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Abstract

Both environmental and genetic triggers factor into the etiology of autoimmune thyroid disease
(AITD), including Graves' disease (GD) and Hashimoto's thyroiditis (HT). Although the exact
pathogenesis and causative interaction between environment and genes are unknown, GD and HT
share similar immune-mediated mechanisms of disease. They both are characterized by the
production of thyroid autoantibodies and by thyroidal lymphocytic infiltration, despite being
clinically distinct entities with thyrotoxicosis in GD and hypothyroidism in HT. Family and
population studies confirm the strong genetic influence and inheritability in the development of
AITD. AITD susceptibility genes can be categorized as either thyroid specific (Tg, TSHR) or
immune-modulating (FOXP3, CD25, CD40, CTLA-4, HLA), with HLA-DR3 carrying the highest
risk. Of the AITD susceptibility genes, FOXP3 and CD25 play critical roles in the establishment
of peripheral tolerance while CD40, CTLA-4, and the HLA genes are pivotal for T lymphocyte
activation and antigen presentation. Polymorphisms in these immune-modulating genes, in
particular, significantly contribute to the predisposition for GD, HT and, unsurprisingly, other
autoimmune diseases. Emerging evidence suggests that single nucleotide polymorphisms (SNPs)
in the immunoregulatory genes may functionally hinder the proper development of central and
peripheral tolerance and alter T cell interactions with antigen presenting cells (APCs) in the
immunological synapse. Thus, susceptibility genes for AITD contribute directly to the key
mechanism underlying the development of organ-specific autoimmunity, namely the breakdown in
self-tolerance. Here we review the major immune-modulating genes that are associated with AITD
and their potential functional effects on thyroidal immune dysregulation.
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1. Introduction

Autoimmune thyroid disease (AITD), which includes Graves' disease (GD) and Hashimoto's
thyroiditis (HT), affects an estimated 5% of the general population, making it one of the
most prevalent autoimmune diseases [1, 2]. Autoimmunity to the thyroid, defined by the
presence of antibodies to thyroid antigens, is even more common and reported to be as high
as 10-20% of all women. In addition to the generation of thyroid autoantibodies and
abnormal thyroid hormone production, AITD histologically involves the infiltration of self-
targeting T and B lymphocytes in the thyroid gland [3]. The etiology of AITD is currently
understood to be multifactorial and is due to a complex interplay of specific susceptibility
genes and environmental exposures. In fact, the influential role of susceptibility genes in the
development of AITD is highlighted by epidemiological studies showing that approximately
50% of the siblings of GD patients test positive for thyroid antibodies and that up to 33% of
those with AITD share the diagnosis with their siblings (resulting in a sibling risk ratio or As
as high as 16.9) [4-6]. Twin studies are even more convincing with higher concordance for
AITD between monozygotic twins than dizygotic twins [7, 8] and have suggested that the
overall heritable, genetic contribution to the development of GD is about 75% [7, 9]. Racial
variations in AITD prevalence, as was demonstrated in a recent NHANES (the National
Health and Nutritional Examination Surveys) study, further accentuate potential genetic
differences and the role of genetic susceptibility in the etiology of GD and HT [10].

Of the susceptibility genes, the majority are general immune-regulatory genes involved in
the complex process of ensuring robust immune responses against appropriate, foreign
antigens while maintaining tolerance to self-antigens. These include genes involved in the
proper progression from central tolerance, peripheral tolerance to antigen presentation and
lymphocyte activation in the immunologic synapse. Aberrant activity of these immune-
regulatory genes due to polymorphisms would logically and potentially lead to a breakdown
in immune tolerance and ultimately autoimmunity. Through linkage and association
analyses, genome screening, and genome wide association studies (GWAS), several single
nucleotide polymorphisms (SNPs) in genes including FOXP3, CD25, CTLA-4, CDA40, the
HLA family, and others have been discovered to be associated with AITD. Interestingly,
certain polymorphisms uniquely predispose to GD, HT or both while others are not thyroid-
specific and increase the likelihood of autoimmunity in general (table 1).

