate in a better diagnosis, monitoring,
and treatment of the disease in humans. Available models fall into two main categories,
namely rats or mice that spontaneously develop T1D and genetically engineered
autoimmune-prone or non-autoimmune-prone mice.

SPONTANEOUS MODELS OF TYPE 1 DIABETES

The Bio-Breeding Rat

General Characteristics

The bio–breeding (BB) rat was first described in Canada in the 1970s where it was
derived from outbred Wistar rats (2). This model was instrumental for Rossini and his
team (3) in Worcester (MA, USA), to provide the first robust evidence that autoimmune
T1D was a T-cell-mediated disease. BB diabetes prone (DP) rats express the RT1u

major histocompatibility complex (MHC) haplotype, and diabetes develops in 90% of
males and females between 2 and 4 months of age. Overt disease is preceded by an
infiltration of the islets of Langerhans of the pancreas by mononuclear cells, that is,
insulitis that starts 2–3 weeks before the advent of overt hyperglycemia and glycosuria,
and is present also in the few BB-DP rats that never develop full-blown disease. Disease
incidence is higher under pathogen-free conditions. However, infection with Kilham
virus significantly accelerates disease onset (4). Another line of BB rats expressing
the same MHC has also been derived the BB diabetes resistant (DR) rats that do not
develop T1D and thus represent ideal controls for BB-DP rats (3,5).
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BB-DP rats are unique in that they are congenitally lymphopenic (6,7). This
lymphopenia mainly involves a subset of immunoregulatory T lymphocytes, expressing
the RT6 alloantigen (6,7). Injecting depleting antibodies to RT6 to BB-DR rats that are
not lymphopenic, and which exhibit normal proportions of RT6+ T cells at the same
time as they are protected from disease, triggers acute diabetes (8). Moreover, diabetes
in BB-DP rats is prevented by the transfer of syngeneic RT6+ T cells (9). According
to new terminology, the RT6 alloantigen is now termed ART2 and is a cell surface
adenosine diphosphate-ribosyltransferase. Interestingly, the peripheral lymphopenia in
BB-DP rats is not because of defective thymic selection. The thymus of BB-DP rats is
normal in terms of cell numbers, but recent thymic emigrants, already Thy1+ but not
yet RT6 (ART2)+, are very short lived (5,10). This population includes a majority of
CD4+ CD25+ regulatory T cells (11). More generally, further stressing the fundamental
role of RT6 (ART2)+ regulatory T cells in the control of T1D are the data showing that
T-cell-mediated autoimmune T1D may be induced in susceptible rats (expressing the
RT1u haplotype) following thymectomy and � irradiation, a treatment that promotes
lymphopenia. In such animals, T1D is effectively prevented by the transfer of CD4+

RT6+ cells, also staining T-cell receptor (TCR)��+ Thy1+ OX40+ CD45RClow from
syngeneic untreated animals (12).

Genetics

Type 1 diabetes is a polygenic disease, and extensive studies have been devoted to the
characterization both in spontaneous experimental models of the disease and in patients
of predisposing genes that are termed “insulin-dependent diabetes susceptibility” genes
and abbreviated Iddm, Idd, and IDDM in the rat, mouse, and human, respectively. In
all species, MHC alleles play a major role among predisposing genes. In the rat, four
other non-MHC susceptibility loci have been identified.

Major histocompatibility complex class II alleles encoded by the RT1u haplotype
are essential for diabetogenesis (13–15); the requirement for the RT1-Du/Bu alleles
(the Iddm2 alleles) at the two class II loci is well established. Sequence analysis of
RT1-Bu, the rat DQ homolog, showed that it differed from both the mouse (H2-Abg7)
and the human (HLA-DQ�) susceptibility alleles in that residue 57 is an aspartic acid
and not a non-asp substitution (16).

Iddm1 is a recessive mutation located on chromosome 4 driving lymphopenia in
BB-DP rats and initially termed Lyp (14). Recently, it was demonstrated that Lyp is in
fact a (Ian)-related gene I-An4 (17,18) that is a GTP-binding protein known to regulate
T-cell apoptosis through mechanisms that are as yet undefined.

Iddm4 is a locus apparently involved in insulitis (19). Three other susceptibility
loci Iddm3, Iddm5, and Iddm6 have also been reported that still await a more precise
characterization (20).

Spontaneously Diabetic Non-Lymphopenic Rats
One major criticism made to the BB-DP rat model was that it did not reflect the

human situation because of the lymphopenia, which is not observed in patients with
T1D. Two other rat strains have been reported, which are KDP and LEW-iddm rats.
Although studies using these animals are still limited, they are worth mentioning,
because both of them develop spontaneous T1D but, at variance with BB-DP rats, are
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not lymphopenic (20–23). Both KDP and LEW-iddm rats express the susceptibility
MHC class II alleles encoded by the RT1u haplotype; overt disease appears by 2–4
months of age both in females and males and is associated with destructive insulitis.
KDP rats, at variance with BB-DP and LEW.1AR1-iddm rats, but like non-obese
diabetic NOD mice (see “The Non-Obese Diabetic Mouse; General Characteristics”)
develop extra-pancreatic autoimmune manifestations (Sjögren’s syndrome) (22).

The Non-Obese Diabetic Mouse

General Characteristics

The NOD mouse model of autoimmune diabetes was discovered in Japan some 25
years ago as a novel phenotype in a breeding colony of Jcl:ICR progenitors while
screening for T2D (24). A wide number of NOD colonies were rapidly developed in
various laboratories, which, quite interestingly, showed a high variability in disease
incidence. The initial interpretation of genetic variations among substrains was invali-
dated by reports showing that the pathogen environment plays a major role in disease
development; high disease incidence is only observed under very “clean” specific
pathogen-free (SPF) conditions (25,26). Under SPF conditions, disease incidence is
higher in females as compared with males (90–95% vs 40–50% by 45 weeks of
age). Aside from T1D, NOD mice present other autoimmune manifestations: they
often exhibit thyroiditis and sialitis (27–29), they may develop autoimmune hemolytic
anemia (30), they produce anti-nuclear antibodies (31), and are prone to lupus-like
syndrome following particular treatments (32).

Overt T1D appears by 3 months of age and is preceded by progressive insulitis,
including mononuclear cells, which evolves in distinct stages. The first infiltrating cells
appear by 3–4 weeks of age (33,34). Up to 8–10 weeks of age, the insulitis progresses
in terms of cell numbers but remains mostly confined to the periphery of the islets.
This quite long phase of “benign autoreactivity” during which, despite clear evidence
for a break in self-tolerance, there is no evidence for massive �-cell destruction. This
is generally defined as pre-diabetes. Then, quite abruptly, by 10–14 weeks of age, the
infiltrate invades the islets (i.e., invasive/destructive insulitis), �-cell destruction occurs,
and overt disease appears. Disease is caused by pathogenic T cells. This was clearly
demonstrated by the capacity of “diabetogenic” T cells from the spleen of diabetic NOD
mice to transfer disease into syngeneic immunoincompetent recipients (NOD neonates,
adult irradiated NOD mice, and NOD SCID mice) (35–38). Importantly, when using
polyclonal pathogenic cells, both CD4 and CD8 T lymphocytes are needed to transfer
disease; each subset alone would not suffice (35–38). This is at variance with what is
observed when using transgenic CD4+ or CD8+ T cells expressing a clonotypic TCR
specific for a cognate autoantigen peptide (see Transgenic Expression of TCR Targeting
�-Cell Autoantigens). Pathogenic T cells recognize various �-cell antigens including
insulin (39–41), proinsulin (42,43), glutamic acid decarboxylase (GAD) (44–47), a �-
cell-specific protein phosphatase I-A2 (48–51), a peptide (p277) of heat-shock protein 60
(hsp60) (52–54), and the islet-specific glucose-6-phosphatase catalytic subunit–related
protein (IGRP) (55). This latter antigen was characterized as being a preferential target of
a significant proportion of pathogenic CD8+ T cells from infiltrated NOD islets (56).

Neither B lymphocytes nor islet-reactive autoantibodies also found in NOD mice
(albeit detected in lower amounts as compared to T1D patients) are pathogenic.
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However, disease development is B-cell-dependent as B-cell-depleted NOD mice are
disease free (57). B lymphocytes appear in this setting as in other autoimmune diseases
to play a crucial role in autoantigen presentation (58,59).

There is very compelling evidence to show that in NOD mice, as also discussed above
for the BB-DP rat, progression to overt disease is tightly controlled by T-cell-mediated
immunoregulatory circuits. T-cell depletion that follows thymectomy at 3 weeks of
age (i.e., weaning) accelerates disease onset (60). Acceleration of diabetes is also
observed within 2 weeks following treatment of both young pre-diabetic NOD mouse
females and males with cyclophosphamide (61–64), an alkylating agent that selectively
affects T-cell dependent regulation; it enhances delayed-type hypersensitivity (65) and
exacerbates experimental allergic encephalomyelitis (EAE) (66,67).

Adoptive transfer models provide direct demonstration for the in vivo regulatory
function of CD4+ T cells from young pre-diabetic NOD mice (68). Thus, diabetes
transfer by pathogenic cells is prevented by co-injection of CD4+ T cells from the
spleen or the thymus of young pre-diabetic mice (68,69). At the periphery, spleen
cells mediating effective protection from diabetes transfer include not only thymic-
derived “natural suppressive” CD4+ CD25+ T cells, initially described by Sakaguchi’s
group (70,71), but also a CD4+CD25−CD62L+ T-cell subset. CD62-L (l-selectin) is
a very interesting marker in the NOD mouse model. It was the first to allow the
separation of pathogenic from regulatory T cells. Indeed, in both pre-diabetic and
diabetic mice, diabetogenic T cells affording disease transfer are all included within
the CD62L− subset (CD4+ and CD8+) (72,73). Conversely, CD62L+-enriched CD4+

thymocytes (69) or spleen cells (73,74) protect in the co-transfer model.
A last important point to discuss is that, at variance with what initially thought

at the time of overt T1D, all � cells are not destroyed: the residual �-cell mass is
quite significant and represents about 30% of normal values (75). In fact in recently
diabetic NOD mice, insulin secretion is reduced to a greater degree than � cell mass.
This strongly suggests that the physical destruction of � cells is preceded by a phase
of functional impairment (that translates into incapacity to release insulin in response
to conventional stimulations) because of the immune-mediated inflammation. Thus,
heavily infiltrated pancreatic islets from non-diabetic 13-week-old female NOD mouse
do not secrete insulin in response to glucose stimulation if examined immediately after
the isolation. However, this inhibition is fully reversed on clearing of the immune
cell infiltrate after 7 days of in vitro culture (76). Similarly, in vivo administration of
agents that rapidly clear insulitis (polyclonal [77] or monoclonal antibodies to T cells:
anti-TCR [78] anti-CD3 [79]), within the first 2–7 days of overt diabetes onset, induces
complete normalization of glycemia within a few days.

Genetics

As for BB rats, NOD mice have been crossed with a number of non-autoimmune-
prone lines, and the segregation of the diabetic trait or of partial phenotype (such as
the cell infiltration of the islets and of other glandular tissues) has been studied in
correlation with polymorphic microsatellite markers. In the NOD mouse, these studies
that were largely performed by the groups of Todd and Wicker have been far more
extensive than in the rat. Presently, about 30 susceptibility loci on 17 chromosomes
have been reported, the number of which of course poses the crucial problem of the
relative impact of each of these in determining disease risk (80,81).
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As already mentioned for the rat model, among all identified loci, those having the
major predisposing role are in the MHC (Idd1). The NOD mouse H2g7 MHC includes
common class I alleles (Kd and Db�, a unique class II Ag7, and lacks class II E.
Although the data point to multiple loci in the extended haplotype conferring disease
susceptibility (20), the Ag7 molecule is a special class II molecule, which contributes a
significant part of the effect. At variance with other mouse I-A molecules, its � chain
does not show an aspartic acid residue at position 57, an interesting property, because
it is in keeping with what described in human T1D patients for the DQ� chain (82,83).
X-ray crystallography studies and biochemical studies showed that the Ag7 molecule is
also unique in terms of its peptide-binding capacities: it appears more “promiscuous”
as compared with normal class II molecules (84–86). Thus, Ag7may bind a wider range
of peptides but with lower affinity, which, according to certain authors, could provide
the basis for abnormal negative selection of diabetogenic cells.

Among the important non-MHC susceptibility genes are Idd3, Idd5.1. Idd3 is the
interleukin (IL)-2 gene (87). Its homolog in man has not yet been implicated as a major
susceptibility locus (88). The Idd5.1 interval includes the Ctla4 locus which human
homologous IDDM12 region is a susceptibility locus (88,89). The human IDDM2
region has been identified in various studies as a major susceptibility loci that translates
into polymorphisms in a variable no tandem repeat (VNTR) upstream of the human
insulin gene (88,90,91). In the mouse such an association has not been described, even
though several results point to proinsulin/insulin as the primary autoantigen in T1D, at
least in NOD mice (92,93). This may be explained by the fact that mice express two
non-allelic insulin genes (Ins1 and Ins2). Ins2 is the murine homolog of the human
insulin gene and is located on mouse chromosome 7. Ins1 is thought to be the result of
gene duplication; it lacks the second intron of the Ins2 gene and is located on mouse
chromosome 19.

Finally, further complicating the interpretation of segregation analysis is the
existence of “protective” genes, which counterbalance the effects of susceptibility
genes. Such genes exist in NOD mice as illustrated by the case of the FcgrII gene,
which is protective and is responsible for the defective expression of this Fc� receptor
on NOD macrophages (94).

MODELS OF TYPE 1 DIABETES IN GENETICALLY MODIFIED MICE

Genetically Modified Non-Autoimmune Strains
The advent of transgenic technology allowing the expression of a given molecule

under the control of a tissue-specific promoter was a major breakthrough that provided
a whole variety of new models of T1D. These models were instrumental in helping to
understand first how the pathogenic autoimmune response to �-cell antigens develops
and second what are the mechanisms that render �-cell response chronic.

The pioneering studies of Hanahan’s group launched this field by showing that �-cell
directed expression of transgenes in relatively high amounts was easily achieved (95)
using the rat insulin promoter (RIP). These transgenic animals were used as such
or after crossing with another transgenic line expressing a particular immunological
feature (i.e., a TCR transgene) to create the best conditions for the development of
overt diabetes so as to dissect the various underlying steps.
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�-Cell Overexpression of Cognate Antigens that Model

“Autoantigen” Expression

In these first experiments, the transgene was the SV40 oncogene, which induced
the �-cell-specific expression of the SV40 T antigen. When the SV40 T transgene
was expressed very early in ontogeny, transgenic mice were tolerant to it (because the
transgene was “seen” by the developing immune system as an autoantigen), and an
insulinoma developed because of the oncogenic potential of SV40. In contrast, when
the transgene was expressed later, tolerance was not observed, and the mice showed
insulitis but no overt disease.

Two other interesting models were extensively used, which expressed transgenic
viral antigens from lymphocytic choriomeningitis murine virus (LCMV) or influenza
virus on � cells that are the RIP-LCMV (96–98) and the RIP influenza virus hemag-
glutinin (HA) models, respectively (99,100). In the former case, two viral proteins
were used as transgenes, the LCMV nucleoprotein (NP) or glycoprotein (GP) (96–98).
The viral transgenes were expressed very early in ontogeny, and the encoded antigens
could be thus considered as “self-antigens.” In both cases, the mice were tolerant to the
�-cell-expressed antigens because neither insulitis nor diabetes developed. However,
this immune tolerance was not because of complete negative selection in the thymus.
All LCMV mouse lines harbor LCMV-reactive cytotoxic T cells of variable affinity.
Importantly, even when crossing RIP-LCMV mice with transgenic mice expressing
the clonotypic TCR specific to the viral antigen overexpressed on � cells, the resulting
double transgenic animals remained disease free (98).

These experiments using either the single or the double transgenic mice became
a classic in support of the concept of “immunological indifference” directly proving
that immunological self-tolerance was not broken, and neither insulitis nor diabetes
appeared, despite the coexistence in the host of a highly expressed �-cell antigen
and an overwhelming number of T cells specific to that �-cell antigen. Something
more was needed to trigger disease, which turned out to be the infection with the
corresponding virus (97,98). The initial interpretation of these results was that self-
tolerance through immunological indifference was based on the fact that � cells express
class I MHC molecules but not MHC class II or, more importantly, costimulatory
molecules (B7.1, B7.2) to provide the adequate second signals to activate autoreactive
effectors. Following viral infection, the antigens can be presented by conventional
antigen-presenting cells that effectively activate autoreactive effectors, which then
migrate to the pancreatic islets where they encounter the target and rapidly destroy it.
This conclusion was also supported by results, showing that diabetes was observed,
in absence of viral infection, when RIP-LCMV GP mice were crossed with transgenic
mice overexpressing B7.1 on their � cells (101).

Unfortunately, things are in fact more complex. If immunological indifference was
simply because of lack of adequate costimulation, injecting tolerant transgenic or double
transgenic mice with the cognate peptide or with professional antigen-presenting cells
pulsed with the corresponding “autoantigenic” peptide would be an efficient way to
replace for the viral infection. It turned out that such results were extremely difficult
to produce and, in the very few occasions where they did work, to reproduce.

Two different sets of recent data shed new light into this problem. First, using the
double transgenic mouse model (RIP-LCMV GP × TCR Tg GP) Lang et al. (102)
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showed that overt disease was triggered when the cognate peptide was administered
in association with Toll-like receptor ligands. These data point to the importance not
only of an adequate/professional antigen presentation but also of a certain degree
of “inflammation,” triggered by the viral infection or the direct delivery of Toll-
like receptor agonists, to trigger overt autoimmunity. Such inflammation is then a
key element favoring epitope spreading. This is a phenomenon initially described by
Sercarz’s group (103) and describes the diversification of the autoimmune response,
which starts from a self-directed immune response induced by a single peptide (or
epitope) and then spreads to include other peptides (or epitopes) of the same autoantigen
(i.e., intramolecular spreading) or of other self-molecules clustered in close vicinity
within the target cell (i.e., intermolecular spreading) (104–106). Second, data from
O’Garra’s group (107) showed that immunological indifference may not just be the
matter of inadequate activation of T-cell effectors but also depends on regulatory
T cells. Thus, these authors directly show that, to break immunological indifference, one
must adequately activate T-cell effectors and in addition properly downregulate physio-
logical T-cell-mediated regulation, which is highly effective at dampening immune
responses to autoantigens (107).

Some Interesting Specific Features of the RIP-LCMV

Transgenic Model

There are essentially two different types of RIP-LCMV mouse lines (97). RIP-LCMV
GP mice only express the viral transgene in the islets of the pancreas and develop
rapid-onset T1D by 10–14 days after the viral infection. Here, the disease is dependent
on CD8+ cytotoxic T lymphocytes; in vivo depletion of CD8 T cells prevents disease,
whereas deletion of CD4 T cells does not (97). In this case, the lack of thymic
expression of the transgene explains why high-affinity cytotoxic T cells are not deleted
but are exported to the periphery where they rapidly activate and differentiate into
mature cytotoxic effectors once they encounter the cognate antigen in an adequate form.

In contrast, RIP-LCMV NP mice that express the viral transgene not only in
the islets but also in the thymus develop slow-onset T1D that develops over 1–6
months following the viral infection depending on the MHC haplotype (97). Here,
thymic expression of the transgene leads to deletion of high-affinity autoreactive CD8+

cytotoxic T cells but low-affinity CD8+ lymphocytes migrate to the periphery. Devel-
opment of disease is dependent not only on these NP-specific low-affinity CD8+

cytotoxic T cells, which participate to initiation of �-cell destruction, but also on CD4+

T-cell help as well as interferon (IFN)� (108).
Thus, the RIP-LCMV models are interesting because of the different kinetics of

T1D progression, which may, at least in part, recapitulate some of the features that,
in the clinical setting, lead to various clinical patterns observed, ranging from the
rapidly progressing forms of childhood diabetes up to the very slow progressing forms
observed in the adult.

�-Cell Overexpression of MHC Molecules, Cytokines,

and Costimulatory Molecules

In the early 1980s, Feldman and Botazzo (109) proposed the hypothesis that aberrant
expression of MHC class II molecules was an essential triggering factor in autoimmune
diseases in general and autoimmune endocrine diseases in particular. A direct example
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was apparently provided in patients with Graves’ disease in whom aberrant expression
of HLA-DR was demonstrated on thyrocytes (110). Comparable observations were
never reported in T1D. However, this hypothesis stimulated interest in establishing
transgenic mice overexpressing class I or II MHC molecules on � cells to analyze
whether it could impact on the development of autoimmunity (111–114). In these
models, autoimmune diabetes did not develop. However, in some cases, glucose
metabolic dysfunction was observed, which was interpreted as the result of a �-cell
dysfunction due to the transgene expression (111).

Interestingly, in normal non-autoimmune-prone mice, �-cell overexpression of
costimulatory molecules such as B7.1 is not on its own sufficient to trigger autoim-
munity (115). However, if these mice are crossed with other transgenic lines overex-
pressing proinflammatory cytokines such as tumor necrosis factor (TNF) or IL-2, then
overt disease develops (116,117).

The group of Sarvetnik has been extremely productive in generating a large panel of
mice whose � cells overexpressed different cytokines under the control of RIP. One first
important observation was that RIP-IFN� transgenic mice developed full-blown insulitis
that could extend to normal islets grafted in the transgenic hosts (118). Although the
fine mechanisms underlying this effect were never fully unravelled, they did involve an
upregulation of MHC class molecules on � cell that appears more “physiological” than
that just discussed following transgenic expression. �-Cell overexpression of IFN� was
also reported to trigger both insulitis and diabetes (119). �-Cell-driven expression of IL-2
induced also promotes pancreatic infiltration (120) or diabetes (121) and, as previously
mentioned, combined overexpression with B7.1 costimulatory molecules exacerbates the
process (117,120). Quite unexpectedly, �-cell overexpression of IL-10, which is recog-
nized as an anti-inflammatory cytokine, whose production in different models protects
from autoimmunity, promoted fulminant diabetes (122). However, it is important to stress
that, in this case, the histological analysis disclosed a pattern that was not that of the typical
autoimmune islet infiltration but rather of a pancreatitis with a massive infiltration also
involving the exocrine pancreas.

Mice overexpressing TNF in � cells were also constructed by different groups. The
results were concordant in showing the presence of insulitis but no overt diabetes (116,
123,124).

Genetically Modified NOD Mice
A large number of genetically modified NOD mice have been characterized, which

fall into two main categories, namely transgenic NOD mice overexpressing particular
molecules under the control of various promoters, driving the expression to different
cell types including antigen-presenting cells, pancreatic � cells or different subsets of
T lymphocytes and NOD mice with knockouts for particular genes, taking advantage
of the homologous recombination technology.

Transgenic NOD Mice

Transgenic Expression of Candidate Autoantigens in the Thymus. As previ-
ously discussed, many candidate autoantigens have been characterized in autoimmune
diabetes. Using transgenic NOD mice overexpressing each of these candidate molecules
on thymic antigen-presenting cells driving thymocyte selection, various groups
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explored which among the candidate autoantigens could be primary (if indeed there
was one). The rationale is that, although artificial, such “forced” thymic negative
selection of autoreactive T cells specific for a key target �-cell autoantigen should lead
to full disease protection with no evidence for �-cell-immune response in the hosts.
For a very long time, the question was totally open. We shall see how very recent data
appear to provide a more definite answer.

Full protection from both insulitis and diabetes was obtained by French et al. (42)
in proinsulin 2 transgenic mice. Interestingly, these animals did not harbor any T cell
reactive to the other key �-cell autoantigen IGRP (92). These data strongly arguing
for proinsulin/insulin being the primary autoantigen were challenged by another report
describing that tolerance to transgenically expressed pre-proinsulin 2 greatly reduced
but did not totally prevent the onset of T1D (125).

In other cases (i.e., mice with thymic expression of GAD, hsp60, or IGRP trans-
genes), incomplete or no protection from disease was obtained associated with variable
degrees of insulitis and/or T-cell responses to the cognate autoantigen (92,126–128).
Especially for GAD, despite successful recessive tolerance being induced on expression
of a modified form of the enzyme under the control of the invariant chain promoter,
insulitis and diabetes occurred just as in wild-type NOD mice (127).

It is important to conclude on this issue by adding that proinsulin has always
represented an ideal “primary” candidate for triggering autoimmune diabetes, consid-
ering its highly restricted expression in pancreatic � cells. However, for quite a long
time, only indirect evidence had accumulated in favor of such a conclusion. The
recent data from Eisenbarth’s group is the first direct demonstration that, in NOD
mice, part of the sequence of the B insulin chain is a primary target of the immune
response. Thus, NOD mice lacking native insulin genes and carrying a mutated proin-
sulin transgene do not develop insulin autoantibodies, insulitis, or diabetes (129). In
contrast, autoimmunity develops in mice carrying even a single copy of the native
insulin gene (129). Using a totally different approach, the data showing that proin-
sulin 2 transgenic mice (42), in addition to being insulitis and diabetes-free, do not
harbor any T cell reactive to the other key �-cell autoantigen IGRP are also in support
of such conclusion (92). In contrast, NOD-IGRP mice (overexpressing IGRP in the
thymus) were not protected from disease despite being tolerant to IGRP, as shown
by the total absence of IGRP-specific CD8+ cytotoxic T cells. In fact, these animals
exhibited an anti-proinsulin autoreactive response, which was identical to that observed
in conventional NOD mice (92). The evidence that immune responses to IGRP are
downstream to proinsulin-specific ones also points to anti-proinsulin as the primary
candidate autoantigen.

Transgenic Expression of Cytokines, Costimulation, and Pro-Apoptotic Molecules
in � Cells. Using the RIP promoter, as previously described in non-autoimmune
strains, many interesting transgenic NOD lines have been derived. In a few cases, other
gene promoters were used to target other cells of the endocrine pancreas such as islet
� cells.

Concerning cytokines, substantial prevention of spontaneous disease was observed
following overexpression of IL-4 (130), TGF-� (131,132), and TNF (133). In contrast,
marked acceleration was noted in NOD mice with high IL-10 expression either on islet
� (134) or � cells (135). These data that fit with what observed in IL-10 transgenic
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non-autoimmune-prone mice are puzzling because they contradict the findings showing
the protective role of IL-10 in autoimmune diabetes when administered systemically or
following gene therapy (136,137). Concerning costimulatory molecules, it is interesting
to note that � cell overexpression of B7.1 alone was able to significantly accelerate
diabetes onset in NOD mice (138), also at variance with what previously discussed in
normal non-autoimmune-prone C57BL/6 mice.

Following the reports describing that Fas-ligand expression explained the protection
from immune attack typical of privileged sites, NOD mice overexpressing Fas-ligand
in � cell were produced by various groups. Variable results were obtained, probably
due at least in part to variable levels of transgene expression (139).

Transgenic Expression of “Protective” MHC Class II Molecules from Non-
Autoimmune Haplotypes. The rationale behind this strategy was based on the
major diabetes susceptibility effect conferred by NOD class II MHC molecules previ-
ously discussed. Transgenes encoding modified I-A molecules or I-E molecules from
normal non-autoimmune strains were used. In most cases, disease protection was
observed (140–144). This protection was dominant, which is mediated by regulatory
T cells, because it was transferable to non-transgenic NOD recipients or could be
reversed by cyclophosphamide. It must be mentioned, however, that the interpre-
tation of all these results was questioned by the unexpected observation that “control”
transgenic mice overexpressing the susceptibility I-Ag7 molecule were also protected
from disease (145). This may suggest that the simple abnormal overexpression of
any MHC class II molecule, including the syngeneic one, is sufficient to block �-cell
destruction.

Transgenic Expression of TCR Targeting �-Cell Autoantigens. The rational here
has been to clone the TCR from well-characterized pathogenic CD4+ and CD8+ T-cell
clones mostly isolated from infiltrated islets in NOD mice. In some cases, the target
autoantigens were well-characterized peptides from candidate autoantigens such as the
class II-restricted insulin B chain 9-23 peptide for the BDC12-4.1 TCR transgenic
mouse (146) or the class I-restricted epitope of IGRP for the NOD 8.3 TCR trans-
genic (147,148). At variance, in one important case (as it happened to be the first TCR
transgenicNODmice reportedandverywidelyusedbyanumberof investigators), namely
the BDC 2.5 NOD mouse, the fine structure of the target autoantigen that appears consti-
tutive of �-cell granules was never defined in molecular terms.

Common features of these models are that spontaneous disease develops often very
aggressively when the mice exclusively harbor T cells expressing the transgenic TCR.
This is the case when they are bred in a NOD background that prevents the recom-
bination of endogenous TCR� chains such as NOD.SCID or NOD.Rag−/− mice. At
variance, if the TCR transgene is expressed in the regular NOD background, mice
show insulitis but may be totally disease-free because of the presence of T cells whose
TCRs express non-transgenic endogenous � chains. Interestingly, there is compelling
evidence to show that these non-transgenic T cells express regulatory function and are
responsible for disease prevention. Thus, treatment of BDC 2.5 mice with cyclophos-
phamide or anti-CTLA4, two agents that selectively affect regulatory T cells, precipi-
tates overt disease (149,150).
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Transgenic Expression of Human HLA Molecules. On the basis of the association
between particular MHC genes and human T1D, transgenic NOD mice expressing these
susceptibility molecules have been produced, which have helped the identification of
“naturally” presented autoantigenic peptides. Thus, NOD mice expressing the class II
human MHC molecule DR4 have been extensively used for that purpose; proinsulin
epitopes were effectively identified (151,152).

Some studies in T1D patients also suggested an association, which remains however
to be firmly proven, with some HLA class I molecules (in particular HLA-A∗0201),
further arguing for the important role of CD8+ T cells in the disease. Transgenic
expression in NOD mice of HLA-A∗0201, in the absence of murine class I MHC
molecules, is sufficient to mediate autoreactive CD8+ T-cell responses contributing to
T1D development (153). Interestingly, transgenic CD8+ T cells from these mice are
cytotoxic to murine and human HLA-A∗0201-positive islet cells (153). As previously
mentioned, IGRP is one important candidate autoantigen for pathogenic CD8+ T cells
in NOD mice. Using these HLA-A∗0201 transgenic mice, some IGRP-derived peptides
have been identified that are recognized not only by the transgenic mouse T cells (153)
but also by some human T cell clones derived from T1D patients (Serreze & Roep,
personal communication).

Collectively, these results indicate the utility of humanized HLA expressing NOD
mice in the identification of peptide autoantigens of potential relevance to human T1D.

Genetically Deficient NOD Mice

The generation of NOD mice knocked out for a number of different genes has
been informative, even though often disappointing because on several occasions results
obtained were in complete contrast with the initially expected ones. Depending on the
gene targeted, one could observe acceleration, delay, or no modification in disease
progression.

Gene Encoding for Cytokines. Early studies implicated the balance of the pathogenic
and protective cytokines as major regulators of autoimmunity. In NOD mice, blockade
of Th1 T-cell development inhibited disease progression (154,155), whereas in some
settings, treatments that promoted IL-4 production and Th2 development prevented
the development of autoimmune diabetes (130,156,157). Conversely, therapies that
inhibited Th2 development promote disease incidence and severity (158).

It was thus quite surprising and unexpected to observe that disease course was
totally unaffected following invalidation of IFN�, IL-12, IL-4, or IL-10 (159–161). As
a whole, these data point to the wide redundancy that exists within the cytokine network.

Gene Encoding for Costimulation Molecules. Blockade of the CD28/B7 pathway
through disruption of the CD28 gene expression surprisingly led to an earlier onset,
increased incidence, and severity of T1D in NOD mice as compared with their littermate
controls (162). Further analyses showed that the islet autoreactive T cells that develop
produced Th1 cytokines but not immunoregulatory Th2 cytokines (162). In addition,
and quite interestingly, a severe (almost complete) depletion of natural suppressor
CD4+ CD25+ FoxP3+ regulatory T cells was shown in NOD mice deficient for
either CD28 or B7-1 and B7-2 (163). This provides explanation for the paradoxical
exacerbation of T1D observed (162). Indeed, adoptive transfer of purified CD4+ CD25+
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T cells into CD28-deficient NOD mice restore the deficit of regulatory T cells and
delay or prevent diabetes (163). This is well in keeping with data showing that a 9-day-
long treatment of normal mice with CTLA-4Ig that blocks CD28/B7 interaction leads
to a specific reduction of 80% of CD4+ CD25+ T cells both in the periphery (163)
and in the thymus (164). Furthermore, mature CD4+ thymocytes from CTLA4-Ig-
treated NOD mice do not protect from diabetes transfer at variance with what regularly
observed with thymocytes from untreated NOD (164).

Gene Encoding Generating T-Cell- or B-Cell-Less NOD Mice. Insulitis and
diabetes is prevented in NOD mice lacking CD8+ T cells consequent to inhibition of
MHC class I molecules expression (165–167). Interestingly, in these mice, insulitis but
not disease is restored following expression of the RIP-� 2 microglobulin transgene
in MHC class I-deficient NOD (�2m−/−) (168). These data stress the role of CD8+

T lymphocytes in the initiation of disease. This is further supported by data showing that
transfer of T1D by diabetogenic cells does not occur in MHC class I-deficient recip-
ients, whereas it is efficient when such recipients express the RIP-�2m transgene (168).
NOD mice lacking expression of MHC class II molecules because of invalidation of the
class II transactivator (CIITA) show insulitis but do not progress to overt disease (61).

As previously discussed, B-cell-depleted mice, carrying a � chain gene knockout,
have been produced and are disease free (57,169). Such a model was extremely useful
to unravel the fundamental role B lymphocytes have as antigen-presenting cells in
T1D (58,59,169,170).

MAIN LESSONS DRAWN FROM THE STUDY OF ANIMAL MODELS
TO BETTER DIAGNOSE, MONITOR, AND TREAT HUMAN T1D

The study of the various experimental models of T1D has contributed very signif-
icantly to our understanding of both the pathogenesis and the pathophysiology of the
disease. The genetic predisposing and protective factors and the role of microbial
environmental factors on disease incidence are highly comparable (26,88,171).

As a whole, genetic studies in the various models of spontaneous T1D have been
tremendously informative with some loci, having their homologous counterparts in
human T1D patients. One may be disappointed, however, that genetic screening does
not yet allow identifying with sufficient sensitivity individuals at risk of developing
T1D in the general population. This is because, despite the large number of genetic
regions mapped, only a few genes have been directly identified. In addition, we are often
not dealing with the mutations of the candidate genes but rather with polymorphisms,
which may be widely distributed in the normal population and which determine genetic
predisposition only when present in combination with other gene polymorphisms.
Furthermore, some of the loci also confer susceptibility for autoimmune diseases
other than T1D (i.e., EAE or lupus syndromes). This strongly suggests that we are
dealing with two distinct categories of genes: those determining the organ specificity
of the autoimmune attack and those encoding for more general immune dysregulation
mechanisms, which may be common to different diseases.

Concerning pathophysiology, it is now clear that the clinical onset of T1D is preceded
by a long phase of non-aggressive autoimmunity associated to non-destructive insulitis.
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Importantly, in the spontaneous models of the disease, both CD4+ and CD8+ T lympho-
cytes play an essential role in processes leading to target destruction. Although B cells
play a key role as antigen-presenting cells, autoantibodies to �-cell antigens are not
pathogenic and only serve as good markers for �-cell destruction. The models also
have pointed to the essential role of T-cell-mediated immunoregulatory pathways in
the control of the autoimmune disease.

As far as triggering autoantigens are concerned, among the various molecules
expressed by � cells that are well recognized targets of the autoimmune response,
proinsulin/insulin appears to have a major initiating role. The more precise definition
of the naturally presented epitopes in patients with T1D has opened the way to the
production of class II and class I tetramers to track autoreactive CD4+ and CD8+

T cells in the blood of T1D patients (172–175). It would be a tremendous advance if in
the near future these tools could implement the routine tests to allow earlier diagnosis
of the immunological disease.

In terms of the preclinical use of animal models, the situation has not been very clear
until recently. This was essentially based on the observation that a very large panel of
agents were able to prevent the onset of T1D, especially in the NOD mouse (176,177).
Two important comments should be made. First, nobody knows whether very early
interventions in subjects genetically predisposed to T1D would not prevent the disease
using several treatments shown to be efficacious in very young NOD mice (i.e., treat-
ments applied in 3-week-old NOD, 3–4 months before disease onset). To prove or
disprove this point, one would need to treat subjects long before onset of islet-specific
antibody production, which assesses the beginning of the autoimmune aggression of
the islets, something that has not been done so far. In fact, it is impossible to exclude
that at such very early stage of the disease process, subtle changes in the immune
system are sufficient to reset responses toward maintenance of self-tolerance. Second,
the number of methods capable of stopping the progression of established disease is
extremely limited, considerably less than those able to prevent disease onset. In fact,
anti-lymphocyte serum, CD3- and CD4-specific monoclonal antibodies are essentially
those to have such a capacity (77,178,179). This is a major fact because recent data have
proven that successful transfer to the clinic was obtained using one of these agents, that
is a short CD3 antibody treatment in patients with new onset diabetes. A Phase I open
trial using the OKT3�1 Ala–Ala suggested a favorable therapeutic effect (180,181) that
was definitively confirmed in a randomized double-blind multicenter Phase II placebo-
controlled trial we conducted on 80 patients using the ChAglyCD3 antibody (182).
ChAglyCD3 treatment very efficiently preserved �-cell function, maintaining signifi-
cantly higher levels of endogenous insulin secretion in comparison with placebo at 6, 12,
and even 18 months, this also leading to a significant decrease in the insulin needs (182).
Importantly, at 18 months within the subset of patients showing a high �-cell mass
(higher than the median value of the whole population) at the time of treatment, 75%
of patients in the ChAglyCD3 group, versus none in the placebo, received insulin doses
≤0.25 U/kg/day (182).

To conclude, it is important to keep in mind that no matter how good an animal model is
in recapitulating the human situation, one will always deal with multiple copies of a single
individual belonging to a genetically pure strain while human T1D is a heterogeneous
disease resulting from the complex interaction of multiple genetic and environmental
factors.
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Summary

Type 1 diabetes (T1D) appears after autoimmune processes have eradicated a large majority of the
pancreatic islet � cells. Although patients may also have other organ-specific autoimmune diseases such as
thyroiditis or celiac disease (CD), most T1D patients suffer from life-long insulin dependence because only
the � cells have been eradicated. The genetic etiology is strongly associated with certain HLA-DQ class II
heterodimers, which in part may explain the cell-specific loss as these proteins control antigen processing
and presentation. Other etiologies include environmental factors such as virus and environmental or dietary
toxins. The pathogenesis is closely associated with a number of autoimmune abnormalities, among them
are autoantibodies and T cells to specific autoantigens. Autoantibody assays, standardized in international
efforts, are used to identify autoantibodies against the islet autoantigens insulin, GAD65 and islet antigen-
2 (IA-2). The presence of autoantibodies to these autoantigens predicts T1D. Other �-cell autoantigens
have been reported but have failed confirmation especially because such antigens have failed to predict
disease. The possible pathogenic importance of minor candidate autoantigens is typically not pursued.
Reproducible and standardized T-cell tests of either CD4- or CD8-positive T cells are yet to be developed.
Immunomodulating therapies with insulin and GAD65 are in progress, and preliminary data indicate that
it may be possible to alter the T1D pathogenic process.
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INTRODUCTION

Type 1 (insulin-dependent) diabetes (T1D) is usually classified as an organ-specific
autoimmune disease. It could also be classified as a pancreatic islet � cell-specific
autoimmune disease. Although comorbidities such as autoimmune thyroiditis (about
20% among new onset patients) and celiac disease (CD) (about 10% of new onset
patients) are common, the majority of newly diagnosed T1D patients have suffered
the loss of the � cells only (1). The precision of the cell-specific eradication in T1D
is most often not appreciated. In current attempts to fully clarify the genetic as well
as environmental etiology of this disease, the remarkable �-cell specificity will have
to be taken into account. The final common pathogenic pathway of T1D results in
the killing of sufficient � cells to produce hyperglycemia due to the lack of insulin.
The fraction of � cells that need to be eradicated is related to the degree of insulin
sensitivity to maintain the blood glucose at a normal level (2).

Recent clinical trials in subjects who have been followed because they have had
autoantibodies to islet cell autoantigens have established that there is a prodrome of
�-cell autoimmunity prior to the clinical onset of the disease (3–6). Sufficient evidence
has been obtained also to establish that T1D is a predictable disease (for reviews see
refs. 7–10). The reader is referred to Chapter 12 for a more detailed account on the
etiology and pathogenesis of T1D. Other reviews on aspects of T1D etiology and
pathogenesis are also recommended (11,12). In this review, the focus will be on islet
cell autoantigens that are strongly associated with T1D by virtue of being targets for
either autoantibodies, T cells, or both. The great majority of the autoantigens have
been identified by using sera from T1D patients in immunoprecipitation experiments
with extracts of metabolically labeled human islets.

History
In 1965, Gepts (13) reported the rediscovery of insulitis to inspire numerous subse-

quent investigations to test the hypothesis that T1D or insulin-dependent diabetes is an
autoimmune disorder. The demonstration of insulitis was followed by observations that
T1D is associated with autoimmune thyroiditis (14) and hypersensitivity to pancreatic
antigens (15,16). Further support to the hypothesis that T1D is an autoimmune condition
was spawned by the association between T1D and HLA alleles (16,17) and the detection
of islet cell antibodies (ICAs) in patients with polyendocrine autoimmune disease
including insulin-dependent diabetes (18,19). The presence of ICAs in newly diagnosed
T1D children (20) further underscored the importance of autoimmunity in the disease
process also to demonstrate that ICAs could be detected in subjects at risk several
years before the clinical diagnosis (21).

Although the disease pathogenesis was found to be associated with a loss of �
cells, the ICAs in direct immunofluorescence reaction covered all islet cells, which
means not only the � cells but also the cells producing glucagon, somatostatin (SST),
and pancreatic polypeptide. Although numerous in vitro experiments were carried
out to demonstrate the presence of islet cell surface antibodies (ICSAs) (22), no
evidence of �-cell specificity was obtained (23,24). Attention was therefore drawn
to the use of sera from newly diagnosed diabetes children (25) to immunoprecipitate
antigen(s) recognized by the patient’s own antibodies. The antibodies in this case
were immunoglobulin G (IgG) that could bind the autoantigen in detergent extracts
of metabolically labeled isolated human (26) or rat (27,28) pancreatic islets. Another
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prerequisite was that the IgG–autoantigen complex should be sufficiently stable in the
detergent extract to permit capture on protein A-sepharose used to separate antibody-
bound from free-labeled antigen. The approach resulted in the detection of a major
64K and a minor 38K antigen (26). Shortly thereafter, 125I-labeled insulin was used
in a similar radiobinding assay to demonstrate that about 40% of new onset diabetic
children have autoantibodies to insulin (29). This was the first demonstration in T1D
of autoantibodies to an isolated and purified protein or peptide.

Although insulin and later proinsulin (30) were readily available, it took almost 10
years and thousands of isolated human islets before the 64K protein was identified. A
major contribution was the demonstration that the immunoprecipitated 64K protein had
glutamic acid decarboxylase (GAD) activity (31). Only one GAD was known in 1990,
and it was therefore unexpected when it was discovered that human islets expressed
a hitherto unknown isoform, GAD65 (32). Further studies revealed that the GAD65
protein was specifically expressed in human � cells (33,34).

The 38K (37K) antigen was later identified as an isoform of the islet antigen-2
(IA-2) protein (35–37), more specifically I-A2� (also known as phogrin) (35,38).
Initially, the data suggested that some sera from new onset T1D patients were able
to coimmunoprecipitate GAD65, IA-2, as well as IA-2�. Reproducible assays were
standardized rapidly to confirm both the high diagnostic specificity and sensitivity as
well as predictive value of autoantibodies against GAD65 and IA-2 (39,40).

In parallel to these developments, T1D patients were found to have autoantibodies to
insulin at the time of clinical diagnosis, after making certain that none of the subjects
had been exposed to insulin prior to their diagnosis (29). Efforts to standardize assays
of insulin autoantibodies (IAAs) (39,41) have continued in parallel to GADA and
IA-2A as well as to dissect the autoimmune response to these autoantigens not only in
humoral but also in cellular terms (42–45).

We will review current research on these three major autoantigens along with studies
carried out to find yet other islet autoantigens, their role in the etiology and pathogenesis
as well as in recent attempts to use autoantigens in immunomodulating therapy. Animal
research will not be immediately considered in this review, and the reader is referred
to other excellent and comprehensive accounts on the comparative medicine of T1D
(46–48).

DEFINITIONS

Islet cell autoantigens represent specific molecules with preferably known sequence
or structure, which are recognized by autoantibodies, T cells, or both, in subjects with
T1D or with increased risk of developing this disease. Autoantibodies to islet autoantigens
are by definition expected to have a high diagnostic sensitivity and specificity for T1D.
The preclinical phase of T1D would therefore also be characterized by the appearance of
islet autoantigen-specific autoantibodies. It should eventually be possible to determine
the positive predictive value of an islet autoantibody for T1D through prospective studies
of subjects at risk for the disease. Controlled clinical trials such as DPT-1 (4), ENDIT (5),
and DIPP (49) are most important in this regard as they allow an evaluation of predic-
itive power of autoantibodies alone or in combination with HLA and other T1D genetic
risk factors. Currently, it appears that no islet cell autoantigen is more important than
another for either disease initiation or prediction of clinical onset. In contrast, several
studies suggest that the presence of multiple autoantibodies to the three major islet
cell autoantigens identifies subjects at high risk for developing the disease (5,9,50).
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Attempts have been made to define autoantigens by the use of T-cell tests (42,45,51).
However, this approach has not so far been able to establish specific autoantigens. The
present review will therefore to a great extent be dependent on studies in which IgG
has been utilized to capture autoantigens.

