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Abstract

One of the probable hypotheses for the onset of autoimmunity is molecular mimicry. This study aimed to determine the
HLA-II risk alleles for developing Hashimoto’s thyroiditis (HT) in order to analyze the molecular homology between candi-
date pathogen-derived epitopes and potentially self-antigens (thyroid peroxidase, TPO) based on the presence of HLA risk
alleles. HLA-DRB1/-DQBI genotyping was performed in 100 HT patients and 330 ethnically matched healthy controls to
determine the predisposing/protective alleles for HT disease. Then, in silico analysis was conducted to examine the sequence
homology between epitopes derived from autoantigens and four potentially relevant pathogens and their binding capacities
to HLA risk alleles based on peptide docking analysis. We identified HLA-DRB1%03:01, *04:02, *04:05, and *11:04 as
predisposing alleles and DRB1*13:01 as a potentially predictive allele for HT disease. Also, DRB1*11:04~DQBI1%03:01
(Pc=0.002; OR, 3.97) and DRB1*03:01 ~DQB1%02:01 (Pc=0.004; OR, 2.24) haplotypes conferred a predisposing role
for HT. Based on logistic regression analysis, carrying risk alleles increased the risk of HT development 4.5 times in our
population (P=7.09E-10). Also, ROC curve analysis revealed a high predictive power of those risk alleles for discrimina-
tion of the susceptible from healthy individuals (AUC, 0.70; P=6.6E-10). Analysis of peptide sequence homology between
epitopes of TPO and epitopes derived from four candidate microorganisms revealed a homology between envelop glyco-
protein D of herpes virus and sequence 151-199 of TPO with remarkable binding capacity to HLA-DRB1*03:01 allele.
Our findings indicate the increased risk of developing HT in those individuals carrying HLA risk alleles which can also be
related to herpes virus infection.
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Introduction

Hashimoto’s thyroiditis (HT) and Graves’ disease (GD)
are two common thyroid-specific autoimmune diseases
(AITD), with a prevalence rate ranging from 1 to 5% (Cho
et al. 2011). While the clinical manifestations of GD and
HT differ, the underlying mechanism involving the break-
down of tolerance to thyroid autoantigens and the subse-
quent autoimmune responses is similar in both diseases (Lee
et al. 2023; Wiersinga 2014). HT is characterized by the
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infiltration of autoreactive T lymphocytes into the thyroid,
resulting in the destruction of thyroid follicle cells through
the induction of apoptosis. This process also leads to the
production of autoantibodies against the thyroid peroxidase
(TPO) autoantigen and ultimately, leads to hypothyroidism
(Ralli et al. 2020).
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The development of autoimmune thyroid diseases (AITD)
is influenced by a combination of genetic, epigenetic,
and environmental factors (Lee et al. 2023; Liontiris and
Mazokopakis 2017). Genome-wide association studies
(GWAS) have identified several gene loci associated with
the development of AITD (Zhang et al. 2020; Hasham and
Tomer 2012). These genes can be classified into two main
categories: immune-related genes, such as human leukocyte
antigen (HLA), CTLA4, PTPN22, CD40, and FOXP3,
and genes responsible for encoding the primary thyroid
autoantigens, such as thyroid peroxidase (TPO) and thyroid-
stimulating hormone receptor (TSHR). These genes play
pivotal roles in the onset of AITD (Lee et al. 2023; Hasham
and Tomer 2012). Furthermore, investigations have indicated
that the induction of interferon-alpha (IFN-a) during viral
infections may lead to the downregulation of thyroglobulin
(Tg) expression. This observation suggests a potential link
between infectious triggers and the development of AITD
(Lee et al. 2023; Hasham and Tomer 2012).

One of the most relevant genetic loci predisposing indi-
viduals to various autoimmune diseases, such as multiple
sclerosis (MS), systemic lupus erythematosus (SLE), type
1 diabetes (T1D), and autoimmune thyroid diseases (AITD),
is the HLA gene complex. The HLA genes are also among
the most polymorphic genes in humans (Al Yafei et al. 2022;
Rasouli-Saravani et al. 2021; Enz et al. 2020). These genes
encode two sets of classical HLA molecules, HLA-I and
HLA-II, which are responsible for presenting peptide anti-
gens to T lymphocytes. T-CD8 + and T-CD4 + lymphocytes
recognize antigenic peptides derived from either foreign or
self-antigens through HLA-I and HLA-II molecules, respec-
tively (Bodis et al. 2018). The polymorphism in the HLA-
II genes, specifically the DRB and DQOB genes, is closely
associated with the development of autoimmune diseases
as it influences the activation of autoreactive T-CD4* lym-
phocytes (Arango et al. 2017; Naito and Okada 2022). These
autoreactive T-CD4" lymphocytes play a pivotal role in trig-
gering the activation of autoreactive T-CD8" lymphocytes
and the differentiation of autoreactive B lymphocytes into
plasma cells, leading to the promotion and enhancement of
autoinflammatory responses and autoantibody production.

