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Human leukocyte antigen-DQ risk
heterodimeric haplotypes of left
ventricular dysfunction in cardiac
sarcoidosis: an autoimmune view
of its role
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Cardiac sarcoidosis (CS) is the scarring of heart muscles by autoimmunity, leading to heart
abnormalities and patients with sarcoidosis with cardiac involvements have poor prognoses. Due

to the small number of patients, it is difficult to stratify all patients of CS by human leukocyte

antigen (HLA) analysis. We focused on the structure of antigen-recognizing pockets in heterodimeric
HLA-class Il, in addition to DNA sequences, and extracted high-affinity combinations of antigenic
epitopes from candidate autoantigen proteins and HLA. Four HLA heterodimer-haplotypes
(DQA1*05:03/05:05/05:06/05:08-DQB1*03:01) were identified in 10 of 68 cases. Nine of the 10
patients had low left ventricular ejection fraction (< 50%). Fourteen amino-acid sequences constituting
four HLA anchor pockets encoded by the HLA haplotypes were all common, suggesting DQA1*05:0X-
DQB1*03:01 exhibit one group of heterodimeric haplotypes. The heterodimeric haplotypes
recognized eight epitopes from different proteins. Assuming that autoimmune mechanisms might

be activated by molecular mimicry, we searched for bacterial species having peptide sequences
homologous to the eight epitopes. Within the peptide epitopes form the SLC25A4 and DSG2, high-
homology sequences were found in Cutibacterium acnes and Mycobacterium tuberculosis, respectively.
In this study, we detected the risk heterodimeric haplotypes of ventricular dysfunction in CS by
searching for high-affinity HLA-class Il and antigenic epitopes from candidate cardiac proteins.

Sarcoidosis is a systemic granulomatous autoimmune disease affecting various organs, including the heart'.
Cardiac sarcoidosis (CS), or sarcoidosis with cardiac phenotypes, exhibits three major phenotypes in the heart,
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namely, complete atrioventricular block (CAVB), ventricular arrhythmia (VT/VF), and left ventricular systolic
dysfunction (low left ventricular ejection fraction; LVEF). These cardiac phenotypes indicate poor prognosis for
patients with sarcoidosis®. Although Human Leukocyte Antigen class I (HLA-II) genes have been reported to
be associated with sarcoidosis incidence®™, the pathological mechanisms and risk factors associated with these
cardiac phenotypes have not been elucidated.

HLA-II molecules can present self-antigens to CD4-positive T-cells, and their mechanism in autoimmune
reactions is partially known. Autoimmune reactions can be triggered by peptides of foreign pathogens that mimic
self-peptides, and susceptibility to autoimmune diseases is often associated with specific HLA-II alleles that are
associated with self-antigen presentation to auto-reactive T-cells’. Self-antigen recognition could be acquired via
molecular mimicry, which occurs when similarities between foreign and autologous antigens favour activation of
auto-reactive T-cells in susceptible individuals®. T-cell activation via molecular mimicry is mediated by HLA-II
molecules whose binding affinity to foreign and autologous antigenic epitopes could affect antigen presentation,
immunogenicity, and cross-reactivity”!?. Some autoimmune diseases, such as systemic scleroderma'’, Guil-
lain-Barré syndrome'?, and autoimmune retinitis'* have been reported to be triggered by molecular mimicry,
where infection with certain foreign pathogens was suggested to be the trigger. Moreover, these diseases often
develop in adulthood and have been reported to be associated with specific HLA alleles, which are also com-
mon in CS. Given these, environmental factors, especially exposure to foreign pathogens, may be involved in
the cardiac phenotype.

In this study, we considered two strategies to identify HLAs that could be risk factors for the development
of CS phenotypes. The first strategy was to identify HLAs that were significantly enriched in patients with CS
and statistically correlated with the CS phenotypes. The second strategy was to identify HLAs with high auto-
immunogenicity using the binding affinity of HLA molecules to autologous cardiac proteins and to search for
phenotypic characteristics of cases with these HLAs. Therefore, we identified probable CS-associated autoantigens
using a bioinformatics tool that employs tailored machine learning strategies to integrate predictors trained on
binding affinity data and mass spectrometry experiments'*. Furthermore, we demonstrated that some of the
HLA-DQ heterodimer-haplotypes could be grouped into an HLA-DQ heterodimeric haplotypes based on the
binding affinity profile. Subsequently, the association between the HLA-DQ heterodimeric haplotypes and cardiac
phenotypes in patients with CS was examined. Finally, we comprehensively analysed foreign antigens that were
highly homologous to the identified autoantigens associated with the disease.

Results

Detection of risk HLA alleles associated with CS susceptibility or CS phenotypes

As the first strategy, we performed 4-digit HLA typing by target resequencing of 11 classical HLA genes in 68
patients with CS and 311 controls. In the patient group, we detected 14 HLA-A, 28 HLA-B, 16 HLA-C, 4 HLA-
DPA1, 13 HLA-DPBI, 13 HLA-DQAI, 11 HLA-DQBI, 18 HLA-DRBI1, 4 HLA-DRB3, 2 HLA-DRB4, and 2
HLA-DRBS5 alleles. We then conducted association analysis of these alleles with disease incidence.

Given that HLA-II alleles have been shown to be associated with sarcoidosis incidence, we sought to identify
HLA alleles for each locus that were significantly enriched in the CS group compared to that in the control group.
These analyses were performed as reported in previous HLA studies of autoimmune diseases''>!¢. (Fig. 1a).
In this study, the prevalence of the DQB1*06:01 allele, a previously reported risk HLA allele for CS incidence!,
was significantly higher in the HLA-DQB1 locus in the group of patients with CS (56%) than that in the control
group (33%) (Table 1). Similarly, prevalence of the DRB1*08:03 (CS vs. control: 43% vs. 16%) (Supplemental
Table S1) and DQA1*01:03 alleles (CS vs. healthy control: 59% vs. 38%) (Supplemental Table S2) were signifi-
cantly higher in the CS group than in the control group. Additionally, we detected the association of HLA class
I genes with CS incidence. In the HLA-A locus, the prevalence of HLA-A*11:01 allele was significantly higher
in the CS group (26%) than that in the control group (12%) (Supplemental Table S3). In the HLA-C locus, the
prevalence of HLA-C*03:04 allele was significantly lower in the CS group (7%) than that in the control group
(25%) (Supplemental Table S4). Thus, the HLA-C*03:04 allele may be a protective factor of CS incidence, while
HLA-DQB1%*06:01, -DRB1*08:03, -DQA1*01:03, and -A*11:01 alleles were risk factors. Similar single allele-based
analyses for the other HLA-II loci (HLA-DPAL, -DPB1, -DRB3, -DRB4, or -DRB5) and the HLA-B locus did not
reveal any significant risk alleles (Supplemental Table S5).

Subsequently, we attempted to detect HLA alleles associated with cardiac phenotypes in patients with CS.
We focused on the five HLA alleles (DQB1*06:01, DRB1*08:03, DQA1*01:03, A*11:01, and C*03:04) that were
found to be risk or protective HLA alleles for CS incidence. A total of 68 patients with CS were divided into two
groups according to the presence of each allele. The differences in clinical characteristics and the prevalence of
clinical phenotypes were compared between the two groups. There was no considerable association between the
presence of DQB1*06:01 allele and the prevalence of any cardiac phenotypes in patients with CS (Table 2). Simi-
larly, there were no considerable associations between either DRB1*08:03 (Supplemental Table S6), DQA1*01:03
(Supplemental Table S7), A*11:01 (Supplemental Table S8), or C*03:04 (Supplemental Table S9) alleles and any
cardiac phenotypes in patients with CS. Hence, these HLA alleles were associated with CS susceptibility, but they
could not be used to stratify cardiac phenotypes in patients with CS.