The three most important islet cell autoantigens are the minor isoform of GAD65,
the protein-tyrosine phosphatase-like IA-2, and insulin (Table 1). Insulin is a major
� cell-specific antigen and up to 10% of the �-cell dry weight is insulin and proinsulin.
Insulin is expressed early during development in humans and is present in the peripheral
blood at an early stage of development. It is therefore surprising that the immuno-
logical tolerance to insulin is easily broken. However, the expression of insulin in the
thymus (52,53) may be important to the understanding of human immune tolerance
induction. The thymic expression, or lack thereof, of insulin may be of importance
to the pathogenesis of T1D. It cannot be excluded that similar mechanisms of thymic
expression are also important to maintain or lose immunological tolerance to GAD65,
IA-2, or other autoantigens.

Other islet cell autoantigens have also been identified (Table 2). These are referred
to as minor islet cell autoantigens, as the detection of autoantibodies against them have
not shown a diagnostic sensitivity and specificity that is high enough to significantly
improve the prediction of T1D (Table 2).

Table 1
The Three Major Islet Cell Autoantigens

GAD65 IA-2 Insulin

Amino acids 585 974 51
Molecular weight (Da) 65,000 106,000 6000
Location Synaptic-like

microvesicles of �
cells and epithelial
cells of the fallopian
tube and spermatozoa

Secretory granules
of � cells and
neuroendocrine cells

Pancreatic
� cells

Function Converts glutamic acid
to gamma-amino
butyric acid
(GABA): inhibitory
neurotransmitter

Enzymatically inactive
member of protein
tyrosine phosphatase
(PTP) family

Insulin receptor
ligand

Role as marker for
diabetes prediction

GADA increases with
age

IA-2A highest in
younger populations

IAAs appear
primarily in
young
children, less
common in
young adults

Predicts insulin
requirement in type 2
diabetes patients

More specific marker
for type 1 diabetes
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Table 2
Candidate Islet Cell Autoantigens

Autoantigen Description Function

ICA69 Protein of 54,600d, found in
brain, lung, kidney, and heart
but expressed in highest levels
in islet cells

Possibly involved in
neuroendocrine secretion

ICA12 (SOX-13) Protein of the SOX family,
expressed in pancreas,
placenta, and kidney

Key role in organ
development

Carboxypeptidase H (CPH) Glycoprotein and a
carboxypeptidase B-like
enzyme and expression in
human islet cells and brain

Cleaves the COOH termi-
nal ends of hormone
precursors, involved
in the processing of
proinsulin to insulin

Sulfatide Glycolipid, in the surface and
secretory granules of �-cells,
central and peripheral nervous
system, kidneys, gallbladder,
and choroid layers of eyes

Major component of the
myelin

Ganglioside GM2-1 Islet monosialo-ganglioside and
secretory granules of � cells
and non-� cells

Participates in the
cell-to-cell interaction
and in signal transaction

Imogen 38 Mitochondrial islet antigen of
38 kDa

GLIMA 38 N-glycated �-cell membrane
protein of Mr 38,000,
expressed in islets and in islet
and neuronal cell lines

Islet specific glucose-6-
phosphatase-related
protein (IGRP)

Protein expressed in �-cells of
humans and NOD mice

Possible role in �-cell
metabolism

Somatostatin receptors
(SSTRs)

G-protein-coupled receptors
present in pituitary, small
intestine, heart, spleen,
liver, stomach, kidney, and
pancreas as well as T and B
lymphocytes

Interacts with somatostatin,
possible role in T-cell
proliferation

GAD65

Structure
Antibodies in sera from newly diagnosed T1D patients were directed to a human

islet cell protein of relative molecular mass (Mr) 64,000 (26). Further studies led to the
identification of glutamate decarboxylase (GAD) activity (31), a pyridoxal 5´-phosphate
(PLP)-dependent enzyme that is widely distributed among eukaryotic and prokaryotic
organisms (54). The 64K protein was, however, found to be a novel GAD isoform, GAD65
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(32). These investigators demonstrated that there are two isoforms of GAD (GAD65 and
GAD67). GAD65 and GAD67 were shown to be products of separate genes (32,55). The
genes are probably derived from a common ancestral GAD gene following gene dupli-
cation at some point during vertebrate evolution (56). GAD65 is encoded by a gene on
chromosome 10 (32) and GAD67 by a gene on chromosome 2 (55). Human GAD65
cDNA encodes a polypeptide of 585 amino acids residues that has a calculated molecular
weight of 65,000, whereas the human GAD67 cDNA encodes a molecule consisting of
594 amino acids (55). The calculated molecular weight of GAD67 is 67,000. The genes
of theses two isoforms of GAD share a similar exon–intron structure (57). A total of
65% of the amino acids are identical (32). The divergence is at the N-terminal region
where only 22% of the amino acids are identical compared to over 90% identity in
C-terminal regions (32,55). Both GAD isoforms are active at neutral pH as dimers (54).

GAD is a common enzyme among living organisms including plants. Pyridoxal
5´-phosphate (PLP) is the cofactor required for enzymatic activity (58). Crystallized
Escherichia coli GAD was used to identify the PLP-binding site -Xaa-His-Lys(PLP)-
Xaa as the active site of the enzyme (58). The structure–function relationship of GAD
is not understood as neither GAD65 nor GAD67 have been crystallized. Other PLP-
dependent decarboxylases have been isolated, purified, and crystallized (59), and the
structural information has been used to generate models of GAD based on homology
mapping (60). As the accuracy of such methods is questioned, it is noted that the
absence of a crystal structure has hampered the understanding not only of GAD65 and
GAD67 as enzymes but also of epitopes important to the etiology and pathogenesis of
T1D. Using a GAD65 model generated based on the crystal structures of mammalian
3,4-dihydroxy-l-phenylalanine (DOPA) decarboxylase and bacterial GAD, three main
domains were recognized in the GAD65 monomer structure (61). The large domain
(residues 188–464) would contain the PLP cofactor-binding site, consisting of an �/�-
fold made of a central seven-stranded mixed �-sheet surrounded by eight �-helices,
typical of PLP-dependent enzymes. The small domain (residues 465–585) consists of
a four-stranded antiparallel �-sheet with three helices packed against the face opposite
the large domain (60). The N-terminal domain (residues 103–187) did not, however,
represent the true N-terminus. As specific Fab reagents of monoclonal antibodies to
GAD65 have been generated for epitope mapping, it will be critical to determine
the crystal structure of GAD65 to better understand the autoimmune reaction to the
GAD65 autoantigen (62).

It has been reported that the two isoforms of GAD have distinctive PLP-binding
properties. GAD65 exhibits a lower cofactor-binding constant, whereas GAD67 has
higher affinity for PLP, with one active site binding the cofactor more tightly than the
other (63). However, no amino acid substitutions were found in the specific residues in
the active site, so the differences in the PLP-binding behavior between the two isoforms
can only be explained by structural differences that affect binding in an indirect way
(60). The possible role of the GAD65 structure for disease initiation as well as possible
pathogenic importance remains to be determined.

Expression—� Cells and Elsewhere
Both GAD isoforms are translated on free ribosomes within the cytoplasm to full-

length proteins that are not processed through the ER and Golgi apparatus (63). While
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GAD67 remains soluble, GAD65 has internal N-terminal amino acid residues that
seem to be important for the protein to become anchored to the cytosolic face of Golgi
membranes or to synaptic vesicle membranes in GABA containing neuroendocrine
cells or islet � cells (64). In addition, although the importance is yet to be clarified,
GAD65 is undergoing post-translational modification(s) by lipids within the N-terminal
domain (65,66). Site-directed mutagenesis of the amino acid residues important to
fatty acid acylation did, however, not affect the docking of GAD65 to internal
membranes (67).

In addition to the central and peripheral nervous system and islet � cells, the two
isoforms of GAD are synthesized in testes and ovaries. GAD65 is more predominant
in the pancreatic � cells in humans compared to rodents (33). In rat cells, GAD65
also predominates in the � cells but is detected in � cells as well (33). GAD67 is
expressed at a much reduced level in the human � cells but is detectable in the non-
�-cell population. Brain cells commonly express GAD67, whereas GAD65 expression
is found in distinct cell types. Moreover, GAD67 but not GAD65 seems to be more
highly expressed in mouse pancreatic islets (34). Further studies are needed to better
understand the genetic control of cell-specific GAD65 and GAD67 expression as well
as of the mechanisms by which the two proteins are subjected to subcellular sorting. It
will also be critical to understand the role of the subcellular localization in the relation
to the generation of GABA, the product of both GAD65 and GAD67.

Function
GAD65 catalyzes the �-decarboxylation of l-glutamate to �-aminobutyrate (GABA),

which is present in the brain as well as several tissues outside the central nervous
system. The functional importance of GAD65 in islet cell function is not fully clarified.
The presence of both GAD65 and GAD67 and thereby their product, GABA, within
the islet � cells as well as the presence of GABA receptors on these cells suggests
that GABA is involved in paracrine signaling in the islet (68,69). It has recently been
reported that cAMP generators increase GABA release by � cells through stimulation
of GABA synthesis by GAD. This effect is shown to be associated with an increased
expression of GAD67. It is unclear to what extent GAD65 contributes to the islet cell
GABA content and release (70). GABA release from � cells is regulated by glutamine
and glucose. Glucose inhibits glutamine-driven GABA formation and release through
increasing GABA-T shunt activity by its cellular metabolism (70).

Autoantibody Detection
The presence of GAD65 autoantibodies (GAD65Ab) has been reported in 70–80%

of newly diagnosed T1D patients (71,72). GAD65Ab levels are generally low titer and
varies by both gender and age at diagnosis (73,74). While the diagnostic sensitivity is
high, the specificity is complicated by the presence of low level autoantibodies. The
GAD65 autoantibody binding was inhibited by non-radioactive GAD65 to the 70th
percentile in healthy adults (75) and was associated with an increased BMI (75,76). The
so-called upper level of normal is therefore not always easy to determine. In contrast,
the relationship between T1D and GAD was discovered through observations that
patients with both Stiff-Mann syndrome (SMS) and T1D (31,77) had sera that stained
cells in the islets of Langerhans as well as CNS cells known to express GABA (77).
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The GAD65Ab in SMS patients, reviewed elsewhere (78,79), have exceptionally high
titers, and some SMS patients have GAD65Ab that inhibit the enzyme (80). It is possible
that the high affinity, high titer sera contribute to the impaired GABA-secreting neurons
in this disease. Epitope mapping also suggests that SMS patients have GAD65Ab
that target an epitope contained in the N-terminal first eight amino acids (81). In
contrast to T1D, the SMS GAD65Ab detect GAD65 in Western blot suggesting that
the autoantibodies are directed to a linear as opposed to a conformational epitope (81).

Several methods were reported for the measurement of autoantibodies to GAD65
and GAD67. They include (i) determination of antibody precipitation of GAD (mix of
GAD65 and 67) enzymatic activity; (ii) radioimmunoassays utilizing affinity-purified
porcine brain GAD65 that has been labeled with I125; (iii) radioimmunoassays utilizing
endogenously labeled GAD produced by in vitro transcription and translation of GAD
cDNA; and (iv) enzyme-linked immunosorbent assay (ELISA)-type assays (reviewed
in refs. 71,79).

In the most commonly used assay, GAD65 is synthesized by transcription of cDNA
template into mRNA and translation of the mRNA into protein (82). The GAD65
mRNA is translated in the presence of 35S-methionine or 3H- or 14C-labeled amino
acids of high specific activity into protein. The recombinant radioactive GAD65 is then
added to a small volume (2.5 μL often suffice, and this is important when infants are
tested) of serum from healthy subjects or patients. IgG antibodies against GAD65 form
immune complexes, and these are captured on protein A-sepharose. After extensive
washing to remove free radioactive GAD65, the amount of sepharose-bound radioac-
tivity is determined. Results are expressed as units per milliliter derived from standard
curves of counts per minute obtained for the World Health Organization (WHO)
standard 97/550 (40). This assay has the best results in the Diabetes Autoantibody
Standardization Programme (DASP) workshop (39).

As the N-terminal end of GAD65 makes the protein hydrophobic and difficult to
keep in solution for iodination, human GAD65 cDNA was cloned after deleting the
bases 4–135 of the GAD65 open reading frame. The modified GAD65 is isolated and
purified before being labeled with 125I (83). The labeled GAD65 is added to serum
and ensuing immune complexes trapped on protein A-sepharose. This assay has also
performed well in the DASP (39), but as the N-terminal end has been truncated the
assay may miss GAD65 autoantibodies associated with type 2 or latent autoimmune
diabetes in adult (LADA) patients (84,85).

GAD65 is expressed in yeast, and when biotinylated is used in an ELISA assay
that depends on the ability of antibodies to act divalently and form a bridge between
immobilized GAD65 and liquid-phase biotinylated GAD65 (86). Sera from patients
are added to GAD65-coated wells, and after incubation and washing, GAD65 biotin
is also added. Biotinylated GAD65 bound to GAD65-trapped IgG is next detected by
addition of streptavidin peroxidase and a colorogenic peroxidase substrate (86). The
results of the GAD65Ab ELISA correlate well with those obtained in the standardized
GAD65 radiobinding assay. In the second DASP, the GAD65Ab ELISA showed higher
workshop sensitivity (69%) and specificity (98%) compared to the more commonly
used GAD65Ab radiobinding assay. The GAD65Ab ELISA test has been used for
large scale population screening to predict T1D (87).
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A major problem with GAD65Ab determination is the interlaboratory variation. The
IDW (88) and DASP (39) workshops have indicated that these discrepancies in part
can be resolved by the use of the common WHO standard (40). Further standardization
efforts are needed to be fully able to rely on GAD65Ab determinations to predict T1D.

Autoantigen Processing and Presentation
The immune response to GAD65 and other �-cell autoantigens is likely to be

initiated by antigen-presenting cells (APCs). According to one hypothesis, GAD65 is
recognized as non-self because CD4+ T cells react against specific GAD65 peptides
presented on HLA class II proteins. Such T cells may be able to transfer insulitis and
diabetes although this has not been tested in humans. A second hypothesis suggests
that the self antigen contains a peptide sequence homologous with a non-self antigen,
so the autoimmune process is driven against the self antigen. The “molecular mimicry”
hypothesis is supported by the observed sequence similarity between GAD65 and the
P2-C protein of Coxsackie B (89).

When an exogenous virus invades and replicates in the islet cells, the APCs, such as
macrophages and dendritic cells initiate the phagocytosis of the damaged cells. APCs
express HLA class II molecules. When the APCs are processing the antigen, the HLA
class II molecules bind peptides of the antigen, and the peptides are then presented in
the trimolecular (HLA alpha chain, peptide, and HLA � chain) complex on the APC
surface. The APCs are producing cytokines, such as IL-12 and others that stimulate
CD4+ T cells. Unique T-cell receptors (TCRs) on T cells recognize the trimolecular
complex on the surface of APCs. CD4+ T cells that engage in an interaction between
their TCRs and the trimolecular complex begin to differentiate and produce certain
cytokines. Briefly, CD4+ T cells may produce IL-2 and interferon (IFN)-�, which are
often referred to as Th1 cytokines or IL-4 and IL-10, referred to as Th2 cytokines.
The Th1 cytokines activate cytotoxic CD8+ T cells as well as macrophages. The latter
may release cytokines such as IL-1, tumor necrosis factor (TNF)-�, and IFN-� that
may have a deleterious effect on the � cells (90). In addition to this, cytotoxic T
cells recognize peptides presented on HLA class I molecules on the target � cells and
can, therefore, initiate �-cell killing. The concept of a Th1 and Th2 response is an
oversimplification but illustrates the basic mechanisms by which the immune response
reacts toward infections and perhaps, during certain circumstances, the initiation of an
autoimmune response.

The autoantibody response is dependent on the CD4+ T cells. These helper cells
express CD40 ligand (CD154) that recognize the CD40 receptor on the B lymphocyte
surface and stimulates antibody production. Autoantibodies in sera of T1D patients
are directed primarily to middle (amino acids 245–449) and C-terminal (amino acids
450–585) regions of the molecule (62,71,91,92). The prevalence of GAD65Ab in T1D
patients and first-degree relatives rises with increasing age and is highest in subjects
with the HLA-DR3 or DQ2 haplotypes type (73,93). GAD65Ab tend to remain in the
sera of T1D patients for many years after the diagnosis (94). GAD67 autoantibodies
are found in 10–20% of newly diagnosed T1D patients (33,95), but this is probably
due to their cross-reactivity with GAD65 (33). GAD67Ab in GAD65Ab-negative sera
have been reported in patients with Graves’ disease (92,96).
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T-Cell Detection
Autoreactive CD4+ T cells are assumed to be the key cells that regulate the killing

of the pancreatic � cells (97). The demonstration of autoantigen-reactive CD8+ T
cells could potentially represent a reliable index of progressive �-cell destruction (9).
Several investigators have reported proliferation assays in response to recombinant
GAD65, or GAD65 peptides indicated that T1D patients had an increased prolifer-
ation rate compared to healthy controls (89,98). Subsequent studies suggested that the
proliferation rate was not reproducible. Human T cells also proved to be difficult to
clone, and T-cell clones specific to certain GAD65 peptides and restricted by HLA-DR
or HLA-DQ are yet to be generated and made available for worldwide distribution.
Novel approaches such as flow cytometric-assisted cytokine secretion assays (CSAs)
restricted to HLA and GAD65 epitopes need to be developed and tested in subjects with
or without GAD65 autoantibodies. Recent data suggest that the presence of GAD65
autoantibodies may indeed affect and modulate APCs and thereby the proliferative
response to GAD65 (99,100). Whether such responses will be more predictive of T1D
remains to be determined.

Phenotyping of T cells utilizing HLA class II tetramers provides a novel
approach to characterize the autoimmune response in T1D (101,102). The problem
with T-cell tests against specific islet autoantigens is lack of reproducibility
and development of standardized assays with low interlaboratory variation (103).
Promising results are recently reported in ELISPOT assays with GAD65 and other
peptides (104).

Therapy and Future Directions
Preclinical studies in non-obese diabetic (NOD) mice suggest that immunomodu-

lation with the GAD65 autoantigens might alter the course of autoimmune diabetes
(105,106). A number of therapeutic approaches using GAD or GAD peptides given
by intrathymic, intraperitoneal, oral, or intranasal routes have been shown to prevent
diabetes (48,107). Although the mechanisms of this therapy is not yet clear, it has
been shown that disease prevention may occur through activation of regulatory T cells
(108). The understanding of immunological tolerance is vast in mice but limited in
humans (109).

Alum-formulated human recombinant GAD65 has been administered subcutaneously
in LADA patients (110). None of the patients showed significant study-related adverse
events. Fasting c-peptide levels at 24 weeks were increased compared with placebo
with a dose of 20 μg. In addition, both fasting and stimulated c-peptide levels
increased from baseline to 24 weeks in the 20-μg dose group. The (CD4+) (CD25+)
/ (CD4+) (CD25–) cell ratio increased at 24 weeks in the 20 microgram group (110).
These positive findings for clinical safety further support the clinical development of
alum-formulated GAD65 as a therapeutic to prevent T1D. Future immunomodulation
trials will better ascertain high-risk subjects based on HLA genetic risk factors, the
level of insulin still produced, or by combining autoantigens with antibodies, so as
to induce immune tolerance and a possible protection against the destruction of �
cells (109).
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IA-2 AND IA-2�

Structure
A �-cell autoantigen, named ICA512, was isolated from an islet cDNA expression

library by screening with human T1D sera (111). Independently, a transmembrane
protein tyrosine phosphatase (PTP), defined as IA-2, was isolated from a human
insulinoma cDNA library by subtracting glucagonoma from insulinoma cDNA (35).
Analysis of the ICA512 clone showed that the cDNA sequence was essentially identical
to IA-2 within the coding region. The IA-2 gene is located on chromosome 2q35 (112).
The product of IA-2 cDNA is a 979-amino acid protein with a Mr of 105,847 daltons
(36). The protein sequence consists of an extracellular domain (amino acids 1–576),
a transmembrane region (amino acids 577–601), and an intracellular domain (amino
acids 602–979). The extracellular domain contains a signal peptide and an unusual
cysteine-rich region following the signal peptide. The intracellular cytoplasmic domain
contains highly conserved regions similar to the catalytic domains found in members
of the PTP family; however, certain amino acids are lacking leaving IA-2 with PTP
activity (35,36). The extracellular domain appears to reside within secretory granules,
whereas the intracellular domain protrudes into the cytoplasm (113). IA-2 undergoes
proteolytic cleavage at its luminal domain, and upon exocytosis of secretory granules,
it recycles to the Golgi complex region to be sorted into newly formed secretory
granules.

A second novel PTP, IA-2� (phogrin), was cloned (38) and helped to explain prior
tryptic fragments of the 64K autoantigen (114). The overall length of IA-2� is 986
amino acids (Table 1). It has an extracellular domain (amino acids 1–585) that also
contains a signal peptide and a cysteine-rich region next to that a transmembrane
domain (amino acids 586–610) and an intracellular domain (amino acids 611–986).
The extracellular and intracellular domains of IA-2 and IA-2� are only 27 and 74%
identical, respectively.

Expression—� Cells and Elsewhere
Both IA-2 and IA-2� are primarily expressed in neuroendocrine cells. They are

found in the islets of Langerhans and in many parts of the central nervous system,
such as the hypothalamus. In the peripheral tissues, IA-2 is detectable in autonomic
nerve fibers and ganglia, particularly at synaptic contacts. It has also been found that
IA-2 mRNA is expressed in neuroendocrine tumors and can, therefore, be a marker
for distinguishing neuroendocrine from non-neuroendocrine tumors (115).

Function
Despite IA-2‘s overall similarity to the PTP family, the protein was found to lack

detectable PTPase activity, either when immunoprecipitated from cells or produced
recombinantly (36). It has, however, been shown that by replacing aspartic acid with
alanine at position 911 and alanine with aspartic acid at position 877, IA-2 becomes
enzymatically active (116). Yet, the function of IA-2 has not been resolved. IA-2�
is also enzymatically inactive and has the same aspartic substitution in the catalytic
domain as IA-2.
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Autoantibody Detection
The assay that, so far, has given the best results in terms of detecting the autoanti-

bodies against IA-2 is the use of coupled in vitro transcription translation as described
previously for GAD65 (37,117). The IA-2 protein produced by in vitro transcription
and translation is typically labeled with 35S-methionine. Serum samples of the patients
are incubated in 96-well plates with the labeled IA-2 protein and protein A-sepharose is
added. The IgG antibodies against the IA-2 molecule are bound to protein A-sepharose
and the amount of precipitated radioactivity is determined. Results are expressed as
units per milliliter derived from standard curves of counts per minute obtained for the
WHO standard 97/550 (40).

A sensitive ELISA for measurement of IA-2 autoantibodies has also been developed
(87). This antibody assay is based on the ability of IA-2 autoantibodies to form a bridge
between IA-2 intracellular fragment coated onto ELISA plate wells and liquid-phase
IA-2 labeled with biotin. It has been shown that the ELISA assay is suitable to detect
IA-2A in the serum of patients with T1D with a similar sensitivity and specificity to
the radioligand assay. A combination ELISA for the detection of both GAD65 and
IA-2 autoantibodies has also been described and uses plates coated with both IA-2 and
GAD65 and a mixture of IA-2 biotin and GAD65 biotin (87).

IA-2 autoantibodies can also be measured by the use of recombinant 125I-labeled IA-
2 (118). The intracellular part of IA-2 (IA-2ic) is expressed in E. coli as a biotinylated
fusion protein and affinity purified on a streptavidin column. This IA-2 fusion protein
is labeled with 125I and added to the sera of T1D patients. The amount of autoantibodies
that are bound to the 125I-labeled IA-2 is then measured. The E. coli-derived IA-2 has
the correct immunogenic conformation because it has been shown that it can block
the autoantibody reactivity to an in vitro synthesized intracellular IA-2 (118). It can,
therefore, be used for the detection of IA-2 autoantibodies with a similar sensitivity
and specificity as the radioligand assay.

Recently, a novel time-resolved fluorimetric assay for the detection of IA-2 autoan-
tibodies was described (119). The intracellular part of IA-2 is biotinylated and bound
to streptavidin-coated 96-well plates by simultaneous incubation with serum samples
and glutathione S-transferase (GST)-IA-2ic fusion protein. GST-IA-2ic captured by
autoantibodies in the serum is detected with europium-labeled anti-GST antibody,
and the signal is measured in a time-resolved fluorimeter. The time-resolved fluori-
metric assay provides a simple, non-radioactive analysis method for the detection of
IA-2 autoantibodies with a specificity and a sensitivity comparable to the radioligand
method.

Autoantigen Processing and Presentation
Autoantibodies against IA-2 and IA-2� have been found in the sera of many patients

with T1D. The antigenic regions of the IA-2 molecule are located in the intracellular
domain. Approximately 95% of T1D patients’ sera reacts with the carboxyl terminus
(amino acids 771–979) and 40% with the amino terminus (amino acids 604–776) in the
experiments (120). Moreover, others experiments have shown that the disulfide bonds
within the intracellular domain of IA-2 (115) as well as the glutamine at position 862
and residues 876–880 of the three amino acids tryptophan (W), proline (P) and aspartic



Chapter 11 / Islet Cell Autoantigens 255

acid (D) (WPD) loop of IA-2 (121) are of highest importance for the antigenic role of
IA-2. Autoantibodies from patients with T1D also react with the intracellular domain
of IA-2� and especially with the carboxy terminus. Approximately between 55–75%
and 35–50% of T1D patients have antibodies against IA-2 and IA-2�, respectively
(114). However, the frequency of IA-2 antibodies varies accordingly with age and HLA
genotype (73). It has been shown that IA-2 autoantibodies are highest in the younger
age groups and in T1D patients with HLA-DR4 and HLA-DQA1*0301-DQB1*0302
haplotype (122,123). IA-2A in combination with GADA serves to identify over 95%
of newly diagnosed cases with diabetes. IA-2 may represent a less sensitive but more
specific marker of T1D.

There are two major hypotheses regarding the pathogenic significance of IA-2
immunity. IA-2 and IA-2� can represent a major target of the autoantibodies that are
driven against the insulin-secreting � cells and destroy these cells. Alternatively, the
destruction of the insulin-producing cells may release the IA-2 and start the immune
response with the formation of IA-2 autoantibodies. The precise series of events that
lead to IA-2 autoantibody formation needs to be determined.

T-Cell Detection
Although antibody responses to IA-2, IA-2�, and other autoantigens have been

widely studied, relatively little is known about T-cell reactivity against these antigens.
T cells in the peripheral blood of T1D patients have been found to preferentially
recognize the 831–850 and 841–860 amino acids of IA-2. The overlapping region
(amino acids 841–850) may represent an immunodominant T-cell epitope on IA-2
(124). These T cells were stimulated by the use of purified recombinant IA-2. In
another study, amino acids 805–820 were reported to form an epitope that elicited
the highest T-cell responses in all at-risk relatives of T1D patients (125). This epitope
had 56% identity and 100% similarity over nine amino acids with a sequence in VP7,
a major immunogenic protein of human rotavirus. It was also found to have 45–
75% identity and 64–88% similarity over 8–14 amino acids to sequences in dengue,
cytomegalovirus, measles, hepatitis C, canine distemper viruses, and the bacterium
Hemophilus influenzae. Three other IA-2 epitopes have been shown to have 71–100%
similarity over 7–12 amino acids to herpes, rhino-, hanta-, and flaviviruses and two
others are 80–82% similar over 10–11 amino acids to sequences in milk, wheat,
and bean proteins. It is, therefore, critical to investigate whether the CD4+ T cells
are activated against IA-2 epitopes by rotavirus or other viruses. Furthermore, ex
vivo ELISPOT analyses revealed in new onset T1D patients the presence of IFN-�-
producing cells (42,126).

Therapy and Future Directions
Previous studies suggest that it is now possible to generate IA-2-specific T-cell

responses by using a recombinant IA-2. This method can be used for the detection
and recognition of specific CD8+ T cells that participate in the destruction of the �
cells in the pancreas of T1D patients. Future directions will include the detection of
these cells not only in the peripheral blood but also in the pancreas with the use of
high-resolution imaging techniques.
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INSULIN

Structure
Insulin was discovered in 1921 by Banting and Best, who extracted insulin from

the pancreatic tissue of dogs. Insulin is a 51-amino acid polypeptide consisting of two
chains, A and B, with 21 and 30 amino acids, respectively, and a molecular weight of
5800-kDa. The chains are linked by two interchain disulfide bridges that connect A7
to B7 and A20 to B19, whereas an intrachain bridge connects A6 and A11. Insulin
is produced as a preprohormone that is processed to pro-insulin and, then, to mature
insulin by the removal of the C-peptide. Processing occurs within the �-cell’s secretory
granules, where insulin is packaged in a crystal form.

It was first synthesized in 1979 in E. coli cells by the use of recombinant DNA
techniques. Before insulin was synthesized, bovine and porcine insulin were used to
treat T1D patients. The structures of the bovine and human insulin are almost identical
with only three differences in the amino acids. On the human insulin, threonine replaces
alanine in position A8, isoleucine replaces valine in position A10, and threonine
replaces alanine in position B30. The last substitution is the only difference that human
insulin has in comparison with porcine insulin.

Expression Function
The insulin gene on human chromosome 11p15 is predominantly expressed in the

�-cells of the pancreatic islets of Langerhans. Insulin and proinsulin are the only � cell-
specific autoantigens within human islets. However, studies in humans have indicated
that the insulin gene can also be expressed in the thymus, where higher levels of insulin
may promote negative selection (deletion) of insulin-specific T lymphocytes, which
play a critical role in the pathogenesis of T1D (52,53).

The secretion of insulin by the � cells is controlled by the blood glucose concen-
tration. Insulin plays a major part in the uptake of glucose by the cells. After each
meal, the level of glucose increases. Insulin stimulates the formation of glycogen in
the muscles and the liver and suppresses the gluconeogenesis by the liver. Insulin
stimulates the synthesis of fatty acids and controls the uptake of valine, leucine, and
isoleucine by muscle, which helps further to increase the synthesis of muscle proteins.

Autoantibody Detection
The development of antibodies to insulin was accepted as a fact only in terms of

consequence of insulin therapy. Insulin antibodies, detected by the use of 125I-insulin,
were common among insulin-treated patients. The presence of IAAs in T1D patients
that had not yet been treated with insulin was described in 1983 (29). Antibodies
against pro-insulin have also been detected in newly diagnosed T1D patients, but it
has been shown that IAAs are a better predictive and more specific marker for the
disease (127).

IAAs have also been described in insulin autoimmune syndrome (IAS) that develops
primarily in Japanese patients (128). This condition is characterized by reactive
hypoglycemia, normal fasting blood glucose, hyperinsulinemia, and the presence of
insulin-binding autoantibodies. All patients are positive for HLA-DR4, and further
analysis has shown that they have the DRB1*0406/DQA1*0301/DQB1*0302. This
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syndrome has been reported to these patients in most cases after they receive drugs that
contain a sulfhydryl compound. The hypoglycemia usually resolves after the discontin-
uation of the medication. However, studies have shown that certain polymorphisms of
IAAs, identified by their binding site on the insulin molecule, can distinguish between
diabetes-related and diabetes-unrelated antibodies (128).

Most studies have shown that IAAs are strongly associated with T1D in children
(129), but they can be present for years before the development of the disease. IAAs
are present in more than 50% of young children at the time of clinical diagnosis, so
IAAs are a particularly important marker for the disease in the young. Furthermore,
IAAs were associated with DR4, DQ8, and some DQA1 alleles, such as DQA1*0102,
0201, 0301, 0401 (53).

Current assay formats for IAAs vary although the international workshops for IAA
standardization (41,88) have improved assay quality and harmonization. The IAA method
most frequently used is a microadaptation using protein A-sepharose to separate free
from antibody-bound 125I-insulin (127). Initially, two different assays were used to
detect the IAAs in the sera of T1D patients, the fluid phase Radio Immuno Assay
(RIA) and the solid phase ELISA. The two assays gave very different results relative
to the positive predictive value for the development of T1D. It was then described that
the two assays were measuring different antibodies and that the IAAs measured by
RIA methodology were more disease related than those measured by ELISA methods
(41). IAAs seem to react with a conformational epitope (either A or B chain), and that
can explain the fact that it is so difficult to measure IAAs by ELISA or other similar
tests. Studies have shown that IAA binding a conformational epitope including the
A-chain residues, A8–A13, and the B-chain residues, B1–B3, are T1D associated (130).

Williams et al. recently developed a novel radioligand microassay using serum from
the diabetic patients in microtiter plates in duplicates and incubating it with 125I-labeled
human insulin (131). After immunoprecipitation of IAA-125I-labeled insulin complexes
with protein A-sepharose and removal of the unbound label, the samples were washed,
centrifuged, and the precipitate was transferred to tubes for counting in a gamma
counter. Results are expressed as percentage binding or related to a IAA-positive
serum.

Autoantigen Processing, Presentation, and T-Cell Detection
The 9–23 amino acid region of the insulin B chain (B9–23) is a dominant epitope

recognized by pathogenic T lymphocytes in NOD mice, the animal model for T1D
(132). Similar (B9–23)-specific T-cell responses in peripheral lymphocytes obtained from
patients with recent-onset T1D and from prediabetic subjects at high risk for disease
were recently described (133). Use of the highly sensitive cytokine-detection ELISPOT
assay revealed that these (B9–23)-specific cells produced the proinflammatory
cytokine IFN-�.

Antibody-blocking experiments with cells from an HLA-DQ8 homozygous patient
showed that the insulin B peptide was presented by DQ8, and moreover, Lee et al. deter-
mined the three-dimensional structure of the DQ8 in complex with the insulin B peptide
(134). The insulin B chain has one of the highest affinities for DQ8 among peptides
from islet autoantigens, and it also binds to the major histocompatibility complex
(MHC) of the I-Ag7 subtype in the NOD mouse. The peptide side chain-binding
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pockets of human DQ8 and DQ2 share chemical and geometric properties with the
murine I-Ag7, suggesting that diabetes is caused by the same antigen-presentation
events in humans and NOD mice (134).

The role of insulin in CTL killing of �-cells requires the expression of insulin
peptides on HLA class I molecules. The use of new techniques, such as HLA tetramers,
may be useful in identifying the T cells that have receptors which recognize specific
insulin peptides (102). The identification of specific peptides of islet autoantigens may
be important for the design of antigen-specific immunotherapy for T1D and to protect
from CD8+ T cells recognizing insulin (135).

Therapy and Future Directions
The subcutaneous injection of insulin is the first-line treatment of T1D. Different

types of insulin are used based on their times of onset and durations of action. Human
insulin is less antigenic than previously used animal-derived varieties. Rapid-acting
insulins include regular, lispro, and aspart insulin, the only types that can be adminis-
tered intravenously. Regular insulin is a preparation of zinc insulin crystals in solution.
Lispro insulin is regular insulin that has been genetically engineered with the reversal
of amino acids lysine and proline in the B chain. Aspart insulin has aspartic acid
instead of proline in position 28 of the B chain. Both of these insulins are more quickly
absorbed, and therefore they can be administered shortly before eating. Semilente is
a slightly slower rapid-acting insulin that contains zinc insulin microcrystals in an
acetate buffer.

Intermediate-acting insulins include (i) the neutral protamine Hagedorn (NPH)
insulin that contains a mixture of regular and protamine zinc insulin and (ii) the lente
insulin that contains 30% semilente insulin and 70% ultralente insulin in an acetate
buffer.

Long-acting insulins include (i) the ultralente insulin that contains large zinc insulin
crystals in an acetate buffer and (ii) the glargine insulin, a new long-acting insulin that
produces a stable level lasting more than 24 h. Both insulins can provide a basal 24-h
insulin with a single daily injection. In the event that insulin can be used in immune
tolerance induction therapy, it will be important to decide which one of these many
insulin preparations are most effective. One such study has been carried out.

In a randomized, controlled, non-blinded clinical trial (Diabetes Prevention Trial-
T1D Study Group), first- and second-degree relatives of patients with T1D, positive
for ICAs and considered as having high risk to develop the disease were administered
low-dose subcutaneous ultralente insulin, twice daily for a total dose of 0.25 unit per
kilogram of body weight per day, plus annual 4-day continuous intravenous infusions
of insulin (4). Diabetes was diagnosed in 69 subjects in the intervention group and
70 subjects in the observation group. The cumulative incidence of diabetes was similar
in the two groups, suggesting that in persons at high risk, insulin administered at this
dosage cannot delay or prevent T1D. In a similar trial from the same study group,
oral insulin was administered to first- and second-degree relatives of patients with
T1D who had high risk for the disease. However, oral insulin did delay the onset of
T1D in subjects with high IAA levels (136). More studies are needed to determine the
potential role of oral insulin in the prevention and delay of T1D.
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STANDARDIZATION

Autoantibody Detection
Concordance of the results obtained from different laboratories for the measurement

of antibodies against islet cell antigens is essential for the comparison of studies from
different centers, as well as for the recruitment of centers into multicenter studies.
The DASP was established in order to evaluate and improve the assay methods and
to evaluate the new WHO reference reagent for antibodies to GAD and IA-2 (40).
The aim of the first proficiency evaluation in 2003 was to assess and improve the
comparability of islet autoantibody measurements between different laboratories and
to introduce a common standard to allow laboratories to express antibody results in
common units (39).

Sera were obtained from 50 newly diagnosed type 1 diabetic subjects and 50 controls
and distributed to 46 laboratories in 13 countries. The evaluation showed a high degree
of concordance between laboratories in GADA and IA-2A measurement and only
radio-binding assays achieved high sensitivity and specificity for both antibodies. The
mean adjusted sensitivity for GADA (45 laboratories) and IA-2A (43 laboratories) was
84 and 58%, respectively. In contrast, there was wide variation between IAA assays
and although some sensitive assays were identified, the overall performance of IAA
was poor. Most laboratories used the novel radio-binding microassay using protein A
precipitation that is described above (127). The mean adjusted sensitivity for IAAs
from 23 laboratories was 36%. It was also shown that good interlaboratory concor-
dance was achieved when antibody levels were expressed in WHO units, therefore the
Immunology of Diabetes Society recommends that all GADA and IA-2A results be
expressed in WHO units/ml (39).

T-Cell Detection
A T-cell workshop was organized by the Immunology of Diabetes Society. Its aim

was to appreciate and identify any problems associated with autoreactive T-cell assays
in T1D. The First International Workshop for Standardization of T-cell Assays in
T1D assessed numerous islet autoantigens preparations for their ability to stimulate
peripheral blood T cells (137). This workshop demonstrated that the limitations of
current assay technology and the quality of antigen preparations are the two main
factors that mostly affect the reliability and the consistency in the detection of islet
autoreactive T cells.

The Second International Workshop, two years later, evaluated again the quality of
several recombinant preparations of the islet autoantigens GAD65, IA-2 and proinsulin
and their ability to stimulate proliferation of a panel of known antigen-specific T-cell
clones or T-cell lines (138). It was demonstrated that preparations of GAD65 and IA-2
expressed using baculovirus or obtained from E. coli were able to stimulate specific
T-cell clones, but the baculovirus GAD65 preparation was shown to be of superior
quality. The single proinsulin preparation used was unable to elicit proliferation from
an insulin B chain-specific T-cell clone. Preparations of islet autoantigens with high
quality and ability to stimulate specific T cells are needed to promote the development
of sensitive assays of islet-reactive T cells in patients with T1D or subjects at high risk
for the disease (138).
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CANDIDATE AUTOANTIGENS

A number of other molecules have been reported to be related to autoimmune
diabetes (Table 2).

ICA69
A novel islet peptide termed ICA69 was identified by screening human islet lambda

gt11 cDNA expression library with cytoplasmic islet cell antibody-positive sera from
relatives of T1D patients who progressed to the overt disease (139). The molecular
weight of the protein was found to be 54,600. ICA69 is present in brain, lung, kidney,
and heart (139), but the highest levels have been detected in islets and other neuroen-
docrine tissues (140,141). It has been suggested that ICA69 participates in the process
of neuroendocrine secretion through association with the outside of secretory vesicles
(141). Anti-ICA69 antibodies are diabetes related, but they have been found to be
present also in the sera of patients with rheumatoid arthritis (RA). ICA69 shares
two short regions of similarity with bovine serum albumin, one of several cow milk
proteins. Epidemiological studies have indicated that the risk for the development of
T1D increases with the infant’s ingestion of cow’s milk.

ICA12 (SOX-13)
ICA12 was identified during the screening of islet expression libraries with T1D

patients’ antibodies (111). The complete sequence of ICA12 is still not known. ICA12
is the transcription factor SOX13 that plays a key role in organ development. Antibodies
against ICA12 have been detected in about 18% of patients with new onset T1D (142),
but in most studies, they are found in T1D patients at the same frequency as in patients
with rheumatic diseases or healthy control subjects (143). Antibodies to SOX-13 have
been detected in patients with primary biliary cirrhosis (143). It has been suggested
that SOX13 antibodies may be a non-specific marker of tissue damage associated with
chronic hyperglycemia (144). These antibodies would therefore primarily be found
among adults, and the contribution to prediction of T1D may be limited.

Carboxypeptidase H
Carboxypeptidase H (CPH) is a glycoprotein and a carboxypeptidase B-like enzyme

that is expressed by cells secreting polypeptide hormones and neurotransmitters, in
which CPH cleaves the COOH terminal ends of hormone precursors (145). CPH is
involved in the processing of proinsulin to insulin. CPH is present in human islet cells
and brain and in bovine adrenal, pituitary, and kidney. CPH was cloned from a human
islet cDNA library and found to have a strong similarity to the human brain CPH
sequence (145). The frequency of T1D patients who have CPH autoantibodies has not
been fully investigated. In one study the diagnostic sensitivity was only 3%, which
did not differ from the controls (146). The frequency doubled among subjects with
GAD65Ab positive LADA patients, and it is possible that CPH autoantibodies may
improve the diagnostic sensitivity and specificity among adults.

Sulfatide
Sulfatide is the major acidic glycosphingolipid in myelin in the central and peripheral

nervous system. It is also expressed in the islets of Langerhans, both in the surface and
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in the secretory granules of the insulin-producing cells (for a review see ref. 147). It is
also found in kidneys, gallbladder, and the choroid layer of the eyes. Antibodies against
the sulfatide have been detected in T1D in a small number of patients (148). Sulfatide
antibodies are also found in the sera of patients with Guillain–Barre syndrome (149) and
peripheral neuropathies (150). It has been suggested that neuronal elements contribute
to T1D pathogenesis, and it will be important therefore to analyze whether sulfatide
antibodies are associated with HLA types or with other genetic factors associated
with T1D.

Ganglioside GM2-1
Gangliosides are amphiphilic molecules containing a hydrophobic portion, the

ceramide, and a hydrophilic one, the sialo-oligosaccharide chain, through which they
bind to hormones, toxins, and viruses. Within cells, they tend to be associated with
plasma membranes and they have been shown to take part in cell-to-cell interaction
and in signal transaction. Gangliosides are also expressed in cytosolic membranes of
secretory granules in some endocrine cells. GM2-1 was described as pancreatic islet
monosialo-ganglioside, equally expressed in �- and non-� cells (151) and was mainly
localized with the secretory granules (151). GM2-1 has been shown to be the target
of IgG autoantibodies strongly correlated with progression to diabetes in ICA-positive
relatives of type 1 diabetic subjects, which may explain that occurrence of GM2-1
autoantibodies was significantly correlated with positivity for GAD65 autoantibodies,
but not for IAAs or GAD67 autoantibodies (152). There are no recent studies on the
role of GM2-1 gangliosides and T1D.

Imogen 38
T cells from new onset T1D patients have been shown to specifically proliferate

to �-cell membrane fractions that contain the mitochondrial 38-kDa IA, imogen 38
(153). Imogen 38 is found more frequently in � cells than in � cells, but it is rather
broadly distributed as a structural component to all oxidative tissues (154). No humoral
response has so far been identified against this antigen. Imogen 38 was thought to be
a target for bystander islet autoimmune attack rather than a primary autoantigen.

GLIMA 38
GLIMA 38 is an amphiphilic N-Asp glycated �-cell membrane protein of Mr 38,000,

expressed in islets and in islet and neuronal cell lines (155). Antibodies against GLIMA
38 have been detected in about 20% of new onset T1D patients and 15% of prediabetic
subjects (155). The GLIMA 38 antibodies were associated with high levels of IA-
2A and ICAs, which are considered markers of rapid progression to clinical diabetes
(156). The diagnostic sensitivity of GLIMA 38 antibodies in prediabetic subjects was
considered lower than that for IAAs, ICAs, IA-2Ab, and GAD65Ab (156). Further
studies are needed to explore the contribution of the GLIMA 38 autoimmunity in T1D.

