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Abstract

Hashimoto’s thyroiditis (HT) and Graves’ disease (GD) are prevalent autoimmune disorders,
representing opposite ends of the clinical spectrum of autoimmune thyroid diseases (AITD). The
pathogenesis involves a complex interplay between environment and genes. Specific susceptibility
genes have been discovered that predispose to AITD, including thyroid-specific and immune-
regulatory genes. Growing evidence has revealed that genetic and epigenetic variants can alter
autoantigen presentation during the development of immune tolerance, can enhance self-peptide
binding to MHC (major histocompatibility complex), and can amplify stimulation of T- and
B-cells. These gene-driven mechanistic discoveries lay the groundwork for novel treatment targets.
This review summarizes recent advances in our understanding of key AITD susceptibility genes
(Tg, TSHR, HLA-DRS3, and CD40) and their translational therapeutic potential.
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A. INTRODUCTION

Autoimmune thyroid diseases (AITD) including Graves’ disease (GD) and Hashimoto’s
thyroiditis (HT) represent a major public health burden. With a population prevalence of
about 1-5%, AITD are not only the most prevalent disorders of the thyroid, but also the

commonest autoimmune diseases [1]. While GD and HT manifest with opposing clinical
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presentations, hypothyroidism in HT and hyperthyroidism in GD, they share a common
etiology that involves breakdown of tolerance to thyroid autoantigens [1]. In the past

two decades significant progress has been made in our understanding of the mechanisms
underlying the development of AITD and especially the contributions of susceptibility genes
to their pathoetiology.

Mechanistically, the susceptibility genes for AITD can be classified as immune-related
genes and thyroid-specific genes. The first immune-related gene triggering AITD identified
was HLA-DR3, but additional immune-related susceptibility genes for AITD were later
mapped, including CTLA-4, CD40, and PTPN22 [2]. Of the three genes encoding the

key thyroid autoantigens, thyroglobulin (Tg), thyroid peroxidase (TPO), and the thyroid
stimulating hormone receptor (TSHR), only Tg [3] and TSHR were found to be associated
with AITD.

The identification of susceptibility genes for AITD has led to a much better understanding
of the mechanisms triggering thyroid autoimmunity, and these, in turn, enabled us to
identify new therapeutic targets. In this review we will summarize recent advances in our
understanding of the mechanisms by which the key immune-related genes, HLA-DR3 and
CD40, and thyroid-specific genes, Tg and TSHR, trigger AITD. We will highlight how the
newly discovered mechanisms underlying the development of AITD are guiding therapeutic
advancements.

B. THYROID-SPECIFIC AITD SUSCEPTIBILITY GENES: Tg AND TSHR

Two thyroid specific genes, Tg and TSHR, have been associated with AITD. The Tg gene,
located on chromosome 8q24, consists of 48 exons and encodes for a large 660 kDa
protein that accounts for approximatively 75 — 80% of total thyroidal protein and serves

as a precursor of the active thyroid hormones, T3 (triiodothyronine) and T4 (thyroxine)

[4]. The TSHR gene, located on chromosome 14g31, consists of 10 exons encoding for a
G protein-coupled receptor that plays a central role in thyroid development, growth, and
function [5]. Tg and TSHR are unique among AITD susceptibility genes because they are
both targets of the autoimmune response: Tg has been recognized as a key antigen in both
HT and GD while detectable antibodies to TSHR (TSHR-stimulating antibodies or TSAbs)
are the hallmark of GD [6, 7].

Several whole-genome linkage and association studies have been performed in the last two
decades and have established the unique and important roles of the Tg and TSHR genes

in AITD susceptibility [8-11]. Furthermore, fine-mapping and sequencing of the TSHR
[12] and Tqg genes [13] have mapped unique susceptibility regions and narrowed down

the number of risk-associated single nucleotide polymorphisms (SNPs) within these genes.
However, less progress has been made regarding the identification of molecular/biological
phenotypes triggered by the Tg and TSHR AITD-associated SNPs. Indeed, understanding
the significance of risk-associated genetic variants requires functional studies focused not
only on how gene-protein expression and downstream pathways are affected but on how
gene-environment interactions impact disease susceptibility.
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Functional significance of Tg polymorphisms: Non-coding Tg SNPs

Sequencing studies of the 5’UTR (untranslated region) of Tg by our group identified an
AJG SNP located at position —1623 (rs180195) that showed strong association with AITD
[13]. Transmission disequilibrium test (TDT) analysis in families with AITD confirmed
this association [8]. More recently, Lahooti et al. genotyped the rs180195 variant in 529
patients with AITD and further confirmed this Tg polymorphism as a marker for thyroid
autoimmunity [14]. Given the 5’UTR location of the rs180195, we postulated that the

