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Abstract

Thyroid autoimmunity involves loss of tolerance to thyroid proteins in genetically susceptible individuals
in association with environmental factors. In central tolerance, intrathymic autoantigen presentation deletes
immature T cells with high affinity for autoantigen-derived peptides. Regulatory T cells provide an
alternative mechanism to silence autoimmune T cells in the periphery. The TSH receptor (TSHR), thyroid
peroxidase (TPO), and thyroglobulin (Tg) have unusual properties (“immunogenicity”) that contribute to
breaking tolerance, including size, abundance, membrane association, glycosylation, and polymorphisms.
Insight into loss of tolerance to thyroid proteins comes from spontaneous and induced animal models: 1)
intrathymic expression controls self-tolerance to the TSHR, not TPO or Tg; 2) regulatory T cells are not
involved in TSHR self-tolerance and instead control the balance between Graves' disease and thyroiditis; 3)
breaking TSHR tolerance involves contributions from major histocompatibility complex molecules
(humans and induced mouse models), TSHR polymorphism(s) (humans), and alternative splicing (mice); 4)
loss of tolerance to Tg before TPO indicates that greater Tg immunogenicity vs TPO dominates central
tolerance expectations; 5) tolerance is induced by thyroid autoantigen administration before autoimmunity
is established; 6) interferon-a therapy for hepatitis C infection enhances thyroid autoimmunity in patients
with intact immunity; Graves' disease developing after T-cell depletion reflects reconstitution
autoimmunity; and 7) most environmental factors (including excess iodine) “reveal,” but do not induce,
thyroid autoimmunity. Micro-organisms likely exert their effects via bystander stimulation. Finally, no
single mechanism explains the loss of tolerance to thyroid proteins. The goal of inducing self-tolerance to
prevent autoimmune thyroid disease will require accurate prediction of at-risk individuals together with an
antigen-specific, not blanket, therapeutic approach.

I. Introduction

II. Thyroid Autoantigens
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Introduction

The thyroid gland plays a pivotal role in metabolic homeostasis. Graves' disease and Hashimoto's
thyroiditis taken together have a prevalence of 2% (1), making autoimmunity to the thyroid gland the most
common autoimmune disease affecting humans. These diseases arise because of the loss of tolerance to
thyroid antigens in genetically susceptible individuals in association with environmental factors (2).
Considerable progress has been made in determining the genes responsible for thyroid autoimmune disease.
Moreover, the processes involved in the breakdown in tolerance to “self” thyroid antigens are gradually
being revealed. The immunological principles underlying tolerance were originally established for nominal
“autoantigens,” such as hen egg lysozyme, in transgenic mice. More recently, these principles have been
applied to insulin, one of the autoantigens in type 1 diabetes.

There is presently no evidence that spontaneously arising Graves' disease occurs in species other than
humans, whereas autoimmune thyroiditis does occur spontaneously in a number of mammals and birds.
Understanding tolerance to thyroid autoantigens and the breakdown leading to thyroid autoimmunity can
come from examining the following questions in both spontaneous disease and disease induced in
experimental animals: 1) Which autoantigens are targeted in thyroid autoimmunity that develops

3 of 81 7/7/2019, 7:28 AM



Breaking Tolerance to Thyroid Antigens: Changing Concepts in Thyroid...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3895862/?report=printable

spontaneously in humans and other animals? 2) What approaches can be used to induce thyroid
autoimmunity in nonhuman mammals? 3) Why does thyroid autoimmunity develop in some humans
treated for other diseases? 4) Can induced thyroid autoimmunity be blocked experimentally?

These questions must be considered not only in the context of the immunological basis for self-tolerance
but also taking into account information about the characteristics of the thyroid autoantigens. It should be
appreciated that, in the spectrum of autoimmune diseases, thyroid autoimmunity is one of the few
conditions for which the autoantigens have been unequivocally identified and are known to play a role in
disease pathogenesis. Most importantly, the TSH receptor (TSHR), thyroid peroxidase (TPO), and
thyroglobulin (Tg) carry within themselves unusual and sometimes unique characteristics that play critical
roles in the breakdown in self-tolerance leading to thyroid autoimmunity.

Il. Thyroid Autoantigens

A. Three major thyroid autoantigens

Tg, TPO, and the TSHR are complex glycosylated molecules (Figure 1). All three proteins undergo post-
translational modifications that are required for their roles in thyroid function and/or greatly impact their
ability to stimulate the immune system.

1. Thyroglobulin

Tg is the largest and most abundant thyroid autoantigen in the thyroid (Figure 1A) and, as will be shown
later, in the thymus. It is a soluble molecule comprised of two 330-kDa monomers that undergo iodination.
Iodination is critical for the function of Tg as a prohormone of T4 and T3. However, the presence of iodine
is not required for recognition by human autoantibodies (3). Similarly, Tg autoantibodies that arise
spontaneously in obese strain (OS) chickens are largely unaffected by high dietary iodine intake (4). In
contrast, some induced responses including T-cell clones (5), and mouse monoclonal antibodies (6) are
specific for iodinated Tg.

2. Thyroid peroxidase

TPO is the primary enzyme involved in thyroid hormone synthesis. It is a membrane-bound homodimer of
two 107-kDa subunits (Figure 1A) with a heme prosthetic group. The heme is essential for enzymatic
activity but is not involved in TPO autoantibody recognition (7, 8). Another TPO post-translational
modification is the removal by cleavage of the N-terminal approximately 100 amino acids (9). Human T
cells and autoantibodies specific for TPO interact with epitopes downstream of amino acid 109 (reviewed
in Ref. 10).

3. TSH receptor

The TSHR is a member of the rthodopsin-like family of G protein-coupled receptors with seven
transmembrane-spanning domains. The extracellular portion comprises a leucine-rich repeat domain linked
by a hinge region to the membrane-spanning domain (Figure 1B). After trafficking to the thyrocyte surface,
the holoreceptor undergoes intramolecular cleavage at two or more sites within the hinge region, resulting
in the loss of a C-peptide component. This post-translational modification results in an extracellular
A-subunit linked by disulfide bonds to a B-subunit comprising the remaining portion of the hinge region
linked to the transmembrane-spanning domain. Breaking the disulfide bonds leads to shedding of the
TSHR A-subunit (reviewed in Ref. 11). The other closely related members of the glycoprotein hormone
receptor family, the LH and FSH receptors, do not undergo intramolecular cleavage and shedding of a
portion of their ectodomains. Unlike the TSHR, these gonadotropin receptors do not induce autoimmune
responses in humans. Accumulating observations for human TSHR autoantibodies indicate that the shed
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TSHR A-subunit (Figure 1A), rather than the membrane-bound holo receptor (Figure 1B), is the
autoantigen in Graves' disease in humans (reviewed in Ref. 11). The TSHR A-subunit is a heavily
glycosylated soluble protein with a molecular mass of approximately 60 kDa. Moreover, the A-subunit is
the smallest and the least abundant of the three thyroid autoantigens (Figure 1C).

B. Does autoimmunity arise to other thyroid autoantigens?

A possible role for the sodium-iodide symporter (NIS) as an autoantigen was investigated after its cloning
in 1996 (12). Unlike TPO and the TSHR, which have large ectodomains, NIS has only a small ectodomain
attached to 13 membrane-spanning segments. Some early studies detected autoantibodies in serum from
patients with thyroid autoimmune disease that bound to NIS and inhibited its iodide transport function (13,
14). In contrast, other data provided no support for NIS as a major autoantigen (15, 16). Autoimmunity to
NIS and to pendrin, another thyroidal iodide transporter, continue to raise interest (17), but a recent study
has excluded pendrin from being a major thyroid autoantigen (18).

A role has been suggested for antibodies against the IGF-1 receptor in Graves' ophthalmopathy (19, 20), at
least in some patients (21). In contrast, other studies do not support such a relationship (22). Therefore,
whether autoimmunity to the IGF-1 receptor is involved in Graves' ophthalmopathy remains controversial.
However, there is no doubt about a role for TSHR autoantibodies in causing Graves' disease. Maternally
transferred TSHR autoantibodies cause transient Graves' disease in the neonate (23) and injecting a
monoclonal stimulatory TSHR antibody is sufficient to induce hyperthyroidism in mice (24). Our focus is,
therefore, on the three proteins that have been unequivocally identified as playing a role in thyroid
autoimmune disease.

C. Properties of Tg, TPO, and the TSHR A-subunit that confer “immunogenicity”

Several characteristics of the three thyroid autoantigens are favorable for inducing immune responses
(asterisks in Figure 1A denote arbitrary scores).

¢ The number of peptides processed and available for major histocompatibility complex (MHC)
binding and presentation to T cells depends, in part, on the size and availability of the protein.
Clearly, many more peptides can be generated from the abundant, large Tg protein, the major thyroid
component (Figure 1C), than from TPO, which is intermediate in size and amount. Substantially
fewer peptides are likely to be available from the TSHR A-subunit, which is not only smaller than Tg
and TPO but is present at very low levels in the thyroid (Figure 1C) (25). Support for these
differences is provided by the identification of Tg peptides (but not other thyroid-specific peptides)
eluted from MHC class II protein purified from human thyroids (26).

e Greater efficacy has been observed for immunization with antigen-presenting cells (APCs)
expressing membrane-bound vs providing the same cells with soluble nonself-proteins (27, 28). In
this respect, membrane-bound TPO may score higher on an “immunogenicity scale” than soluble Tg
or the TSHR A-subunit.

e Glycosylation is important for antigen binding to cell surface mannose receptors on APCs and their
subsequent internalization (29), a process that markedly enhances the efficacy of T-cell responses
(30). Tg and TPO are less glycosylated (12 and 10%, respectively) than the TSHR A-subunit
(~40%). Both Tg and the heavily glycosylated TSHR A-subunit, but not TPO, bind to the mannose
receptor (31).

e Polymorphisms in Tg (32) and the TSHR (33), but not TPO, confer susceptibility to thyroid
autoimmunity (Section VI.A.1.).
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Combining these characteristics, Tg has a higher “immunogenicity score” than either TPO or the TSHR
A-subunit (Figure 1A).

lll. Spontaneous Thyroid Autoimmunity

A. Thyroid autoimmunity in humans (Table 1)

Thyroid-stimulating antibodies (TSAbs) that activate the TSHR are the direct cause of Graves'
hyperthyroidism (34) (reviewed in Ref. 11). In a small number of individuals, hypothyroidism and thyroid
atrophy are caused by TSH-blocking antibodies (TBAbs) that are competitive inhibitors for ligand
activation of the TSHR (35, 36). Neutral, neither stimulating nor blocking, TSHR antibodies may
contribute to Graves' hyperthyroidism as well as to Graves' ophthalmopathy (37). TSHR antibodies and
probably also TSHR-specific T cells and cytokines play a role in Graves' ophthalmopathy and dermopathy
(reviewed in Ref. 38).

At the opposite end of the spectrum, autoimmunity to TPO and/or Tg is associated with lymphocytic
infiltration of the thyroid and sometimes with hypothyroidism (reviewed in Ref. 39). Humoral autoimmune
responses were first observed for autoantibodies to Tg (40) and the “thyroid microsomal autoantigen” (41)
before the latter was identified as TPO immunologically (42, 43) and by molecular cloning (44, 45).
Subsequently, T cells and cytokine responses specific for TPO and Tg were demonstrated (46-51).

Many adults, particularly women, have autoantibodies (IgG class) to TPO and/or Tg but do not progress to
hypothyroidism (52). Autopsy studies have demonstrated the presence of thyroid lymphocytic infiltration
associated with the presence in serum of thyroid autoantibodies in the absence of clinical disease (53). The
important implication of this association is that TPO and Tg autoantibodies in euthyroid individuals are not
simply assay background noise or pathophysiologically insignificant. Rather, the detection of these
autoantibodies reflects subclinical disease in a gland with a large functional reserve, as recently
demonstrated in vivo by ultrasound (54). Tolerance to TPO and/or Tg is clearly broken in individuals with
subclinical autoimmune thyroid disease (52). Consequently, the term “Hashimoto's thyroiditis” refers to
individuals with thyroid autoantibodies regardless of their thyroid function status. It should also be
appreciated that many Graves' patients have autoantibodies to TPO and sometimes also to Tg (55),
indicating overlap in the breakdown in self-tolerance to more than one thyroid autoantigen.

B. Spontaneous thyroiditis in other animals

Without immunization, thyroiditis develops spontaneously in Biobreeding rats (56), nonobese diabetic
(NOD) (57) and NOD.H2h4 (58-60) mice, OS chickens (61, 62), some breeds of dogs (63, 64), and some
(65) but not all (66) colonies of marmosets (Table 1). It is striking that unlike the occurrence of thyroiditis
in many nonhuman species, neither TSHR antibodies nor Graves' hyperthyroidism develop spontaneously
in animals.

C. Cellular interactions leading to immune responses

Autoimmune responses, like those to exogenous proteins, are complex (Figure 2). Briefly, proteins taken up
by “professional” APCs, namely macrophages, dendritic cells (DCs), and sometimes B cells, are processed
into peptides that bind to MHC molecules for presentation to the T-cell receptor. In addition to recognition
by T-cell receptors of MHC-bound peptides, T-cell activation requires a process of “costimulation”
involving several other critical molecules:

e APCs constitutively express CD40, and T cells constitutively express CD28 on their surface.

¢ The interaction between the T-cell receptor and MHC peptide leads to the induction on T cells of
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CD40 ligand (italics in Figure 2).
¢ Binding of CD40 to CD40 ligand induces B7-1/2 expression on the APC (italics in Figure 2).

e B71/2 binding to CD28 on T cells completes costimulation and initiates T-cell activation. This
process also induces expression of the inhibitory molecule CTLA4.

Activated T helper cells provide “help” for B cells that recognize the same antigen to replicate and
subsequently differentiate into plasma cells that secrete antibody. Helper T cells can also develop (for
example) into thyroid-infiltrating cells or provide help for the development of cytotoxic T cells. It should
be emphasized that B cells differ from other professional APCs by virtue of their membrane-associated Ig
receptors. Thus, unlike capturing and internalizing many antigens in their environment, B-cell surface Ig
function as receptors for specific antigens, even if present in minute amounts. These specific antigens (or
autoantigens) are then internalized, processed, and presented to T cells (67). The importance of B cells as
APCs is illustrated by the inability of NOD mice lacking B cells to develop type 1 diabetes and by the
absence of thyroiditis in B-cell knockout NOD.H2h4 mice (68, 69). Moreover, the ability of B cells to
control T-cell activity (70) is illustrated by the efficacy of a therapeutic antibody (rituximab) to target CD20
expressed on B cells in ameliorating Graves' ophthalmopathy in humans (71) as well as hyperthyroidism in
an animal model of Graves' disease (72).

The processes of antigen presentation, T-cell help, and B-cell differentiation are subject to regulation. As
described in Sections VI.A.1. and VI.B.2., genetic susceptibility to thyroid autoimmunity involves
polymorphisms in the TSHR and Tg as well as in molecules responsible for regulating these responses. In
contrast, some features enhance immunity, like the TSHR itself (Figure 1).

IV. Inmunological Basis for Self-Tolerance

Development of tolerance is a complex process that includes central and peripheral mechanisms acting
together to eliminate or suppress self-reactive lymphocytes.

A. Central tolerance

Immature T cells generated in the bone marrow enter the thymus where they undergo processes of negative
and positive selection and finally exit as CD4+ or CD8+ T cells depleted of high-affinity binding to self-
peptides.

The process of acquiring functional T-cell receptors and CD4 or CDS8 occurs in the thymic cortex (73).
Briefly, the T-cell receptor comprises two chains (o and B), each derived from subunits that are separated in
the germline and need to be productively rearranged. In the thymus, cells with productively rearranged
T-cell B-chains are paired with the pre-a-chain to form the pre-T-cell receptor. Pre-T cells, which lack
expression of the characteristic T-cell markers, CD3, CD4, and CD8, expand and give rise to CD4+ CD8+
double positive cells. In the next steps, pre-o-chains are replaced by productively rearranged o-chains, and
the mature T cells become committed to either the CD4 or the CDS8 lineage.