Studies conducted on Caucasians in a case—control geno-
typing setting have revealed that HLA-DRBI*03 ~DQBI1%*02,
HLA-DRBI%04~DQB1%03,and HLA-DRB1*08~DQB1%04
haplotypes are positively associated with HT. In contrast,
HLA-DRBI*%07~DQBI1%02, HLA-DRBI1*13~DQBI1%*06, and
HLA-DRBI1*15~DQBI%*06 haplotypes appear to confer a pro-
tective role against HT (Zeitlin et al. 2008). Studies among East
Asians have shown that HLA-DRB1*08:03 ~DQB1*06:01 and
HLA-DRBI1%09:01 ~DQBI%*03:03 haplotypes may predispose
individuals to HT, while HLA-DRB1%#13:02~DQB1#06:04
and HLA-DRBI1*15:01 ~DQBI1%06:02 haplotypes offer
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strong protection against HT (Katahira et al. 2013). In this
context, assessing the probability of developing HT in indi-
viduals with genetic susceptibility requires the calculation of
a genetic risk score (GRS). While clinical, demographic, and
other contributory factors can be used for GRS calculation, it
is typically evaluated based on genetic variants (Schultheiss
et al. 2015; Qu et al. 2021). Additionally, environmental fac-
tors, including smoking, viral and bacterial infections, and
excessive iodine intake, contribute to the development of HT
in genetically susceptible individuals (Wiersinga 2014; Lion-
tiris and Mazokopakis 2017).

One of the strong hypotheses regarding the onset of
autoimmune diseases is known as molecular mimicry
(Ramasamy et al. 2020; Bogers et al. 2023; Ghobadi
et al. 2021; Laron et al. 2023; Martins et al. 2023).
According to this theory, autoreactive T cells become
activated by antigenic peptides originating from
microorganisms. This activation occurs because of the
similarity between antigens derived from pathogens and
self-antigens (Ramasamy et al. 2020; Martins et al. 2023).
Recent studies have demonstrated the presence of viral
infections caused by Herpesviruses and Enteroviruses
in the thyroid biopsies of patients with autoimmune
thyroid diseases (AITD) (Weider et al. 2022; Seyyedi
et al. 2019; Hammerstad et al. 2013; Cuan-Baltazar and
Soto-Vega 2020). Investigations have also suggested
that bacterial pathogens such as Yersinia enterocolitica,
Helicobacter pylori, and Mycobacterium avium ssp.
paratuberculosis might be associated with the onset of
HT (Figura et al. 2019; Choi et al. 2017; Moghadam et al.
2022; Zangiabadian et al. 2021). The current case—control
and in silico studies were designed to explore the genetic
susceptibility and protective patterns in our HT patients.
This exploration was based on HLA class II genotyping,
and it aimed to examine molecular homology through the
analysis of peptide sequence similarities. Specifically, the
study assessed the similarity between candidate pathogen-
derived epitopes and potential self-antigens in the patients
with HT.

Patients and methods
Subjects

This study enrolled a total of 100 participants, comprising
83 females and 17 males, who were unrelated and diag-
nosed with Hashimoto’s thyroiditis (HT). The mean age
of the participants was 39.8 +11.8 years, and they were
referred to our outpatient clinic between February 2022
and April 2023. Diagnosis of HT was made in accord-
ance with international guidelines and was confirmed by
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a specialist. The diagnosis was based on the manifesta-
tion of hypothyroidism, which included symptoms such as
dry skin, hair loss (calvities), and coldness in peripheral
organs at the time of diagnosis. Paraclinical confirmation
of the disease was achieved through the measurement of
thyroid hormones and the presence of anti-thyroid peroxi-
dase antibody (Ralli et al. 2020; Caturegli et al. 2014). All
HT patients were receiving treatment with levothyroxine
replacement therapy. The study also collected laboratory
data, including TSH (thyroid-stimulating hormone), FT4
(free thyroxine), and anti-thyroid peroxidase antibody
(anti-TPO) levels, from the medical records of each patient.
Additionally, 330 unrelated and ethnically matched healthy
individuals who exhibited normal thyroid function tests
and without medical complaints were recruited as a control
group. A flowchart of the study design is shown in Fig. 1.

All participants willingly consented to take part in
the study, and the research was conducted following
the approval of our institutional ethics committee (IR.
UMSHA.REC.1401.1028) and in accordance with the
principles of the Helsinki Declaration.

Fig. 1 Flowchart of the study
design

DNA extraction and HLA typing

Genomic DNA was extracted from whole blood samples
collected using the chloroform-based salting-out method
(Moradi et al. 2014). To achieve 2-field resolution HLA-
typing, we employed the PCR with sequence-specific
oligonucleotide probe (PCR-SSOP) technique. Commer-
cial kits (HISTO SPOT DR and DQ BAG Diagnostics,
Germany) were utilized following the manufacturer’s
instructions. The process began with the amplification
step, where locus-specific biotinylated primers were used
in PCR. Subsequently, the PCR products were denatured
to produce single-stranded amplicons and then subjected
to hybridization with oligonucleotide probes using the
MR.SPOT®/MR.SPOT® 2.0 processor. Finally, the pat-
terns of spots were interpreted using specific software
provided by the same company (HISTO MATCH inter-
pretation software) to determine the specific DRB1/B3/B4/
B5 and DQBI alleles for each subject. In addition, HLA-
DRBI1 ~DQBI haplotypes were statistically determined
using an Expectation—-Maximization (EM) algorithm. This
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algorithm was implemented within the R statistical com-
puting environment (http://www.R-project.org) software.

Estimation of geneticrisk score (GRS) for HT

To predict the likelihood of disease development in those
individuals carrying HLA risk alleles, we computed the
cumulative effect of several risk alleles based on a logistic
regression model to generate the genetic risk score (GRS).
Subsequently, odds ratios were calculated for both the risk
and protective groups compared to the neutral subjects.
This analysis allowed us to quantify the risk and protec-
tive effects of different alleles. Furthermore, to assess the
prediction accuracy of GRS and to determine the predic-
tive power of risk alleles in discrimination of patients
from healthy individuals in our population, we measured
the area under receiver operating characteristic (ROC)
curve (AUC).