AJG polymorphism disrupts a regulatory element within the TG promoter. Bioinformatic
analyses showed that the A/G SNP overlaps a binding site for the interferon regulatory
factor (IRF-1); and electromobility shift assays (EMSA) and chromatin immunoprecipitation
(ChlIP) studies demonstrated the binding of IRF-1 to its predicted site within the Tg 5 UTR
region. Additional luciferase reporter and siRNA assays showed specific binding of IRF-1
to the disease-associated G allele which correlated with increased Tg mRNA expression
only when the G allele was present at the rs180195 site [13]. Interferon alpha (IFNa),

a known trigger of thyroiditis in genetically predisposed individuals [15, 16], is a potent
inducer of IRF-1 expression. Indeed, we found that IFNa., by inducing IRF-1 expression,
increases Tg transcription in cultured thyrocytes and up-regulated mRNA levels and active
chromatin markers at both the rs180195 site and the Tg promoter [13]. These studies
discovered not only a regulatory role of rs180195 for Tg gene expression but also revealed
an interaction between an environmental trigger of AITD, namely viral infections which
induce IFNa secretion, and a risk-associated SNP that can modulate specific molecular Tg
phenotypes associated with thyroid autoimmunity. Most surprisingly, further studies from
our group found that while IFNa upregulates Tg transcription, it actually decreases Tg
protein levels [17]. This paradox was resolved by mechanistic studies demonstrating IFNa.-
activation of the unfolded protein response (UPR) and the autophagy/lysosomal degradation
pathways in thyroid cells, triggering lysosomal degradation of Tg [17]. It is well-known that
large proteins or protein aggregates are delivered to endo-lysosomes for clearance by the
ERLAD (ER-to-lysosome-associated degradation) pathways which involve autophagy [18].
It is possible that increased IFNa-induced Tg degradation by ERLAD promotes generation
of immunogenic peptides, mounting the risk of AITD development. This hypothesis is
supported by our studies showing that in vitro treatment of Tg with cathepsins (CTS)
generated immunogenic peptides [19, 20], including Tg.2098, a major Tg T-cell epitope

in AITD [19, 21-23]. Consistent with these studies, we recently established that IFNa.
upregulated cathepsins CTSL and CTSS in thyrocytes and that their knockdown prevented
Tg degradation and the generation of immunogenic peptides (unpublished results).

Collectively, a more comprehensive picture on how gene-environment interactions can
shape the development of thyroid autoimmunity is emerging. Viral infections and other
inflammatory conditions in which there is an increased production of IFNa trigger increased
Tg expression in susceptible individuals carrying the G allele of the rs180195 SNP as well
as ER-stress and activation of the ERLAD pathways. This leads to increased production and
degradation of Tg and ultimately to the release of immunogenic peptides (Figure 1).
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B.2. Functional significance of Exonic Tg SNPs

Sequencing of all 48 exons of the Tg gene and testing them in case control association
studies identified an exon 10-12 SNP cluster and an exon 33 SNP that showed strong
association with AITD [3]. Three of these SNPs were missense polymorphisms that altered
the amino acid sequence of the Tg protein: rs180223 (exon 10, Ser734Ala), rs853326

(exon 12, Met1028Val), and rs2076740 (exon 33, Arg1999Trp) [3, 24]. Of these, a genetic
interaction between rs2076740 (Arg1999Trp) and the HLA-DRp-Arg74 pocket variant,
which binds only a select group of Tg peptides (see below, HLA-DR section) [17], was
shown to significantly increase the odds ratio (OR) for GD [24]. Thus, mechanistically, it is
possible that the missense Tg SNPs can trigger ERLAD degradation of Tg into peptides that
inherently have increased binding affinity for HLA-DRB-Arg74.

However, to directly assess the functional role of these variants and their impact on Tg
immunogenicity, new in vivo models are warranted. We have recently generated a new
mouse model of HT by immunizing mice with the cDNA of Tg in a non-replicating
Adenovirus vector (Ad-Tg) [25]. This innovative EAT mouse model is a powerful tool that
will enables us to manipulate the Tg cDNA (used to immunize the mice) to evaluate the
contributions of these Tg exonic SNPs and their haplotypes to the development of AITD.

B.3. Functional significance of TSHR gene polymorphisms in Intron 1

Intron 1 of the TSHR gene has been mapped as a unique susceptibility region for GD by
whole-genome association and fine-mapping studies in several populations [10]. Five GD-
associated SNPs have been mapped to TSHR intron 1: rs179247, rs2284720, rs12101255,
rs12101261, and rs2268458. Several studies have since aimed to unveil the functional
significance of these variants in GD pathoetiology. To date, two distinct mechanisms have
been proposed to connect intron 1 variants to increased risk of thyroid autoimmunity.

One mechanism proposes that the intron 1 SNPs alter the regulation of mMRNA splicing

of thyroidal genes thereby resulting in decreased peripheral tolerance and increased
autoimmunity to TSHR. In contrast, although not mutually exclusive, the other mechanism
suggests that these disease-associated SNPs reduce TSHR expression in the thymus thereby
leading to decreased central tolerance.