Central tolerance is based on negative selection of autoreactive T cells in the thymic medulla (74). As
illustrated in Figure 3A, stromal thymic medullary epithelial cells “ectopically” express a spectrum of
peptides from self-proteins (75) and, in cooperation with DCs, present them to immature T cells (reviewed
in Ref. 76). T cells that recognize self-peptides with high affinity are deleted from the repertoire (74). In
this “education” process, T cells with moderate affinities for self-peptides are positively selected to undergo
further differentiation and leave the thymus to become mature T cells. A naturally occurring example of
central tolerance is provided by the autoantigen insulin. A type 1 diabetes susceptibility locus in humans
maps to a variable number of tandem repeats (VNTR) upstream of the insulin gene (77, 78). This VNTR
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locus controls the level of intrathymic insulin expression and, by maintaining tolerance to insulin, is
protective of disease.

The relationship between the concentration of autoantigen in the thymus and the degree of self-tolerance
has been dissected in detail in the following elegant experiments. Transgenic mice were generated for hen
egg lysozyme (HEL) expressed systemically or targeted to thyrocytes or pancreatic islet cells (79). Single
transgenics were crossed with mice transgenic for a HEL-specific T-cell receptor. HEL expression was
confirmed in the specifically targeted tissues (thyrocytes or islet cells) but was only detected in thymic
tissues of the systemic HEL transgenics. The reduction in peripheral T cells expressing the HEL-specific
T-cell receptor correlated with the extent of thymic HEL expression and was directly related to the degree
of self-tolerance to HEL immunization. There was greater HEL self-tolerance in systemic HEL transgenics,
less in HEL-thyroid transgenics, and least in HEL-islet cell transgenics (79).

Of interest, differences have been observed for the magnitude of T-cell tolerance in relation to transgenic
expression of membrane-bound vs soluble autoantigen. In one study, T-cell tolerance was greater for
membrane-bound than for soluble HEL expressed systemically using the MHC class I promoter (79).
However, a second study of HEL transgenics generated using the a-crystallin promoter demonstrated
greater T-cell tolerance for the soluble vs membrane-bound HEL (80). These findings emphasize that the
general “rules” for central tolerance are not universally applicable and depend on the manner of expression.
In these HEL models, the antigen is the same. However, as will be illustrated later, the rules for central
tolerance are not necessarily the same for individual-specific autoantigens.

B. Autoimmune regulator (Aire)

Insight into the factor(s) controlling thymic self-protein expression came from investigations of
autoimmune polyendocrinopathy candidiasis-ectodermal dystrophy (APECED), also known as
autoimmune polyendocrine syndrome-type 1. This condition is linked to defects in the autoimmune
regulator (“Aire”) gene (81, 82). Aire is a transcription factor that regulates the expression of numerous
self-proteins in medullary thymic epithelial cells. Mice genetically engineered to be Aire deficient have
decreased levels of some self-proteins in thymic medullary epithelial cells (83, 84) and display
characteristics of APECED patients including self-reactive T cells and autoantibodies (Figure 3B).

Intrathymic expression of a number of autoantigens is controlled by Aire, and autoimmunity develops
spontaneously in its absence (reviewed in Ref. 85). In mice lacking one or both Aire alleles, thymic
expression of insulin is reduced or absent (86, 87), but other autoantigens including glutamic acid
decarboxylase 65 and a-fodrin are unaffected by the absence of Aire (83, 88). It is striking that the
spectrum of autoimmunity was modified by the genetic background. Aire-deficient NOD and SJL mice
developed thyroiditis and pancreatitis, whereas gastritis was observed in BALB/c mice with minimal
autoreactivity in C57BL/6 mice (89).

C. Regulatory T cells

Depletion of autoreactive T cells by central tolerance may not eliminate all self-reactive cells. Another
potent mechanism for self-tolerance involves regulatory T cells (Treg) (Figure 3C). Treg may be “natural”
(constitutive) or inducible (involved in the adaptive immune response). Natural Treg develop in the thymus
(90). Both natural and inducible Treg are characterized by the expression of CD4, CD25 (the IL-2 receptor
a chain), and the transcription factor Foxp3 (forkhead box P3 protein) (reviewed in Ref. 91). Deletion
studies showed that natural CD4+ CD25+ Treg regulate (for example) the development of autoimmune
gastritis in BALB/c mice (92). Another subset of Treg that express CD8 and CD122 (IL-2 receptor b chain)
also controls autoreactive effector T cells in the periphery (93, 94).

Cytokines are in part involved in the effector mechanisms of Treg. For example, TNF or antibody to TNF
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regulates CD4+CD25+ T cells in NOD mice (95). In addition, CD8+ CD122+ Treg generate IL-10, which
suppresses production of interferon (IFN)-y as well as the proliferation of CD8+ T cells (96).

D. B-cell tolerance

B cells with affinity receptors for self-antigens are tolerized by a number of mechanisms including clonal
deletion, anergy (functional inactivation), receptor editing, and perhaps competition for growth factors.
Some autoantigens are abundant (like Tg). However, other autoantigens, such as insulin at physiological
concentrations, may be too low for B-cell tolerance induction (97).

Insight into the processes involved in B-cell tolerance comes from transgenic mice expressing both the Ig
genes for autoantibodies to a specific autoantigen and the autoantigen. In transgenic mice expressing
soluble HEL and the genes for a high-affinity HEL antibody, B-cell tolerance did not involve clonal
deletion (98). In contrast, B cells expressing the genes for an antibody against MHC, a ubiquitous
membrane-bound autoantigen, were eliminated (99). On the other hand, when small amounts of membrane-
bound HEL were expressed on thyroid cells, HEL-specific B cells were neither deleted nor inactivated
(100). Genetic background also has an impact on B-cell tolerance. In NOD mice expressing both soluble
HEL and HEL antibody transgenes, HEL-antibody-specific B cells were not deleted or efficiently
anergized, unlike the same transgenes expressed in mice (C57BL/6) not susceptible to autoimmunity (101).

An important check point involves B-cell receptor editing. Ig molecules expressed on the B-cell surface
function as antigen receptors. If the rearranged Ig variable (V) region genes have specificity for an
autoantigen, B cells can “edit” and replace their receptors with different antibody gene arrangements (102).
Although perhaps not involved in breaking tolerance, regulatory B cells may secrete IL-10 (reviewed in
103), and regulating antibody responses may involve, for example, Fcy RIIB (104) and complement (105).
Finally, B-cell tolerance may also be controlled by the limited availability of growth factors such B
Iymphocyte stimulator, a B-cell survival factor that acts as a peripheral selection checkpoint (106).

Overall, because T cells are required to stimulate B cells to proliferate and secrete IgG antibodies, tolerance
mechanisms in B cells may be regarded as a secondary or “fail-safe” mechanism. However, the
increasingly recognized role of B cells as professional APCs, illustrated by the title “B-cells—Masters of
the Immunoverse” (70), emphasizes the importance of silencing B-cell autoreactivity even when the major
players are T cells.

E. Tolerogenic dendritic cells

Plasmacytoid DCs (pDCs) generate type 1 IFN in response to viral RNA or DNA. Their activities are
complex and not easy to dissect. On the one hand, pDCs are immunogenic because they have the ability to
present antigens and induce naive T cells to differentiate. On the other hand, pDCs can be tolerogenic by
inducing deletion of CD8+ cells and effector CD4+ T cells. These cells contribute to both innate and
adaptive immunity and should be considered as likely contributors to autoimmunity (reviewed in Ref. 107).

V. Induced Thyroid Autoimmunity

The experimental approaches used to induce thyroid autoimmunity, detailed in Tables 2 to 4, are

summarized in this section.

A. Conventional approach to induce thyroiditis

Immunization using protein and adjuvant has been used for many years to induce thyroiditis and continues
to be an effective approach (Table 2). The following types of thyroid antigen have been used: 1) crude
thyroid extracts in rabbits, guinea pigs, dogs (108, 109), and monkeys (110, 111); 2) purified Tg in rabbits
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(109, 110) and mice (112-114); 3) purified porcine TPO (115, 116), recombinant mouse TPO ectodomain
(117), and selected TPO peptides (118, 119) in mice; and 4) Purified TSHR ectodomain protein in mice
(120, 121).

B. Novel approaches to induce thyroiditis

A number of alternative and often novel approaches have been explored to induce thyroiditis in mice (
Table 3):

¢ Neonatal thymectomy and irradiation induce thyroiditis in rats that can be enhanced by
administration of the polyaromatic hydrocarbon 3-methylcholanthrene (3-MCA) (122-124).

¢ Injecting lymphocytes sensitized to Tg together with Tg antibody (TgAb) (125), in vitro activated
lymphocytes (126, 127), or lymphocytes sensitized on monolayers of thyrocytes (128).

¢ Injecting DCs pulsed with Tg (129) or injecting fibroblasts that coexpress TPO and MHC class 11
(130).

e Implanting a thyroid gland from another mouse and subsequently injecting lipopolysaccharide (LPS)
(13D).

e Expressing TPO or Tg in vivo using plasmid (132, 133) or adenoviral vectors (134, 135).

e Transgenic expression of a chemokine or a cytokine or deletion of a chemokine receptor. Thyroiditis
develops in transgenic mice that express the chemokine CCL21 (136) or the cytokine IFN-a (137) in
the thyroid. In addition, NOD mice lacking the chemokine receptor CCR7 develop thyroiditis and
primary hypothyroidism (138).

Surprisingly, transgenic intrathyroidal IFN-y expression caused hypothyroidism without thyroid
lymphocytic infiltration (139). Although the explanation for hypothyroidism has been disputed (140), the
absence of lymphocytic infiltration was unexpected for the following reasons: previously observed MHC
class II expression on thyrocytes from patients with autoimmune thyroid disease combined with the ability
of IFN-v to induce class II expression (141) are the basis for the Bottazzo hypothesis (142), namely that
thyrocyte IFN-y expression plays a critical role in thyroid autoimmunity.

¢ Transgenic mice (TAZ10) that express a human T-cell receptor specific for TPO (and lack other
functional T cells and B cells) develop extensive thyroiditis that leads to hypothyroidism (143, 144).
The absence of functional B cells in these mice precludes the development of antibodies.

e A protocol to induce or amplify tumor regression in mice combined with immunization using mouse
Tg plus adjuvant led to thyroiditis in a normally resistant strain (145, 146).

e Unexpectedly, thyroiditis developed after depleting Treg before A-subunit adenovirus immunization
of transgenic mice expressing the human TSHR A-subunit targeted to the thyroid and expressed at
low levels (147).

C. Principles for successful experimentally induced thyroiditis

Most conventional and novel approaches induce antibodies to the immunogen. However, the successful
induction of thyroiditis is usually more restricted.

e Syngeneic antigen, that is antigen derived from the species to be immunized, is usually required to
induce thyroiditis. For example, thyroiditis was induced in rabbits using rabbit thyroid extract
emulsified in Complete Freund's adjuvant (CFA), but not using bovine or human thyroid extract plus
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the same adjuvant (CFA) (108). On the other hand, because they are closely related, both monkey
and human thyroid extract induced thyroiditis in monkeys (110, 111).

e Genetic background is important, even using syngeneic antigen. When different strains of mice were
immunized with adjuvant plus purified murine Tg, thyroiditis developed in “high responder” but not
in “low responder” strains. The difference between these responses depended on MHC antigens of
class II (I-A and sometimes I-E). Mice positive for I-Ak are high responders to murine Tg, whereas
mice positive for I-Ad are low responders (reviewed in Ref. 148).

e TPO-induced thyroiditis is also genetically restricted, but the MHC class II association differs from
that for Tg: I-Ab for TPO responders vs I-Ak for TPO nonresponders (118).

e Exceptions to the requirement for syngeneic antigen include the use of human Tg or human TPO in
transgenic mice that express the human MHC class II antigen DR3 (114, 132, 134). The use of an
unusual, extremely potent adjuvant may explain why wild-type BALB/c mice immunized with
human TSHR protein develop thyroiditis.

The explanation for the ability of porcine TPO to induce thyroiditis in C57BL/6 mice (115) is not known.
Possible insight is provided by observations of thyroiditis in H2-k mice transgenic for the human T-cell
receptor specific for a human TPO peptide (143): binding to IA-k of the human TPO536-547 peptide and
the autologous mouse peptide produced similar antigenic surfaces (149).

e As discussed in Section VII, thyroiditis and TPOAb sometimes develop despite the “wrong” MHC
(BALB/c, I-Ad, and NOD I-Ak).

D. Inducing TSAb and Graves' hyperthyroidism using the human TSHR

The criteria for the successful induction of Graves' disease or its markers are the presence of biologically
active antibodies (TSAb) and/or hyperthyroidism. Neither TSAb nor hyperthyroidism was induced by
conventional immunization with TSHR protein (reviewed in Ref. 150). In brief, injecting many different
mouse strains with recombinant TSHR protein together with a variety of adjuvants induces antibodies that
bind TSHR protein in ELISA. However, these antibodies lack the ability to stimulate cAMP release from
TSHR-expressing cells (“bioactivity”), and the mice remain euthyroid.

Approaches to induce TSAb and hyperthyroidism are summarized in Table 4.

e Transgenic mice were generated that express the heavy and light chain Ig variable region genes for a
human TSAb, B6B7, as human IgM (151). Transgene expression was monitored by measuring
human IgM in serum and expressed on B cells. The total number of B cells was lower in the
transgenics than in wild-type controls, suggesting clonal deletion of self-reactive B cells. Among 74
TSAD transgenic mice, 50 animals had elevated free T4, and 24 had undetectable TSH. Other
manifestations of hyperthyroidism included thyroid hyperplasia, increased thyroid technetium
uptake, and increased basal body temperature. It should be noted that an extremely high
concentration (30 000 ng/mL) of B6B7 IgG, obtained after Epstein Barr virus infection of Graves'
peripheral blood lymphocytes, was required for maximum stimulation of cAMP levels (152)
compared with 2000 and 3000 ng/mL for mouse monoclonals TSmAb1 (153) and IRI-SAb1 (154),
5000 ng/mL for hamster monoclonal MS-1 (155), and 10 ng/mL for M22, the most potent human
TSAb monoclonal (156). Expression of B6B7 as an IgM pentamer in the transgenic mice rather than
as monomeric IgG may have enhanced the thyroid-stimulating ability of B6B7.

¢ Antibodies that stimulate the thyroid gland (TSADb), with or without subsequent hyperthyroidism, are
induced by injecting mice with intact cells expressing the TSHR (157—-161). In one approach rarely
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used, mice are immunized with TSHR-expressing B cells plus TSHR protein and adjuvant (159).

e TSADb and/or hyperthyroidism are effectively induced by in vivo expression of the TSHR receptor or
its A-subunit using plasmid or adenoviral vectors or plasmid DNA plus in vivo electroporation
(162-167). Immunizing mice with the A-subunit is more effective for inducing hyperthyroidism than
immunization with a TSHR modified so as not to cleave into two subunits or the full-length TSH
holoreceptor (160, 165, 166, 168). In addition, overexpressing CD40 in the thyroid gland increases
the severity of murine Graves' disease induced by human A-subunit-adenovirus immunization (169).
As will be described in Section VIII, CD40 is one of the genes associated with autoimmune thyroid
disease (170).

E. Implications and consequences of human TSHR immunization

The use of the human TSHR (or its A-subunit) to induce TSAb and/or hyperthyroidism as described above
has several important implications:

e A cross-reacting antigen, rather than the autoantigen, successfully breaks tolerance in mice and in
hamsters.

e Testing for TSAD activity in sera from immunized mice is readily performed using Chinese hamster
ovary (CHO) cells expressing the human TSHR.

e However, for the mice to become hyperthyroid, TSAb induced using the human TSHR or the human
A-subunit must cross-react with the mouse TSHR. Measuring TSAb activity with CHO cells
expressing the mouse TSHR demonstrated cross-reactivity in some mouse strains (such as BALB/c,
C3H/He) but not in others (such as C57BL/6) (171). These findings explain in part the inability of
some strains to develop hyperthyroidism.

F. Immunization with the mouse TSHR

The desirability of using the mouse TSHR for immunization is clear from the above paragraph. However,
neither C57BL/6 nor BALB/c mice immunized with the mouse TSHR A-subunit generated TSHR
antibodies, although thyroid lymphocytic infiltrates developed in some C57BL/6 mice (172). Two
approaches have been adopted to induce Graves' disease by immunization with the mouse TSHR (Table 4,
v and vi).

