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Abstract

Autoimmune thyroid diseases (AITD) have become increasingly recognized as a complication of
interferon-alpha (IFNa) therapy in patients with chronic Hepatitis C virus (HCV) infection.
Interferon-induced thyroiditis (11T) can manifest as clinical thyroiditis in approximately 15% of
HCV patients receiving IFNa and subclinical thyroiditis in up to 40% of patients, possibly
resulting in either dose reduction or discontinuation of IFNa treatment. However, the exact
mechanisms that lead to the development of 1T are unknown and may include IFNa-mediated
immune-recruitment as well as direct toxic effects on thyroid follicular cells. We hypothesized
that 11T develops in genetically predisposed individuals whose threshold for developing thyroiditis
is lowered by IFNa.. Therefore, our aim was to identify the susceptibility genes for IIT. We used a
genomic convergence approach combining genetic association data with transcriptome analysis of
genes upregulated by IFNa.. Integrating results of genetic association, transcriptome data,
pathway, and haplotype analyses enabled the identification of 3 putative loci, SP100/110/140
(2937.1), HLA (6p21.3), and TAPI (6p21.3) that may be involved in the pathogenesis of IIT.
Immune-regulation and apoptosis emerged as the predominant mechanisms underlying the
etiology of IIT.
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1. INTRODUCTION

Interferon alpha (IFNa) is a critical cytokine in the host immune response to viral infections
and tumors, and plays an important role in the cross talk between the innate and adaptive
immune responses [1]. Moreover, IFNa is a powerful therapeutic agent for a variety of
infectious and malignant diseases. Intriguingly, therapy with IFNa has been associated with
several autoimmune complications, most notably autoimmune thyroiditis [2]. The
association of IFNa therapy with the development autoimmune thyroiditis (i.e. interferon
induced thyroiditis [I1T]) has been well documented, most commonly when IFNa is used as
a therapy for chronic hepatitis C virus (HCV) infection [3]. Numerous epidemiological
studies have shown that IIT is quite common with subclinical thyroid disease developing in
approximately 40% of HCV patients receiving a course of IFNa, while clinical disease (i.e.
Hashimoto’s thyroiditis [HT] or Graves’ disease [GD]) develops in up to 20% of patients
[4]. The complications of hypo- and hyper-thyroidism can be serious (e.g. cardiac
arrhythmias) and could lead to dose reduction or cessation of therapy [5]. Therefore, current
treatment algorithms recommend that HCV patients receiving IFNa therapy undergo
periodic thyroid function testing throughout their treatment course [3].

The mechanisms by which IFNa induces thyroiditis are still unknown. We have recently
shown that IFNa induces thyroiditis by both direct toxic effects on the thyroid and by
immune recruitment mechanisms [6]. The fact that only 20-40% of HCV patients receiving
IFNa therapy develop [T suggests that HCV and IFNa act synergistically to induce thyroid
disease in genetically predisposed individuals. Therefore, we hypothesized that genetic
susceptibility plays a major role in the etiology of interferon induced thyroiditis. Indeed, the
presence of thyroid autoantibodies, a biomarker of genetic susceptibility to autoimmune
thyroid diseases (AITD), is the strongest risk factor for development of thyroiditis in HCV
patients receiving IFNa [7]. However, so far, only a few small studies have analyzed genes
that may be associated with 1IT.

The goal of the current study was to identify the susceptibility genes for interferon induced
thyroiditis in HCV patients. We performed a comprehensive genetic analysis in a cohort of
well-characterized T patients comparing them to HCV patients that received IFNa therapy
but did not develop thyroiditis (designated “HCV controls™) as well as to healthy individuals
that were not infected by HCV (designated “healthy controls”). Our data point toward a key
role for immune-regulatory and apoptosis related genes and pathways in the genetic
susceptibility and pathogenesis of 1IT.