Islet-Specific Glucose-6-Phosphatase-Related Protein
Islet-specific glucose-6-phosphatase-related protein (IGRP) was investigated initially

as a key component in a glucose substrate cycle and energy metabolism in the �
cells of the pancreas, and it was cloned using a subtractive cDNA expression cloning
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procedure from mouse insulinoma tissue (157). Recently, IGRP was recognized as an
autoantigen targeted by a prevalent population of pathogenic CD8+ T cells in NOD
mice (158). This observation was of considerable interest as IGRP would represent yet
another intracellular enzyme as a potential target in human islet autoimmunity as well.
Furthermore, IGRP was found to be mainly expressed in the islet � cells of humans
and NOD mice and, rarely, in the islet � cells. IGRP has a significant role in islet
cell metabolism although its overall contribution to the islet �-cell function has not yet
been identified.

Although CD8+ and CD4+ T cells targeted against IGRP peptides have been detected
in the NOD mouse, it was unclear whether IGRP has a significant role in the human
disease pathogenesis. IGRP-specific tetramers were used to evaluate the prevalence
of IGRP-reactive T cells in healthy and T1D subjects (159). IGRP-reactive T cells
were detected in both T1D and healthy subjects and there were recent reports of
other autoreactive T cells detected in healthy subjects. This study rather underlines
the prevalence of potentially autoreactive blood T cells in the population than T-cell
recognition of an islet-specific autoantigen.

SST Receptors
SST has an inhibitory action on hormone secretion but also cell proliferation. Five

SST G-protein-coupled receptors (SSTR1-5) have been identified and cloned from
multiple mammalian species. In humans, SSTR1 and 2 are present in pituitary, small
intestine, heart, and spleen, whereas SSTR2 predominates in the pancreas, pituitary,
and stomach. SSTR3 and 4 are expressed in pituitary, heart, liver, spleen, stomach,
small intestine and kidney, whereas SSTR5 is found mostly in the pituitary and is
the dominant receptor of SST peptides in pancreatic islet cells. SSTR5 has also been
found on T and B lymphocytes (for a review see ref. 160). SSTRs consist of seven
transmembrane domains with an extracellular amino terminus, an intracellular carboxy
terminus, three extracellular loops, and three intracellular loops (161). Many studies
have investigated the potential role in modulating both macrophage and T cells in
the immune system and it has been suggested that SST–SSTR interaction in APCs
may lead to T-cell proliferation (162). However, the role of SST–SSTR5 in islet cell
proliferation and specific antigen presentation during the development of T1D remains
speculative (163). Currently, there is no evidence that either SST or any of its receptors
are autoantigens.

ANIMAL ISLET CELL AUTOANTIGENS

The NOD mouse is the most studied animal model for T1D, as the pathogenesis
of the disease in this animal resembles most of the disease process in humans. As
it is well established that both CD4+ and CD8+ T cells play an important role in
the pathogenesis of diabetes in the NOD mouse (47), numerous attempts have been
made to isolate diabetogenic T cells. The first pathogenic T-cell clone was a CD4+
T lymphocyte that proliferated and produced lymphokines in response to islet cell
antigen- and NOD APCs, reviewed in ref. 164.

Most attempts to isolate pathogenic CD4 T-cell clones have been focused on the
already known major islet autoantigens, insulin, and GAD65. T-cell clones autoreactive
to insulin, and most specifically to the epitope B9-23 residues of the B chain, have
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been identified. Attempts to identify autoreactive T-cell clones against GAD have
been less successful. However, GAD-reactive CD4+ T-cell clones were isolated from
transgenic mice expressing the human HLA class II DQ8 molecule after immunization
with GAD peptides (164). Successful studies on the induction of immune tolerance by
GAD include the isolation of a GAD65-specific Th2 cell clone that was transferred to
NOD mice and that prevented the progression of insulitis and subsequent development
of overt T1D (165). Insulin and GAD65 have also been identified as targets for CD8+
T-cell clones.

Reactive T-cell clones to IA-2� (phogrin) were detected in peripheral T cells of
NOD mice as young as 4 weeks of age (166). Mapping of T-cell reactivity resulted
in the identification of two major epitopes of the polypeptide: the 629–649 residues
immediately adjacent to the transmembrane domain and the 755–777 residues lying in
the NH(2)-terminal region of the PTP domain (167).

The role of insulin as an autoantigen in NOD mouse autoimmune diabetes is reviewed
in detail elsewhere (47,164).

MODIFICATION OF AUTOANTIGENS TO MAKE THEM
DIABETOGENIC

In inflammatory responses caused by an infection or other physiological stress-
induced states, the levels of oxidative mediators such as nitric oxide, hypochlorous acid,
hydrogen peroxide and peroxynitrite anion are often elevated. These mediators may
cause a cascade of oxidative events that may result in oxidation of locally expressed
proteins. Cytokines produced by islet infiltrating mononuclear cells may also stimulate
the b cells to produce nitric oxide and reactive oxygen species (ROS). ROS may
denature autoantigens to display neoepitopes, that is, epitopes that have not previously
been presented to the immune system. Such post-translational modifications may lead
to an immune response that eventually may cross-react with the native protein and
thereby cause autoimmunity. It is an enigma why tolerance is broken to GAD65,
IA-2, and insulin in T1D. Oxidatively modified aggregates of GAD react with serum
antibodies of T1D patients (168). In the following, we will therefore review possible
post-translational modifications that may contribute to T1D.

A majority of mammalian proteins are subject to post-translational modifications
resulting in neoepitopes. These neoepitopes probably act by generating a new peptide-
HLA protein complex to be recognized by T cells with high-affinity TCRs. Examples
of post-translational modifications are listed in Table 3. Malondialdehyde (MDA) is
a chemical compound used for in vitro aldehydation. It is a three-carbon dialdehyde
resulting from lipid peroxidation and forms covalent adducts on primary amino groups,
such as the side chain residue of lysine. Recent studies have defined that MDA-
aldehydation of the myelin autoantigen myelin oligodendrocyte glycoprotein (MOG)
leads to more severe experimental autoimmune encephalomyelitis (EAE), a model of
multiple sclerosis (Holm B., personal communication).

In RA patients, antibodies toward citrullinated antigens have been demonstrated,
with a higher specificity for RA patients than the otherwise commonly used rheumatoid
factor, reviewed in ref. 169. This has resulted in a new diagnostic tool for RA, where
patient sera are tested for antibody positivity against a cyclic citrullinated peptide
(CCP). This CCP test is highly specific (<97%) for RA patients. The prognostic
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Table 3
Selection of Post-Translational Modifications that Could Occur in vivo and the Affected

Amino Acid or the Expected End Product of Post-Translational Modification

Post-translational modification Affected amino acid → end product

Aldehydation Lysine
Citrullination Arginine → citrulline
Chlorination Methionine, tryptophan, and tyrosine
Deamidation Asparagine and glutamine
Deiminiation Arginine
Glycation (the Maillard reaction) → Various advanced glycation end products [pentosidine,

crosslines, imidazolones, Ne-(carboxymethyl) lysine
(CML), and pyrraline]

N-linked glycosylation Asparagine
O-linked glycosylation Lysine and threonine
Hydroxylation Lysine and proline
Isomerization Asparagine and aspartic acid
Metal-catalyzed oxidative reaction Tyrosine → reactive nitrogen species and nitric oxide

→ Reactive oxygen species (ROS)
Methylation Arginine: glutamic acid, histidine, and lysine
Phosphorylation Serine

relevance of this test is also proven, as sera taken from RA patients prior to disease
onset are CCP positive (169).

Chlorinated amino acids, that is, methionine, thryptophane, and tyrosine, are reactive
oxidants themselves and are more stable than HOCl, thus being able to induce a
more persistent oxidative microenvironment. The adaptive immune tolerance toward
ubiquitously expressed autoantigens is broken on chlorination (170). Deamidation
results in the conversion of an asparagine residue to a mixture of isoaspartate and
aspartate. Deamidation of glutamine residues in glutamine-rich gliadin components is
thought to be a critical post-translational modification that may trigger CD. Studies
on CD patients have demonstrated that gliadin becomes an even more potent (gliadin
specific) T-cell activator if deamidated, reviewed in ref. 171. This is done by the gut
enzyme tissue transglutaminase (tTG) that converts glutamine to glutamic acid. It is of
considerable interest that autoantibodies against tTG predict CD and yet unexplained
why the enzyme responsible for modifying gliadin becomes an autoantigen itself.

Many potential targets for self-reactive T cells are glycoproteins, suggesting that T
cells might recognize peptides with glycosylated side chains although not responding
to sugars in isolation. Usually, glycosylation is either N-linked or O-linked, depending
on which amino acid is affected. In N-linked glycosylation, the oligosaccharides links
to the amine group on the side chain of asparagine, whereas in O-linked glycosylation
the oligosaccharide links to lysine, serine, or threonine side chain hydroxyl groups.
Whether these types of post-translational modifications are important to T1D is yet to
be explored.

ROS could be generated in vitro if proteins are treated with iron or copper salts
in the presence of peroxide or ascorbic acid (vitamin C), as the proteins undergo
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specific cleavage or aggregation. The metal-catalyzed Haber–Weiss reaction was used
to increase the autoantigenicity of GAD65 by Trigwell and coworkers (168). Oxidative
modification has been extensively studied in atherosclerosis, primarily in the oxidation
of low-density lipoprotein (LDL) and its role in development of atherosclerotic plaques.
Macrophages also seem to engulf oxidized LDL more readily than unmodified LDL,
leading to formation of foam cells that are the basis for formation of atherosclerotic
lesions as well as to antibodies against ox-LDL (172).

CONCLUSIONS AND FUTURE DIRECTIONS

Research in islet autoantigens since 1981 has resulted in the discovery of three
autoantigens that collectively have contributed to the understanding of the etiology
and pathogenesis of T1D. The presence of these autoantibodies predicts diabetes to
the extent that 50% of triple autoantibody-positive healthy subjects develop T1D
within 5 years. Subjects at risk for T1D can be identified and followed to antibody
positivity, and antibody-positive individuals can be followed until the clinical onset
of diabetes. Intervention trials have been conducted with parenteral insulin or nicoti-
namide. Although these treatment modalities did not prevent diabetes, other approaches
such as immunomodulation with alum-formulated GAD65 or oral insulin are subject to
controlled clinical trials. Assays of humoral autoantigen responses are well developed,
including autoantibody isotype and subtype analyses and epitope-specific reactivity.
International standardization efforts allow a reduction in interlaboratory variation
that contributes to advancement in T1D research. Recent attempts also to include a
dissection of the cellular autoimmune response may add to a better understanding
of trigger events and novel approaches to therapy. As there are sera in very young
children and also in adults which are ICA positive but negative for GAD65, IA-2, and
insulin antibodies, a fourth antigen lures. A fourth antigen is of importance as it would
increase both the diagnostic sensitivity and specificity and perhaps yield yet another
target for immune tolerance induction.
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Summary

Autoimmune diseases affect 10% or more of the North American and European populations. In organ-
specific autoimmune diseases, an organ is targeted by an aggressive immune response, which can damage
and even destroy it. Type 1 diabetes mellitus (T1DM), one such organ-specific autoimmune disease, is
because of the destruction of the insulin-secreting beta cells in the islets of Langerhans of the pancreas.
T1DM is because of the interaction of genetic and non-genetic factors thought to induce an immune
response, which destroys insulin secretory cells over months, even years. We present the orthodox position
regarding the cause of autoimmune T1DM but also emphasize where that orthodox is not based on a firm
footing. We discuss the nature of the disease and how we can predict it with a degree of certainty and
how we are now trying to modulate the disease process. Lessons learned from autoimmune diabetes could
be relevant to other autoimmune diseases.

Key Words: Diabetes, autoimmunity, HLA genes, autoantibodies, disease prediction, immunomodulation.

INTRODUCTION

Autoimmune diseases afflict 10% or more of the UK population. In organ-specific
autoimmune diseases, an organ is targeted by an aggressive immune response, which
can damage and even destroy it. Type 1 diabetes mellitus (T1DM), one such organ
specific autoimmune disease, is because of the destruction of the insulin secreting
beta cells in the islets of Langerhans of the pancreas (1). At the clinical onset of
T1DM, about 80% of islets contain no insulin secreting islet cells, and the islets may
be infiltrated with mononuclear cells (2), with a predominance of macrophages and
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CD8+ T lymphocytes (3). This infiltrate is, directly or indirectly, probably the major
cause of the beta-cells destruction. In this review, we will present the orthodox position
regarding the cause of autoimmune T1DM but also emphasize where that orthodox
is not based on a firm footing. Lessons learned from autoimmune diabetes could be
relevant to other autoimmune diseases.

GENETIC FACTORS

Type 1 diabetes mellitus is genetically determined as shown by family, twin, and
genetic studies. The frequency of T1DM is higher in siblings of diabetic patients
(e.g., in the United Kingdom 6% by age 30) than in the general population (0.4% by
age 30) (4). The most important genes implicated in the susceptibility to T1DM are in
the histocompatibility (human leukocyte antigen [HLA]) region of chromosome 6 (4).
HLA genes predispose to a number of autoimmune diseases including T1DM (4,5)
as demonstrated in both population and family studies (5–7). Genes encoding HLA
molecules and located within the major histocompatibility complex (MHC) on the short
arm of chromosome 6 are associated with T1DM. The MHC complex is a polymorphic
gene complex in that multiple alleles exist for each genetic locus. The MHC is divided
into class I (HLA-A, -B, and -C), class II (HLA-DR, -DQ, and -DP), and class III (genes
for complement components). The class I and class II proteins coded by the relevant
genes are transmembrane cell surface glycoproteins, which are critically involved in
the presentation of both self- and foreign antigens as short peptides to T lymphocytes.

HLA genes are highly polymorphic with a degree of coding region diversity
unequalled elsewhere in the genome. Polymorphisms of certain genes probably origi-
nated in the selection pressures exerted by environmental factors including epidemics,
climatic change, and availability of food. A non-human somatic study of the HLA-DQ
beta region suggests that this region has been in balanced polymorphism for 10 or
more million years (8). To maintain the extraordinary diversity of HLA types over
this time, selection pressures must have been operating; otherwise, most alleles would
have been lost through genetic drift. It has been proposed that infectious pathogens are
the major cause of HLA diversity. The distribution of sequence variation is clustered
in nucleotides that code for amino acids composing the antigen-binding groove. This
implies that natural selection must have acted at this binding site to maintain structural
diversity for peptide binding. HLA associations with T1DM may therefore operate
through susceptibility to certain undefined infections, which could be modern, just as
there is an argument that T1DM and other autoimmune diseases are modern diseases.
Perhaps even more important, because of the known role of HLA molecules in antigen
presentation, the HLA linkage and association supported the hypothesis that T1DM
has an autoimmune component.

The evidence is that class II genes are more important than class I genes and that
DQ genes are more important than DR genes (4). About 95% of European patients
with T1DM have either HLA-DR3 or -DR4 compared with about 60% of the normal
population. However, 90% of the HLA-DR4-positive diabetic patients have the DQ
allele DQB1 0302 and only 10% have the DQB1 0301 allele, whereas both alleles
were equally represented in the normal DR4-positive population. Extended haplotypes
identical at the DQB1 loci are associated with very different risks of T1DM, implying
that MHC genes outside the DQ region play an important role in determining genetic
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susceptibility (4). HLA alleles associated with diabetes susceptibility, include HLA-
DR3, DQB1∗0201 and DR4, DQB1∗0302, whereas others are associated with disease
protection, for example HLA-DR2, DQB1∗0602 haplotype occurs in over 20% of some
populations, but <1% of children who develop T1DM express these alleles (4,9). Type
1 diabetic children show an increased prevalence of the heterozygous alleles HLA-DR3,
DQB1∗0201 and DR4, DQB1∗0302, the proportion of heterozygotes declining with
age at diagnosis (9–11). Children with the diabetes protective HLA-DR2, DQB1∗0602
are unlikely to develop diabetes, whereas in adult-onset diabetes, the same alleles carry
less protection (10–11). Patients with HLA-DR4, DQB1∗0302 are at particular risk
of having insulin autoantibodies, and these HLA alleles and insulin autoantibodies
are more prevalent in children with T1DM (12). The extended haplotype could be
important because it codes for the overall structure of the molecule that forms the
binding groove. Alternatively, it might include other as yet unidentified genes that
play a role is disease susceptibility. Certain individual residues confer a particular
susceptibility or protection from disease. Thus, disease susceptibility correlates with the
expression of a DQ molecule bearing an arginine in the 52 position of the alpha chain
and lacking an aspartate at the 57 position of the beta chain (13). A combination of
these changes confers a greater risk for disease than either one alone, as has been shown
for HLA-DR3 and DR4, implying that two or more genes are important in disease
susceptibility. On balance, the evidence suggests that certain amino acid substitutions
are important but only within the context of the whole molecule.

Although T1DM is genetically determined, the term heritability reflects gene
expression or penetrance in a given environment. The best estimate of heritability
can be obtained by determining concordance rates of twins. Both identical and non-
identical twins share the same environment in childhood, but only identical twins share
the same genes. In the classic twin method, the difference between the concordance
rates for identical and non-identical twins is doubled to give an index of heritability.
Higher concordance rates, for autoimmune diseases in general and T1DM in particular,
in identical compared with non-identical twins is consistent with a genetic influence on
these diseases (14). Estimates of heritability can be obtained from studies in Finland and
the University of Southern California; in both, the estimates are substantially <100%,
which means the disease is unlikely to be autosomal dominant (7,15). However, we
cannot make broad statements about the genetics of autoimmune diabetes because it
shows substantial disease heterogeneity. Hence, age-related genetic factors influence
the risk of T1DM, but also the presence of diabetes-associated autoantibodies, the rate
of progression to clinical diabetes, as well as the severity of reduced insulin secretory
capacity (1). Not only is the age incidence of T1DM lower in adults than in children,
the range of incidence across European countries is also reduced (16). Survival analysis
estimated that non-diabetic identical twins of probands diagnosed with T1DM under
25 years of age had, in one study, a 38% probability of developing diabetes compared
with only 6% for twins of probands diagnosed later (6). Such a remarkably low twin
concordance rate for adult-onset T1DM implies that the genetic impact in adult-onset
T1DM is limited and certainly lower than that in childhood-onset disease (6,7,15).

It should be noted that other gene polymorphisms, within the insulin gene upstream
promoter region as well as within the cytotoxic T-lymphocyte-associated antigen
(CTLA)-4, protein tyrosine phosphatase non-receptor (PTPN)22, insulin receptor
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substrate-1 (IRS-1), inducible co-stimulatory molecule (ICOS), and small ubiquitin like
modifier 4 (Sumo 4 genes), confer a substantial risk to T1DM with odds ratios (OR)
between 1.8 and 2.5 (17,18). Of particular note, the CTLA-4 gene also plays a role in
thyroid autoimmunity and with the HLA region comprises an important molecule in
the so-called immunological synapse at the interface of the presentation of an antigen
by antigen-presenting cells to immune effector cells.

Thus, there is a hierarchy of genetically determined risk to T1DM ranging from
susceptibility at one extreme to protection at the other. Even within families, the
pattern of inheritance can be complex because children of fathers with T1DM are at
higher risk of developing the disease than children of affected mothers (19,20). This
difference may be due, in part, to preferential transmission of diabetic alleles in the
HLA complex, but this may not explain why the same HLA allele is associated with
a greater disease risk in childhood than in adulthood. To be precise, we do not know
at which stage of the disease process the HLA risk operates—is it at the initiation,
the activation, or the progression of the destructive immune process? Preliminary data
supporting a role for HLA genes in determining the age at the onset of diabetes
raises the possibility that such genes operate through promotion or restraint of the
destructive effect. For all that we know so much about HLA disease risk, it seems
that we know very little about how it interacts with non-genetic events to cause the
disease.

ENVIRONMENTAL FACTORS

The incidence of autoimmune diseases has increased, notably over the last three
decades (21). The current low selection density and relative stability of HLA polymor-
phisms indicate that this increasing incidence cannot be because of genetic selection
pressures, at least operating through HLA genes, and is most likely the result of non-
genetic factors. Non-genetic factors play a major role in causing T1DM as shown
by studies of populations that have migrated, of populations with changing disease
incidence, and of twins.

Population studies are of limited value in identifying the impact of non-genetic
factors because it is difficult to segregate genetic from environmental influences.
However, changes in disease incidence within a genetically stable population are
important when disease incidence rises rapidly or in migrants (22,23). In the USA,
the reported death rates from diabetes in children aged <15 years, by implication
the T1DM incidence as this was before insulin therapy, from 1890 to 1920 were
1.3/100,000/year and 3.1/100,000/year respectively (22), rising by 1959–1961 in Erie
County, USA, to 11.3/100,000/year, a substantial change within four generations (23).
Such changes have been most striking in children diagnosed under 5 years of age as
in Switzerland where the incidence rose from 4.5/100,000 in 1965 to 10.5/100,000 in
2000 (24).

Migration studies also support a role for environmental factors influencing disease
incidence. T1DM incidence increased in Ethiopian Jews migrating to Israel and in Asian
children who migrated to Britain—in the latter, there was an increase from 3.1/100,000
per year in 1978–1981 to 11.7/100,000 per year in 1988–1990, much higher than in
their native Karachi (1/100,000 per year) (25–27). There are no comparable studies of
adults.
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Increases in disease risk in young children could be because of an accelerated
progression to T1DM (as set out in the accelerator hypothesis and the early spring
harvest hypothesis) or to an increased disease risk or both. In support of an increased
disease risk, there has been a recent shift in Finland in the HLA genetic susceptibility
to include more cases with low or moderate risk HLA genotypes (28). In support of
accelerated disease progression, the disease incidence rose in the young (age 0–14
years) with a coincident fall later up to 39 years of age at diagnosis (29,30). Therefore,
both factors could explain the increasing disease incidence in young children. Accel-
eration of the disease process, or of metabolic decompensation, probably results from
non-genetic factors and could result from reduced insulin sensitivity, due to either
increased linear growth, which has been linked to diabetes risk, or increased childhood
obesity, which has been correlated with age at presentation (31–33).

We have previously argued that these non-genetically determined factors are likely
to be environmental factors (1). Certainly there is powerful evidence that immune-
mediated diseases are because of environmental factors given that the majority of
identical twins with an autoimmune disease have an unaffected twin, that is they are
discordant for the disease. Nevertheless, even identical twins can differ genetically:
X-chromosome inactivation in females can lead to different patterns of mosaicism;
methylation of CpG islands is associated with repression of transcription; somatic
rearrangements are involved in the development of T-cell receptors and antibodies.
Thus, discordance between identical twins may be determined by non-genetic (epige-
netic) factors operating on genetic expression. Studies are underway to establish
whether there are epigenetic differences such as differences in gene methylation even
between identical twins. Nevertheless, if a somatic mutation of the immune system
caused T1DM, the aberrant immune response would probably be monoclonal and not
polyclonal as is the case in T1DM (34). We therefore believe, although we cannot be
certain, that the disease is because of an environmental agent not a somatic mutation,
but we are uncertain about this position; so, we are pursuing epigenetic effects in
identical twins discordant for T1DM.

A Critical Event Operates in Early Childhood
Whatever the nature of the non-genetic or environmental factors inducing diabetes,

they are likely to be ubiquitous and probably occur in a proportion of cases in early
childhood (Table 1). The migration studies, however, argue against an equivalent
worldwide environmental effect and suggest that the effect is seen when migrating
from non-developing to developed countries but perhaps not when migrating between

Table 1
List of Potential Environmental Agents

General factors Specific factors

Hygiene Viruses (e.g., enteroviruses)
Parasites Bacteria
Coexistent infections (TB or malaria) Cow’s milk (through early exposure)

Toxins
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developed T1DM is similar worldwide: extremely rare before 9 months of age, it has
a peak incidence between the ages of 5 and 15 years and declines sharply thereafter,
although with a long tail, so that adults can present with it in old age. The consistent
and striking decline in disease incidence after puberty could be because of either a loss
of a genetic or environmental effect. The latter is most likely. Loss of the genetic effect
could result from attrition of the genetically susceptible pool or an increasing impact
of protective genes, but we know from twin studies that the majority of genetically
susceptible individuals do not develop the disease. Furthermore, data from population
studies show that the impact of HLA protective genes falls with age (10). The fall in
disease risk is even seen in identical twins of patients with T1DM, at least in those
with an index twin under 15 years of age at diagnosis in whom the risk of developing
diabetes falls sharply 1 year after the diagnosis of the index twin (6). Such a decline
in disease risk in young twins suggests that the non-genetic events leading to T1DM
occur within a finite period in early childhood. A disproportionate maternal influence
suggests that this event may be very early indeed, perhaps even in utero.

Maternal-related events influence diabetes risk and by implication that genetic and
particularly non-genetic factors operate in utero or on neonates to determine disease risk
(Table 2). Children of diabetic mothers are less likely to develop T1DM than children
of diabetic fathers, and the risk in mothers is less than the expected risk based on their
HLA status (19–20,36). This low risk is confined to offspring of mothers who had become
diabetic after the age of 8 years. It remains unclear whether the reduction in trans-
mission rates is because of genetic or non-genetic factors. The risk of offspring devel-
oping diabetes increases with maternal age and paternal age also has an effect, but it is
smaller than the maternal effect (37). The risk of diabetes is reduced by 15% per child
born, so that the firstborn has the highest risk. Blood group incompatibility between a
mother and her child may also predispose to T1DM (36), although the nature and impli-
cations of this association remain obscure. Group-specific enteroviral immunoglobulin
(Ig)G and IgM antibodies during pregnancy are higher in mothers of children who later
develop T1DM than in controls (38). Further diabetes-associated autoantibodies may be
induced by such infections (39). Finally, the early infant diet may affect T1DM onset
in later life. Epidemiological studies have established that the risk of developing T1DM
is higher in non-breast-fed children than breast-fed children and that breastfeeding for

Table 2
List of Potential Risk Factors for Diabetes

Increased risk of diabetes in children is associated with
• Being born to diabetic fathers rather than diabetic mothers
• Having a diabetic mother aged <8 years at diagnosis compared with mother

diagnosed later
• Increasing maternal age at delivery
• Being firstborn
• ABO incompatibility with the mother
• The season of delivery
• Increasing maternal enterovirus infection rate
• Early cessation of breastfeeding
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more than 3 months protects from T1DM. This is possibly because early cessation of
breastfeeding is associated with the early introduction of foreign antigens, for example
cow’s milk proteins (40). These observations implicate specific environmental factors.

Disease Induction by Environmental Factors
Environmental factors may cause autoimmune diseases (Table 1). These factors

include temperate climate, increased hygiene and decreased rates of infection, vaccina-
tions and antibiotics, and increasing wealth (possibly all relevant for most autoimmune
and atopic diseases), but also for T1DM factors include overcrowding in childhood
and virus infections, early exposure to cow’s milk, reduced rates or duration of breast-
feeding and vitamin D and nitrite consumption (41–43).

The declining T1DM disease risk in childhood-onset, but not adult-onset, diabetes
implies that those critical environmental events causing childhood-onset T1DM operate
preferentially within a limited period in early childhood. If two events or “hits” widely
separated in time led to diabetes, then the longer the time of follow-up, the more
likely would susceptible individuals be to encounter both “hits,” as happens with
cancer in which the disease risk rises with time, in contrast with childhood-onset
T1DM after 15 years of age (44). No such claim can be made currently for adult-onset
autoimmune diabetes. It is not possible to be sure whether the loss of the non-genetic
or environmental effect with age, even in genetically susceptible subjects, is because
of lack of exposure or loss of susceptibility. It is difficult to envisage a ubiquitous
environmental factor to which only children are exposed.

Viruses and T1DM

It is not known whether T1DM is initiated by single or multiple exposures during the
critical period. Diabetes can be produced in animal models using viruses and chemical
toxins in combination (45). Cumulative damage, if it were to occur, would probably
have to do so over a limited period as previously outlined. In man, viruses may damage
the pancreas either generally, as with mumps pancreatitis, or specifically by only
damaging the islets. Damage to the islet cells can be found after fatal viral infections
involving Coxsackie B, cytomegalovirus, and rubella. The most persuasive evidence
that a persistent viral infection can cause human diabetes derives from the studies of
patients with congenital rubella syndrome (46). Children infected congenitally may
show rubella virus in the pancreas with insulitis and insulin secretory cell destruction.
Diabetes is found in about 20% of patients with the congenital rubella syndrome
with a latent period of many years and a median age of onset of 13 years (47). Not
all cases are dependent on insulin treatment. Those patients with the HLA genetic
susceptibility associated with T1DM (HLA-DR3 and DR4) tend to develop diabetes
and as with T1DM HLA-DR2 is apparently protective (46). Rubella-induced diabetes
is a rare phenomenon and unlikely to account for the generality of patients with T1DM.
More convincing evidence for viral involvement derives from the study of a young
boy who died from an overwhelming viral infection and diabetic ketoacidosis (46). A
Coxsackie B4 virus was isolated from his pancreas, which induced diabetes with islet
cell damage in mice susceptible to diabetes. Unfortunately, the evidence supporting a
critical role for a virus infection is gleaned from the presence of viral antibodies or
viral particles and then usually in the minority of cases. Viruses, being the last refuge
of the diagnostically destitute, should remain a speculative cause of T1DM.
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Toxins as the Critical Factors in T1DM

A number of structurally diverse agents are diabetogenic in animals and in some
cases also in man. Toxins could damage the insulin secretory cell directly or indirectly,
for example by inducing endogenous viral replication or an immune reaction against
a transformed cell. Of toxins, only N-nitroso derivatives are known to induce acute
islet-cell destruction and diabetic ketoacidosis. Alloxan, one such agent, was originally
introduced for its toxicity to renal tubular cells (48,49). Indeed, most toxic substances
damage tissues other than the islet cell and are therefore unlikely candidates to explain
the specific insulin secretory cell targeting in T1DM. The rat poison Vacor, a nitro-
phenylurea, can cause neurotoxicity and diabetes in man, and after fatal poisoning,
necropsy has shown extensive islet-cell damage (50). As with viruses, it is unlikely
that these or other toxins that cause acute cytolytic damage could account for T1DM
with its long latency period.

Dietary Factors and T1DM

Evidence that dietary factors are important in the etiology of T1DM in man derives
from studies of infant feeding (40). The low prevalence of T1DM in primitive societies
may be worth noting in the context of toxic food additives. The increasing rates
of T1DM in certain populations have been attributed to a decline in breastfeeding,
and particularly to early exposure to cow’s milk or solid food, rather than lack of
breastfeeding. A consistent but weak relationship has been established (40). In one
American study, the attributable risk, which is the proportion of cases that could be
prevented by removal of a risk factor from a population, was 8% for cow’s milk and
25% for solid foods if these factors were introduced after the age of 3 months or
more (51). This hypothesis fits with the evidence that the immune response leading to
T1DM is generated very early in life but does not explain the rapid rise in incidence
of the condition unless commercial processing of cow’s milk, or of milk-based food
products, has in some way increased their antigenicity.

IMMUNOPATHOGENESIS

Autoimmunity is important to the fitness of the organism (21). Most individuals
produce autoantibodies and autoreactive T lymphocytes. However, only about 5% of any
population develop an autoimmune disease. Control mechanisms must therefore operate
to control the development of autoimmune diseases. These control mechanisms remove
cytotoxic immune cells in various ways including clonal deletion, clonal energy, and
limiting antigen accessibility to the immune system. Antigen accessibility is limited by
being processed for presentation to the immune system or by autoreactive T lympho-
cytes circulating in an inert state. Breakdown in these control mechanisms could lead to
disease. Disease associated with autoimmune phenomena tends to distribute themselves
within a spectrum of organ-specific diseases such as T1DM and non-organ-specific
diseases such as systemic lupus erythematosus. There may be clustering of diseases at
either end of this spectrum; thus, T1DM is more common in patients with thyroiditis
or adrenalitis. Autoimmune disease has long been considered a shadow following
infectious diseases (21). Epidemiological evidence shows that rheumatic fever follows
streptococcal infection and Trypanosoma cruzi infection is the instigator of Chagas’
disease. There is, however, very little information of the mechanism by which such a
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train of events is initiated. Autoimmunity, in the form of autoantibodies, is common
after many infections and may well result from the mimicking of host proteins by
antigens of the infectious agent. There are, however, few if any examples in humans
where molecular mimicry gives rise to autoimmune disease. The progression from
benign autoimmunity to pathogenic autoimmune disease depends on many factors,
probably including the balance of cytokines produced during the inflammatory process
accompanying infection (21).

For all the talk that T1DM is an autoimmune disease, we must acknowledge that
the evidence is incomplete. Rose and Bona (52) defined autoimmune diseases as those
that show three features: (1) defined autoantigens and autoantibodies must be present;
(2) passive transfer of T-lymphocytes (specific or non-specific) must lead to disease
development, and (3) immunomodulation of subjects with disease must ameliorate
symptoms. We know that the first of these is true and that the autoantibodies can
predict the disease with a degree of certainty. Autoantibodies have been detected
in about 90% of newly diagnosed patients with T1DM to three major autoantigens,
glutamic acid decarboxylase (GAD), insulinoma-associated antigen (IA)-2), and insulin
antibodies (IAA) (see Chap. 10). There are two isoforms of GAD, the GAD65 gene
found on chromosome 10p11 encodes a protein of 585 amino acids with a molecular
weight of 65 kd (53). The two isoforms are approximately 65% identical and are
expressed in neurons and pancreatic islet cells, where GAD65 predominates. GAD65
is involved in the conversion of glutamic acid to �-aminobutyric acid (GABA), a
major inhibitory neurotransmitter. IA-2, also known as islet cell antibody (ICA)512, is
an unusual member of the transmembrane PTP family and is located on chromosome
2q35 (54). The molecular weight is 106 kd, and the protein is 979 amino acids in
length. It is atypical in that it lacks enzymatic activity because of a critical amino acid
substitution at position 911 (Asp for Ala) in the catalytic domain of the molecule.
The protein is expressed in neuroendocrine tissues and is found in pancreatic islets.
Immunofluorescence studies have localized IA-2 to the secretory vesicles of both
endocrine and neuronal cells, but its function is not known. Insulin, the third autoantigen
in T1DM (55), is a short protein of 51 amino acids encoded on chromosome 11p15.
As with the GAD65- and IA-2-specific autoantibodies, insulin autoantibodies in the
sera of type 1 diabetic patients are directed primarily to conformational epitopes. For
IAA, these epitopes map to the B chain of human proinsulin or insulin. Unlike the
GAD65 and IA-2 autoantibodies, insulin autoantibodies are not useful for confirming
the classification of diabetes after insulin replacement therapy has begun, because
patients develop antibodies to exogenous insulin.

Deliberate transfer of disease from one person to another is clearly ethically
unacceptable, although a single case has been described of apparent transfer of
T1DM following a bone marrow transplant from a diabetic donor to a non-diabetic
recipient (56). Furthermore, there was rapid destruction of apparently normal islet
insulin secretory cells when pancreatic tissue was transplanted from non-diabetic twins
to diabetic identical cotwins, indicating that the destructive process must be outside
the islet insulin secretory cell specific and must retain its cytotoxic memory (57). The
immune system is the obvious candidate for such a specific destructive extra-islet effect.
However, we are currently unable to fully immunomodulate this disease, although
there is some evidence that the disease process can be modified by immunotherapy.
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Thus, subjects with newly diagnosed T1DM given cyclosporine A, a modifier of T-cell
activation, are more likely to show a transient improvement in metabolic control in the
first 2 years post-diagnosis (58).

Insulin-Dependent Diabetes Need Not Be Autoimmune
If we accept that not all children presenting with insulin-dependent diabetes can

be strictly defined as having autoimmune diabetes, then we can also accept that there
may be several different causes for insulin-dependent diabetes in children which is not
autoimmune. There are at least three conditions in which the insulin secretory cells fail
to produce much, if any, insulin because of immaturity, destruction, or dysfunction (59).
In Wolfram syndrome, an autosomal-recessive defect of developmental genes, the
insulin secretory cells fail to mature, although levels of insulin secretion can vary
substantially between individuals; it occurs in association with diabetes insipidus,
optic atrophy, and high tone deafness (also called DIDMOAD syndrome). Acute and
chronic pancreatitis can be complicated by damage to the islet insulin secretory cells
whether induced by viruses, alcohol, or gall stones. A form of diabetes (type 1b
diabetes), rare in most of the world but relatively common in Japan, affects young
adults and is characterized by the severity of its presentation, marked insulin deficiency,
rapid onset with evidence of a short prodrome, insulitis, and raised serum alkaline
phosphatase, all consistent with a viral infection, although supportive evidence is
lacking (59,60). Finally, inherited defects of the islet potassium ion channels involved
in insulin secretion can compromise insulin secretion and present as neonatal diabetes
with little or no insulin secretion. Remarkably, these individuals with Kir6.2 mutations,
despite being insulin dependent, can discontinue insulin and be controlled using high-
dose sulphonylurea tablets (61). Sulphonylureas increase insulin secretion from the
pancreatic beta cell by closing ATP-sensitive potassium (KATP) channels, depolarizing
the beta-cell plasma membrane and increasing intracellular calcium concentration. It
follows that sulphonylureas are of value when there is insulin secretory deficiency
but not when insulin resistance has a major impact as is the case in forms of type 2
diabetes and neonatal diabetes when there is a potassium channel mutation. Functional
studies show that the severity of the clinical phenotype is reflected in the functional
changes seen in the mutated channel (61).

Autoimmune Diabetes Need Not Be Insulin-Dependent
Autoimmune diabetes may also present in adults (adult-onset T1DM) and may

not require insulin treatment initially. The latter group of patients are only identified
as having autoimmune diabetes when their blood is checked for diabetes-associated
autoantibodies. As their autoimmunity is clinically latent, this form of diabetes has
been classified as latent autoimmune diabetes of adults (LADA) (62,63).

Non-insulin requiring autoimmune diabetes developing in adults or LADA is
typically diagnosed when the patient is between 30 and 70 years of age, with positive
detection of diabetes-associated autoantibodies, and the diabetes remains non-insulin
requiring for at least 6 months post-diagnosis (62,63), although the definition is
semantic and can vary in terms of the age at diagnosis and the duration of non-
insulin requiring diabetes. The epidemiology of LADA is influenced by geography,
genetic susceptibility, environmental factors, gender, and age at diagnosis. In Northern
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Europe and North America, about 5–10% of newly diagnosed non-insulin requiring
diabetes patients have LADA, according to the mode of ascertainment, the sourced
population, the age of the patient (frequency is higher in younger age groups) and
the definition of the disease (61,62,64). Non-insulin requiring diabetes with diabetes-
associated autoantibodies is not confined to the age group 30–70 years, and when
found in children is called latent autoimmune diabetes of the young (LADY). The use
of ICA in defining LADA or LADY patients further extends the percentage of patients
with these clinical conditions as many patients with ICA do not have GAD autoan-
tibodies and that percentage increases with the age at clinical onset of diabetes. The
genetics of non-insulin requiring autoimmune diabetes has yet to be well characterized.
In classic T1DM, HLA-DR3, DQB1∗0201 and DR4, DQB1∗0302 are associated with
increased disease susceptibility, whereas HLA-DR2, DQB1∗0602, DRB1∗0403 seem
to confer protection (4,63). In a substantial study, LADA was also associated with
increased frequencies of HLA-DR3 (28%), DR4 (27%), and DR3/4 (22%), and as with
classical T1DM, these risk allele frequencies declined with age at diagnosis (4,65). As
with adult-onset T1DM, HLA-DR2 appears to play little role in disease protection. A
feature of LADA is that following diagnosis some patients may progress over months
or years toward insulin dependence. As we shall discuss, this is not an invariant feature
of LADA, but it does reflect the propensity for autoimmune diabetes to show variable
rates of disease progression even to insulin-dependence (66,67).

We can summarize the analysis to date of patients with autoimmune diabetes defined
solely by the presence of diabetes-associated autoantibodies as those who are insulin
dependent at diagnosis or within a short period thereafter (called T1DM), those who are
not insulin-dependent initially and for a period of at least 6 months (called LADA or
LADY according to age at diagnosis), and those who are not insulin-dependent initially
but progress over a variable period to insulin dependence (called LADA, LADY, or
slowly progressive insulin-dependent diabetes [SPIDDM]).

Activation and Induction of Autoimmune Diabetes
If the critical event that induces the destructive immune process operates in early

childhood, it follows that those diabetes-associated immune changes that reflect that
process may also be detected at an early age. Timing of the onset of autoimmunity
is a prerequisite for unmasking triggers in the pathogenesis of this disease. At birth,
children of diabetic mothers often have ICA, IAA, and GAD autoantibodies. But these
autoantibodies can also be found in the maternal serum and are probably placentally
transferred to the child because autoantibody specificities are similar in mother and
cord blood and are not detected in the infants of mothers without such autoantibodies
(68–70). Passively acquired maternal autoantibodies disappear after birth as expected
but can subsequently be replaced by the infant’s own autoantibodies. The cumulative
risk of T1DM in 1353 offspring of diabetic parents was 18% at age 5 years, but
the risk was 50% in those with more than one diabetes-associated autoantibody (68).
Intriguingly, passively acquired maternal autoantibodies may protect children from
later autoimmune diabetes (71).

While cord blood autoantibodies are mainly transplacentally acquired, diabetes-
associated autoantibodies can appear at a very young age. For example 85% of New
Zealand schoolchildren who seroconverted to ICA did so before 5 years of age (72).
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Of 137 children with ICA from a prospective Finnish study of 4590 consecutive
newborns with the disease-risk HLA-DQB1, IAA, and GAD autoantibodies usually
appeared before ICA, whereas IA-2 autoantibodies usually appeared afterwards (73).
Strikingly, 95% of seroconversions to IAA, GAD, or IA-2 autoantibodies occurred in
a cluster (−12 to +8 months) around the time of ICA seroconversion. Children at high
genetic risk seroconverted steadily at approximately twice the rate of those at moderate
risk (73). Thus, induction and activation of diabetes-associated autoantibodies are not
confined to early childhood, and seroconversion may be detected up to at least 10 years
of age. For all that we know about the induction and activation of the autoimmune
response in childhood-onset disease, we know next to nothing about the same induction
events in adult-onset autoimmune diabetes.

Taken together, these observations suggest that non-genetic activation of the
diabetes-associated immune process, possibly by viruses or dietary factors, can occur
in early childhood. However, seroconversion is not confined to early childhood; so,
by implication, activation of the diabetes-associated immune response cannot occur in
early childhood in all cases of autoimmune diabetes. It remains unclear whether the
age at clinical diagnosis is in part dependent on the age at which an environmental
event activates the immune response. If this is the case, then the immune process that
leads to adult-onset T1DM, and LADA would be induced later than in childhood-onset
T1DM (Table 3). Importantly, the precise nature of the destructive immune process
also remains unclear, although we assume it is because of adaptive and innate immune
effectors.

The Destructive Process Causing Autoimmune Diabetes
Several lines of evidence indicate that T cells play a major role in the patho-

genesis of autoimmune diabetes in the non-obese diabetic (NOD) mice (see Chap. 10)
and men (74–75), although other cells, such as macrophages, dendritic cells, and
B cells, are also involved (76). What we know about the pathogenesis of human T1DM
comes largely from autopsy specimens obtained from patients who died either close to

Table 3
Distinction Between Childhood-Onset and Adult-Onset Type 1 Diabetes and LADA

Children Adults LADA

Age at diagnosis Childhood Adulthood Adulthood
Identical twin
Concordance rate 38% 6% ?
HLADR3/ DR4-risk Moderate Low Low
HLADR2-protection Moderate Low Low
Autoantibodies IAA GAD IA-2 GAD IA-2 GAD IA-2

IAA, Insulin autoantibodies; GAD, glutamic acid decarboxylase; LADA, late autoimmune diabetes of
the adult.
Note that the children, compared with the others, have a higher identical twin concordance rate, frequency
of HLA genetic susceptibility heterozygosity and insulin autoantibodies and lower serum insulin levels.
Data compiled from different sources (6,11,65,84,85). HLA DR3/4 is found in about 6% of North
American and European control populations.
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diagnosis from ketoacidosis or late in the course of the disease, as pancreatic biopsies
on live patients are considered hazardous. The autopsy findings probably represent a
late stage of the disease, many months after the initial triggering event (3,77). Morpho-
logical techniques show a marked decrease in insulin secretory cells associated with a
chronic inflammation, probably driven by macrophages and lymphocytes that surround
and infiltrate the islets. CD8+ T cells seem to predominate, but neither the proportion
of CD4+ and CD8+ cells nor the significance of other cell types in the infiltrate
(e.g., natural killer cells, macrophages, and dendritic cells) is known. Moreover, the
proportion of CD4+ or CD8+ cells specific for diabetes-associated autoantigens is
unknown, although insulin-specific cells have been detected in pancreatic draining
lymph nodes, albeit using very high doses of antigen (78).

Various cell-mediated immune models have been proposed to explain the
autoimmune destruction, but none of these models in man have been verified. It is
widely believed that insulin secretory cells express HLA class I alleles in association
with selected peptides (epitopes) either from one of the major autoantigens or from
environmental triggers (e.g., viruses) that act as targets for destruction by specific
cytotoxic CD8+ T cells. The difficulty in identifying such antigen-specific T cells in
peripheral blood could be because pathogenic T cells are concentrated in the islets
and only sparsely represented in peripheral blood (79). Alternatively, or in addition,
inflammatory cells can express cytokines, which can be toxic to human islet cells in
vitro (80). Although autoantibodies to IA-2 and GAD65 are primarily of the IgG1
isotype, which argues in favor of a cytotoxic Th1-type immune response, the evidence
is indirect and not persuasive (34). In future, ELISPOT or soluble HLA class II tetramer
assays might be more valuable in defining the disease process, but until then, we are left
with the limited autopsy data on which to base our understanding of the pathogenesis
of T1DM.