In the first approach, in order to overcome self-tolerance, it was necessary to use TSHR knockout mice
(173) to induce TSHR antibodies using mouse A-subunit adenovirus (172). TSHR null mice lacking the
TSHR cannot, obviously, respond to TSAb. Therefore, splenocytes were adoptively transferred from mouse
A-subunit-Ad immunized TSHR knockout mice into athymic TSHR-expressing mice of the same genetic
background (174). Serum TSADb activity determined in an ex vivo assay was present 4-8 weeks after
immunizing TSHR knockout mice at the same time interval in athymic recipients of primed splenocytes
(174). Consistent with the presence of TSAb activity in serum, some athymic recipients developed
hyperthyroidism. However, after 6 months, TSAb activity was replaced by TBAb activity, and athymic
recipients of primed splenocytes became hypothyroid (174). In contrast, neither TBAb nor hypothyroidism
developed in mice of the same genetic background immunized with human A-subunit in a plasmid (167) or
adenovirus vector (175).

The second approach is based on the recent induction of Graves'-like disease in mice by immunization with
a mouse TSHR variant, TSHR 739, cloned from thyroid tissue (176). This variant lacks a central part of the
leucine-rich domain of the mouse TSHR and does not bind TSH. As for other “noncanonical” spliced
variants, it may include untolerized epitopes (177). Moreover, because of its low level of expression in the
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thyroid, it is likely to be virtually absent from the thymus. It was suggested to be a candidate autoantigen in
autoimmune thyroid disease (176). Although this variant does not appear to correspond to any of the TSHR
variants described for human disease, it may be an invaluable tool for the induction of Graves' disease in
mice.

G. Novel concepts from experimentally induced thyroiditis and Graves' disease

Several important issues arise from studies of induced thyroid disease in mice.

¢ The successful outcome of responses in animals immunized with Tg or TPO (Table 2) is different
from the well-known hallmarks of thyroid autoimmunity in humans (Table 1). As described in
Section 111, the presence of spontaneously arising IgG class autoantibodies to TPO and/or Tg in many
adult humans (52) reflects the presence of thyroid lymphocytic infiltration (53, 54). In contrast, as
shown in Tables 2 and 3, virtually all immunized mice develop antibodies to Tg or TPO, but not all

strains develop thyroiditis. Induced thyroiditis involves immunization at a site distal from the
thyroid, whereas spontaneous thyroiditis likely arises in the target organ (or in the draining lymph
nodes). However, this difference does not explain the absence of thyroiditis because thyroid
inflammation develops in strains with the appropriate MHC.

The induction of antibodies without thyroiditis indicates that (at least in immunized animals) breaking
tolerance at the B-cell level, although requiring T-cell help, occurs more readily than breaking T-cell
tolerance leading to thyroid lymphocytic infiltration, which may include cytotoxic T cells. Indeed, if T
helper cell tolerance is broken to part of an autoantigen, autoreactive B cells can be activated (178).

e The immunization approach has a major influence on the properties of induced antibodies. The
critical difference between biologically active and inactive antibodies induced using TSHR expressed
on intact cells or in vivo vs antibodies that develop after conventional immunization has been
described. Similarly, it has long been recognized that there are marked differences in the epitopic
range of antibodies induced by conventional immunization with Tg and adjuvant (and later with
TPO) compared with antibodies that develop in humans. In particular, Tg antibodies or TPO
antibodies that arise spontaneously in humans interact with a restricted “immunodominant region” on
their respective autoantigens Tg or TPO (179-182).

The first breakthrough to induce Graves' disease in mice involved injecting fibroblasts expressing the
TSHR (157, 183). Likewise, mice injected with TPO-expressing fibroblasts, but not human TPO plus
adjuvant, develop antibodies closely resembling human TPO autoantibodies in terms of their high affinity
and restricted epitopic recognition (184).

e The MHC restriction for thyroiditis induced conventionally, namely I-Ak using Tg and I-Ab using
TPO, does not always apply:

First, thyroiditis-prone NOD.H2h4 mice (I-Ak) spontaneously develop autoantibodies to both Tg and TPO
(135). Second, thyroiditis develops in BALB/c mice (I-Ad) injected with Her2 tumor cells, then with
plasmid DNA encoding Her2 to promote tumor regression, and subsequently immunized with mouse Tg
plus adjuvant (145). Third, BALB/c mice (I-Ad) transgenic for the human TSHR A-subunit (low
expressors) depleted of Treg and immunized with A-subunit adenovirus develop thyroiditis and
autoantibodies to both Tg and TPO (147, 185).

Thyroiditis accompanied by antibody “spreading” to Tg in all three examples, and to TPO in two instances,
resembles the situation in many humans who have autoantibodies to both thyroid autoantigens. Importantly,
for human A-subunit Lo-expressor transgenics and for NOD.H2h4 mice, the “self” antigens are located in
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the thyroid gland.

VI. Genetic Control of Thyroid Autoimmunity in Humans and Animals

Susceptibility to human autoimmune thyroid disease includes genes encoding molecules that play a role in
immune function as well as thyroid-specific genes. Excellent overviews of susceptibility genes for thyroid
autoimmunity are available (186—188). The goal of the present review is to focus on the genes that exert
their effects early in the autoimmune response and thereby control the breakdown in self-tolerance leading
to thyroid autoimmunity (Figure 4).

A. Genes that impact tolerance in the thymus

1. TSH receptor

Polymorphisms in the TSHR gene contribute to susceptibility to Graves' disease in humans (189, 190). A
single nucleotide polymorphism (SNP) in intron 1 of the TSHR gene is associated with RNA splice
variants, ST4 and ST5. The ratio of RNA for the full-length TSHR to the variant ST4 was low for
individuals with the TSHR-susceptible genotype and high for the nonassociated genotype (33). These
polymorphic variants could contribute to thyroid autoimmunity by increasing the “level of potentially
autoantigenic A-subunits” (33).

A different approach provides direct evidence of a link between central tolerance and TSHR SNP rs179247
that predisposes to Graves' disease. Individuals homozygous or heterozygous for this SNP have
significantly fewer thymic TSHR mRNA transcripts than individuals homozygous for the protective allele
(191). As already mentioned, lower intrathymic insulin expression in individuals with a particular VNTR
for the insulin gene is associated with decreased central tolerance to insulin that can lead to autoimmunity
to insulin and ultimately to type 1 diabetes. In the same way, decreased intrathymic expression of the
TSHR is likely to decrease central tolerance and increase the risk of autoimmunity developing to the
TSHR.

2. Aire

Mutations in Aire (like those in APECED patients) are not by themselves susceptibility genes for
autoimmune thyroid disease (192, 193). However, 50% of APECED patients in southern Italy had
antibodies to Tg, and particularly to TPO, as well as hypothyroidism in some patients (194).

A variety of single nucleotide substitutions, small insertions, and deletions in the coding sequence of the
Aire gene are responsible for the malfunction of Aire in APECED patients. In Finnish and northern Italian
patients, the most common mutation leads to a premature stop codon (R257X) and a predicted truncated
Aire protein (195). Other changes include a 13- base pair (1094-1106) deletion (196). In a family with
APECED, a novel Aire mutation (G228W) closely cosegregated with autoimmune thyroiditis and
hypothyroidism (197). Mice engineered to express this naturally occurring Aire mutation (G228W) had
partial inhibition of intrathymic expression of some self-antigens (198). Moreover, these G228W knock-in
mice developed autoimmune syndromes that were dependent on the genetic background and differed from
those in Aire knockout mice. In particular, thyroiditis in G228W heterozygotes on the NOD background
was more severe than in NOD mice heterozygous for the absence of Aire (198).

B. Genes involved in antigen presentation that impact central or peripheral tolerance

Susceptibility genes for molecules involved in presenting antigens are likely to play a role in central
tolerance as well as in the ability of peripheral immune cells to respond to thyroid autoantigens.
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1. MHC class i

MHC molecules are critical for binding and presenting peptides from thyroid autoantigens. The association
of MHC genes with thyroid autoimmunity was first recognized in association studies (199) and later
confirmed in genome-wide associations (200). Detailed analysis of the MHC class II molecule HLA-DR3
demonstrated the critical nature of replacing alanine or glutamine with arginine at position 74 in the MHC
binding pocket (201).

The importance of MHC class II has already been mentioned for induced thyroiditis using Tg (reviewed in
Ref. 148) and TPO (88, 89) (Tables 2 and 3). Transgenic mice expressing human HLA molecules (HLA-
DRBI1 and DQ) have been used to demonstrate the importance of interactions between MHC and human-
or murine-Tg (114) (reviewed in Ref. 202). In a mouse model of Graves' disease, MHC region genes are
linked to the induction of TSHR antibodies (measured by inhibition of TSH binding) but do not play a role
in the development of hyperthyroidism (158, 203-205). In this context, it is of interest that a genome-wide
association study identified strong associations of MHC class II variants with Graves' patients persistently
positive for TSHR antibodies (206).

2. Susceptible Tg haplotype

A polymorphism in Tg is associated with thyroid autoimmunity in humans as well as in experimentally
induced thyroiditis (207). The susceptible Tg haplotype alone and combined with a particular MHC class 11
enhances antigen presentation (133, 208, 209). Whether the susceptible Tg haplotype (alone and combined
with MHC) contributes to the loss of central or peripheral self-tolerance is not clear. Associations between
TPO polymorphisms and thyroid autoimmunity have been reported but not confirmed (reviewed in Ref.
186).

C. Genes that regulate immune responses

In addition to MHC class I and class II, a number of susceptibility genes for autoimmune thyroid disease
including CTLA4, CD40, PTPN22, and CD25 (FoxP3) are likely to regulate peripheral responses in
humans (reviewed in Refs. 186—188). Intriguing functional studies have been performed explore the
mechanism(s) by which these genes influence autoimmune responses. We will consider immune regulatory
genes that may impact central tolerance as well as controlling responses to thyroid autoantigens.

1. IL-2 receptor a (CD25) and FoxP3

Both of these genes encode markers for Treg, and therefore they could play a role in central tolerance
and/or in peripheral immune responses. CD25 is a marker for the IL-2 receptor a chain present
predominantly on CD25-positive T cells (and on some effector cells), and it is a susceptibility locus for
Graves' disease (210). FoxP3, expressed intracellularly, is the definitive marker of Treg. Polymorphisms in
FoxP3 do not contribute to the susceptibility to Graves' disease, at least in the UK population (211), but are
associated with juvenile Graves' disease (212). Moreover, some APECED patients have Treg defects (213).

2. Cytotoxic T lymphocyte-associated factor 4 (CTLA4)

CTLA4 was the first non-HLA association identified for Graves' disease (214). It is one of 10 confirmed
Graves' disease loci (186, 187) and is also associated with other autoimmune diseases (reviewed in Ref.
187). Because CTLA4 functions by blocking or reducing interactions between T cells and APCs, it is likely
to exert its effects both intrathymically and in the periphery.

3. PTPN22

The protein phosphatase-22 is associated with thyroid autoimmunity including Graves' disease (reviewed in
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Refs. 186 and 187). In autoimmune diseases in general, functional studies of PTPN variants provide
contradictory data. In one study, substitution (PTPN22 620W) was associated with increased levels of
acetylcholine receptor autoantibodies in patients with myasthenia gravis (reviewed in Ref. 187). On the
other hand, both thymic and peripheral regulatory cells were increased in PTPN22 knockout mice on the
B6 background (215). These observations were consistent with increased experimental encephalomyelitis
in PTPN22 knockout mice, a model of multiple sclerosis, a disease that is not associated with PTPN
polymorphisms. Currently, it is not known how PTPN22 polymorphisms contribute to the breakdown in
tolerance in thyroid autoimmunity.

4. CD40

This immune regulatory gene, a member of the TNF superfamily, is also expressed on nonimmune cells
such as thyroid follicular cells. The CD40 genotype associated with susceptibility to Graves' disease
increases expression of CD40 protein (170). In an induced model of Graves' disease, transgenic mice
expressing CD40 in the thyroid had enhanced TSHR antibody responses and more severe hyperthyroidism
than controls. Moreover, fewer CD40 knockout mice reconstituted with wild-type bone marrow developed
TSHR antibodies than comparable controls (169). These studies confirm an important role for
intrathyroidal CD40 expression in immune responses leading to Graves' disease. However, it is not known
whether CD40 expression is involved in (for example) reducing the efficacy of deleting self-reactive T cells
in the thymus.

5. Unidentified immune response genes in animals

In OS chickens that develop spontaneous thyroiditis, one to two dominant but unidentified genes are
responsible for abnormal reactivity of the immune system (216). In a totally different approach, thyroiditis,
insulitis, and insulin-dependent diabetes mellitus type 1 were studied in mice that express the MHC class II
molecule I-Ag7 or I-Ak on the NOD background. Both I-Ag7 and NOD-non-MHC genes were necessary
for overt diabetes, whereas only the relevant non-MHC genes appeared to be “permissive” for thyroiditis
(60).

D. Other genes and mechanisms

Pregnancy is well known to influence thyroid autoimmunity before as well as after delivery of an infant
(reviewed in Refs. 217 and 218). However, pregnancy cannot be a critical factor in breaking self-tolerance
to thyroid autoantigens because thyroid autoimmunity is present in many women before pregnancy, as well
in women who do not become pregnant and in men. As is well known, thyroid autoimmunity is more
common in women than in men (1). However, female gender alone cannot be a primary determinant in
breaking tolerance because thyroid autoimmunity occurs in men and women.

Other mechanisms that may contribute to the genetic basis for thyroid autoimmune disease include skewed
X chromosome inactivation and fetal microchimerism (reviewed in Ref. 187). The presence in the mother
of a small cell population derived from the fetus is well established for human thyroid autoimmunity (187)
and is supported by a study of murine experimental thyroiditis (161, 219). If microchimerism contributes to
the development of autoimmune thyroid disease, the latter should be more prevalent in parous vs
nulliparous women. The data addressing this issue are contradictory, with some studies being against
(220-222) and some in support (223, 224) of this possible mechanism. Although possibly involved in
thyroid autoimmunity arising during pregnancy, fetal microchimerism is not considered to be a general risk
factor (187). Likewise, whether skewed X chromosome inactivation plays a role in thyroid autoimmunity
has yet to be determined.

Some susceptibility genes determine the outcome of thyroid autoimmune responses. For example, an
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unidentified recessive gene controls autoimmune thyroid attack in spontaneous thyroiditis in OS chickens
(216). Similarly, induced hyperthyroidism in mice is linked to several chromosomal loci that are not related
to those responsible for induced TSHR antibodies (203-205). None of these susceptibility genes are
involved in self-tolerance.

VII. Insight Into Central Tolerance to Thyroid Autoantigens

A. Thymic expression of thyroid autoantigens

Intrathymic expression in wild-type mice, assessed by real-time PCR, is higher for Tg than for both TPO
and the TSHR (Figure 5A). In mice expressing a transgene during the fetal period, the transgenic protein is
“self” and (as described earlier for the model antigen HEL) plays a crucial role in central tolerance. Hi-
expressor and Lo-expressor human TSHR A-subunit transgenics differ in the amount of transgenic protein
in the thyroid gland and, importantly, in mRNA transcripts for the human A-subunit in the thymus. In Hi-
expressor mice, consistent with high intrathyroidal TSHR A-subunit expression, thymic expression of this
autoantigen is extremely high (Figure 5B), exceeding the very well expressed insulin gene and dwarfing the
intrathymic levels of the mouse TSHR and the human A-subunit in the Lo-expressor transgenics (225).
Wild-type mice lack transcripts for human TSHR A-subunit mRNA. However, mouse TSHR A-subunit
mRNA transcripts (Figure 5A) are present at low levels in all three mouse strains (225).

If central tolerance is the most critical of the mechanisms leading to self-tolerance, these observations
suggest that breaking tolerance would be most difficult for the human TSHR A-subunit in Hi-expressor
transgenic mice, followed by Tg, and least difficult for the lesser expressed thyroid autoantigens, namely
TPO, the mouse TSHR in wild-type mice, and the human A-subunit in the Lo-expressor transgenics (

Figure 5C).