Epitope prediction

Based on previous studies (Weider et al. 2022; Figura et al.
2019; Choi et al. 2017; Moghadam et al. 2022; Zangiaba-
dian et al. 2021), we selected four microorganisms, includ-
ing enterovirus, herpesvirus, Helicobacter pylori, and Yers-
inia enterocolitica, for the analysis of molecular mimicry
between antigens derived from these potentially relevant
pathogens and thyroid autoantigens (TPO and Tg). The
analysis was conducted in several steps. First, we utilized
the Immune Epitope Database (IEDB) (https://www.iedb.
org) to extract confirmed epitopes of the selected microor-
ganisms that could bind to HLA-II molecules. Subsequently,
we obtained the complete protein sequences related to these
confirmed epitopes from the UniProt database (https://
www.uniprot.org). We also extracted the complete protein
sequences of TPO and Tg from the UniProt database. To
predict the binding of peptides derived from the microorgan-
isms, TPO, and Tg to HLA-DRB1%03:01, which is one of
the predisposing HLA alleles for developing HT, we used the
NetMHCTIpan-4.0 server (https://services.healthtech.dtu.dk/
services/NetMHClIIpan-4.0). We applied a filtering criterion
based on the percentile rank (% Rank), with a threshold for
strong and low binders set at < 1.0 and > 1.0, respectively. A
high percentile rank indicated a poor binding capacity, while
a low percentile rank indicated a strong binding capacity.
Epitopes derived from the microorganisms and Tg proteins
that exhibited strong binding (SB) to HLA-DRB1*#03:01
were selected from the NetMHClIIpan-4.0 results. In the case
of TPO-derived epitopes, none showed strong binding (SB)
with HLA-DRB1%03:01, so all epitopes with weak binding
(WB) were included in the subsequent analysis.
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Homology and alignment search

We performed a simultaneous alignment and clustering of mul-
tiple peptide sequences using the GibbsCluster—2.0 (https://
services.healthtech.dtu.dk/services/GibbsCluster-2.0) for the
selected epitopes derived from microorganisms, TPO and Tg
as obtained from the NetMHClIpan-4.0 results. Also, to investi-
gate the homology among TPO and Tg proteins and confirmed
protein sequences of microorganisms, we utilized the BLASTp
program (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

HLA-peptide docking

We conducted HLA-peptide docking to assess the HLA-II
binding promiscuity of human and microorganism-
mimicking peptides using the HPEPDOCK 2.0 server
(http://huanglab.phys.hust.edu.cn/hpepdock). This
process is based on flexible peptide-protein docking,
involving the fast modeling of peptide conformations and
global/local sampling of binding orientations. Notably,
HPEPDOCK 2.0 does not require the 3D structure of the
peptide, making the docking independent of the prediction
error of homologous peptide structures. Docking scores
are represented based on Gibbs free energy (kcal/mol).
In the initial step, the HLA-DRB1*03-peptide binding
complex (1A6A) was extracted from the Protein Data
Bank (https://www.rcsb.org). To prepare for peptide
docking, water and other atoms were removed from the
complex. Molecular docking was carried out to confirm
and identify the critical residues of epitopes from self and
non-self proteins in conjunction with HLA-DRB1*03:01
molecule. To visualize the docked models, we utilized
Discovery Studio 2016 and PyMol 1.7.4 to generate
molecular graphic images.

Statistical analysis

We employed a range of descriptive statistics, including
measures such as the mean and standard deviation for quan-
titative variables, and empirical distribution for qualitative
variables. To compare proportions between two independent
groups, we utilized the chi-squared test or, when appropri-
ate, the Fisher-exact test. To assess the risk associated with
haplotypes and genotypes, we calculated odds ratios (OR)
and their corresponding 95% confidence intervals. In order
to address the issue of multiple testing and control the false
discovery rate (FDR), we applied the Benjamini-Hochberg
method for multiple comparisons (Benjamini and Hochberg,
revised version 2010). All computations and analyses were
performed using the R program, version 4.3.0. For data man-
agement and some visualizations, we utilized the tidyverse
package, while the pROC package was employed for the
calculation of the area under the ROC curve.
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Results

We conducted an analysis on a total of 100 HT patients,
consisting of 17 males and 83 females, with a mean age
of 39.81 +11.84 years. The mean age of disease onset
was 30.30 + 10.74 years and the mean time for disease
duration was 9.50 + 8.38 years. At the time of diag-
nosis, the majority of patients exhibited various symp-
toms, including fatigue and weakness (97.0%), calvities
(92.0%), coldness of peripheral organs (90.0%), and dry
skin and diffuse alopecia (88.0%). Additionally, 80.0% of
patients experienced a loss of appetite and weight gain,
68.0% felt cold, 51.0% had constipation, and 46.0% exhib-
ited puffiness in their face, hands, and feet. Carpal tun-
nel syndrome and paresthesia were present in 27.0% and
23.0% of patients, respectively. Among female patients,
67 (80.7%) experienced oligomenorrhea. In the patient
group, the mean serum levels of TSH, T4, and anti-TPO
antibody were 85.35 +24.68 mlU/L, 3.94 +0.73 ug/dl, and
605.80 +527.09 1U/ml, respectively. We also analyzed
a control group consisting of 330 unrelated, ethnically
matched healthy individuals including 177 males and 153
females, aged 36.4 +12.3 years.