Detection of risk HLA heterodimer-haplotypes associated with CS susceptibility or cardiac
phenotypes of CS

HLA-II alleles are risk factors associated with sarcoidosis incidence, based on single allele analyses®=. How-
ever, analyses based on HLA heterodimer-haplotypes might be reasonable considering that the epitope-binding
domain of HLA-II molecules has a heterodimeric structure comprising an « chain (encoded by the A-genes;
e.g., HLA-DPAI or -DQAI genes) and a B chain (encoded by the B-genes; e.g., HLA-DPBI or -DQBI genes). We
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Figure 1. Research strategies for identifying risk HLA of cardiac phenotypes in patients with CS. (a) Following
conventional HLA analyses, prevalence of HLA alleles or haplotypes were compared between case and control
groups. Associations between the risk alleles or haplotypes detected and cardiac phenotypes. (b) From an
autoimmune perspective, the hetero-dimeric structure of HLA-II molecules (of the 68 patients with CS) and
their binding affinity (BA) to possible antigenic epitopes (of 172 proteins) were taken into consideration. After
the comprehensive calculation of BA, the combinations of HLA-IT haplotypes and epitopes with high BA were
extracted. Associations between HLA-II haplotypes with high BA and cardiac phenotypes. (c) Five anchor
pockets in the epitope-binding domains of HLA-II molecules determine their BA to various epitopes. HLA-II
haplotypes with similar BA patterns were grouped into an HLA heterodimeric haplotypes. This process was
validated by homology of their amino acid residues in the peptide binding domains. (d) The possibility of auto-
immunogenicity by the risk HLA haplotypes (or heterodimeric haplotypes) was considered with the mechanism
of molecular mimicry. We used BLAST-P to look for epitopes from proteins expressed in infectious bacteria,
which were homologous to the human epitopes with high BA.

therefore created a list of possible combinations of the A and B gene alleles as “heterodimer-haplotypes” (e.g.,
HLA-DPA1/DPBI or -DQA1/DQBI). A total of 31 HLA-DP and 67 HLA-DQ heterodimer-haplotypes were
identified in the CS group. We conducted association analyses of these heterodimer-haplotypes with CS inci-
dence and cardiac phenotypes (Fig. 1a). The prevalence of DQA1*03:03/DQB1*06:01, DQA1*01:03/DQB1*04:01,
and DPA1*02:02/DPB1*09:01 heterodimer-haplotypes were significantly higher in the CS group than in the
control group (Tables 3, 4). Subsequently, we studied the effects of the presence of DQA1*03:03/DQB1*06:01
(Table 5), DQA1*01:03/DQB1*04:01 (Supplemental Table S10), and DPA1*02:02/DPB1*09:01 (Supplemental
Table S11) haplotypes on the prevalence of cardiac phenotypes in patients with CS. However, we did not detect
any significant associations.
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Allele Cardiac sarcoidosis (n=68) | Control (n=311) | P_adj
DQB1*06:01 38 (56%) 105 (34%) 0.096*
DQBI1%05:01 | 1 (1.5%) 33 (11%) n.s
DQB1*04:01 21 (31%) 68 (22%) n.s
DQB1*05:03 1(1.5%) 17 (5.5%) n.s
DQB1%04:02 8 (12%) 25 (8.0%) n.s
DQBI*06:02 | 7 (10%) 46 (15%) n.s
DQB1*03:02 11 (16%) 57 (18%) n.s
DQB1*06:03 2 (2.9%) 14 (4.5%) n.s
DQBI*03:03 | 20 (29%) 100 (32%) n.s
DQB1*03:01 15 (22%) 69 (22%) n.s
DQB1*06:04 5 (7.4%) 26 (8.4%) n.s

Table 1. Association analysis for the risk HLA-DQBI allele of CS incidence. n.s. no significant difference.
*Significance after the correction for multiple testing (Bonferroni correction); P_adj. <0.05.

\ With DQB1*06:01 (n =38) \ Without DQB1*06:01 (n =30) \ P
Clinical characteristics
Age of onset (years) 64 [56-72] 60 [52-69] 0.42
Gender (female) 23 (61%) 20 (67%) 0.62
Clinical phenotypes
CAVB 18 (47%) 12 (40%) 0.63
VT or VF 16 (42%) 9 (30%) 0.33
Sustained VT or VF 10 (26%) 7 (23%) 1.00
LVEF (%) 45 [33-57] 46 [35-63] 0.60
Low LVEF 24 (63%) 17 (57%) 0.63
Cardiac device implantation 29 (76%) 20 (67%) 0.42
Successful corticosteroid therapy 15 (44%) 6 (27%) 0.26

Table 2. Association analysis between the risk HLA allele of DQB1*06:01 and clinical phenotypes. CAVB
complete atrioventricular block, VT ventricular tachycardia, VF ventricular fibrillation, LVEF left ventricular
ejection fraction, Low LVEF the patients with LVEF <50% in the echocardiography at the enrolment.

Haplotype Cardiac sarcoidosis (n=68) Control (n=311) P_adj
DQA1%03:03/DQB1*06:01 16 (23%) 13 (4.2%) 1.5E-04 *
DQA1%*01:03/DQB1*04:01 12 (17%) 9 (2.9%) 2.3E-03*
DQA1%*01:03/DQB1*06:01 38 (55%) 105 (34%) ns
DQA1*01:01/DQB1*05:01 1(1.5%) 28 (9.0%) n.s
DQA1%03:02/DQB1*06:01 10 (14%) 21 (6.8%) n.s
DQA1%05:05/DQB1*06:02 2(2.9%) 1(0.3%) n.s
DQA1*01:03/DQB1*03:03 10 (14%) 24 (7.7%) n.s
DQA1%03:03/DQB1*03:02 4 (5.9%) 7 (2.3%) n.s
DQA1%03:03/DQB1*04:01 21 (31%) 68 (22%) n.s
DQA1%*01:03/DQB1*03:01 5(7.4%) 11 (3.5%) n.s

Table 3. Association analysis for the risk HLA-DQ haplotypes of CS incidence. A total of 67 HLA-DQ
haplotypes detected in the group with patients suffering from CS, ordered by P values; the results of the top
10 haplotypes are shown. #.s. no significant difference. *Significance after the correction for multiple testing
(Bonferroni correction); P_adj. <0.05.

In summary, the HLA single alleles and heterodimer-haplotypes that we identified correlated with CS sus-
ceptibility. Nonetheless, these HLAs did not correlate significantly with the cardiac phenotypes of CS. We must
thus explore the risk HLAs of CS phenotypes.
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Haplotype Cardiac sarcoidosis (n=68) Control (n=311) P_adj
DPA1*02:02/DPB1*09:01 12 (18%) 16 (5.1%) 0.038 *
DPA1%02:02/DPB1*02:02 7 (10%) 8 (2.6%) n.s
DPA1*02:01/DPB1*02:01 1 (1.5%) 34 (11%) n.s
DPA1*02:01/DPB1*05:01 17 (25%) 41 (13%) n.s
DPA1*02:02/DPB1*06:01 2 (7%) 0(0.0%) n.s
DPA1*02:01/DPB1*02:02 3 (4.4%) 2 (0.6%) n.s
DPA1*01:03/DPB1*06:01 2 (2.9%) 1(0.3%) n.s
DPA1*02:02/DPB1*05:01 48 (71%) 184 (59%) n.s
DPA1%02:02/DPB1*13:01 2(2.9%) 2(0.6%) n.s
DPA1*01:03/DPB1*19:01 1 (1.5%) 0 (0.0%) n.s

Table 4. Association analysis for the risk HLA-DP haplotypes of CS incidence. A total of 31 HLA-DP
haplotypes detected in the group with patients suffering from CS, ordered by P values; the results of the top
10 haplotypes are shown. n.s. no significant difference. *Significance after the correction for multiple testing
(Bonferroni correction); P_adj. <0.05.