B.4. TSHRintron 1 SNPs and peripheral tolerance

TSHR intron 1 polymorphisms may function to predispose to AITD through variable SNP-
dependent mRNA splicing. Brand et al. quantified the mRNA levels of the full length
TSHR (fITSHR) and of two TSHR truncated variants, ST4 and ST5, in 12 thyroid tissues.
They showed that the risk-allele variants of rs179247 and rs12101255 were associated with
increased levels of ST4 and ST5 and decreased levels of fITSHR [12]. They suggested that
the more abundant truncated TSHR variants would putatively encode for more antigenic
TSHR extracellular A-subunits in susceptible individuals. However, more recently, another
group analyzed the levels of fITSHR, ST4, and ST5 in 49 thyroid tissues and was unable

to replicate these results; they found no significant effect of the rs179247 and rs12101255
genotypes on ST4 and ST5 expression [26]. The conflicting results between the two studies
may be explained by the small number of thyroids sampled in the former [12], especially
considering that the samples were categorized by genotype. Alternatively, it is possible
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that other intron 1 SNPs in linkage disequilibrium with rs179247 and rs12101255 may
be responsible for the observed differential effect between the full length versus truncated
TSHR mRNA levels.

ntron 1 SNPs and central tolerance

Initial studies from Pujol-Borrell’s group revealed an association between intron 1 SNPs
and TSHR expression in the thymus. Specifically, individuals carrying the disease-protective
G allele at rs179247 had higher thymic mRNA levels of TSHR compared to individuals
carrying the disease-risk A allele [27]. They then proposed that lower levels of thymic
TSHR expression associated with the A allele could facilitate the escape of TSHR-reactive
T-cells from negative selection predisposing to TSHR autoimmunity. The same group
applied parallel sequencing to quantify the rs179247 TSHR allele in cDNA and gDNA
samples from thyroid and thymus tissues of heterozygous individuals [26]. They showed a
bias of overexpression of the protective rs179247 G allele in the thymus compared to the
thyroid, suggesting that the protective allele is preferentially expressed in the thymus [26].

The molecular-epigenetic mechanisms by which intron 1 SNPs regulate TSHR gene
expression were revealed by studies done by our group [28]. The work originated from

the premise that environmental triggers modulate key interactions between genetic regulators
(e.g., transcriptional factors), epigenetic changes (e.g., histone modifications), and allelic
variants at noncoding regions leading to up- or down-regulation of gene expression [29].
We analyzed genome-wide modifications of histone 3 lysine 4 (K4)-monomethylation
(H3K4me1l), a marker of active chromatin associated with enhancer elements [30], in
thyroid cells induced by IFNa and identified an open chromatin region marked by

an H3K4mel peak overlapping two adjacent SNPs in TSHR intron 1: rs1210255 and
rs12101261 [28]. Functional studies identified a regulatory element overlapping the
rs12101261 SNP that binds the transcriptional repressor PLZF (promyelocytic leukemia
zinc finger protein). PLZF binding and transcriptional repression were restricted to the
disease-associated T allele; therefore, individuals carrying the GD-risk T allele of the
rs12101261 SNP had decreased mRNA expression of TSHR. Our findings strongly suggest
that rs12101261 is the causative (“driver”) variant triggering GD and that the other intron 1
SNPs associated with GD (rs179247, rs2284720, rs12101255, rs2268458) are “passenger”
variants in strong linkage disequilibrium with the causative SNP. Taken together these
findings support an alternative disease model in which sustained production of IFNa during
viral infections could, based on the specific rs12101261 SNP variants, differentially affect
the regulation of TSHR expression. In the thymus, lower expression of TSHR associated
with the rs12101261 risk T allele, versus the protective C allele, would then facilitate escape
from central tolerance and predispose to TSHR autoimmunity.

B.6. IFNa: a new therapeutic target in AITD

IFNa represents an elemental link between the environment, immune system, and
susceptibility genes in triggering thyroid autoimmunity. It ties an environmental event,

such as a viral infection, to genetic susceptibility and epigenetic triggers towards the
development of AITD in genetically-predisposed individuals. The aforementioned emerging
data suggest that, in the context of disease-susceptible SNP variants, IFNa can adversely
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alter the expression of Tg and TSHR in a way that will promote thyroid autoimmunity. Other
immunomodulatory and local effects of IFNa include the activation of proinflammatory
cytokines and adhesion molecules, the overexpression of HLA class | proteins, and the local
infiltration of lymphocytes that collectively facilitate autoantigen presentation [31]. IFNa
has also been implicated in the development of a multitude of autoimmune, rheumatologic
diseases such as systemic lupus erythematosus (SLE), Sjogren’s syndrome, rheumatoid
arthritis (RA), type 1 diabetes mellitus, and primary biliary cholangitis, among others [31].
As a key mediator of the environment-genetic interaction and an immunomodulator with
pleiotropic effects, INFa is an attractive target to potentially interrupt the progression to
autoimmunity.

B.7. IFNa and IFNa Receptor MAbs: potential therapeutic agents in AITD

The growing evidence for IFNa’s fundamental role in triggering AITD in a background

of genetic susceptibility raises the possibility that targeting IFNa pathways may represent
a potential approach to treat AITD. Indeed, Anifrolumab, a human IgGlkappa monoclonal
antibody (MADb) against the type 1 Interferon Receptor subunit 1 (IFNAR1) was recently
FDA-approved in 2021 as an add-on therapy for moderate to severe SLE [32, 33].