B. Central tolerance controls responses to the transgenic human TSHR

The extent of intrathymic TSHR expression was sometimes, but not always, predictive of self-tolerance.
Intrathymic levels of the human TSHR A-subunit were very high in Hi-expressor transgenics, intermediate
in Lo-expressors, and absent in wild-type mice. Assuming central tolerance to be of paramount importance,
the expectation for breaking tolerance against the human A-subunit would be least difficult in wild-type
mice, intermediate in Lo-expressor transgenics, and most difficult in Hi-expressor transgenics. Indeed,
these expectations were confirmed. Immunization with adenovirus (a mild adjuvant) expressing the human
A-subunit readily induced TSHR antibodies in wild-type mice, lower antibody concentrations in Lo-
expressors, but no TSHR antibodies in Hi-expressor transgenics (Figure 6A).

Breaking tolerance in Hi-expressor transgenics required the use of much more potent immunization
protocols: injecting microgram amounts of purified human TSHR A-subunit protein emulsified in
Complete Freund's adjuvant, followed either by the same protein in Incomplete Freund's adjuvant (226) or
by immunization with human A-subunit adenovirus combined with Treg depletion (185).

C. Factors involved in controlling responses to the endogenous mouse TSHR

Similar levels of mouse TPO and mouse TSHR mRNA are present within the thymus (Figure SA). Self-
tolerance to TPO, measured by antibody production, was readily broken using adenovirus encoding mouse
TPO (Figure 6C) (135). However, despite a similar intrathymic level of mouse TSHR, self-tolerance to the
mouse TSHR could not be broken by adenovirus encoding the mouse TSHR A-subunit (172) (Figure 6B).
Instead, as described (Table 4), generating antibody responses using mouse A-subunit adenovirus required
immunizing TSHR knockout mice, which lack tolerance to the mouse TSHR (172). Of interest, the induced
TSHR antibody response was stronger in TSHR knockout mice immunized with the human TSHR
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A-subunit adenovirus than with the mouse TSHR A-subunit adenovirus (Figure 6B). Moreover, self-
tolerance was broken in Lo-expressor transgenics using human A-subunit adenovirus (147, 226), despite
similar intrathymic expression of the transgenic human A-subunit (Figure 6, A vs B).

Incidentally, the intrathymic level of a novel TSHR transcript (lacking exon 5) has not been determined.
Because its expression in the thyroid is one tenth that of the wild-type TSHR (176), low intrathymic levels
of this TSHR transcript would be expected. A lack of tolerance to this TSHR transcript could explain (as
described in Section V and Table 4) the induction of Graves' disease by immunization using cDNA for the
TSHR transcript, but not with the full-length TSHR (176).

Returning to the intriguing difference between the inability of adenovirus expressing the mouse TSHR
A-subunit to break tolerance in mice vs the ability of the human TSHR A-subunit to break tolerance to the
transgene, a potential explanation may relate to the presence of one less N-linked glycosylation site in the
mouse TSHR A-subunit than in the human TSHR A-subunit (172). The importance of glycosylation has
already been mentioned in relation to “immunogenicity” of thyroid autoantigens by enhancing antigen
uptake. Perhaps even more important, the presence of carbohydrate moieties can modify the spectrum of
peptides processed from proteins (227, 228). Glycosylation differs in the thymus and the periphery, as
indicated by studies of carcinoembryonic antigen (229). Consequently, the length and nature of the peptides
processed and available for thymic tolerance may be different from those presented in the periphery. In the
studies using TSHR knockout mice (Figure 6, A and B), tolerance to the TSHR is absent. Nevertheless, the
absence of one N-glycan could influence T-cell and, ultimately, antibody responses.

D. Lessons from NOD.H2h4 mice

The relative contributions of central tolerance vs “immunogenicity” of thyroid autoantigens was revealed
by studies in NOD.H2h4 mice. This mouse strain spontaneously develops thyroiditis in association with
autoantibodies to Tg (58-60). One study suggested the presence of autoantibodies to an unknown
membrane-associated thyroid autoantigen in NOD mice (57). However, the presence of TPO autoantibodies
was only recently sought (and detected) in NOD.H2h4 mice (135).

On the basis of the relative intrathymic expressions of Tg and TPO in BALB/c and C57BL/6 mice (25),
summarized in Figure SA, it would be anticipated that central tolerance is less for TPO than for Tg. If
correct, the spontaneous development of TPO autoantibodies would precede Tg autoantibodies. Moreover,
Tg (230), but not TPO (231), is detectable in serum, and therefore B-cell tolerance to Tg might be greater
than to TPO. However, this issue is not clear-cut because contradictory results were obtained from two
studies of T-cell tolerance to transgenically expressed soluble vs membrane-bound HEL (79, 80) (discussed
in Section IV.A). On the other hand, the “immunogenicity index,” based on characteristics of thyroid
autoantigens (Figure 1) is greater for Tg than for TPO, which would favor the earlier appearance of
autoantibodies to Tg. For spontaneously arising autoantibodies to Tg and TPO, expectations based on
intrathymic expression (central tolerance) were not confirmed (135). TgAb were present in NOD.H2h4
mice about 8§ weeks after exposure to iodine, in agreement with other findings (58, 59), but TPOAb were
only detected in mice aged 7 months or older (135). These findings for NOD.H2h4 mice (Figure 7A) were
paralleled by observations made in relatives of patients with juvenile Hashimoto's thyroiditis; seven of
eight siblings had TgAb, and only one had TPOADb (Figure 7B).

How can these observations be explained? Peptides processed from Tg, the most abundant thyroid protein,
can be expected to dominate the binding sites of MHC molecules for presentation to T cells. Indeed, Tg
peptides were the only identifiable thyroid-specific peptides eluted from MHC class II protein purified
from human thyroids (26). Moreover, a particular Tg haplotype, together with HLA-DR, confers
susceptibility to the development of autoimmune thyroid disease (209) (reviewed in Ref. 232). Overall, as
summarized in Figure 7C, for Tg and TPO, thymic tolerance seems less important for the development of
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thyroid autoimmunity than thyroid autoantigen immunogenicity combined with genetic polymorphisms in
the latter.

E. Aire deficiency and thyroid autoimmunity in mice

In Aire knockout mice, intrathymic expression is reduced to varying degrees for different thyroid
autoantigens (225). The smallest reduction is observed for the TSHR, followed by Tg. Surprisingly, there is
a much greater (20- to 30-fold) reduction in TPO expression (Figure 8A). Indeed, the greatly reduced
intrathymic TPO expression in Aire knockouts is comparable to that for insulin, which is highly expressed
intrathymically in wild-type mice but absent in Aire knockouts (86). Based on these observations, the
absence of Aire might be expected to greatly reduce self-tolerance to insulin. Tolerance to TPO and Tg
would be reduced to an intermediate extent, and tolerance to the TSHR would be little affected (Figure 8B).

The absence of Aire leads to spontaneous thyroiditis in NOD mice, but not in mice on other genetic
backgrounds (89). Based on the strong influence of Aire on TPO thymic expression, it is tempting to
speculate that TPO might be the key autoantigen in the development of this disease. However, the specific
thyroid autoantigen involved in the Aire-dependent form of thyroiditis has not been identified.

As already described, intrathymic expression of the TSHR in wild-type mice is also Aire dependent,
although to a lesser degree than TPO (Figure 8A). Unexpectedly, unlike the endogenous mouse TSHR,
thymic expression of the transgenic human TSHR A-subunit in both Hi- and Low-expressors was
unchanged in Aire knockout mice (225). In these transgenic mice, the bovine Tg promoter was used to
target the human A-subunit to the thyroid (226). In contrast to the TSHR A-subunit transgenics, Aire
dependence was demonstrated for the model antigen HEL expressed using the rat Tg promoter (87). An
Aire-binding motif is present in the mouse Tg promoter, and therefore likely present in the rat Tg promoter
(233). The present concept, albeit controversial, is that the bovine Tg promoter lacks a consensus Aire-
binding site (85). If correct, the absence of this motif in the bovine Tg promoter may explain the Aire
independence of the human TSHR A-subunit in the transgenic mice.

F. Aire defects in human thyroid autoimmunity and Down's syndrome

As mentioned above, Aire gene mutations do not appear to contribute to susceptibility to autoimmune
thyroid disease in humans (192, 193). Nevertheless, a novel Aire mutation (G228W) in a family with
APECED closely cosegregated with autoimmune thyroiditis and hypothyroidism (197). Moreover, a high
prevalence (50%) of APECED patients in southern Italy had antibodies to Tg, and particularly to TPO, as
well as hypothyroidism in some individuals (194). These observations in humans are consistent with the
marked reduction in intrathymic TPO expression in Aire knockout mice (Figure 8A). It is, therefore,
tempting to speculate that genetic variants in the promoter region may affect TPO intrathymic expression in
humans and, in concert with other genes, contribute to the predisposition to developing Hashimoto's
thyroiditis.

There are no reported cases of Graves' disease among APECED patients, and an Italian APECED cohort
lacked detectable TSHR antibodies (194). Even if APECED patients have lower intrathymic TSHR levels,
the magnitude of the decrease may not be sufficient to permit breakdown of tolerance to this autoantigen.
Down's syndrome involves trisomy of chromosome 21, the chromosome on which Aire is located. Aire
expression and thymic function are decreased in Down's syndrome (234). Although increased
autoimmunity (including thyroid autoimmunity) occurs in some patients with APECED and Down's
syndrome, the mechanism by which AIRE contributes to these disorders is different (234). Also, because
the onset of hypothyroidism in Down's patients preceded thyroid autoimmunity in children aged 8 years or
younger (235), thyroiditis cannot be the explanation for thyroid dysfunction in these patients.
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VIII. Insight Into Peripheral Tolerance to Thyroid Autoantigens

T-cell deletion by central tolerance may not eliminate all self-reactive cells. Another potent mechanism
involves Treg, such as naturally occurring CD25+ CD4+ cells or CD8+ CD122+ T cells. These Treg
control autoreactive effector T cells in the periphery (93, 94), in some but not in all autoimmune responses.

A. Depleting regulatory T cells does not break TSHR tolerance in mice

Treg do not maintain self-tolerance to the TSHR, at least in mice, as shown by the following studies using
anti-CD25 to deplete Treg:

¢ In transgenic mice that express high intrathymic levels of human TSHR A-subunit mRNA transcripts
(Hi-expressors; Figure 6A), immunization with high doses of adenovirus encoding the human
A-subunit did not induce TSHR antibodies. Importantly, even Treg depletion before immunization by
this means failed to induce antibodies to the human A-subunit, which is was unable to break
tolerance (147, 236). On the other hand, as previously described in Section VII, much more powerful
immunization using CFA plus A-subunit protein, or a variant of this approach, was required to induce
antibodies (albeit nonfunctional) to the TSHR (185, 226).

¢ Despite low intrathymic expression of the endogenous mouse TSHR, antibodies could not be induced
in either BALB/c or C57BL/6 mice by immunization with mouse A-subunit adenovirus even after
Treg depletion (172). However, using this approach, small lymphocytic infiltrates developed in some
C57BL/6 mice (172).

Overall, self-tolerance could not be broken to the endogenous mouse TSHR or the transgenic human TSHR
A-subunit (expressed at high levels) by Treg depletion before immunization with adenovirus encoding the
autoantigen (mouse TSHR A-subunit or human TSHR A-subunit, respectively). Turning to humans, there
is evidence in some populations of genetic susceptibility to thyroid autoimmunity related to polymorphisms
in Treg molecules, namely the IL-2 receptor o (CD25) and FoxP3 (Section VI). However, Treg could play a
role in central tolerance and/or in peripheral immune responses. Indeed, the importance of Treg in
peripheral responses is described in Section VIII.B.

B. The magnitude of induced TSHR responses is controlled by regulatory T cells

Although depleting Treg had no effect on breaking self-tolerance, Treg act as a powerful brake on some
immune responses. For example, depleting Treg that express CD4+ CD25 or CD8 and CD122 enhanced
Graves' disease in C57BL/6 and BALB/c mice induced by immunization with adenovirus expressing the
human TSHR A-subunit (237, 238). Similarly, the incidence of TSAb activity was increased in C57BL/6
mice by Treg depletion before TSHR plasmid immunization (239).

Surprisingly, despite similar intrathymic expression of the TSHR and TPO (Figure 5A), self-tolerance to
mouse TPO was readily broken using mouse TPO adenovirus (Figure 6C), and the levels of induced TPO
antibodies were unchanged by prior Treg depletion (135). This apparent discrepancy likely relates to other

immunogenic factors including the larger size of TPO vs the TSHR A-subunit, the higher intrathyroidal
concentration, and consequently a greater number of processed peptides from TPO than from the A-subunit
(discussed in Ref. 240).

C. Regulatory T cells control development of thyroiditis and epitope spreading

Treg play a major role in controlling the development of thyroiditis and, where investigated, in epitope
spreading as illustrated by the following investigations:

e Pioneering studies demonstrated that thyroiditis develops in neonatally thymectomized mice or rats
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(123, 241). Although the specific mechanisms were not addressed, a role for Treg (rather than central
tolerance) in neonatal thymectomy was suggested by Kong et al (242). Also, Treg depletion
facilitates thyroid lymphocytic infiltration in thyroiditis-resistant strains (243).

e Depletion of CD25+ Treg accelerates spontaneous thyroiditis associated with increased iodide intake
in NOD.H2h4 mice (244) and in HLA-DR3 transgenic mice (245). Moreover, Treg may be involved
in the suppressive effects of MHC class genes that regulate disease induction with mouse Tg vs
human Tg (246).

o B-cell-deficient NOD.H2h4 mice, unlike their wild-type counterparts, fail to develop thyroiditis.
However, depleting Treg in such B-cell-deficient mice permits thyroiditis to develop (69).

e Depleting CD4+ CD25+ Treg permits development of thyroiditis in IL-17 knockout NOD.H2h4 mice
that do not develop thyroiditis (247). On the other hand, in IFN-y knockout mice of the same strain,
Treg depletion did not overcome the inability to develop thyroiditis (247).

e In the thyroiditis “resistant” BALB/c strain, inducing regression of implanted tumors simultaneous
with Treg depletion and conventional immunization (mouse Tg plus adjuvant) leads to thyroiditis and
antibodies to mouse Tg (145).

¢ In transgenic mice expressing low levels of the human TSHR A-subunit, extensive thyroiditis
developed after Treg depletion (using anti-CD25) before immunization with the human A-subunit
(147, 236). In addition to low serum T4 levels (presumably reflecting thyroid damage), these mice
also developed autoantibodies to murine Tg and TPO. Likewise, depleting Treg before immunization
with CFA plus human A-subunit protein, followed by Treg depletion before each of two
immunizations with human A-subunit-adenovirus, broke self-tolerance to Tg and TPO (as expected)
as well as to the mouse TSHR measured by antibody binding to TSHR peptides (185).

D. Treg in human thyroid autoimmunity

In human thyroid autoimmunity, the number and function of Treg are still unclear, depending on the Treg
markers and assays employed, as well as the disease variant studied. In one study, abundant Treg were
found infiltrating the thyroid gland of Graves' patients, but the suppressor function of peripheral Treg was
decreased (248). In another study, intrathyroidal Treg were reduced compared with the peripheral blood,
possibly because of increased apoptosis (249). Of particular interest, reduced expression of CD25 was
observed in first- and second-degree female relatives of autoimmune thyroid disease patients, suggesting a
“sign of a poor capability to preserve tolerance” (250). Despite the limited number of studies (and in some
cases the limited number of patients investigated), these data are consistent with the early studies of Volpe
et al (251) concerning a “suppressor T-cell defect” and for the association between thyroiditis and Treg in
mice (147, 236).

E. Autoantigen cross-reactivity and autoantigen spreading

T cells recognize linear peptides processed from proteins and bound to MHC class I (for CD8+ cells) and
MHC class II (for CD4+ T cells). Although some antibodies recognize linear epitopes, most thyroid
autoantibodies in humans interact with conformational epitopes that involve discontinuous portions of the
amino acid sequence that come together in the folded protein. Because of these differences, cross-reactivity
between thyroid autoantigens is more likely to occur for T-cell epitopes than for B-cell epitopes.

1. “TgPO” antibodies

Many patients have autoantibodies to both Tg and TPO. Similarly, NOD.H2h4 mice develop thyroiditis in
association with autoantibodies to Tg and subsequently to TPO (135). Because autoreactivity to Tg and

21 of 81 7/7/2019, 7:28 AM



Breaking Tolerance to Thyroid Antigens: Changing Concepts in Thyroid...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3895862/?report=printable

TPO often occurs in the same individual, it was postulated that these thyroid autoantigens share “TgPO”
epitopes at the T- and/or B-cell level.