With Without
DQA1*03:03/DQB1*06:01 (n=16) | DQA1*03:03/DQB1*06:01 (n=52) | P
Clinical characteristics
Age of onset (years) 66 [56-75] 62 [53-70] 0.51
Gender (female) 10 (63%) 33 (63%) 1.00
Clinical phenotypes
CAVB 10 (63%) 20 (38%) 0.15
VT or VF 9 (56%) 16 (31%) 0.08
Sustained VT or VF 5(31%) 12 (23%) 0.52
LVEF (%) 44 [34-56) 46 [34-60] 0.61
Low LVEF 11 (69%) 30 (58%) 0.56
Cardiac device implantation 12 (75%) 37 (71%) 1.00
Successful corticosteroid therapy | 8 (57%) 14 (33%) 0.13

Table 5. Association analysis between the risk HLA haplotype, DQA1*03:03/DQB1*06:01 and clinical
phenotypes. CAVB complete atrioventricular block, VT ventricular tachycardia, VF ventricular fibrillation,
LVEF left ventricular ejection fraction, Low LVEF the patients with LVEF < 50% in the echocardiography at the
enrollment.

Calculation and processing of the binding affinity between HLA molecules and autologous
peptide sequences

As the second strategy, to identify risk HLAs associated with cardiac phenotypes and explore the mechanisms
by which HLAs affect immune responses, we sought to identify patients with CS who had risk HLA-II alleles for
cardiac phenotypes, focusing on the interactions between cardiac proteins and HLA-II molecules.

HLA-II molecules are involved in the pathogenesis of autoimmune diseases. Moreover, the binding affinity of
HLA-II molecules to antigenic peptides determine their immunogenicity'®. Using a bioinformatics tool, we com-
prehensively calculated the molecular affinity between HLA-II molecules encoded by heterodimer-haplotypes
and cardiac (possibly autoantigenic) proteins in patients with CS. We listed a total of 172 proteins of interest,
considering their functional relationship with cardiac phenotypes (left ventricular dysfunction, atrioventricular
block, and ventricular tachycardia) or organ-specific expression in the human heart or other organs (Fig. 1b)
(Supplemental Table S12).

netMHClIIpan 4.0, a binding affinity calculation algorithm (14) was used to comprehensively calculate binding
affinity of every HLA-II molecule expressed in patients with CS (Fig. 1b). We created 15-mer peptide sequences
(epitopes) fragmented from the whole amino acid sequences of the proteins by individually shifting the amino
acids (Fig. 2a). Then, the binding affinity (ICs,) of each epitope was calculated individually for all HLA-II het-
erodimer-haplotypes expressed in patients with CS. Considering the genotype of individuals, each patient has
up to two variants of alleles inherited from their father or mother. Each case could theoretically be assumed to
have four different haplotypes of HLA-II genes (Supplemental Fig. S1b). To focus on the combinations with the
strongest binding affinities, we extracted the combinations with the minimum IC;, value among the epitopes
from individual proteins. We integrated them as binding affinity profiles for individual cases (Supplemental
Fig. Slc). The combinations of HLA-II heterodimer-haplotypes and epitopes with IC, values less than 50 nM
were considered strong binding combinations, as reported in previous studies'’.
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Figure 2. Heatmaps by the minimum ICs, profile among 68 patients with CS. The minimum ICy, profiles for
the HLA-DQ locus among 68 patients with CS were expressed as a heatmap (ICs, value above 50 nM were
displayed in blue, and ICj, values below 50 nM were displayed in two levels of threshold: dark red for ICs,
value below 12.5 nM, and gradational change from red to white for ICs, value above 12.5 nM up to 50 nM)

and rearranged in the following manner- (a) The profiles were rearranged by hierarchical clustering of affinity
profile. The vertical axis is the 172 target proteins to be analysed, grouped by each category. Group-1 to -7
indicate the categories of proteins in Fig. 4. The part surrounded by a square (10 cases) indicates the group with
a particularly high BA compared to others. (b) The profiles were rearranged in the order of LVEE The vertical
axis is same as Fig. 3a. Cases highlighted by an arrowhead indicate individuals of the group with a particularly
high BA in Fig. 3a. The green triangles indicate the borderline of 50% in LVEF.

Searching for risk HLA-II heterodimer-haplotypes associated with the low LVEF phenotype
using netMHClIpan

We conducted a de novo study using netMHCIIpan to comprehensively assess the binding affinity between
HLA-II and the epitopes from proteins of interest and draw associations between HLA-II and CS phenotypes
(Fig. 1b). To identify the epitopes having high affinity towards individual HLA-II heterodimer-haplotypes, we
created heatmaps of the binding affinity profiles of epitopes from the 68 patients with CS (Fig. 2). We found
numerous patients with similar binding affinity profiles to multiple gene-derived epitopes by using hierarchi-
cal clustering (Fig. 2a). In particular, ten cases (the group of cases enclosed in a square in Fig. 2a) exhibited
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higher affinity for multiple gene-derived epitopes than other patients. These ten cases shared analogous HLA-
DQ heterodimer-haplotypes of DQA1*05:0X_DQB1*03:01 (i.e., DQA1*05:03, DQA1*05:05, DQA1*05:06, or
DQA1*05:08_DQB1*03:01). These heterodimer-haplotypes were not detected as risk factors in the case-con-
trol analysis. To elucidate the common characteristics that these 10 CS cases shared, we explored their cardiac
phenotypes. Focusing on the left ventricular systolic dysfunction, we sorted the 68 patients with CS in order of
LVEF at enrolment (Fig. 2b). We reported that nine of the ten patients (highlighted by arrowheads in Fig. 2b)
exhibited below 50% LVEF at enrolment. Furthermore, no pathogenic variants of the 55 cardiomyopathy-related
genes (Supplemental Table S12) were detected in the whole exome sequence data of all nine cases with low LVEF
(LVEF < 50%) and DQA1*05:0X_DQB1*03:01 (Table 6). Thus, the low LVEF phenotype in these nine patients
with CS was not caused by cardiomyopathy-related gene variants. Through this strategy, we could analyse the
possibility of HLA-II involvement of an autoimmune nature in CS pathogenesis.

Validity of considering the heterodimer-haplotypes of HLA-DQA1%05:0X_DQB1*03:01 as an
group of HLA-DQ haplotypes

Multiple HLA molecules have been grouped into HLA supertype!*?°) based on their binding affinity to anti-
genic peptides. There have also been attempts of in silico-based HLA supertype classification based on the
binding affinity characteristics or amino acid sequences of HLA-II proteins, especially in the epitope-binding
domains'®22. Supertype classification is an approach for reducing the complexity of HLA classification by reas-
sorting multiple HLA haplotypes into a relatively large group. Thus, we tested whether it was possible to clas-
sify the four heterodimer-haplotypes of DQA1*05:0X/DQB1*03:01 into one group of HLA-DQ heterodimeric
haplotypes. The HLA-DQ molecules expressed from DQA1*05:0X/DQB1*03:01 heterodimer-haplotypes in the
ten patients (highlighted by arrowheads in Figs. 2b, 3a) were found to have the highest affinity for the eight
epitopes (Figs. 3a,b). The epitope with high affinity (IC5,<12.5 nM) in each of the eight proteins was identical
among the ten cases, regardless of which of the four haplotypes (i.e., DQA1*05:03, DQA1*05:05, DQA1*05:06, or
DQA1*05:08/DQB1%03:01) they harboured. That is, the HLA molecules expressed from these four heterodimer-
haplotypes were predicted to bind strongly to the common epitopes from the eight proteins. The composition of
the eight proteins indicated that majority of the proteins were related to cardiac phenotypes (Group-1 or -2 in
Fig. 4) or highly expressed in the human heart (Group-3 in Fig. 4). This result suggested that HLA-DQA1*05:0X/
DQB1*03:01 molecules might recognise these cardiac proteins as autoantigens and trigger an autoimmune
reaction.