2. Genetic Disruption of Central Tolerance — TSHR gene

An attractive hypothesis is that GD is triggered by a defect in negative selection of
autoreactive T cells to the TSHR (thyrotropin receptor), either in the thymus or the
peripheral immune system. Indeed, a number of genetic variants associated with GD were
shown to impact central tolerance (TSHR) or peripheral tolerance (FOXP3 and CD25, see
section 3.1). The hallmark of GD is the presence of the stimulating TSHR antibodies.
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Consequently, TSHR has been considered an important candidate gene predisposing to GD
even before the era of GWAS studies. Subsequent GWAS and other association studies have
confirmed TSHR as a disease specific locus [11-13]. Consecutive comprehensive sequence
analyses of the TSHR gene/locus localized the causative variant(s) to a 40-kb region within
intron 1 where at least five GD-associated SNPs were identified (rs179247; rs2284720;
rs12101255; rs12101261; and rs2268458) [11, 14, 15]. Further functional analyses of TSHR
intron 1 polymorphisms provided direct evidence of a link between central tolerance and
TSHR intron 1 SNPs. Recently, our group showed that the disease-predisposing genotype
(TT) of SNP rs12101261 was associated with decreased thymic expression levels of TSHR
mRNA [16].

By mapping epigenetic modifications induced by interferon alpha (IFNa), a key cytokine
secreted during viral infections that was previously shown to trigger autoimmunity, we
showed that the disease-associated variant of rs12101261 (TT) interacts through chromatin
remodeling with the transcriptional repressor, promyelocytic leukemia zinc finger protein
(PLZF), to reduce TSHR gene expression [16]. We proposed that loss of adequate epigenetic
interactions in the thymus due to micro-environmental influences (e.g., cytokines, viral
infections) would affect TSHR gene expression through genetic variants. Decreased intra-
thymic expression of TSHR would facilitate pathogenic T cell escape from central tolerance
and increase the risk of autoimmunity to TSHR. In agreement with these findings, Colobran
et al. showed a correlation between TSHR thymic mRNA levels and rs179247, a SNP in
tight linkage disequilibium (LD) with rs12101261. They showed that individuals
homozygous or heterozygous for the GD-associated allele at the rs179247 SNP (AA or AG)
have significantly lower TSHR mRNA expression levels in the thymus than individuals
homozygous for the protective allele (GG) [17]. This unbalanced allelic expression likely
represents defective central tolerance, contributing to GD through the escape of T cell clones
targeting the TSHR.

3. Genetic Disruption of Peripheral Tolerance — FOXP3 and CD25 genes

3.1. FOXP3

FOXP3 (forkhead box P3), an X-linked gene [18], belongs to the forkhead/winged-helix
family of DNA-binding transcription factors [19, 20]. It can act as both a transcriptional
repressor [21] and activator [22-24] for primarily immunological genes. For example,
FOXP3 can bind to Runt-related transcription factors to inhibit IL-2 and IFNvy expression
[25] or, by binding to other transcription factors, it can also activate CD25 [26]. To maintain
immunological self-tolerance, regulatory T cells (Tregs) suppress peripheral self-reactive
lymphocytes that have escaped central tolerance in the thymus [27, 28] and FOXP3 is a
known crucial regulator of Treg differentiation and function. The role of FOXP3 in
autoimmunity was first revealed by the mouse mutant Scurfy, a line defective in FOXP3. As
expected, the scurfy mutant phenotype is characterized by massive hyperproliferation and
multi-organ infiltration of CD4* T cells and is lethal in hemizygous males [20]. In humans,
mutations in FOXP3 lead to an X-linked syndrome characterized by immune dysregulation,
polyendocrinopathy and enteropathy (IPEX) [29-33].
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Various FOXP3 polymorphisms have been reported to be associated with autoimmune
thyroiditis (AITD). For example, a DXS573 microsatellite that is in LD with FOXP3 was
found to be associated with AITD in Caucasian female AITD patients [34]. An A/C
polymorphism in position -3279 has been associated with the development of treatment-
resistant GD [35] while the CC genotype at position -2383 has been associated with severe
HT [35]. Our group found an association between the (TC), microsatellite in intron 5 of the
FOXP3 gene and AITD in Caucasian males (p-0.011) [24]. We also identified that this
microsatellite is associated with a variant of autoimmune polyglandular syndrome type 3
(designated APS3v) [36], characterized by the co-occurrence of AITD and type 1 diabetes
(T1D) [37].