Autoimmune Diabetes as a Spectrum of Metabolic Changes

There is evidence in autoimmune diabetes for a continuum of metabolic changes,
predominantly decreased insulin secretory capacity but also insensitivity to insulin.
These extend from the severe changes seen in childhood onset T1DM to the relatively
minor changes initially detected in LADA, as previously discussed.

Some individuals pass through a “pre-diabetic” stage of impaired glucose tolerance
or even non-insulin requiring diabetes before becoming frankly insulin-dependent, and
this stage is more prevalent in adults than in children. The Diabetes Prevention Trial
of T1DM (DPT-1) detected 585 relatives of T1DM patients who had ICA plus either
IAA or low first-phase insulin response to intravenous glucose. Of them, 427 had
normal glucose tolerance, 87 had impaired glucose tolerance and 61 were diabetic, yet
asymptomatic, on glucose tolerance testing (81). Of these latter, those with impaired
fasting glucose were significantly older (mean age 21 years) than those with normal
fasting glucose (mean age 12 years). These subjects with asymptomatic autoimmune
diabetes resemble LADA, but their age is <30 years precluding the diagnosis. It follows
that some patients with autoimmune diabetes pass through a phase of altered glucose
levels, including non-insulin requiring diabetes, before becoming insulin-dependent,
and the frequency of this phase, to a degree, is age dependent.
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The rate of progression to clinical diabetes may be more rapid in patients presenting
at <5 years of age than in those presenting much later. Histological evidence supports
this contention: islet beta cells tend to be absent within 12 months of diagnosis in
patients aged <7 years, but detected for longer periods in older patients (77). Variability
in progression to clinical diabetes can even be detected in very young children; for
example, of children identified between 1 and 5 years of age with diabetes-associated
autoantibodies and subnormal insulin responses; half of them progress rapidly to
diabetes, whereas the remainder are free from diabetes up to 4 years later (82). Other
studies have noted such variable progression to T1DM, which is more rapid in obese
than lean children (33) and in children than adults (83). From these observations, it
follows that there is a spectrum in the rate of metabolic decompensation during the
pre-diabetic period in autoimmune T1DM, but no data are available, as yet, in LADA.

Insulin secretory capacity is less in children than in adults at the onset of T1DM,
and following diagnosis deteriorates more rapidly. A study of 235 consecutive cases
with newly diagnosed T1DM found that those aged <7 years had the lowest baseline
residual insulin secretion and required the highest insulin dose for optimal control,
whereas the older the age at diagnosis the higher was the basal C-peptide level (84).
Patients with LADA also have reduced fasting and stimulated C-peptide at diagnosis,
although the levels of C-peptide are higher than those found in children and similar to
those found in adult-onset T1DM (85). However, post-diagnosis, the C-peptide levels
fall more rapidly in childhood-onset T1DM than in adult-onset T1DM and in the latter
more rapidly than in LADA (78,86,87). In summary, there is a continuous spectrum of
loss of insulin secretory capacity, the severity of which is age-related, being more severe
in children than adults with T1DM and more severe in the latter than in LADA subjects.

A study of identical twins of patients with T1DM found both reduced insulin
secretion and reduced insulin sensitivity relative to levels of insulin secretion in pre-
diabetic twins who went on to develop diabetes (88). As changes in identical twins
detected in the pre-diabetic period were not found in low disease risk identical twins
of patients with T1DM, it is likely that these changes are non-genetically determined.
The metabolic decompensation that leads to frank diabetes could result either from
increased linear growth, which has been linked to diabetes risk, or from increased
childhood obesity, which has been correlated with age at presentation (31,33). Indeed,
the normal relationship between insulin sensitivity and insulin secretion is disrupted in
those diabetes-associated autoantibody-positive siblings who progress most rapidly to
diabetes (81,89).

People with LADA may well have more severe loss of insulin sensitivity than in
childhood-onset T1DM. Certainly, the frequency of the metabolic syndrome in LADA,
although less prevalent than in type 2 diabetic patients of similar age, is more prevalent
than in the general population (85,90). For example, the metabolic syndrome, which
is found in approximately 22% of the North American population, was identified in
74% of LADA patients but in 84% of type 2 diabetes subjects (90).

Variable Rate of Disease Progression

If the critical initiating environmental events were to operate exclusively in
childhood, then the subsequent rate of progression to clinical disease would be rapid in
patients presenting under 5 years of age and slow in those presenting much later (1,72).
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Histological evidence supports this contention; islet beta cells tend to be absent within
12 months of diagnosis in patients aged <7 years but detected for longer periods in
older patients (77). Even when immune changes are activated in very young children,
there can be variability in the progression to clinical diabetes; remarkably, of children
identified between 1 and 5 years of age with diabetes-associated autoantibodies and
subnormal insulin responses, half of them progressed rapidly to diabetes, whereas the
remainder are not diabetic up to 4 years later (82). This observation implies variable
disease progression even among very young children with similar HLA genetic suscep-
tibility, numbers of diabetes-associated autoantibodies and degree of metabolic distur-
bance. Other studies have emphasized such variable progression, being more rapid in
children, in the presence of diabetes-associated autoantibodies, but being independent
of autoantibody type and the degree of insulin secretory loss and being more rapid
in obese than lean children (33,91,92). Genetic factors also determine when T1DM
presents.

Identical twins develop the disease at a similar age, which is for them also at a
similar time, with a heritability for age at diagnosis of 74% (93). Family studies
comparing affected siblings show a correlation in them with age at diagnosis and not
with time of diagnosis (93). Lack of correlation between siblings for time of diagnosis
argues against a common environmental exposure precipitating diabetes and favors
a distinct environmental event (93). Given clustering in time between siblings for
immune activation, as judged by autoantibody seroconversion, as well as clustering by
age at the time of diagnosis, the rate of progression of the destructive process during
the intervening pre-diabetic period is probably, to a degree, genetically determined in
both children and adults.

Factors Determining Metabolic Decompensation Pre-Diabetes

The metabolic decompensation that leads to frank clinical diabetes could result
in part either from increased linear growth, which has been linked to diabetes risk,
or from increased childhood obesity, which has been correlated with age at presen-
tation (33,93–95). Indeed, the normal relationship between insulin sensitivity relative
to insulin secretion is disrupted in those diabetes-associated autoantibody-positive
siblings who progress most rapidly to diabetes (88,89). Although several unifying
theories, including the accelerator hypothesis, have sought to explain the loss of glucose
tolerance with changes in both insulin sensitivity and insulin secretion in patients with
either T1DM or T2DM, there is no reason to suspect a causal link beyond that which
describes the interrelationship of these two variables and that relationship should hold
irrespective of whether the loss of insulin sensitivity results from reduced insulin
secretory cell mass because of either autoimmune factors (as in T1DM) or unknown
factors including amyloid deposition (as for T2DM).

Factors Determining Metabolic Decompensation Post-Diagnosis

Similar variability in disease progression is evident post-diagnosis. Insulin secretory
capacity is less in children than in adults at the onset of T1DM and following diagnosis
deteriorates more rapidly. A study of 235 consecutive cases with newly diagnosed
T1DM found that the older the age at diagnosis the higher was the basal C-peptide
level (84). Patients with LADA also have reduced fasting and stimulated C-peptide at
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diagnosis, although the levels of C-peptide are higher than those found in children and
similar to those found in adult-onset T1DM (85). SPIDDM, by definition, is associated
with sufficiently reduced insulin secretory capacity to cause insulin dependence (66,67).
Post-diagnosis of T1DM, the C-peptide levels falls more rapidly in childhood-onset
T1DM than in adult-onset T1DM and in the latter more rapidly than in LADA (85,
87,96–98). Of LADA patients, 94% required insulin treatment by 6 years as compared
with only 14% in those initially non-insulin requiring diabetes patients without either
GAD autoantibodies or ICA (64). Progression to insulin dependence in LADA patients
was more rapid in those aged <45 years than in older cases (64). It follows that
patients with autoimmune diabetes, including both T1DM and LADA, are at high risk
of progression to insulin dependence but that that risk declines with age at diagnosis.
In the same manner, SPIDDM also becomes less common as adult age advances (66).

It is likely, therefore, that within autoimmune diabetes, there is an age-related
spectrum of decreasing severity of loss of insulin secretory capacity and increasing
severity of insulin insensitivity and metabolic syndrome (1,84,99,100). LADA occupies
one end of this spectrum without any clear division between it and other forms of
autoimmune T1DM.

PREDICTION OF DIABETES

It is the predictable pattern of diseases, both in their natural history and in their
response to therapy, which has been the cornerstone of modern medicine. The
early induction of diabetes-associated autoantibodies and the long pre-diabetic period
suggested the possibility that autoimmune diabetes could be predicted. Indeed, autoan-
tibodies, which appear in the peripheral blood long before clinical symptoms, are more
reliable predictive markers than the presence of high-risk genes, not only in diabetes
but also in a substantial number of other autoimmune diseases (91,101–103).

If an autoantibody is used to predict a disease, then three criteria must be fulfilled:
first, every non-diseased subject with the autoantibody would eventually develop the
disease (high disease-positive predictive value); second, every non-diseased subject
with the autoantibody would develop the associated disease and not any other disease
(high disease specificity); and third, every subject who developed the disease would
have that particular autoantibody (high disease sensitivity). The positive predictive
value is higher the greater is the population risk of developing the disease (disease
risk). The feasibility of screening for autoantibodies as predictors of disease has been
convincingly demonstrated over the last few years in the case of T1DM (102,103)
(Table 4). International workshops have demonstrated the validity of assays, in terms
of consistency and accuracy, for certain antigen-specific autoantibodies. Using these

Table 4
Autoantibodies as Predictors of T1DM

Autoantibodies
• Can appear at an early age, even around the time of birth
• Can precede the clinical onset of diabetes by some years
• Have variable predictive value depending on the autoantigen recognized
• Have increasing positive predictive value with increasing numbers
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assays, the positive predictive value for diabetes increases for one, two, or three
autoantibodies from approximately 10 to 50 and 80%, respectively, within 5 years and
even higher thereafter (102,103).

As before, there is a caveat that our ability to predict autoimmune diabetes in
childhood-onset disease has yet to be demonstrated in adult-onset cases. If the immune
process associated with the development of T1DM is sometimes initiated later in
life, then population screening will have to be performed at different ages to detect
induction of diabetes-associated autoantibodies in the pre-diabetic period. Indeed, as
autoantibodies to different antigens appear sequentially, and the predictive value of an
autoantibody combination varies with age, disease-risk based on autoantibody combi-
nations will require repeated screening with different combinations. Thus, screening
strategies will need to be flexible.

TREATMENT AND FUTURE DIRECTIONS

The aim of disease prediction is disease prevention. T1DM could be prevented
by avoiding those environmental factors that cause the disease process (primary
prevention) or by modulating the destructive process before the onset of clinical
diabetes (secondary prevention) or by trying to cure the disease process at the time of
diagnosis (tertiary prevention).

Primary Prevention of T1DM
Any such strategy for T1DM requires that critical environmental factors such as

diet or viruses are recognized and removed or their effect negated, while remembering
that infections could be protective (104–106). Thus, diabetes could theoretically be
prevented by vaccination against enterovirus infections or by postponing the intro-
duction of cow’s milk beyond 4 months of age (106). Alternatively, maintaining
breastfeeding beyond 3 months post-partum could limit the risk of disease because
studies suggest that cessation of breastfeeding before that time are associated with an
increased diabetes risk (106). A study, the Trial to Reduce the Incidence of diabetes in
Genetically at Risk (TRIGR), is now underway to test the hypothesis that late intro-
duction of cow’s milk protein prevents T1DM. This multinational study plans to enroll
2400 genetically high-risk babies (identified by HLA alleles) who will be randomized
to formula feed containing either cow’s milk or casein hydrolysate after breastfeeding
in children aged <9 months (106). But if environmental factors causing diabetes can
operate later, then these factors might be different and could induce a different type of
destructive immune process. In that case, primary and secondary prevention strategies
might also differ from those which are used for childhood-onset diabetes (1).

Secondary Prevention of T1DM
Secondary prevention (i.e., after disease induction but before clinical diabetes

develops) could prevent autoimmune diabetes by (1) protection of insulin secreting
cells, (2) rest of insulin-secreting cells, and (3) immune modulation including antigen-
based strategies. The field of study has been hindered by the extensive use of an animal
model, the NOD mouse, which can be cured of diabetes in many different ways that
offer little of value to modify human autoimmune diabetes (45). A number of studies
suggested that nicotinamide could prevent diabetes onset both in NOD mice and in
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man. Nicotinamide may operate through promoting DNA repair. Two studies that set
out to evaluate the potential of nicotinamide to prevent progression to T1DM in high
disease-risk children of individuals with T1DM (DENIS and ENDIT) failed to show
any benefit (107,108).

An alternative approach, again successful in the NOD mouse, used early and
aggressive therapy with insulin therapy before the onset of clinical diabetes to rest the
insulin-secreting beta cell, making it less prone to immune attack. As a result, a trial
was mounted to determine whether insulin therapy can delay or prevent diabetes in
non-diabetic relatives of patients with diabetes (DPT-1); but there was no beneficial
effect (103). Alternatively, insulin might modulate the aggressive immune response
if that response is targeting insulin as an antigen. In both BB rats and NOD mice,
such insulin therapy delayed the development of diabetes and of insulitis, but a study
of oral insulin in at-risk children based on such hypothetical immunomodulation
also failed to identify a positive benefit (109). Such trial failures have being disap-
pointing but highlight the problem with relying too heavily on an inconsistent animal
model. Furthermore, given the differences between childhood-onset and adult-onset
autoimmune diabetes, therapy to modify the disease process could also differ; for
example, antigen-specific therapy might involve insulin-related compounds in children,
whereas in adults, GAD- or IA-2-related strategies could be more relevant. Future
strategies may benefit from incorporating the patient’s age at diagnosis into the study
design.

Tertiary Prevention of T1DM
Tertiary prevention (i.e., in recently diagnosed patients with diabetes) has the ethical

advantage that a more aggressive therapy can be considered as the patient already has
the disease, but the disadvantage that it may be too late to offer therapy because much
of the insulin secretory capacity is already lost. Two approaches have been employed:
(1) general immunosuppression and (2) immune modulation including antigen-based
strategies.

The first immunosuppression study was started in 1976 using high-dose steroids,
azathioprine, anti-lymphocyte globulin, and plasmapheresis over a 1-month period
in newly diagnosed men with T1DM (110). No controls were considered necessary
because a cure would have been sufficient, and only a cure could have justified
such aggressive therapy. No cure was obtained. Subsequently, the goal of immune
therapy shifted from a cure to an effect, physicians became more modest in their
ambitions seeking improved C-peptide levels, reduction in hypoglycemia or a fall
in glycated hemoglobin (an index of blood glucose control). These end-points may
well prove beneficial but are some way off the initial grandiose target of a cure.
The immunosuppressant cyclosporine A, studied in large randomized multinational
trials, could modify the disease process, so that at 2 years post-diagnosis patients in
the treatment arm had more C-peptide indicating some preservation of islet beta cell
function (111).

Another interesting approach has been the use of anti-CD3 antibodies. In animal
models of diabetes, these antibodies can reverse established disease. A small study
found some effect of anti-CD3 antibodies in preserving C-peptide response to a mixed-
meal challenge in patients with newly diagnosed T1DM (112,113). The mode of action
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is unclear, but there is some depletion of T cells, which is incomplete and transient.
Most likely anti-CD3 antibodies operate, at least in NOD mice, through immunomodu-
lation causing tolerance induction by modifying CD4+ CD25+ T regulatory cells (114).
More recently, modified anti-CD3 monoclonal antibody in T1DM patients induced a
subset of regulatory CD8+ T cells, and this population of cells stained positive for
Foxp3 and CTLA-4 (115).

A more targeted approach uses immune modulation with antigen-based strategies.
Heat-shock protein (hsp60) is a stress protein that could be a major target antigen
in several inflammatory diseases, including T1DM and rheumatoid arthritis (116).
T cells that recognize hsp60 derived from pre-diabetic NOD spleens are capable of
adoptively transferring insulitis and hyperglycemia to young pre-diabetic NOD mice,
thus demonstrating that the autoimmune response to hsp60 is not an epiphenomenon
but plays a role in the pathogenesis of diabetes in NOD mice (116). The diabetogenic
T cells were found to recognize a hsp60 epitope corresponding to positions 437-460,
called p277. A more stable modified peptide called Diapep277, proved to be a potent
inducer of protection from the development of diabetes in the mouse models. One
preliminary study in man suggests that Diapep277 injections can preserve endogenous
insulin production in patients with recently diagnosed with T1DM, although again it
will be important to determine whether this effect is age-related and consistent (117).

As the primary defect in autoimmune diabetes is loss of insulin secretion, treatment
should aim to restore islet insulin secretion. Therapy to prevent progression toward
insulin dependency could include insulin, or immunomodulation, given the inflam-
matory nature of the disease process thought to cause insulin secretory cell destruction.
The optimal insulin regime is unclear; given the broad loss of insulin secretory
capacity, it might be argued that the early introduction of long-acting insulin could be
beneficial. Alternatively, the loss of rapid insulin release in LADA patients suggests that
replacement with a fast-acting insulin would be more valuable. One study in Japan of
patients with LADA compared early treatment with insulin given as multiple injections
with sulphonylureas (118). Although of limited power, this study did show a statisti-
cally significant persistence of C-peptide in the insulin-treated group as compared with
the sulphonylurea group with the proviso that the insulin-treated group had preserved
insulin secretory capacity and a high titre of GAD autoantibodies at the start of the
study. An alternative interpretation of this study is that sulphonylureas are disadvan-
tageous, in support of which sulphonylureas could theoretically promote apoptosis;
apoptosis being one mechanism whereby insulin-secreting cells could be destroyed in
autoimmune diabetes.

A pilot phase 2 trial in LADA patients found that a tolerance induction plan using
alum formulated whole GAD (Diamyd) had a significant effect on the C-peptide
response to a mixed meal consistent with modulation of the aggressive process (119).
Another phase 2 trial in TIDM patients used alum formulated GAD and has been
completed and showed positive results in protecting residual beta-cell function in recent
onset T1DM patients (unpublished observation). Both interventions with GAD and
Diapep277 in autoimmune diabetes were promising and led the groups to pursue these
therapies in larger Phase 3 studies now underway (http://www.actionlada.org). These
immunomodulatory studies pioneer a novel approach toward the maintenance of islet
cell function, itself a new field in the management of autoimmune diabetes. However
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for success, they presuppose that the disease is immune mediated. Even if we are
correct in making this presumption, then we must also be realistic, and the reality is
that we are a long way from preventing autoimmune diabetes.
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Summary

The adrenal insufficiency, also called Addison’s disease (AD) in honor of the physician who first
described this disease in 1855, results from the bilateral involvement of the adrenal cortex, together
with a deficiency in the production of glucocorticoids, mineralocorticoids, and androgens, associated
with high levels of both adrenocorticotropin hormone and plasma renin activity. The prevalence of
the disease is 110–140 cases per million, and autoimmune AD represents the most frequent cause in
the developed countries. In autoimmune AD, the adrenal glands are infiltrated by lymphocytes and
ultimately become very small. Circulating adrenal cortex autoantibodies (ACAs) directed to a cytoplasmic
autoantigen common to all the three cell layers of the adrenal cortex have been found. The adrenocortical
autoantigen was identified as the 21-hydroxylase (21-OH), and now, it is possible to test 21-OH antibodies
(21-OHAb) using cloned antigens. ACAs/21-OHAbs are present at diagnosis in more than 90% of the
patients with autoimmune AD. The detection of ACAs/21-OHAbs in subjects without clinical AD may
be a useful indicator of future development of adrenal failure. The main clinical manifestations of this
disease are usually anorexia, weakness, nausea, vomiting, weight loss, low blood pressure, cutaneous and
mucosal hyperpigmentation, abdominal pain, and salt craving. These clinical symptoms do not appear
until approximately 90% of the adrenal cortex has been destroyed or when stress events occur, which
require an increase in adrenocortical function. Autoimmune AD may be isolated or associated with other
autoimmune diseases, mostly organ specific, giving rise to different forms of autoimmune polyglandular
syndromes. The substitutive therapy with gluco- and mineral-corticoid for patients with chronic adrenal
insufficiency is life saving.

From: Contemporary Endocrinology: Autoimmune Diseases in Endocrinology
Edited by: A. P. Weetman © Humana Press, Totowa, NJ

303



304 Part IV / Other Autoimmune Endocrinopathies
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autoantibodies, autoimmune diseases, autoimmune polyglandular syndromes.

INTRODUCTION

Historical Background
The adrenal glands were first described by Bartolomeo Eustachius in 1564 (1)

as “glandulae quae renibus incumbent.” In 1855, Thomas Addison (1793–1860),
a physician at Guy’s Hospital in London, proved that the adrenals were very important
organs for survival. In his famous monograph “On the Constitutional and Local Effects
of Disease of the Suprarenal Capsules,” Addison originally described the signs and
symptoms of a disease marked by “anemia, general languor and debility, remarkable
feebleness of the heart’s action, and a peculiar change of colour in the skin, occurring
in connexion with a disease condition of the supra-renal capsules,” calling this disorder
melasma suprarenale. Following the post-mortem examination of 11 patients who died
with a similar clinical picture, Addison reported that six patients were suffering from
adrenal tuberculosis, three had adrenal malignancies, one case had had an adrenal
hemorrhage, and one suffered from adrenal fibrosis of an unknown origin. This last case
was probably the first description of an autoimmune form of adrenalitis. In this case,
Addison reported that “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 character, 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” (2). Subse-
quently, it was proved that bilateral adrenalectomy was invariably and rapidly fatal in
animals “because both glands are required in order to detoxify a lethal pigment” (3). In
1856, Trousseau named this type of adrenal insufficiency “Addison’s disease” (AD),
in honour of the scientist who first described the illness (4).

Many years later, it was discovered that the adrenal and pituitary functions were
regulated by the pituitary and the hypothalamus, respectively (5). From 1920 to 1930,
adrenal cortical extracts were obtained from animals (6–8), and their use allowed for
the survival of both the adrenalectomized animals and those patients with an adrenal
insufficiency (6,9). Both corticosterone and deoxycorticosterone were synthetized in
1937 (10,11), and, since 1938, they have been employed in the treatment of AD in
humans (12).

Anatomy and Physiology of the Adrenal Glands
The cortex of the adrenal glands develops from the embrional mesodermal layer,

whereas the medulla arises from the neuroectodermal layer and includes part of the
chromaffin system (13). The adrenal glands are usually located over the kidneys and
their weight, in adults, ranges from 4.0 to 4.2 g ± 15% (14). Histological studies of
the adrenal cortex demonstrate a separation into three layers. The zona glomerulosa
represents 5–10% of the cortex with discontinuous, subcapsular aggregates of small
cells. This zone is less rich in cytoplasm than the other cortical zones and contains
the enzymes that synthesize aldosterone and the other mineralocorticoids, under the
control of the renin-angiotensin system. The zona fasciculata, which is formed by
radial cords of large columned cells, with abundant lipid-filled cytoplasms covers 70%
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of the cortex. It produces glucocorticoids under the influence of the adrenocorticotropin
hormone (ACTH) produced by the pituitary gland. The zona reticularis, which amounts
to about 20% of the cortex, is composed of cells arranged in cords, with compact,
finely granular, eosinophilic cytoplasms, and synthesizes the adrenal androgens (such
as dehydroepiandrosterone) (15). The adrenal blood supply derives from the three
main supra-renal arteries, which pierce the gland surface, dividing into 50–60 small
branches and forming a subcapsular plexus, which embraces the cell clusters in the
zona glomerulosa, and then runs along the cellular cords in the zona fasciculata. The
capillary branching from the arterial system forms a microvascular network around
the zona reticularis, which drains into the medullary sinusoids by means of relatively
few small venules, which eventually form a large central vein. This transition from the
arterial to the capillary system is so sharp that it forms a sort of functional “vascular
dam” (16). In addition, the medullary veins show an eccentric musculature, which facil-
itates the development of pouches of localized stasis when the bundles contract. The
vein contraction is also promoted by the high catecholamine concentration at this level.

The homeostasis of the glucocorticoids is regulated by a feedback mechanism; firstly
through the hypothalamus by means of a corticotropin-releasing hormone (CRH), then
through the pituitary gland by means of ACTH, and last through the adrenal cortex by
means of cortisol (17). On the contrary, the mineralocorticoids are mainly regulated
by the renin-angiotensin system and by certain specific serum electrolytes (potassium
and sodium).

Definition of Adrenal Insufficiency
Primary adrenocortical insufficiency, or AD, results from the bilateral involvement

of the adrenal cortex, together with a deficiency in the production of glucocorticoids,
mineralocorticoids, and androgens, associated with high levels of both ACTH and
plasma renin activity (PRA). Secondary adrenocortical insufficiency results from a
deficiency in pituitary ACTH secretion, with a secondary insufficiency concerning
adrenal cortisol incretion. Tertiary adrenocortical insufficiency results from a reduced
or absent secretion of the hypothalamic CRH causing pituitary ACTH deficiency and
thus a low glucocorticoid production rate. In contrast to cases of AD, the production
of mineralocorticoids is generally normal when an insufficiency of the hypothalamic–
hypophyseal axis occurs (18).

EPIDEMIOLOGY

Prevalence of AD
In the developed countries, autoimmune AD is now the most frequent form of

primary adrenal failure and tuberculosis is the second. In our personal series of 434
patients with AD, the autoimmune form was diagnosed in 353 (81%) patients, the tuber-
culous in 51 (12%) patients, and the other causes were uncommon and cumulatively
accounting for 7% of all the cases (Fig. 1).

In the past, tuberculosis was the most common cause of primary AD worldwide.
Of the 11 cases originally described by Thomas Addison, 55% had tuberculosis and
only 9% had “idiopathic” or autoimmune AD (2). In 1930, Guttman examined 566
autopsied patients with AD and found that 70% of them had tuberculous adrenalitis,
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Fig. 1. Causes of Addison’s disease (AD) in our personal series.

whereas only 17% showed signs of “idiopathic” adrenal atrophy (19). Similar results on
the frequency of tuberculosis (79%) were reported by Dunlop in 1963, who reviewed
86 cases of AD (20). In 1968, in England (21), and in 1974, in Denmark (22), the
prevalences of tuberculous AD were reported to be 31 and 17%, respectively. Major
and minor causes responsible for the occurrence of AD are summarized in the Table 1.

As far as primary AD is concerned, the prevalence in the general population is
undoubtedly low. However, despite the constant decrease in the tuberculous form
over the last decades, a parallel increase in the prevalence of AD has been observed,
probably because of a subsequent rise in cases of the autoimmune AD (23).

In Europe, it is believed that AD affected 40–70 cases per million of inhabitants
during the 1970s (21,22). However, in recent years, the prevalence has been estimated to
be 93–140 cases per million (24–27), with an incidence of six new cases per million per
year (27). The prevalence of the disease also varies with regard to different geographical
areas as, for example, 4.5 cases per million were found in New Zealand (28), 5 in
Japan (29), about 50 in the United States (30), and 93–140 in Europe (26–27).

Another uncommon autoimmune-related form of AD is observed in the antiphos-
pholipid syndrome (31), which accounts for less than 0.5% of all the causes of AD
(personal data).

IMMUNOPATHOGENESIS OF AUTOIMMUNE AD

Histopathology
In cases of autoimmune adrenalitis, both the adrenal glands are very small, weighing

only 1 g, and it is difficult to locate them at autopsy. The capsule is thickened, and the
cortex is usually completely destroyed. The remaining adrenocortical cells, disposed
in small clusters, are enlarged, with pleomorphism and eosinophilia. A mononuclear
cell infiltration is present and is characterized by the presence of lymphocytes, plasma
cells, macrophages, and sporadic germinal centers. In general, the remaining cells
are surrounded by the heaviest infiltration of lymphocytes, with varying amounts of
fibrosis, whereas the adrenal medulla is usually preserved. Most of the cells infiltrating
the adrenal cortex are T cells, with a CD4/CD8 ratio of 5–6/1. There is only 5% of B-
cells. Almost half of them are positive for class II human leukocyte antigen (HLA) (14).
These histological pictures are similar to the histological changes commonly reported
in other endocrine autoimmune diseases, such as thyroiditis or insulitis (32,33).

In addition to activated lymphocytes, HLA class II molecules have also been found
to be aberrantly expressed on adrenal cells under normal conditions (34). However,
an increased expression of these molecules has been reported on adrenocortical
cells in autoimmune AD (35), as already demostrated on thyrocytes in autoimmune
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thyroiditis (36,37). HLA class II molecules were initially believed to be expressed
only on antigen-presenting cells (APC) and the capillary endothelium, and they play
an important role in the regulation of the immune reponse by the CD4+ lymphocytes.
Therefore, their presence on endocrine cells might constitute a prerequisite for the
successful presentation of the self-antigens to the CD4+ cells and for the activation of
autoreactive T lymphocytes.

Cellular Immunity
Both the experimental and the clinical findings indicate that a cell-mediated

autoimmune response may be the pathogenic mechanism, leading to glandular
destruction in autoimmune AD, as is true of many other organ-specific autoimmune
diseases (38–40). Early studies, which employed a migration inhibitory factor assay
or a skin delayed-type hypersensitivity test by intracutaneous injection of adrenal
extracts (41,42), demonstrated the involvement of cell-mediated immunity in affected
patients. In the following years, a decrease in T-cell suppressor function was
reported (43), together with an increased percentage of activated T lymphocytes
expressing HLA-DR (class II) molecule (44). Moreover, an enhanced proliferative
T-cell response to an adrenal-specific protein fraction of 18–24 kDa molecular weight
has been described (39). A defective suppressor function of the human CD4+/CD25+

regulatory T cells has recently been demonstrated in patients with autoimmune AD
in the context of an autoimmune polyglandular syndrome (APS) type 2 but not in
patients with isolated autoimmune AD (45). Taken together, all these data strongly
support the hypothesis that (abnormalities in) T lymphocytes assume a key role in the
developement of autoimmune AD.

Over the last decade, great attention has been paid to the chemokines, which are
a large group of cytokines involved in the pathogenesis of both inflammatory and
autoimmune diseases (46,47). In several endocrine autoimmune diseases, including AD,
the CXC chemokine ligand-10 (CXCL10) has been identified as playing an important
role in regulating the recruitment of specific subsets of activated lymphocytes (46–48)
(see Pathogenesis of Autoimmune AD).

Animal Models
An experimentally induced adrenalitis was initially reported in guinea pigs and

rabbits, but circulating antibodies to the adrenal cortex were detected only in rabbits
(49–53).

In 1968, an adrenalitis characterized by an infiltration of the adrenal cortex by
mononuclear cells was induced in rats by means of the injection of adrenal extracts
(54,55). These animals also revealed the presence of circulating antibodies against
adrenal tissue and eventually developed adrenal cortex insufficiency (55). In the same
year, a passive transfer of the so-called “allergic adrenalitis” was induced by lymphoid
cells in rats (56). Using the same murine model, in 1992 it was confirmed that repeated
immunizations with adrenal extracts results in adrenalitis; it was also demonstrated that
the disease can be passively transferred only by spleen cells in syngenic animals (38).
These data provide additional evidence of the autoimmune nature of adrenalitis and
contribute to its classification in the group of cell-mediated immune diseases.
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A spontaneous type of autoimmune AD was also reported in dogs (57–62) and in
cats (58,63–65), but the presence of adrenal cortex autoantibodies (ACAs) was never
described in these animals. Finally, non-obese diabetic (NOD) mice that develop type
1 diabetes mellitus can also present a mononuclear cell infiltrate in the adrenal cortex,
in the absence of overt signs of hypoadrenalism. The NOD mice, indeed, have been
proposed as a spontaneous model of autoimmune polyendocrine syndrome (66).

Humoral Immunity

The Adrenal Cortex Autoantibodies

In 1957, Anderson (67), using a conventional complement fixation test with adrenal
cortex extracts, first demonstrated the presence of circulating adrenal cortex antibodies
(ACAs) in 25% of the patients with “idiopathic” AD. Employing this method, from
1957 to 1970, ACAs were detected in 36% of the patients with autoimmune AD
but also in 9% of those with tuberculous AD as reviewed by Betterle (68). In 1963,
Blizzard (69), using the classical indirect immunofluorescence technique on animal
adrenal sections, demonstrated that the ACAs are present in 51% of patients with
autoimmune AD. These antibodies are organ-specific and directed to the cytoplasmic
(microsomal) autoantigen(s) common to all three cell layers of the adrenal cortex (69–
71). ACAs have also been found to react against the surface of the adrenocortical cells
in culture, thus indicating that the microsomal antigen(s) may also be expressed on the
cytoplasm membrane of these cells (72).

The mean prevalence of ACAs in various studies performed from 1963 to 2002 by
means of indirect immunofluorecence was 61% in patients with autoimmune AD and
6.7% in those with tuberculous AD (68).

The 21-Hydroxylase Autoantibodies

In 1992, the shared adrenocortical autoantigen was identified as the 21-hydroxylase
(21-OH) (73–75) (see “Adrenal Autoantigens”). After this discovery, an immunopre-
cipitation assay using 21-OH labeled with 35S-methionine was developed in 1995 to
detect 21-OH antibodies (21-OHAbs) (76–78). Two years later, for detecting these
antibodies, a more convenient type of assay was employed, using recombinant human
125I-labelled 21-OH plus the precipitation of the immunocomplexes by a solid-phase
protein A (79). These methods improved both the sensitivity and specificity of the
autoantibody testing in patients affected by AD. Studies carried out on patients with
autoimmune AD demonstrated a positive test for 21-OHAbs in 78% of the cases and
only in 1.9% of the patients with tuberculous AD (68).

The Steroid Producing Cell Autoantibodies and Antibodies to Both

17�-hydroxylase (17�-OHAbs) and to p450 Side Chain Cleavage

(p450sccAbs)

Anderson first reported in 1968 the presence of steroid-producing cell autoanti-
bodies (StCAs) in males affected by autoimmune AD but without gonadal failure (80).
Subsequently, these autoantibodies were found in almost all the females affected by
autoimmune AD associated to premature ovarian failure (POF) with normal karyotype
and lymphocytic infiltration of the ovaries (so-called lymphocytic oophoritis) (71–81).
These antibodies are rare in males with autoimmune AD and impaired testicular
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function (81). Conversely, the majority of the patients with a POF and a recognized
lymphocytic oophoritis at biopsy was found to be positive for StCAs and, in general,
was also affected by adrenal autoimmunity (81). In the search for the detection of the
relevant autoantigens in autoimmune AD, some authors identified 17�-hydroxylase
(17�-OH) and p450 side chain cleavage enzyme (p450scc) as autoantigens, but this
was seen only in the sera of the patients with autoimmune AD in the context of the
APS type 1 (75,82–84). Following this discovery, these antigens were cloned, and an
immunoprecipitation assay was performed to identify 17�-OHAbs or P450sccAbs (78).

The 17�-OHAbs or P450sccAbs may be present in autoimmune AD and are usually
associated to primary gonadal failure positive for StCAs (81,85). These antibodies
can sometimes be found in patients with adrenal autoimmunity in the absence of
gonadal failure, and in these cases, they may be predictors of future progression to
hypergonadotropic hypogonadism (86,87).

Autoantibodies to Hydrocortisone

The presence of autoantibodies to hormones (e.g., thyroglobulin, triiodothyronine,
thyroxine, and insulin) are usually a hallmark of the relevant organ-specific autoimmune
diseases (88). Autoantibodies to hydrocortisone have also been described, but these
antibodies have never been reported in patients with autoimmune AD but only in those
with an Addison’s-like syndrome during the course of AIDS (89).

Autoantibodies to the ACTH Receptor

Autoantibodies of immunoglobulin (Ig)G class capable of blocking the ACTH
receptor were first described in a patient suffering from autoimmune AD in the context
of APS type 1 by using cultured guinea pig adrenal cells (90). This ACTH receptor-
blocking activity was then described in 90% of patients with autoimmune AD and in
22% of non-autoimmune adrenal disorders using guinea pig adrenal segments (91).
However, this blocking activity was subsequently attributed to non-IgG components
present in the bioassay (92).

Antiphospholipid Antibodies

The immunologic hallmark of AD in the rare antiphospholipid syndrome is the
presence of circulating antiphospholipid antibodies (APA), which are a group of auto-
antibodies directed against different phospholipids and phospholipid-associated plasma
proteins that have been associated with a hypercoagulability state (56).

Other Autoantibodies

Other autoimmune diseases may precede, accompany, or follow the autoimmune
AD, and they are usually marked by the presence of the relevant autoantibodies,
thus originating different forms of APS. When autoimmune AD occurs as an isolated
form, an autoantibody screening (i.e., to thyroid, gastric parietal cells, islet cells,
transglutaminase, and so on) is advisable to detect subclinical or latent forms of
APS (93).

Adrenal Autoantigens
An important goal of autoimmunity is the identification of the specific autoantigen(s)

responsible for the production of autoantibodies. As regards autoimmunity to the
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adrenal glands, a specific 55-kDa protein obtained from human adrenal microsomes
reacting with ACAs was originally described by a group of researchers in Cardiff in
1988 (94). Subsequently, two independent laboratories demonstrated that the 21-OH
was the major autoantigen of adrenocortical cells (73–75). This observation was
confirmed by means of specific absorption studies with purified human 21-OH, which
made use of sera from patients affected by autoimmune AD (95). 21-OH is an
adrenal-specific enzyme, formed by a single chain of 494 amino acids, belonging to
the cytochrome p450 family of 55 kDa. It is located within a membrane of smooth
endoplasmic reticulum and has a key role in the synthesis of steroid hormones because
it catalyzes the conversion of progesterone and of 17-hydroxyprogesterone into deoxy-
corticosterone and 11-deoxycortisol, respectively. Two genes (CYP21A and CYP21B)
located on the short arm of chromosome 6 in the HLA class III region are involved in
the synthesis of this enzyme, but only CYP21B is active (96,97).

The domains responsible for targeting and anchoring the molecule to the membrane
are situated at the N-terminal fragment of the protein. The domains responsible for the
binding sites of substrates associated with 21-OH enzyme activity are located at the C-
terminal fragment of the molecule. Studies on 21-OH containing N-terminal, internal,
and C-terminal amino acid sequence deletions indicated that both the central and the
C-terminal regions of the 21-OH sequence (amino acids 241–494) are important with
regard to autoantibody binding (98–100) and that these epitopes do not vary in patients
with different forms of autoimmune AD (101).

As previously mentioned, some authors identified the 17�-OH and p450scc as an
autoantigen in the sera of patients with autoimmune AD in the context of the APS
type 1 and not in the other forms of autoimmune AD (75,82–84).

Different Clinical Forms of Autoimune AD
Autoimmune AD may be associated with multiple endocrine insufficiencies or with

other autoimmune diseases (93). Additional autoimmune and non-autoimmune diseases
have also been observed in first-degree relatives of affected patients. APSs were first
classified by Neufeld and Blizzard (102,103) and recently revised by Betterle (93,104).

This classification includes four types of APS (Table 2). According to this classifi-
cation, autoimmune AD can represent one of the major components in the APS type 1,
type 2, and type 4. The main clinical forms of autoimmune AD are summarized in the
Table 3. In our personal series of 353 patients with autoimmune AD, the frequency of
the four different clinical forms is shown in Fig. 2.

Genetic and Environmental Factors
The genetic profile reported in autoimmune AD greatly varies on the basis of the

clinical form (Table 3). APS type 1 is associated with mutations in the AutoImmune
REgulator (AIRE) gene, which is located on the chromosome 21q22 (105,106). Until
2004, 48 separate mutations associated with APS type 1 have been identified in the
AIRE gene (107). The association with HLA-DR5 alleles suggested in Persian Jews
and in Italian patients with APS type 1 (108,109) needs to be confirmed.

On the contrary, a link with class II HLA genes present in the chromosome 6
was demonstrated in the other forms of autoimmune AD. In particular, an increased
frequency of HLA-DR3 and/or DR4 has been found in patients with APS type 2 (104),
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Table 2
Classification of the Autoimmune Polyglandular Syndromes (APS)

APS type 1 Chronic candidiasis + chronic hypoparathyroidism + autoimmune Addison’s
disease (AD)

APS type 2 Autoimmune AD + thyroid autoimmune diseases and/or type 1 diabetes
mellitus

APS type 3 Thyroid autoimmune diseases + other autoimmune diseases (excluding
autoimmune AD)

APS type 4 Combinations of two or more autoimmune diseases not falling into the above
categories

Table 3
The Four Different Clinical Forms of Autoimmune Addison’s Disease (AD)

APS type 1 APS type 2 APS type 4 Isolated AD

Features
Age at onset of autoimmune AD ∼13 years ∼36 years ∼36 years ∼30 years
F/M ratio F ≥ M F > M F > M M > F

Clinical associations
Hypoparathyroidism and/or Required Absent Absent Absent

candidiasis
TAD and/or type 1 diabetes Rare Required Absent Absent
Other diseases Frequent Rare Required Absent

(hypergonadotropic
hypogonadism, vitiligo,
alopecia,
atrophic gastritis, pernicious
anemia, celiac disease,
myasthenia gravis, and so on)

Ectodermal dystrophy Yes Absent Absent Absent
Genetic association

Mutations in the AIRE gene Yes Absent Absent Absent
HLA-DR DR5 (?) DR3 and/or DR4 ? DR3

Autoimmunity
ACAs and/or 21-OHAbs at >90% >90% >90% ∼80%

the onset of AD
StCAs and/or 17�-OHAbs Frequent Rare Rare Rare

and/or P450sccAbs
Hystopathologic findings

Lymphocytic adrenalitis Yes Yes Yes Yes
Adrenal atrophy Yes Yes Yes Yes

CT or NMR imaging
Normal or small glands Yes Yes Yes Yes

ACAs, adrenal cortex autoantibodies; AIRE, autoimmune regulator; APS, autoimmune polyglandular
syndrome; CT, computerized tomography; HLA, human leukocyte antigen; NMR, nuclear magnetic
resonance; StCAs, steroid-producing cell autoantibodies; TAD, thyroid autoimmune disease; 21-OHAbs,
21-hydroxylase autoantibodies; ?, undefined.
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Autoimmune
353  

APS-1
53 (15%)  

APS-2
154 (43.6%)  

APS-4
9 (2.6%)  

Isolated
137 (38.8%) 

Fig. 2. Subtypes of autoimmune AD in our personal series.

whereas an increased frequency of HLA-DR3 was found in patients with isolated
autoimmune AD (93). Regarding the patients with autoimmune AD in the context APS
type 4, only a few cases have been studied, and data are not evaluable.

A microsatellite polymorphism of the cytotoxic T-lymphocyte-associated antigen
(CTLA)-4 gene can be associated with autoimmune AD, but this was observed only in
English and Norwegian patients with isolated autoimmune AD or APS type 2 (110,111).

Although it has long been postulated that infectious processes may underlie or
precede autoimmune diseases, these factors have never been demonstrated in the case
of autoimmune AD. Therefore, the involvement of environmental factors and their
potential role in the natural history of autoimmune AD still remains unknown.

THE NATURAL HISTORY OF AUTOIMMUNE AD

ACAs/21-OHAbs in Euadrenal Subjects
The frequency of ACAs/21-OHAbs in patients without clinical autoimmune AD

may vary greatly according to the population studied. Among the 31,379 subjects
cumulatively investigated in the literature from 1957 to 2003, only 430 (1.4%) were
found to be positive, as reviewed by Betterle (112) (Table 4).

Importantly, the highest frequency of these antibodies was shown in patients with
hypoparathyroidism and/or POF, where they were detectable in 15–30 and 10% of the
respective cases (87,113–116). ACAs and/or 21-OHAbs, detected in subjects without
clinical autoimmune AD, may be useful indicators of future development to adrenal
failure. Their potential predictive role has been reported since 1963, when was described
the first patient, already affected by chronic thyroiditis with both thyroid and ACAs,
who developed clinical autoimmune AD several months later (117). Subsequently,
Blizzard revealed that 4 of 27 patients with idiopathic hypoparathyroidism were found

Table 4
Frequency of Adrenal Cortex Autoantibodies in Different Cohorts of Subjects without Clinical

Addison’s Disease

Number tested Number positive Percent Range (%)

Autoimmune patients 23�480 333 1�4 0–15
Hospitalized patients 1�273 53 4�1 0–5.3
First degree relatives 138 7 5�0 0–8
Healthy controls 6�488 37 0�6 0.09–1.6
All cases 31�379 430 1�4
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to be positive for ACAs and that one of them had a reduced 17-hydroxycorticosteroid
response to ACTH (113).

Two studies performed on patients with type 1 diabetes or hospitalized patients with
ACAs did not report a progression to the overt disease (28,118). However, in 1982,
Scherbaum followed a group of 30 ACAs-positive patients with organ-specific autoim-
munity and identified five who had had or had developed a biochemical/subclinical
adrenal failure and were then treated with substitutive therapy (119). One year later,
we identified four subjects with complement-fixing IgG ACAs, among nine initially
euadrenal patients with organ-specific autoimmunity, who developed clinically overt
autoimmune AD over 1–31 months of follow-up (120).