We next examined similarity in binding affinity characteristics among the four HLA heterodimer-haplotypes.
A previous X-ray crystallography study reported that five important pockets (i.e., anchor pockets) in epitope-
binding domains of HLA-IT molecules (i.e., pocket-1, -4, -6, -7, and -9) determined their binding affinity to vari-
ous epitopes. Moreover, the positions of amino acids forming these pockets in a- and -chains were also identified
(Fig. 1c)®. Thus, we checked amino acid residues in the anchor pockets of the four HLA-DQ molecules. We
found that they were completely identical among the a-chains expressed from the four heterodimer-haplotypes
(DQA1*05:03, DQA1*05:05, DQA1*05:06, or DQA1*05:08/DQB1*03:01) (Fig. 3¢c). Although pocket 7 is also
involved in determining binding affinity, this pocket is formed only by the amino acid residues of the p-chain?.
Based on these findings, we felt that the four HLA-DQ heterodimer-haplotypes could be grouped into an group
of HLA-DQ heterodimeric haplotypes.

Notably, unlike the HLA single alleles and HLA heterodimer-haplotypes detected previously, the correlation
of this HLA-DQ heterodimeric haplotypes to cardiac phenotype was unique. We investigated the association
between this HLA-DQ heterodimeric haplotypes (DQA1*05:0X/DQB1*03:01) and the cardiac phenotype of low
LVEE The ratio of patients with low LVEF was significantly higher in patients with this HLA-DQ heterodimeric
haplotypes than in those without this heterodimeric haplotypes (Table 7). In other words, the presence of this
HLA-DQ heterodimeric haplotypes could be associated with low LVEF in patients with CS. HLA-DP or -DR
haplotypes were examined similarly; nonetheless, no significant haplotypes were identified. In summary, by
clustering multiple HLA-DQ heterodimer-haplotypes based on their binding affinity and pocket structures of
epitope-binding domains, we could identify an HLA-DQ heterodimeric haplotypes that was significantly associ-
ated with low LVEF in patients with CS.

Search for foreign epitopes sharing homology with the autologous epitopes having high bind-
ing affinity to the risk HLA-1l heterodimer-haplotypes

Thus far, we identified the HLA-DQ heterodimeric haplotypes. However, we thought it necessary to examine the
kinds of epitopes recognised by this heterodimeric haplotypes. As CS is an adult-onset disease, we cannot rule
out the possibility that some kind of immune activation mechanism from environmental factors was at work

With variants on the CM-related genes Without variants on the CM-related genes

Phenotype Risk haplotype of DQA1%05:0X /DQB1*03:01 | (number of patients) (number of patients)

(+) 0 9
Low LVEF (LVEF < 50%)

=) 6 26

(+) 0 1
Preserved LVEF (LVEF <51%)

-) 9 17

Table 6. Comparison of prevalence of patients with pathogenic variants of cardiomyopathy-related genes
among four sub-groups considering left ventricular function and presence of HLA-DQA1*05:0X/DQB1*03:01.
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(b) Protein  Amino acid position Epitope Core IC,, value
SLC25A4 9 - 23 LKDFLAGGVAAAVSK LAGGVAAAV 7.30
GATA6 167 — 181 GGFVHSAAAAAAAAA VHSAAAAAA 7.32
GATA4 167 — 181 GASWAAAAAASAGPF WAAAAAASA 9.12
CTNNA3 457 - 471 PQIINAALALAARPK INAALALAA 10.37
HCN4 891 — 905 SAPTPSAGVAATTIA PSAGVAATT 10.87
DSG2 754 - 768 SRDMAGAQAAAVALN MAGAQAAAV 10.97
IFITM3 90 - 104 VGDVTGAQAYASTAK VTGAQAYAS 11.48
ACADM 281 - 295 RPVVAAGAVGLAQRA VAAGAVGLA 12.07
. ) Pocket 1 Pocket 4 Pocket 6 Pocket 9
© Amino acid
position 7 31 32 34 43 9 11 62 65 66 69 72 73 76
DQA1*05:03 H G D Q E A Yy L I A K L N I
DQA1*05:05 H G D Q E A Y L I A K L N T
DQA1*05:06 H G D Q E A Yy L I A K L N I
DQA1*05:08 H G D Q E A Y L I A K L N I

Figure 3. Characteristics of HLA-IT heterodimeric haplotypes and proteins with strong binding affinity. (a)
Heatmap consisting of proteins with strong (ICs,< 12.5 nM) BA only at HLA-DQ locus (for 68 patients with
CS). The horizontal axis shows the patients with CS arranged in the order of LVEE The cases highlighted by
arrowheads indicate individuals of the group with a particularly high BA in Fig. 2a. These cases harboured

the haplotypes DQA1*05:0X/DQB1*03:01. Group-1 to -4 indicate the categories of proteins from Fig. 4. The
green triangles indicate the borderline of 50% in LVEE. (b) Epitopes with especially strong binding affinities for
HLA-DQA1*05:0X/DQB1*03:01 in each protein. The column labelled “Core” indicates the core binding region
in each epitope, which is the nine amino acid sequence corresponding to pocket-1 to -9 of the epitope-binding
domain. (c) The homology of amino acid sequences in anchor pockets of HLA-DQA1*05:0X.

in addition to genetic factors. Therefore, we hypothesised that the similarity between foreign- and autologous
antigens might activate auto-reactive T-cells in susceptible individuals, and that self-antigen recognition might
be acquired through molecular mimicry''~'*. The mechanism of molecular mimicry requires the presence of
foreign antigens with high homology to autologous antigens that have high affinity for the HLA-II heterodimeric
haplotypes. Therefore, we used protein BLAST to identify proteins of foreign pathogens (Fig. 1d) that exhibited
high homology to the epitopes listed in Fig. 3b.

For each of the eight epitopes (Fig. 3b), we searched for peptides with high peptide homology among the
proteins expressed by 160 bacteria that could infect humans. Importantly, five of the nine pockets (pocket-1, -4,
-6, -7, and -9) in the epitope-binding domain, corresponding to the anchor residues of epitopes, have key roles in
determining the binding affinity (Fig. 1c)*. Thus, we evaluated the homology between each of the eight epitopes
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Figure 4. Proteins listed for binding affinity calculation. A total of 172 proteins, comprising 129 heart-related
proteins and 43 other (lung, liver, and kidney) organ-related proteins, were listed for binding affinity calculation.
Among the heart-related proteins, there were 55 cardiomyopathy-related proteins (CM-related; Group-1), 37
atrioventricular block or ventricular tachycardia-related proteins (Arrhythmia-related; Group-2), 28 proteins
derived from genes with high mRNA expression in human heart by GTEx (GTEx heart; Group-3), and nine
heart failure-related proteins that the authors considered important (HF-related; Group-4). Among the 43 other
organ-related proteins, we identified proteins derived from genes with high mRNA expression in human lung,
liver, and kidney using GTEx (GTEx lung, liver, or kidney; Group-5, -6, or -7, respectively).

With DQA1*05:0X/DQB1*03:01 (n=10) Without DQA1*05:0X/DQB1*03:01 (n=58) P
Clinical characteristics
Age of onset (years) 61 [56-66] 62 [53-70] 0.75
Gender (female) 6 (60%) 37 (64%) 1.00
Clinical phenotypes
CAVB 4 (40%) 26 (45%) 1.00
VT or VF 4 (40%) 21 (36%) 1.00
Sustained VT or VF 2 (20%) 15 (26%) 1.00
LVEF (%) 40 [29-46] 47 [36-60] 0.099
Low LVEF 9 (90%) 32 (55%) 0.043 *
Cardiac device implantation 9 (90%) 40 (69%) 0.26
Successful corticosteroid therapy 1(11%) 20 (43%) 0.13

Table 7. Association analysis between the HLA-DQ haplotype, DQA1*05:0X/DQB1%03:01, and clinical
phenotypes. CAVB complete atrioventricular block, VT ventricular tachycardia, VF ventricular fibrillation,

LVEF left ventricular ejection fraction, Low LVEF the patients with LVEF < 50% in the echocardiography at the
enrolment. *p <0.05.

and the bacterial epitopes by the concordance ratio at core binding regions or anchor residues. We extracted one
peptide with the highest homology to the eight epitopes in each bacterium and analysed the concordance ratio
(Fig. 5, Supplemental Figs. S2-7).