Distributions of DRB1 and DQB1 alleles, genotypes,
and haplotypes among HT patients and healthy controls

The highest risk for developing HT was associated with
DRBI1*04:05 allele (Pc=0.01; OR, 6.15), followed
by DRBI1*11:04 (Pc=0.001; OR, 4.19), DRBI%*04:02
(Pc=0.05; OR, 3.17), and DRBI1*03:01 (Pc=0.003; OR,
2.24) alleles. Additionally, DQBI1*02:01 (Pc=0.006;
OR, 2.17) and DQB1%*03:02 (Pc=0.02; OR, 2.10) alleles
were found to be associated with an increased risk for
HT. Conversely, DRB1*13:01 (Pc=0.05; OR, 0.28) and
DQBI1*06:03 (Pc=0.05; OR, 0.29) alleles exhibited a
potential protective effect against the development of HT
(Tables 1 and 2 and Supplementary Figs. 1 & 2).

As expected, the haplotypes associated with increased
risk for HT were DRBI*11:04 ~DQB1%*03:01 (Pc=0.002;
OR, 3.97) and DRB1*03:01 ~DQBI1%02:01 (Pc=0.004;
OR, 2.24). The only potentially protective haplotype was
DRBI1*#13:01 ~DQBI1%*06:03 (Pc=0.07; OR, 0.30) (Suppl
Tables 1 & 2) in out HT patients. Furthermore, when
comparing genotype distributions between the patient
and control groups, it was found that the major predispos-
ing diplotypes among patients, as compared to controls,
were DR3/DR4 (Pc =0.005; OR, 9.41), followed by DR4/
DRI11 (Pc=0.02; OR, 2.12), and DR3/DR11 (Pc=0.04,
OR, 2.11). Conversely, the major protective diplotypes
among patients, in comparison to controls, were DRX/

DRI13 (Pc=0.02; OR, 0.25) and DRX/DRX (Pc=0.02; OR,
0.51). Here, DRX denotes the presence of DRBI alleles
other than predisposing (DRBI*03 and *04) or protective
(DRB1*13) alleles (Table 3).

Estimation of the cumulative risk effects: GRS
estimation and ROC curve analysis

According to the identification of potentially HLA risk
alleles (DRB1%03:01, *04:02, *04:05, and *11:04) and
protective allele (DRBI*13 allele group) in our HT patients
compared to healthy controls, we performed logistic regres-
sion analysis to estimate the GRS. In this model, our study
subject was classified into four groups: (1) reference group
(absence of either risk or protective alleles), (2) risk group
(carrying two risk alleles), (3) protective group (carrying
of two protective alleles), and (4) risk/protective group. We
observed that subjects carrying risk alleles have 4.5 fold of
risk to develop HT disease in our population (P="7.09E-10,
Table 4). Also, ROC curve analysis revealed a high predic-
tive power of those risk alleles in discrimination of suscep-
tible from healthy individuals (AUC, 0.70; P=6.6E-10).
Although, the AUC indicated the sensitivity of 60.0% and
specificity of 77.0% for this model (Fig. 2).

In silico results
Epitope prediction

We extracted confirmed epitopes from microorganisms
that demonstrated binding capacity to HLA-II molecule
(DRB1%03:01) from IEDB. Subsequently, we subjected
the global proteins of TPO and Tg, along with the proteins
containing the confirmed epitopes from microorganisms,
to identify 15-amino acid peptides potentially presented by
HLA-DRB1*03:01 molecule. We employed NetMHClIIpan
as a predictive tool for this analysis. The selection of pre-
dicted peptides was based on the percentile rank (%Rank). A
peptide was categorized as a strong binder if the percentile
rank was below 1.0, and as a weak binder if it exceeded
the 1.0 specified thresholds. Our predictions indicated that
42, 30, and 6 epitopes from Herpesviruses, Enteroviruses,
and Yersinia enterocolitica, respectively, were strong bind-
ers for HLA-DRB1%03:01, as shown in Suppl Tables 3.
Additionally, 7 epitopes from Helicobacter pylori were
strongly bound to HLA-DRB1*03:01, while other predicted
epitopes for this pathogen exhibited weak binding. All 50
predicted TPO-derived epitopes were classified as weak
binders, and those epitopes containing V-D, I-D, and L-D
anchor residues are illustrated in Suppl Table 4. Among the
63 predicted Tg-derived epitopes, 6 were strongly bound
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Table 1 Distributions of

DRBI alleles Patients, Controls, Patients vs. controls

HLA-DRBI .alleles (2nd 2n=200 (%) 2n=660 (%)