2. PATIENTS AND METHODS

2.1 Study Subjects

The project was approved by the Mount Sinai School of Medicine Institutional Review
Board. 326 patients with a diagnosis of chronic Hepatitis C virus (HCV) infection, who were
treatment-eligible, were retrospectively screened for the development of thyroid disease.
Demographics, co-infection with HIV, HCV genotype, and viral response to IFNa treatment
were recorded based on the documented clinical information that was available at the time
of chart review. None of the patients had documented evidence of other forms of liver
disease including hepatitis B virus infection, non-alcoholic fatty liver disease, or alcoholic
liver disease. Of the 326 patients who were screened, 245 individuals fulfilled our inclusion
criteria: 1) confirmed infection with chronic HCV; 2) received at least one 12 week course
of IFNa therapy; 3) had documented clinical, biochemical, and antibody information to
enable the appropriate diagnosis and classification of thyroiditis. We excluded 81 patients
based on the following criteria: 1) prior history of thyroid disease (i.e., Graves’ disease,
Hashimoto’s thyroiditis, or primary hypothyroidism); 2) expired at the time of chart review;
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3) received less than 12 weeks of IFNa therapy; 4) did not ultimately receive IFNa
treatment. Following at least one 12 week course of IFNa therapy, 53 individuals (21.6%)
were confirmed to have developed interferon-induced thyroiditis (11T cases), while 192 did
not develop thyroiditis (HCV controls). This frequency of IIT is consistent with the
literature [3]. The patient characteristics are shown in table 1. Plasma and DNA samples for
the included cases and controls were obtained from Mount Sinai Biobank (Charles R.
Bronfman Institute for Personalized Medicine, Mount Sinai School of Medicine, New York,
NY). 851 healthy Caucasians individuals, who were previously genotyped using the
immunochip (see below) with no known personal history of autoimmune disease, liver
disease, or thyroid disease, served as control subjects (provided by Dr. Peter K. Gregersen,
Feinstein Institute for Medical Research, North Shore-Long Island Jewish Health System,
Manhasset, NY).

2.2 Diagnosis and classification of IIT

The clinical spectrum of 1T includes autoimmune (Graves’ disease, Hashimoto’s
thyroiditis, or presence of thyroid antibodies without clinical dysfunction) and non-
autoimmune (destructive thyroiditis or primary myxedema) thyroiditis [3]. Patients with GD
or HT were diagnosed based on previously established clinical and biochemical criteria [8].
Those patients that developed thyroid antibodies (TAb, anti-TPO and/or anti-Tg) without
evidence of clinical disease as a result of IFNa therapy were classified as subclinical,
autoimmune thyroiditis. Patients who developed clinical thyroid dysfunction, defined by
initial hyperthyroid phase followed by gradual resolution (sometimes with hypothyroid
phase) without the presence of thyroid Abs, were diagnosed as non-autoimmune
inflammatory (destructive) thyroiditis. Individuals with clinical symptoms and biochemical
evidence of hypothyroidism, without the presence of thyroid Abs, were classified as non-
autoimmune hypothyroidism, or primary myxedema.

2.3 Laboratory assessment of HCV infection and thyroid function testing

The diagnosis of hepatitis C virus was confirmed and quantitatively assessed by the presence
of HCV-RNA, with an assay detectable lower limit of 600 1U/ml (developed by Roche
Diagnostics Corporation; adapted and optimized by the Molecular Diagnostics Laboratory at
Mount Sinai Medical Center, New York, NY). HCV viral genotype was determined by RT-
PCR and reverse hybridization (line probe) assay (Quest Diagnostics Incorporated, USA).
Plasma levels of antibodies to TPO and Tg were measured using a radioimmunoassay kit
(KRONUS, Star, ID, USA) according to manufacturer’s protocol. Briefly, patients’ plasma
samples were incubated with 1125 labeled TPO or Tg. Samples were centrifuged and the
supernatant was removed by decanting or aspirating the liquid component. The amount of
antibody present is directly proportional to the amount of radioactivity in the remaining
pellet, which was read by a gamma counter. Calibrators were tested in the same assay with
unknown patient plasma samples and antibody concentration was calculated using a
standard concentration curve.

2.4 Genotyping

Genotyping of the cases and controls was performed at the Feinstein Institute for Medical
Research, North Shore-Long Island Jewish Health System, Manhasset, NY. DNA samples
were genotyped using the illumina infinium immunochip, a customized chip enriched for
genes known to be associated with most of the major autoimmune and inflammatory
disorders. Initiated by the Wellcome Trust Case-Control Consortium, the immunochip
contains 9,021 genes covering 196,524 polymorphisms (718 insertion/deletions, 195,806
SNPs) with approximately 3,000 SNPs for each autoimmune disease [9]. PLINK (http://
pngu.mgh.harvard.edu/purcell/plink/) was used to perform quality control (QC) and
association analysis [10]. Firstly, SNPs with less than 95% SNP call rate were removed as
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part of quality control. Of 196,524 SNPs, 189,672 passed the initial QC step. From 189,672
markers, 182,832 SNPs, including 175,368 non-HLA SNPs, were successfully genotyped
and used in association analysis comparing all 11T cases (n = 53) to HCV controls (n = 190)
(2 HCV control samples were removed for ‘missingness’). 185,425 SNPs were used in the
analysis comparing only Caucasian Il T cases (n = 44) to healthy, Caucasian controls (n =
851) (see below).