Table 5 summarizes the studies performed between 1980 and 2004 to investigate the
rate of progression toward clinical AD. Cumulatively, 275 ACAs/21-OHAbs-positive
patients were enrolled and 72 of them (28%) developed clinical autoimmune AD. These
studies revealed a great variability in the predictive value, which ranged from 0 to 90%,
depending on the duration of the follow-up, the age of the patients, the adrenal function
at entry the study, the titer of the antibodies, the genetic status, and the pre-existing
diseases (86,114,115,124,125,127). A seroconversion for 21-OHAbs has recently been
demonstrated in patients with hepatitis C virus (HCV) chronic hepatitis undergoing
interferon therapy, but none of them developed clinical autoimmune AD so far (126).

Laboratory Investigations in Euadrenal Subjects with ACAs
In ACAs/21-OHAbs-positive subjects, the best way of evaluating adrenal function

is the measurement of the basal plasma levels of ACTH, cortisol, aldosterone, and
PRA, followed by the detection of cortisol levels after 60 min from the i.v. injection of
high doses (250 �g) of synthetic ACTH (Synacthen®) (114,115,121,122). Using this
stimulation test, it is possible to recognize five different stages of adrenal impairment.

Stage 0, also defined as potential AD, is characterized only by the positivity for
ACAs and/or 21-OHAbs because all of the biochemical parameters are normal. Stage
1, also defined as subclinical AD, is indicated by an increase in PRA associated to
normal or low levels of aldosterone. Stage 2 is denoted by normal levels of ACTH,
cortisol levels in the normal range, and a low cortisol response to ACTH. Stage 3 is
marked by an increase in ACTH with low levels of cortisol without response to ACTH.
At this stage, overt clinical manifestations are usually absent; skin hyperpigmentation
may occur but only many months after the increase in ACTH levels. Finally, Stage 4
is signed by very high levels of ACTH with low levels of cortisol and by the presence
of the classical clinical features of the disease (Table 6).

These observations on the natural history in the development of autoimmune AD
suggest that the first layer affected by the immune-mediated destruction is usually
the mineralocorticoid compartment. This is possibly because of the zona glomerulosa
is thinner compared with the other layers or, alternatively, is more vulnerable to the
autoimmune assault advancing with blood flow. By contrast, the zona fasciculata
seems to be more resistant because it is thicker or because it protects itself from the
autoimmune attack by producing cortisone.

During the subclinical phases of autoimmune AD, any kind of stressful event (i.e.,
physical traumas, infections, surgery, and pregnancy) requires an increase in cortisol
secretion, which may induce the onset of adrenocortical failure. Recently, assuming
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that the conventional high-dose ACTH test might have inadequate sensitivity, a low-
dose ACTH test (1 �g) has been proposed. However, the low-dose test did not show
any difference in the cortisol response with respect to the response obtained using
high doses neither in normal controls nor in patients with ACAs/21-OHAbs (128).
Therefore, the two tests may be considered equivalent.

Is the Progression to Clinical AD Inevitable?
Studies have reported a great variability in the advancement towards the overt form

of the disease in ACAs-positive subjects. In general, subjects who develop AD pass
through all stages of subclinical adrenal failure, and only those in Stage 1 can sponta-
neously restore the adrenal function. De Bellis et al. (122) demonstrated that some
patients in Stage 2 of adrenal impairment may recover from their subclinical adrenocor-
tical failure as well and also become negative for ACAs, either spontaneously or after
treatment with high doses of corticosteroids (carried out for a concurrent Graves’ ophthal-
mopathy). Subsequently, the same authors reported that, in one case, the remission of
the adrenal impairment continued after 100 months of follow-up (129). These studies
suggest that in theory, it is, possible to intervene in the natural history of autoimmune AD.

To define whether the risk of developing autoimmune AD can be estimated, we
followed a group of 100 Italian subjects with ACAs for a maximum of 20 years. During
the follow-up, 14 of the 20 children and 17 of the 80 adults developed clinical AD after
a mean period of 3 years (range 3 to 121 months). The cumulative risk of developing
the disease was 48.5% (95% confidence intervals, 40.8–56.1) (personal observations).
The occurrence of autoimmune AD was found to be independently associated with male
gender, presence of chronic hypoparathyroidism and/or mucocutaneous candidiasis,
abnormal adrenal function at entry, and high titers of adrenal cortex antibodies. On the
basis on these findings, a risk stratification model of progression to hypoadrenalism
has been developed in euadrenal subjects with ACAs. In those patients assigned to be
at high risk, the adrenal function should be performed most frequently to prevent a
life-threatening adrenal crisis by starting early substitutive therapy (130).

PATHOGENESIS OF AUTOIMMUNE AD

Autoimmune AD is related to a combination of endogenous (genetic) and probably
to environmental factors capable of inducing a rupture in the immune tolerance and of
initiating an autoimmune attack to the adrenal cortex, as has already been speculated
concerning other autoimmune diseases (131). The mechanisms by which the adrenal
cortex is destroyed remain unclear. The autoantigens that are principally targeted are
the p450 cytochrome enzymes involved in steroid synthesis (21-OH, 17�-hydroxylase,
and the cholesterol side chain cleaving enzyme), are intracellular, and are located
in the endoplasmic reticulum. It can be inferred that immune sensitisation to these
autoantigens does not take place because the immunoglobulins are unable to cross the
plasma membranes. Thus, the presence of the autoantibodies to these antigens might only
be theconsequenceofadrenaldestruction inducedbyother factors.However,endoplasmic
adrenal antigens have also been found to be present on the surface of the plasma
membrane of the adrenal cells (72). Therefore, the antibodies may be directly involved
in the adrenocortical damage, either by activating the cytolytic complement cascade
or by triggering an antibody-dependent cell-mediated cytotoxicity. This hypothesis is
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supported by the fact that the sera from patients with autoimmune AD can produce
a cytotoxic effect by means of complement activation on steroid cell cultures (132).

We found that the ACAs with complement-fixing properties, especially those which
activate the complement pathway up to the membrane attack through the C5–C9 lytic
complex, are strongly associated with the development of autoimmune AD (120).
Similar data were also reported regarding the presence of islet cell antibodies in the
preclinical or subclinical phases of type 1 diabetes mellitus (133,134). Moreover,
it was found that the IgG taken from patients with autoimmune AD who are
positive for 21-OHAbs inhibits the activity of 21-OH, in vitro (135). However, this
effect was not confirmed in patients with ACAs/21-OHAbs, because their levels of
17-OH-progesterone are not increased, as usually observed in patients with congenital
21-OH deficiency (136). Moreover, the passive transfer from an Addisonian mother
to the fetus of ACAs/21-OHAbs of IgG class during pregnancy does not lead to any
form of adrenal insufficiency in the newborn, suggesting that these antibodies are not
pathogenic in vivo (137). Finally, blocking antibodies that bind to the ACTH receptor
might have a pathogenic effect concerning the impairment of the adrenal function, but
their existence has never been definitively demonstrated.

In the antiphospholipid syndrome, the anti-phospholipid autoantibodies may play an
indirect role leading to hypoadrenalism by inducing thrombosis of the adrenal veins and
consequent development of hemorrhagic infarction, which is favored by the peculiar
pattern of the adrenal vascular anatomy (138,139).

Concerning cell-mediated immunity, it has been postulated that the aberrant
expression of HLA-DR by adenocortical cells may critically be involved in the patho-
genesis of autoimmune adrenalitis. Aberrant HLA class II antigen expression could
be the effect of the interferon (IFN)-� produced by the activated T cells as a result
of a prior infection. This enhanced expression of the HLA-DR molecules would, in
turn, induce the T lymphocytes to react against the putative autoantigen(s) (36,37).
However, the consequence of T-cell activation with HLA on the target (adrenal cells)
will depend on the costimulation with other membrane proteins. In the absence of a
positive costimulatory signal, the binding of the autoantigen with the T-cell receptor on
CD4+ lymphocytes remains ineffective. This positive costimulatory signal is provided
mainly by the interaction of CD28 with its B7 ligands on APC, while CTLA-4, which
binds to the same B7 ligands, delivers inhibitory signals to T-cell activation and
expansion (see next page). Therefore, the competition between CD28 and CTLA-4
expressed on the surface membrane by T lymphocytes for the B7-binding sites will
modulate the autoimmune responses. Although it has long been postulated that infec-
tious processes may underlie or precede autoimmune diseases, these factors have never
been demonstrated in the case of autoimmune AD.

Over the last years, the role of the chemokines, a family of cytokines, which
directs the normal leukocyte migration and are involved in the signaling of leukocyte
development, has been taken into consideration concerning adrenal autoimmunity (47).
A significant increase in serum levels of the CXCL10 has been found in patients with
autoimmune AD compared with either non-autoimmune AD or healthy subjects (48).
It has also been demonstrated that the human zona fasciculata cells are capable of
producing CXCL10, in vitro, under IFN-� and TNF-� stimulation (48). For this
reason, the presence of activated T cells producing IFN-� may favor the CXCL10
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secretion and, thus, the adrenocortical leukocyte infiltration. Interestingly, either hydro-
cortisone or ACTH significantly inhibited cytokine-induced CXCL10 secretion by the
human zona fasciculata cells (48). This may explain why the involvement of the zona
fasciculata is subsequent to that of the zona glomerulosa regarding the sequence of
adrenocortical failure (see Laboratory Investigation).

The direct role of the T lymphocytes in the pathogenesis of autoimmune diseases
has long been indicated, and CTLA-4, a cell surface receptor molecule expressed
on the activated T cell, seems to be crucially involved in the case of endocrine
autoimmunity (140). It has been demonstrated that CTLA-4 receptor can intervene by
controlling T-cell proliferation, by mediating T-cell apoptosis and by down-regulating
T-cell activation (141). Together with CD28, another costimulatory molecule expressed
on both resting and activated T cells which mediates T-cell stimulation, CTLA-4
competes with the same ligands B7.1 (CD80) and B7.2 (CD86) on APC and is therefore
critical in maintaining the immunologic homeostasis. As defects in T-cell regulation
are believed to underlie the pathophysiology of endocrine autoimmunity and defects
in apoptosis have been associated with autoimmune diseases (142), it is likely that
faulty CTLA-4 expression or activity may confer susceptibility to autoimmunity. Mice
that have been engineered to lack the CTLA-4 receptor develop a lethal lymphopro-
liferative disease, which is characterized by massive T-lymphocyte infiltration and a
multiorgan tissue destruction, which includes the heart, the pancreas, the spleen, and
other tissues (143). In this context, it has been found that a microsatellite polymorphism
of the CTLA-4 gene can be associated with the development of AD (110).

Recently, three novel costimulatory molecules have also been identified: inducible
costimulator (ICOS) providing positive and programmed death (PD)-1 and B- and
T-lymphocyte attenuator (BTLA) delivering negative costimulatory signals (144,145),
but their role in regulating autoimmunity remains to be elucidated.

Further studies will provide more evidence of how autoantigen expression, as well
as immune disregulation, contributes to the development of autoimmune AD.

DIAGNOSIS OF AUTOIMMUNE AD

Clinical Manifestations
Autoimmune AD shows, in general, a long preclinical or clinically silent period

marked by the presence of ACAs. The clinical symptoms and signs do not appear until
90%, or more, of the adrenal cortex has been destroyed, but obviously, they depend on
the speed of the adrenal cortex destruction and, also, on superimposed stress events.

The main clinical manifestations are usually anorexia, general malaise, weakness,
nausea, vomiting, weight loss, low blood pressure with syncope, cutaneous and mucosal
hyperpigmentation, abdominal pain, salt craving, and diarrhea (146). Moreover, in
patients with autoimmune AD, the clinical manifestations of the other autoimmune
diseases (vitiligo, alopecia, type 1 diabetes mellitus, hypogonadism, thyroid dysfunction,
malabsorption, and so on) can precede, accompany, or follow the adrenal insufficiency.

Immunologic and Biochemical Tests
At the diagnosis, the vast majority of the patients with autoimmune AD are ACAs

and/or 21-OHAbs positive. Patients show a reduction in serum levels of sodium,
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chloride, and bicarbonate, while the potassium level is elevated. Hyponatremia is
usually found in all the patients and is because of a loss of sodium in the urine and to
an increase in plasma vasopressin, which impairs free water clearance. The aldosterone
deficiency causes hyperkalemia in 50–70% of the patients. For unknown reasons,
mild or moderate hypercalcemia is present in 10–20% of patients (146). Anemia is
found in 40–50%, with a 10–15% of the patients showing a wild eosinophilia and
lymphocytosis. In the case of a suspected antiphospholipid syndrome anti-cardiolipin
antibodies or lupus anti-coagulant activity must be identified (139).

In the presence of other clinical autoimmune diseases, the relevant autoan-
tibodies are usually detectable. Furthermore, in patients with clinically isolated
autoimmune AD, a screening for the main organ-specific autoantibodies is generally
required to unveil those with underlying subclinical or potential autoimmune
diseases (93,104).

Hormonal Tests
The determination of the plasma levels of ACTH and cortisol in the morning

(8:00 am) are fundamental tests for the differentiation of primary adrenal failure from
both a healthy status and other types of adrenal failure (147). Primary adrenal failure
is characterized by an increase in ACTH (normal values, 4–22 pmol/L) and a decrease
in basal cortisol levels (normal values, 140–550 nmol/L). By contrast, in secondary
adrenal failure, the levels of both ACTH and cortisol are low, and, in general, those
of aldosterone and PRA are normal. In the initial phases of primary AD, the PRA
increases above the normal range, and the plasma aldosterone is either normal or
subnormal. Dehydroepiandrosterone sulfate, the major precursor of the sex steroid
hormones, is involved in adrenal failure, causing a pronounced androgen deficiency
in women, resulting in the loss of both axillary and pubic hair, dry skin, a reduced
libido, and an impairment in wellbeing (148). In cases in which there are no clear
clinical manifestations of AD and/or in the presence of ACAs or 21-OHAbs, it may be
necessary to perform an ACTH test (see Laboratory Investigation). Thyroid-stimulating
hormone (TSH) levels are increased in 30% of patients because of the lack of the
inhibitory effect exerted by cortisol on TSH secretion or, alternatively, by the presence
of a coexisting autoimmune hypothyroidism (149).

Imaging
The use of both computerized tomography (CT) and nuclear magnetic resonance

(NMR) greatly facilitates the diagnosis and characterization of adrenal insufficiency,
because the adrenal glands can be seen to be bilaterally minuscule and without calci-
fication (150). In the case of the anti-phospholipid syndrome, the imaging usually
shows an increased volume in both adrenal glands because of bilateral hemorrhagic
infarction (139).

TREATMENT

For patients with chronic adrenal insufficiency, the therapy is life-saving (146,148,
151). Glucocorticoids (20–30 mg of hydrocortisone or 25–50 mg of cortisone acetate)
are required in three daily doses. The first dose is administered in the morning, the
second in the early afternoon (about 6–8 h after the first), and the third in the late
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afternoon or early evening (at least 4 h before sleep). The drugs must not be taken
with food. A 24-h urinary free cortisol test is considered a good marker for deciding
a correct dosage of cortisone (152,153), but measurement of the ACTH level cannot
be used for this purpose. A single daily dose of 0.05–0.1 mg of fludrocortisone is
usually required for the purposes of mineralocorticoid replacement. Patients should
also receive a consistent amount of sodium (3–4 g daily), which can be assessed by
the measurement of the blood pressure, the serum electrolytes, and the PRA levels,
paying particular attention to a possible onset of hypokalemia, hypertension, sodium
retention, or heart disease (146). Complications are rare in this type of therapy. Patients
with autoimmune AD should carry a medical identification card, outlining their current
therapy and containing advice regarding emergency situations such as febrile illnesses,
injury, vomiting, surgical interventions, dental extractions, or pregnancies. In these
situations, the intake of glucocorticoids must be doubled or tripled (18).

FUTURE DEVELOPMENTS

The goal in the prevention of organ-specific autoimmune diseases lies in the identi-
fication of individuals at high risk of developing clinical dysfunctions over the future.
Over the last three decades, significant developments have been done in the discovery
of both genetic and immunologic markers conferring disease susceptibility. Currently,
subjects at high risk may be more easily recognized and therefore initiate early substi-
tutive therapy to avoid a potentially life-threatening adrenal crisis. Moreover, subjects
at high risk are also the ideal group for intervention trials, including immunosup-
pression, in the attempt to halt, or at least delay, the progression of adrenal cortex
destruction and, thus, the clinical onset of the disease.

The identification of the environmental factors involved in the immunological
activation of a genetically susceptible individual may enable to interfere in the early
phases of autoimmune AD. It can also be envisaged that, in forthcoming years,
more susceptibility genes for different complex traits will be identified through high-
resolution genetic studies of candidate genes. Therapeutic manipulation of the immune
system, involving for instance CTLA-4 molecules expression or felicitation, might be
an option in the management of autoimmune endocrine diseases, and the administration
of CTLA-4-blocking monoclonal antibodies has already been used in mice. However,
pilot trials in humans must be performed with caution on selected subjects identified
as being at maximal risk. Hopefully, an international standardization program should
be performed for ACAs measurement, similar to that successfully performed for other
main autoantibodies.
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Summary

Premature ovarian failure (POF) is defined as hypergonadotropic amenorrhea before the age of 40
years. Resistant ovary syndrome (ROS) is proposed as a follicular form of POF, characterized by the
presence of numerous primordial follicles in the ovary. An autoimmune mechanism could be involved in
the etiology of idiopathic POF. Several pieces of evidence support the concept that POF in the presence of
adrenal autoimmunity (2–10% of cases) is almost certainly an endocrine autoimmune disorder. However,
the question whether an eventual true autoimmune POF occurs in the absence of adrenal autoimmunity is
controversial; data need to be confirmed and their relevance investigated. Finally, ROS may represent a rare
case of autoimmune POF characterized by the presence of antibodies directed to the follicle-stimulating
hormone (FSH) receptor (Ig-FSHR).

Diagnosis of an autoimmune etiology remains difficult. Indeed, ovarian biopsy is not currently in use
as a diagnostic tool in POF cases. The specificity and diagnostic significance of antiovarian antibodies
need to be unanimously established. Determination of adrenal cortex antibodies (ACA) and/or steroid
cell antibodies (SCA) should be evaluated as possible research markers to select POF women with
autoimmune oophoritis—potential responders to immunosuppressive therapy—with reasonable certainty.
Determination of Ig-FSHR by radio-receptor assay could be instrumental in diagnosing ROS, mainly on
the basis of serological findings. Young women with POF need hormone replacement therapy. Regarding
infertility-related therapy, immunosuppression through corticosteroids has long been used on an empirical
basis; however, there is no definite proof of its efficacy in POF treatment. To date, oocyte donation is the
only proven therapy for such patients.

Key Words: Premature ovarian failure, resistant ovary syndrome, ovarian autoimmunity, autoimmune
oophoritis, antiovarian antibodies.
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INTRODUCTION

The prevalence of amenorrhea not because of pregnancy, lactation, or menopause
is approximately 3–4% (1,2). Excluding disorders of congenital sexual ambiguity, the
list of potential causes of amenorrhea is long. Most cases, however, are grounded
on just four conditions: polycystic ovary syndrome, hypothalamic amenorrhea, hyper-
prolactinemia, and premature ovarian failure (POF) (3). POF is defined as the
cessation of menses before the age of 40 years. It is characterized by primary or
secondary amenorrhea, hypoestrogenism, and elevated gonadotropin serum levels (4).
An elevated follicle-stimulating hormone (FSH) level (>40 mUI/ml) is the hallmark
for diagnosis (5).

POF presents itself not as an all-or-none phenomenon, and the precise time of
onset is often impossible to determine. There is no characteristic menstrual record
preceding the development of this syndrome. Approximately 50% of patients have a
record of oligomenorrhea or dysfunctional uterine bleeding (prodromal POF), 25%
have sudden amenorrhea, some postpartum, and others after stopping oral contracep-
tives (6). In general, women with POF have normal fertility before the onset of the
disorder (7,8).

POF was first considered an irreversible condition and was therefore described as
premature menopause; however, while normal menopause is indeed an irreversible
condition, POF is characterized by intermittent ovarian follicle function in nearly 50%
of young women (9). Even though the follicles in these patients are probably not
functioning normally, women with POF may exhibit sporadic ovulatory cycles in as
many as 16% of cases (9). Moreover, several authors have reported pregnancies after
the diagnosis of POF, even in women with no follicles in their ovarian biopsy (7,10–12).
However, despite these isolated cases, patients with POF are troubled mainly by
infertility because of cessation of their ovarian function.

As previously explained, POF may present itself as either primary or secondary
amenorrhea. While primary amenorrhea is not associated with symptoms of estrogen
deficiency, in cases of secondary amenorrhea, symptoms may include hot flashes, night
sweats, fatigue, and mood changes. Prodromal POF may present itself with hot flashes
even when patients are menstruating regularly. Women with primary amenorrhea
may present with incomplete development of secondary sex characteristics, whereas
these characteristics are usually normal in women with secondary amenorrhea (6).
In addition, young women with POF sustain sex steroid deficiency for more years
than naturally menopausal women, which results in a significantly higher risk of
osteoporosis and cardiovascular disease.

Histopathological Classification of Premature Ovarian Failure
Kinch et al. (13) were the first to identify two histopathological types of POF: the

afollicular and the follicular forms. In the afollicular form, there may be total depletion
of ovarian follicles and a presumed consequent permanent loss of ovarian function;
in the follicular form, follicular structures are still preserved, with the consequent
possibility of either induced or spontaneous return of ovarian function. The so-called
resistant ovary syndrome (ROS) has been proposed as a follicular form of POF (14).

First described by Jones and de Moraes-Ruehsen (15), who called it “Savage
Syndrome,” ROS is characterized by the presence of numerous primordial follicles in
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the ovarian examination. Patients with ROS have primary or secondary amenorrhea,
usually with normal development of secondary sexual characteristics, and hyper-
gonadotropinemia in the presence of numerous morphologically normal ovarian
primordial follicles (16). As in ROS the follicular structures are preserved, there is a
likelihood of either spontaneous or induced return to ovarian function.

Etiology of Premature Ovarian Failure
POF is a heterogeneous disorder with a multi-causal pathogenesis. Although the

phenotypic expression of POF is similar to that of age-appropriate natural menopause,
the underlying pathophysiological mechanisms are diverse and usually unclear. In most
cases, the etiology remains unknown; these forms are referred to as idiopathic.

Genetic causes of POF probably comprise about one-third to one-half of all cases.
Nevertheless, only 15–20% of these genetic cases are most likely identifiable by current
clinical techniques; they are usually due to large chromosomal defects (i.e., Turner
syndrome), which can only be diagnosed by karyotype with high-resolution banding.
In addition, some regions and genes localized on the X-chromosome (POF-1, POF-2,
FMR), are known to cosegregate with POF. Regarding autosomes, the autoimmune
regulator (AIRE) gene, located in chromosome 21, the FSH� gene and the Ataxia
Telangiectasia (ATM) gene, both in chromosome 11, the FOXL-2 gene (chromosome 3)
linked to blepharophimosis-ptosis epicanthus syndrome (BPES), and the FSH receptor
(FSHR) gene, on chromosome 2, are Fragile Mental Retard gene (FMR1) most recog-
nized to cosegregrate with, among others, some ovarian failure (17).

In addition, enzyme deficiencies, such as 17�-hydroxylase (17-OH) and 17–20
desmolase deficiencies (18), metabolic disorders, such as galactosemia (19), infectious
agents, such as varicella, malaria, and shigellosis (7), and iatrogenic causes, such as
chemotherapy, radiotherapy, or ovarian surgery (18), may be some of the alternative
etiologic agents involved in POF development.

Finally, autoimmune ovarian failure is another large, generic category that requires
some better definition and characterization. The usual occurrence of POF in patients
with two or more associated autoimmune diseases (14,20–22), the frequent detection
of circulating antibodies to human ovarian tissue in sera from patients with
POF (20,23–25), and the presence of a lymphocytic infiltrate in ovarian specimens
of some POF patients (22,26,27) originally added to the concept that autoimmune
mechanisms could be involved in idiopathic POF etiology. This accumulative evidence
would place some POF cases in the group of autoimmune diseases that affect hormone-
producing glands, the so-called “autoimmune endocrinopathies,” such as thyroiditis,
type 1 diabetes mellitus (T1D), and Addison’s disease (14).

It is the purpose of this chapter to summarize the existing data supporting the
concept of autoimmunity as a cause of POF, to discuss possible mechanisms of
such autoimmune response and to review proposed treatments of patients with this
disorder.

EPIDEMIOLOGY

It is common knowledge that the average or median menopause age is around 50
years, but the probability of menopause at earlier ages has been somewhat disregarded.
Little information is available on the incidence and prevalence of POF in population
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at large. The first and most quoted work on this subject was developed by Coulam
et al. in 1986 (28). By following a birth cohort of 1858 women born between 1928 and
1932, identified as Rochester, Minnesota residents in 1950, the authors were able to
define a young population and follow them until menopause to determine age-specific
incidence rates of menopause. The risk of POF or menopause before the age of 40
years turned out to be of 0.009 (95% confidence interval [CI], 0.003–0.015), whereas
the risk of menopause before the age of 45 years was of 0.051 (95% CI, 0.034–0.067).
Thus, the study indicated that almost 1% of women can be expected to experience
POF. These findings were similar to those reported by Krailo and Pike (29), who found
that the fit prevalence of menopause at ages 39 and 40 years was 0.012. In addition,
the annual incidence rates of natural menopause per 100,000 person-years were 10
for ages 15–29 years and 76 for ages 30–39 years. In the age group 40–44 years, the
incidence of natural menopause increased greatly to 881 per 100,000 person-years at
risk (28).

Likewise, applying lifetable methods or logistic models to a perimenopausal
population to estimate the probability of menopause by age, Cramer and Xu (30)
found that the probability of menopause before age 40 years is about 1%, and the
probability of menopause before age 45 years is about 5%. The authors also studied
other risk factors, besides age, that could influence risk of earlier menopause, including
various medical, demographic, reproductive, environmental, and genetic factors. They
developed a logistic model and proposed the use of these risk variables to obtain the
estimated probabilities of menopause for various age-risk profiles. By means of this
model, the authors found that heavy smokers, women estimated to have had >300
ovulatory cycles, women with a history of depression, women losing one ovary at
an early age, and women with a family history of early menopause, all had earlier
menopause. In addition, the highest probability of menopause was found to occur in
women with multiple risk factors.

A more recent study on the transition to menopause in a multi-ethnic population
suggested that the prevalence of POF may vary according to ethnicity (31). In a
prospective, multi-ethnic longitudinal study of the natural history of menopausal
transition (The Study of Women Across the Nation, SWAN), conducted at seven sites in
the United States, POF was reported in 1.1% (126/11,652) of women. As per ethnicity,
1.0% (95% CI, 0.7–1.4) Caucasian, 1.4% (95% CI, 1.0–2.1) African-American, 1.4%
(95% CI, 0.8–2.5) Hispanic, 0.5% (95% CI, 0.1–1.9) Chinese, and 0.1% (95% CI,
0.02–1.1) Japanese women experienced POF. Differences in frequency across ethnic
groups were statistically significant (p = 0�01).

Prevalence of Autoimmune Premature Ovarian Failure
As will be discussed later in this chapter, diagnosis of autoimmune POF remains

difficult. Cases of POF associated with anti-adrenal autoimmunity may represent a
homogeneous and well-characterized subgroup of ovarian failure. About 2–10% of
POF cases are associated with Addison’s disease and/or adrenal autoimmunity (14,32).
In other forms of POF, there is a large diversity in clinical, immunological, and
histological features. Therefore, the overall proportion of autoimmune forms of POF
has been estimated in between 20% (33) and 70% (34).
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IMMUNOPATHOGENESIS

The human ovary can be the target of an autoimmune attack under various circum-
stances, including several organ-specific or systemic autoimmune diseases. Clinically,
the ensuing ovarian dysfunction often results in POF, but other pathologies involving
ovaries, such as unexplained infertility, polycystic ovary syndrome (PCOS), and
endometriosis, have been associated with anti-ovarian autoimmunity (34).

It was the association of POF with autoimmune disorders, together with the findings
of circulating antibodies to normal ovarian tissue in sera from patients with POF,
which originally suggested an autoimmune mechanism in the pathophysiology of POF.
Additional evidence was brought forward with the histological documentation of a
lymphocytic infiltrate in the ovaries of some patients with this disorder (26).

It has long been recognized that POF could be associated with nearly all organ-
specific as well as some systemic autoimmune diseases. The association best known,
although not the most frequent, is with adrenal autoimmunity. The relationship between
adrenal disease and ovarian failure has been established in several clinical case reports
since the early 1950s (32). Autoimmune Addison’s disease, a well-known manifestation
of adrenal autoimmunity, seldom develops in isolation; in most cases, several other
endocrine glands or organs are also affected, leading to an autoimmune polyglandular
syndrome type I (APS-I) or type II (APS-II) as described in Chap. 16 and 17. The
prevalence of POF in APS-I is estimated to be 39% at the age of 15 years and 72%
at the age of 40 years, whereas the prevalence of ovarian failure in APS-II is only
approximately 10% at the age of 40 years. On the contrary, about 2–10% of POF cases
are associated with Addison’s disease and/or adrenal autoimmunity (14,32).

Several studies have evaluated the prevalence of an associated autoimmune disease
in POF patients, yielding different results: 10–20% in some studies (22,35,36), nearly
40% in others (37,38), and up to 55% in yet another (39). Among all autoimmune
diseases associated with POF, thyroid disorders are definitely the most common;
they can be detected in 12–33% of POF patients (37–40). The second most frequent
autoimmune associations in POF patients are APS-I and APS-II. POF may be detected
before, after, or simultaneously with the onset of the other autoimmune disorders.
However, as far as Addison’s disease is concerned, POF frequently precedes the adrenal
disease (32). Indeed, ovarian failure could precede the onset of Addison’s disease by
8–14 years (14).

Considering the particular association with Addison’s disease and the clinical
features previously described, autoimmune POF will be divided into two different
groups in this chapter: (1) POF associated with adrenal autoimmunity and (2) POF not
associated with adrenal autoimmunity. In addition, ROS will be discussed as a separate
immunological entity.

POF Associated with Adrenal Autoimmunity

Detection of Autoantibodies

Patients with idiopathic Addison’s disease have antibodies reacting with the adrenal
cortex (ACA) as detailed in Chaps. 14–17. If Addison’s disease is associated with
other endocrine autoimmune diseases, leading to APS-I or APS-II, the antibodies
may recognize all steroid-producing cells (41). Since the first reports on patients with



336 Part IV / Other Autoimmune Endocrinopathies

POF and an associated adrenal autoimmune disease, these antibodies that recognize
several types of steroid-producing cells of the adrenal cortex, testis, placenta, and
ovary have been called “steroid cell antibodies” (SCA) (42,43). In patients with adrenal
autoimmunity, SCA generally correlate with the presence of gonadal failure (hyperg-
onadotropic hypogonadism) (38,44). SCA can be detected in 60–80% of APS-I patients
and in 25–40% of APS-II patients (14), but the highest prevalence is in patients with
both Addison’s disease and POF (38,43). In two long-term studies, it has been shown
that 33–43% of normally cycling women with APS and SCA develop POF within 8–15
years (38,45), suggesting that, in patients with adrenal failure, the presence of these
antibodies constitutes a risk factor for POF. In addition, there is an absolute association
between the presence of SCA and that of ACA, the former being detected only when
the latter is also present (14). These SCA are of the immunoglobulin (Ig)G type and
localize within the ovary to the hilar cells, the cells of the developing follicle, such
as theca and granulosa cells, and the corpus luteum cells (43,46). They are associated
with histological evidence of an oophoritis (see Ovarian Histology).

The finding that sera of patients with ovarian failure and Addison’s disease, with high
titers of SCA and ACA, are cytotoxic for cultured granulosa cells in the presence of
complement (47) suggests that complement-dependent cytotoxicity might be one of the
mechanism of SCA leading to destruction of steroid-producing cells and, consequently,
to ovarian failure.

The particular localization of SCA has led to the hypothesis that they could
recognize some steroidogenic enzymes. Three different steroidogenic enzymes,
including P450-side chain cleavage (SCC), P450-17-OH, and 3�-hydroxysteroid-
dehydrogenase (3-HSD) have been identified as possible antigens (48–51). At present,
most authors agree with the interpretation that 17-OH and SCC are the main molecular
targets of SCA (52,53) (14,54,55). Nevertheless, in about 10% of SCA-positive patients,
neither 17-OH nor SCC antibodies were detected, suggesting that other autoantigens
might be recognized by SCA (Table 1). Another steroidogenic enzyme, 3-HSD, could
also be an autoimmune target. Antibodies to 3-HSD were first detected in 21% of 48
patients with idiopathic POF (51). However, the rare occurrence of these antibodies
in POF patients was initially suggested by Peterson et al. (53) and subsequently
confirmed by other groups (54,56) (Table 1). Despite this low incidence, 3-HSD might
also be one of the targets of SCA, given that in these two recent studies, patients
with anti-3-HSD antibodies were also positive for SCA. Nevertheless, these findings
should be confirmed. The reported high prevalence of SCA in patients whose POF is
associated with adrenal autoimmunity suggests the existence of one specific form of
POF associated with steroidogenic cell autoimmunity.

Ovarian Histology

In cases where POF is associated with adrenal autoimmunity, histological exami-
nation almost always confirms the persistence of ovarian follicles and shows clear signs
of an autoimmune oophoritis (14,32,57,58). The ovaries from women with autoimmune
oophoritis may be enlarged, sometimes with cystic change, or of normal size. Histo-
logical examination shows a mononuclear chronic inflammatory cell infiltrate around
developing and atretic follicles, with complete sparing of primordial follicles. In the
earlier lesions, the infiltrate is principally in the thecal layer, but in more advanced
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lesions, the granulosa cell layer is also infiltrated, and many of the follicular cells show
degenerative changes. The inflammatory infiltrate does not extend into the stroma,
although a hilar infiltrate, presumably related to the endocrine hilar cells, may be
present.

The intensity of the inflammatory infiltrate seems to increase with follicle maturation;
preantral follicles are surrounded by small rims of lymphocytes and plasma cells,
whereas larger follicles have a progressively denser infiltrate, usually in the external
and internal theca. Atretic follicles and, when present, corpora lutea are infiltrated
as well (14,57,59). This pattern of infiltration confirms that steroid-producing cells
are a main target for the autoimmune attack. Immunocytochemical staining identifies
the cells as polyclonal B cells, CD4+ and CD8+ lymphocytes (with a predominance
of the former), macrophages, and occasional NK cells. The overall appearances are
suggestive of an antibody-dependent cell-mediated cytotoxicity (57).

Conclusions

In view of the previously described observations, it is clear that POF, when associated
with Addison’s disease and/or adrenal autoimmunity (only 2–10% of cases), is almost
certainly an endocrine autoimmune disorder (14,32,58). The histological picture of
ovaries of such cases (lymphocytic infiltrate particularly around steroid-producing
cells), the presence of autoantibodies to steroid-producing cells in these patients,
and the characterization of shared autoantigens between adrenal and ovarian steroid-
producing cells, all support the proposed concept. Autoimmune oophoritis associated
with autoimmune adrenalitis may be a clear-cut clinical and immunological entity,
which can quite legitimately be extended to include patients with polyendocrinopathy
with both ovarian and adrenal failure and to cases of POF with circulating antiadrenal
antibodies but no clinical evidence of adrenal failure (57).

POF Not Associated with Adrenal Autoimmunity

Detection of Autoantibodies

Even though steroidogenic enzymes represent autoimmune targets in the ovary, their
pathophysiological significance seems to be restricted to patients whose ovarian failure
is associated with adrenal autoimmunity. In patients whose POF is associated with
autoimmune pathologies other than Addison’s disease (38,54,55), as well as in isolated
POF (38,39,54,55), SCA are almost undetectable (Table 1).

The presence of circulating antibodies directed toward other ovarian antigens has
long been considered a suitable marker to identify the participation of an immuno-
logical mechanism in POF. In previous studies from our laboratory, by Western blot
using human ovarian cytosolic fraction, we have detected specific reactivity against a
∼50 kDa antigen in 19.1% of sera from 110 POF patients (60–62). In an attempt to
identify the ovarian antigen, proteins of the human ovary homogenate were separated
by ion chromatography and, after concentration and enrichment of the fraction of
interest, the possible ovarian antigen was analyzed by mass spectrometry. Our recent
results indicate that �-enolase may be the molecular target of these anti-ovarian
antibodies. Determination of the pressure of circulating anti-�-enolase antibodies might
be instrumental in identifying those patients who may present a putative defect in
immunoregulation and therefore a possible autoimmune etiology for POF (63).
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Several other investigators have found circulating antibodies directed toward human
ovarian tissue in the sera from patients with ovarian infertility (20,23–25). Reported
antigenic ovarian structures include the oocyte (64,65), corpus luteum (43,47,66),
theca cells (23,43,66,67), granulosa cells (64,66), zona pellucida (68), gonadotropins
(69–71), and gonadotropin receptors (72–76). Nevertheless, the pathogenic role of these
antibodies remains questionable. Despite considerable scientific work, the detection of
antiovarian antibodies still produces conflicting results, and neither their specificity
nor their diagnostic significance has so far been unanimously established.

Ovarian Histology

Cases of lymphocytic oophoritis can hardly be found in POF patients in the
absence of adrenal autoimmunity/Addison’s disease. Indeed, histological oophoritis
was documented in only six patients whose POF was not associated with adrenal
autoimmunity, among 215 cases of POF from 18 studies published between 1965 and
1991 (14). However, the rarity of inflammatory infiltrates in these patients does not
exclude the possibility of an autoimmune mechanism. Even though follicular depletion
could be the consequence of non-autoimmune etiologies (i.e., genetic or environmental
factors), it might also represent the end stage of an autoimmune process directed against
ovarian antigens, after the inflammation has ceased.

Approximately 60% of POF patients without adrenal autoimmunity lack ovarian
follicles (14). These ovaries are usually small and without macroscopically visible
follicles. Histologically, the cortical stroma is hypercellular and devoid of follicular
structures; atretic follicles and corporea albicans may, however, be present (57).
Conversely, in about 40% of women with POF in the absence of adrenal autoimmunity,
ovarian follicles are detectable, and numbers vary from few to numerous (14). About
10% of such follicular cases have numerous follicles, probably indicating a resistant
ovary syndrome.

Conclusions

The reported frequent occurrence of POF in patients with two or more associated
autoimmune diseases has currently been considered positive evidence of POF not
associated to adrenal failure representing an endocrine autoimmune disease (21,77).
Even though the frequent relationship between POF and different autoimmune disorders
might suggest that all of them are different manifestations of a single immunologic
disorder, data need to be confirmed and their relevance investigated. In addition, the
presence of antibodies to ovarian structures in serum of these patients would support
an autoimmune etiology for isolated POF. However, the major conclusion drawn from
several investigations is that although antibodies to ovarian antigens are common in
POF, their pathophysiological significance remains obscure; it is yet to be determined
whether they are related to, associated with, or a consequence of the processes leading
to POF (27).

Additional positive evidence is given by the fact that isolated cases of POF show
cellular immune abnormalities similar to other endocrine autoimmune diseases such
as T1D, Graves’ disease, and Addison’s disease. These cellular immune abnormalities
include abnormalities in number and/or function of peripheral monocytes, monocyte-
derived DC, and subsets of T cells and B cells (14). In conclusion, there is evidence
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which, although debateable, indicates that some cases of idiopathic POF, in the absence
of adrenal autoimmunity, may belong to the group of endocrine autoimmune diseases.
However, the pathogenic mechanism underlying the suspected immunological disorder
that results in abnormal ovarian function in such cases is still unknown. In view of the
evidence available to date, the label “autoimmune endocrinopathy” in cases of POF
not associated to adrenal autoimmunity should be deferred until a clear mechanism
of autoimmunity has been characterized. Thus, it is suggested that the diagnosis of
autoimmune ovarian failure might be restricted to cases with antiadrenal steroid cells
antibodies, except in the rare cases of ROS that are discussed below.

Resistant Ovary Syndrome

Detection of Autoantibodies

In previous studies from our laboratory, we demonstrated the presence of circulating
immunoglobulins that inhibited FSH binding to its receptor (Ig-FSHR), by blocking
either the FSHR itself or a receptor-related membrane domain, in patients with ROS
(75,78–80). Recently, we developed a retrospective study on a group of 247 POF
patients who were referred to our laboratory over the course of 20 years: we found that
only 23 of them who had been previously diagnosed as ROS had such Ig-FSHR (76).
We therefore suggest that Ig-FSHR may be present in ROS patients. When we analyzed
the variation of Ig-FSHR titer over time, we found that, although the serum samples
maintained anti-FSH-receptor activity throughout the study, their titers waxed and
waned with time, showing a fluctuating course of the disease (Fig. 1). Analysis of the
antibody titers over time in each patient might be useful to select the best moment to
start treatment.

The Scatchard plots obtained from the inhibition data of FSH ligand-binding experi-
ments clearly demonstrated that the inhibitory activity of immunoglobulin fractions can
be classified into two groups. One with “irreversible” inhibitory effect (with an apparent
Ki a thousand times higher than the affinity constant for FSHR-binding interaction) that

Fig. 1. Monthly profile of Ig-FSHR titer corresponding to ROS patient O. Ig-FSHR levels were
determined by radio-receptor assay. Data are expressed as mean of ED50± SEM, where ED50 is the
amount of immunoglobulin (Ig)G fraction (in nmoles) needed to reduce FSH binding by 50%.
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could explain the ovary resistance in these patients, even to the elevated endogenous
bioactive gonadotropin secretion as well as to exogenous administration. Another group
of patients presented a “reversible” mechanism of inhibitory action (with an apparent
Ki similar to the affinity constant for FSHR-binding interaction), suggesting that the
administration of a high dose of gonadotropin may, at least temporarily, reverse ovarian
resistance.

The presence of antibodies directed to the FSHR itself or to a receptor-related
membrane domain in these patients is consistent with the clinical and histopathological
manifestations of ROS and could therefore explain the failure of follicles to respond
to FSH.

Previous evidence of autoantibodies that block the effects of FSH in patients with
ROS was provided by van Weissenbruch et al. (72). In addition, reference to a serum
antibody specifically directed against the FSHR in a patient with systemic lupus
erythematosus and ROS had been previously made in a case report (74). Antibodies to
the FSHR were also detected in the serum from a male patient with primary gonadal
failure, using bovine testis membranes (81).

Ovarian Histology

At histological examination, the cortical stroma of the so-called “resistant ovaries”
appear dense and fibrotic, with numerous follicles. Most follicles show no evidence of
development, although a few will have attained the pre-antral stage, whereas occasional
follicles will have developed into, but not surpassed, the antral stage. In cases of
secondary amenorrhea, stigmata of previous ovulation are usually present (57). The
stromal cells appear stimulated: hyperplastic in some areas and luteinized in others,
with numerous clumps of well-differentiated hilus cells, probably indicative of high
LH stimulation. The histological appearance of the ovaries suggests that the patients
are not exposed to FSH stimulation (15).

Conclusions

The presence of antibodies directed to the FSHR may explain the ovarian resistance
to high levels of endogenous FSH in ROS patients. ROS may therefore represent a
rare case of autoimmune PDF, in which autoimmune may be directed aganist a cell-
membrane receptor. Identification of ROS patients among other POF cases appears
important, given that the presence of numerous follicular structures in these patients
suggests that recovery of ovarian function, either spontaneously or induced, might be
possible.

DIAGNOSIS

Clinical Examination
The presence of at least 6 months of amenorrhea and two consecutive serum

FSH values >40 mIU/ml (obtained at least 1 month apart) in a woman under 40
years of age leads to the diagnosis of POF. A karyotype should be performed in
all patients suffering from this syndrome, and a complete history should be recorded
regarding prior ovarian surgery, chemotherapy, or radiation. A detailed record should
also be obtained regarding autoimmune disorders. Diagnosis of an autoimmune
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etiology remains difficult and relies on several clinical, immunological, and histo-
logical features that should be investigated in these patients. It should include tests to
diagnose possible concurrent autoimmune disorders, such as hypothyroidism, T1D, and
Addison’s disease. Particular attention should be paid to symptoms of adrenal failure,
which may have a long insidious course before the disease becomes life-threatening.

Ovarian Examination
As previously explained, two subsets of POF patients can be identified: one with

a total depletion of follicular structures, another with the presence of follicular struc-
tures, which suggest a clear possibility of return of ovarian functional activity (14,57).
A distinction into follicular and afollicular histological types seems therefore logical.
Identification of autoimmune oophoritis would also be relevant as these patients may be
potential responders to corticosteroid or immunosuppressive therapy. A striking charac-
teristic of this specific form of autoimmune oophoritis is the well-established sparing
of primordial follicles, despite the presence of intense lymphocytic infiltration in the
theca of developing follicles (57,59,82). This distinctive pathophysiological process
presents the theoretical possibility of developing immunosuppressive treatments that
could restore fertility.