Clinical studies demonstrated that inhibition of type 1 interferon signaling led to significant
reductions in the severity of skin manifestations and in glucocorticoid dosing; moreover,

a neutralization of the IFN gene signature was noted with treatment. Rontalizumab and
Sifalilumab, MADbs that neutralize IFNa., also previously showed encouraging results in
SLE in phase Il clinical trials [34]. In AITD, however, current evidence suggests that
IFNa, following a viral infection, primarily contributes to the initial trigger rather than the
maintenance of the autoimmune-driven attack on the thyroid. It is, therefore, possible that
therapies targeting the IFNa pathways will be less effective in AITD. Clearly, further studies
are needed to determine the exact role of IFNa in both the initiation and perpetuation of
thyroidal autoimmunity.

C. IMMUNE-RELATED AITD SUSCEPTIBILITY GENE: HLA-DR3

The HLA (human leukocyte antigen) complex, encoded by the MHC (major
histocompatibility complex) on chromosome 6p21, represents a highly gene-dense and
polymorphic region. It encodes various proteins essential in the initiation of an immune
response including antigen presentation and T-cell activation and was therefore the first,
salient AITD gene locus to be identified. Of the HLA subtypes, HLA-DRS3 has been the
most clearly linked to AITD as a susceptibility gene [35, 36]. In fact, 40-50% of GD
patients harbor the HLA-DR3 gene, compared to 15-30% in the general population with

an impressive estimated OR of 4.0 [37]. Although initially less conclusive, HLA-DR3’s
association with HT has since also been firmly established [35]. HLA-DRS3 consists of over
30 alleles, and genetic sequencing of HLA-DR3 by our group has led to the identification of
a unique HLA class Il variant that predisposes to both HT and GD [36, 38]. We identified
a signature HLA-DRp (beta chain of HLA-DR3) pocket variant in which an arginine at
position 74 (HLA-DRB-Arg74) conferred an increased risk for the development of AITD,
compared to the protective glutamine (HLA-DRB-GIn74) variant. Interestingly, the same
HLA-DRB-Arg74 pocket was also shown to predispose to the autoimmune polyglandular
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syndrome type 3 variant (APS3 variant or APS3v) [39], a clinical syndrome manifesting as
concurrent thyroid autoimmunity (AITD) and islet autoimmunity (type 1 diabetes) [40, 41].

C.1. Functional Significance of the HLA-DRB-Arg74 variant

Three-dimensional computer modeling of the HLA-DR pocket revealed that the electrostatic
potential of the AITD-susceptible HLA-DRB-Arg74 generates a more positively charged P4
HLA-DR pocket than the AITD-resistant HLA-DRB-GIn74. Mechanistically, this positive
charge differential is understood to selectively favor the binding affinity of pathogenic
self-peptides to the HLA-DR pocket thereby facilitating efficient auto-antigen presentation
and T-cell activation in the immunological synapse with the eventual triggering of AITD.
Candidate pathogenic peptides include peptides derived from thyroid peroxidase (TPO)

in HT, TSHR in GD, and Tg in both HT and GD. The interaction between pathogenic
thyroidal peptides and the HLA-DRB-Arg74 pocket therefore provides an exciting potential
therapeutic target. One of the earliest steps of the autoimmune response, specifically self-
antigen presentation to autoreactive T-cells that have escaped negative selection, may be
halted by blocking thyroidal peptide presentation by HLA-DRB-Arg74. Such an antigen-
specific immunotherapy represents a major advance, as current treatment modalities of
AITD only provide symptomatic relief through replacement of deficient thyroid hormones
in HT or suppression of excess thyroid hormone production in GD. Although clinically
effective, these do not reverse the underlying autoimmune disease process.

C.2. Antigen presentation by HLA-DR3: a new therapeutic target in AITD

To evaluate whether the HLA-DRB-Arg74 pocket is a potential target for the treatment of
AITD, our group investigated the effects of small molecules that bind and block HLA-DRS3.
Small molecule inhibitors have increasingly become an attractive approach to treat and even
prevent the development of autoimmune diseases [42, 43]. Not only are small compounds
inherently more stable than larger peptides and usually available in oral formulations, small
molecules are also less immunogenic, less prone to elicit T-cell activation, and more likely
to be absorbed with better tissue penetration. To identify candidate small molecules that
block the HLA-DRP pocket, 150,000 compounds from a large and diverse library of small
molecules were virtually screened for their binding affinity to HLA-DRB-Arg74 using
molecular dynamic simulations [30]. Top hit compounds were further narrowed to only
those with >50% in vitro inhibition of peptide-binding to recombinant HLA-DRB-Arg74
by DELFIA (dissociated-enhanced lanthanide fluorescence immunoassay). We eventually
identified a compound Cepharanthine, which showed significant inhibition of thyroglobulin
peptide binding to HLA-DRB-Arg74. Of note, Cepharanthine is a molecule listed on the
FDA library (i.e., it has been given to humans before and has known safety data including
dosage, pharmacokinetics, and toxicity profiles) [20]. Therefore, Cepharanthine was selected
for further investigation to assess its translational potential in vivo using three humanized
DR3 mouse models of HT [20], GD [44], and APS3v [45].