The epitope “LKDFLAGGVAAAVSK” from human SLC25A4 protein, exhibited the highest binding affinity to
HLA-DQA1*05:0X/DQB1*03:01 of the eight epitopes (Fig. 3b). We therefore listed the foreign antigen-derived
epitopes in order of homology to the SLC25A4-derived autoantigenic epitope (Fig. 5a). For example, a peptide
“FLAGGVAGTV” in Lysin Motif (LysM) peptidoglycan-binding domain-containing protein expressed in C.
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. Core binding region
Homo sapiens {;)eglég?lem 2 SRLN
0O O 00 0
aperbaerium permease - perer - *RELAGHOMEAEALY w0 4
Actinomyces sp. glrlggslléscag}sl%rgggnc%%}gex *kx *AGEQMAEDAL 8/9 4/5
e baterium Phospholipase wxoex AGEMNMA§AL*: 79 45
. T I T
Actinomyces israelii g)légizi‘éi:;nzg%(?o%giig Hkx MAG I QMAAAL * 79 3/5
Actinomyces sp. g‘ri)g}_t‘;:erd;‘fgi% tACBy(Sl c *S RDAGQ PMA* * 79 3/5
Actinamyces AAA family ATPase *ROMEAMOMAR**** 69 45
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Figure 5. Exogenous pathogen-derived epitopes that are highly homologous to the high affinity epitope of
autologous proteins. (a) The homology between the epitope “LKDFLAGGVAAAVSK” of SLC25A4, which
exhibited the strongest BA for the HLA-DQ heterodimeric haplotypes and proteins from the bacteria which
could infect humans were evaluated. The homology was estimated by the concordance ratio at core binding
regions predicted by NetMHCIIpan-4.0 or anchor residues (the amino acids of position 1, 4, 6, 7, and 9 in the
core binding regions) in each epitope. (b) The homology between the epitope “SRDMAGAQAAAVALN” of
DSG2, which showed the 6th strongest BA for the HLA-DQ heterodimeric haplotypes and proteins from the
bacteria which could infect humans were evaluated. The homology was estimated as in Fig. 5a. The 10 epitopes
with the highest concordance ratios are shown.

acnes was highly homologous to “LKDFLAGGVAAAVSK” of the human SLC25A4 (concordance ratios for the
core binding region and the anchor residues were 7/9 and 4/5, respectively). C. acnes has been suggested to be
associated with the development of sarcoidosis®. Conversely, we also screened peptide sequences homologous
to that of “FLAGGVAGTV” in LysM peptidoglycan-binding domain-containing protein, expressed in C. acnes,
among all proteins expressed in humans. The peptide “FLAGGVAAAV” of the human SLC25A4 was extracted at
the top with the same concordance ratio in the core binding region and anchor residues (Supplemental Fig. S8a).

Moreover, the epitope "SRDMAGAQAAAVALN" from human DSG2 exhibited high homology with the
epitope “RELAGAQAAAVAL’ from Efflux RND transporter permease expressed in M. tuberculosis. They exhib-
ited high homology with the core binding region and anchor residues, with concordance ratios of 8/9 and 4/5,
respectively (Fig. 5b). Similar to C. acnes, M. tuberculosis is another bacterium that has been reported to be
associated with sarcoidosis incidence?*?’. Similarly, we screened all proteins expressed in humans for pep-
tide sequences homologous to the "RELAGAQAAAVAL" epitope of M. tuberculosis and found that the peptide
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"RDMAGAQAAAVAL" of human DSG2 may be a highly specific homologous sequence (Supplemental Fig. S8b).
In summary, using protein BLAST and accounting for the concordance ratio of core binding regions/anchor
residues, we detected foreign epitopes capable of causing an autoimmune reaction via molecular mimicry from
bacteria that have been reported to be associated with sarcoidosis incidence.

Discussion

Identification of risk HLA-DQ heterodimeric haplotypes for a CS phenotype

Conventionally, associations of HLA alleles with disease incidence have been investigated through single allele-
based case—control analyses of autoimmune diseases. However, it is unclear how HLA alleles influence the patho-
genesis of autoimmune diseases. Here, we analysed HLA-II haplotypes associated with CS phenotypes, focusing
on the heterodimeric structure of HLA-II molecules and their binding to potentially immunogenic epitopes. Of
note, comprehensive calculations of binding affinities of HLA-II with candidate autoantigenic epitopes enabled us
to detect a group of risk HLAs associated with low LVEE. Moreover, these HLAs could be grouped into an HLA-
DQ heterodimeric haplotypes. These results suggest that the heterodimeric haplotypes—HLA-DQA1*05:0X/
DQB1*03:01—might increase the risk of left ventricular systolic dysfunction in patients with CS. When grouping
multiple heterodimer-haplotypes into a heterodimeric haplotypes, we considered that the anchor pockets in the
epitope-binding domain of HLA-II molecules could determine their binding affinity. We proposed that these
pockets might play a pivotal role in cross-reactivity of HLA-II molecules with foreign and autologous antigenic
epitopes. This could lead to autoimmune-like reactivity via molecular mimicry.

Risk HLAs affecting disease development and phenotypic expression

In this study, we identified three heterodimer-haplotypes (i.e., DQA1*03:03/DQB1*06:01, DQA1*01:03/
DQB1*04:01, and DPA1*02:02/DPB1*09:01) as risk factors associated with CS incidence. However, NetMH-
ClIpan analysis, which estimates the binding affinity between HLA-II molecules and epitopes of candidate
proteins, failed to detect these heterodimer-haplotypes. In contrast, the binding affinity analysis identified
four heterodimer-haplotypes, belonging to the HLA-DQ heterodimeric haplotypes (i.e., HLA-DQA1*05:0X/
DQB1*03:01), that could not be detected in case-control comparisons. This discrepancy is due to the use of
two different analysis methods; The first strategy is for identifying the risk factors of CS susceptibility, while the
second strategy is for identifying the exacerbation factors of CS. However, there might be other reasons. The 68
cases in the CS group and 311 cases in the control group used for the case-control comparison did not cover all
HLA-II heterodimer-haplotypes, and the number of detected haplotypes were not large enough to test statisti-
cally significant differences. Moreover, the 172 candidate proteins used in the binding affinity analysis are not
an exhaustive list of all molecules expressed in the heart. Furthermore, we used a very strict cut-off value for the
estimated ICs, value calculated by NetMHClIIpan (12.5 nM), which may have led us to miss haplotypes due to
false negatives. In addition, the present study did not confirm the onset of the disease using standardised criteria,
follow-up on trends in echocardiographic indices, nor comprehensively analyse the detection of arrhythmias.
These conditions encompass the limitations of this study. Either a validation study or further analysis that account
for these limitations may resolve these discrepancies.

Molecular mimicry induced by antigens derived from foreign pathogens and specificity of car-
diac pathology

Since the similarity of pocket structures and statistical analysis revealed that the HLA heterodimeric haplo-
types are associated with low LVEFE, we investigated how this HLA heterodimeric haplotypes are related to the
pathological condition of CS from a biological perspective. We found that HLA-DQA1*05:0X/DQB1*03:01 is
analogous with high binding affinity to epitopes from the eight proteins (Fig. 3). Considering the cross-reactivity
and immunogenicity of foreign and autologous antigens, epitopes with similar amino acid residues in the anchor
pockets of the epitope-binding domain might trigger autoimmune reactions mediated by HLA-II molecules?*.
In this study, SLC25A4 and a protein from C. acnes share a highly homologous peptide sequence, suggesting that
SLC25A4 might trigger autoimmune reactions through molecular mimicry. Furthermore, the peptide sequences
of five proteins (i.e., GATA6, GATA4, CTNNA3, DSG2, and IFITM3) were highly homologous to those from M.
tuberculosis (Fig. 5b, Supplemental Figs. S2-54, S6).