However, ovarian biopsy is not currently indicated in clinical practice, because
laparotomy introduces the hazard of future mechanical infertility, and biopsies have
proved to be uninformative for either diagnosis or prognosis in as much as pregnancies
have occurred after failure of follicle identification in biopsy (36,57). The histological
sections from an average ovarian biopsy comprise only 0.1% of a normal size ovary,
and absence of follicles in this tissue does not necessarily mean that the ovary is
totally depleted of primordial follicles. Ovarian biopsy can be argued to be necessary
to identify cases of POF because of autoimmune oophoritis, for these patients may
respond well to corticosteroid or other immunosuppressive therapy with a return of
normal ovarian function. Diagnosis of POF should, however, rest mainly on serological
findings, as in the case with autoimmune organ disease elsewhere in the body, for
example, autoimmune adrenalitis.

Even though ovarian biopsy was claimed in a recent study as a reliable tool to
evaluate patients with POF (83), ultrasonography (US) remains the most current
diagnostic tool in clinical practice. The advent of high-resolution US and the devel-
opment of the transvaginal transducer have enhanced the ability to visualize the ovaries
in fine detail. The presence of follicles on US may allow us to infer the likelihood of
follicular activity, thus obviating the need for invasive diagnostic procedures (36,84,85).

In patients with autoimmune POF, US examination may reveal ovarian enlargement
because of autoimmune oophoritis (14,58). Moreover, in a recent compilation of data
from previous case reports, ovaries were described as normal sized in one-third of
reported histologically confirmed cases of autoimmune oophoritis (10 of 29, 34%) and
as enlarged in over one-half (17/29, 59%) (58).

Determination of Autoantibodies

Steroid Cell Antibodies

As already explained, patients with POF plus an associated adrenal autoimmune
disease have antibodies that recognize several types of steroid-producing cells of the
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adrenal cortex, testis, placenta, and ovary, the so-called SCA. For many years, the
indirect immunofluorescence technique (IIT) on cryostat sections of human and animal
adrenal glands, ovary, testis, and placenta has represented the most reliable method
for detection of SCA (38,42,43,50–52,55,56,86). Even though this technique is still
currently in use, new assays have been developed since different steroidogenic enzymes
were identified as possible targets of SCA. Thus, the prevalence of antibodies directed
toward the different steroidogenic enzymes was first determined using bacterially
expressed proteins in immunoblotting (50,86). The use of in vitro translated recom-
binant 35S-labeled autoantigens in immunoprecipitation assays rapidly has replaced the
former method (52,54–56).

The relationship between the autoantibodies detected by IIT and those detected by
the new assays using recombinant autoantigens was investigated in a recent study (87).
The authors studied 143 patients with autoimmune Addison’s disease, 21 of them with
APS-I and 55 with APS-II. ACA and SCA were measured by IIT, and autoantibodies to
21-OH, 17-OH, and SCC, by immunoprecipitation assay using 35S-labeled recombinant
proteins. They concluded that provided that a high standard of immunofluorescence is
maintained, measurement of ACA or SCA by either IIT or immunoprecipitation assay
is essentially equivalent.

Adrenal Cortex Antibodies

A possible association between adrenal cortex autoantibodies (detected by ITT
on cryostat sections of human and animal adrenal cortex glands) and histologically
confirmed autoimmune oophoritis was suggested in several case reports. In a recent
study, Bakalov et al. (58) reviewed several reported cases with histological diagnosis
of autoimmune oophoritis and found that adrenal cortex autoantibodies, when tested,
were present in all 24 reported cases. Moreover, the authors studied four additional
POF cases and found a clear association between the two previously mentioned condi-
tions (58), thereby reinforcing previous findings. They suggest that adrenal tissue would
be significantly more sensitive as substrate than ovarian tissue in IIT to detect histolog-
ically confirmed autoimmune oophoritis. Thus, the presence of adrenal autoimmunity is
proposed as a reasonable research marker for identifying POF women with autoimmune
oophoritis as prospects for treatments aimed at restoring ovarian function and fertility.

Antiovarian Antibodies

Several antiovarian antibodies (AOA) other than SCA have been detected in cases of
POF not associated with adrenal autoimmunity, and numerous publications have been
dealing with this subject since the early 1970s. Nevertheless, neither their specificity
nor their diagnostic significance have so far been unanimously established. One of the
reasons for these discordances is the diversity of the detection methods as well as the
heterogeneity of patient and control groups in the different studies.

The first-described method used for the detection of AOA in serum from POF
patients was a radioimmunoassay (RIA) using iodinated proteins from ovaries of normal
women (20,88). Nevertheless, the IIT has become the most common method used for
the detection of such antibodies (64,89–91). Frozen sections of ovaries are usually
used as an antigen source. The method shows the localization of the antibodies in the
various histological compartments of the ovary. However, the diverse origin of the
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tissue sections that include human, primate, bovine, porcine, rat, guinea-pig, and rabbit
ovaries may explain the variations in the results of the prevalence, localization, and
specificity of the detected antibodies (32). Even with immunofluorescence on human
ovary sections, the prevalence of AOA in the serum of POF patients may vary between
2 (89) and 50% (64) (Table 2).

Alternatively, homogenized human or animal ovarian tissues are used as a source
of ovarian antigens in immunoenzymatic methods, such as enzyme-linked immunoab-
sorbent assays (ELISA) (27,33,71,91,92) (Table 2). Mixing ovarian tissues from
different women at various ages and periods of their menstrual cycle provides a large
panel of ovarian antigens, yielding more homogeneous results than immunofluores-
cence studies. Even though these ELISA-detected antibodies are detected in 30–67% of
POF patients as compared with only 0–5% of healthy control subjects, their specificity
remains questionable because of a degree of cross-reaction with tubal or even muscular
antigens (27,33,71,91). Indeed, they have also been detected in patients with iatrogenic
POF or Turner syndrome (33).

The comparison of results obtained by ELISA with those obtained by ITT suggested
that neither is a robust test for the presence of AOA. Although some authors (93)
described agreement between positivity in IIT and ELISA (94%), others found that
despite some overlap between the two techniques, there were clear discrepancies (91).
Characterization of the target antigen or group of antigens involved in autoimmune
POF would enable the development of a more reliable diagnostic test.

ELISA and IIT are able to detect one or several antibodies raised against one or
several non-specific antigens. By Western blotting, on the contrary, it is possible to
identify antibodies raised against a specific antigen. Nevertheless, while focusing on
one specific antigen, antibodies directed to other molecular targets may not be detected
by this technique. Western blotting utilizing human ovarian preparations has previously
been used by Winqvist et al. (86) who identified a novel autoantigen of ∼51 kDa.
In our laboratory, we developed a Western blot assay using human ovarian cytosolic
fraction to detect specific reactivity against a ∼50-kDa antigen, recently identified as
�-enolase. Antibodies to this enzyme were found in 19.1% of sera from 110 POF
patients and in none of 60 normally menstruating women (60–63). More studies would
be necessary to further understand the clinical relevance and the pathological role
played by these antibodies in POF disease.

Resistant Ovary Syndrome
Diagnosis of ROS was first supported by high gonadotropin levels in the presence of

ovaries filled with numerous primordial follicles (94). In the first patients reported with
this disease, further evidence of ovarian resistance was revealed by the fact that attempts
to stimulate ovulation with high doses of exogenous gonadotropins produced little or
no response (15,95,96). However, not only the response to stimulation with exogenous
gonadotropin but also ovarian biopsy are investigative procedures not currently in use
as diagnostic tools in cases of POF. Given that ovarian biopsy may give misleading
results, US is currently used to tell ROS from other cases of POF. In patients with
ROS, ovaries are usually macroscopically normal, although some are small (57,85).
US examination shows a hyperechogenic stroma and numerous small follicular images
(<3 mm) at the periphery (76,85).
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Even though the advent of high-resolution US has enhanced the ability to visualize
the ovaries in fine detail, the presence of primordial follicles can be inferred but not
confirmed in ultrasonography examination; US allows visualization of follicles as small
as 2 mm diameter (84), but primordial follicle normal size is 30 �m. Consequently, the
characterization of a clear mechanism of hormone resistance in these patients, namely
the presence of antibodies directed to FSHR (76), provides an important additional
diagnostic tool needed for distinction between ROS and other POF cases. Our results
obtained throughout a 20-year study suggest the determination of the presence of Ig–
FSH by radio-receptor could be an instrument in diagnosing ROS mainly upon the
basis of serological findings.

TREATMENT

Hormone Replacement Therapy
Young women with POF sustain sex steroid deficiency for a longer period than

naturally menopausal women. Consequently, they need exogenous sex steroids to
compensate for the decreased production by their ovaries, considering that these
patients present a significantly higher risk of osteoporosis and cardiovascular disease.
However, despite a regimen of standard hormone replacement therapy, about 33%
of young patients have a significantly reduced Bone Mineral Density (BMD) (97).
Several reasons may explain this finding. On one hand, a significant bone loss may
occur in the years preceding the development of ovarian failure (prodromal POF).
In regularly menstruating women, the normal midcycle rise in free testosterone is
markedly diminished in the decade preceding natural menopause, which is significantly
related to the bone loss observed during this period. A similar prodrome of reduced
testosterone production may underlie the bone loss associated with POF. Consequently,
it is suggested that prodrome POF should be included in the differential diagnosis of
menstrual irregularities, and early institution of sex hormone replacement, including
estrogen and progesterone and probably also testosterone, may be indicated in these
patients (97). On the other hand, estrogen “under dosing” of women with POF may
be a significant contributing factor to a reduced BMD. In women affected by this
syndrome, estrogen should be administrated at a dose greater than the standard given
to older women experiencing natural menopause, in an attempt to maintain bone mass
as effectively as the normally functioning ovary (6). Finally, another important factor
that may contribute to bone loss in association with POF is a delay in diagnosis, which
results in several years of amenorrhea without sex hormone replacement (6).

Whether the patient has primary or secondary amenorrhea is determinant for optimal
institutions of therapy. Young women with primary amenorrhea in whom secondary
sex characteristics have failed to develop should initially be exposed to very low-dose
estrogen in an attempt to mimic a gradual pubertal maturation process, with gradual
incremental doses until the required maintenance dose. In patients with secondary
amenorrhea, the important factor is the duration of estrogen deficiency. Women who
have been estrogen-deficient for a year or more should also initially be given low-dose
estrogen replacement to avoid unwanted side effects; however, they can be titrated up
to the maintenance dose over a shorter period than those with primary amenorrhea.
Conversely, women with a brief history of amenorrhea are less likely to experience
unwanted side effects with hormone replacement and can therefore be titrated up to
the maintenance dose over an even shorter period (6).
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Given that estrogens provided in usual replacement doses are not contraceptive and
will not suppress spontaneous follicular activity in ovulation and that a progestin should
be given each month to prevent endometria hyperplasia, the hormone replacement
therapy should produce regular predictable menstrual flow patterns. Moreover, consid-
ering that women with POF can have spontaneous pregnancies, if an expected menses
is missed, the patient should be tested for pregnancy.

In women experiencing persistent fatigue, poor well being, and low libido despite
adequate estrogen replacement, androgen replacement should also be considered.
Appropriate androgen replacement does not result in virilization or unwanted metabolic
effects (98). In addition, testosterone replacement may be important for preservation
of bone mineral content (99). Hormone replacement therapy should be continued at
least until the average age of natural menopause (approximately 50 years old) with an
appropriate long-term follow-up of the patient’s condition.

Infertility-Related Therapy
There is a 5–10% chance for spontaneous pregnancy in women with POF. Indeed,

hormone replacement therapy does not prevent conception (10–12); POF patients
may even conceive while taking oral contraceptives (100). Even though there is no
known immunomodulating therapy for autoimmune POF that has been proven safe
and effective by prospective randomized placebo-controlled study, immunosuppression
using corticosteroids has long been used on an empirical basis for this condition
(Table 3). In two patients with hypergonadotropic secondary amenorrhea and perifol-
licular lymphocytic infiltrate, menses resumed after only 1 month of corticosteroid
therapy, but no pregnancy could be achieved (26,101). A patient with APS who had first
documented ovarian failure at age 28 years and had been therefore treated with estrogen
replacement therapy for >15 years, resumed menses after 1 year of corticosteroid
therapy for Addisonian crisis, conceived, and delivered a normal infant (102). In another
report, two patients with POF became pregnant and delivered a healthy infant after high-
dose corticotherapy; however, POF resumed after delivery in both cases (71). More
recently, a patient with histologically proven autoimmune oophoritis was treated with
alternate day glucocorticoid treatment and resumed menstrual bleeding six times and
ovulated four times over a 16-week period, but did not get pregnant (103). In addition, a
pregnancy and delivery has also been obtained after IVF under corticosteroid treatment
in a patient with antiovarian autoimmunity (104). Regarding our own experience, a POF
patient with 6 years of amenorrhea and high levels of AOA received high-dose, short-
term immunosupressing therapy with Deltisona B. She resumed menstrual bleeding
and became pregnant, coincidentally with a decrease in serum AOA concentration
(Fig. 2) (unpublished data).

Even though identifying patients with autoimmune POF presents the opportunity to
restore ovarian function, treating these patients with the proper immune modulation
therapy can have major complications (103). Corticosteroid therapy for autoimmune
POF should be used in placebo-controlled trials designed to evaluate the safety and
efficacy of such treatment. The only randomized, placebo-controlled trial using corti-
costeroids and hMG in 36 idiopathic POF patients for 2 weeks failed to show any
positive effect as none of these patients became pregnant and did not even ovulate under
the treatment (105). However, the presence of specific AOA had not been assessed in
these patients.
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Table 3
Immunomodulating Theraphy with Corticosteroids in POF Patients

Authors Patients Possible evidence of autoimmune etiology Main outcome

OB AAD AOA

Coulam et al.,
1981 (26)

1 Oophoritis Adrenal + RM, 2 menstrual
cycles, no pregnancy

Rabinowe et al.,
1986 (101)

1 Oophoritis None + RM, 10 menstrual
cycles, no pregnancy

Cowchock et al.,
1988 (102)

1 n.a. Adrenal n.a. RM, normal
pregnancy and

delivery
Luborsky et al.,
1990 (71)

2 n.a. Diabetes, Graves’ + RM, normal
pregnancy and

delivery
n.a. None + RM, normal

pregnancy and
delivery

Barbarino-
Monnier et al.,
1995 (104)

1 n.a. None + Pregnancy by IVF
and normal delivery

Kalantaridou
et al., 1999 (103)

2 Oophoritis n.a. n.a. RM, 6 cycles, no
pregnancy

n.a. Thyroid n.a. No RM, knee
osteonecrosis

Corenblum et al.,
1993 (106)

11 n.a. RA (1)
Thyroid (4)

n.a. RM and normal
pregnancy in 2/11

Blumenfeld et al.,
1993 (107)

15 n.a. ITC (1)
Thyroid (6)

n.a. 14 pregnancies in 8
patients, 12 healthy

babies
Van Kasteren
et al., 1999 (105)

36 n.a. None n.a. No ovulation, no
pregnancy in anyone

Charreau et al.,
unpublished data -

1 n.a. None + RM and normal
pregnancy

OB, ovarian biopsy; AAD, autoimmune associated disease; AOA, anti-ovarian antibodies; RA,
rheumatoid arthritis; ITC, idiopathic thrombocytopenia; RM, regular menses; n.a., data not available.

Besides this placebo-controlled trial, two uncontrolled trials have been carried out
among chromosomally normal POF patients. In one study, two of 11 idiopathic
POF patients receiving high-dose, short-term treatment with corticosteroids for 2
weeks resumed ovarian function and became pregnant (106). In the other trial, 15
POF patients with various autoimmune markers—which suggested an autoimmune
etiology to the ovarian failure—were treated with combinations of hMG/hCG and
glucocorticosteroids. Fourteen pregnancies were achieved in eight patients, and 12
healthy babies were generated by 10 gestations (107).
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Fig. 2. Circulating antiovarian antibodies (AOA) and immunosuppressive therapy. Premature ovarian
failure (POF) patient T received immunosupressing therapy with Deltisona B. AOA were determined
by immunoblotting using human ovary homogenate and signal amplification by biotin-extravidin-
peroxidase system. Intensity was quantified with a gel scan densitometer. An acute decrease in serum
AOA concentration was observed after treatment. bT, levels of AOA before treatment; aT, levels of
AOA after treatment; Control, levels of AOA in normally menstruating women. A. U. Absorbance
units data are expressed as mean ± SEM.

In addition, there are only few reports on successful ovulation-inducing treatments
of selected POF patients (those with concomitant autoimmune phenomena) with other
immunomodulating therapies, such as plasmapheresis and/or thymectomy (108,109).
In our laboratory, we studied a patient with ROS and high levels of Ig-FSHR who
had myasthenia gravis and autoimmune thyroiditis associated to ROS condition. She
underwent thymectomy after 5 years of amenorrhea. Interestingly, 2 years after surgery,
she showed an acute reduction in Ig-FSHR titer (Fig. 3) and resumed menses (unpub-
lished data).

Fig. 3. Determination of Ig-FSHR in a ROS patient who underwent thymectomy. Ig-FSHR were
determined by radio-receptor assay. Two years after surgery, the patient showed an acute reduction
in Ig-FSHR titer and resumed menses. Data are expressed as mean ± SEM.
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Patients with POF wishing to get pregnant are best served by assisted reproductive
technology utilizing donor oocytes. To date, oocyte donation is the only proven therapy
for such patients; pregnancy rates have been quite high, ranging from 25 to 35% (8,110)
However, patients should be informed that, in some cases, spontaneous pregnancy
may occur and that, if they choose to wait for a while before proceeding, oocyte
donation is as successful in older as in younger women (6). In a recent retrospective
study, sisters of women with POF have shown to be inappropriate donors, because
they presented elevated day 3 FSH levels and poor ovarian response to gonadotropin
stimulation (110).

FUTURE DEVELOPMENTS

POF in the presence of Addison’s disease and/or adrenal autoimmunity is almost
certainly an endocrine autoimmune disorder. However, the question whether a true
autoimmune POF occurs which is independent of antiadrenal antibodies is contro-
versial. Several circulating antibodies directed toward different antigenic ovarian struc-
tures have been described in POF patients without adrenal autoimmunity. Although
these antibodies are common, their pathogenic role remains questionable; neither their
specificity nor their diagnostic significance has been unanimously established. Thus, no
currently available validated serum antibody marker can confirm a clinical diagnosis
of autoimmune POF in such cases. Further investigation into these ovarian targets may
lead not only to a better understanding of the pathogenic mechanism that may result
in ovarian injury but also to the development of more accurate diagnostic tools to
determine the real prevalence of autoimmune etiology in ovarian disease. A precocious
and reliable diagnosis of an autoimmune etiology is required to select the patients in
whom immune-modulating therapy may, a least temporarily, restore ovarian function
and fertility.

Several pieces of evidence suggest that POF associated with steroidogenic cell
autoimmunity is a potentially reversible cause of ovarian failure. A research test
that could select POF women with this specific form of autoimmune oophoritis with
reasonable certainty, thus avoiding the need of ovarian biopsy, would facilitate clinical
research toward developing a therapy. Even though the presence of adrenal autoim-
munity by IIT is proposed as a reasonable research marker for identifying POF women
with autoimmune oophoritis, these results should be confirmed. If so, a validated serum
antibody marker to achieve a clinical diagnosis of autoimmune POF in the presence
of adrenal autoimmunity would be available.

Treatment with glucocorticoids and replacement therapy with estrogen and proges-
terone have resulted in resumption of menses and made pregnancy possible in
isolated instances. Nevertheless, at this time, no immune modulation therapy for
infertile patients with autoimmune ovarian failure has proven effective in a prospective
controlled study. Accurate diagnostic tools are needed to analyze the effect of
corticosteroids in a selected population of well-defined autoimmune POF patients.
In addition, other forms of treatment may be found to be effective after further
knowledge can be had about the pathophysiological mechanisms of this autoimmune
disorder.
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Summary

Autoimmune hypophysitis or pituitary autoimmune disease is now considered to be part of the
organ-specific spectrum of endocrine autoimmunity. It is predominantly seen in women, often in associ-
ation with pregnancy. The most common presentation in the acute phase mimics that of a pituitary
adenoma with a mass and hypopituitarism. There is a predilection for adrenocorticotrophin (ACTH) and
thyrotrophin deficiencies, in contrast to tumors and radiation-induced hypopituitarism where these are
usually the last axes to be lost. Extension of the inflammatory process into the infundibulum causes
diabetes insipidus and is termed infundibuloneurohypophysitis. Sub-acute cases classically present in
the peripartum period, and the pituitary mass may resolve spontaneously. Chronic cases should be
considered in patients with isolated ACTH deficiency or idiopathic hypopituitarism in the context of
other autoimmune diseases and the empty sella syndrome (also with hypopituitarism). Magnetic resonance
imaging usually shows a symmetrical pituitary mass with bright, homogeneous contrast enhancement.
Biopsy is still considered the gold standard for diagnosis. Serological tests for pituitary autoantibodies
are reviewed. Immunoblotting has identified a number of target autoantigens. The latest assay, based on
the in vitro transcription translation of pituitary gland-specific proteins followed by an immunoprecipi-
tation step, has identified pituitary gland-specific protein factor (PGSF) 1a and PGSF2 as probable target
autoantigens. Management of potentially life-threatening adrenal insufficiency is of the utmost importance.
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A conservative approach has been recommended except in those patients with sight-threatening lesions or
in those with recurrent disease despite a course of immunosuppression. Future directions are discussed.

Key Words: Lymphocytic hypophysitis, pituitary autoantibodies, pituitary autoimmunity, target
autoantigens.

INTRODUCTION

Autoimmune endocrinopathies are classified as organ specific in the spectrum of
autoimmune diseases. The classic example is autoimmune thyroiditis that was first
described by Dr. Hakaru Hashimoto in 1912 (1) and still bears his name. Pituitary
autoimmunity was not described until 50 years later by Goudie and Pinkerton (2)
as “anterior hypophysitis.” Interestingly, it was the association with Hashimoto’s
thyroiditis in this index case that led the pathologist and physician to make the
etiological link. They also noted the link with pregnancy and the postpartum period
that continues to hold true in over 50% of cases in the literature.

HISTORICAL PERSPECTIVE

It is tempting to surmise that there were some cases of end-stage hypophysitis
among Sheehan’s original series of patients who died of chronic hypopituitarism in
the early 1900’s (3). Close examination of Carpenter’s review of Schmidt’s syndrome
in 1964 (4) identified at least two cases of Addison’s disease from the 1930s with
lymphoid infiltration not just of the thyroid but also of the hypophysis (5,6). However,
the original case reported by Goudie and Pinkerton in 1962 (2) was the first time
that the distinct entity of anterior hypophysitis or pituitary autoimmunity was formally
enunciated.

Since then, autoimmune pituitary disease has seen a range of terminology, but
the most common terms are currently lymphocytic hypophysitis and lymphocytic
infundibuloneurohypophysitis, when there is associated diabetes insipidus (DI). The
clinical spectrum of disease is increasingly recognized although the gold standard
for diagnosis remains pituitary biopsy. The ability to detect pituitary autoantibodies,
whether they are pathological or epiphenomena in the autoimmune process, would
obviate the need for pituitary surgery in some cases. By analogy with Addison’s
disease (7) and type 1 diabetes (8), autoantibodies could one day also be used to predict
the risk of gland failure, in this case of hypopituitarism.

EPIDEMIOLOGY

The incidence and prevalence of lymphocytic hypophysitis are not known exactly,
and population-based data are scarce. The nature and clinical course of cases that
proceed to surgery (“biopsy proven”) are quite different to those of cases that are
“suspected” or represent the sub-acute and chronic ends of the spectrum (9–14). These
latter cases have become better defined by new imaging techniques and will be further
defined as new, more specific and sensitive pituitary autoantibody assays evolve.

In the early histopathology literature, there was considerable discussion about
what constitutes a “normal” pattern of lymphocytic infiltration and its significance.
Simmonds and Brandes (15) described four types of lymphocytic infiltration in 200
unselected autopsy cases. Only two cases were found in “Group III,” defined as
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having diffuse lymphocytic infiltration of the anterior hypophysis, which would now
be regarded as pathological. Shanklin’s series of 100 autopsies (16) found no cases
with lymphocytes in the anterior pituitary.

Sheehan and Summers (3) reviewed the pathology and clinical correlates of 95
autopsy cases of hypopituitarism. Some cases with end-stage fibrosis and scarring of
the pituitary were clearly because of postpartum necrosis, named eponymously after
Sheehan, but some may have been because of end-stage lymphocytic hypophysitis.
Scheithauer et al. (17) examined the pituitary glands of 69 autopsies of women who
had died in the peripartum period (during and after pregnancy or following abortion)
on the assumption that undiagnosed cases of lymphocytic hypophysitis may be more
common in this scenario. They found five pituitaries that had areas of lymphocytic
infiltration on histopathology.

The incidence determined from large surgical series ranges from 0.24 to 0.88%
(18,19) but, again, may only represent those cases that presented more acutely. In
addition, neurosurgeons and their neuroendocrine teams who specialize in pituitary
surgery may be more likely to suspect the diagnosis preoperatively and avoid
surgery where possible. The largest series of 2500 surgical pituitary pathology cases,
collected in Hamburg, Germany, between 1970 and 1996, were reported by Sautner
et al. (19) and Fehn et al. (20). Six cases (0.24%) of lymphocytic hypophysitis
were identified. In another large German series from Erlangen, Honegger et al. (21)
found 7 cases of hypophysitis among 2362 pituitary cases (0.3%). A review of
2000 case records from Charlottesville, Virginia, identified 16 patients, 13 of whom
underwent surgery (0.65%), 10 with lymphocytic hypophysitis, and 3 with granulomatous
hypophysitis (22). The series of 5 patients from Nottingham in the United Kingdom,
based on 619 consecutive cases, had a calculated incidence of 0.8% (23). The preference
of this surgical unit was for surgical decompression. The Johns Hopkins Hospital
review of 905 pituitary surgical cases from the archives found 8 cases (0.88%) (18).

GENETIC AND ENVIRONMENTAL FACTORS

Autoimmune diseases are often associated with particular major histocompatibility
complex (MHC) alleles. A number of patients with hypophysitis have had haplotype
analysis performed (10,24–33). The first two cases studied were black, female patients,
both with the allele Bw35 (24,27). This allele is associated with type 1 diabetes in
non-Caucasians (34). The two patients in Pestell et al.’s report (30) shared a number
of human leukocyte antigen (HLA) alleles that have been associated with Hashimoto’s
thyroiditis and type 1 diabetes. As the number of patients investigated is small, no firm
conclusions can be drawn (9,10).

There are no known environmental triggers for hypophysitis, but the association with
viral infections, particularly meningoencephalitis, may be relevant. Pituitary autoan-
tibody testing, once sensitive and specific enough, would be helpful to answer this
question.

DIAGNOSIS

Clinical Presentation
The diagnosis of lymphocytic hypophysitis should be entertained in a range of

clinical scenarios that depend on the rapidity or otherwise of the disease process. It
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has a striking female preponderance with a female to male ratio of 6:1 (18), and
its strong association with pregnancy should not be forgotten. It has been increas-
ingly recognized in male patients (14,18,26,30), but the recent preponderance of male
cases probably reflects some reporting bias. Females tend to present at a younger
age (34.5 years) than males (44.7 years) (9). At the acute end of the spectrum,
hypophysitis mimics the effects of a non-secretory pituitary tumor with adrenocorti-
cotrophin (ACTH) deficiency predominating, and sub-acute cases have frequently been
described as a resolving pituitary mass in the peripartum setting. The chronic spectrum
is believed to include idiopathic hypopituitarism, sometimes in the context of other
autoimmune endocrinopathies, and the empty sella syndrome.

Acute Presentations

Apart from some of the original autopsy cases (11), the most dramatic, acute presen-
tation was a case report of sudden death in labor of a young woman who presumably
had undiagnosed adrenal insufficiency (35). Another case involving sudden death was
reported as recently as 1992 (36). The first case to be diagnosed premortem was in
1980 by Mayfield et al. (27), and the clinical presentation was indistinguishable from
that of a pituitary adenoma. The symptoms are those of a pituitary mass lesion with
or without suprasellar extension, including headaches, visual impairment with loss of
visual acuity and field defects, and hypopituitarism (14).

The predilection for corticotroph involvement and thus secondary adrenal insuffi-
ciency is unexplained. ACTH deficiency is usually the last component to develop in
patients with hypopituitarism because of tumors, and yet in hypophysitis, it may be the
first and only element of hypopituitarism (12,37,38). Thyrotrophin (TSH) deficiency
is also frequently seen (13). There have been cases that presented with symptoms
of pituitary apoplexy (39), including three from our original Australian series (40)
and one further Australian case (41), but apoplexy is unusual and more suggestive of
an underlying tumor or granulomatous or necrotizing hypophysitis. Hypercalcemia is
another unusual manifestation of acute adrenal insufficiency that has been seen in a
number of cases of hypophysitis (14,38,42–48).

Sub-Acute Presentations

The classical sub-acute scenario is a young pregnant or postpartum woman who
presents with symptoms and signs of a pituitary mass lesion that resolves with time
(25,40,49). Hypophysitis usually presents in the second or third trimester rather than
the first, and a typical magnetic resonance imaging (MRI) scan is shown in Fig. 1.
In the peripartum setting, some cases may be incorrectly attributed to Sheehan’s
syndrome even though there was no history of obstetric hemorrhage. Interestingly,
the development of lymphocytic hypophysitis does not necessarily imply secondary
infertility, and a number of cases of subsequent pregnancies have been reported (50–53).

Prolactin levels may be high, low, or normal in approximately equal proportions
(18,54). High levels are normal in pregnancy and breast-feeding but may also suggest
a prolactinoma. Alternatively, hyperprolactinemia may be because of stalk pressure,
hypothyroidism, or in theory, autoantibodies that stimulate lactotrophs directly (55) or
that cross-react in the prolactin assay, simulating macroprolactinemia. There is recent
evidence that prolactin may have an immunomodulatory role (56). Data on growth
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Fig. 1. Magnetic resonance imaging (MRI) scan of a classic case of lymphocytic hypophysitis
in a 24-year-old woman who presented with symptoms of a pituitary tumor. Note the uniform
enhancement with contrast with extension to the hypothalamus.

hormone (GH) status are less robust as this axis does not appear to be regularly assessed
in adult patients (11,13,18). In other causes of hypopituitarism such as traumatic brain
injury (57) and cranial irradiation (58), GH deficiency (GHD) is usually the first deficit
detected, whereas in hypophysitis, it is the last or is even spared.

Extension of the Inflammatory Process

In both acute and sub-acute presentations, there may be extension of the inflam-
matory process into surrounding structures. This was evident as early as the original
case (original histopathological sections reviewed by Prof. Goudie, personal commu-
nication). Involvement of the cavernous sinus has been reported, with patients
complaining of persistent headaches and then developing diplopia with third, fourth,
or sixth cranial nerve palsies (32,59,60). The inflammation can even extend to cause
bilateral internal carotid artery occlusion (61).

Dural involvement is often seen on computed tomography (CT) or MRI scans (62)
and can progress to the point that the diagnosis of hypertrophic cranial pachymeningitis
is made (63). It is likely that the association of aseptic meningitis with lympho-
cytic hypophysitis is part of this phenomenon of extension to surrounding structures
(59,64–67), although the alternative explanation is that the hypophysitis was triggered
by viral meningitis. In their series of nine patients that were treated prospectively
with high-dose methylprednisolone therapy, Kristof et al. (68) performed cerebrospinal
fluid (CSF) analysis showing a significantly higher lympho-monocytic pleocytosis in
patients with presumed lymphocytic hypophysitis [72 (SD = 64) cells/mm3] compared
with patients with pituitary adenomas [14 (SD 11) cells/mm3].



362 Part IV / Other Autoimmune Endocrinopathies

Infundibuloneurohypophysitis

Extension of the inflammatory process into the posterior pituitary and up into the
neurohypophysis will lead to DI. Imura et al. (69) described the first cases in 1993 and
coined the term infundibuloneurohypophysitis. Since then, an increasing number of
cases of DI in the context of hypophysitis have been reported, particularly by Japanese
colleagues (13,60,66,70–78). In the review by Hashimoto et al. (13), they found 30 of
152 cases (19.7%) with DI. Interestingly, this presentation appears to be more common
in male patients.

Recently, the term lymphocytic panhypophysitis has been used to indicate that
posterior pituitary dysfunction co-exists with anterior dysfunction (18,79). It is
extremely rare for pituitary adenomata to cause DI preoperatively, and so this is an
important clue to an underlying inflammatory process and the chance to manage the
patient conservatively (14). The major concern is not to miss a dysgerminoma or
Langerhans’ cell histiocytosis (80) as well as the gamut of granulomatous conditions.
Rathke’s cysts can also present with DI but tend to have a characteristic appearance on
T2-weighted MRI. A pericystic lymphocytic infiltrate in this situation is more likely
to represent secondary hypophysitis than a primary event (19).

Chronic Presentations

A sensitive and specific assay for pituitary autoantibodies is needed to delineate the
chronic spectrum of the disease. This group of patients are far less likely to undergo
pituitary biopsy unless there is a large fibrotic mass that resembles a tumor. In general,
postinflammatory fibrosis leads to pituitary gland atrophy and an empty sella on CT
or MRI scan. An example of this sequence of events is shown in Fig. 2.

The empty sella syndrome is almost certainly a heterogenous condition (81). In a
Swedish study of empty sella patients, we were unable to demonstrate a higher rate
of pituitary autoantibodies by immunoblotting than in control patients (81), but only
4 of 30 patients had pituitary dysfunction. Isolated ACTH and TSH deficiencies have
been reported in association with autoimmune endocrinopathies and the empty sella
syndrome. In the former, pituitary autoantibodies have been demonstrated by both
immunofluorescence (IF) (82–84) and IB (37,40). In contrast, pituitary tumors initially
tend to cause GH or gonadotroph dysfunction.

Association with Other Autoimmune and Inflammatory Diseases
Autoimmune diseases have a tendency to cluster, and lymphocytic hypophysitis

has been reported with both organ-specific and systemic autoimmunity in 25–
50% of cases (11,13,14,18,40). The most common association is Hashimoto’s
thyroiditis (2,11,49,85). Other associations have included Addison’s disease (86,87),
type 1 diabetes mellitus (13,40), Graves’ disease (40,88), atrophic gastritis (40,89),
autoimmune polyendocrinopathy–candidiasis–ectodermal dystrophy (APECED) (90),
systemic lupus erythematosus (72,91–93), Sjögren’s syndrome (63), autoimmune
hepatitis (94), and primary biliary cirrhosis (95).

In the neurological and ophthalmological literature, there are a number of localized
inflammatory conditions that seem to overlap with lymphocytic hypophysitis. Tolosa
Hunt syndrome describes patients with painful ocular inflammation (62,96,97). On
closer examination of one case report, the patient was noted coincidentally to have
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Fig. 2. (Continued).



364 Part IV / Other Autoimmune Endocrinopathies

Fig. 2. Sequential magnetic resonance imaging (MRI) scans in a 57-year-old man who presented
with hypopituitarism and diabetes insipidus (DI) presumed to be due to lymphocytic hypophysitis.
Scans 1 (coronal section) and 2 (sagittal section) show a pituitary mass with ring enhancement. This
appearance could also be sagittal granulomatous hypophysitis. Subsequent scans 3 (coronal section)
and 4 (sagittal section), taken 18 months later, show progression to an empty sella.
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an enlarged pituitary that resolved with steroid therapy for the ocular inflammation.
Similarly, fibrosing pseudotumor (22,98), inflammatory pseudotumor (99), dacryoad-
enitis (100), temporal arteritis (22), and lymphocytic lacrimal and salivary gland
involvement with Hashimoto’s thyroiditis (101) have all been reported in association
with hypophysitis, and some have been treated successfully with intravenous steroids.
The conditions previously described are local, but lymphocytic hypophysitis has also
been reported in patients with generalized inflammatory pathologies such as retroperi-
toneal fibrosis (87,102). There is no unifying hypothesis to explain these associations
other than some infectious trigger or the tendency for autoimmune conditions to
cluster (103).

As with other autoimmune conditions, there may be a relapsing and remitting
course (65). The longest time to full disease expression has been 8 years in
two instances (72,104). Spontaneous recovery has also been widely reported
(25,31,49,105–108).

APECED

Autoimmune polyendocrinopathy–candidiasis–ectodermal dystrophy (OMIM
240300), also known as polyglandular autoimmune disease type 1, is a rare, autosomal
recessive disorder caused by mutations in the autoimmune regulator (AIRE) gene
(see Chap. 17). AIRE has an important role in central tolerance by promoting the
expression of organ-specific antigens in the thymus (109,110). Hypopituitarism is an
uncommon feature. There has been one convincing case of clinical hypophysitis (90)
in a French-Canadian patient with a severe phenotype where virtually no endocrine
gland was spared. Autoantibodies to pituitary membrane proteins were demonstrated
by IB but have not been further characterized (90). Isolated GHD has been documented
in another nine patients, isolated secondary hypogonadism in one case, and central
DI in three (111–113). Finally, three siblings with partial ACTH deficiency (114) and
one patient with selective hypopituitarism (115) have been reported. Pituitary autoan-
tibodies have been studied in the cohort of APECED patients from Scandinavia (116),
but their clinical significance is uncertain.

Special Case Scenarios

Pregnant Women with Type 1 Diabetes

A particularly interesting group of patients are pregnant women with type 1
diabetes (40). The Australian prevalence study of postpartum thyroid dysfunction from
Perth showed that 11.5% of normal women had evidence of hypothyroidism or hyper-
thyroidism 6 months postpartum (117). It is well recognized that diabetic patients are at
an even higher risk of postpartum thyroiditis (see Chap. 8). Therefore, these women may
also be at higher risk of peripartum hypophysitis, which should be suspected in patients
with peripartum headache and rapidly falling insulin requirements. In our experience,
these patients can be easily overlooked and fatigue attributed to psychosocial factors
and to the stress of caring for a new baby. Finally, hypopituitarism, presenting as the
Houssay phenomenon (hypoglycemia because of hypopituitarism), has been attributed
to microvascular disease because of the diabetes itself. In fact, some of these cases
may have been autoimmune in etiology (40).
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Sheehan’s Syndrome

The other interesting group of patients are those given a diagnosis of Sheehan’s
syndrome as a cause of their hypopituitarism when there was no history of postpartum
hemorrhage or other obstetric calamity. Goswami et al. (118) used the IB method to
study a large cohort of Indian women with severe peripartum hemorrhage leading to
Sheehan’s syndrome up to 8 years later. They found that 63.1% (12 of 19) developed
anti-enolase antibodies compared with 17.8% (5 of 28) women with normal pregnancies
and 14.2% (4 of 28) women who had never conceived. Despite near catastrophic
hemorrhage at the time of delivery in all patients, some had a significant delay in the
development of hypopituitarism. This delay supported the theory that an autoimmune
process was triggered by the obstetric event.

Pediatric Cases

Pediatric cases of lymphocytic hypophysitis outside of APECED can be counted
on one hand (119–122). It is interesting that the third of the original three cases of
xanthomatous hypophysitis was an adolescent female (123). Granulomatous lesions
have also been seen in adolescence (124,125).

Patients with Cancer Treated with Cytotoxic

T-Lymphocyte-Associated Antigen-4 Blockade

Cytotoxic T-lymphocyte-associated antigen (CTLA)-4 is a receptor expressed on
activated T cells and a subset of regulatory T cells. It inhibits T-cell responses
and is therefore important in the maintenance of peripheral tolerance against self-
antigens (126,127). Many malignant tumors are known to express self-antigens on
their surfaces. Recent reports have established that administration of CTLA-4 blocking
antibodies in patients with advanced melanoma mediates cancer regression (128,129).
Unfortunately, this kind of immunotherapy may also induce autoimmune manifesta-
tions such as enterocolitis, dermatitis, and hypophysitis (128,130).

Blansfield et al. (131) reported six patients with melanoma and two patients with
renal cell carcinoma that all developed hypophysitis during treatment with CTLA-4
antibodies. Before the immunotherapy was started, all patients had normal pituitary
function and normal pituitary imaging on MRI, except for one patient who had an
empty sella but no hypopituitarism. After CTLA-4 blockade, seven of eight patients
had an evident increase in pituitary size, and all eight patients developed clinical signs
of hypopituitarism. Low levels of cortisol and TSH were detected in the patients, and
in seven of them, testosterone was also low. Once the immunotherapy was interrupted
and hormonal replacement therapy started, all patients had resolution of their clinical
symptoms. Based on these findings, it is recommended that patients treated with CTLA-
4 antibodies be closely monitored for clinical and laboratory signs of hypopituitarism.
Reversible hypopituitarism has also been reported after alpha-interferon therapy (132).

INVESTIGATIONS

Imaging
Computed tomography scanning performed on the first case of hypophysitis

diagnosed in a living patient (27) could not differentiate the mass from that of an
adenoma. MRI is now the preferred technology.
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The MRI findings of lymphocytic hypophysitis vary depending on the stage and
extent of the inflammatory process. On T1-weighted precontrast images, lymphocytic
hypophysitis appears isointense relative to gray matter. The sellar floor regularly
appears flat and intact, whereas erosion that can be unilateral is more often seen
in pituitary adenomata (9). Postcontrast, acute cases often present as a symmetric
homogeneous contrast-enhancing sellar mass with suprasellar extension (133). Rarely,
a heterogeneous cystic appearance can be found (134–136). The intense enhancement
may be confined to the periphery of the lesion as “ring enhancement” (71) or extend
along the dura mater as a “dural tail” (137). Interpretation of scans can be difficult in
pregnant women as pregnancy itself leads to hyperintensity of the anterior pituitary on
MRI (138).

Dynamic MRI has displayed delayed contrast enhancement of the pituitary mass as a
sign of abnormal hypophyseal vasculature (139). A striking finding is that the pituitary
stalk often is thickened and enhanced but rarely displaced (70). If the inflammatory
process involves the posterior pituitary lobe, its precontrast hyperintense bright spot
may be lost (69). Involvement of the cavernous sinus resulting in cranial nerve palsies
as well as occlusion of one or both internal carotid arteries have been described (32,61,
140). In its sub-acute and chronic presentations, lymphocytic hypophysitis may show a
normal pituitary on MRI or signs of pituitary atrophy and empty sella (141). Figure 2
shows the progression of hypophysitis from a mass with ring enhancement and stalk
involvement causing DI to an empty sella over 18 months.

Features such as a homogeneous symmetrical mass, marked contrast enhancement,
and stalk thickening with no deviation speak in favor of lymphocytic hypophysitis but
can also be seen with other pituitary lesions. Therefore, it may be very hard to predict
hypophysitis on MRI, and histopathological examination remains the definitive arbiter.

Immunopathogenesis

Gross Pathology

Inspection of the pituitary gland in the autopsy cases showed significant atrophy (14),
together with secondary atrophy of the adrenals in nearly all cases. The tissue at
neurosurgery is often described as looking white-gray to yellowish with a consistency
that may be soft but is more often firm, fibrous, and adherent to surrounding structures
such as the dura mater. In occasional cases, a cystic appearance with yellow liquid is
described, which raises the possibilities of a Rathke’s cyst with secondary hypophysitis
or of necrotizing or xanthomatous hypophysitis.

Histopathology

Lymphocytic hypophysitis is characterized by extensive, diffuse lympho-plasmacytic
infiltration of the anterior pituitary as seen in Fig. 3. As in Hashimoto’s thyroiditis,
the lymphocytes can aggregate to form lymphoid follicles with germinal centers. The
inflammatory infiltrate consists mainly of a polyclonal mixture of T and B lympho-
cytes with an admixture of plasma cells and occasional eosinophils, macrophages, and
histiocytes (19,20) (142–144). Recently, mast cells have been described (145) and also
activation of the supporting dendritic-like pituitary folliculo-stellate cells (146).
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Fig. 3. Histological section of a classic peripartum case of lymphocytic hypophysitis stained with
hematoxylin and eosin, showing the diffuse lymphocytic infiltrate with scattered plasma cells and
eosinophils and islands of remnant pituitary cells.

In acute cases with large numbers of lymphocytes, it is important to exclude clonality,
which would indicate an underlying lymphoma (147) or leukemia. In cases where
the surgeon has found firm tissue, there is a correlation with significant fibrosis on
light microscopy. Occasional neutrophils may be seen, but significant areas of necrosis
or granuloma formation indicate other entities such as necrotizing infundibuloneuro-
hypophysitis and granulomatous hypophysitis discussed under Differential Diagnosis.

Immunohistochemistry

Characterization of the T-cell and B-cell infiltrates has shown that the former
predominate except in areas with lymphoid follicles. The tissue ratio of T-helper
(CD4+) to T-suppressor (CD8+) cells has been described as 2:1 or greater in the
majority of cases (12,20,38,66,140,143,148). Gutenberg et al. (143) showed that the
highest numbers of activated CD8+ T cells were observed in cases presenting in
pregnancy and with a shorter duration of clinical symptoms.

Electron Microscopy

The first description of changes seen on electron microscopy (EM), by Asa
et al. (24), was of pituitary cells interdigitating with activated lymphocytes in those
areas of the most dense inflammatory cell infiltration. Some pituitary cells were
intact (24,149), whereas others showed signs of oncocytic transformation or enlarged
lysosomal bodies (20). No immune complex deposits were seen. Jensen et al. (38) also
noted phagocytosis of organelles from degenerating adenohypophyseal cells. In their
case, isolated corticotropin deficiency was confirmed on EM by the selective loss of
corticotrophs. Isolated loss of prolactin cells has also been shown (146). Professor Ross
McD. Anderson, an eminent neuropathologist in Melbourne, captured an exquisite
example of an activated lymphocyte interacting with an adenohypophyseal cell in
peripartum hypophysitis, and this is shown in Fig. 4 (12).