C.3. Testing Cepharanthine ex vivo and in vivo using humanized mouse models of AITD

Tg is the most abundant thyroidal protein [46] and anti-Tg antibodies serve as a hallmark of
thyroid autoimmunity in humans and in mouse models of AITD [47]. Specific pathogenic
Tg peptides can bind strongly and specifically to HLA-DRB-Arg74, of which Tg.2098
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has been shown to be a major human Tg epitope [19-21]. We used a humanized NOD-

DR3 mouse model of HT (Experimental Autoimmune Thyroiditis or EAT) in which

EAT is induced by immunizing the humanized mice with human Tg. We then tested if
Cepharanthine could block T-cell responses to Tg in splenocytes isolated from EAT-induced
NOD-DR3 mice. Isolated splenocytes were stimulated with Tg in the presence or absence
of Cepharanthine and showed that Cepharanthine suppressed T-cell responses to Tg ex
vivo. Moreover, when NOD-DR3 mice were induced with EAT and treated in vivo with
Cepharanthing, there was a significant decrease in their T-cell responses to Tg. These
reductions were mediated by blocking Tg peptide binding to the HLA-DRB-Arg74 pocket
[20].

As previously noted, the TSHR is the major autoantigen in GD. Similar to the key role the
peptide Tg.2098 plays in HT, a TSHR peptide, designated TSHR.132, has been consistently
reported to be the dominant TSHR peptide in GD [44, 48]. More so than other TSHR
epitopes, TSHR.132 has been shown to specifically bind with high affinity to recombinant
HLA-DRp-Arg74 and to cells that express HLA-DRB-Arg74. Our group also demonstrated
that TSHR.132 induced strong T-cell proliferative responses when used to immunize
humanized NOD-DR3 mice with increased levels of Th1l and Th2 cytokines including IFN-y,
IL-2, IL-4, and I1L-10 [44]. We recently created an Experimental Autoimmune Graves’
Disease (EAGD) mouse model in humanized BALB/c-DR3 mice [49] in which TSHR.132
peptide presentation within the human HLA-DR3 was confirmed. Furthermore, we showed
that Cepharanthine inhibited T-cell activation by TSHR.132 ex vivo in splenocytes isolated
from humanized mice induced with EAGD [44].

The co-occurrence of autoimmune thyroiditis and type 1 diabetes within the same individual
is a variant of autoimmune polyglandular syndrome type 3 (APS3v) [40, 41]. As with

the monoglandular HT and GD, HLA-DR3 likewise confers strong genetic susceptibility
to polyglandular APS3v [39]. Indeed, the same HLA-DRpB-Arg74 flexible pocket has the
ability to present both thyroid and pancreatic islet peptides, triggering APS3v [50]. In
particular, we identified 3 major peptides (Tg.1571, GAD .492, and TPO.758) capable

of eliciting significant T-cell and B-cell responses in NOD-DR3 mice. These peptides
were then used to generate a humanized murine model of APS3v characterized by strong
T-cell and humoral antibody responses to each of these peptides and by biochemical
hypothyroidism. Ex vivo analyses of splenocytes isolated from the NOD-DRP APS3v
mice revealed that Cepharanthine significantly suppressed T-cell responses to GAD.492,
TPO.758, and Tg.1571. In vivo, APS3v mice treated with Cepharanthine similarly showed
suppressed T-cell proliferation and stimulation [45]

C.4. Cepharanthine: A potential novel therapeutic agent in AITD

Through robust virtual and in vivo screening, the small molecule Cepharanthine was
uniquely identified to effectively bind HLA-DR3 and to directly interact with HLA-DRp-
Arg74, the signature pocket amino acid that is shared between HT, GD, and APS3v. In
the aforementioned humanized mouse models, Cepharanthine demonstrated an inhibitory
effect on T-cell stimulation and its downstream cytokine production. Cepharanthine is

an alkaloid extracted from the plant Stephania cepharantha Hayata that, curiously, has

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2023 March 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 9

been used for more than 40 years in Japan for several chronic and acute conditions

[51], including immune thrombocytopenic purpura associated with multiple myeloma [52],
radiation-induced leukopenia [53, 54], and even venomous snakebites [55]. Cepharanthine
has also been reported to have other beneficial effects such as anti-tumor [56] and anti-
allergic activities [57] and multidrug resistance reversal [58]. No major adverse effects have
fortunately been reported so far, although this may be due to the limited number of studies
performed.

In our humanized mouse models of HT, GD, and APS3v, we demonstrated that
Cepharanthine can block the respective diseases through inhibition of T-cell activation.

We hypothesize that this effect of Cepharanthine is mediated by blocking the specific HLA-
DR3 pocket variant that is associated with AITD and APS3v. In fact, molecular modeling
shows that Cepharanthine interacts directly with Arg74, the critical amino acid variant that
facilitates and enhances autoantigenic peptide binding and presentation to T-cells (Figure
2). By blocking the HLA-DR3 pocket, Cepharanthine shows promise as a new, therapeutic
agent that targets the initial step in the initiation of thyroid autoimmunity and that can be
personalized to treat only patients who are positive for the HLA-DR3 allele. Furthermore, as
HLA-DR3 is associated with a variety of diseases including Addison’s disease, myasthenia
gravis, and SLE [59], Cepharanthine may be potentially effective in other autoimmune
disorders.