2.5 Principal Component Analysis (PCA)

EIGENSOFT [11] was used to perform principal component analysis (PCA) on the data to
investigate the sample distribution based on ethnicity and experimental batch and to ensure
that our cases and controls were appropriately matched to avoid effects of population
stratification. PCA is a method that analyzes genotypes of ancestry informative markers and
aligns them with genotypes known to be prevalent among different ethnic groups [12].
Although our IIT cases (n = 53) and HCV controls (n = 190) were ethnically heterogeneous,
PCA demonstrated our datasets to be appropriately matched with similar graphical
distributions (figure 1) enabling us to compare the groups in the association studies. The
PCA plot revealed that the majority of our IIT cases were Caucasian, while the remainder
was comprised of other ethnicities, mostly Hispanic-Latino (table 1). Those samples falling
in close proximity or inside the Caucasian cluster were selected for further analysis in which
we compared only the Caucasian 1T cases (n = 44) to healthy, Caucasian controls (n = 851),
representing a more ethnically homogeneous dataset. Using healthy, Caucasian controls also
enabled us to use a much larger Caucasian control group than the subset of Caucasian HCV
controls, thus increasing the power of our analysis. PCA confirmed the matching of our
Caucasian IIT patients to healthy, Caucasian controls.

2.6 Association analysis

Association analysis in PLINK was performed by logistic regression using the first 2
principal components as covariates to adjust for the effect of population stratification. The
Cochran-Armitage trend test was applied because it has the advantage that it is not
influenced by the presence or absence of Hardy-Weinberg equilibrium for any tested SNP.
For the two groups analyzed (the complete dataset and the Caucasian subset), the 100 SNPs
(complete dataset) and 512 SNPs (Caucasian subset) that reached the highest statistical
significance (see below) were selected and annotated with gene and autoimmune pathway
information only if the SNP was within an interval that went from 40Kb upstream to 10Kb
downstream of the pathway-associated gene. Ideally, when choosing the appropriate cutoff
value for statistical significance when evaluating approximately 10,000 genes and 200,000
SNPs, a statistical threshold of a p-value less than 1 x 1072, based on Bonferroni correction,
would be the appropriate cut-off value for genome wide significance. However, few SNPs
were identified above this genome wide threshold, most likely attributable to the relatively
small number of individuals included in our study. Therefore, we used a significance
threshold of a p value less than 1 x 1073. This adjustment would increase the likelihood of
identifying false positive associations. Since we analyzed approximately 10,000 genes we
would expect to detect 10 signals by chance alone (false positives) when the threshold is set
to a p value less than 1 x 1073, To further narrow down the markers to only those that
represent a true association with 11T, we filtered our associated genes to include only genes
that contained multiple associated SNPs and applied the approach of genomic convergence
(see below).

2.7 Genomic convergence analysis

To identify genes that are more likely to play an important role in susceptibility to 1T, we
used the method of genomic convergence, an approach that has been successfully used in
previous studies [13, 14]. The principle of the genomic convergence approach is to combine
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and align data obtained using several genetic techniques. Genes that are identified using
more than one approach are more likely to influence the disease process of interest.
Association analysis alone, even when performed on very large datasets, can yield false
positive results. However, combining the association data with gene expression data is more
likely to pinpoint genes that contribute to the etiology of disease. Therefore, to identify
genes that are important to the etiology of 1T we merged the case-control association data
with the transcriptome data looking for genes that were both associated with 1T and
upregulated by IFNa. This allowed us to prioritize those genes that demonstrated
significance both in the genetic analysis and in the expression analysis, thereby increasing
the likelihood that these genes are involved in the pathogenesis of I1T.

2.8 Peripheral blood mononuclear cell isolation and transcriptome analysis

To determine the effects of IFNa on gene expression, peripheral blood mononuclear cells
(PBMCs) were isolated from venous blood of a healthy donor by Ficoll-Paque density
gradient centrifugation (GE Healthcare, Pittsburgh, PA) and incubated for 48 hours. After 48
hours incubation, one set of cells was exposed to IFNa (5,000U/ml) while the other set
remained untreated, and then allowed to incubate for a further 24 hours. All experiments
were performed in triplicates. RNA was extracted from PBMCs, using TRIzol (Invitrogen,
Carlshad, CA), and quantified. RNAseq was used to analyze the PBMC transcriptome from
PBMCs incubated with and without IFNa. treatment. Transcriptome analysis and Ingenuity
Pathway Analysis were performed as previously described [6]. Results from gene expression
profiling of PBMCs were then integrated with results of genetic association analysis (see
above description of the genomic convergence analysis).

2.9 Haplotype analysis

Haplotype analysis was performed on genes that displayed the strongest association with 11T
(by genomic convergence analysis) and contained multiple associated SNPs. Haploview
program (http://broad.mit.edu/mpg/haploview/) was used to determine haplotype frequency
and identify LD patterns based on the concept that alleles of markers within the same gene
often demonstrate statistical dependence [15]. D’ values were used as a measure to quantify
the degree of LD between 2 or more polymorphisms. The haplotype analysis enabled us to
identify specific SNP haplotypes that may be associated with IIT.