Several studies suggested the presence of bispecific “TgPO” autoantibodies: TgAb affinity purified from
the sera of patients with chronic autoimmune thyroiditis bound TPO, and this binding was inhibited by Tg
(252). Similarly, “TgPOAb” were isolated from patients' IgG by affinity chromatography on Tg followed
by TPO, and the eluted antibodies bound with high affinity to both Tg and TPO (253). Moreover, bispecific
“TgPOADb” were reported to distinguish between patients with hypothyroidism due to Hashimoto's
thyroiditis and thyroid autoantibody-positive euthyroid individuals, as well as between patients with
thyroid autoimmunity and nonautoimmune thyroid diseases (254-256). A multicenter study involving 3122
individuals established a prevalence of TgPOADb in 35-41% of patients with thyroid autoimmunity (257).
In the light of these studies, a molecular approach was used to search for monoclonal “TgPO antibodies.” A
phage display Ig gene combinatorial, constructed from thyroid-infiltrating B cells of a TgPO antibody-
positive patient, was sequentially “panned” for binding to purified Tg, followed by panning to TPO. In
contrast to expectations, enrichment for Tg- and TPO-binding phage was attributable to multiple antibodies
specific for either Tg or TPO. These findings provide powerful evidence against shared, cross-reactive
antibody epitopes on Tg and TPO (258).

2. TgPO T-cell epitopes

An alternative explanation for the development of antibodies to both TPO and Tg in many patients invokes
cross-reactive T-cell epitopes. Indeed, an eight-amino acid region in human TPO (residues 119-126)
includes six identical and two conserved residues when compared with the human Tg sequence (residues
2763-2770) (Figure 9A) (259), and this region conformed to an algorithm for a T-cell epitope (260).
Support for this hypothetical TgPO T-cell epitope was obtained by immunizing mice (261) but was not
provided by responses in vitro by lymphocytes from patients with autoimmune thyroid disease (reviewed in
Ref. 10). Such studies generally test the responses of CD4+ T cells. However, very recently, recombinant
tetramers of HLA-A?2 molecules combined with predicted Tg or TPO peptide epitopes were used to
examine epitope recognition by CD8+ cells (likely cytotoxic T cells) in patients with Hashimoto's
thyroiditis. This approach demonstrated recognition of several Tg and TPO peptides in HLA-A2-positive
patients, including the TgPO epitope (262).

Despite the evidence in favor of the existence of TgPO autoantibodies, our assessment of available
information, supported by experimental studies in mice (Section V.G), is that autoantibodies to Tg and TPO
in the same individual arise consequent to breaking tolerance to each autoantigen separately.

3. Species cross-reactivity between T-cell epitopes for TPO

Most studies demonstrated the need to use syngeneic antigen to induce thyroiditis (Table 2). However,
some notable examples of cross-species reactivity should be addressed.

As described in Section V, transgenic mice expressing a human T-cell receptor specific for human TPO
have been generated (143). Molecular modeling demonstrated that binding to MHC class II (IA-k) by the
human TPO 536-547 peptide and the corresponding mouse peptide involved similar antigenic surfaces
(149). Moreover, the transgenic T cells were functional in vivo and induced severe thyroiditis leading to
hypothyroidism in H2-k mice (143). Likewise, similar antigenic peptide conformation, despite differences
in amino acid residues, may account for the ability of porcine TPO, or a porcine TPO peptide, to induce
thyroiditis in C57BL/6 (mice) (115, 118).

4. Lack of cross-reactivity between human and murine TSHR T-cell epitopes

T cells from mice immunized with the human TSHR A-subunit do not appear to cross-react with mouse
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TSHR peptides, as exemplified by the lack of thyroiditis in most wild-type mice immunized with the
human TSHR even after Treg depletion (147, 236). In other words, tolerance to the mouse TSHR is not
broken by human TSHR immunization. These findings are surprising because in silico binding affinities are
similar for the mouse MHC class II TSHR peptides (likely helper T-cell epitopes) corresponding to the
human peptides recognized by immunized mice (Figure 9B).

IX. Immune Intervention Inadvertently Leading to Thyroid Autoimmunity

Some immunological treatments for other diseases induce or enhance thyroid autoimmunity. The difference
in the magnitude and duration of the autoimmune responses in Hashimoto's thyroiditis vs Graves' disease is
relevant for the outcome of inadvertent immune intervention (263, 264). In Hashimoto's thyroiditis,
autoimmunity to Tg and/or TPO rises gradually over many years as reflected in generally high
autoantibody levels. Because of the tropic effects of TSH, thyroid reserve is maintained, typically for many
years, until it is ultimately overcome by massive lymphocytic infiltration, fibrosis, and thyroid follicle
damage (Figure 10A). In contrast, thyroid-stimulating TSHR antibodies (TSAbs), which are potent at low
concentrations (265-267), induce hyperthyroidism at an early stage in the autoimmune response (Figure 10
B).

The outcome of immune intervention usually depends on the patient's immune status at the time of immune
therapy or as a consequence of the treatment (Figure 10C). If the immune system is essentially “normal”
(for example, in terms of lymphoid cell numbers), an immune stimulus (like IFN-a) enhances (and
sometimes induces) pre-existing autoimmune responses. In contrast, in lymphopenic individuals, Graves'
disease has been observed to develop during the immune reconstitution phase. These contrasting issues are
described in more detail below.

A. Interferon-a therapy for hepatitis

Many studies have reported the presence of autoantibodies to Tg and/or TPO in patients treated with IFN-a
for hepatitis C infection (reviewed in Refs. 268 and 269). In most cases, IFN-a treatment is associated with
autoimmune thyroiditis and hypothyroidism, although Graves' disease has also been described (270-272)
(reviewed in Ref. 268). The characteristics of IFN-a-associated thyroid autoimmunity include:

¢ An increase in the level of pre-existing autoantibodies to Tg and/or TPO (273), as well as evidence in
some patients for de novo induction of autoantibodies to Tg and/or TPO (271, 274, 275).

e Reversibility of thyroid autoimmune disease after stopping IFN-a therapy in some (276), but not all
(271, 277), cases.

e Activation by IFN-a of genes leading to enhanced MHC class I expression and secretion of potent
proinflammatory cytokines, namely IFN-y and IL-2 (reviewed in Ref. 269).

e Direct effects of IFN-a on thyrocytes, including changes in the expression of TSHR, Tg, and TPO, as
well as thyroid cell death by necrosis that may lead to thyroid inflammation (137, 269). These data
are consistent with observations that IFN-a therapy can induce hypothyroidism in the absence of
thyroid autoimmunity (278).

Patients with IFN-a-associated thyroid autoimmunity share susceptibility genes with other thyroiditis
patients (269). Consequently, it is likely that IFN-o usually acts as an enhancer, rather than as a primary
inducing agent of thyroid autoimmunity.

B. T-cell depletion to treat multiple sclerosis (and other conditions)

Early attempts to induce thyroiditis in rats involved thymectomy and whole-body irradiation, procedures
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that lead to lymphopenia (123). As described in Section 111, NOD.H2h4 mice spontaneously develop
thyroiditis, which is enhanced on exposure to iodide-supplemented drinking water (58—60). In one study,
moderate lymphopenia was observed in untreated NOD.H2h4 mice vs two nonautoimmune-prone strains
(244). However, increasing peripheral lymphocyte numbers by splenocyte transfer or treatment with CFA
did not affect thyroiditis development. In contrast, thyroiditis was enhanced by depleting CD4+ CD25+
naturally occurring Treg (244). More recently, development of Graves' disease and sometimes Hashimoto's
thyroiditis has been reported in lymphopenic individuals undergoing immune reconstitution (reviewed by
Weetman in Ref. 279).

Lymphopenia after therapy for acute or chronic myeloid leukemia may be treated by transplanting bone
marrow or hematopoietic stem cells. Transplanting bone marrow or stem cells from a relative with
established thyroid autoimmunity can lead to Graves' disease in adults and children and less commonly to
Hashimoto's thyroiditis (280-283). These findings are consistent with previously described studies (Section
V.B.) in which thyroiditis was induced in naive guinea pigs or mice by injecting lymphocytes sensitized to
Tg or thyroid antigens (125—-128).

More unexpected is the development of Graves' disease (and occasionally thyroiditis) during the
spontaneous immune reconstitution phase that follows lymphopenia:

e After antibody-mediated lymphocyte depletion to treat aplastic anemia (284, 285), multiple sclerosis
(286), or immunosuppression for islet cell transplantation in type 1 diabetes patients with pre-
existing TPO autoantibodies (287).

¢ In severely immunocompromised patients suffering from HIV-1 infection (288-292). It should be
emphasized that, assuming the emergence of TSHR-specific T cells after immune reconstitution,
only very low levels of TSAb secreted by B cells are required to stimulate the thyroid gland and
cause Graves' hyperthyroidism (Figure 10B).

C. Mechanisms responsible for “reconstitution autoimmunity”

To compensate for severe lymphopenia, the remaining T cells undergo extensive cycles of T-cell
proliferation, a process called “homeostasis.” Several different mechanisms may be involved as indicated
by studies in mice and in humans:

e Spontaneous differentiation of natural Treg into pathogenic helper T cells under conditions of
lymphopenia (Figure 11A). Natural Treg transferred to lymphopenic mice lacking recombination
activating genes (RAG deficient) lose Foxp3 expression and their regulatory function. These changes
can be prevented by providing IL-2. In the absence of IL-2, Treg that lose Foxp3 expression develop
into pathogenic T cells that infiltrate the pancreas, lung, and liver (293).

¢ One cytokine involved in homeostasis and autoimmunity in NOD mice is IL-21 (294). Higher IL-21
levels in NOD mice are associated with an increase in effector cytokines and development of
pathogenic T cells (295).

o Similarly, genetically determined pretreatment levels of IL-21 drive T-cell cycling and apoptosis
leading to human autoimmunity (Figure 11B). Multiple sclerosis patients develop lymphopenia after
treatment with alemtuzumab (formerly called Campath-1H), an antibody against CD52, an antigen of
unknown function on lymphocytes and monocytes. Fresh or stored pretreatment lymphocytes or sera
were investigated from patients that did, or did not, develop Graves' disease (286) or idiopathic
thrombocytopenic purpura (296). Autoimmunity developed in patients with increased T-cell cycling
and T-cell apoptosis and was driven by IL-21. This cytokine enhances proliferation of Th17 cells
(297), B-cell differentiation, and antibody production (298) (299) and reduces the inhibitory effect of
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Treg (300).

Importantly, patients with low concentrations of IL-21 before alemtuzumab treatment did not develop
autoimmunity. In contrast, patients with high pretreatment IL-21 levels had an increased risk for developing
self-reactive T cells (298). Despite prolonged T-cell lymphopenia (greater than 3 months), there was a rapid
recovery of B cells by 3 months, with increased levels of B-cell activating factor that remain elevated for at
least 12 months (301).

Systemic levels of IL-21 (high vs low) are genetically determined (298). Thus, IL-21 is one susceptibility
gene for the development of Graves' disease after alemtuzumab treatment for multiple sclerosis. In contrast,
unlike Graves' disease that develops in nonlymphopenic individuals, neither HLA nor TNF-a nor IL-10
promoter polymorphisms are involved in alemtuzumab-induced Graves' disease (286). It would be
particularly interesting to know whether the TSHR-SNP responsible for reduced intrathymic TSHR
expression (191) characterizes patients with Graves' disease arising in the immune reconstitution phase.
However, it is possible that one or more unique genetic susceptibilities are involved in Graves' disease
associated with immune reconstitution.

X. Induced Tolerance in Experimental Thyroid Autoimmunity

A. Immune permissive or preventive factors not involving tolerance

1. Permissive factors

A number of studies have addressed the cytokine requirements for the induction or expansion of induced
thyroid autoimmunity. For example, in a transfer model of granulomatous thyroiditis (127), IL-12 is needed
for in vitro restimulation of Tg-sensitized splenocytes, but endogenous IL-12 is not required for effector
cell sensitization or activation (302). Graves' disease induced by immunization with TSHR adenovirus is
attenuated in the absence of either IL-4 or IFN-y, demonstrating that both T helper 1 (Th1) and Th2
cytokines are required for optimal disease induction (303). Lymphotoxin-b receptor signaling is necessary
for the development of thyroiditis in transgenic mice expressing CCL21 in the thyroid (304).

2. Preventive measures

An interesting approach involves treating DCs with TNF-a ex vivo to induce them to become
“tolerogenic.” Such cells have been used to suppress the development of experimentally induced thyroiditis
(305).

Protocols for inducing thyroiditis usually involve relatively short time intervals; for example, two
immunizations with Tg (or TPO), 1 week apart, and euthanasia a month after the initial challenge. Some
thyroiditis lesions resolve or become fibrotic within 35 days (127, 306). In contrast, the time scale for
induced Graves' disease is very different: adenovirus immunization is performed three times at 3-week
intervals, and plasmid DNA immunization on six occasions at 2-week intervals. TSHR antibodies and
sometimes hyperthyroidism induced by these protocols persist for up to 6 months (167, 174, 185). Because
of its chronic nature, immune approaches have been explored to prevent or treat induced Graves' disease.
For example, cytokine deviation away from type 1 T helper cell (IFN-y) toward Th2 type responses (IL-4
and IL-10) (307, 308) reduces the proportion of mice that become hyperthyroid. In addition, mice infected
with Schistosoma or treated with a-galactosylceramide before TSHR immunization are “protected” from
developing Graves' disease (309). Another example of prophylaxis is that one injection of anti-CD20
eliminates B cells for 3 weeks and reduces the incidence of Graves' disease. The antibody needs to be
administered before or within 2 weeks after the first TSHR immunization in order to reduce the
development of hyperthyroidism (72). (In humans, anti-CD20 monoclonal antibody [rituximab] is being
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used to treat patients with Graves' hyperthyroidism or ophthalmopathy. The clinical amelioration frequently
observed is likely caused by interrupting antigen presentation to T cells [71, 310, 311].)

None of the above approaches could treat established Graves' disease in mice. In contrast, TSHR antibodies
or hyperthyroidism was reduced in some hyperthyroid mice using decoy molecules of the TNF family
ligand inhibitors (B-cell activating factor and a proliferation-inducing ligand, APRIL) to target proliferation
or survival of B cells (312).

3. Nonspecific “antigenic interference”

Immunizing guinea pigs with thyroid extract and CFA induced antithyroid antibodies and thyroiditis.
However, when the immunization was performed with bovine gamma globulin (BGG) plus thyroid extract
and CFA, thyroiditis was abolished and antibody responses switched away from thyroid proteins to BGG
(313). The extent of reduction in the thyroid-specific responses depended on the relative doses of thyroid
extract and BGG. Moreover, the reduction was also observed using bovine serum albumin or hemocyanin
instead of BGG. This phenomenon is described as “antigenic interference” or antigenic competition.
Unexpectedly, responses to thyroid extract were not prevented if immunization was performed in one hind
quarter with the inciting antigen (thyroid extract) and immunization with the competing antigen (BGG) in
the other hind quarter (313).

Guinea pigs that received repeated injections of rabbit sera containing high titers of antibodies to guinea pig
Tg were protected for up to 165 days against thyroiditis induced by immunization with guinea pig Tg and
adjuvant (314). Transient protection was also observed after injecting rabbit sera against keyhole limpet
hemocyanin, possibly because of antigenic competition. However, the mechanism involved using
hyperimmune serum to Tg is not fully understood (314). As noted earlier, injecting serum containing high
titers of TgAb together with thyroid-sensitized lymph node cells potentiated thyroiditis (125).

4. Summary

The studies described above provide important “clues” into the requirements for ongoing immune
responses to the TSHR and Tg. However, none are antigen-specific: they are all directed at different “arms”
of the general immune response. Consequently, they may have unexpected and undesirable effects if
applied to humans.

The goals of the protocols to be described next involve the use of specific thyroid antigens to induce
tolerance (Table 5).