Mechanistically, we hypothesized that the (TC),, microsatellite in intron 5 may affect
splicing because of its location and size, as intronic microsatellites have been shown to be
regulators of gene splicing [38, 39]. Although no significant difference in splicing efficiency
was observed when human embryonic kidney cells (HEK 293) were transfected with the
long or short repeats of the FOXP3 intron 5 (TC),, microsatellite, our study identified a new
splice variant designated FOXP3A6 (Figure 1). FOXP3A6 was expressed in the thymus and
lymph nodes, as well as in Tregs [40]. The role of this splice variant in thyroid
autoimmunity warrants further investigation. Despite the fact that we did not find a
difference in the splice variant levels associated with the long or short microsatellite repeats,
epigenetic interactions and changes, which are known to regulate gene expression, can
potentially influence splicing [16]. It is possible that different FOXP3 splice variants,
including the novel splice variant FOXP3A6 that we identified to be expressed in Tregs, may
modulate immune responses, although further evidence is needed.

CD25 (also known as IL-2Ra receptor or the a-subunit of the IL-2 receptor) is involved in
the regulation of T cell function. More specifically, it is encoded by the CD25 region on
chromosome 10p15.1, is highly expressed in Tregs, and mediates IL-2 signaling which is
indispensable for CD25+CD4+ Treg survival and growth [41]. Similar to mice with
impaired FOXP3, IL-2Ra deficient mice exhibit an analogous lethal lymphoproliferative
disorder accompanied with severe autoimmunity [42]. Therefore, it is plausible that certain
genetic variants in the CD25 gene predispose to autoimmunity by impairing Treg function
and peripheral tolerance development. Indeed, a case-control study from the UK reported
that CD25 was significantly associated with GD [43]. A GWAS study also from the UK
reported similar results [44] and a study from Russia confirmed this association [45]. In the
latter study, minor alleles of two SNPS in the IL-2Ra gene (rs41295061 and rs11594656)
constituting the AAJ/AA haplotype were not only associated with increased risk of GD but
also with elevated serum concentrations of sIL-2Ra in both GD patients and healthy
controls compared to the protective GT/GT [45]. Our group further reported that CD25 was
associated with only GD, but not with HT [15].

4. Genetic Disruption of Co-Stimulation — CD40 and CTLA-4 Genes

For proper T and B cell activation, antigen presenting cells (APCs) and T cells need
appropriate positive and negative co-stimulatory signals, for which cytotoxic T lymphocyte-
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associated molecule-4 (CTLA-4) and CDA40 are essential. [46]. As expected, they are both
major susceptibility genes for AITD and autoimmunity in general [47, 48]. CTLA-4 carries
an association with both GD and HT while CD40 is specific for GD.

CDA40 is a tumor necrosis factor receptor (TNF-R) that plays a critical role in adaptive
immunity and is predominantly present on APCs like B cells but also on thyroid epithelial
cells [49]. Classically, the interaction between CD40 and its ligand CD154 on activated T
lymphocytes provides co-stimulatory signals that are needed to activate APCsand T
lymphocytes [50]. CD40 activation in B cells allows for immunoglobulin class switching, B
cell proliferation, germinal center formation and generation of B cell memory [51]. CD40
also guides the development of immune-tolerant immature dendritic cells into potent
immunostimulatory cells [48, 50]. And in T lymphocytes, CD40 enhances T cell priming
and increases the expression of other co-stimulatory signals that ultimately result in potent
cytokine production [52, 53]. Given CD40's pivotal role in coordinating antigen presentation
and humoral immunity, it is not surprising that CD40 is associated with Graves' disease, a B
cell mediated disease. In contrast, defective or absent CD40 activity results in a variety of
profound immune system deficiencies including X-linked hyper-IgM syndrome (HIGM) in
which the production of other immunoglobulin isotypes is greatly limited [54].