D. IMMUNE-RELATED AITD SUSCEPTIBILITY GENE: CD40

CD40 (cluster of differentiation 40), a key immune-modulating co-stimulator that regulates
B-cell activity has been shown to be a major susceptibility gene for GD [2, 60]. SNPs within
the CD40 gene have emerged as genetic variants predisposing to disease [61, 62]. In addition
to GD, its aberrant function has been linked to a variety of other autoimmune disorders,

and recently, there has been a renewed interest in CD40 as a potential therapeutic target for
autoimmune diseases given its central role in a broad spectrum of immune functions.

D.1. Overview of CD40 function

CD40 is a member of the tumor necrosis factor (TNF) receptor superfamily and is

a transmembrane cell surface receptor expressed classically on B lymphocytes and

other antigen presenting cells (APCs). The interaction between CD40 and its ligand
CDA40L (CD40 ligand or CD154), expressed on activated T lymphocytes, provides
essential co-stimulatory signals for proper adaptive immunity. CD40 stimulation drives
B-cell proliferation, expansion, and activation. It upregulates major histocompatibility
complex class Il (MHC I1) on B-cells, drives plasma cell differentiation, and potentiates
immunoglobulin isotype class switching and antibody secretion [63]. CDA40 is likewise
important to the function of professional APCs; its signaling cascade enhances the
maturation and survival of dendritic cells and promotes the development of activated
macrophages [64]. The immunological actions of CD40 are mediated through downstream
transcription pathways, such as the NF-xB cascade, and its specific effects are influenced
by the culmination of proinflammatory cytokines and chemokines [65, 66]. Subsequent to
CDA40 binding its ligand CD40L, T-cell priming is not only optimized but CD40L undergoes
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cleavage, releasing a soluble CD40L that retains biological activity and is, itself, a cytokine
[67].

The absence or deficiency of CD40 or CD40L results in various profound immune
deficiencies as seen in Hyper IgM syndrome. Clinical manifestations include defective
immunoglobulin class switching with limited IgA, 1gG, and IgE, alterations in germinal
center responses, and increased risk for opportunistic infections [68].

D.2. CD40is a major GD susceptibility gene

Linkage and association studies have mapped the CD40 gene on chromosome 20q11

as a susceptibility gene-locus for GD and, interestingly, not for HT [61, 62]. Genomic
sequencing studies have further identified SNPs that confer an increased risk for disease.
Our group identified one of the first such CD40 polymorphisms: the =1 C/T SNP
(rs1883832) located in the Kozak sequence of the 5’UTR, a consensus sequence that

is essential for the initiation of protein translation [61]. In vitro studies have correlated

the disease-associated C allele with approximately 30% more CD40 protein expression
compared to the protective T allele. It was initially proposed that the underlying CD40
functional pathology in GD may be due to an aberrantly enhanced translational efficiency,
but increased transcriptional activity most likely also plays an important role [69]. Numerous
case-control association analyses have predominantly confirmed an increased risk for GD
with the C allele with an estimated OR of up to 1.9 [70-73]. These findings have been
replicated in a variety of geographic and ethnic populations including Caucasian American,
Korean, Japanese, and Chinese Han populations. Other CD40 polymorphisms (rs11569309,
rs745307, rs3765457) have been associated with reduced remission rates after withdrawal of
antithyroidal therapy [74].

Underscoring a shared autoimmune pathoetiology, the CD40 gene and its genetic
polymorphisms have also been implicated in other autoimmune disorders. In particular,
the aforementioned rs1883832 SNP has been linked to SLE, RA, Behcet’s disease, giant
cell arteritis, and immune thrombocytic purpura [75-78]. The rs4810485 SNP has likewise
been associated with autoimmunity, including psoriasis, multiple sclerosis, SLE, RA, and
Behcet’s disease [75, 79, 80]. In addition, increased serum levels of soluble CD40L have
been reported in Sjogren’s disease as well as SLE and RA [81]. Intriguingly, studies have
even shown that CD40 polymorphisms may modify the risk potential for non-autoimmune
inflammatory diseases such as atherosclerosis and asthma [82, 83].

D.3. Functional significance of CD40 in GD

In addition to being expressed on APCs as an immune co-stimulatory molecule, CD40 is
also expressed by a broad spectrum of non-hematopoietic cells including epithelial cells,
endothelial cells, and fibroblasts [63, 84]. Thyroid follicular cells express CD40 [84] and are
therefore able to provide co-stimulatory signals to locally activate T-cells. In fact, studies
have demonstrated enhanced CD40 expression in thyroid tissues of GD patients [85] as well
as in orbital fibroblasts of patients with Graves’ ophthalmopathy [86]. Elevated serum levels
of soluble CD40L have also been associated with GD in pediatric populations [67].
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We therefore hypothesized that CD40 upregulation in thyroid follicular cells, driven by

a disease-associated SNP allele, may trigger GD. To test this hypothesis, we generated

a transgenic mouse over-expressing CD40 in the thyroid. With induction of EAGD

by a modified Nagayama protocol, these CD40-transgenic mice developed significantly
higher TSHR antibody titers and thyroxine levels compared to wild-type EAGD mice
[87]. Furthermore, when chimeric mice in which CD40 was knocked out in all bone
marrow-derived cells, including the thyroid, underwent EAGD induction, these CD40KO
mice developed significantly less TSHR antibodies than the control EAGD mice [87].
Collectively, these results support the hypothesis that thyroid-specific CD40 over-expression
amplifies the production of pathogenic TSHR antibodies and can trigger and/or accelerate
GD.