B. Increasing circulating autoantigen levels

1. Injecting crude thyroid extracts

Thyroiditis develops spontaneously in Buffalo rats, and the process is enhanced by administration of the
polyaromatic hydrocarbon 3-MCA or thymectomy (122, 124). Injecting Buffalo rats with thyroid extract
(but not liver extract) suppressed thyroiditis in 3-MCA-treated animals (315). Similarly, thyroiditis
develops in PVG rats subjected to thymectomy and subsequent irradiation to deplete T cells (123).
Injecting rat thyroid extract, but not liver extract, during the course of irradiation prevented the
development of thyroid lesions and autoantibodies to Tg (316). For both rat strains, injecting thyroid
extract had no effect on established thyroiditis (315, 316).

2. Increasing systemic Tg levels

Subsequent protocols utilized purified Tg, the major component of thyroid extracts. Higher Tg levels can
be implemented by injecting mouse Tg or by implanting osmotic mini-pups containing TRH or TSH
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(reviewed in Ref. 242). Mice pretreated to increase higher Tg levels have a reduced capacity for, or are
resistant to, thyroiditis induced by immunization with mouse Tg and the adjuvant LPS (317). Induced

tolerance is related to the length of time for which Tg is elevated (318). Moreover, although tolerance could
be induced using this approach in CBA/J, SJL, and some B10 congenic strains, tolerance could only be
transferred using tolerized splenocytes to naive CBA/J recipients (319).

The following rationale for increasing the systemic levels of Tg invokes Treg: Treg maintain self-tolerance;
their efficacy can be enhanced by increasing systemic levels of autoantigen, for example Tg (320)
(reviewed in Ref. 242). Indeed, naturally occurring Treg (expressing CD25) are required for induced
tolerance to experimental autoimmune thyroiditis (243).

3. Immune diversion away from functional TSHR antibodies

The TSHR A-subunit protein is heavily glycosylated (as mentioned in Section II) and binds to the mannose
receptor present on macrophages and DCs. Immune responses are initiated by “mature” DCs that express
MHC class II and costimulatory molecules. However, without maturation signals, “immature” DCs induce
antigen-specific peripheral T-cell tolerance (321).

Experiments were performed to test the hypothesis that preadministering TSHR A-subunit protein without
activating the innate immune system would induce tolerance and thereby attenuate the induction of
hyperthyroidism by subsequent A-subunit adenovirus immunization. Indeed, amelioration of
hyperthyroidism was achieved by injecting A-subunit protein (in the absence of an immune stimulus). The
attenuation was antigen-specific because the effect was not achieved using Tg or TPO, and it required
eukaryotic, not bacterial, protein (possibly because the bacterial protein was not correctly folded).
However, the reduction in hyperthyroidism did not involve the anticipated mechanism. Instead of inducing
tolerance, TSHR protein pretreatment diverted the antibody response away from functional TSAbs toward
production of nonstimulatory TSHR antibodies (322). Moreover, injecting A-subunit protein into
previously immunized mice had no effect on established hyperthyroidism.

An interesting question is whether TSHR A-subunit deviation toward nonfunctional antibodies could be
applied therapeutically in humans. In principle, it would be possible to vaccinate against pathogenic
antibodies in the relatives of Graves' patients, some of whom would be at risk for developing Graves'
hyperthyroidism. However, assuming that the practical hurdles of generating sufficient A-subunit protein
could be overcome, redirecting antibody epitopes may not preclude activating TSHR-specific T cells.
Consequently, before the A-subunit protein vaccination approach could be considered for use in humans, it
would be essential to ensure that injecting it did not activate TSHR-specific T cells with the potential to
home to the orbit and precipitate or enhance Graves' ophthalmopathy.

C. Oral tolerance

1. Background

It is well known that individuals do not usually generate immune responses to the food they eat. In the gut
mucosa, the most extensive immune component of the body, tolerance is the “default” immune response
(reviewed by Weiner et al [323]). A range of regulatory mechanisms play a role in tolerance, including
anergy or deletion, induction of Treg, and the regulatory cytokines TGF-f and IL-10. Such observations
gave rise to the concept of “oral tolerance” as a possible means of preventing autoimmune disease
development and perhaps even treating established disease. In common with increasing autoantigen levels
systemically, but unlike approaches that involve generalized immune treatment, oral tolerance involves the
use of specific autoantigens.
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2. Experimentally induced thyroiditis

Orally administered porcine Tg (324) and human Tg (325) decreased subsequent approaches to
immunization with Tg. In particular, oral intake of human Tg decreased thyroiditis, partially inhibited the
levels of induced TgAb, and reduced the proliferation of lymph node lymphocytes to human Tg (325). Oral
tolerance was dependent on the Tg dose, and administration of bovine serum albumin instead of human Tg
had no effect on subsequent responses to immunization with human Tg (325). Turning to the adoptive
transfer protocol, feeding porcine Tg before immunization with mouse Tg and LPS had no affect on
immune responses in the donor mice. However, recipients of splenocytes from porcine Tg-fed donors had
reduced levels of TgAb, and the magnitude of induced granulomatous thyroiditis was decreased (324).

The suppressive effects of feeding human Tg reduced production of IL-2 and IFN-y and increased I1L-4 and
TGF-p generation by lymph node lymphocytes restimulated with Tg (326). These changes reflect a shift
away from Th1 to Th2 cytokines. It was suggested (327) that because Tg-mediated oral tolerance leads to
suppressive cytokines, this regimen might suppress responses to other autoantigens in the same organ,
including TPO and the TSHR. If correct, oral tolerance involving Tg could possibly be used to treat Graves'
disease. Most TSHR antibodies in Graves' patients are IgG1 (328) (Thl type in humans). However, TSHR
autoantibodies affinity-purified using recombinant antigen from two of three high-titer Graves' sera
contained IgG4, remarkably restricted to this subclass (Th2 type) in one patient (329). Consequently, as
indicated by the cytokine requirements for induced murine hyperthyroidism (303), Th1 to Th2 deviation

may not be effective for treating Graves' disease in humans (327).

3. Oral tolerance for human autoimmune thyroid disease

As for other human autoimmune conditions (reviewed in Ref. 323), specific antigen (Tg) administration to
humans with ongoing thyroid autoimmunity was much less effective, with relatively minor effects on T-cell
responses and unchanged thyroid autoantibody levels (330). Translating oral tolerance to humans may
require establishing biomarkers to indicate particular human populations that are likely to respond to oral
tolerance (323). In addition, if oral tolerance is used to treat individuals before thyroid autoimmunity
develops, it will be essential to be able to predict with certainty which individuals are at high risk for
developing a particular autoimmune disease.

D. Neonatal tolerance to the TSHR

Early exposure to a novel antigen renders immune cells unresponsive to subsequent challenge with that
antigen. For example, iv injection of a-fodrin 24 hours after birth blocked the development of Sjogren's
syndrome-like lesions (331).

The effect of neonatally induced tolerance was applied to the TSHR-adenovirus model of murine Graves'
disease. One injection of a high dose of TSHR-Ad into mice 24 hours after birth established tolerance and
prevented subsequent induction of TSAb and Graves' hyperthyroidism. A lower TSHR-adenovirus dose
was less effective, consistent with the presence of fewer Treg in splenocytes than in fully tolerized mice
(332).

XI. Environmental Factors That May Contribute to Breaking Self-tolerance

Thyroid autoimmunity involves both genetic and environmental factors (reviewed in Refs. 2 and 333).
Environmental factors or agents may alter thyroid function by direct effects on thyroid cells or indirectly by
affecting thyroid autoimmunity (reviewed in Refs. 334 and 335). The question has also been raised (but not
yet answered) as to whether “the gut microbiota trigger Hashimoto thyroiditis (336). An important future
issue will be the role played by environmental factors in epigenetic modulation (337). The purpose of this
section is to distinguish, where possible, between environmental factors that “trigger” autoimmune
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responses to thyroid autoantigens vs factors that enhance or perpetuate ongoing thyroid autoimmune
responses.

A. Dietary iodine and selenium

1. lodide

In humans, increased iodide intake has long been recognized to cause hypothyroidism (iodide myxedema)
or hyperthyroidism (Jod-Basedow). More than 40 years ago, these consequences were demonstrated to
result from the failure of the iodide autoregulatory mechanism in susceptible individuals with underlying
autoimmune thyroid disease (338-340). Hypothyroidism occurs because of a failure to escape from the
Wolff-Chaikoff block (341) in Hashimoto's thyroiditis or in treated Graves' disease. A well-documented
example of the Jod-Basedow phenomenon is the outbreak of hyperthyroidism after the introduction of
1odized salt in Tasmania (34). It is the authors' experience with present medical trainees and clinicians that
iodide autoregulation is either an unknown or a forgotten phenomenon. The unfortunate consequence of
this lack of information is the frequent assumption that iodide induces de novo thyroid autoimmunity rather
than leading to thyroid dysfunction in individuals with pre-existing thyroid autoimmunity (in some cases
subclinical or unrecognized). Indeed, this distinction is overlooked in some contemporary reviews on
thyroid autoimmunity in humans and in animals (335).

Of course, it remains possible that the level of iodide consumption in humans may, in addition, increase the
incidence of de novo thyroid autoimmunity. Epidemiological studies addressing this issue are important;
however, it is difficult for this conclusion to be made because it is necessary to demonstrate the conversion
from thyroid autoantibody negativity to positivity (342). It should also be recognized that the quantity of
daily iodide intake is an important factor to be considered. Failure to escape from inhibition of iodide
organification (the Wolff-Chaikoff block) generally occurs at very high levels of iodide intake, as occurs
with ingestion of some medications such as amiodarone. In contrast, epidemiological studies typically
examine populations with different, but low to moderate, levels of iodide intake.

The distinction between de novo induction vs exacerbation of thyroid autoimmunity can be more easily
made in laboratory animals. In animal models, increased (generally very high) iodide intake enhances
development of thyroid autoantibodies and thyroiditis in OS chickens (343), BB rats (56), and mice of the
strains NOD and NOD.H2h4 (58-60). However, in mouse strains that do not develop thyroid autoimmunity
spontaneously, increased iodide intake did not lead to thyroiditis. Instead, goitrous hypothyroidism without
thyroid autoimmunity developed in SJL mice, but no thyroid function changes were observed in CBA/J
mice (344), a strain commonly used to study Tg-induced thyroiditis.

Mechanisms do exist whereby iodide could induce de novo thyroid autoimmunity. lodide excess can exert
its effects by causing thyroid damage as well as by contributing to the antigenicity of the prohormone Tg
(reviewed in Ref. 345). Thyroid injury, in the absence of infection, can contribute to thyroid autoimmunity.
For example, DCs exposed to necrotic thyrocytes became “mature” and can facilitate induction of
experimental thyroiditis (346). In addition, genomic DNA released from damaged rat FRTLS cells can
activate the innate immune system and could, in principle, trigger thyroid autoimmunity (347). However, in
humans, massive thyroid destruction occurs in subacute thyroiditis with, in almost all instances,
spontaneous recovery without autoimmune sequelae. Moreover, although acute high-level iodide ingestion
by animals can induce thyroid necrosis, such an effect has not been documented in humans.

Turning to the effects of iodide on the immune system, the absence of iodide from human Tg or chemically
iodinated human Tg affects recognition by some mouse monoclonal antibodies (6). However, iodinated Tg
is not required for recognition by human autoantibodies (reviewed in Ref. 348). In contrast, the importance
of iodinated Tg is well established for T cells in mouse models of experimental thyroiditis (5, 349) and has
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also been demonstrated for the ability of human T cells to respond to Tg (51).

Spontaneous thyroiditis does occur in NOD.H2h4 mice and is unrelated to increased iodide organification
or differences in T-cell or antibody epitopes on Tg (350). Moreover, the development of autoantibodies to
Tg or TPO in this mouse strain does not require increased exposure to iodide (135). These findings, taken
together with the absence of an iodide effect on nonautoimmune strains, suggest that although increased
iodide intake greatly enhances ongoing autoimmune responses, it is not, in itself, a trigger of thyroid
autoimmunity.

2. Selenium and goitrogens

Other dietary components include selenium and goitrogens. Selenocysteines are present in all three
deiodinases as well as in the families of glutathione peroxidases and thioredoxin reductases, proteins that
protect thyrocytes from oxidative damage (reviewed in Ref. 351). Selenium levels are reported to be low in

the sera of patients with newly diagnosed autoimmune thyroid conditions, particularly Graves' disease
(352). Supplementation with selenium is associated with decreased thyroid autoantibody levels, albeit to
variable extents in different studies and different patient groups (reviewed in Ref. 353). These studies do
support a role for this trace element in thyroid autoimmunity. However, further studies are necessary to
clearly establish such a relationship, and there is no definitive evidence that selenium is involved in the
induction of autoimmune responses to thyroid autoantigens.

Goitrogens are present in foods such as cassava, a major dietary component in some tropical and
subtropical regions. The goitrogens in cabbage cause thyroid hyperplasia in rabbits (354), and ingestion of
excessive amounts of raw bok choy (Chinese white cabbage) induced myxedema coma in a woman (355).
Breakdown products in these foods include thiocyanates that inhibit thyroid function. It is unlikely that
goitrogens play a triggering role in thyroid autoimmunity.

B. Radiation, smoking, drugs, and environmental toxins

1. Radiation

Studies of the effects of radioactive fallout after atomic bombs dropped on Hiroshima and Nagasaki and the
nuclear accident at Chernobyl, as well as earlier studies on low levels of radiation administered for
diagnostic or therapeutic purposes, provided unequivocal evidence for increases in thyroid cancer. A highly
controversial issue is whether these same levels of thyroid irradiation can induce thyroid autoimmunity,
particularly thyroiditis and hypothyroidism. Data in post-Chernobyl follow-up studies indicated that, in
addition to thyroid neoplasia, there was an increased incidence of thyroid autoantibodies in individuals
exposed to low level thyroid irradiation compared with control populations (reviewed in Refs. 356 and

357). The question was whether these thyroid autoantibodies reflected bona fide Hashimoto's thyroiditis
with the subsequent risk of hypothyroidism or, alternatively, a normal immunosurveillance response to
neoantigens on irradiated thyroid cells that would subside with deletion of the abnormal cells (in
individuals not progressing to overt malignancy) without the development of long-term hypothyroidism.
Recent evidence supports the latter conclusion: more than 50 years after radiation exposure in Nagasaki
atomic bomb survivors, there was no relationship between radiation dose and the development of
autoimmune thyroid diseases (358). Moreover, follow-up studies 13—15 years after radiation exposure from
the Chernobyl accident showed that the increased prevalence of thyroid autoantibodies observed at the 6- to
8-year time point had disappeared, and thyroid function remained unaffected (359). These data suggested
that “radioactive fallout elicited a transient response without triggering full-blown autoimmune disease.”

Some patients with Graves' disease and thyroid cancer are treated using 131-1. Moreover, neck radiation
was performed for Hodgkin's disease in the past. These treatments involve much higher doses of radiation
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than experienced by most individuals after radioactive fallout; for example, 5000 cGy for Graves's disease,
and more than 4500 cGy for Hodgkin's disease. Nearly 80% of Graves' patients, but not patients with toxic
nodular goiter, had transient elevations in TSHR autoantibodies in the 3-month period after 131-I treatment
(360). Another study reported hyperthyroidism after high-dose radiation (3500 cGy) for Hodgkin's disease
(361). Using a sensitive assay for TSHR antibodies to exclude patients with pre-existing Graves' disease,
the incidence of hyperthyroidism was unaltered. However, these patients did have pre-existing “thyroid
immunopathy” as reflected by the presence of autoantibodies to TPO (362).

The mechanism involved in the transient rise in thyroid autoantibodies after radiation for Graves' disease
has been investigated experimentally. Lymphocytes from Graves' patients irradiated in vitro added to
nonirradiated autologous lymphocytes enhanced thyroid autoantibody synthesis, mimicking the increases
observed in vivo after 131-I therapy (363). A likely explanation for these findings is that thyroid irradiation
destroys “suppressor T cells” (now called Treg) and B cells without affecting T helper cell function.
Thyroid-autoantigen-specific B cells invade the thyroid remnant and are provided with T-cell “help” in the
absence of T-cell suppression. Thyroid antibodies, like most IgG molecules, have long half-lives. The loss
of thyroid antigens removes the stimulus to the immune response and, many years after radiation therapy,
all thyroid autoantibodies disappear (364).