field resolution) among the Pc OR CI

Hashimoto’s thyroiditis patients

and healthy controls *01:01 7 (3.50) 34 (5.20) 0.44 0.61 0.66 0.24-1.56
*01:02 5(2.50) 7 (1.10) 0.16 0.50 2.38 0.59-8.85
*03:01 40 (20.00) 66 (10.00) 0.0002 0.003 2.24 1.42-3.52
*04:01 9 (4.50) 53 (8.00) 0.12 0.46 0.53 0.22-1.13
*04:02 12 (6.00) 13 (2.00) 0.006 0.05 3.17 1.29-7.68
*04:03 5(2.50) 9 (1.40) 0.33 0.59 1.85 0.48-6.24
*04:04 1 (0.50) 1 (0.20) 0.41 0.59 3.30 0.04-259.78
*04:05 9 (4.50) 5(0.80) 0.001 0.01 6.15 1.82-23.66
*04:07 1 (0.50) 0 (0.00) 0.23 0.50 - -
*07:01 19 (9.50) 68 (10.30) 0.79 0.92 091 0.53-1.56
*08:01 0 (0.00) 11 (1.70) 0.07 0.30 0.00 0.00-1.30
*08:02 0 (0.00) 1 (0.20) 1.00 1.00 0.00 0.00-128.44
*08:03 0 (0.00) 2 (0.30) 1.00 1.00 0.00 0.00-17.59
*08:04 1 (0.50) 1 (0.20) 0.41 0.59 3.30 0.04-259.78
*08:08 0 (0.00) 1 (0.20) 1.00 1.00 0.00 0.00-128.44
*09:01 1 (0.50) 10 (1.50) 0.47 0.63 0.32 0.007-2.32
*10:01 2 (1.00) 18 (2.70) 0.18 0.50 0.36 0.04-1.52
*]]:01 23 (11.50) 98 (14.80) 0.28 0.57 0.74 0.43-1.22
*1]1:02 1 (0.50) 21 (3.20) 0.06 0.30 0.15 0.01-1.08
*]1:03 1 (0.50) 5 (0.80) 1.00 1.00 0.65 0.01-5.93
*]1:04 19 (9.50) 17 (2.60) 4.47e-05 0.001 4.19 2.03-8.72
*]2:01 0 (0.00) 7 (1.10) 0.36 0.59 0.00 0.00-2.28
*]3:01 5(2.50) 53 (8.00) 0.008 0.05 0.28 0.08-0.72
*]3:02 5(2.50) 20 (3.00) 0.88 1.00 0.82 0.23-2.29
*]3:03 0 (0.00) 6 (0.90) 0.34 0.59 0.00 0.00-2.80
*]13:05 1 (0.50) 0 (0.00) 0.23 0.50 - -
*14:01 8 (4.00) 40 (6.10) 0.34 0.59 0.64 0.25-1.43
*14:02 1 (0.50) 0 (0.00) 0.23 0.50 - -
*14:04 0 (0.00) 3 (0.50) 1.00 1.00 0.00 0.00-8.00
*14:05 0 (0.00) 1 (0.20) 1.00 1.00 0.00 0.00-128.44
*15:01 10 (5.00) 62 (9.40) 0.06 0.30 0.50 0.22-1.02
*15:02 8 (4.00) 14 (2.10) 0.22 0.50 1.92 0.68-4.99
*16:01 6 (3.00) 12 (1.80) 0.39 0.59 1.66 0.50-4.88
*16:02 0 (0.00) 1 (0.20) 1.00 1.00 0.00 0.00-128.44

to HLA-DRB1%*03:01, while the remaining epitopes were
considered weak binders.

Sequence homology analysis among predicted epitopes
derived from TPO, Tg, and four microorganisms

Following the Gibbs simultaneous alignment and clustering
algorithm, 247 predicted self and non-self-epitopes, were
grouped into three initial meaningful clusters for motif
identification in the peptide dataset. The applied algorithm
efforts at maximizing the information content of individual
matrixes while minimizing the overlap between distinct clus-
ters, so that each cluster is represented by a position-specific
scoring matrix (PSSM). Also, to identify the optimal local
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sequence alignment in each cluster Kullback-Leibler dis-
tance (KLD) sum of the alignments was measured by Gibbs
Cluster—2.0. The KLD measures the information gain of
an observed amino acid distribution compared with a back-
ground distribution (the frequency of each amino acid in
random protein sequences) (Suppl Fig. 3).

The anchor residues of peptides for the resulting clusters
are depicted in Fig. 3. In the first cluster, consisting of 247
sequences, amino acid preferences at the 2nd, 5th, 7th, and
9th positions were represented by [LIM], [DEN], [KR], and
[RP], respectively. Within group 1 of the second cluster,
which included 145 sequences from the total of 247 pep-
tides, predominant amino acids at the 3rd and 6th positions
were [LVI] and [DEN], respectively. Also, in group 2 of the
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Table 2 Distributions of DQBI alleles Patients, Controls, 2n =660 (%) Patients vs. controls

HLA-DQBI .alleles (2nd 20=200 (%)

field resolution) among the P Pc OR (I

Hashimoto’s thyroiditis patients

and healthy controls *02:01 40 (20.00) 68 (10.30) 0.0004 0.006 2.17 1.37-3.39
*02:02 24 (12.00) 68 (10.30) 0.58 0.73 1.18 0.69-1.98
*03:01 46 (23.00) 179 (27.10) 0.28 0.58 0.80 0.54-1.17
*03:02 30 (15.00) 51 (7.70) 0.003 0.02 2.10 1.25-3.48
*03:03 2 (1.00) 14 (2.10) 0.38 0.58 0.46 0.05-2.05
*04:01 0 (0.00) 5 (0.80) 0.59 0.73 0.00 0.00-3.60
*04:02 1 (0.50) 11 (1.70) 0.31 0.58 0.29  0.006-2.06
*05:01 14 (7.00) 61 (9.20) 0.39 0.58 0.73 0.37-1.37
*05:02 7 (3.50) 22 (3.30) 1.00 1.00 1.05 0.37-2.59
*05:03 9 (4.50) 44 (6.70) 0.34 0.58 0.66 0.27-1.40
*06:01 8 (4.00) 14 (2.10) 0.22 0.58 1.92 0.68-4.99
*06:02 9 (4.50) 50 (7.60) 0.17 0.58 0.57 0.24-1.20
*06:03 5(2.50) 53 (8.00) 0.01 0.05 0.29 0.09-0.74
*06:04 5(2.50) 18 (2.70) 1.00 1.00 091 0.26-2.59
*06:09 0 (0.00) 2 (0.30) 1.00 1.00 0.00 0.00-17.59

second cluster, comprising 102 peptides, the 2nd and 5th
positions were mainly occupied by [IVL] and [D] amino
acids. Additionally, group 1 of the third cluster, consisting
of 123 sequences from all 247 peptides displayed prefer-
ences for [LVI] and [DNE] amino acids at the 1st and 4th
positions, respectively. Finally, group 2 of the third cluster
exhibited more promiscuity in anchor positions, although
[D] and [R] amino acids were predominantly favored at the
6th and 9th positions, respectively (Fig. 3).