Differential Diagnosis
In patients presenting acutely, the immediate concern is to treat the underlying

hypopituitarism, to preserve vision, and then to exclude a pituitary tumor. If clinical
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Fig. 4. Electron microscopy (EM) study of the case shown in Fig. 3. Note the lymphocyte
“embracing” a degenerating adenohypophyseal cell. (Photograph reproduced with the kind
permission of Current Opinion in Endocrinology and Diabetes.).

findings or imaging are suggestive of an inflammatory process, then there are a number
of ancillary investigations, which help to narrow the diagnostic possibilities. However,
biopsy may be needed to differentiate the types of hypophysitis.

Primary Hypophysitis

Hypophysitis can be classified as primary or secondary. Broadly, the primary inflam-
matory processes are lymphocytic hypophysitis, granulomatous hypophysitis, and the
recently described xanthomatous hypophysitis. However, there are cases described
as lympho-granulomatous hypophysitis (21,29,150), necrotizing infundibuloneurohy-
pophysitis (151), and xantho-granulomatous hypophysitis (144). It is unclear whether
these are separate entities. Cheung et al. (142) illustrated the three major sub-types
with classical case reports, as did Flanagan et al. (135). Neither granulomatous and
xanthomatous hypophysitis appear to have an autoimmune basis. They do not have a
preponderance of female patients and are not usually associated with other autoimmune
diseases (143).

Granulomatous Hypophysitis

Granulomatous inflammation of the pituitary may be primary or secondary to an
underlying systemic granulomatous disease (see Secondary Hypophysitis). Idiopathic
primary granulomatous hypophysitis mainly affects the anterior pituitary but may also
involve the neurohypophysis and infundibulum, particularly in male patients. Headache
and visual disturbances are common, as are varying degrees of hypopituitarism with
or without DI. The diagnosis is rarely made on clinical grounds but rather on the
histological findings of granulomas with epithelioid histiocytes and multinucleated
giant cells (142). A variable number of lymphocytes and plasma cells may also be
present. On radiological examination, an intrasellar mass, sometimes with parasellar
extension, is seen (21). There may also be stalk thickening and loss of the posterior
pituitary bright spot on MRI (152) in those patients with DI.
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Xanthomatous Hypophysitis

Xanthomatous hypophysitis is a recently described entity (123), with less than 10
cases in the literature (142–144,153,154). The mass lesions often appear cystic on MRI.
The anterior pituitary is infiltrated with lipid-rich, foamy histiocytes strongly reactive
to CD68 antibody (indicating monocyte–macrophage lineage), and some lymphocytes.
There may be foci of liquefaction. The pathogenesis is not understood but felt to be
infective.

Secondary Hypophysitis

It is important to consider whether there is an underlying treatable systemic condition
that may manifest as primary hypophysitis. As intimated in the discussion on primary
hypophysitis, this can be difficult when the two can co-exist. The list of conditions
that can affect the pituitary is extensive (155).

It was the observation of lymphocytic infiltration around craniopharyngiomas that
led Puchner et al. (19,156) to coin the term “secondary hypophysitis.” Hypophysitis
secondary to tumors has been seen also with both GH-secreting (157) and prolactin-
secreting (158) adenomata and in association with Rathke’s cysts (135,159–162).

In patients with DI, the entity of infundibuloneurohypophysitis needs to be differen-
tiated from two major conditions—dysgerminoma and Langerhans’ cell histiocytosis,
especially in children and adolescents (80). Even biopsy of pituitary stalk lesions can
be misleading, as there may be a secondary lymphocytic infiltrate around a dysger-
minoma (163). This phenomenon was best illustrated by the case of a young patient
from Germany whose initial biopsy suggested lymphocytic hypophysitis, but whose
subsequent course was that of an aggressive dysgerminoma (164,165). Langerhans’
cell histiocytosis is S100 positive on biopsy, but preoperatively, the diagnosis can be
suspected when there is a characteristic rash (more common in pediatric patients), an
ear discharge, or a positive bone scan (166).

Neurosarcoidosis can involve the infundibulum and extend into the pituitary. Serum
angiotensin-converting enzyme (ACE) levels may be raised, and a chest radiograph
may show the classical infiltrate. There has been a case report of pulmonary sarcoidosis
being associated with biopsy-proven lymphocytic hypophysitis (167). Granulomatous
diseases including Wegener’s disease (168), sarcoidosis (169), tuberculosis (170,171),
Takayasu’s disease (172), and Crohn’s disease (173) have all presented with pituitary
manifestations.

Tuberculosis of the sella turcica (174) was not uncommon in the early 1900’s and
features in Sheehan’s series of cases. It is also still a consideration in regions that have
a high prevalence of tuberculosis, especially as HIV/AIDS is contributing to its resur-
gence. A tuberculin test and antigen polymerase chain reaction (PCR) of CSF are infor-
mative (170). Alternatively, new sensitive and specific tests of lymphocyte interferon-
gamma responses to tuberculous antigens are increasingly being used. Syphilis was also
more common last century but is a consideration in patients with other manifestations
who are treponema pallidum hemagglutination positive.

Pituitary Autoantibodies
Pituitary autoantibodies and their relation to lymphocytic hypophysitis have recently

been reviewed (175). The other autoimmune endocrinopathies, such as Hashimoto’s
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thyroiditis, Addison’s disease, type 1 diabetes mellitus, and Graves’ disease, have
been traditionally considered as organ-specific processes. Their respective target
autoantigens are tissue-specific or cell-specific enzymes (7,176,177), hormones (178),
or receptors (179). Yet, islet cell antibodies (ICA) detected by IF in patients with
type 1 diabetes recognize not only insulin-secreting beta cells but multiple pituitary
cells (180) as well as islet alpha cells, delta cells, and those making pancreatic
polypeptide (181). This ICA reactivity is not completely preabsorbed by glutamic
acid decarboxylase (GAD) 65 and islet antigen (IA) 2, suggesting that there are other
relevant islet cell autoantigens (182). Patients with Graves’ disease can also have
autoantibodies that cross-react with the pituitary (183), and those with Hashimoto’s
thyroiditis can develop an encephalopathy that is related to their thyroid autoan-
tibody status and not some concurrent neurological condition (184,185). One inter-
pretation has been that pituitary autoantibody reactivity is therefore non-specific,
but this is partly contradicted by recent data on autoantibodies to type 2 iodothy-
ronine deiodinase (D2) (186). This enzyme is expressed in both the pituitary and the
thyroid.

The pituitary contains at least five different hormone-secreting cell types. If there
are cell-specific or enzyme-specific targets, then pituitary autoantibodies in a patient
with lymphocytic hypophysitis and isolated ACTH deficiency are probably going to
be different to those from a patient with isolated TSH deficiency or panhypopitu-
itarism. A number of techniques have been used to look for pituitary autoantibodies
as summarized in Table 1. Some methods, such as IF, identify the target cell type
and sub-cellular localization but not the target protein. Others, such as IB, identify
the molecular weight of the target protein but not the cell of origin. Finding a
pituitary-specific autoantigen is not so simple, as the enzymes in the pituitary are also
present in the hypothalamus and neuroendocrine tissues including the placenta—for
example, neuron-specific enolase (NSE) (187), prohormone convertase (PC) (188),
and the family of carboxypeptidases (CPs) (189). Using a candidate autoantigen
approach, Tanaka et al. looked at the expression profile of active genes in the
human pituitary gland and found two pituitary gland-specific factor (PGSF) 1a and
PGSF2. These factors have been recognized by sera from patients with rheumatoid
arthritis, which intuitively would exclude them as specific autoantigens. However,
there is preliminary evidence that rheumatoid patients may have subtle pituitary
dysfunction (190).

Complement Consumption Assays

Pituitary autoantibodies were first sought using a complement consumption assay
and crude autopsy pituitary gland homogenate (191). This type of assay works on
the basis of the interaction of antigen-antibody complexes with complement and is
particularly neither sensitive nor specific. The results in 128 normal peripartum women
linked the development of positive antibody status 5–7 days postpartum (seen in 18%)
with symptoms suggestive of pituitary dysfunction 6–12 months later, but hormonal
data were lacking.

Indirect IF Assays

The first study was by Goudie (192), who was unable to find positive anti-pituitary
reactivity. In 1969, Nerup et al. (193) also unsuccessfully attempted to demon-
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Table 1
Techniques and Substrates Used for the Detection of Pituitary Autoantibodies

Technique Pituitary substrate References

Complement
consumption

Human Autopsy
material

Engelberth and Jezkova, 1965 (191)

Indirect immuno-
fluorescence

Human Autopsy
material

Bottazzo et al., 1975 (55)

Pouplard et al., 1985 (202)
Fresh material
from surgery

Bottazzo et al., 1975 (55)

Mirakian et al., 1982 (180)
Gluck et al., 1993 (193)

Fetal glands Scherbaum et al., 1987 (197)
Gluck and Scherbaum, 1990 (200)
Gluck et al., 1993

Primate Cymologous
monkey

Gluck and Scherbaum, 1990 (200)

Rhesus
monkey

Maghnie et al., 1994 (196)

Maghnie et al., 1995 (197)
Baboon Gluck and Scherbaum, 1990 (200)

De Bellis et al., 2003 (198)
De Bellis et al., 2005 (201)

Non-primate Rat Bottazzo et al., 1975 (55)
Pouplard et al., 1980 (200)
Hansen et al., 1989 (183)
Møller et al., 1985 (201)
Sugiura et al., 1986 (203)
Kobayashi et al., 1988 (203)
Gluck and Scherbaum, 1990 (200)
Kajita et al., 1991 (82)
Fetissov et al., 2002 (223)

Bovine Bottazzo et al., 1975 (55)
Gluck and Scherbaum, 1990 (200)

Guinea pig Pouplard, 1982 (196)
Pouplard et al., 1985 (202)

Porcine Hansen et al., 1989 (183)
Gluck and Scherbaum, 1990 (200)

Sheep Gluck and Scherbaum, 1990 (200)
Cell lines Murine AtT20

and Rat GH3

Sugiura et al., 1987 (84)

Komatsu et al., 1988 (204)
Kajita et al., 1991 (82)

Immunoblotting Human Crock et al., 1993 (205)
Crock, 1998 (40)
Strömberg et al., 1998 (208)
Nishiki et al., 2001 (206)
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Takao et al., 2001 (210)
Goswami et al., 2002 (118)
O’Dwyer et al., 2002 (207)
O’Dwyer et al., 2002 (187)
Bensing et al., 2004 (81)
Bensing et al., 2005 (37)

Primate Rhesus
monkey

Crock et al., 1993 (205)

Non-primate Rat Yabe et al., 1995 (212)
Yabe et al., 1998 (213)
Kikuchi et al., 2000 (215)
Nishino et al., 2001 (214)

Porcine Kobayashi et al., 1997 (212)
Kobayashi et al., 1998 (211)

Enzyme-linked
immunosorbent
assay

Human Adenoma
cells

Keda et al., 2002 (216)

Non-primate Rat Yabe et al., 1998 (213)
Kikuchi et al., 2000 (215)
Nishino et al., 2001 (214)
Keda et al., 2002 (216)

Porcine Kobayashi et al., 1998 (211)
In vitro
transcription
translation and
immunoprecipi-
tation of pituitary
proteins

Human Tanaka et al., 2002 (219)
Tanaka et al., 2003 (190)
Tanaka et al., 2003 (220)
Tatsumi et al., 2003 (188)

strate pituitary autoantibodies in 16 patients with idiopathic hypopituitarism (and 232
controls) using IF on fresh human surgical pituitary tissue from breast cancer sufferers
as well as monkey and rabbit pituitaries. None of the 16 had other autoimmune condi-
tions except one with thyroglobulin antibodies. In 1975, Bottazzo et al. (55) first
described autoantibodies to pituitary prolactin-secreting cells using indirect IF in 287
patients with endocrine autoimmunity, but none had clinical hypopituitarism.

The IF assay is still widely used, but it has rarely identified pituitary autoanti-
bodies in patients with biopsy-proven or suspected lymphocytic hypophysitis (27,194).
This method recognizes the conformational structure of antigens, their sub-cellular
localization, and the pituitary cell type targeted. In general, the titer of pituitary autoan-
tibodies found by IF is low. The choice of pituitary substrate is problematic in terms
of species specificity issues, ethical issues, and limited supply.

Human Tissues as Substrate. Bottazzo et al. (55) used a four-layer double-
fluorochrome method on fresh, human pituitaries from women whom had undergone
hypophysectomy for breast cancer. These glands did not have entirely normal
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histology, as they had prolactin cell and GH cell hypertrophy and a reduced
number of basophils. Prior treatment with stilbestrol and prednisone may have
accounted for these changes. Sera from 10 patients with autoimmune polyen-
docrinopathy and 9 patients with a single endocrine autoimmune disease gave a
diffuse, finely granular cytoplasmic IF on pituitary cells. None had hypopituitarism.
Conversely, none of the 13 patients with idiopathic panhypopituitarism gave positive
results.

Subsequently, using undiluted serum, antibodies to “multiple pituitary cell types”
were shown in patients with newly diagnosed diabetes and their high-risk first-degree
relatives (180). There was a striking correlation between pituitary cell antibodies and
positive ICA. The authors speculated that this may have indicated a viral trigger for
diabetes that simultaneously involved the pituitary. The idea is supported by the work
of Onodera et al. (195) discussed in “Animal Models.”

Pouplard (196) had shown in 1982 that immunoglobulins from normal sera bind
through Fc receptors to the surface of corticotrophs but not those in fetal pituitary
glands. Thus, pituitary antibodies against corticotrophs need to be interpreted with
caution. Scherbaum et al. (197) have shown that pituitary autoantibodies to corti-
cotrophs in Cushing’s disease patients are associated with an unfavorable outcome after
microsurgical resection. They have not published results on patients with lymphocytic
hypophysitis.

Other cell types targeted have included thyrotrophs, gonadotrophs in patients with
cryptorchidism and their mothers (198), and somatotrophs (199). Again, no patients
with hypophysitis were studied.

Non-Human Tissues as Substrate. Although fresh human tissue would be ideal,
the ethical issues of using fetal glands and the limited supply of surgical tissue
make this untenable. Non-human tissues raise the problems of species speci-
ficity because of heterophile antibodies as outlined by the study from Gluck and
Scherbaum (200).

Bottazzo’s original publications concluded that baboon pituitary was the optimal
non-human tissue substrate. Recently, De Bellis and colleagues (201) have revisited IF
using young baboon pituitary glands in patients with idiopathic GHD and autoimmune
endocrine diseases. Specific staining of somatotrophs alone was typical of isolated
GHD; however, more diffuse staining of other cells was seen in patients with GHD
and other autoimmune diseases.

A range of other pituitary tissues has been used including guinea pig (202), rat (203),
porcine (183), and a murine AtT20 cell line (84). Positive reactivity has been seen in
patients with cryptorchidism (202), isolated ACTH deficiency (203), the empty sella
syndrome (204), and Graves’ disease (183).

Immunoblotting Assays

The IB (or Western) assay was developed to overcome the problems with IF (205).
The preparation of whole pituitary glands by homogenization means that the immunore-
activity detected by patient sera is to proteins of a particular molecular size rather than
a specific pituitary cell type. In addition, the initial centrifugation step gives a pellet
containing nuclei and mitochondria. If this fraction contains any potential autoantigens,
they will be discarded at this step. Proteins from the membrane or cytosolic fractions
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are then denatured, separated electrophoretically by size and transferred to a membrane.
The assay method is outlined in Fig. 5. In contrast to IF, patient sera react with linear
epitopes rather than a three-dimensional structure.

In the original IB article (205), both membrane and cytosolic pituitary fractions were
probed with sera from pediatric patients with GHD and normal pediatric control sera.
Autoantibodies were identified to a 45-kDa pituitary-specific membrane protein in 1
of 19 patients with idiopathic GHD and the empty sella syndrome. One other patient
with idiopathic GHD and 1 of 14 patients with secondary GHD had autoantibodies
to a 43-kDa membrane protein, found in both pituitary and brain. None of 27 control
subjects had these autoantibodies. In light of recent IF data in an adult cohort of Italian
patients with GHD (201), it will be of great interest to identify the protein(s) seen by
IF and to see whether they have the same molecular weights as those in our IB study.
Nishiki et al. (206) also identified pituitary-specific antibodies to 43-kDa, 49-kDa, or
68-kDa membrane proteins in 5 of 13 patients with lymphocytic hypophysitis, 1 of 12
patients with infundibuloneurohypophysitis, but none of 4 patients with isolated ACTH
deficiency. These proteins are of great interest but have yet to be further characterized.
No other membrane studies have been published.

Subsequent IB studies using pituitary cytosolic preparations in a series of 10 patients
with biopsy-proven hypophysitis and 22 patients with suspected disease showed autoan-
tibodies to a 49-kDa protein in 70% patients with biopsy-proven hypophysitis, 50%
with suspected disease, and 9.8% normal controls. A number of other autoantigens
were identified, particularly a 40-kDa protein. Titers as high as >1:1000 were seen in
contrast to IF studies that have consistently used undiluted sera or dilutions up to 1:8.
Species specificity experiments using IB demonstrated that the 49-kDa protein was
conserved across species (40) but also demonstrated the extent of tissue cross-reactivity
that can confound IF results.

The 49-kDa protein was purified using column chromatography, sequenced, and
identified as alpha-enolase (207). Enolase has three isoforms, one of which is found
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Fig. 5. Schematic representation of the immunoblotting (IB) assay for pituitary autoantibodies.
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in neuroendocrine tissues (NSE). A study using two-dimensional gel electrophoresis
showed that serum from a peripartum woman with lymphocytic hypophysitis recog-
nized NSE in both the placenta and the pituitary (187). It was hypothesized that the
sharing of placental and pituitary antigens may explain the association of lymphocytic
hypophysitis with pregnancy. The study by Goswami et al. (118) of Indian women
with true Sheehan’s syndrome who developed hypopituitarism up to 8 years later also
hints at this link.

Anti-enolase antibodies have been found in a wide range of patients with classical
non-organ-specific autoimmunity (40) but also in up to 20% of patients with pituitary
adenoma and 5–10% of control subjects using IB. Using another method (in vitro
transcription translation [ITT]; see In Vitro Transcription Translation or Immunopre-
cipitate of Pituitary Proteins), the incidence of these antibodies in tumor patients was
even higher (46%), suggesting that they may not be a reliable discriminator of an
autoimmune condition.

Isolated ACTH deficiency has been reported in association with autoimmune
diseases (83,208), including lymphocytic hypophysitis (38,209). In a large Polish
series of patients with ACTH deficiency (isolated in 61 of 65), 51% (33 of 65) had
another autoimmune disease and 85% (55 of 65) had positive thyroid autoantibodies.
IB identified a novel 36-kDa pituitary cytosolic autoantigen in 12 patients (18.5%)
compared with 2 of 57 healthy controls (3.5%, p < 0�021) (37). Patients with autoan-
tibodies to the 36-kDa protein had a higher frequency of thyroglobulin autoantibodies
than the patients whose sera were not immunoreactive. This target autoantigen has not
been further characterized as yet. A Japanese study of nine patients with isolated ACTH
deficiency demonstrated that seven (77.8%) had autoantibodies to a 22-kDa human
pituitary cytosolic protein, subsequently identified as GH (210). The same study found
these autoantibodies in 11 of 15 (73%) patients with lymphocytic hypophysitis. GHD
was found on testing in 9 of 11 patients with autoantibodies. GH reactivity was lost by
preabsorption with pancreatic antigens (211), a finding that mirrors Bottazzo’s earlier
observations in patients with diabetes and ICA cross-reactivity with the pituitary.

The empty sella syndrome almost certainly has a heterogenous etiology with one
component being end-stage hypophysitis. Bensing et al. (81) studied a group of
30 patients with empty sella syndrome, 15 of whom had type 2 diabetes or impaired
glucose tolerance and a body phenotype of central obesity. They did not have evidence
of high-titer pituitary autoantibodies compared with controls, but only four patients
(13%) had pituitary dysfunction. Therefore, it appears that patients with an empty sella
syndrome and normal pituitary function are very unlikely to have had hypophysitis.

Enzyme-Linked Immunosorbent Assay

The first group to investigate an enzyme-linked immunosorbent assay (ELISA) was
Yabe et al. (211–213). Rat or porcine pituitary antigens from tissue preparations were
used. A typical ELISA procedure was developed using the cytosolic fraction of homog-
enized rat pituitary glands, coated onto the ELISA plate at alkaline pH. Serum reactivity
to bound antigens was detected using a peroxidase-conjugated second antibody and
a colored substrate. Measurement of absorbance at an appropriate wavelength related
to the concentration of pituitary autoantibodies present. This approach presents a
cocktail of potential autoantigens and preserves the three-dimensional structure of the
antigens. However, the advantage may be nullified if a low level of target autoantigen
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Fig. 6. Schematic representation of the immunoprecipitation (in vitro transcription translation [ITT])
assay for pituitary autoantibodies.

(cytosolic or membrane) is masked by other proteins or if there is significant species
cross-reactivity. Pituitary autoantibodies were detected by this method in patients with
non-insulin-dependent diabetes mellitus (212) and autoimmune thyroiditis (214) as well
as various pituitary disorders (215). This research group has also found the prevalence
of pituitary autoantibodies to be significantly higher in type 2 diabetes patients than in
control subjects using porcine instead of rat pituitary as antigen (211).

Keda et al. (216) modified the ELISA by using human pituitary adenoma cells to
develop a cellular variant. Serum from patients with idiopathic hyperprolactinemia or
idiopathic-isolated GHD had autoantibodies more frequently to prolactin-secreting cells
and GH-secreting cells, respectively, than patients with other forms of pituitary diseases.

Evaluation of these ELISA techniques using sera from biopsy-proven lymphocytic
hypophysitis patients has yet to be performed.

In Vitro Transcription Translation and Immunoprecipitation

of Pituitary Proteins

The latest assay uses rabbit reticulocyte lysate to produce recombinant pituitary
proteins in vitro. Methionine residues on these proteins are labeled with 35S, and the
proteins then mixed with patient sera and protein-A sepharose in an immunoprecipi-
tation step (217). The method is outlined schematically in Fig. 6. A number of potential
pituitary autoantigens have been tested in this system. Tanaka et al. (218) tested two
novel PGSFs, PGSF1a and PGSF2, isolated from a hypothalamic cDNA expression
library. Other candidates studied included enolase; GH; the prohormone-processing
enzymes, PC, PC1/3, and PC2; CPE; and PC2-regulatory protein, 7B2 (188). None of
these enzymes is pituitary specific.

Positive antibody indices to PGSF1a were found in 1 of 3 (33%) patients with biopsy-
proven hypophysitis and 2 of 10 (20%) patients with isolated ACTH deficiency (219).
Reactivity to PGSF2 was seen in 2 of 14 (14%) patients with suspected hypophysitis



378 Part IV / Other Autoimmune Endocrinopathies

or infundibuloneurohypophysitis and 3 of 14 (21%) patients with hypopituitarism.
Anti-GH antibodies were detected in 2 of 8 (25%) patients with hypophysitis (1 of
whom was biopsy proven), 2 of 14 (14%) with hypopituitarism, and 2 of 31 (6.5%)
with other autoimmune diseases. None of the antibody indices was above 2, which
implies very low titer reactivity. Patients with pituitary adenomata did not show any
reactivity to either PGSF1a or PGSF2 (219), but 5 of 11 (45%) patients had antibodies
against PC1/3 (188) and 6 of 11 (55%) to 7B2 compared with 2 of 14 (14%) patients
with lymphocytic hypophysitis for both antigens (188). PGSF1a antibodies have also
been detected in 20 of 26 (77%) rheumatoid arthritis patients (190). Before these latest
results are dismissed as non-specific, it will be important to exclude subtle pituitary
hormone dysfunction in these patients.

Enolase was tested as an autoantigen in the ITT assay by Tanaka et al. (220).
They demonstrated positive autoantibodies in 7 of 17 (41%) patients with lymphocytic
hypophysitis, 6 of 30 (20%) with non-functioning pituitary macroadenoma, 4 of 17
(23.5%) with other autoimmune diseases, and 2 of 46 (4.3%) healthy controls. These
results are similar to those reported with IB except for the high prevalence in patients with
pituitary adenomata. In the ITT system, enolase antibodies appear quite non-specific.

The ITT assay has the potential to test multiple target autoantigens in high-throughput
assays that are less labor intensive than IF or IB. However, expression of proteins
in this system does not always guarantee that they are in their native conformation
required for binding of patient sera (221).

Autoantibodies to Pituitary Hormones

There are limited studies showing that pituitary hormones can be targets, analogous
to insulin as a major target autoantigen in type 1 diabetes. In 1993, Mau et al. (222)
demonstrated by IB, anti-ACTH and anti-GH antibodies in two of six patients with
empty sella syndrome and anti-ACTH and anti-TSH antibodies in three of five patients
with pituitary tumors. Six normal controls were negative. Positive antibodies did not
correlate with hormonal function (222). A significant subset of sera from patients
with anorexia nervosa and bulimia nervosa contains antibodies against MSH and/or
ACTH (223). IB studies from Kikuchi et al. (215) and Takao et al. (210) identified a
22-kD protein as a target autoantigen, subsequently shown to be GH.

Animal Models
Experimental induction of cellular or humoral autoimmunity by sensitizing animals

with autologous pituitary antigens is one of the major criteria for organ-specific autoim-
munity. In 1967, Levine (224) successfully induced “allergic adenohypophysitis” by
injecting rat pituitary tissue homogenate emulsified in complete Freund’s adjuvant into
14 rats. Six animals (43%) developed focal or diffuse mononuclear cell infiltration
of the pituitary within 2–3 weeks of a single injection. The addition of pertussis
toxin as a second adjuvant increased disease incidence to 75%. The hypophysitis was
more severe in a sub-group of pregnant and postpartum rats, analogous to the human
condition. Subsequent experiments (225) showed guinea pig pituitary extracts were the
most successful inducer of disease in the rat model, whereas human and bovine tissues
were poor inducers. Similar experiments in rabbits gave similar results (226). In 2001,
Watanabe et al. (227) revisited Levine’s experiment in female Lewis rats. Although no
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severe lymphocytic infiltration of the adenohypophysis was seen, they identified GH,
TSH, and luteinizing hormone (LH) as major autoantigens. These findings accord with
the data from Japanese clinical studies (210).

One of the most interesting experiments in this field was by Beck and Melvin in
1970 (228) who induced autoimmune hypophysitis in a female rhesus monkey using
repeated exposure to human placental extracts and chorionic gonadotrophins over
3 years. No evidence was presented to show that the lympho-plasmacytic infiltrate had
affected pituitary function. The pituitary and placenta share the expression of many
molecules, including such autoantigens as NSE (187). Whether this is relevant to the
close association of lymphocytic hypophysitis and pregnancy or to Sheehan’s syndrome
and delayed hypopituitarism with pituitary antibodies (118) is intriguing but unclear.

Virally Induced Hypophysitis

Four animal models of virally induced pituitary autoimmunity have been reported.
In the first model, mice infected with reovirus type 1 developed autoantibodies against
anterior pituitary, islets of Langerhans’ and gastric mucosa, as well as to hormones
such as insulin and GH (195). This model is consistent with IF data in newly diagnosed
type 1 diabetes patients (180). Yoon et al. (229) injected male golden Syrian hamsters
with rubella virus E1 and E2 glycoproteins and detected pituitary cell autoantibodies by
IF within 3 weeks in 95% of animals. All animals had diffuse inflammatory infiltrates
in their pituitary glands, but by 8 weeks, only 20% of animals still had autoantibodies.
Neonatal thymectomy almost completely prevented the disease, implying that it was
T-cell mediated, but it could not be transferred by autoantibodies. T-cell transfer
experiments were not conducted.

The other models were part of recent studies into gene therapy for pituitary disease.
Adenovirus-mediated gene transfer studies in sheep, using direct stereotaxic injection,
showed evidence of a severe inflammatory reaction with lymphocytic infiltration,
venulitis, and periglandular fibrosis (230). Expression of influenza nucleoprotein as
a transgene under the control of the human GH locus-control region localized this
virus to secretory vesicles in pituitary somatotrophs. Activation of monoclonal CD8
T cells specific to the viral protein resulted in spontaneous autoimmune hypophysitis
of the pituitary gland targeting somatotrophs. In turn, this resulted in significantly
reduced GH levels in adult mice and a dwarf phenotype (231). In a follow-up study,
these authors showed that antigen dose, T-cell precursor frequency, the degree of
lymphopenia, and the context of target antigen expression are all important modulators
of disease expression (232). These studies highlight the potential problems with the
use of therapeutic strategies based on vaccination against soluble pituitary proteins.
However, they also support the theory that viral infections can trigger hypophysitis and
that cases of viral meningoencephalitis preceding hypophysitis are not just coincidental
occurrences but pathogenetic.

Treatment
Management of a patient with lymphocytic hypophysitis is dictated by the rapidity

of onset, by the severity of symptoms and signs, and by the certainty of the clinical
diagnosis. Even when hypophysitis is suspected preoperatively, it is not always possible
to avoid surgery. The indications for surgical intervention include visual compromise
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that cannot be rapidly improved with medical therapy, recurrent mass effects despite
immunosuppression, and cases where the diagnosis of a pituitary adenoma or other
tumor cannot be excluded (14).

There is now a body of literature on the use of steroids as immunosuppressive
agents in lymphocytic hypophysitis (12,18). Prednisolone was first tried successfully
in 1980 by Mayfield et al. (27). There has been only one prospective trial of high-
dose methylprednisolone therapy (120 mg/day for 2 weeks, then tapering doses over 1
month) (68), where four of nine patients had some improvement in hormonal function
and seven had a reduction in size of the mass on MRI scan. Methylprednisolone
has been tried up to lymphocytotoxic doses of 1 g (65,233). Dexamethasone has also
been used (11,234) but can cause severe Cushingoid features (142). Prolonged steroid
use can lead to bilateral necrosis of the head of the femur (59), among many other
toxicities. Alternative treatments have been used in individual cases including low-dose
stereotactic radiotherapy (164,235), methotrexate (22,60), and azathioprine (64).

Conservative management is more likely to be successful in those cases that present
in a sub-acute fashion, such as with hypopituitarism and a resolving pituitary mass. As
spontaneous remission has been reported (49,105), many endocrinologists and neuro-
surgeons now advocate a conservative approach, with or without a trial of immunosup-
pression.However, it shouldbestressed that a response to immunosuppressive (rather than
replacement) doses of steroids does not necessarily confirm a diagnosis of lymphocytic
hypophysitis. A number of conditions can be steroid responsive including dysgerminoma,
neurosarcoidosis, Wegener’s granulomatosis, and Langerhans’ cell histiocytosis.

There is clearly a role for surgical intervention in some patients; however,
aggressive resection of inflammatory tissue almost always results in permanent hypopi-
tuitarism (14). There are rare cases where recurrence of the inflammatory mass has
required a second surgery (21,22,74,135,235,236). In these, surgery was very effective
at relieving symptoms, particularly headache and visual field defects.

FUTURE DIRECTIONS

Future directions for lymphocytic hypophysitis research hinge on finding the relevant
target autoantigens and identifying reliable autoantibody markers for the disease.
Hopefully, these will give us new insights into the underlying autoimmune trigger(s)
and mechanisms. New therapeutic approaches with “biologicals” are targeting these
mechanisms in other diseases, such as rituximab therapy for thyroid-associated ophthal-
mopathy (237) and CD3 antibody therapy in new-onset type 1 diabetes (238). It is
therefore critical to establish the immunopathogenesis of lymphocytic hypophysitis to
tailor any future immunotherapies.
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Summary

Autoimmune polyglandular syndrome type 1 (APS1) is a monogenic autoimmune disease with organ-
specific autoimmune destruction of several endocrine tissues. Most common disorders of the syndrome are
chronic mucocutaneous candidiasis, hypoparathyoidism, and Addison’s disease but the clinical spectrum
may vary. The disease is caused by the mutations in autoimmune regulator (AIRE) gene. More than
50 mutations have been described, which are spread over the AIRE gene with two major mutation
hotspots, R257X and 967-979del13bp. AIRE protein has several motifs supporting its role in transcriptional
control and is highly expressed in thymic medullary epithelial cells. Analysis of AIRE deficient mice have
demonstrated its role in transcriptional regulation of tissue specific antigens in medullary thymic epithelial
cells, and suggested that AIRE is critical protein responsible for the maintenance of central tolerance.
In agreement with mouse model, patients with APS1 have autoantibodies to multiple self-proteins. The
data on cell-mediated immune responses and the reason for chronic candidiasis are still elusive. The
identification of AIRE mutations and a recent finding of high titer autoantibodies to type 1 interferons
should facilitate diagnosis of APS1.

Key Words: Autoimmune polyendocrinopathy, autoimmune regulator, autoantibodies, thymus, mutation.

INTRODUCTION

Autoimmune polyglandular syndrome type 1 (APS1; OMIM 240300) is one of
the rare monogenic autoimmune diseases. The syndrome has an alternative name,
autoimmune polyendocrine-candidiasis-ectodermal dystrophy (APECED), given by the
Finnish physician Jaakko Perheentupa.

From: Contemporary Endocrinology: Autoimmune Diseases in Endocrinology
Edited by: A. P. Weetman © Humana Press, Totowa, NJ

393



394 Part IV / Other Autoimmune Endocrinopathies

The co-occurrence of candidiasis-hypoparathyroidism-Addison’s disease, the major
clinical features of APS1, was first described in juvenile patients in 1956, and for some
time period, the clinical picture was called the Whitaker triad (1). Clinically, APS1
is similar in many features to APS2 (reviewed in Chap. 17), and early reports often
described the patients of both syndromes as one clinical entity. The autosomal recessive
monogenic inheritance of some cases of the polyendocrinopathy was fully recognized
already during the 1970s. In 1981, after studying co-existing clinical pictures in large
patient material, two different types of polyendocrinopathy syndromes, APS1 and
APS2, were proposed by Neufeld et al. (2). Since that time, the APS1 was considered
as a unique model for autoimmunity and tolerance studies. The first comprehensive
characterizations of APS1, which were based on large patient cohorts, were given by
Neufeld et al. (1981) (2), Brun (1982) (3), and Ahonen et al. (1990) (4).

EPIDEMIOLOGY

Although APS1 is rare with an estimated number of 500 patients worldwide, the
syndrome is more common among certain populations. The prevalence is higher among
Finns (1:25,000), Sardinians (1:14,000), and Iranian Jews (1:9000). An even higher
prevalence (1:4400) has been reported in a small town Bassano del Grappa in Northern
Italy (5). It seems that all populations with a high incidence of APS1 have for some
time in their history been isolated, which through the genetic bottleneck has resulted
in enrichment of APS1 mutations.

GENETIC FACTORS

The defective gene in APS1, autoimmune regulator (AIRE) was identified on
chromosome 21q22.3 by positional cloning in 1997 (6,7). The protein sequence
suggested that AIRE is involved in nuclear transcriptional processes. The most
prominent motifs in the AIRE protein are the N-terminal homogenously staninig region
(HSR) region, a SAND domain, an LXXLL motif, and two PHD zinc fingers (Fig. 1).
The primary sequence and the computer-predicted structure of the protein resemble
other nuclear proteins involved in transcription. The closest homologous proteins to
AIRE are Sp100 and Sp140 proteins, which share HSR, SAND, and PHD domains.

The AIRE N-terminal region between the amino acids 1 and 96 is called the HSR
domain, also present in Sp100 and Sp140 proteins. The HSR domain is predicted
to have a four alpha helix bundle structure with helixes linked together by loops of
different length. Similarly to Sp100 family proteins, the HSR domain in AIRE has
been shown to mediate the protein homodimerization (8).

2DHP1DHP LRRPSLNL LDNASRSHL

Fig. 1. Schematic picture of AIRE protein domains. HSR, homogenously staining region; NLS,
nuclear localization signal; SAND, domain for Sp100, AIRE-1, NucP41/75, and DEAF-1; PHD1 and
PHD2, plant homeodomains; PRR, proline rich region; L, LXXLL motifs. Asterisks mark locations
of R257X and 967–979del13bp mutations.
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The SAND domain (for Sp100, AIRE-1, NucP41/75, and DEAF-1) is located
between amino acids 189 and 264. The domain occurs in many nuclear proteins
that function in chromatin-dependent transcriptional control and has been proposed to
mediate the DNA-binding activity. NMR spectroscopy studies of the Sp100 SAND
domain confirmed that the Sp100 SAND domain is DNA-binding region, with the
amino acid KDWK motif being essential for DNA recognition (9). Although AIRE
lacks the KDWK motif in the SAND domain, DNA binding as homodimer and homote-
tramer, but not as monomer, takes place suggesting involvement of SAND domain in
this process (10).

The PHD zinc fingers are cysteine-rich structures having a consensus of Cys4HisCys3

(C4HC3), and each is bound to two zinc atoms. The PHD finger is similar to the
RING finger (C3HC4) and LIM domain (C2HC5), but the functional role of each
finger structure seems to be specific (11). The PHD finger domains are thought to
mediate protein–protein interactions and are found in many proteins that are involved
in chromatin-mediated transcriptional regulation. AIRE has in addition four LXXLL
(where L is leucine and X is any amino acid) nuclear receptor-binding motifs, which
are known to mediate the interactions of the nuclear receptors, the proteins involved
in transcriptional regulation (12).

At least 56 AIRE gene mutations in APS1 patients have been described (Table 1,
Fig. 1). The mutations are spread over the cDNA sequence with two major mutation
hotspots. The introduction of a stop codon instead of arginine at the amino acid position
257 in exon 6 (R257X) and the deletion of a 13 base pair nucleotide stretch in exon
8 (967-979del13bp) are the two most commonly found mutations. Both the R257X
and the 967-979del13bp mutations are widely found in APS1 patients but tend to
be more prevalent in certain populations. For example, among a large cohort of the
Finnish patients, the R257X mutation is found in 83% of APS1 alleles. In addition to
the Finnish APS1 patients, the R257X mutation is often found in patients of Italian,
Central and Eastern European origin. The 967-979del13bp mutation is more commonly
found among British and American Caucasian patients and accounts for 50–70% of
APS1 alleles in these populations. The third population-specific mutation is R139X,
which is prevalent among Sardinian APS1 patients. Overall, the majority of the AIRE
mutations introduce a stop codon, which truncates the protein before the PHD finger
region, and most likely result in a total loss of function. Several missense mutations
are concentrated into the HSR region of the protein, particularly in the regions between
amino acids 15–29 and 77–95. One of the mutations in this region, Y85C, is typical
for APS1 patients from Iranian Jewish population.

Since the first description of diseased patients, it soon became evident that the APS1
phenotype may vary considerably between affected siblings. Considerable clinical
variation is found in patients with the R257X or the 967-979del13bp mutation, and
several reports describe variation in APS1 siblings with identical mutations. A large
proportion of APS1 patients, in particular from non-founder populations, are compound
heterozygotes for AIRE mutations, which makes it difficult to assess the phenotype
correlations. Although a recent report found a striking gender association with lower
and later incidence of hypoparathyroidism in male patients (36), clear correlations
between the specific mutations and disease phenotype components have not been
found. One potential correlation is between candidiasis and missense mutations in the
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N-terminal HSR region. For example, Iranian Jewish patients having a Y85C mutation
do not seem to have Candida infection.

In contrast to complex autoimmune diseases, APS1 has no strict HLA association.
The HLA associations with APS1 disease components have been reported in a larger
series of patients, for example Addison’s disease was found associated with HLA
DRB1∗03 and alopecia with DRB1∗04-DQB1∗0302, whereas type 1 diabetes corre-
lated negatively with DRB1∗15-DQB1∗0602 alleles (16). In another study, no clear
association with HLA alleles was found (36). The role of HLA in determining APS1
disease manifestations remains open.

As AIRE gene defects clearly influence the outcome of autoimmunity, AIRE
mutations have been searched for in patients with complex autoimmune diseases where
multiple genes are involved in forming the disease phenotype. It seems that the two
most common AIRE mutations (R257X and 967-979del13bp) do not have an influence
on complex autoimmune diseases as no contributions to the susceptibility have been
found in type 1 diabetes, Graves’ disease, autoimmune hepatitis, inflammatory bowel
disease, or sporadic idiopathic hypoparathyroidism (37–43). In contrast, an AIRE
polymorphism at amino acid S278R has been reported to have association with alopecia
universalis (44). The role of this and other AIRE polymorphisms in autoimmune
diseases remains to be studied.

The AIRE protein function studies clearly indicate that the protein functions as
a transcriptional activator. The transcriptional activation region of AIRE has been
mapped to the two C terminal PHD fingers, and mutations in these domains severely
decrease the transactivation capacity (21) (46). The activation is further enhanced
by AIRE-interacting CREB (cAMP-response element binding)-binding protein (CBP).
CBP functions as a transcriptional coactivator for various transcription factors,
including nuclear receptors, Jun, Fos, nuclear factor-kB, and STAT protein family
members (46). The actual functional significance of AIRE interacting with CBP
is unclear. It is possible that CBP forms the link between AIRE and the basal
transcriptional machinery by regulating the subcellular location of the transcriptional
complex (47,48). The CBP also has an intrinsic histone acetyltransferase activity and is
a coactivator that modulates transcription by changing access of chromatin to transcrip-
tional complexes. The transactivation activity and the interaction with the CBP strongly
support the role of the AIRE protein as a transcriptional regulator; however, this aspect
of AIRE function demands further studies.

Another interesting mechanism by which AIRE might have effects is ubiquitination
of target proteins. The addition of ubiquitin molecule to substrate proteins, named
ubiquitination, often leads to the protein degradation. The process requires several
molecules such as ubiquitin-activating protein (E1) and ubiquitin carrier protein (E2)
and also ubiquitin ligase (E3), which determines the specificity of the target protein.
Similarly to some other proteins having RING or PHD finger domains that function
as E3 ligases, the first PHD finger of AIRE was found to have E3 ligase activity (49).
AIRE ubiquitin E3 ligase activity could have a role in several aspects of its function,
for example in transcriptional regulation or regulating self-antigen expression levels.
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IMMUNOPATHOGENESIS

The Role of AIRE Protein
Autoimmune regulator protein is predominantly expressed in the thymus and at

a lower level in spleen, lymph nodes, and fetal liver (50). Immunohistochemistry
and in situ hybridization revealed a distinct expression pattern in medullary thymic
epithelial cells. Inside the medullary epithelial cells, AIRE is located in nuclear body-
like structures. Immunofluorescence stainings indicated that almost all AIRE-positive
cells costained with cytokeratin markers and some colocalization with costimulatory
markers CD80, CD86, and CD40 was observed (50). The expression pattern of mouse
AIRE in the thymus is similar to the human counterpart (51). Another type of cell
positive for AIRE is the monocyte-dendritic cell (52,53). The restricted expression of
AIRE in monocyte-dendritic cell lineages has been shown in CD14+ peripheral blood
monocytes and also in differentiated dendritic cells, cultured in medium containing
GM-CSF, IL-4, and TNF-alpha (54). Mouse AIRE mRNA was detected in all DC
populations with slightly stronger expression in thymic DC populations whereas thymo-
cytes and splenic macrophages were negative (52). The thymic expression in ontogeny
has been studied in mouse and AIRE was already present at day E14, at a late organo-
genesis stage of the thymus influenced by lymphoid progenitors (51,55). At this time
point, cortical and medullary epithelial cell subpopulations can be clearly distinguished.
More abundant AIRE expression was demonstrated at E16, a time when the first
CD4+CD8+ double positive thymocytes appear in the thymus (51).

AIRE expression in the thymus is particularly interesting as the medullary epithelium
of thymus has an important role in central tolerance mechanism deleting autoreactive
thymocytes. The thymus gland is formed by crosstalk between the bone marrow-derived
T-cell progenitors and the non-hematopoietic epithelial cells (56). The developing
thymus attracts hematopoietic progenitor cells; epithelial cells together with thymic
mesenchymal cells and developing thymocytes finally generate a three-dimensional
thymic architecture consisting of inner medulla regions surrounded by cortex areas.
Thymocytes are differentiated when they move from cortex to medulla, where the
thymic clonal deletion occurs. The thymocytes capable of recognizing self-peptides are
eliminated through a negative selection mechanism by interacting with dendritic and
medullary epithelial cells. The self-antigens are processed in the medullary epithelial
and dendritic cells and presented to the autoreactive T cells, and thus any changes
affecting antigen-presenting cell and T-cell interaction can potentially cause defective
tolerance.

How does the defect in the AIRE gene cause APS1? The essential role of AIRE
in central tolerance emerged after AIRE-deficient mouse models were developed.
The first AIRE-deficient mouse was reported to have overall normal development
of T and B cells but the mice had autoantibodies against several peripheral tissues
such as the adrenal cortex, exocrine and endocrine pancreas, spermatogonia in testis,
and hepatocytes (57). No apparent autoimmune tissue destruction was observed but
several organs had lymphocytic infiltration. In particular, periportal accumulation
of lymphocytes in the liver was observed. The mice were also hyperresponsive to
foreign antigen immunization. A more recent publication reported an increased number
of dendritic cells in spleen and lymph nodes and of monocytes in the blood with
upregulated expression of VCAM-1 protein on both AIRE-deficient dendritic cells
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and on APS1 patient monocytes (58). Similar lymphocyte infiltrates and autoanti-
bodies were seen in other AIRE-targeted mice with slight variations in disrupted gene
sequence (59,60). In accordance with the first AIRE-deficient mouse, no changes were
observed in the standard functional and histological studies of the immune system apart
from increased frequency of activated or memory T cells in the peripheral lymphoid
tissues.