Through linkage and association studies and subsequent sequencing of the CD40 gene,
several single nucleotide polymorphisms (SNPs) within the CD40 gene have emerged as
causative genetic variants that predispose to GD. The most well-studied polymorphism, a
-1C/T polymorphism (rs1883832) in the 5 UTR Kozak sequence, was first identified by our
group. It was found to have significant association with GD with a relative risk of 1.6 among
individuals carrying the CC genotype [55]. These findings were replicated across various
ethnicities including American and European Caucasians, Koreans, and Japanese with
relative risks ranging from 1.22 to 1.93 [56-58]. Among treated GD patients, the C allele has
been associated with higher persistent levels of thyroid peroxidase (TPO) and thyroglobulin
(Tg) antibodies [59]. Indeed the T allele and TT genotype were found to carry a protective
effect and even linked to later-age onset of GD. [60, 61]. In animal models of GD, blockade
of CD40 stimulation has suppressed the progression to murine thyroiditis [53, 62, 63].

We have previously shown that the -1C/T CD40 SNP functionally affects the translation
efficiency of CD40 and that the C allele correlated with 13-35% increased synthesis of
translated CD40 protein [64]. This mechanistically could potentiate activation of APCs and
B cells, thereby leading to a lower threshold for autoimmunity. Likewise upregulation of T
cell co-stimulation would enhance an overall pro-inflammatory response. Increased CD40
expression on thyroid cells, in the setting of the aforementioned causative polymorphism,
could additionally lead to autoimmunity by local, bystander mechanisms. In fact,
overexpression of CD40 in the thyroids of transgenic mice heightened their susceptibility to
experimental autoimmune Graves' disease (EAGD) [62]. Other less well-characterized
CDA40 SNPs (rs745307, rs11569309, and rs3765457) have been significantly associated with
higher relapse of GD after withdrawal of antithyroid medications [65]. Various CD40 SNPs
have been implicated in a wide range of autoimmune and immune-mediated diseases,
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including systemic lupus erythematosus, rheumatoid arthritis, multiple sclerosis,
inflammatory bowel disease, and IgE-mediated asthma [50, 66-69].

CTLA-4 (CD152) is a transmembrane immunoregulatory protein classically present on
activated T cells that functions as a competitive inhibitor to CD28 and is an important
negative regulator of T cell activation. Upon T cell activation, CTLA-4 is rapidly expressed
and binds to its ligands (B7-1 and B7-2), thereby blocking CD28 activation and leading to
eventual T cell homeostasis [70]. CTLA-4 activation subsequently results in diminished T
cell activation, reduced IL-2 production, and the arrest of T cell cycling and further
activation [71, 72]. SNPs in CTLA-4 have been linked to both GD and HT, in addition to an
array of other autoimmune diseases. Furthermore, in murine models, CTLA-4 activation
suppressed experimental lupus, autoimmune nephritis, collagen-induced arthritis, and
diabetes [73-76].

Several CTLA-4 SNPs have demonstrated risk for thyroid autoimmunity./An A/G SNP at
position 49 in exon 1 [77-82], an (AT),, microsatellite polymorphism in the 3’ untranslated
region of exon 4 [83, 84], and the CT60 polymorphism in the 3UTR have consistently been
associated with AITD across different ethnicities. Mechanistically, reduced CTLA-4
expression and/or activity would logically predispose to autoimmunity by way of decreased
suppression of T cell activation and proliferation. Indeed, studies have shown that the A/G49
SNP leads to ineffective glycosylation and processing of CTLA-4 [85] while the longer
(AT), repeats lower the stability of the CTLA-4 mRNA transcript [83]. The GG genotype of
the CT60 SNP has also been shown to correlate with decreased mRNA levels of the soluble
form of CTLA-4 [86].

5. Genetic Disruption of Antigen Presentation — HLA-DR and Thyroglobulin

Genes

The HLA-DR3 allele has a well established association with AITD (reviewed in [87]).
HLA-DR is a class Il HLA gene that plays a critical role in antigen presentation. We,
therefore, hypothesized that specific sequence variants in HLA-DR3 predispose to AITD by
creating unique pocket structures enabling the presentation of pathogenic thyroid-derived
peptides to T cells. By sequencing the HLA-DR gene in a large cohort of AITD patients and
controls, we discovered that the presence of arginine at position 74 of the HLA-DRp chain
(HLA-DRp1-Arg74) is critical for the development of AITD while glutamine at this position
(GIn-74) is protective [88, 89], a finding that was corroborated by others [90]. Further
analysis, using molecular dynamic simulations, has shown that the HLA-DRB1-Arg74 allele
creates a narrow positively charged pocket P4 when compared to the pocket containing the
protective GIn-74 allele [89]. These findings raised the question of which pathogenic
peptides are presented within the HLA-DRB1-Arg74 pocket to trigger AITD?