Global protein homology

We used the BLASTp program to analyze the homology
between the global proteins of TPO, Tg, and the proteins of
microorganisms containing confirmed epitopes. The results
revealed that none of the confirmed proteins from microor-
ganisms exhibited homology with Tg and TPO, except for
the presence of homology between the envelope glycopro-
tein D of herpes virus and TPO. Specifically, as shown in

Table 3 Comparison of the

- - - Diplotypes Patients, =100 (%) Controls,n=330 (%) Patients vs. controls

predisposing and protective (HLA-DRB1/

DRBI genotypes (diplotypes) DRB1) P Pc OR (I

frequencies between

Hashimoto’s thyroiditis patients Two susceptible haplotypes

and controls DR3/DR3 5 (5.00) 8 (2.40) 019 031 211 053-7.53
DR4/DR4 1 (1.00) 9 (2.70) 0.46 057  0.36 0.008-2.66
DR3/DR4 8 (8.00) 3(0.90) 0.0005 0.005 9.41 2.20-56.19
One susceptible haplotype
DR3/DRX 20 (20.00) 35 (10.60) 0.01 0.04 211 1.104.00
DR4/DRX 26 (26.00) 47 (14.20) 0.006  0.02 212 1.19-3.77
Susceptible/protective haplotype
DR3/DRI13 2 (2.00) 12 (3.60) 0.53 058 0.54 0.05-2.49
DR4/DR13 1 (1.00) 10 (3.00) 0.46 0.57  0.32 0.007-2.32
Neutral haplotypes
DRX/DRX 31 (31.00) 154 (46.70) 0.005 0.02 051 0.31-0.85
One protective haplotype
DRX/DR13 4 (4.00) 47 (14.20) 0.005 0.02 025 0.07-0.75
Two protective haplotypes
DR13/DR13 2 (2.00) 5 (1.50) 0.66 066 1.32 0.12-8.25
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Table 4 Logistic regression

; e Risk or protective genotypes Patients, Controls, n =330 (%) Odds ratio P values
analy§1s .for estimation of n=100 (%)
genetic risk based on the
presence of HLA risk alleles in Neutral (reference) 31 (31.0) 179 (54.2) - -
our population Protective/protective 5(5.0) 59 (17.9) 0.489 0.15
Risk/protective 4 (4.0) 15 4.5) 1.54 0.46
Risk/risk 60 (60.0) 77 (23.3) 4.50 7.09E-09

Risk genotype indicates the presence of DRB1*03:01, *04:02, *04:05, and *11:04 alleles. Protective geno-
type indicates the presence of DRB1%13:01 allele and neutral status indicates the presence of other alleles

apart from risk and protective ones

Suppl Table 5, a homologous sequence within the envelope
glycoprotein D from the herpes virus (sequence 145—-180)
was identified with an E value of 0.029, sequence coverage
of 9%, and sequence percentage identity of 32.65%. This
sequence corresponded to sequence 151-199 of TPO.

Molecular docking

TPO-derived epitopes and herpes virus-derived epitopes
were randomly chosen for docking. The results of dock-
ing simulations revealed that those epitopes feasibly inter-

acted with the HLA-DR3 peptide binding cleft, forming
multiple molecular interactions, particularly hydrogen and

1.00-

0.75-

sensitivity
o
2

electrostatic bonds. The scores obtained from the peptide
docking simulations indicated the binding affinities, where
higher scores indicated lower binding affinities and vice
versa. Based on molecular docking analysis, we found
that Asnp82, Arg p74, Glnp70, and Sera53 and Asna62
amino acid residues of HLA-DR3 molecule are criti-
cal for binding to the anchor residues of V and D in the
epitopes. Additionally, anchor residues of L and D in the
epitopes bind to Lysp71 and ArgP74, along with Asna62
and Asna69 of HLA-DR3 molecule. Moreover, Lysf71,
Argf74, and Trpf61, as well as Asna62 and Asna69 are
important residues for binding to I and D residues in the
epitopes (Suppl Fig. 4).

0.25- - AUC=0.704 P-value =66x10""°
J" ’
- L
= -~
.
0.00-
I".h-f? -2.‘25 CI.ISl'.I D.I'r'ﬁ '.;\—JC
1 - specificity

Fig.2 ROC curve analysis for prediction of Hashimoto’s thyroiditis by using HLA risk alleles (DR3/DR4/DR11). The sensitivity and specificity
of HLA risk alleles for prediction of HT in our population are 0.60 and 0.77, respectively
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Discussion

Allelic distributions of DRB1/DQB1 genes among HT
patients and healthy controls

We analyzed the frequencies of HLA-DRBI and -DQBI alleles,
genotypes, and haplotypes in 100 patients with Hashimoto’s
thyroiditis (HT) and 330 ethnically matched healthy individuals.
Our findings are in line with similar studies conducted in
Caucasian (Farid and Thompson 1986), Hungarian (Stenszky
etal. 1987), and Italian (Petrone et al. 2001) populations, which
demonstrated the predisposing role of HLA-DRBI*03 and
HLA-DRBI*04 alleles in the development of HT. Consistently,
we observed that HLA-DRBI*03:01, DRBI*04:02 and
DRB1%#04:05 as well as DRBI*11:04 alleles may be associated
with an increased susceptibility to HT. Furthermore, our study
revealed a potentially predisposing role for HLA-DQB1*02:01
and DQOBI*03:02 alleles, along with a potential protective
effect of DRB1*13:01 and DQB1%*06:03 alleles in our HT
patients. In contrast to Zeitlin et al. study (Zeitlin et al. 2008),
we observed a susceptibility role for DRBI*11:04 alleles
and similarly a protective role for DRB1*13:01 allele in our
HT patients. Also, in agreement with a study on the Greek
population (Kokaraki et al. 2009), our study demonstrated
that DRB1%04:05, DOQBI1*02:01, and DQBI1*03:02 alleles are
associated with an increased risk for developing HT in Iranians.
Additionally, our study identified more predisposing alleles,
including DRB1%*03:01 and DRBI1%*04:02, and suggested a
possibly neutral effect of DRBI*07 alleles in our patients which
is inconsistent with the results of a study conducted in the Greek
population (Kokaraki et al. 2009).