2.10 Pathway analysis

We performed pathway analysis in order to define functional networks that may underlie IIT
etiology and identify interactions between genes associated with 11T and genes upregulated
by IFNa in PBMCs. Using Ingenuity Pathway Analysis (IPA) system version 8.6 (http://
www.ingenuity.com/), analysis was performed on results of the genetic association analysis
and on differentially expressed transcripts from the transcriptome analysis. The fold change
of these genes were expressed as log2-ratio and subsequently used in IPA. The probability
that a pathway was significantly enriched, when compared to the genome database, was
based on the calculated p-value using Fisher’s exact test. The pathways that were up- or
downregulated were then ranked accordingly. To identify the pathways that are likely to be
most relevant in the pathogenesis of 11T, we merged IPA results from genetic association
and PBMC transcriptome analyses.

3. RESULTS

3.1 Immunochip genetic association analysis

To identify susceptibility genes for 1T, 2 separate comparisons were performed:
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1. Al HCV patients who developed thyroiditis (IIT cases, n = 53) were compared to
all patients with HCV who did not develop thyroiditis (HCV controls, n = 190), as
they were shown to be closely matched by PCA (figure 1).

2. Caucasian HCV patients who developed thyroiditis (11Tc cases, n = 44, based on
PCA analysis, see 2. Patients and Methods) were compared to healthy, Caucasian
controls (n = 851).

3.1.1 Association Analysis of all IIT cases compared to HCV controls—We
identified 100 SNPs within 69 genes that had a p value less than 1 x 1073, All genes within
this significance threshold were comprised of non-HLA genes. The quantile-quantile (QQ)
plot, which illustrates results of the association analyses for all the tested SNPs, suggested
that there were multiple SNPs that were associated with 11T (figure 2). After removal of all
HLA locus SNPs that were analyzed, no significant change was observed in the QQ plot
distribution implying that non-HLA genes are likely to be associated with 1IT. As described
above (see 2. Patients and Methods), setting a higher significance threshold of p value less
than 1 x 1073 enabled the identification of several SNPs that may be associated with 11T
(figure 3), although using this p-value threshold would be expected to yield on the average
10 false positive genes. However, by focusing on genes that contained multiple associated
SNPs and using the genomic convergence method (see below), we identified genes that have
a much greater likelihood of being associated with I1T.

3.1.2 Association Analysis comparing Caucasian IIT cases compared to
Caucasian controls—Based on a cutoff p-value less than 1 x 1073, we identified 512
SNPs in 475 genes that showed association with 1T in Caucasians. 11 of the 475 genes that
were associated belong to the HLA gene family (4 MHC Class | and 7 MHC Class Il genes),
while the remaining 464 were comprised of non-+LA genes. In this Caucasian-only dataset
analysis, strong association with HLA (MHC Class I) was identified (HLA-A, p = 2.9 x
1074 HLA-B,p=3.0x 10" HLA-C,p=9.3 x 107, HLA-G, p = 3.3 x 107°) and each
HLA type contained multiple associated SNPs (figure 4). The Q-Q plot of this association
analysis (data not shown) showed similar distribution to the analysis described above,
comparing 1T cases to HCV controls, and suggested that genes outside the HLA complex
locus also likely play an important role in the etiology of IIT.

3.2 Transcriptome analysis

We hypothesized that genes predisposing to IIT are regulated by IFNa. Therefore, we
performed a transcriptome analysis to determine the genes specifically up- or down-
regulated by IFNa and then used genomic convergence (see below) to integrate the
transcriptome data with the genetic association data. For the transcriptome analysis total
RNA was extracted from PBMCs incubated with or without IFNa. for 24 hours, and
RNAseq was used to analyze the transcriptome changes induced by IFNa. (see 2. Patients
and Methods). We identified 1,212 genes that were differentially expressed by IFNa (539
up-regulated and 673 down-regulated), with p-value < 5 x 1072 and fold change > 1.5.
Using Gene Ontology (GO), the biological processes determined to be most over-
represented included immune response (GO:0006955), response to wounding (GO:
0009611), and defense response (GO:0006952) (p < 6.6 x 10713 and enrichment > 11.3%).
Most notably, the genes involved in these pathways, with considerable overlap among the
various GO subcategories, included IFN-inducible genes (/F/T family, SP100/110/140 gene
cluster), chemokine and chemokine receptors (CXCL10, CCRI), interleukins (/L8 ILIRN),
toll-like receptors ( 7TLR3), and complement component and subcomponents (C1S, CIR,
SERPINGI).
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3.3 Genomic convergence analysis

