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Summary

Background

IgG4-related disease is a rare autoimmune disorder characterised by tissue infiltration of IgG4-
positive plasma cells, storiform fibrosis, elevated serum I1gG4 concentrations, and increased
risk of tumour complications. Previous genetic studies have implicated FCGR2B and HLA loci
in susceptibility to IgG4-related disease; however, most relied on microarray-based
genotyping and imputation, which have limited resolution in highly polymorphic and
structurally complex regions. This study aimed to investigate genetic susceptibility to 1gG4-
related disease using comprehensive genomic variant analysis, including low-frequency and

structural variants not readily captured by microarrays.

Methods

We conducted a genome-wide association study using whole-genome sequencing data in a
two-set, subtype-stratified case—control design in the Japanese population. Set 1 included
samples (cases) from patients with IgG4-related disease from 50 hospitals across Japan
participating in the Japanese IgG4-Related disease Working Consortium (recruited between
Oct 27, 2008, and March 3, 2016) and previously sequenced Japanese population control
samples. Set 2 included samples (cases) from patients with IgG4-related disease from eight
hospitals of the Consortium (recruited between Aug 12, 2021, and Dec 20, 2023) and
previously sequenced healthy individuals residing in the Tokyo metropolitan area. No specific
inclusion or exclusion criteria were applied to either cases and controls. We used whole-
genome sequencing at depths of 15x or 30x using HiSegX and NovaSeq platforms (Illumina;
San Diego, CA, USA) to enable the inclusion of previously uncaptured single-nucleotide
polymorphisms and direct analysis of HLA amino acid residues. We investigated complement
component 4 copy number variations using short-read sequencing data and established read-
depth-based typing methods. People with lived experience of IgG4-related disease were not

involved in the study.



Findings

This whole-genome sequencing study comprised of 2 sets. Set 1 included 646 patient samples
(172 [26-6%] were female, 474 [73-4%] were male, and the mean age was 64-4 years [SD 11-4])
and 2254 population controls (1348 [59-8%] were female and 906 [40-2%] were male). Set 2
included 223 patient samples (78 [35:0%] were female, 144 [65-:0%] were male, and the mean
age was 63-5 years [10-9]) and 405 population controls (65 [16:0%] were female and 340
[84:0%] were male). All individuals were of Hondo Japanese ancestry. The average 1gG4
concentration at diagnosis was 653-1 mg/dL (SD 596-3) in Set 1 and 543-5 mg/dL (603-5) in Set
2. We validated the FCGR2B (p=9-8x107") region as the susceptibility locus for |gG4-related
disease. PTCH1 (p=3-8x10"%) and long non-coding RNA LOC102724227 were found to be
specific susceptibility loci for Mikulicz's disease. We also confirmed the association between
the HLA amino acid residue DRB1-GB-7 (p=1-1x107"°) with 1gG4-related disease and identified
two additional residues, A-GA2-9 (p=4-1x107%) and DQB1-GB-82 (p=4-7x1079), that were
significantly associated with IgG4-related disease. In the joint-association analysis of
complement component 4 copy number variation, C4A showed a protective association with
IgG4-related disease (B=—0-127, p=7-9x1073), whereas C4B was associated with an increased
risk (=0-151, p=1-9x1072). A low level of linkage disequilibrium (r’<0-15) was observed
between the C4A and C4B alleles and the identified HLA amino acid residues in the main island

Japanese population.

Interpretation

C4 copy number variation, in addition to HLA and FCGR2B, was found to be a distinct genetic
factor associated with IgG4-related disease susceptibility, illustrating the complex polygenic
nature of the disease. Furthermore, the identification of PTCH1 and the long non-coding RNA
LOC102724227 as Mikulicz’s disease-specific susceptibility loci suggests that genetic
heterogeneity might underlie the clinical diversity of IgG4-related disease, particularly with

respect to the affected organs.
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Introduction