Furthermore, our findings corroborate the results of the
Zeitlin et al. study (Zeitlin et al. 2008) in terms of highlight-
ing the predisposing effect of DRB1*03:01 ~DQBI1%02:01
haplotype as well as the marginally protective effect of the
DRBI1*#13:01 ~DQBI*06:03 haplotype against the develop-
ment of HT. Among the major predisposing diplotypes in our
patients, we observed that DR3/DR4, DR3/DRX, and DR4/
DRX diplotypes, where “X” represents any alleles except
DRBI*03, *04, *11, and *13, conferred higher risk for dis-
ease development. Notably, within the DR3/DRX and DR4/
DRX diplotypes, DR3/DR11 and DR4/DR11 were identified
as two significantly predisposing diplotypes in our patients.
Additionally, the estimation of GRS and ROC curve analysis
indicated that the HLA risk alleles for HT in our population
can be used for screening programs and to improve the preven-
tive strategies among high-risk individuals.

In silico analysis

One of the probable hypotheses for the onset of autoimmunity
is molecular mimicry (Ramasamy et al. 2020). Building upon

this hypothesis, a potential connection has been demonstrated
between coxsackie B virus infection and the initiation of type
1 diabetes (Nekoua et al. 2022). Recent studies have also
suggested that certain bacteria and some of common human
viruses might be associated with the onset of Hashimoto’s
thyroiditis (Weider et al. 2022; Figura et al. 2019; Choi et al.
2017; Moghadam et al. 2022; Zangiabadian et al. 2021). With
this in mind, epitopes derived from four microorganisms, which
have the capability to bind to the DRB1#¥03:01 molecule, as
risk allele for HT, were analyzed for their similarity to epitopes
derived from TPO and Tg, potential autoantigens in HT.
Amino acid sequence alignment of the selected epitopes, based
on their percentile rank from NetMHClIIpan-4.0, revealed a
sequence homology between epitopes derived from TPO and
Tg and non-self-epitopes. Comparisons of the sequence logo
diagrams created by Gibbs sampling for TPO- and Tg-derived
epitopes and the non-self epitopes indicated that aspartic acid
is a predominant residue at the 4th, 5th, and 6th positions in
both self and non-self epitopes. Meanwhile, the 1st, 2nd, and
3rd positions were primarily occupied by three amino acids:
valine, leucine, and isoleucine.

The main focus of the current study was to investigate
the interaction between self and non-self peptides with
HLA molecules, regardless of their binding capacities for
the interaction with TCR and subsequently T cell activation.
The peptide binding to HLA molecules and the interaction of
HLA-peptide complex with TCR is a crucial step for T cell
activation. A recent study (Koukoulitsa et al. 2020) centered
on the evaluation of antigenic peptides associated with MS
disease has shown the conformational properties of peptides
for binding to both HLA-IT and TCR molecules. This inter-
action is orchestrated through anchor residues responsible
for binding to HLA, coupled with specific residues from the
peptide that play a pivotal role in facilitating TCR binding.
Therefore, it can be speculated that the different peptides
with sequence similarity in the critical residues may exhibit
a capacity for binding to both HLA-II and TCR molecules
which, in fact, reflects the cross-reactivity of different
epitopes for inducing T cell responses. On the other hand,
different peptides with no sequence similarity but with struc-
tural similarity in the form of peptide-MHC complex can be
a cross-reactive target for specific T cells. This, in turn, indi-
cates that both structural and sequential features of peptide-
MHC complex can affect the intensity and directionality of
specific or cross-reactive T cell responses (Antunes et al.
2017). These findings may shed some light on the intricate
mechanisms governing the recognition of antigens and T cell
activation processes during autoimmune responses induced
by molecular mimicry.

Additionally, based on data extracted from UniProt, it
was observed that TPO-derived epitopes, containing anchor
residues L, I, and D, may be involved in binding functions,
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«Fig.3 Sequence Logos of the selected epitopes from thyroid peroxi-
dase (TPO), thyroglobulin (Tg), and four microorganisms by Gibbs
Cluster 2.0. The height of the stack indicates the conserved residues
at specific position, while the height of symbols within the stack indi-
cates the relative frequency of each residue at that position

such as binding to Ca, Heme b, and proton, within this pro-
tein. Whereas, epitopes consisting of V and D are derived
from the structural portion of TPO. The presence of three
epitopes carrying I and D residues at critical positions in
TPO protein (associated with binding sites) suggests that
those positions might be more dominant to present molecu-
lar mimics compared to other residues in the epitopes of
TPO. Furthermore, it is worth noting that Enteroviruses
and Yersinia enterocolitica have epitopes derived from the
genomic polyprotein and chaperonin GroEL, respectively.
Similar to both Herpesviruses and Yersinia enterocolitica,
Enteroviruses exhibit a higher number of I and D residues
in their epitopes. Additionally, two types of glycoprotein
epitopes consisting V, I, and D residues, which are involved
in mediating herpesvirus entry into host cells and play an
immunogenic role, appear to be of significant importance.