To narrow down the putative genes that may be contributing to the etiology of 11T, we used
the genomic convergence method (see 2. Patients and Methods) integrating results of genetic
association with PBMC transcriptome analyses. To reduce the likelihood of excluding
associated genes that may be potentially important in 1T etiology, for the convergence
analysis we used a less stringent significance threshold of p-value less than 5 x 1073, Our
genomic convergence analysis demonstrated 54 genes that were found to be both genetically
associated (p < 0.005), in either of the 2 datasets, and differentially upregulated in PBMCs
exposed to IFNa (p < 0.01, q < 0.001, > 1.5 fold change), while 44 genes were
downregulated (data not shown). Of the 54 genes that were both associated with 11T and
upregulated by IFNa in PBMCs, we narrowed down the list further by including only genes
that contained at least 2 associated SNPs (see supplementary information); this resulted in
21 genes that were both associated with 11T and upregulated by IFNa.. Of the 21 genes, only
5 were associated with both datasets comparing all 11T cases to HCV controls and
comparing Caucasian IIT cases to healthy Caucasian controls. These included
SP100/110/140, HLA (MHC Class I), TAPI, LILRAS, and /NS genes. Interestingly, 4 of
these 5 genes (SP100/110/140 complex, HLA, TAPI1, LILRAS3) are immune response genes.
While its role in the development of 11T remains unclear, insulin (/NVS) has been shown to be
expressed in various extrapancreatic tissues [16, 17], including immune organs such as the
spleen.

Our analysis filtered genes that had multiple associated SNPs regardless of whether the
SNPs were in linkage disequilibrium (LD) or not. However, SNPs within a gene that are
associated with IIT and are not in LD represent independent associations with the disease,
thereby increasing the likelihood that this gene influences the etiology of the disease.
Therefore, we examined the associated SNPs within the 5 genes that were identified by
genomic convergence for LD patterns using Haploview (http://broad.mit.edu/mpg/
haploview/). The LD analysis demonstrated that in 3 of the associated genes at least 2 SNPs
were not in LD - SP100/110/140, HLA (MHC Class 1), TAPI, making these three genes
very likely to play a major role in the etiology of IIT.

3.4 Haplotype analysis of putative lIT genes

Five IIT susceptibility genes (SP100/110/140 complex, HLA, TAPI1, LILRA3, and INS)
were identified based on genomic convergence and on having more than one associated SNP
(see above). Therefore, we next performed a haplotype analysis on them to examine whether
specific SNP haplotypes within these 5 genes were associated with 11T. Haplotype analysis
was performed using Haploview. As before, we compared both datasets, i.e., all 11T cases to
HCYV controls and Caucasian IIT cases to healthy, Caucasian controls. All of the putative 11T
susceptibility genes had at least one unique haplotype (table 2) that showed statistically
significant association with 1T (p < 0.005).

3.5 Pathway analysis of genetically associated SNPs

To provide insight into the mechanisms by which 11T may develop and to better define the
networks through which these genes may interact, pathway analysis was performed on the 2
datasets used in the genetic association analyses (see 2. Patients and Methods). Using
Ingenuity Pathway Analysis system (IPA), several pathways were found to be significantly
associated with IIT (p < 0.05, > 1.3 fold change). As expected, the interferon signaling
pathway was associated in both analyses (11T cases compared to both HCV controls and to
healthy, Caucasian controls). IPA also revealed strong association with the following
pathways: antigen presentation pathway, NFxb signaling, IL-10 signaling, and apoptosis-
related pathways. Several other pathways were specifically associated in the Caucasian
analysis (Caucasian 1T cases compared to healthy Caucasian controls) including I1L-6
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signaling, pattern recognition receptor signaling, and complement system related pathways.
Interestingly, our previous work has shown that the interferon signaling, antigen
presentation, pattern recognition receptor signaling, and complement pathways were also
upregulated in both the thyroids of IFNa transgenic mice and in human thyroid follicular
cells exposed to IFNa for 24 hours; IL-6 signaling was increased only in the transgenic mice
[6]. Taken together these data support them as major pathways contributing to the
pathogenesis of IIT.

3.6 Pathway analysis of differentially expressed genes

Ingenuity Pathway Analysis (IPA) was performed to identify the pathways significantly
upregulated in PBMCs exposed to IFNa (p < 0.05, > 1.3 fold change). As expected,
interferon signaling pathway was found to be most highly upregulated (-log (p-value) =
7.49). Other upregulated pathways included pattern recognition receptors, retinoic acid
mediated apoptosis signaling, and complement system. To a lesser degree, there was also
upregulation of NFxb signaling, toll-like receptor signaling, IL-10 signaling, and IL-6
signaling. Furthermore, in our previous study, an apoptosis-related pathway (i.e., retinoic
acid mediated apoptosis signaling) was also demonstrated to be increased specifically in
human thyroid follicular cells following exposure to IFNa, a finding not observed in the
thyroids of transgenic mice [6].