The major thyroid antigens that are targeted by the autoimmune response in AITD are Tg,
TPO, and TSHR. A study by Muixi et al. [91] tested peptides that were bound to HLA-DR
within thyroid tissues removed from GD patients. Only Tg peptides were found to be bound
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to HLA-DR, suggesting that presentation of Tg peptides by HLA-DR to T cells may be the
initial trigger of AITD. Indeed, whole genome screening studies have shown that Tg is a
major AITD susceptibility gene [92, 93]. In order to identify the specific Tg variants that
predispose to AITD, we sequenced the Tg gene and identified several amino acid variants
caused by non-synonymous SNPs that were significantly associated with AITD [94]. One
amino acid variant, W1999R, showed an interaction with HLA-DRB1-Arg74, conferring
together a very high odds ratio for AITD [95].

In view of the interaction between the Tg gene and the HLA-DRB1-Arg74 allele, we
hypothesized that the HLA-DRB1-Arg74 pocket may present pathogenic Tg peptides that
can trigger AITD. Using recombinant HLA-DRB1-Arg74 protein, we identified four Tg
peptides that bound specifically to the HLA-DRB1-Arg74 pocket and not to the GIn-74
pocket [96]. However, a link between the Tg amino acid variants and the production of the
pathogenic Tg peptides has not yet been established.

6. Susceptibility Genes in Specific Subsets

6.1. Susceptibility to AITD in different ethnic groups

An NHANES database study that analyzed nearly 18,000 U.S. adults identified a significant
difference in the prevalence of AITD by ethnicity and race. Although the study was limited
by how GD was diagnosed, non-Hispanic blacks were noted to be hyperthyroid almost
three-fold more than the non-Hispanic whites (odds ratio of 2.9; C.I. 1.5-5.7) [10]. This
underscores the variability in AITD genetic susceptibility among different ethnicities. For
example, HLA-DR3 is associated with AITD only in Caucasian populations [88]. A three-
stage GWAS study in the Chinese Han population showed an association of a SNP
(rs2474619) in intron 2 of BACH2 (BTB And CNC Homology 2) with GD [97]. BACH2 is
highly expressed on B cells, suppresses the production of immunoglobulins [98], and has a
known immune function as a regulator of nucleic acid-triggered antiviral responses in
human cells [99]. A study from the UK also showed that the BACH2 locus was associated
with an increased risk of AITD [44] although the exact susceptibility loci for each disease
(GD, HT) were incompletely identified in this study. Another GWAS study from China
reported an association between both GPR174-ITM2A (encoding G protein-coupled
receptor 174) at Xg21.1 and SLAMF6 (signaling lymphocytic activation molecule) at
chromosome 1g23.2 and GD [100]. The protein encoded by SLAMF6 gene is expressed on
natural killer cells, T lymphocytes, and B lymphocytes and may be involved in the
regulation of B cell receptor-mediated central tolerance [101].

Other genes identified to be associated with AITD in the aforementioned UK study were
several non-HLA genes: MMEL1 (membrane metallo-endopeptidase-like 1) on
chromosome 1p36, 16 kb upstream of TRIB2 (tribbles homolog 2) on chromosome 2p25,
LPP (LIM domain containing preferred translocation partner in lipoma) on chromosome
3927, PRICKLEL (prickle homolog 1) on chromosome 12p12, 83 kb upstream of ITGAM
(integrin, alpha M) on chromosome 16p11, and FGFR1OP (fibroblast growth factor receptor
1 oncogene partner, 118 kb upstream of CCR6) on chromosome 6 [44]. Most of these genes
have been linked to other autoimmune diseases even though their precise immune-mediated
functions are not yet known. The RNASET2-FGFR1OP-CCR6 region at chromosome 6927
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showed a significant association with GD in a GWAS study among the Chinese Han
population [13]. In contrast, three SNPs in the CCR6 (CC chemokine receptor 6) gene were
not associated with AITD in this same group despite CCR6's general role in the recruitment
of dendritic cells and T helper 17 cells [102]. The association of two RNASET2
(ribonuclease T2) gene polymorphisms (SNPs rs3777722 and rs9355610) with GD but not
with HT was further confirmed in other studies from China. And a trend for association
between the rs9355610 SNP in the RNASET?2 gene and GD was established in a different
study among Polish Caucasians [103].