IgG4-related disease is a rare autoimmune disorder characterised by tissue infiltration of IgG4-
positive plasma cells, storiform fibrosis, elevated serum IgG4 concentrations, and an elevated
incidence of tumour complications.! IgG4-related disease was first recognised in 2001.2 IgG4-
related disease encompasses various organ-specific conditions with shared histopathological
features, such as IgG4-related autoimmune pancreatitis, 1gG4-related dacryoadenitis and
sialadenitis (collectively known as Mikulicz’s disease), Riedel’s thyroiditis, and retroperitoneal
fibrosis.® The annual incidence of IgG4-related disease in Japan was reported to range from
0-28 per 100 000 individuals to 1-08 per 100 000 individuals in 2009.* However, this incidence
has been increasing annually. A 2016 nationwide epidemiological survey focusing on
autoimmune pancreatitis estimated annual incidence at 3-01 per 100 000 individuals.®> This
substantial increase is attributed to greater awareness of the disease concept and refinement
of the diagnostic criteria. In the USA, a claims-based algorithm estimated the annual incidence
of IgG4-related disease to range from 0-78 per 100 000 to 1:39 per 100 000 between 2015 and
2019.% Although most reported cases (approximately 75%) are Japanese, |gG4-related disease

has been observed across nearly all ethnic groups.®

Genetic predisposition is a known risk of IgG4-related disease. Previous studies have
highlighted the contribution of human leukocyte antigen (HLA) and non-HLA gene variants to
IgG4-related disease susceptibility. In a previous genome-wide association study (GWAS) using
microarray data, the FCGR2B and HLA-DRB1 regions were identified as susceptibility loci, with
an additional amino acid residue-level association at the seventh amino acid residue within
the B domain of the HLA-DRB1 peptide-binding groove.” Although the GWAS was performed
using single nucleotide variant arrays, the analysis also included imputed variants. However,
the variants used for the association analysis were restricted to those with a minor allele
frequency of 1% or greater. Consequently, rare variants could not be evaluated. Furthermore,
single nucleotide variant arrays are inherently unsuitable for the analysis of structural variants

and copy number variations. The complement component 4 (C4) gene exemplifies this



limitation, because emerging evidence suggests that copy number variations within this gene
are associated with an increased risk of systemic inflammatory autoimmune diseases.® Thus,
comprehensive evaluation of C4 copy number variations is required to elucidate the genetic
architecture underlying lgG4-related disease. Additionally, the diverse organ involvement in
IgG4-related disease subtypes suggests distinct genetic mechanisms that stratified analysis

could help clarify regarding pathophysiological differences.

To address these limitations, we conducted whole-genome sequencing in a Japanese cohort
to explore the genetic landscape of IgG4-related disease, including stratified analyses by
disease subtypes. Using short-read whole-genome sequencing, we performed a GWAS
incorporating rare single nucleotide variants and variants undetectable by the microarray
methods while enabling comprehensive HLA allele calling across Class |, Class I, and Class Il
regions previously restricted by imputation panel resources.” Using sequencing data and
established typing methods, we further investigated the association between C4 copy number
variations and IgG4-related disease. Importantly, all analyses were performed without

genotype imputation.



Methods

Study design and participants

We conducted a two-set, subtype-stratified case—control study to perform a GWAS with WGS
data investigating |gG4-related disease susceptibility. Between Oct 27, 2008, and March 3,
2016, we recruited patients who fulfilled the international comprehensive diagnostic criteria
for IgG4-related disease from 50 departments belonging to 48 institutes participating in the
Japanese IgG4-Related Disease Working Consortium as part of our previous GWAS study and
designated as cases in Set 1 (appendix pp 20-21).”° Whole-genome sequencing data of
Japanese individuals previously sequenced were used as controls for Set 1.1° No specific

inclusion or exclusion criteria were applied to either cases or controls.

For Set 2, between Aug 12, 2021, and Dec 20, 2023, we recruited patients who fulfilled the
same criteria from eight institutes belonging to the Consortium (appendix pp 20-21). The
control group for Set 2 comprised healthy individuals residing in the Tokyo metropolitan area
whose genomes had been previously sequenced.!! Again, no specific inclusion or exclusion
criteria were applied. There was no overlap of individuals between case or control samples in

Set 1 and Set 2.

The diagnosis of IgG4-related disease subtypes, autoimmune pancreatitis and Mikulicz’s
disease, was made in accordance with the international comprehensive diagnostic criteria.!?
For Set 1, a single physician (IY) made the diagnoses based on clinical information provided by
each patient’s attending physician. In contrast, for Set 2, the diagnoses were made directly by
the attending physicians themselves. For subtype analyses, patients with single or coexisting

subtypes were classified into each respective subtype.