The SLC25A4 epitope is highly homologous to the "FLAGGVAGTV" sequence from the core binding region
and anchor residue of the LysM peptidoglycan-binding domain-containing protein expressed in C. acnes (Fig. 5a,
Supplemental Fig. S8a), which has been implicated in sarcoidosis incidence. Previous studies showed a B-cell-
specific immune response to C. acnes®, or an increased Th1 immune response and increased IgG and IgA titers
in peripheral blood mononuclear cells from sarcoidosis patients with presence of C. acnes®"*2. Bacteria develop
a protective response through cell surface immune sensors (pattern recognition receptors, PRRs). The LysM
is a PRR and is involved in self- and non-self-recognition. It is known that the amino acid sequences in LysM
varies depending on the bacterial species**. These results might provide clues to understand how exogenous
bacteria are involved in the pathogenesis and severity of CS. In other words, in patients with CS with the HLA-
DQ heterodimeric haplotypes, C. acnes antigens might induce a phenotype of LV systolic dysfunction through
molecular mimicry.

In contrast, for proteins from M. tuberculosis, epitopes with high homology, especially to the peptide sequence
of DSG2, were identified (Fig. 5b, Supplemental Fig. S8b). M. tuberculosis has also been reported to be associated
with sarcoidosis incidence*~?”. Some reports have stated that bacteria that infect the hilar lymph nodes via the
respiratory tract can spread lymphatically or haematogenously to systemic organs if not eradicated in the lymph
nodes, causing infection of various systemic organs and triggering the development of systemic sarcoidosis®>.
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NetMHClIpan-4.0 we utilized in this study is a bioinformatics tool trained through deep learning with
experimental data of binding affinity or ligand eluting assays in IEDB. By utilizing NetMHCIIpan-4.0, we could
predict proteins that have not yet been assayed as candidate antigens for pathogenesis. Put another way, epitopes
predicted by NetMHClIpan-4.0 are not always registered in IEDB or underpinned by experimental data. Moreo-
ver, we have proposed that we could predict foreign pathogens which could cause auto-immunological reactions
in hosts through the peptide homology with the informatics methods described in this study.

Another intriguing thing to note is that proteins from several bacteria belonging to Actinomyces spp., a
well-known oral commensal, exhibited high homology to the peptide sequences of all eight proteins (Fig. 5,
Supplemental Figs. S1-S6). Actinomyces spp. are known to cause pulmonary actinomycosis, the primary patho-
genesis of which is chronic inflammatory granulomatous lung disease®>*. Even exposure levels that do not cause
Actinomyces infections might elicit inflammatory responses in patients with risk HLA haplotypes that can cause
cross-reactivity.

The frequency of HLA-DQA1¥05:0X/DQB1*03:01 in the Japanese population is estimated to be 8.1%>*%.
Haplotype frequency did not differ significantly between the patient group and the control group (14.7% (10/68)
and 16.4% (51/311) (p =0.86) respectively). Thus, these results suggest that genetic factors alone do not cause
CS, but that differences in independent environmental factors (e.g., degree of exposure to certain foreign anti-
gens, such as C. acnes, M. tuberculosis, Actinomyces spp., etc.) might define whether individuals with risk HLAs
develop CS.

Thus, clinical trials should be conducted to test whether individuals who carry the heterodimeric haplotypes
and are exposed to exogenous antigens, such as C. acnes, exhibit increased risk of developing CS.

In conclusion, by focusing on the molecular structure of HLA-II and comprehensively analysing the binding
affinity between HLA-II molecules and autologous peptides, we were able to identify a group of HLA-II heter-
odimeric haplotypes that may be associated with CS. We also investigated exogenous antigens with amino acid
sequences homologous to the autologous peptides and with high aflinity for the at-risk HLA-DQ heterodimeric
haplotypes. The results of this study may facilitate the stratification of patients with severe prognosis.

Limitation of the study

This study is not based on in vitro or in vivo analyses but entirely on the results of the algorithms and bioin-
formatics analyses. Therefore, the epitopes we detected are hypothetical or theoretical ones and it has not been
confirmed whether these epitopes are really generated in the disease. In this study, the binding affinity of epitopes,
generated from the amino acid sequences of 172 candidate proteins, to the HLAs of the patients with cardiac
sarcoidosis was evaluated using bioinformatics methods. Moreover, the homologies between heart and microbial
proteins are also bioinformatically determined and limited to small number of human proteins. To confirm that
the epitope we detected elicit T cell responses through molecular mimicry, we need additional studies, in vitro
or in vivo, to demonstrate that the epitopes really stimulate T cell response through the mechanism of molecular
mimicry and cause disease. Such studies might include experiments as T cell recognition of their peptides and
generation of antibody or a T cell receptor that could cross-react to both of foreign and autologous epitopes or
purifying the peptides from the MHC in cardiac sarcoidosis using biological samples of the patients with CS,
such as bronchoalveolar lavage (BAL) cells or tissue from the heart in left ventricular assist device (LVAD) or
heart transplantation procedures to determine the presence of the epitopes on MHC.

We considered it was more promising to focus on C. acnes and M. tuberculosis epitopes to prove our hypoth-
esis of cross-reactive HLA-II mediated auto-immunogenicity because they have already been implicated in the
development of sarcoidosis. Broadening the types of foreign pathogen epitopes included in the study might yield
more epitopes that show high homology to the autologous epitopes. Furthermore, this study is a retrospective
study in Japanese patients with CS. Prospective validations of the risk HLA haplotypes identified in other Japa-
nese cohorts are necessary. In addition, validation study in other races and ethnicities are necessary, considering
the racial differences in HLA allele distribution.

Methods

Patients and controls

This study included 68 patients with CS enrolled at five medical centres in Japan. The medical records of patients
were reviewed independently by two cardiologists, and only those patients who met the diagnostic criteria (2016
Japanese Circulation Society expert consensus criteria for diagnosis of CS) were enrolled. We obtained genotype
information, including both HLA allele typing and whole exome sequencing data. We obtained phenotype and
clinical information from the medical records at each institution.

This study was conducted in accordance with the Declaration of Helsinki, and was approved by the Insti-
tutional Review Board of Osaka University (accession number: 680) prior to participant enrolment. We also
recruited 311 healthy individuals (aged 40-92 years old and without any previous medical history) from Ishi-
kawa prefecture, Japan as controls. They were provided with a self-administered questionnaire and requested to
undergo a comprehensive health examination. It was confirmed that they were not suffering from any cardio-
vascular diseases. Written informed consent was obtained from all the participants.

Genotyping

NGS HLA typing

Eleven classical HLA genes (HLA-A, -B, -C, -DRBI, -DRB3, -DRB4, -DRB5, -DPA1, -DPB1, -DQA1, and -DQB1)
were analysed for HLA typing according to AllType NGS 11-Loci Amplification Kit (One Lambda, Los Angeles,
CA, USA). The prepared genome libraries were sequenced as 150-bp paired end runs on MiSeq systems (Illumina,
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San Diego, CA, USA). The typing of six-digit HLA alleles was conducted in TypeStream Visual NGS Analysis
Software (Thermo Fisher Scientific, Waltham, MA, USA) with IPD-IGMT/HLA Database release 3.21.0.