6.2. Susceptibility to AITD in different age groups

We studied a subset of Caucasian GD patients with young age of onset ([AO] < 30 years)
and reported an association of BTNL2 (butyrophilin-like 2) with young AO GD [104].
BTNL2 modulates T cell activity by suppressing T cell proliferation and cytokine
production and has been associated with other autoimmune diseases including rheumatoid
arthritis and vitiligo. It is uncertain, however, if this association is strictly due to LD with the
HLA genes due its location within the MHC class 1 region, as has also been reported by
other groups [105]. Other genes found to be associated with young AO GD in our study
were NOTCH4 (a member of the Type 1 transmembrane protein family), CXCR4 (a
chemokine receptor), and TNFAIP3 (tumor necrosis factor a-induced protein 3) [104].
TNFAIP3, a negative regulator of inflammation that inhibits NF-kB (nuclear factor kappa-
B) and TNF (tumor necrosis factor)-mediated pathways, has been linked to several immune-
mediated diseases like T1D, systemic lupus erythematosus, and rheumatoid arthritis [106,
107]. Supporting these findings are results from a Chinese study that showed an association
between TNFAIP3 polymorphisms (rs598493; rs610604; and rs661561) and GD, but not HT
[107].

6.3. Subsetting by AITD phenotype

The development of thyroid antibodies (TAb) without clinical disease is a unique AITD
phenotype. We performed a whole genome linkage study in multigenerational families in
which the phenotype of TAb only clustered. Our study showed that three loci previously
reported to be linked with clinical AITD also showed unique linkage with the TAb-only
phenotype. These included the!(CTLA-4 locus on chromosome 2q, a locus on chromosome
6p close to the HLA region, and the Tg locus on chromosome 8q [108]. A meta-analysis of
GWAS studies for TPO antibodies reported that MAGI3 (membrane associated guanylate
kinase WW and PDZ domain containing 3) was associated with increased risk for both
hypothyroidism and hyperthyroidism [109].

Another AITD phenotype we have investigated is the co-occurrence of AITD and T1D in
the same individual, which is considered a variant of the autoimmune polyglandular
syndrome type 3 (APS3v). In a genome wide study of North American Caucasian APS3v
patients, our group recently reported associations between APS3v and PTPN22 (protein
tyrosine phosphatase nonreceptor type-22), MAGI3, PHTF1 (putative homeodomain
transcription factor 1), and GRP103 (G protein-coupled receptor 103) [110]. The GRP103
gene (also called QRFPR) is located on chromosome 4 and its ligand is expressed in the
thyroid [111].
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7. Discussion

The AITDs result from the complex interactions between susceptibility alleles and the
environment. Although the exact, definitive underlying cause is unknown, evidence
indicates that environmental factors (infections, medications, smoking, iodine, etc [82]) in a
background of genetic predisposition trigger AITD. The immune-regulatory genes that
predispose to AITD (FOXP3, CD25, CD40, CTLA-4, the HLA genes, PTPN22, among
other emerging immunoregulatory genes) play critical parts in the development of an
effective immune response including self-tolerance, cell-mediated immunity and humoral
immunity. The various polymorphisms demonstrate that genetic triggers for autoimmunity
can result from inherited abnormalities in the proper progression from central tolerance in
the thymus and peripheral tolerance by Tregs to proper co-stimulation of T cells and APCs
in the immunological synapse. Indeed many of these polymorphisms lead not only to higher
risk of AITD but also to other systemic, autoimmune manifestations. With further advances
in the technigues of genomic analysis, more genetic variants (both immune-modulating and
thyroid-specific), will continue to be discovered and allow for the identification of high-risk
individuals.