To address the mechanism of how AIRE protects from autoimmunity, microarray
expression analysis of genes expressed in thymic medullary epithelial cells from normal
and AIRE-deficient mice was performed, which showed that the expression of multiple
tissue specific genes is decreased or abolished in samples of AIRE-deficient thymic
epithelial cells (59). It has been shown, in accordance with the ectopic gene expression
model proposed by Kyewski and coworkers, that many tissue-specific self-antigens
are expressed in the thymus and that the expression of self-antigen in thymus leads to
negative selection, whereas lack of AIRE or low expression allows autoreactive thymo-
cytes to escape clonal deletion (61). Thus, one important defect in AIRE deficiency or
APS1 is disturbed thymic deletion of T-cells reactive to self-antigens, which might be
caused by defective expression and presentation of self-antigens in thymic epithelial
cells (62). It remains to be studied whether the aberrantly expressed self-antigens are
APS1 autoantigens bona fide, that is, whether these proteins are the targets of the
autoimmune reaction. Furthermore, despite the findings in the thymus it is conceivable
that AIRE has also an important role in peripheral immunity.

Autoantibodies in APS1
The characteristic feature of APS1 is the finding of autoantibodies to multiple self-

proteins. The first autoantibody targets were reported in 1992 demonstrating autoan-
tibodies to two enzymes involved in adrenal steroidogenesis, steroid 17alpha hydrox-
ylase (P450c17; [63]) and steroid 21-hydroxylase (P450c21; [64]). Soon after, the
third steroidogenic enzyme, side-chain cleavage enzyme (P450scc), was found as the
autoantigen in APS1 (65,66). The steroidogenic P450 enzymes are highly expressed
in the adrenal cortex, and the presence of the autoantibodies to the steroidogenic P450
protein family members correlates with the Addison’s disease in APS1. For example,
75, 68, and 65% of the patients with Addison’s disease have autoantibodies to P450c21,
P450scc, and P450c17, respectively. Autoantibodies to P450scc are also associated
with gonadal dysfunction.

APS1 patients have autoantibodies to many self-proteins (Table 2). Often, these
antigens are intracellular enzymes belonging to distinct protein families expressed
in a tissue-specific manner. It is unclear what factors determine the antigen as a
target of autoimmune reaction and whether the autoantibodies cause tissue damage.
Several detected autoantigens in APS1 have some correlation with clinical disease
components. APS1 patients have autoantibodies to glutamic acid decarboxylases
(GAD65 and GAD67), tyrosine phosphatase-like protein IA-2 (IA-2), and insulin,
the major autoantigens in type 1 diabetes (67–69). Structurally related to GAD
enzymes are group II pyridoxal phosphate-dependent amino acid decarboxylases,
which are also autoimmune targets in APS1, in particular aromatic l-amino acid
decarboxylase (AADC), histidine decarboxylase (HDC), and cysteine sulfinic acid
decarboxylase (CSAD) (70–72). Another protein family of autoantigens comprises
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Table 2
Prevalence of Autoantibodies in Autoimmune Polyglandular

Syndrome Type 1 Patients (Adapted from refs. 71,72,74, and 80)

Autoantigen Prevalence %

Type1 interferons steroid 21 hydroxylase (P450c21) 100
Side-chain cleavage enzyme (P450scc) 52
Steroid 17 alpha 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

tryptophan, tyrosine, and phelylalanine hydroxylases (TPH, TH, and PAH, respec-
tively), forming a group of pteridine-dependent hydroxylases (73–75). In addition
to steroidogenic P450 enzymes, several APS1 patients have autoimmune reaction to
hepatic P450 cytochromes, P4501A2, and 2A6 (76). Autoantibodies have been detected
to intrinsic factors, thyroid-specific thyroid peroxidase, and thyroglobulin (77), and
to two transcription factors, SOX9 and SOX10 (78). The calcium-sensing receptor
protein was reported as autoantigen in patients with hypoparathyroidism (79), but this
finding has been disputed by later studies (36,80). Recently, the autoantibodies to type
1 interferons (interferon alpha, beta, and omega) with remarkably high titers were
reported in 100% of APS1 patients (81). This new finding might be useful for the
APS1 diagnosis in future.

Response to Candida
In addition to the reactivity to self-antigens, the APS1 patients have strong

immunoglobulin-G- and immunoglobulin-A-mediated humoral immune response to
Candida albicans antigens such as enolase, heat shock protein 90, pyruvate kinase, and
alcohol dehydrogenase proteins (82). These proteins have corresponding orthologues
in humans, and at least theoretically candidal antigen may trigger an autoimmune
reaction but so far no evidence for molecular mimicry between candidal and self-
antigens has been reported. We have found that in addition to humoral immunity, APS1
patients have normal cell-mediated immune reaction to candidal antigens as found
using peripheral T-cell proliferation assay (Peterson and Krohn, unpublished data).
Others have found altered cytokine production in response to Candida, in particular
finding impaired production of IL-12 in parallel with increased levels of IL-6 and
IL-10 suggesting, as one possibility, a monocyte or dendritic cell defect (83). Although
rare cases have been reported in literature (84), patients with chronic mucocutaneous
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candidiasis rarely suffer from invasive candidal infections. Antibodies to heat-shock
protein 90 have been proposed as one protective role from systemic infection as the
antibodies correlate with the course of the infection, and in patients with fatal cases
of systemic infection, low levels or no antibodies have been found (85). However, not
all APS1 patients have anti-HSP90 antibodies (82). Interestingly, APS1 patients are
often negative for skin tests of reactivity to candidal antigens. Considering that APS1
patients have anti-candidal peripheral T-cell responses with altered function of antigen-
presenting cells such as monocytes and dendritic cells, the negative candidal skin tests
might be explained by a specific defect in the ability of monocytes or dendritic cells
to recruit active T cells to mucosa and skin tissues.

T Cells
The tissues in APS1 patients are destroyed gradually, resulting in atrophy. The

functional gland is replaced by fibrotic or fat tissue. Autopsies have revealed tissue
infiltrations or nonexisting tissues. Earlier studies have reported that infiltrations often
contain lymphocytes and also macrophages. However, specific data on autoimmune
T cells in APS1 are rather elusive. An increased number and percentage of CD3+CD4+
and fewer CD8+CD11b+ cells have been reported in APS1 patients, whereas B (CD19)
and NK (CD16/CD56) cell numbers were not significantly changed (86,87). One report
described significantly lower percentages of CD4+CD25+ cells in patients, including
cells positive for GITR, a marker for regulatory T cells (88). In contrast, another study
found increased numbers and percentages of CD4+CD25+ positive cells (88). Low
production of IFN gamma cytokine was observed in two APS1 patients (86).

DIAGNOSIS

The three most important manifestations of APS1 are chronic mucocutaneous
candidiasis, hypoparathyroidism, and Addison’s disease (Table 3). The chronic
mucocutaneous candidiasis starts within the first years of childhood, usually before
the age of 5 years, and is most often seen as oral thrush on the tongue. The infection
can spread to the esophagus and intestine and, with time, to the skin of the scalp and
hands, especially affecting nails. APS1 is one of the frequent causes of the chronic
mucocutaneous candidiasis in children. It is likely that the first reported case of chronic
mucocutaneous candidiasis, describing a 4.5-year-old child with chronic superficial
candidiasis and hypoparathyroidism by Thorpe and Handley (89), was in fact an APS1
patient (90). Chronic candidiasis is usually followed by hypoparathyroidism before the
age of 10 years and Addison’s disease before the age of 15 years, but any of the three
diseases may also start later in adulthood.

For clinical diagnosis, two of the three disease components should be present. This
criterion has been recently repeatedly questioned as with the emergence of gene analysis
several patients have been described carrying APS1-causing AIRE gene mutation but
having only one of the common features (35). For example, in a large cohort of Finnish
APS1 patients, only 22% of the patients had two of three clinical entities at the age of
5 years, 65% at the age of 10 years, and 93.5% at the age of 30 years (91). Therefore, it
is possible that a significant number of APS1 patients might be overlooked especially
in younger patients before the full development of the clinical phenotype. As APS1
is difficult to diagnose in patients with milder or atypical phenotypes, APS1 can be
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Table 3
Autoimmune Polyglandular Syndrome Type 1 Clinical

Features (Adapted from refs. 5 and 91)

Disease components Percent

Addison’s disease 60–100
Hypoparathyroidism 77–100
Chronic candidiasis 73–100
Ectodermal dysplasia 10–77
Autoimmune thyroid disease 8–18
Type 1 diabetes 4–23
Hypogonadism 31–60
Alopecia 27–72
Vitiligo 4–26
Keratopathy 12–35
Autoimmune hepatitis 10–19
Pernicious anemia 12–15
Chronic gastritis 6

suspected even in patients having only one of the three diseases, in particular in children
with chronic candidiasis or hypoparathyroidism. If possible, AIRE gene analysis and
autoantibody screening, in particular against type 1 interferons, should be performed
to support the diagnosis.

The spectrum of other clinical features in APS1 is broad and variable, including
several, often endocrine, autoimmune disorders (Table 3). These are premature
gonadal failure, hypothyroidism, hypophysitis, pernicious anemia, malabsorption,
type 1 diabetes, autoimmune hepatitis, and gastritis but also autoimmune skin diseases
such as alopecia, vitiligo, and urticaria-like erythema (91). Premature ovarian failure
is more common than primary testicular failure. In addition to polyendocrinopathies,
cholelithiasis, hypo- or asplenism and ectodermal dystrophies such as enamel and nail
dysplasia and keratoconjuctivitis are often present. The variable clinical picture of APS1
contains also many diseases that have been less commonly found in patients; primary
pulmonary hypertension, growth failure, metaphyseal dysplasia, progressive muscular
atrophy, lupus-like panniculitis, vasculitis, idiopathic giant cell myocarditis, retrob-
ulbar neuritis, extrapontine myelinolysis, intracranial calcification, toxic epidermal
necrolysis, erythropoietin-deficient anemia, and mild mental retardation. It is worth
of special note that, in early APS1 patient descriptions, where the mortality was high
because of late diagnosis and lack of treatment, several reports mentioned hypoplasia
or total atrophy of the thymus in young APS1 patients (reviewed in ref. 3).

TREATMENT

In the treatment of the candidiasis, anticandidal drugs such as amphotericin B,
ketoconazole, or fluconazole are often used. Itraconazole has been reported to be
effective for nail candidiasis; however, 4–6-month treatment is needed to eliminate
the infection (91). The long-term use of ketoconazole and fluconazole often leads to
drug resistance; instead, it is preferential to use local short-term pulse treatments of
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amphotericin B or nystatin. Clinical follow-up of oral candidal infection is needed at
least once or twice per year, and, because of the high risk of cancer, attention should be
paid to suppression of the oral infection. For example, 10% of Finnish APS1 patients
over 25-years of age develop squamous cell carcinoma of mouth or esophagus (91).

Replacement therapy with hormones has been efficiently used for Addison’s disease
and hypoparathyroidism. Patients with Addison’s disease are treated with hydrocor-
tisone or prednisolone at the smallest dose that relieves symptoms, and, as a substitute
for aldosterone, the patients should also receive fludrocortisone. For dehydroepiandros-
terone (DHEA) deficiency, DHEA-containing tablets can be used. The therapy of
hypoparathyroidism is aimed at maintaining a normal calcium plasma level, and serum
calcium and phosphate levels should be monitored regularly. Therapies are calciferol
sterols (vitamin D hydroxylated forms, often calcitriol, or dihydrotachysterol) and
calcium salt preparations, preferably calcium carbonate, but these, however, do not
efficiently substitute for parathyroid hormone and are difficult to regulate. As the
calcium levels may vary significantly over a short time, there is significant risk of both
hypo- and hypercalcemia. The patients should receive advice and written information
about the symptoms complications and risk elements of the disease (91).
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Summary

The nature of autoimmune polyglandular syndrome type 2 (APS-2) has been based on the presence of
lymphocyte infiltration in the affected gland, organ-specific antibodies (Abs) in the serum, cellular immune
defects, and an association with the human leukocyte antigen (HLA)-DR/DQ genes or immune-response
genes. Autoantibodies to the various endocrine and non-endocrine tissues not only offer a diagnostic
clue to the autoimmune nature of diseases but also can be used to identify asymptomatic individuals
who are at risk of developing other component diseases of the syndrome. Although target tissues or
glands differ, several common threads link the diseases of the APS. The autoimmune destruction of
most target glands appears to be a slow process with a long preclinical prodrome that may last for
years. During this period, autoantibodies, lymphocyte abnormalities, and subclinical endocrine defects are
usually present. As knowledge of target antigens has progressed, it appears that despite polyendocrine
disease, within each gland, specific antigens are the targets of the autoimmune process. A defect resides
in one of the genes of the HLA locus, which, in concert with other gene(s), results in susceptibility.
Genetic susceptibility is necessary but not sufficient to produce the disorder. This is illustrated by the
lack of 100% concordance of disease in identical twins. When the genetic defects and environmental
influences of organ-specific autoimmunity are better understood, it may be possible to devise specific
replacement or corrective therapies. Given the similar features of many of the organ-specific autoimmune
disorders, it is likely that if immunotherapeutic modalities are successful in one disease, they may be of
benefit in related disorders. With respect to the significant morbidity and potential mortality of the disease,
the main diagnostic objective is to detect APS-2 at an early stage, with the advantage of less frequent
complications, effective therapy, and better prognosis. This requires that patients at risk be regularly
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screened for subclinical endocrinopathies before clinical manifestation occurs. Regarding the possible
large time interval between manifestation of the first and further endocrinopathies, regular and long-term
follow-up of patients with endocrine autoimmune disorders is warranted. Considering the high incidence
of one or more endocrinopathies in first-degree relatives of patients with APS-2, family members of
patients should be regularly screened, because they may develop autoimmune endocrinopathies in the
future.

Key Words: Autoimmune polyglandular syndrome type 2, polyglandular autoimmunity, epidemiology,
diagnosis, genetics, pathogenesis.

INTRODUCTION

The autoimmune polyglandular syndromes (APS) (also polyglandular autoimmune
syndromes (PGA)] may be divided in a primarily juvenile type 1 (see Chap. 17)
and a more common adult type 2 (1). They form different clusters of autoimmune
disorders (2,3). APS-2 is often defined by the occurrence of two or more autoimmune
endocrine disorders in the same individual including Graves’ disease, primary hypothy-
roidism, type 1 diabetes mellitus, Addison’s disease, and premature hypogonadism.
Several non-endocrine disorders such as myasthenia gravis, celiac disease, pernicious
anemia, vitiligo, and alopecia also occur in these patients. The coexistence of adrenal
failure with either autoimmune thyroid disease or type 1 diabetes mellitus also is defined
as Schmidt’s syndrome or Carpenter’s syndrome (Fig. 1). Type 2 APS is more varied in
its manifestations than type 1, also called autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED). The latter is characterized by three specific disorders,
that is chronic mucocutaneous candidiasis, autoimmune hypoparathyroidism, and
Addison’s disease (4,5). Other endocrine and non-endocrine autoimmune disorders
either may be present or will develop later. APS-1 manifests in infancy or early
childhood. It is a monogenic disease with autosomal recessive inheritance caused by
mutations in the autoimmune regulatory (AIRE) gene on chromosome 21. In contrast,
APS-2 shows a complex inheritance pattern.
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Fig. 1. Prevalence of most frequent autoimmune endocrine component diseases in APS-1 and APS-2.
parathyr., hypoparathyroidism; adrenal, Addison’s disease; gonads, hypogonadism; diab 1, type 1
diabetes mellitus; thyroid, autoimmune thyroid disease.
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EPIDEMIOLOGY

Autoimmune polyglandular syndrome type 2 is a rare disease. Its prevalence is
1:20,000 (6). It is more frequently encountered in women, and the male-to-female ratio
is 1:3 (7). This syndrome has a peak incidence at ages 20–60 years, mostly in the
30–40 years, and it is common for multiple generations to be affected by one or more
component diseases. There is familial clustering, and family members of patients are
often affected (2). Although there is some correlation between the ages of onset of one
polyglandular syndrome illness with another, many years may separate the onset of
different diseases (7). There are many common themes linking each of these individual
illnesses. All the disorders resulting in tissue destruction appear to have a prolonged
phase of cellular loss preceding overt autoimmune glandular disease.

GENETIC AND ENVIRONMENTAL FACTORS

The inheritance of the type 2 APS is complex, with genes on chromosome 6 playing
a predominant role. In man, this chromosome contains the major histocompatibility
loci. Many of the diseases of the type 2 syndrome are associated with human leukocyte
antigen (HLA) alleles B8 and DR3. The DR antigen has two glycoprotein chains coded
for by the DR loci of chromosome 6. The alleles HLA-B8 and DR3, which are coded
for by separate genes, are more often found together on the same chromosome than
one would predict from their frequency in the general population. Such associations
are common for alleles of different genes in the histocompatibility region (linkage
disequilibrium). The allele DR3 is most closely associated with autoimmune endocrine
disease. Within some families, autoimmune endocrine disease susceptibility appears to
be inherited as an autosomal-dominant form associated with a specific HLA haplotype.
Nevertheless, family members may manifest different diseases, although the more
common the disease in the general population, the higher its prevalence in affected
families.

Although genetic factors determine disease susceptibility, there is <100% concor-
dance in monozygotic twins for the respective diseases. This suggests that other
factors may be involved in disease pathogenesis. Environmental factors that can trigger
DR3-associated autoimmunity include iodine and the wheat protein gliadin for celiac
disease. Thus, both genetic and environmental factors contribute to the loss of immune
self-tolerance. On the basis of a genetic predisposition, epigenetic external factors,
such as viral or bacterial infections (8), and psychosocial factors might induce an
autoimmune cascade. Environmental factors may have an important influence on the
development of autoimmune diseases, but the exposure to environmental pathogens
does not always lead to disease. With respect to genetics, APS-2 is supposed to be
a polygenic disease with autosomal-dominant inheritance and incomplete penetrance.
Also, familial clustering provided evidence for a genetic predisposition.

Type 2 APS is associated with HLA-DR3 and -DR4 antigens, and interestingly,
frequencies for DQA1∗0301 and ∗0501 were increased in patients with APS-2 compared
with controls (9). The genotype DR3/4, DQ2/DQ8 with DRB1∗0404 has been found to
be the highest HLA genotype risk for Addison’s disease, either as a single disease or
within APS-2 (10). An association of APS-2 with HLA-B8 has been observed in three
generations of a family, whereas 10 unaffected subjects did not show B8 (11). HLA
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associations have also been described for APS-2 component diseases type 1 diabetes
(DR4-DQB1∗0302) and Graves’ disease (B8). Type 1 diabetes locus 1 contains the
MHC region (6p21) and in whites revealed a positive association with HLA DRB1∗04-
DQA1∗0301-DQB1∗0302 (DR4-DQ8) or DRB1∗03-DQA1∗0501-DQB1∗0201 (DR3-
DQ2) and a negative association with DRB1∗15-DQA1∗0102-DQB1∗0602 (12,13).
Other studies appear to indicate that heterozygosis for tumor necrosis factor (TNF)-�
increased the risk for type 1 diabetes in DQA1∗0501-DQB1∗0201/DQA1∗0301-
DQB1∗0302-positive individuals, but this may also be the result of a linkage disequi-
librium with HLA class 2 genes (14). Tandon et al. (15) identified a significant
association between Hashimoto’s thyroiditis and HLA-DR3, whereas Roman et al. (16)
found an increase in HLA-DR5 in affected family members with Hashimoto’s
thyroiditis.

Tomer et al. (17) performed a whole genome linkage study on a data set of
56 multiplex, multigenerational autoimmune thyroid disease families, using 387
microsatellite markers. Only one locus on chromosome 6 was linked with both Graves’
disease and Hashimoto’s thyroiditis. This locus was close to, but distinct from, the
region. Finally, the cytotoxic T lymphocyte-associated antigen (CTLA)-4 gene, or a
gene closely associated with it, confers susceptibility to Hashimoto’s thyroiditis as
reported in other autoimmune diseases (18).

The MHC class I-related gene A (MICA) is an additional locus associated within the
HLA region because the frequency of the MICA 5.1 allele was increased in patients
with APS-2 compared with healthy controls (19). Recently, Gambelunghe et al. (20)
suggested that the combination of MICA 5 and HLA-DR3-DQ2 and/or HLA-DR4-
DQ8 represents a strong genetic marker for type 1 diabetes with or without APS.
Furthermore, there is evidence that MHC class III genes are associated with APS
type 2, most specifically the gene encoding TNF-�, a multifunctional proinflammatory
cytokine, which mediates inflammatory and immune functions. Within the TNF-� gene,
the −308∗A allele of an A/G single-nucleotide dimorphism occurred more frequently
in patients with APS-2 than in healthy control subjects (21).

Of great interest is the recent finding that the protein tyrosine phosphatase non-
receptor 22 (PTPN22) gene might contribute to susceptibility to APS-2 (22). This
gene encodes an intracellular phosphatase with negative regulatory effects on T-cell
activation. A functional single-nucleotide polymorphism (C1858T) in the PTPN22
gene is associated with several autoimmune diseases, that is type 1 diabetes, Graves’
disease, systemic lupus erythematosus, rheumatoid arthritis, and primary Sjogren’s
syndrome (23–26). Finally and in contrast to type 2, APS 1 is a monogenic disease
with autosomal recessive inheritance. Type 1 is caused by mutations in the AIRE gene
on chromosome 21 (27–36).

IMMUNOPATHOGENESIS

Cell-mediated immune processes are important in APS-2. Lymphocyte infiltra-
tions of the various glands are associated with functional loss of epithelial cells with
scarring. The cellular defect in the APS-2 may be associated with abnormal balances
in cytokine production by T cells. The subgroups of T-helper cells—Th1 and Th2, and
natural killer cells—produce different profiles of cytokines. Th1 cells secrete interferon-
�, interleukin (IL)-2, and TNF-�, whereas Th2 cells secrete IL-4, IL-5, and IL-10.
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A polarized Th2 response is associated with Graves’ disease and Th1 with type 1
diabetes. In contrast, APS-1 results from biased Th2 immune responses to self-antigens
and defective protective Th1 responses against invasion of yeast Candida albicans (37,
38). Table 1 summarizes the localization of various autoantigens and corresponding
component diseases of APS-2. A viral or bacterial etiology for autoimmunity has been
supposed (8). A dominance of T-helper cells and a deficiency of T-suppressor cells have
been demonstrated for endocrine autoimmunity (39). Also, a hypothesis for the patho-
genesis of APS-2 has been recently presented by Canbay et al. (40). Accordingly, a
genetically predisposed person might develop an autoimmune process after initiation by
an infectious agent. This might initiate through cross-reactivity in the area of antigen-
presenting MHC molecules, a Th 2-dependent immune process, which is primarily of
humoral origin and partly local. This immune process probably progresses because of
deficient T-suppressor cell activity.

In APS, several organ-specific autoimmune diseases are clustered. Although APS
type 1 is caused by loss of central tolerance, the etiology of APS type 2 is currently
unknown. Further evidence refers to regulatory cells that are implicated in self-
tolerance and autoimmunity. The adaptive immune system not only consists of immune-
stimulatory CD4+ helper or effector T cells and cytotoxic CD8+ T cells but also is
regulated by immunosuppressive T cells. Three classes of immunosuppressive CD4+
T cells are known to date: induced Th3 and Tr1 cells, as well as the naturally present
CD4+CD25+FoxP3+ regulatory T cells (Treg) (41). Treg are generated in the thymus
and are present in all healthy animals and humans. Because the FOXP3-encoded scurfin
protein interferes with IL-2 gene activation, Treg do not secrete IL-2 and do not prolif-
erate on T-cell receptor (TCR)-stimulation. Treg suppress the activation of CD4+ and
CD8+ cells in vitro and in vivo. They thereby prevent autoimmune disease, although
the exact mechanism of suppression is unknown, and cell contact is crucial at least in
vitro. Depletion of Treg leads to autoimmunity in mice (42), and dysfunction of Treg
has been linked to autoimmune diseases (43). Defects in survival or the suppressive

Table 1
Localization of the Different Autoantigen(s) and the Corresponding Diseases

Disease Autoantigen Tissue/cells

Graves’ disease TSH receptor Thyrocytes
Hashimoto’s thyroiditis TPO/TG Enzyme/protein
Type 1 diabetes GAD65, IA-2, insulin ß-cells
Addison’s disease 21-OH, 17-OH, P450scc Enzyme
Hypogonadism 17-OH, CYP450scc Leydig/Theca cells
Hypoparathyroidism Ca2+-sensitive receptor Parathyroid
Immungastritis H+, K+-ATPase Parietal cells
Pernicious anemia Intrinsic factor Chief cells (stomach)
Celiac disease Transglutaminase, Gliadin Small intestine
Vitiligo Tyrosinase Melanocytes
Alopecia areata Tyrosine hydroxylase Hair follicles

GAD, glutamic acid decarboxylase; OH, hydroxylase; TG, thyroglobulin; TPO, thyroid peroxidase;
TSH, thyroid-stimulating hormone.
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function of Treg may contribute to uncontrolled expansion of autoaggressive lympho-
cytes. Reduced numbers of Treg are observed in myasthenia gravis, and a reduction of
suppressive Treg function has been reported in multiple sclerosis, rheumatoid arthritis,
and other autoimmune diseases (44–46).

In a murine model, depletion of thymically derived CD4(+) CD25(+)Treg, which
exert suppression in a contact-dependent manner, resulted in a syndrome that is
similar to human APS-2 with multiple endocrinopathies (47). On the basis of these
findings, Kriegel et al. (43) recently hypothesized that loss of active suppression in
the periphery could be a hallmark of APS-2. Treg from peripheral blood of APS-2,
control patients with single-autoimmune endocrinopathies, and normal healthy donors
showed no differences in quantity, except for patients with isolated autoimmune
diseases, in functionally important surface markers, or in apoptosis induced by growth
factor withdrawal. Strikingly, APS-2 Treg were defective in their suppressive capacity.
The defect was persistent and not because of responder cell resistance, whereas
overt quantitative or phenotypic abnormalities in Treg from these patients were not
observed. Also samples of FOXP3 messenger RNA from APS-2 Treg were semi-
quantified and showed similar levels of FOXP3 transcripts compared with normal
donor Treg despite defective suppressor function, clearly indicating that true Treg were
dysfunctional.

Defective Treg function in humans with APS-2 has wide implications for autoim-
munity in general. The results indicate that, once molecular mechanisms of suppressor
function are better delineated, manipulations of human Treg may eventually allow
improvement of immunomodulatory strategies in diseases with impaired suppressor
function. Another important category of immunosuppressive cells are the Treg Tr1/Th3,
and knowledge of the development and regulatory functions of such immunoregulatory
cells may elucidate the etiology for developing autoimmunity (48).

Another factor is related to the activity of the enzyme DNase 1. This glycoprotein is
ubiquitously expressed in human tissues and plays a role in the regulation of apoptosis.
It catalyzes DNA hydrolysis by cleaving double-stranded DNA. The activity of this
enzyme was lowered in patients with APS-2 compared with healthy subjects (49).
Such a deficiency in DNase 1 may result in reduced or delayed removal of DNA
from nuclear antigens and, thereby, may promote disease susceptibility to autoimmune
disorders.

DIAGNOSIS AND CLINICAL SPECTRUM

APS-2 mostly occurs in adulthood during the 30–40 years. APS-2 presenting in
childhood is extremely rare; a case with hypothyroidism, followed by diabetic ketoaci-
dosis, and adrenal insufficiency has recently been reported (50). In adults, the presence
of one autoimmune endocrine disease is associated with an increased risk of devel-
oping autoimmunity to other tissues. Each of these disorders is characterized by several
stages beginning with active autoimmunity and followed by metabolic abnormalities
with overt disease. Type 1 diabetes is one of the most frequent component disorders
of APS-2 and is often its first symptom. At the Gutenberg University Endocrine
Department, Mainz, screening in the early 1990s of 471 patients with type 1 diabetes,
aged 39 ± 16 years, disease duration 15 ± 10 years, showed in 127 cases (85 females)
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or 27% a multiple glandular involvement or APS-2. Additionally, 19 (4%) and 8 (2%)
had vitiligo and immune gastritis, respectively.

Subsequent screening, at the same institution, of 15,000 consecutive subjects with
endocrine disorders revealed a high prevalence (1%) of patients with APS-2 (n = 151,
75% females, Table 2, ref. 51). These 151 subjects with APS-2 have been followed
since then. There is often a long time interval between the manifestation of the first
and second component disease of APS-2, which often comprises years to decades (51).
Most frequent disease combinations are type 1 diabetes/autoimmune thyroid disease
(41%), followed by thyroid disease/Addison’s disease (14.6%), type 1 diabetes/vitiligo
(9.9%), thyroid disease/vitiligo (9.9%), type 1 diabetes/thyroid disease/pernicious
anemia (5.3%), hypogonadism/alopecia (5.3%), and type 1 diabetes/Addison’s disease
(3.3%) (51). Therefore, patients with monoglandular autoimmune disease should be
functionally screened for APS-2 every 3 years until the age of 75 years. If positive,
subsequent serological screening is recommended.

The simultaneous occurrence of hypothyroidism (Hashimoto’s thyroiditis) and type
1 diabetes is often accompanied by hypoglycemia because of decreased insulin request
and increased insulin sensitivity. Hypothyroid children show growth disorders caused
by chronic hypoglycemia and decreased food intake. Substitution therapy with levothy-
roxine leads to increased insulin dosage. In contrast, hyperthyroidism is accom-
panied in 50% of the cases by glucose intolerance and in 3% of the cases by overt
diabetes. Impaired glucose tolerance is because of decreased insulin sensitivity and
hepatic storage of glycogen, whereas both secretion of glucagon and intestinal glucose
absorption are enhanced. Similarly, concomitant presence of Addison‘s disease and
type 1 diabetes also leads to frequent hypoglycemia because of decreased gluconeoge-
nesis and increased insulin sensitivity.

Table 2
Screening of 15,000 Consecutive Subjects in the
Specialized Endocrine Outpatient Clinic of the
Gutenberg University Hospital Revealed a High

Prevalence (1%) of Patients with APS-2 (n = 151,
75% Females)

Disease N (%)

Type 1 diabetes 92 (61)
Graves’ disease 50 (33)
Immune thyroiditis 49 (32.5)
Vitiligo 30 (20)
Addison’s disease 28 (18.5)
Alopecia 9 (6)
Hypogonadism 8 (5.3)
Pernicious anemia 8 (5.3)

These APS-2 patients have been followed meanwhile
for >15 years. The distribution of the various autoimmune
endocrine diseases is shown (51).
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Circulating organ-specific autoantibodies are present in each of the component
diseases of APS-2 (Table 3). Occasionally, as in anti-gonadal and anti-adrenal Abs, a
given group of Abs will cross-react with more than one gland (e.g., all steroid-producing
cells). Abs may bind to a cell surface without functional effects or may be blocking
or stimulatory. Examples of blocking Abs include those directed at the acetylcholine
receptor in myasthenia gravis. Other autoantibodies such as anti-microsomal and anti-
parietal cell Abs are prevalent in healthy relatives of patients with APS-2. The presence
of such Abs may precede clinical disease by many years, but in contrast to anti-islet
Abs, anti-thyroid Abs can be present for decades without progression to overt disease.

Antibodies against steroidal enzymes (e.g., 21-hydroxylase [21-OH]) are of high
prognostic value and will help identify patients at risk for developing Addison’s
disease (52,53). This might prevent delayed diagnosis of adrenal failure. With
respect to type 1 diabetes, it has been demonstrated that anti-idiotope reagents were
able to distinguish between childhood-onset type 1 diabetes and adult-onset type 1
diabetes with polyendocrine susceptibility (54). Childhood-onset type 1 diabetes-IAA
differed from adult-onset type 1 diabetes-IAA in their specifity for human insulin
and from their anti-idiotope amino acid sequence. Based on improved immuno-
genetic understanding and autoantibody screening assays, type 1 diabetes is now
predictable (38).

At our institution, the autoantibody profile in 60 patients with APS-2, 54 with mono-
glandular and non-glandular autoimmune diseases (MGA2), 14 with monoglandular
autoimmunity (MGA), 15 with non-glandular autoimmunity (NGA), and 82 clinically
healthy relatives has been analyzed. Subjects were screened for Abs against alpha-
fodrin-immunoglobulin (Ig)A/IgG, SS-A/SS-B, thyroid peroxidase (TPO), gliadin-
IgA/IgG, transglutaminase (TG)-IgA/IgG, ASCA-IgA/IgG, anti-nuclear Abs (ANA),
and anti-neutrophil cytoplasmic Abs (ANCA) using ELISA and/or radioimmunoassay.
The overall antibody prevalence in patients with APS-2, MGA2, relatives with MGA,
NGA, and healthy relatives was 92, 87, 79, 67, and 56%, respectively (Fig. 2A).
Prevalences for TPO were different between APS2, MGA2, MGA, NGA, and healthy
relatives amounting 50, 54, 50, 13 (2/15), and 12%, respectively, (p < 0�0001, Fig. 2B).

Table 3
Prevalence of Frequent Organ-Specific Autoantibodies in

Patients with APS Type 2 (51)

Antibodies Prevalence (%)

Thyroid peroxidase (TPO) 77�2
Parietal cells (PCA) 53�9
Thyroglobulin (Tg) 49�5
TSH receptor 46�7
Insulin (IAA) 41�8
Glutamic acid decarboxylase (GAD) 30�3
Adrenal cortex 26�0
Islet cells (ICA) 21�1

APS, autoimmune polyglandular syndrome type; TSH,
thyroid-stimulating hormone.
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Fig. 2. Prevalence of organ specific (A), thyroid peroxidase (TPO, B), alpha-fodrin and SS-A
(C), as well as gliadin (IgG/IgA, D) autoantibodies, respectively in patients with APS-2 or PGA,
MGA2, and their relatives. PGA, autoimmune polyglandular syndrome type 2; MGA, monoglandular
autoimmunity; NGA, non-glandular autoimmunity; MGA2, monoglandular autoimmunity with non-
endocrine or non-glandular autoimmune disease, MGA + NGA.

Also, prevalence of glutamic acid decarboxylase (GAD) autoantibodies was increased
in patients with APS-2 (8/10) compared with healthy persons (1/300, 0.3%) (55). There
were no statistically significant group differences with respect to the other autoanti-
bodies (Fig. 2C,D). In summary, silent autoantibodies were highly prevalent in families
with APS-2, and the prevalence of these Abs was associated with the number of
involved glands. Thus, these Abs may be predictive for the development of future
autoimmune endocrine diseases.

SCREENING FOR APS, FUNCTIONAL TESTING, AND TREATMENT

Approximately one in seven first-degree relatives of patients with the type 2
syndrome has an unrecognized endocrine disorder, usually the relatively common
autoimmune thyroiditis, and we recommend routine screening of thyroid function in this
high-risk population. In contrast and most specifically, in subjects with either monog-
landular type 1 diabetes or relatively rare autoimmune adrenal failure, organ-specific
autoantibody screening and functional testing will help identify both patients at risk for
developing APS-2 as well as an already present subclinical polyglandular syndrome.
In the presence of a patient with clinical and biochemical signs of primary adrenal
failure, the determination of 21-OH Abs enables the unequivocal demonstration of the
autoimmune origin of the disease. In subjects with autoimmune Addison’s disease,
screening for other endocrine disorders is required, given the frequent association
of autoimmune adrenal insufficiency with thyroid diseases, type 1 diabetes, or other
immune-mediated diseases. Thus, in any patient with Addison’s disease, determination
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of TPO, thyroglobulin, GAD 65, and islet Abs should be performed and if negative,
repeated every few years.

As most APS-2 patients are adults, determination of insulin or IA2 Abs is not
strictly necessary, given the low diagnostic sensitivity of these markers for adult-
onset type 1 diabetes. In the case of positivity for GAD65 and islet cell Abs, an
oral glucose tolerance is needed to demonstrate glucose intolerance not revealed by
fasting blood glucose. Although type 1 diabetes develops frequently before Addison’s
disease, GAD65 Abs are detected in 5–7% Addison patients without type 1 diabetes
and a proper follow-up should be performed in islet-cell antibody-positive patients. The
determination of 17-OH and P450scc Abs will enable the identification of subjects at
high risk for primary hypogonadism, with a high positive predictive value in women.
Furthermore, determination of TG Abs could be included in the screening of APS-2
children with type 1 diabetes.

Also, determination of 21-OH Abs should be performed in all patients with type 1
diabetes and thyroid autoimmune diseases, as the identification of subjects positive for
adrenal autoantibodies is highly predictive for future adrenal insufficiency. In subjects
with 21-OH Abs and normal cortisol levels, an ACTH stimulation test will enable the
identification of subjects with pre-clinical adrenal dysfunction. Subjects with normal
cortisol response could simply be followed-up, with re-evaluation of adrenal antibody
levels, basal and adrenotropin ACTH-stimulated cortisol on a yearly basis.

Many of the endocrine disorders of the APS type 2 are adequately treated with
hormonal replacement therapy if the disease is recognized early. Subjects with patho-
logical ACTH test and increased levels of basal plasma ACTH require close clinical
follow-up with repetition of the test every 6 months. Replacement therapy with hydro-
cortisone or cortisone acetate should be considered in the case of undercurrent stressful
events. Hypoglycemic episodes and a decreasing insulin requirement in a type 1 diabetic
can be one of the earliest signs of the development of adrenal failure. Replacement
of levothyroxine without simultaneous adrenal steroid replacement in a hypothyroid
patient with Addison’s disease can precipitate an adrenal crisis (56). Replacement of
thyroxine increases the cortisol turnover rate in the liver, and this may tax a failing
adrenal gland.

FUTURE DEVELOPMENTS

In type 2 APS, genetic associations with HLA haplotypes and polymorphisms of
genes encoding immunologically relevant gene products have been reported. The
associations of autoimmune endocrinopathies with polymorphisms of these particular
genes support the hypotheses that they may function to influence general predisposition,
increase susceptibility, or influence the clinical presentation of autoimmune diseases.
Other factors such as environmental triggers and yet unidentified genetic loci may
modulate disease or target tissue phenotype. Therefore, future research is required to
identify the other players in the process of regulating immune tolerance and the process
of defining the tissue targets of autoimmune diseases. As actual immunogenetic data are
scarce, further studies are necessary to elucidate the specific and general immunologic
mechanisms, which underlie the development of APS-2. Nowadays, genetic screening
is useful for the monogenic APS-1, but not for the polygenic type 2. Continuing
research is warranted to further clarify the genetic background of APS-2, to identify
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susceptibility genes, and to understand their interactions. Potential susceptibility genes
to APS-2—besides the HLA and MICA genes—are the CTLA-4 and cytokine-related
genes (57), in particular, IL-10 and TNF-�, as well as the PTPN22 gene. Additional
knowledge regarding these genes will allow genetic screening of patients at risk.
Advances in genetics and in pathogenesis of the type 2 APS and its component diseases
may be valuable in the prevention of morbidity and mortality of the subjects involved.
Future research should also focus on family studies with a large number of samples
from different population groups. This might offer further knowledge on the inheritance
of APS-2 as well as on the familial risk to develop APS-2.
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Index 433

SV40 T antigen, �-cell-specific expression of, 223
Systemic lupus erythematosus (SLE), 6, 18

CTLA-4 and, 24
IFN-� and, 48

T
Tacrolimus, 46
TAO patients, treatment for

cessation of smoking, 203–204
eye treatment, 204–207
thyroid treatment, 204

T-cell epitopes
TG and, 98
TPO and, 101
TSHR and, 105–106

V�8.2 T-cell receptor, 44
T-cell receptor (TCR), 6, 18, 22
T cells

activation, CTLA-4 gene and, 24–26
of CRS patients, 38
HLA molecules and, 23–24
Th1/Th2 cytokine response by, 20
thymus and, 4–5, 9, 18–21

T cells detection
GAD65 and, 252
IA-2 and IA-2�, 255
insulin and, 257–258

TCR-�/� chain, 8
TCR–CD3 complex, 26
Terminal complement complexes (TCC), 182
Tetraiodothyronine (T4�, 96
TG autoantibodies (TGAbs), 140, 158–159

AITD and, 98–99
TG-induced models of EAT, 80–82
TG–T4/T3 complexes, 96–7
Thiocyanate and perchlorates, autoimmune thyroid

disease and, 55–56
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Thymic regulation, 60
Thymus, T cells and, 4–5, 9, 18–21
Thyroglobulin (TG), 80

B-cell epitopes, 98–99
genetics of, 97–98
structure and function, 96–97
T-cell epitopes, 98
thyroid disease and, 51–52

Thyroid-associated ophthalmopathy/dermopathy (TAO)/
(TAD), 193; see also Graves’ disease (GD)

diagnosis, 202–203
epidemiology, 194–196
genetic and environmental factors, 196–197
immunopathogenesis, 197–202
treatment, 203–207

Thyroid autoantigens, 95
megalin, 109
sodium iodide symporter, 108–109
thyroglobulin, 96–99
thyroid peroxidase, 99–103
thyrotropin receptor, 103–108

Thyroid autoimmunity and recurrent abortion, treatment
of, 162–163

Thyroid-blocking antibodies (TBAb), 83, 107
Thyroid disease

and bacterial infections, 41–42
cigarette smoking and, 54
iodine and, 50–51, 53
ionizing radiation and, 56–57
NOD.H2h4, animal model, 52
and parasitic infections, 42
pathology, initiation of, 52
thyroglobulin and, 51–52
and vaccination, 42
viral infections and, 40–41

Thyroid eye disease (TED), 83
Thyroid imaging, 159
Thyroid peroxidase antibodies (TPO-Ab), 197
Thyroid peroxidase (TPO), 80, 96

B-cell epitopes, 102–103
genetics, 100
structure, 99–100
T-cell epitopes, 101

Thyroid peroxidase (TPO)-specific T cells, 10
Thyroid-stimulating antibodies (TSAb),

83–84, 95
GD and, 122

Thyroid-stimulating hormone (TSH), 41
Thyroid surgery, GD and, 129
Thyrotoxicosis, PPT and, 184
Thyrotrophin (TSH) deficiency, hypopituitarism

and, 360
Thyrotropin-binding-inhibiting immunoglobulins (TBII),

84–88, 126
Thyrotropin receptor stimulating antibodies (TSHRAbs),

107, 148, 178
pathogenesis of AITD and, 146–147

Thyrotropin receptor (TSHR), 80, 200–201
B-cell epitopes, 106–108
GD and, 122–124
genetics, 105
structure and function, 103–105
T-cell epitopes, 105–106

Thyrotropin-stimulating hormone receptor (TSHR) gene,
22, 105

Tissue transglutaminase (tTG), gut enzyme, 264
T-lymphocyte helper 1/2 (Th1/2) immune cells, 84
T lymphocytes, AD and, 318–319
Tolerance mechanisms; see also Autoimmunity

central tolerance, 18–19
peripheral tolerance, 19–21

TPO autoantibodies, 140, 145–148, 158–159
TPO-induced models of EAT, 82–83
Transforming growth factor-� (TGF-��, 20, 199
Trial to Reduce Incidence of diabetes in Genetically

at Risk (TRIGR), 291
Trifluoroacetyle (TFA), 58
Tri-iodothyronine (T3�, 96
Trypanosoma cruzi infection, T1DM and, 282
Tryptophan at position 620 (Trp620), 26
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TSHR-B autoantibodies, 155, 158–159
TSHR-induced models, 83–89
Tuberculosis, AD and, 305
Tumor necrosis factor (TNF)-�, 9, 44,

142, 251
Turner’s syndrome, 156, 333
Type 1 diabetes mellitus (T1DM), 36–37

and breastfeeding, 54
and cigarette smoking, 53
CRS and, 38
CSA and, 45–46
and dietary factors, 50
dietary factors and, 282
in early childhood, 279–281
environmental factors, 278–282
genetic factors, 276–278
HLA genes and, 276–277
IFN-� and, 48–49
immunopathogenesis, 282–290
mumps infection and, 39
predictable pattern of, 290–291
prevention of, 291–294
tacrolimus and, 46
toxins and, 282
viruses and, 281

Type 1 diabetes (T1D), 17, 21, 23
� cells loss and, 244
CTLA-4 and, 24
GAD and, 249
IAAs in, 256–257
ICAs and, 244

models, in genetically modified mice, 222–229
patients

GAD65Ab in, 251
insulin injection for, 258

pregnancy and, 365
spontaneous models of, 218–222

Type II autoimmune polyglandular syndrome, 158

V
Vacor, rodenticide, 47
Vascular intercellular adhesion molecule (VCAM)-1,

53, 199
VCAM-1 protein, 400
Virally induced hypophysitis, 379
Von Willebrand factor, 154

W
Wolff–Chaikoff effect, 143

X
Xanthomatous hypophysitis, 370
X-linked (IPEX) syndrome, in human, 12

Y
Yersinia enterocolitica infection, autoimmune thyroiditis
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Z
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