3.7 Convergence analysis of pathway data

To identify the most important pathways involved in the etiology of IIT we performed
genomic convergence of the pathway analyses of associated genes and differentially
regulated genes. Integration of the two pathway analyses revealed that 7 groups of pathways
were both genetically associated with 11T and significantly upregulated in PBMCs exposed
to IFNa. These 7 pathways included interferon signaling, pattern recognition receptor
related, apoptosis, complement, NFxB signaling, IL-10 signaling, and IL-6 signaling
pathways. Figure 5 depicts one representative pathway in each group identified by genomic
convergence that was upregulated by IFNa in PBMCs. Of these 7 pathways, four (figure 5,
underlined) were associated with IIT in both datasets compared in the genetic association
analyses and were also found to be upregulated in PBMCs exposed to IFNa. These included
interferon signaling, apoptosis, NFxb signaling, and IL-10 signaling. Thus, these are likely
the most important pathways involved in the predisposition to and pathogenesis of 1IT.

4. DISCUSSION

Autoimmunity is thought to develop in certain, predisposed individuals through a complex
interaction between environmental and genetic factors, likely involving epigenetic
modulation. While recognized to be an effective therapeutic agent, IFNa is one causal factor
that likely offsets the fine balance of the normal immune state to trigger autoimmune
responses through upregulation of certain genes and signaling pathways. IFNa has been
associated with the initiation and/or exacerbation of a range of autoimmune diseases
including Systemic Lupus Erythematosus and type 1 diabetes [18]. This unintended
complication of IFNa therapy therefore offers a human model for studying the role of IFNa
in the etiology of autoimmunity [19]. In this manuscript we used 11T as a model to study the
causal relationship between IFNa and autoimmunity. It is unclear why only about 20% of
individuals treated with IFNa for HCV develop clinical 11T while 80% of patients do not,
but genetic susceptibility seems a plausible explanation. Indeed, it has been suggested that
immune regulation and responsiveness are quantitative genetic traits [20]. Thus, we
hypothesized that in individuals harboring susceptibility genes for autoimmune thyroiditis,
exposure to HCV infection and IFNa therapy may trigger thyroiditis (reviewed in [3, 21]).
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In this manuscript we dissected the genetic predisposition to I T using a genomic
convergence approach, and identified several immune-regulatory genes and pathways that
were associated with 1T. Specifically, loci with at least 2 associated SNPs not in LD that
showed both genetic association and upregulation by IFNa were more likely to be involved
in IIT etiology. These genes include unique, non-MHC genes, SP100/110/140 gene cluster
(2937.1), and MHC genes previously shown to be associated with AITD, HLA (6p21.3) and
TAPI (6p21.3). The HLA region contains numerous immune response genes that are
associated with various autoimmune diseases including AITD [22]. In addition, several other
non-MHC loci have been associated with AITD including 1) immune-regulatory genes
(CD25, CD40, CTLA4, FOXP3, and PTPN22) and 2) thyroid-specific genes (Thyroglobulin
(7g) and 7SHR). Results of our genetic analysis however showed weak association of 11T
with the known AITD susceptibility genes except HLA (data not shown) and when we
applied the genomic convergence approach these genes were not supported as putative 11T
susceptibility genes. These data, therefore, raise the question of whether IIT represents a
unique disease entity or a form of AITD that is triggered by IFNa.

The results of our analysis provide new insight into the genetic etiology of IIT. Interestingly,
the non-MHC genes that demonstrated strong association with 11T have not been previously
shown to be associated with AITD, but have been linked to other autoimmune conditions.
This suggests that, with the exception of HLA, the genetic susceptibility to I1T is distinct
from that of AITD. Among the non-MHC genes that were highly prioritized by our
convergence approach is the SP100/110/140 gene cluster. SP100is a promyelocytic
leukemia (PML) nuclear body (NB) related protein that has been strongly implicated as a
target antigen in patients with primary biliary cirrhosis (PBC); antibodies to SPZ00 occur in
up to 40% of affected individuals (reviewed in [23]). Recently, SP140was also identified as
a highly specific autoantigen in patients with PBC [23]. Although, the exact function is not
yet clearly defined, studies suggest that PML NB related proteins (SP100/110/140, PML)
may be involved in the regulation of gene transcription and in cell growth, differentiation,
apoptosis, and anti-viral defense [24]. Indeed, SP100/110/140 genes are known to be
inducible by interferons [24, 25].