The exact functional effects of these polymorphisms, however, have not completely been
elucidated. Whether the SNPs negatively affect sufficient thymic expression of self-antigens
(TSHR), alter the function of Tregs (FOXP3, CD25), or lower the threshold for T cell
activation (CD40, CTLA4, HLA), it is clear that there is ultimately a breakdown in tolerance
that tips the balance towards autoimmunity. And evidence suggests that SNPs in more than
one susceptibility gene may synergistically shift the balance even further [112].
Understanding the functional and mechanistic consequences of these susceptibility gene
variants is essential for the development of new, targeted and preventative therapies for
AITD.
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Highlights
e Polymorphisms in immunoregulatory genes predispose to thyroid autoimmunity.

e GD and HT can result from genetic disruptions in central tolerance, peripheral
tolerance,co-stimulation, and antigen presentation.

* Review of the potential mechanisms by which TSHR, FOXP3, CD25, CD40,
CTLA-4,HLA, and other genes lead to a breakdown of self-tolerance.
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Figure 1.
Schematic diagram of FOXP3 exon 5 through 7. The (TC),, microsatellite is located in

intron 5. Primers FOXP3_f10 and FOXP3_r10 were used for amplification. The expected
size of the PCR product with all 3 exons included is 209 bp. If exon 6 is skipped, the product
size is 121 bp. The bottom part shows the sequencing results of the PCR products at the
exon junctions (reproduced with permission from Gene 2015;556: 142-8).
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Table 1

Summary of major susceptibility genes for AITD and their point of action in the immunoregulatory pathway
(central tolerance vs peripheral tolerance vs co-stimulatory signals for proper antigen presentation),
chromosomal location, and associated autoimmune diseases (may vary by ethnicity; see references).

Pathway/ Mechanism GenGene Chromosome | Associated Autoimmune Diseases Ref.

Central Tolerance TSHR 14931 GD [16, 17]

Peripheral Tolerance FOXP3 Xpll GD, HT [33, 34, 36, 37, 40]
IPEX

TiD

RA

PBC

Psoriasis, Vitiligo

Autoimmune Hemolytic Anemia
Autoimmune Cytopenia
Autoimmune Hepatitis

Peripheral Tolerance IL-2Ra/ CD25 10p15 GD [41, 45]
TiD
MS

Co-stimulation (APC and T cell CD40 20911 GD [50, 55-58, 66-68, 113]
activation) SLE

RA

MS

Behcet's disease

IBD

Co-stimulation (T cell activation) CTLA-4 2q33 GD, HT [86, 114-120]
TiD

Autoimmune Addison's
Disease

SLE

RA

MS

PBC

IBD

Celiac disease
Sjogren's disease
Systemic sclerosis
Myasthenia gravis

Co-stimulation (T cell activation) PTPN22/LYP 1p13 GD, HT [121-124]
TiD
SLE
RA

Co-stimulation (B Cell Activation) FCRL3 1g21-22 GD, HT [125-128]
SLE

RA

MS

Behcet's disease
NMO

Antigen Presentation (T cell activation) HLA 6p21 GD, HT [129, 130]*
TiD

SLE

RA

MS

Celiac disease

Behcet's disease

Myasthenia gravis

*
see references for complete list of HLA-associated autoimmune diseases

Abbreviations: TSHR (thyrotropin receptor), FOXP3 (forkhead box P3), CTLA-4 (cytotoxic T-lymphocyte-associated molecule-4), PTPN22
(protein tyrosine phosphatase nonreceptor type-22), LYP (lymphoid tyrosine phosphatase), FCRL3(Fc receptor-like 3), Graves' disease (GD),
Hashimoto's thyroiditis (HT), immune dysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX), type | diabetes mellitus (T1D),
rheumatoid arthritis (RA), primary biliary cirrhosis (PBC), systemic lupus erythematosus (SLE), multiple sclerosis (MS), inflammatory bowel
disease (IBD), neuromyelitis optica (NMO)

J Autoimmun. Author manuscript; available in PMC 2016 November 01.