In vivo studies have been carried out in NOD.H2h4 mice that parallel the effects of radioactive fallout.
After a single low dose of radiation (0.5 Gray), iodide-induced thyroiditis and antibodies to mouse Tg were
increased to a greater extent than in nonirradiated littermates, both after 8 weeks (365) and after 15 months
(366). Overall, clinical studies in humans and experimental studies in mice suggest that radiation is an
enhancer, rather than an inducer, of thyroid autoimmunity.

2. Smoking, amiodarone, and lithium

Smoking has direct effects on thyroid function and is a risk factor for Graves' hyperthyroidism and
ophthalmopathy (reviewed in Ref. 367). Perhaps unexpectedly, discontinuing smoking increases the risk of
developing antibodies to Tg and TPO (368). These findings are consistent with the anti-inflammatory
effects of nicotine in experimental autoimmune encephalitis, an animal model of multiple sclerosis (369). It
is unlikely that amiodarone induces thyroid autoimmunity. Amiodarone, with a very high iodine content, is
stored for very long periods in adipose tissue and serves as a depot for the long-term release of large
quantities of iodide. This iodide can induce hypothyroidism or thyrotoxicosis in individuals with pre-
existing subclinical thyroid disease, typically women with thyroid autoantibodies (reviewed in Ref. 333).
Lithium treatment for bipolar disorder has direct clinical effects on the thyroid (commonly goiter and
hypothyroidism) but may also exacerbate ongoing thyroid autoimmunity (reviewed in Ref. 370).

3. Environmental toxins

Polyaromatic hydrocarbons, such as 3-MCA, enhance thyroiditis and antibodies to mouse Tg in Buffalo
rats (371). Similarly, development of thyroiditis was five times greater in NOD.H2h4 mice exposed to
3-MCA than in untreated animals (335). However, as for iodide, the effect of 3-MCA was observed in
genetically predisposed rodents and was rare in rats of a hybrid strain not genetically predisposed to
develop spontaneous thyroiditis, namely offspring of Buffalo rats crossed to Lewis rats (371).

C. Infections and thyroid autoimmunity

1. Effects of micro-organisms in general

Viral and bacterial infections are important environmental factors in human thyroid autoimmunity
(reviewed in Refs. 333, 335, and 372). Infections also play a major role in the outcome of other
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autoimmune diseases in animals. For example, the marked variability in diabetes in NOD mouse colonies
around the world, despite similar breeding protocols, reflects environmental factors including conventional
vs pathogen-free housing conditions (373).

A role for micro-organisms is observed for some models of thyroid autoimmunity. First, spontaneous
thyroiditis was significantly increased in NOD.H2h4 mice housed in conventional vs pathogen-free
conditions (335). Second, plasmid DNA immunization (without electroporation) induced TSHR antibodies
in conventionally housed mice (162, 163). However, the adjuvant properties of plasmid DNA alone were
insufficient to induce TSHR in mice housed in pathogen-free facilities (164, 374). Using TSHR-expressing
adenovirus, a more potent “adjuvant” than plasmid DNA, Graves' disease was not enhanced in mice housed
conventionally vs in pathogen-free conditions (375). Overall, these findings indicate that exposure to
infectious organisms has an additive effect on thyroid autoimmunity that develops spontaneously or is
induced using a mild adjuvant (like DNA) but not a more potent adjuvant (like adenovirus). The important
issue of a role for specific organisms is considered below.

2. Yersinia enterocolitica

Binding of TSH to Yersinia enterocolitica (376) was an intriguing observation supporting previous clinical
associations between antibodies to this micro-organism and autoimmune thyroid disease (377, 378). As
described below, these in vitro data spurred numerous clinical and basic studies into the possible role of this
organism in the pathogenesis of Graves' disease. An important criticism of this in vitro finding, as well as
to the purported existence of the TSHR on other micro-organisms, is the very low affinity of this binding,
comparable to the binding of TSH to plastic (379).

Several experimental investigations support a role for Yersinia infection in triggering Graves' disease. Mice
immunized with Y. enterocolitica proteins develop antibodies that bind to the human TSHR (380, 381).
Conversely, epitopes on Y. enterocolitica lipoprotein are cross-reactive with antibody epitopes on the
human TSHR (382), and Y. enterocolitica proteins have B-cell mitogenic activity (383). Moreover, a
recombinant Y. enterocolitica lipoprotein generated antibody that cross-reacted with the TSHR and up-
regulated the costimulatory molecules B7-1 and B7.2 on APCs (384). More recently, mass spectrometry
and protein structure modeling has been used to support cross-reactivity between the epitope of a TSHR
antibody and an epitope on the Y. enterocolitica ompF protein (385). Bioinformatic studies (386) suggest
that the outer membrane proteins of Y. enterocolitica contain cross-reactive T-cell epitopes (see Section
XI1.C4.).

Clinical studies provide evidence for (378, 387) as well as against (388) a role for this bacterium in Graves'
disease or suggest that it is “too early to dismiss Y. enterocolitica infection in the etiology of Graves'
disease” (389). Very recently, binding to Y. enterocolitica proteins was demonstrated for the germline heavy
and light chain gene precursors of two stimulating TSHR antibodies (390). Therefore, it remains possible
that Y. enterocolitica plays a role in the etiology of Graves' disease, at least in some patients. If correct, this
concept implies that other triggering factors are involved in breaking tolerance to the TSHR in the many
other individuals who subsequently develop Graves' disease without Y. enterocolitica infection.

3. Hepatitis C and other viruses

Viruses have been implicated in thyroid autoimmunity, for example, Coxsackie B virus in Graves' disease
(391) and enteroviruses in Hashimoto's thyroiditis (392). However, the strongest evidence of a role for
viruses in thyroid autoimmunity is for hepatitis C virus (HCV). Autoimmune, as well as nonautoimmune,
hypothyroidism is significantly higher in untreated children with HCV infection than in non-HCV controls
(278). According to Tomer (269), HCV is “the only infectious agent that is clearly associated with an
increased risk for autoimmune thyroiditis.” It is well recognized that treatment with IFN-a enhances
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ongoing thyroid autoimmunity (described in Section IX). Prummel and Laurberg (268) suggest that IFN-a.
is “one of the environmental factors capable of triggering the onset of AITD in genetically susceptible
individuals.”

Can HCYV infection induce thyroid autoimmune responses in genetically susceptible individuals? In other
words, does HCV infect and damage thyroid cells, leading to the release of proinflammatory cytokines?
HCYV virions have been detected in thyroid tissue from patients with chronic HCV infection (reviewed in
Ref. 269). In addition, HCV has recently been shown to infect human thyroid cells in vitro, leading to
production of the proinflammatory cytokine IL-8 (393), a contributor to bystander activation (Section
X1.B.5.). These findings, together with the observation that thyroid autoantibodies are present in
significantly more children with HCV than in controls, suggest that HCV may indeed play a role in the
autoimmune process.

4. Molecular mimicry T-cell epitope hypothesis

The studies described above invoking a role for infection with Y. enterocolitica in Graves' disease were
based primarily on cross-reactivity between antibody epitopes on Y. enterocolitica proteins and the TSHR.
However, a more likely hypothesis for the contribution of micro-organisms to breaking tolerance is the
existence of T-cell cross-reactive epitopes. T cells recognize short linear peptides, approximately 20 amino
acid residues long for CD4+ T cells and 8-10 residues for CD8+ T cells. Some amino acids in these
peptides are of particular importance for binding to MHC molecules, and “algorithms” have been
developed to predict amino acid sequences likely to confer high-affinity binding (260). The Rothbard
algorithm was used to search for a potential shared Tg-TPO epitope (259) (Figure 9A), which was later
found to be recognized by CD8+ T cells from patients with Hashimoto's thyroiditis (262).

Other approaches include searching for: 1) homologies between the amino acid sequences of thyroid
autoantigens and proteins of micro-organisms possibly associated with thyroid autoimmunity; or 2) peptide
sequences in micro-organisms capable of binding to HLA-DR molecule motifs associated with thyroid
autoimmunity. Searches of this type revealed homologies between the TSHR and Borrelia burgdorferi and
the outer protein of Y. enterocolitica (386, 394-397), as well as between DR3/DR7 binding motifs and
Clostridium neurotoxin (398).

T-cell epitopic mimicry is intriguing and has generated much enthusiasm, but evidence that autoimmunity
is provoked by infection has been questioned: “For decades there have been tantalizing associations
between infections agents and autoimmunity ... many of the associations appear less than convincing and
even for those that seem to be solid footing, there is no real understanding of the underlying mechanism(s)”
(399). Incidentally, indirect evidence against cross-reactive TSHR T-cell epitopes comes from an animal
model of Graves' disease: wild-type mice, unlike their littermates that expressed the human TSHR
A-subunit in the thyroid, do not develop thyroiditis after Treg depletion and immunization with human
TSHR A-subunit adenovirus (147). These wild-type animals respond to human TSHR peptides but, despite
predicted high-affinity binding to the appropriate MHC class II, do not respond to the corresponding mouse
TSHR peptides (236). The lack of cross-reactivity, despite relatively high homology between human and
mouse TSHR amino acid sequences (Figure 9B) (discussed in Section VIII), suggests that it is unlikely that
T cells would be triggered by micro-organism protein sequences with much lower homology.

An alternative, equally intriguing hypothesis has been put forward by David and colleagues (400). The
haplotypes commonly associated with autoimmunity (HLA-DR2DQ6, DR4DQS8, and DR3DQ?2) persisted
in evolution because of their ability to present pathogenic peptides to activate T cells and clear infections.
Unfortunately, these haplotypes also present self-peptides to activate autoimmune cells.

5. Bystander activation vs interference by micro-organisms
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The enhancement of autoimmune responses by micro-organisms likely occurs as a result of bystander
activity (401) involving the cytokines IL-2 and IL-7 (402) and possibly also consequent to tissue damage
(403). The mechanisms of central and peripheral tolerance delete the most aggressive CD8+ T cells but not
T cells that respond weakly to tissue-restricted self-antigens. During infection, the threshold for activation
of CD8+ T cells is lower than that required for negative selection (deletion) of cells that respond weakly to
tissue-restricted self-antigens and may lead to organ damage (404).

The power of infectious organisms has long been used in the form of adjuvants to overcome self-tolerance
and induce autoimmunity to self-proteins. However, micro-organisms can also interfere with ongoing
immune responses. The ability of Schistosoma infection or a-galactosylceramide to reduce the efficacy of
TSHR adenovirus immunization for inducing Graves' disease has already been mentioned (309). In
addition, in experiments directed at breaking tolerance to the human TSHR A-subunit in high expressor
transgenics, injecting CFA in the absence of A-subunit protein markedly reduced the efficacy of subsequent
immunization with A-subunit adenovirus (175).

It is also useful to mention the “hygiene hypothesis,” which postulates that human populations regularly
exposed to infectious organisms develop less autoimmunity and allergy than individuals living in “clean”
environments (405, 406). A likely basis for this observation is the failure of individuals living under
hygienic conditions to routinely activate immune regulatory mechanisms, leading to “a lazy immune
system.”

In 1989, an epidemiological approach was used to answer the question “Does infection initiate Graves'
disease?” The conclusion that infectious epidemics do not have a significant causative role in triggering
Graves' disease (407) may be explained, at least in part, by the contrasting effects of micro-organisms
described above (185, 309), together with the hygiene hypothesis (405, 406).

XIl. Summary and Conclusions

A. The breakdown in self-tolerance leading to thyroid autoimmunity requires a susceptible genetic
background, together with the unusual characteristics of thyroid autoantigens. Tg, TPO, and the
TSHR have differing “immunogenicity” profiles depending on their size, extent of glycosylation,
concentration in the thyroid, whether membrane-bound, soluble or “shed” (the TSHR A-subunit),
ability to bind to the mannose receptor on APCs, as well as the existence of polymorphic variations.

B. Spontaneous thyroiditis occurs in a number of mammals, but Graves' disease only develops in
humans. Thyroiditis is readily induced in rodents by conventional as well as novel immunization
approaches. However, Graves' disease is only induced by injecting TSHR-expressing cells or by
expressing the TSHR in vivo using plasmid or adenovirus vectors.

C. Central tolerance, determined by intrathymic expression, is high for Tg and lower for TPO and the
TSHR. Despite similar expression levels of TPO and TSHR in the thymus, immunization of mice
with mouse TPO adenovirus, but not mouse TSHR adenovirus, can break tolerance and induce
specific antibodies.

D. Treg are not involved in controlling self-tolerance to the TSHR or to TPO, at least in mice. However,
Treg depletion enhances both spontaneous and induced thyroiditis once self-tolerance is broken.
Moreover, in an animal model, Treg control the balance between Graves' hyperthyroidism and
Hashimoto's thyroiditis.

E. In NOD.H2h4 mice, as in juvenile Hashimoto thyroiditis patients, the spontaneous breakdown in
self-tolerance occurs first for Tg and much later for TPO. This pattern is unexpected because
intrathymic expression of Tg is higher than for TPO and, instead of being controlled by central
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tolerance, may involve the greater immunogenicity of Tg than TPO.

F. Breaking tolerance to the TSHR A-subunit involves contributions from MHC molecules (humans
and induced mouse models), TSHR polymorphism(s) (humans), and alternative splicing (mice).

G. Thyroid autoimmunity, usually Graves' disease, develops inadvertently in the “immune
reconstitution” phase of patients treated with antibodies to deplete T cells. Hashimoto's thyroiditis
develops after treatment with IFN-a for HCV infection.

H. Antigen-specific tolerance can be induced experimentally in mice by increasing systemic Tg levels,
by feeding Tg (oral tolerance), and by neonatal immunization with TSHR adenovirus (the latter
reduces the efficacy of inducing Graves' disease). In adult mice, im pretreatment with TSHR
A-subunit protein “deviates” the subsequent immune response to TSHR A-subunit adenovirus
immunization toward biologically inactive antibodies. Oral tolerance applied to humans suggests
changes in T-cell (but not antibody) responses. However, in line with the difficulties experienced for
other autoimmune diseases, the future application of any approaches to induce antigen-specific
tolerance will require accurate prediction of genetically at-risk individuals.

I. A multiplicity of environmental factors influence thyroid autoimmunity, including iodine uptake,
radiation, smoking, selenium, drugs, environmental toxins, and micro-organisms. Most of these
factors, including iodine, enhance ongoing thyroid autoimmunity. However, there is evidence that
infection with HCV plays a primary role in inducing autoimmune thyroiditis.

J. Micro-organisms probably exert their effects via bystander stimulation rather than by T-cell “epitopic
mimicry.” It is also important to note that micro-organisms can have inhibitory rather than
stimulatory effects either directly or, as suggested by the “hygiene hypothesis,” indirectly by
maintaining healthy regulatory responses in individuals with more frequent exposure to low-level
infections.

In conclusion, there appears to be no single mechanism that can explain the loss of tolerance to thyroid
proteins leading to thyroid autoimmunity. Central tolerance (intrathymic expression of thyroid proteins),
Treg, and the unusual characteristics of the thyroid autoantigens themselves, together with genetic
susceptibility, all play a role. Despite their importance, virtually all environmental factors “reveal” or
enhance, but do not induce, thyroid autoimmunity. Working toward induced self-tolerance, an admirable
goal, emphasizes the need for accurate prediction of at-risk individuals. Above all, it is crucial to recognize
that antigen-specific, not blanket, approaches will be required for the successful application of future
protocols to induce self-tolerance. In this respect, thyroid autoimmunity has an advantage over many other
autoimmune diseases in that the specific antigens directly involved in the disease are clearly identified.
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Footnotes
Abbreviations:

AIRE autoimmune regulator
APC antigen-presenting cell
APECED autoimmune polyendocrinopathy candidiasis-ectodermal dystrophy
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BGG bovine gamma globulin

CFA Complete Freund's adjuvant
CHO Chinese hamster ovary

CTLA4 cytotoxic T lymphocyte-associated factor 4
DC dendritic cell

Foxp3 forkhead box P3 protein

HCV hepatitis C virus

HEL hen egg lysozyme

IFN interferon

LPS lipopolysaccharide

3-MCA 3-methylcholanthrene

MHC major histocompatibility complex
NIS sodium-iodide symporter

NOD nonobese diabetic

OS obese strain

pDC plasmacytoid DC

SNP single nucleotide polymorphism
TBAb TSH-blocking antibody

Tg thyroglobulin

TgAb Tg antibody

Th1 T helper 1

TPO thyroid peroxidase

TPOAb TPO antibody

Treg regulatory T cells

TSAb thyroid-stimulating antibody
TSHR TSH receptor

VNTR variable number of tandem repeats.
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Figure 1.