Pathogenic variant detection in whole exome sequencing data

Variants that met the following criteria were extracted from the variant list of 68 cases with CS obtained by whole
exome sequencing and considered pathogenic variants—(i) exonic and non-synonymous variants in RefGene
and known gene databases, (ii) variants with minor allele frequency below 0.005 in HGVD and ToMMo3.5k
databases, and (iii) variants classified as disease-causing mutations in the Human Gene Mutation Database
(HGMD) database or “pathogenic/likely pathogenic” in the standards and guidelines for the interpretation
of sequence variants from the American College of Medical Genetics and Genomics and the Association for
Molecular Pathology*®. For more information on whole exome sequencing, see supporting information.

HLA association analysis

Genotyping

With the results of HLA typing, HLA alleles identified in patients in the CS or control groups were listed, and
the allele frequency of each allele was calculated in each group. The HLA alleles identified in the CS group were
examined using Fisher’s exact test to compare the allele frequency. The number of alleles detected on each locus
was used to perform multiple test correction using the Bonferroni method. For the HLA-DP or DQ loci, we
compared not only allele frequency, but also heterodimer-haplotype prevalence. As the HLA-DRA1 gene is not
polymorphic, we did not subject it to this analysis.

Phenotyping

Focusing on left ventricular systolic function at the time of enrolment, we defined “low LVEF” as patients with
below 50% echocardiographic LVEF (Teichholz method). Patients with over 50% LVEF were defined as “pre-
served LVEF”. All patients with CS were divided into the two groups, and the allele frequency and haplotype
prevalence in each subgroup were compared using Fisher’s exact test and the Bonferroni method. Patients who
developed CAVB at any time after diagnosis during the follow-up period were defined as CAVB positive, while
the remaining patients were defined as CAVB negative. We also divided patients with CS into the following two
groups: those with and without sustained ventricular tachycardia (sus-VT; sustained premature ventricular
contractions that last longer than 30 s or require emergency treatment because of serious symptoms within
30 s) or ventricular fibrillation (VF). The subgroup analyses for CAVB or VT/VF were conducted in the same
manner as those for LVEF.

Bioinformatic calculation of immunodominant peptides

The computation tool, the netMHCIIpan-4.0 server, was used to calculate the binding affinity of 15-mer peptide
sequences generated from whole amino acid sequences of targeted proteins to each HLA-II haplotype (mol-
ecule) expressed in each CS patient. A total of 172 proteins, translated from cardiomyopathy-related genes (55
genes; Group-1 in Fig. 4), arrhythmia (AVB or VT)-related genes (37 genes; Group-2 in Fig. 4), genes with high
mRNA-level expression in human left ventricle (28 genes; Group-3 in Fig. 4), heart failure-related genes (nine
genes; Group-4 in Fig. 4) and genes with high mRNA-level expression in human lung, liver, or kidney (total: 43
genes; Group-5, -6, or -7, respectively) were listed as targeted proteins. We adopted the genes listed in the sci-
entific statement from the American Heart Association for genetic testing of heritable cardiovascular diseases®
and the guidelines for diagnosis and treatment of cardiomyopathies from the Japanese Circulation Society* as
cardiomyopathy-related genes. We searched for genes in the HGMD or Human Phenotype Ontology with the
keywords “atrioventricular block” or “ventricular tachycardia” and constructed a set of arrhythmia-related genes.
We then excluded genes which had not been reported to be associated with AVB or VT (searched for in PubMed).
We included nine genes as heart failure-related genes. The top 50 genes expressed in each organ were searched
for in the GTEx portal (https://gtexportal.org/home/) to produce a list of genes with high mRNA expression
in the left ventricle, lung, liver, and kidney. The lists of proteins in each group were described in Supplemental
Table S11. We adopted the ICs, value as an indicator of binding affinity, and defined combinations (HLA mol-
ecules and epitopes) with ICj, values less than 50 nM as strong binding combinations.

Clustering multiple HLA haplotypes into a group of HLA heterodimeric haplotypes

We made a heatmap using the calculated binding affinity data (ICs, values) of each epitope from each protein
to HLA-II molecules expressed in each patient with CS to visualise the affinity profiles between each HLA-II
and each protein. We compared the amino acid residues of anchor pockets (pocket-1, -4, -6, -7, and -9) in the
epitope-binding domain of HLA-II with similar affinity profiles. HLA-II molecules with the same amino acid
residues in all five pockets were classified into a group of HLA heterodimeric haplotypes.

Analyses of homology between autoantigenic epitopes and foreign peptide sequences

For each epitope that was calculated to have high affinity for HLA-II, we searched for peptides of high homology
among the proteins expressed in 160 bacteria that could infect humans, extracted with reference to the Sanford
Guide®. For each bacterium, a representative peptide that was most homologous to the original (autologous)
epitope was extracted using protein BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins). We then
selected only the peptides with E-values < 1.0 and compared the identity of their core binding regions and anchor
residues with those of the original epitopes.
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Data availability

Nucleotide sequence data of 36 patients with cardiac sarcoidosis analysed in this study are available in the
DNA Data Bank of Japan (DDBJ) Sequenced Read Archive under the accession numbers JGAS000568 and
JGADO000694 (https://ddbj.nig.ac.jp/resource/jga-study/JGAS000568). The sequence data of the remaining 32
patients are going to be released after the consent for registration in public databases is obtained. After approval
of a proposal, our data are going to be shared only for non-profit research purposes (https://www.ddbj.nig.ac.
jp/index-e.html).

Received: 13 December 2022; Accepted: 7 November 2023
Published online: 13 November 2023