Not unexpectedly the MHC gene complex showed the strongest association with 1IT. As
previously reported, MHC Class | genes were also upregulated by IFNa suggesting a major
role for MHC Class | genes in the etiology of IIT (reviewed in [3]). An earlier study
performed in Japan examined the relationship between HLA antigens and subsequent
development of thyroid disease in HCV patients treated with IFNa [26]. They showed an
increased frequency of HLA-AZin individuals who developed AITD during or after IFNa.
therapy. The 7API gene, located within the MHC gene complex, also showed association
with IIT. TAPI, or transporter associated with antigen processing, is a multi-membrane
spanning protein that allows for efficient cytosolic peptide loading onto MHC Class |
molecules [27]. Indeed, polymorphisms of the TAPZ gene have shown association with
other autoimmune diseases including type 1 diabetes [28] and psoriasis [29]. The association
of both MHC class | and 7API genes with 1T suggests that peptide presentation by the
MHC class | pathway plays a major role in the etiology of IIT and possible other
autoimmune diseases. Interestingly, 7API has also been associated with rheumatoid arthritis
[30] and Graves’ disease [27, 31], which are primarily MHC Class Il-mediated diseases.
Although the exact mechanisms are unknown, it is possible that 74PZ may also be
responsible for presentation of cytosolic peptides to MHC Class Il-restricted T cells [32] or
may be related to defective MHC Class | expression [30]. In contrast to the evidence
supporting MHC Class I-related genes in the development of IIT, MHC Class Il genes
specifically DRB1-Arg74 are the primary genes predisposing to GD and HT [33, 34].
Sequencing of the HLA-DRp1 locus enabled us to identify these amino acid variants (i.e.,
Arg74/Glu74) located in pocket 4 of the HLA-DR peptide binding cleft and presented a
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mechanism by which pathogenic peptides (i.e., Tg-derived) can bind, thereby conferring
susceptibility to AITD. Previously, we have shown that an interaction between DRB1-Arg74
and specific Tg variants resulted in an increased risk of developing GD, with a higher
combined OR than would be produced by either gene variant alone [34].

Interferon induced thyroiditis (11T) provides an ideal model for studying the interactions
between genetic and environmental factors to trigger autoimmunity. Previous work by our
group has shown direct effects of both HCV and IFNa on thyroid cells [6, 21, 35]. Here we
show, for the first time, that these effects most likely occur in genetically predisposed
individuals. In addition to immune genes (i.e., SP100/110/140, MHC Class |, TAPI), we
identified 4 pathways that were both upregulated by IFNa and genetically associated with
IIT: Interferon signaling, apoptosis, NFxb, and IL-10 signaling pathways (figure 5). These
genes and pathways may also play a role in the pathogenesis of other autoimmune diseases
and future studies will be needed to confirm our results. Furthermore, we previously
identified several pathways that were found to be upregulated in both the thyroids of IFNa
transgenic mice and human thyrocytes exposed to IFNa [6], which we have now similarly
shown to be genetically associated with 1T in individuals with chronic HCV infection.
More specifically, pathway analyses performed on both associated SNPs data and IFNa
inducible transcriptome data demonstrated upregulation of apoptotic pathways that were
also uniquely increased in human thyrocytes following exposure to IFNa [6]. Indeed, there
is a plethora of data describing the role of apoptosis in the pathogenesis of thyroid
autoimmunity [36] and autoimmunity in general [37]. These results suggest a predominant
mechanism by which thyrocyte destruction occurs in 11T, possibly mediated by
SP100/110/140 (see above), favoring the development of HT that represents the most
common autoimmune, clinical manifestation of 11T, as also confirmed in our study (table 1).
Thus, it is possible that in genetically susceptible individuals HCV activates this gene to
trigger specific cellular responses, such as apoptosis, which are further exacerbated by
IFNa. Although the exact nature through which these genes, and respective pathways,
interact with environmental factors to induce autoimmunity is still uncertain, a possible
mechanism may be through epigenetics. Epigenetic effects generally include any non-DNA
sequence-encoded effects on gene expression that are long lasting, or mitotically stable. This
may occur through alterations in DNA methylation, histone modifications, and microRNA
activity [38]. Indeed, IFNa was shown to induce an increase in transcription of 7g through
histone modifications [39]. In addition to increased expression of autoantigens, such as 7g,
IFNa can lead to T-cell activation that, in the setting of cytokine response, can trigger
autoimmunity. There is now abundant evidence that epigenetics play a major role in the
development of various complex diseases, including type 1 diabetes and rheumatoid arthritis
(reviewed in [38]). Epigenetic effects, therefore, may explain how IFNa triggers thyroid
autoimmunity in genetically predisposed individuals and/or in the setting of viral infections
where there is an increased production of IFNa.

The main weakness of our study is the small size of our cohort of IIT patients (n = 53). This
small sample size was, in part, due to the rigid inclusion criteria of our study. In view of our
small sample size it is possible that some of the gene-loci we found to be associated with [T
may be false positives. While no statistical test can differentiate false positive associations
from true associations even when sample size is large, one approach to increase the
likelihood that an association is a true positive is to use genomic convergence. Our analysis
strongly suggested that immune genes and pathways, in particular HLA and apoptosis
related genes, play a major role in the genetic susceptibility to I1T. How these susceptibility
genes interact with HCV and IFNa to trigger thyroiditis is still not known, and will require
further investigation.
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Figure 1.