The exact mechanisms by which increased thyroidal CD40 expression, in the context of a
risk-SNP allele, predisposes and provokes GD remains unclear. The subsequent secretion
of multiple proinflammatory cytokines by thyrocytes may be a possible mechanism. In
fact, both in vitro and in vivo studies have correlated CD40 activation to the secretion of
an augmented cytokine profile. IL-6, IL-8, TNFa, and BAFF (B-cell activating factor)
levels, among other cytokines from the canonical and non-canonical NFxB pathways,

are upregulated with CD40 stimulation; and the levels are even more pronounced in GD
[88]. On the other hand, CD40-CD40L blockade in murine models of GD has effectively
dampened the humoral response and the degree of inflammatory thyroiditis [89, 90].

Upregulated organ-specific CD40 expression and signaling have similarly been
characterized in other autoimmune diseases [91, 92]. Chondrocytes from the articular
cartilage of patients with RA and animal models of collagen-induced arthritis have

been shown to have higher CD40 expression [92, 93]. Endothelial cells from patients

with Crohn’s disease and B-cells from kidney biopsies of patients with lupus nephritis
overexpress CD40 [94, 95]. Marked CD40L upregulation has been noted in peripheral
T-cells isolated from patients with SLE and psoriatic arthritis [95]. And increased levels of
soluble CD40L have been described in type 1 diabetes mellitus [64, 96]. In summary, the
resounding evidence indicates that amplified CD40 expression and the subsequent enhanced
CD40-CDA40L interaction is a shared mechanism of autoimmune dysfunction.

D.5. CD40-CD40L interaction: a new therapeutic target in GD

As mentioned, CD40 has consistently been identified as a significant player contributing

to the pathogenesis of GD. The CD40-CDA40L interaction provides essential signals to
potentiate B-cells and prime T-cells, triggering effective antibody and cell-mediated immune
responses. Normally under tight regulation, any aberrant and excessive CD40 signaling
would, expectedly, disrupt the delicate balance between self-tolerance and pathogen
immunity. For these reasons, the CD40-CD40L pathway is positioned as a coveted
therapeutic target in GD.

D.6. CD40L and CD40 MADs: future therapeutic agents in GD (Figure 3)

The earliest therapies directed against the CD40-CD40L pathway included CD40L -
targeted MADbs. Unfortunately, these first generation CD40L antagonists (Ruplizumab
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and Toralizumab) led to significant thromboembolic events, halting further clinical trials
[97]. 1t was determined that the thrombotic adverse effects were potentially due to the
upregulated presence of CD40L and the Fc receptor (CD32a) on activated human platelets,
subsequently resulting in MAb-mediated platelet aggregation [64, 95]. Second generation
CDA40L antagonists have since been engineered without the Fc portion and are under active
preclinical or early phase investigations. Letolizumab and Dapirolizumab are currently being
studied in SLE and transplant graft survival [64].

Iscalimab (CFZ533) is a humanized anti-CD40 MADb incapable of B cell depletion and
with an inert Fc tail, thereby rendering it void of any potential Fc receptor-mediated

effects [64, 95]. Preclinical animal models of renal transplantation showed improved

renal allograft survival without any evidence of thromboembolic events. Histologically,
prolonged preserved kidney morphology and an absence of splenic germinal centers were
observed with treatment. Additionally, alloantibodies were notably absent and the serum
cytokine levels were not increased with treatment, indicating Iscalimab’s blockade of
T-cell dependent antibody responses [98]. Subsequently, the first human clinical trial to
assess the safety of Iscalimab soon followed, confirming Iscalimab’s overall well-tolerated,
thromboembolic-free profile. Numerous clinical trials with novel humanized anti-CD40
MADbs (Iscalimab CFZ533, Bleselumab ASKP1240, and Bl 655064) are currently underway
[64, 95]. The majority of these trials focus on rheumatological diseases such as Sjogren’s
syndrome, RA, plaque psoriasis, and myasthenia gravis.

A recent phase Il clinical trial investigated the effects of Iscalimab in patients with GD.
Monthly infusions were administered over 12 weeks followed by an additional 24 week
monitoring period [99]. The primary clinical outcomes measured included the levels of
thyroid hormones and thyroid antibodies. Of the 15 thyrotoxic patients, seven patients
responded, achieving biochemical remission by week 24, without rescue antithyroidal
medications. Two of these patients even experienced improvements in orbitopathy. TSHR,
TPO, and thyroglobulin antibodies were also broadly reduced with normalization of

the TSHR antibodies in 4 responders. Subsequent CD40 genotyping identified that the
responders share a particular CD40 haplotype (C allele of rs1883832, the G allele of
rs4810485, and the T allele of rs6074033) that also correlated with significantly increased
CD40 mRNA levels [100]. By targeting the underlying pathogenesis of GD, the potential
therapeutic benefits of CD40 and/or CD40L blockade are compelling and promising.