References
1. Fussner, L. A. et al. Management and outcomes of cardiac sarcoidosis: A 20-year experience in two tertiary care centres. Eur. J.
Heart Fail. 20, 1713-1720 (2018).
2. Tan,J. L., Fong, H. K,, Birati, E. Y. & Han, Y. Cardiac sarcoidosis. Am. J. Cardiol. 123, 513-522 (2019).
3. Rossman, M. D. et al. HLA-DRB1*1101: A significant risk factor for sarcoidosis in blacks and whites. Am. J. Hum. Genet. 73,
720-735 (2003).
4. Tannuzzi, M. C. & Rybicki, B. A. Genetics of sarcoidosis: Candidate genes and genome scans. Proc. Am. Thorac. Soc. 4, 108-116
(2007).
5. Valeyre, D. et al. Sarcoidosis. Lancet 383, 1155-1167 (2014).
6. Brewerton, D. A., Cockburn, C., James, D. C., James, D. G. & Neville, E. HLA antigens in sarcoidosis. Clin. Exp. Immunol. 27,
227-229 (1977).
7. Yin, Y., Li, Y. & Mariuzza, R. A. Structural basis for self-recognition by autoimmune T-cell receptors. Immunol. Rev. 250, 32-48
(2012).
8. Rojas, M. et al. Molecular mimicry and autoimmunity. J. Autoimmun. 95, 100-123 (2018).
9. Burke, K. P. et al. Inmunogenicity and cross-reactivity of a representative ancestral sequence in hepatitis C virus infection. J.
Immunol. 188, 5177-5188 (2012).
10. Vuorela, A. et al. Enhanced influenza A HIN1 T cell epitope recognition and cross-reactivity to protein-O-mannosyltransferase
1 in Pandemrix-associated narcolepsy type 1. Nat. Commun. 12, 2283 (2021).
11. Gourh, P. et al. HLA and autoantibodies define scleroderma subtypes and risk in African and European Americans and suggest a
role for molecular mimicry. Proc. Natl. Acad. Sci. USA 117, 552-562 (2020).
12. Yuki, N. et al. Carbohydrate mimicry between human ganglioside GM1 and Campylobacter jejuni lipooligosaccharide causes
Guillain-Barré syndrome. Proc. Natl. Acad. Sci. USA 101, 11404-11409 (2004).
13. Chen, H. et al. Commensal microflora-induced T cell responses mediate progressive neurodegeneration in glaucoma. Nat. Com-
mun. 9, 3209 (2018).
14. Reynisson, B., Alvarez, B., Paul, S., Peters, B. & Nielsen, M. NetMHCpan-4.1 and NetMHCIIpan-4.0: Improved predictions of
MHC antigen presentation by concurrent motif deconvolution and integration of MS MHC eluted ligand data. Nucleic Acids Res.
48, W449-54 (2020).
15. Morris, D. L. et al. MHC associations with clinical and autoantibody manifestations in European SLE. Genes Immun. 15, 210-217
(2014).
16. Erlich, H. A. et al. HLA class II alleles and susceptibility and resistance to insulin dependent diabetes mellitus in Mexican-American
families. Nat. Genet. 3, 358-364 (1993).
17. Saito, S., Ota, S., Yamada, E., Inoko, H. & Ota, M. Allele frequencies and haplotypic associations defined by allelic DNA typing at
HLA class I and class IT loci in the Japanese population. Tissue Antigens 56, 522-529 (2000).
18. Geluk, A. et al. Identification of HLA class II-restricted determinants of Mycobacterium tuberculosis-derived proteins by using
HLA-transgenic, class II-deficient mice. Proc. Natl. Acad. Sci. USA 95, 10797-10802 (1998).
19. Wang, M. & Claesson, M. H. Classification of human leukocyte antigen (HLA) heterodimeric haplotypess. Methods Mol. Biol.
1184, 309-317 (2014).
20. Shen, W. ], Zhang, X., Zhang, S., Liu, C. & Cui, W. The utility of heterodimeric haplotypes clustering in prediction for class II
MHC-peptide binding. Molecules 23, 3034 (2018).
21. Saha, I, Mazzocco, G. & Plewczynski, D. Consensus classification of human leukocyte antigen class II proteins. Immunogenetics
65,97-105 (2013).
22. Doytchinova, I. A. & Flower, D. R. In silico identification of heterodimeric haplotypess for class II MHCs. J. Immunol. 174,
7085-7095 (2005).
23. Stern, L.J. et al. Crystal structure of the human class II MHC protein HLA-DR1 complexed with an influenza virus peptide. Nature
368, 215-221 (1994).
24. Moller, D. R. Etiology of sarcoidosis. Clin. Chest Med. 18, 695-706 (1997).
25. Bocart, D. et al. A search for mycobacterial DNA in granulomatous tissues from patients with sarcoidosis using the polymerase
chain reaction. Am. Rev. Respir. Dis. 145, 1142-1148 (1992).
26. Popper, H. H., Klemen, H., Hoefler, G. & Winter, E. Presence of mycobacterial DNA in sarcoidosis. Hum. Pathol. 28, 796-800
(1997).
27. Newman, L. S., Rose, C. S. & Maier, L. A. Sarcoidosis. N. Engl. J. Med. 336, 1224-1234 (1997).
28. Alexander, J. et al. Development of high potency universal DR-restricted helper epitopes by modification of high affinity DR-
blocking peptides. Immunity 1, 751-761 (1994).
29. Kirieger, J. I. et al. Single amino acid changes in DR and antigen define residues critical for peptide-MHC binding and T cell rec-
ognition. J. Immunol. 146, 2331-2340 (1991).
30. Schupp, J. et al. Immune response to Propionibacterium acnes in patients with sarcoidosis: In vivo and in vitro. BMC Pulm. Med.
15, 75 (2015).
31. Furusawa, H. et al. Th1 and Th17 immune responses to viable Propionibacterium acnes in patients with sarcoidosis. Respir. Investig.
50, 104-109 (2012).
32. Yorozu, P. et al. Propionibacterium acnes catalase induces increased Th1 immune response in sarcoidosis patients. Respir. Investig.
53, 161-169 (2015).
33. Alfaro, T. M. et al. Organizing pneumonia due to actinomycosis: An undescribed association. Respiration 81, 433-436 (2011).
34. Radutoiu, S. et al. Plant recognition of symbiotic bacteria requires two LysM receptor-like kinases. Nature 425, 585-592 (2003).
35. https://hla.or.jp/med/frequency_search/ja/haplo/ [updated 2015; cited 2022 Sep 7].
36. Richards, S. et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation of the

American College of Medical Genetics and Genomics and the Association for Molecular Pathology. Genet. Med. 17, 405-424
(2015).

Scientific Reports |

(2023) 13:19767 | https://doi.org/10.1038/s41598-023-46915-1 nature portfolio


https://ddbj.nig.ac.jp/resource/jga-study/JGAS000568
https://www.ddbj.nig.ac.jp/index-e.html
https://www.ddbj.nig.ac.jp/index-e.html
https://hla.or.jp/med/frequency_search/ja/haplo/

www.nature.com/scientificreports/

37. Marshall, R. et al. Analysis of two in planta expressed LysM effector homologs from the fungus Mycosphaerella graminicola reveals
novel functional properties and varying contributions to virulence on wheat. Plant Physiol. 156, 756-769 (2011).
38. Gilbert, D. et al. The Sanford Guide to Antimicrobial Therapy (Antimicrobial Therapy, Inc., 2021).

Acknowledgements

The authors would like to thank professor S. Takashima for useful advice with this research. This work was
supported by Japan Society for the Promotion of Science KAKENHI under Grant Numbers JP18K08071,
JP19H03652 and JP22H030670 and the Japan Agency for Medical Research and Development under Grant
Numbers JP21ek0109493h0002, JP21ek0109549s0501, JP22ek0109549h, JP22ym0126076h, JP22ek0109493h,
JP22ek0109487h, JP22ek0109489h, and JP22bm0404070h.

Author contributions

Y.A. and Y.M. designed the study; K.H., H.Y., and Y.M. performed sequencing and analyzed data; H.Y. wrote
the main manuscript and prepared all figures, then Y.M. and Y.A. revised them; H.M., H.Y,, YK, S.Y,, AN,
H.N, Y.T,K.O, Y.S.,, M.K,, T.W,, and T.Y. provided DNA samples and gathered clinical information; Y.S., H.K,,
K.O, HK,, HM,, YK, Y.I, M.N,, H.S., and H.H. offered valuable advice for analyzing data or logical structure.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-46915-1.

Correspondence and requests for materials should be addressed to Y.M. or Y.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:19767 | https://doi.org/10.1038/s41598-023-46915-1 nature portfolio


https://doi.org/10.1038/s41598-023-46915-1
https://doi.org/10.1038/s41598-023-46915-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Human leukocyte antigen-DQ risk heterodimeric haplotypes of left ventricular dysfunction in cardiac sarcoidosis: an autoimmune view of its role
	Results
	Detection of risk HLA alleles associated with CS susceptibility or CS phenotypes
	Detection of risk HLA heterodimer-haplotypes associated with CS susceptibility or cardiac phenotypes of CS
	Calculation and processing of the binding affinity between HLA molecules and autologous peptide sequences
	Searching for risk HLA-II heterodimer-haplotypes associated with the low LVEF phenotype using netMHCIIpan
	Validity of considering the heterodimer-haplotypes of HLA-DQA1*05:0X_DQB1*03:01 as an group of HLA-DQ haplotypes
	Search for foreign epitopes sharing homology with the autologous epitopes having high binding affinity to the risk HLA-II heterodimer-haplotypes

	Discussion
	Identification of risk HLA-DQ heterodimeric haplotypes for a CS phenotype
	Risk HLAs affecting disease development and phenotypic expression
	Molecular mimicry induced by antigens derived from foreign pathogens and specificity of cardiac pathology
	Limitation of the study

	Methods
	Patients and controls
	Genotyping
	NGS HLA typing
	Pathogenic variant detection in whole exome sequencing data

	HLA association analysis
	Genotyping
	Phenotyping

	Bioinformatic calculation of immunodominant peptides
	Clustering multiple HLA haplotypes into a group of HLA heterodimeric haplotypes
	Analyses of homology between autoantigenic epitopes and foreign peptide sequences

	References
	Acknowledgements