Principal Component Analysis (PCA) was performed to extrapolate ethnicity based on
genotype information of our study population. Although our two HCV datasets were
ethnically heterogeneous, both IIT cases (dots) and HCV controls (crosses) showed similar
distributions and while they did not cluster at any one corner of the graph (as would happen
in an ethnically homogenous sample), their compatibility enabled us to compare them in our
association analyses. Moreover, the PCA showed that the lambda score, or genomic inflation
factor, was 1 which implies that the data is not confounded by effects of population
stratification.
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Figure2.

Quantile-quantile (QQ) plots for genetic association analysis comparing all I T cases (n =
53) to HCV controls (n = 190) that passed quality controls. The expected values (x-axis),
from a theoretical x2 distribution, are plotted against the observed p-values (y-axis) for each
SNP. If no SNP showed association all points would remain on or very near to the baseline
(dotted line) which represents the null distribution. Panel A shows results of association
analysis for all SNIPs that were tested on the immunochip. The QQ plot demonstrates
deviation from the null towards the upper extreme end of the line implying that multiple
SNPs show association with [T when compared to controls. Panel B shows QQ plot after
removal of all SNPs in the HLA region. After removing the HLA SNPs the QQ plot still
demonstrates deviation from the null towards the upper extreme end of the line suggesting
that non-HLA genes are also likely to be associated with 1IT.
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Figure 3.

Manhattan plot of immunochip association analysis data comparing all 11T cases (h = 53) to
HCV controls (n = 190). 182,832 SNPs that passed the quality control testing are sorted by
chromosomal location [x- axis] and are plotted against the —log(p value) [y-axis], with the
height of each point corresponding to the strength of association with disease. The dotted
line indicates a p-value < 1 x 1073 (the threshold we chose as our cutoff; see text) and the
SNPs that show association with 11T with p < 1 x 1073 are displayed above this line.
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Figure4.

Manhattan plot of immunochip association analysis data comparing only Caucasian 1T
cases (n = 44) to healthy, Caucasian controls not infected with HCV (n = 851). 185,425
SNPs that passed the quality control testing are sorted by chromosomal location [x- axis]
and are plotted against the —logo(p value) [y-axis], with the height of each point
corresponding to the strength of association with disease. The dotted line indicates a p-value
<1 x 1073 (the threshold we chose as our cutoff; see text), and the SNPs that show
association with 11T with p < 1 x 1073 are displayed above this line.
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Figureb5.

Ingenuity pathway analysis (IPA) of PBMC RNAseq expression data. Shown are 7
pathways that belonged to groups of pathways identified by genomic convergence to be both
genetically associated with I T and significantly upregulated by IFNa in PBMCs. The
percentage of genes that were upregulated are shown in light gray and genes that were
downregulated are shown in dark gray, with the —log(p-value) shown at the right side of
each bar. Interferon signaling pathway was found to be the most significantly upregulated.
Other groups of pathways found to be associated with 11T and upregulated by IFNa in
PBMCs included pattern recognition receptor related, apoptosis, complement, NFxB
signaling, 1L-10 signaling, and IL-6 signaling pathways. Four of these groups of pathways
were found to be strongly associated with 11T in both datasets (all I T cases vs. HCV
controls and Caucasian IIT cases vs. healthy, Caucasian controls). These include interferon
signaling, apoptosis related pathways, NF«xB signaling, and IL-10 signaling (underlined).
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Table 1

Clinical characteristics of patients with chronic Hepatitis C virus who developed thyroiditis (11T cases)
compared to patients with chronic Hepatitis C virus without evidence of thyroiditis (HCV controls)

| IIT Cases | HCV Controls

Total (n = 245) | 53 | 192

Gender (p <0.006)
Male 25 (47%) 130 (68%)
Female 28 (53%) 62 (32%)

Ethnicity{ (p = NS)

Caucasian 44 (83%) 134 (70%)
Non-Caucasian/unknown 9 (17%) 58 (30%)
Average age at enrollment (yrs) | 52.4 | 53.7
11T diagnosis N/A
Hashimoto's thyroiditis 18 (34%)
Graves' disease 4 (8%)
Other inflammatory thyroiditi52 31 (58%)
HCV/HIV co-infection | 6 (11%) | 55 (29%)
HCV genotype3(p =NS)
Genotype 1 74% 76%
Genotype 2 17.3% 11.3%
Genotype 3 0 7.8%
Genotype 4 8.7% 4.9%
No. of IFNa treatment r&eponders*? | 50% | 39%

Note that since a significant number of self-reported ethnicities were unknown, we used the PCA to confirm and match ethnicities between the 1T
patients and the HCV controls (see text)

2These include destructive thyroiditis and primary myxedema

3Percentage based on available clinical information (HCV genotype: n = 23 (IIT cases), n = 141 (HCV controls); No. of IFNa treatment
responders: n = 24 (11T cases), n = 145 (HCV controls))
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