When comparing the sequence homology between the TPO
protein and the proteins from the four microorganisms, it was
found that only the sequence 145-180 of the envelope glyco-
protein D in Herpesviruses exhibited homology with the TPO
sequence 151-199. Additionally, data extracted from UniProt
revealed that one of the essential receptors for the entry of
Herpesviruses into human cells is the CD160 (HVEM) mole-
cule, which binds to the envelope glycoprotein D of Herpesvi-
ruses. A study conducted by He et al. (2021) has demonstrated
that polymorphisms in the CD160 receptor can influence the
entry of Herpesviruses into thyroid follicles. Furthermore,
an increased load of Herpesviruses within thyroid cells can
enhance the presentation of epitopes from the envelope glyco-
protein D via the predisposing HLA-DRB1*03:01 molecule,
leading to the induction of immune responses. Consequently,
due to the presence of homology between glycoprotein D and
TPO, T cells activated by the envelop glycoprotein D may
also recognize the TPO autoantigen as a foreign antigen, thus
leading to the development of anti-TPO antibodies through a
process known as molecular mimicry.

According to a study by Baker et al. (2023), specific resi-
dues within the TPO sequence 151-199, including Leu 177,
Gly 194, Leu 196, Asn 198, and Gly 199, bind to the Fab
region of the anti-TPO antibody’s L, H, H, L, and H chains,
respectively. Based on these findings, it can be postulated
that the homologous sequence 145-180 of the envelope gly-
coprotein D in Herpesviruses serves as a critical molecular
mimic. This suggests that linear epitopes, such as IRED-
DQPSS and VTVDSIGML, from this protein may be pre-
sented to autoreactive T cells, leading to their activation.
It is important to note that antibodies typically recognize

conformational epitopes, whereas the studied epitopes in this
research are linear. This brings to mind the concept of linked
recognition, wherein B-lymphocytes recognize epitopes in
their folded, conformational forms, and then present linear
epitopes derived from the same antigen to induce T cell
responses (Rastogi et al. 2022). In this context, the other lin-
ear epitopes studied may also be presented to autoreactive T
cells, potentially triggering autoimmune cellular responses.

HLA-II molecules possess nine binding pockets inside
the binding cleft termed pockets P1-P9 (Painter and Stern
2012). P1, P4, and P9 binding pockets have key residues
for binding to anchor residues of the antigenic peptides.
Key residues of HLA-DR3 molecule are Asnp82 and
Sera53 in P1, Lysp71, Arg f74, and Asna62 in P4 and
Trpp61 and Asna69 in P9. Peptides bind to HLA mol-
ecules via establishing non-covalent bonds such as hydro-
gen and electrostatic bonds. In the HLA-DR3 molecule,
the key residues inside the binding pockets are polar and
positively charged amino acids, while the peptide anchor
residues are polar and negatively charged that leads to
a strong non-covalent binding between peptide residues
and HLA pockets to increase the binding affinity of HLA
molecule to the antigenic epitope. The P4 binding pocket
was found to be more important than the other pockets, as
the key amino acids (Lysp71, Arg 74, and Asna62) are
located in this pocket and primarily interact with aspar-
tic acid which is commonly found in the various studied
peptides. Conversely, the key amino acids in the P1 and
P9 pockets bind to different anchor residues of peptides.
Any substitution with aspartic acid at this position affects
the binding affinity of HLA molecule to the antigenic
epitope. The Lysp71 and Argp74 primarily form hydrogen
and electrostatic bonds with the aspartate at positions 6, 7,
and 8 of the peptides which indicated the critical role of
aspartate at those positions.

Based on the multiple epitope alignment, it was deter-
mined that the four microorganisms-derived epitopes (her-
pesvirus, enterovirus, Helicobacter pylori, and Yersinia
enterocolitica), showed homology with TPO and Tg-derived
epitopes. Also, based on docking, alignment epitopes indi-
cated the capacity for binding to the predisposing HLA-
DRBI1*03 allele. Therefore, the observed similarities
between proteins from those pathogens especially envelop
glycoprotein D from Herpesviruses and TPO autoantigen
might somewhat confirm the molecular mimicry hypotheses
for development of HT.

Conclusion
Determining the potentially HLA class II risk alleles for

developing Hashimoto’s thyroiditis as well as their pre-
dictive power for this thyroid autoimmune disease in our
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population were carried out. Subsequently, one of the most
probable risk allele (DRB1*03:01) was considered for in sil-
ico analysis based on a hypothesis raised in connection with
the role of microorganisms in the development of HT in the
genetically susceptible individuals. The analysis of peptide
sequence homology between epitopes of TPO and epitopes
derived from four candidate microorganisms revealed a
homology between envelop glycoprotein D of herpes virus
and sequence 151-199 of TPO with remarkable binding
capacity to HLA risk allele. These findings reinforce the
hypothesis of molecular mimicry between epitopes derived
from self-antigens and pathogens to induce activation of
autoreactive T cells specific for thyroid antigens and conse-
quently development of HT disease. Alternatively, it can be
indicative for the increased risk of developing Hashimoto’s
thyroiditis in the genetically susceptible individuals with a
history of herpes virus infection as an environmental risk
factor. Altogether, our findings in relation to the potential
impact of molecular mimicry for developing HT disease
require further investigations by recruiting a larger sample
size and evaluating T cell cross-reactivity prediction to clar-
ify the underpinning mechanisms more precisely.
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