Open in a separate window

Characteristics and intrathyroidal concentrations of Tg, TPO, and the TSHR. A, Characteristics of thyroid autoantigens
that may contribute to their immunogenicity. Individual factors are indicated by an asterisk, and the sum of the asterisks is
shown as an “immunogenicity score”. # indicates number. B, Schematic representation of the TSH holoreceptor, including
its transmembrane domain. Red, A-subunit; purple, hinge, transmembrane, and intracellular domains. C, Expression of Tg,
TPO, and TSHR mRNA in mouse thyroid tissue measured by real-time PCR and normalized to the housekeeping gene
B-actin (value of 1.0, indicated by dotted line). These data have been adapted from Ref. 25.
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Table 1.

Thyroid Autoimmunity Arising Spontaneously in Humans and Animals

Autoimmune Responses Outcome Enhancing Ref.

Factors
TSHR Tg TPO

Graves' disease

Humans TSADb TgAb TPOAb Hyper Todine 34, rev;
11
Humans TBAb Hypo atrophy 35,36
Humans TSADb TgAba TPOAb Ophthalmopathy Smoking 38, rev
T cells
Cytokines
Thyroiditis
Humans TgAb TPOAb Hypo Todine 40, 41
Tcells Tcells (Some) 46-51
Marmosets (some 65
not all 66
colonies)
Dogs (beagles) TgAb TPOAb Hypo 63, 64
OS chickens TgAb Mic Ab Hypo 61, 62
Rats, Biobreeding TgAb Todine 56
NOD mice TgAb Mic Ab 57
NOD.H2h4 mice TgAb TPOAb Eu/hypo Iodine 58-60

Open in a separate window

Abbreviations: ref, review; outcome of thyroid autoimmunity is given as hyperthyroid (Hyper), hypothyroid (Hypo),
euthyroid (Eu), or thyroid atrophy. Antibodies (Ab) against an unidentified thyroid membrane component (Mic for
microsomes) were observed in NOD mice (57).

In some Graves' patients.
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Figure 2.

Open in a separate window

Overview of cellular interactions leading to effector T cells and antibody-producing B cells. Upper panel, Antigen uptake
and processing by professional APCs, macrophages (M)/DCs, or B cells. These cells proteolyze antigens and present
derived peptides in MHC molecules. Middle panel, T-cell interaction with peptide-MHC complexes on APC. Engagement
of costimulatory molecules on APC and T cells (CD40 and CD40-L; signal 1) followed by B7-1/2 and CD28/CTLA4
(signal 2) (as described in Section II1.C.) leads to cytokine generation. The red arrow represents inhibition. Lower panel,
Proliferation, differentiation, and maturation of T cells leads to infiltrating CD4+ T cells and cytotoxic T cells. B cells
undergoing this process develop into plasma cells secreting antibodies. Some B cells remain as memory B cells and/or
function as APC by virtue of cell surface Ig that function as specific antigen receptors (see upper panel).
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Figure 3.

Open in a separate window

Central tolerance and T-cell “education” in the thymus in the presence of the AIRE (A) and in the absence of Aire (B).
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Table 2.

Induction of Thyroiditis and Thyroid Antibody (Ab) by Conventional Immunization

i. Thyroid extract

Dogs

Guinea pigs

Monkeys
Monkeys

Rabbits

Rabbits

ii. Tg

Rabbits

Mice

iii. TPO (or peptide, pep)

Mice

Source

Dog

Guinea
pig
Monkey

Human

Rabbit

Human

Rabbit

Mouse

Mouse
Mouse

Human

Mouse

m-pep
Porcine
p-pep

Porcine
Porcine
Human
Human

Human

Adjuvant Strain

CFA
CFA

CFA Rhesus

CFA Vervet
CFA
CFA

CFA

CFA,LPS CBA *#

LPS BALB *
LPS DR3-tg
LPS DR3-tg
CFA BL/6;
Fl1

CFA BL/6
CFA BL/6
CFA BL/6
CFA CBA
CFA BALB/c
CFA AKR/N
DNA BALB/c
Aden DR3-tg

TIA-k

1A-d
DR3
DR3

IA-b,

IA-b
IA-b
IA-b
TIA-k
1A-d
TIA-k
IA-b
DR3

Yes

Yes

Yes
Yes

Yes

Yes

Yes

Yes

Yes

Yes

Yes; hypo
Yes

Yes

Open in a separate window

MHC Thyroiditis Ab to

Tg

Tg

Mic
Te,
Mic
Tg

Tg

Tg

Tg

Tg
Tg
Tg

TPO

TPO
TPO

TPO
TPO
TPO
TPO
TPO

Ref.

(e}
o0
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o
o0

(el e}

—
18
(]

—
W
\S]

_.
99
=

Abbreviations: m-pep, mouse peptide; p-pep, porcine peptide; Aden, adenovirus; F1, offspring of B6 x CBA mice;

. good responder (or # or poor) responder mouse strains in terms of thyroiditis; DR3-tg, mouse transgenic for human
HLA-DR3. Adjuant, CFA, LPS, Al, Mg, Per, Al,OH3 + Mg(OH), + Bordetella pertussis toxin. The antigen source,

67 of 81

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3895862/?report=printable

7/7/2019, 7:28 AM



Breaking Tolerance to Thyroid Antigens: Changing Concepts in Thyroid...  https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3895862/?report=printable

adjuvant, mammal strain, and MHC class II are included. Mic, microsomes.
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Table 3.

Alternative or Novel Approaches to Induce Thyroiditis and Thyroid Antibody (Ab)

Source Adjuvant Strain MHC Thyroiditis Ab Ref.

i. Neonatal thymectomy and whole-body irradiation
Rats Wistar
Rats 3-MCA Buffalo

ii. Injecting lymphocytes sensitized to Tg or sensitized to thyrocytes

Guinea pigs  Guinea pig Tg Strain 13
Mice Mouse LPS CBA IA-k
Mice Mouse Thyrocytes CBA IA-k

iii. Injecting DCs pulsed with Tg or fibroblasts that express TPO
Mice Mouse DC-Tg CBA IA-k
Mice Human RT-TPO AKR/N  TA-k
iv. Implanting thyroid gland + LPS
Mice Mouse LPS B10(BR) IA-k
B10B2  IA-d

v. Tg or TPO expressed in vivo (plasmid or adenovirus vectors)

Mice Human TPODNA DR3-tg DR3
Mice Mouse TPO-Ad BL/6 IA-b
Mice Human Tg-DNA  C3H/He IA-k

vi. Intrathyroidal chemokine/ cytokine expression or chemokine receptor knockout

Yes
Yes

Yes
Yes

Yes

Yes

Yes
Yes
No

Mice-tg CCL21 BL/6 IA-b  Yes
Mice-ko CCR7 NOD [IA-gp7 Yes
Mice-tg IFN-a BL/6 IA-b Yes

vii. Transgenic expression of human T-cell receptor specific for TPO (TAZ10 mice)

Mic-tg T cell CBA IA-k
viii. Enhanced tumor regression
Mice, TUBO Mouse Tregdepl BALB/c IA-d
Tumor Rat DNA-neu
Mouse Tg, LPS
ix. Inadvertent thyroiditis (human-TSHR A-subunit transgenics)

Mice-tg Tregdepl BALB/c IA-d

Yes

Yes

Yes

123
122, 124
125
126, 127
TgAb 128
129
TPOAb 130
131
TPOAb 132
TPOAb 135
TgAb 133
136
TgAb 138
137
143, 144
TgAb 145
TgAb 147

Open in a separate window

Abbreviations: Ad, adenovirus; B6, C57/BL6; B10, C57BL/10 mice; DNA-neu, DNA encoding rat neu, homolog of
human herceptin-2; DR3-tg, transgenic for human HLA-DR3; human A-sub tg, transgenic for human TSHR
A-subunit; lymphs, lymphocytes; n/a, not applicable; RT-TPO, fibroblasts coexpressing MHC class II and TPO;

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3895862/?report=printable
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TUBO, mouse mammary cell tumor that expresses neu. The antigen source, animal strain, and mouse/human MHC
class II (IA or DR) are included.
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Table 4.
TSHR Antibodies and Graves' Disease Induced by Novel Approaches

TSHR Approach Strain MHC Status Ab Thyr Ref.
Species Class I1
i. TSAbH & L chain V Transgenic C57BL/6 I-Ab Hyper TSAb No 151
region genes
ii. TSHR-expressing cells
Mice Human Fibros AKR/N  I-Ak Hyper TSAb No 158,
183
Mice Human B cells BALB/c I-Ad Hyper TSAb Yes 159
Mice Human DCs BALB/c I-Ad Hyper TSAb Yes 160
Hamsters Human CHOcells Armen. na Hyper TSAb Yes 161

iii. TSHR expressed in vivo by DNA or adenovirus vectors

Mice Human cDNA BALB/c I-Ad Eu TSAb  Yes 162
Mice Human cDNA Outbred Hyper TSAb Yes 163
Mice Human Adeno BALB/c I-Ad Hyper TSAb No 164
Mice C57BL/6 1-Ab Eu TSAb No 164

Others Many Eu TSAb No 164
Mice Human DCs BALB/c IA-d Hyper TSAb No 160

iv. TSHR A-subunit expressed in vivo by adenovirus or by cDNA + electroporation

Mice Human Adeno BALB/c IA-d Hyper TSAb No 165

Mice Human cDNA + E BALB/c 1A-d Hyper TSAb No 166,

167

Mice Treg depl, A-sub-tg IA-d Hypo TgAb Yes 147
Human Adeno TPOAb 14

v. Transfer of mouse TSHR A-subunit primed splenocytes

Priming Mouse Adeno TSHR- IA-d TSAb 172
ko

Recipient Mouse Spleen Athymic IA-d Hyper, TSAb Yes 174

Transfer BALB/c hypo TBAB 174

vi. TSHR variant expressed in vivo using plasmid DNA

Mice Mouse cDNA +E BALB/c IA-d Hyper TSAb No 176

Open in a separate window

Abbreviations: Armen, Armenian hamsters; depl, depleted; Fibros, fibroblasts; E, electroporation; Eu, euthyroid;
Hyper, elevated T4 levels; Hypo, low or absent T4; A-sub-tg Lo exp, low human A-subunit transgene expressor;
TSHR ko, TSHR coexpressing MHC class II and TSHR knockout mice (173). The outcome is shown for thyroid status
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(hyper, hypo, euthyroid), thyroid antibodies (Ab), and thyroiditis (Thyr).
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Figure 4.

Open in a separate window

Genes associated with thyroid autoimmunity and their role in central tolerance or peripheral control of autoimmune
responses. Evidence for the genes illustrated and their identification are cited in Section VI. BlyS, B-cell lymphocyte
stimulator. Mo, macrophage.
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Figure 5.
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Central tolerance to thyroid autoantigens. A, Intrathymic expression in mice of mouse Tg, TPO, and the TSHR. Expression
levels measured by real-time PCR were normalized to keratin-8, a marker for thymic epithelial cells. B, Intrathymic
expression in mice of mouse TSHR, Tg, TPO, the transgenic human TSHR A-subunit and mouse insulin measured by real-
time PCR. Data normalized to the level in wild-type mice for Tg, TPO, and TSHR. Data for panels A and B were drawn
from Ref. 25, 225. A-sub-Lo, Human TSHR A-subunit low expressor; A-sub-Hi, human TSHR A-subunit high expressor.
C, Expectations for breaking central tolerance to thyroid autoantigens.
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Figure 6.
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Breaking central tolerance to the TSHR and TPO. Schematic depiction of the relationship between the efficacy of antibody

generation (upper panels) and intrathymic mRNA expression (lower panels). This efficacy is expressed as the percentage

of mice that become antibody positive after immunization with indicated adenoviruses (Ad) encoding the TSHR or TPO.

A, TSHR antibody responses induced in wild-type and Lo- and Hi-expressor human A-subunit transgenic mice by

immunization with human TSHR-A-subunit Ad. B, TSHR antibody responses in wild-type and TSHR knockout (k/0) mice
after immunization with mouse TSHR A-subunit-Ad and (in knockouts) with human TSHR A-subunit-Ad. C, TPO
antibodies induced in wild-type mice with mouse-TPO-Ad. Data for panels A to C are derived from Refs. 135, 172, 225,

and 236.
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Spontaneous development of antibodies to Tg and TPO. A, NOD.H2h4 mice; B, human siblings with juvenile Hashimoto's
thyroiditis. From Chen et al (135), with permission from The Endocrine Society. C, Predictions compared with
observations for the sequential appearance of autoantibodies to Tg and TPO.
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Effects of the lack of Aire on central tolerance. A, Quantitative intrathymic expression of mRNA (real time PCR) for
different self-antigens in wild-type and Aire knockout (“-,” k/0) mice (225). Data were normalized to expression of the
mouse TSHR in Aire “+” (wild type; wt) mice. B, Expectations for the change in self-tolerance in the absence of Aire.
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Figure 9.

Open in a separate window

Selected T-cell epitopes on thyroid autoantigens. A, Predicted “TgPO” epitope shared by human Tg and human TPO (259)
and demonstrated for recognition by MHC class I lymphocytes in HLA-A2-positive patients (262). B, In silico binding
affinities to mouse MHC class II (IA-d) for human and mouse TSHR peptides (236).
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Figure 10.
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Slow development of Hashimoto's disease compared with the rapid onset of Graves' disease and outcome of immune
intervention. A, In Hashimoto patients, immune responses to TPO and/or Tg are present for many years and reach high
levels. TSH maintains thyroid reserve until overcome by the extent of thyroid damage. B, In Graves' disease, there is no
compensatory mechanism to prevent hyperthyroidism (unlike for hypothyroidism in Hashimoto's disease). TSAbs are
potent antibodies and can cause hyperthyroidism at an early stage of the immune response. Consistent with the relatively
acute onset of the disease, TSAb concentrations are far lower than those for TPO or Tg antibodies. C, Outcomes of
immune intervention for other diseases. IFN-a for hepatitis C infection enhances responses in a “normal” immune system
leading to increased reactivity to TPO and/or Tg (T cells or antibodies and subsequent thyroid damage). In contrast, under
conditions of immune deficiency, pathogenic T cells emerge or survive, leading to TSHR antibodies that, even at low

levels, stimulate the thyroid gland.
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Mechanisms proposed to explain “reconstitution autoimmunity.” A, Spontaneous differentiation of natural Treg into
pathogenic helper T cells under conditions of lymphopenia. After the loss of Treg function, pathogenic T cells infiltrate
tissues (293). B, IL-21 drives secondary autoimmunity after therapeutic lymphocyte depletion. Recovery from
lymphopenia is associated with cycles of T-cell proliferation and T-cell apoptosis. Autoimmunity does not arise if IL-21
concentrations are low. High IL-21 concentrations increase the risk of emerging self-reactive T cells. IL-21 acts on Th17
cells and enhances B-cell differentiation and antibody production (298). In genetically susceptible individuals, TSAbs

develop and cause hyperthyroidism.
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Table 5.

Protocols to Induce Resistance (Tolerance) to Subsequent Experimental Autoimmune Disease

Treatment Source Strain Immunization Ref.
i. Injecting/increasing thyroid
antigens
Rats Thyroid extract ~ Rat BUF 3-MCA 315
Rats Thyroid extract ~ Rat PVG Thymectomy; irradiation 316
Mice Tg protein Mouse CBA mTg + LPS 320
Tg-TSH induced Mouse CBA mTg + LPS 317,
318
Mice Tg-protein Mouse CBA, mTg + CFA 319
SJL
Mouse CBA Splenocyte transfer 319
Mice TSHR Human BALB/c  A-subunit adenovirus 322
A-subunit
ii. Oral tolerance
Mice Tg Human CBA Human Tg + CFA 325,
326
Mice Tg Porcine CBA Adoptive transfer of 324
mTg
Restimulated
splenocytes
Humans Tg Human None 330
iii. Neonatal tolerance
Mice TSHR Human BALB/c  Human A-subunit Ad 332

Open in a separate window

Abbreviations: mTg, mouse Tg; gpTg, guinea pig Tg; Ad, adenovirus; BUF, Buffalo. Included are data for one study
in humans with ongoing autoimmune thyroid disease (330).
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