E. SUMMARY

In the era of precision medicine, in which treatments are personalized to an individual’s
genetic architecture and environmental history, it is necessary to comprehensively elucidate
and understand the underlying drivers of disease. Studies in AITD have shown that these
key mechanistic instigators include major susceptibly genes such as the thyroid-specific
Tg and TSHR genes and the immunoregulatory HLA-DR3 and CD40 genes. Moreover,

we have now pinpointed the functional role of SNP variants and epigenetic changes that
trigger AITD and how these specifically predispose to a wide spectrum of immunological
dysfunction ranging from aberrant self-peptide exposure and autoantigen presentation to
T- and B-cell over-stimulation. Inhibition and circumvention at any of these pathogenic
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processes represent an exciting approach to target an early, underlying trigger and prevent
progression to clinical disease. Current available treatments of thyroid hormone replacement
and anti-thyroidal drugs for HT and GD, respectively, do not target the autoimmune process
and merely provide symptomatic relief.

The future of targeted therapies in the treatment of AITD has finally arrived. In line with
the various MAbs utilized for rheumatological diseases, with which AITD often shares a
common pathogenesis, MADbs targeting various pathways that are altered in AITD show
promise. Blocking self-peptide presentation to T-cells by MHC Il complexes, an essential
step in the progression to autoimmunity, with small molecules are likewise ideal targets.
Such precise, targeted immune therapies potentially carry a three-fold benefit: alleviation of
clinical symptoms, disease prevention, and even disease reversal.
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PRACTICE POINTS

. Hashimoto’s thyroiditis (HT) and Graves’ disease (GD) are among the most
prevalent autoimmune diseases.

. Current treatment modalities include thyroid hormone replacement therapy in
HT and suppression of excess thyroid hormone production in GD.

. Both genetic and environmental determinants influence the development of
autoimmune thyroid diseases (AITD). Evidence shows that epigenetic and
genetic polymorphisms of the Tg, TSHR, HLA-DR3, and CD40 genes,
among others, can alter the production of antigenic thyroidal self-peptides,
the binding affinity of autoantigens to MHC, and the degree of T- and B-cell
stimulation.
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RESEARCH AGENDA

. Further research to comprehensively understand the functional genetic
mechanisms of AITD’s susceptibility genes are needed. These will drive the
development of novel, translational therapies in the treatment AITD.

. In genetically susceptible individuals for autoimmunity, IFNa and its receptor
are potential therapeutic targets for monoclonal antibodies. More studies are
needed to further clarify if blocking IFNa or its receptor could be clinically
useful in AITD.

. Monoclonal antibodies against CD40 and CD40L are currently undergoing
development and investigation for the treatment of various autoimmune
disorders including GD. Future clinical trials are needed to better understand
their clinical efficacy.

. Small molecules that block aberrant autoantigen presentation are a class
of novel therapeutics. Additional studies, including clinical trials, with
Cepharanthine are needed.
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Figure 1:
A proposed model for environmental-genetic interaction leading to anti-Tg autoimmunity.

Viral infections lead to local secretion of IFNa which in turn binds to its receptor on thyroid
cells and on immune cells. Immune cell binding leads to secretion of chemokines and
recruitment of immune cells. Thyroid cell binding triggers increased synthesis of Tg, as well
as ER stress and increased autophagy within thyroid cells. Both lead to Tg degradation into
immunogenic peptides, such as Tg.2098 that can be presented to immune cells.
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Figure 2:
3-D structure of the HLA-DRB-Arg74 pocket with Cepharanthine bound to it. As can be

seen, Cepharanthine interacts with the arginine at position p74. Arg74 (shown in yellow)

is proximal to the oxygen atoms in Cepharanthine (shown in Van der Waals spheres).
Therefore, Cepharanthine can prevent Tg and TSHR peptides from binding to the pocket and
being presented to T-cells.

Best Pract Res Clin Endocrinol Metab. Author manuscript; available in PMC 2023 March 23.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Leeetal. Page 23

Thyroid
follicle

o ° © NFxB2

BAFFo__/

CCL21 o

CD40L activation of CD40 signaling
in thyrocytes results in cytokine
secretion, and in B-cells results in
B-cell activation and Ab production.

CD40
mAb

g
Gib /‘L; cD40L MHC Ii

CD40L mAb

Monoclonal Abs against CD40 or CD40L block the
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Figure 3:
Rationale for the development of CD40-targeted therapies. *A T-cell interacts with either a

professional APC (i.e., B-cell) or a non-professional APC (i.e., thyroid cell); for illustrative
purposes, this figure depicts both types of interactions concurrently with a single T-cell.
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(A) CD40 is expressed on thyroid cells and B-cells. CD40-CD40L binding activates
CDA40 signaling pathways in thyroid cells, such as the canonical and non-canonical NFxB
pathways, leading to the secretion of IL-6, IL-8, TNFa., and BAFF. These drive a local
inflammatory response in the thyroid and, in genetically susceptible individuals, results in
the activation of thyroid-reactive T-cells that have escaped tolerance. Activation of CD40
signaling pathways in B-cells leads to their differentiation into plasma cells. Autoreactive
B-cells will secrete antibodies targeting the TSHR. (B) MADb’s targeting either CD40 or
CDA40L can block these pathways and may have a beneficial clinical effect in GD.
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