This study complied with the Declaration of Helsinki and was approved by the Ethics
Committees of Kyoto University (G0439-7 and R1892-14). All patients were adequately

informed about the purpose and procedures of this study, and written consent was obtained



from each participant. People with lived experience of IgG4-related disease were not involved
in the design, analysis, or interpretation of the study. All analyses were based on clinical and
genetic data, without direct engagement of participants representatives in shaping research

questions, selecting outcome measures, or disseminating findings.

Whole genome sequencing, variant calling, and quality control

In Set 1, patients underwent whole-genome sequencing using the NovaSeq platform (Illumina;
San Diego, CA, USA): patients had sequencing to a mean depth of 15 or 30, depending on
instrument performance at time of sequencing. The control group was sequenced using the
HiSegX platform (Illumina; San Diego, CA, USA) to a depth of 15x. In Set 2, all patients were
sequenced using the NovaSeq platform (lllumina; San Diego, CA, USA) to a mean depth of 30,
and the control group were sequenced using the HiSegX platform to a mean depth of 30

(appendix p 22).

The whole-genome sequencing results from cases and controls used in this study were aligned
and called in a single run across samples in this study and other genomic studies.!* We
conducted quality control of the sequence data by Genome Analysis Toolkit (version 4.2.6.1)
Best Practices to remove variants with low quality, heterozygous genotypes with imbalanced
allele ratios, and genotypes with insufficient confidence or coverage, with thresholds defined
as variant quality score log-odds <10, mapping quality <5875, depth of coverage <7, and
autosomal heterozygosity rates outside +5 standard deviations of the mean (appendix pp 4,
6). Population genetics studies show that the Japanese population can be divided into two
major clusters: the Hondo cluster (main islands excluding Okinawa), comprising approximately
98% of the population, and the Ryukyu cluster (Okinawa and surrounding islands), comprising
about 2% of the population. These clusters differ substantially at the genomic level.'° Unequal
representation of the Ryukyu cluster between cases and controls might lead to false-positive
associations unrelated to disease. Therefore, this analysis was restricted to individuals from

the Hondo cluster. To select cases and controls belonging to the Hondo cluster, we conducted
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principal component analysis using genome-scan results of 183 042 individuals from the
BioBank Japan dataset.'* 84 483 single nucleotide variants with a minor allele frequency of 1%
or more that were shared among BioBank Japan and the Set 1 and Set 2 datasets were selected
(appendix p 7 for details of the single nucleotide variant selection process) except those within
the major histocompatibility complex (MHC) locus. Set 1 and Set 2 datasets were projected
onto the first and second principal components of the BioBank Japan datasets, and individuals

clustering with the Hondo cluster were selected for the association analysis (appendix p 8).

For the quality control steps, all procedures were performed using PLINK (version 2.0).%° First,
we excluded samples with low call rates (below 96% for Set 1 and below 98% for Set 2),
heterozygosity rates outside the mean plus or minus 5 SDs, or cryptic relatedness (pairwise
identity-by-descent PI_HAT >0-2 using the PLINK identity-by-descent estimator. Subsequently,
we performed quality control of the single nucleotide variants using data from the remaining
individuals who passed the above criteria. Single nucleotide variants that met any of the
following criteria in cases or controls were excluded: a call rate below 98% or a Hardy—
Weinberg equilibrium p value below 1:0x107®. Single nucleotide variants with an extremely
low allele count in the merged case and control populations were also excluded. The
remaining single-nucleotide variants in each set was used in that set’'s GWAS, and the
intersection across sets was used for the meta-analysis. For the calculation of principal
components used as covariates in the GWAS of Set 1 and Set 2, the following single nucleotide
variants were excluded from the variants used for association testing: variants with a minor
allele frequency below 1%, all short insertions and deletions, and variants with an Hardy—

Weinberg equilibrium p value below 0-05.

Genome-wide association study
For both Sets 1 and 2, we performed a GWAS using Wald’s tests (implemented in RVTESTS,
version 20171009).® The top ten principal components derived from the principal component

analysis and genetically inferred sex were included as covariates. We assessed study statistics
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inflation using the genomic inflation factor and visualised through quantile—quantile plots. The
genome-wide significance threshold was set at p=5-0x1078. Association results from both sets
were combined using inverse-variance meta-analysis, incorporating effect size estimates, p
values, effect allele frequencies, and sample sizes via METAL software (released March 25,

2011).7

Post-GWAS analysis

For single nucleotide variants identified through GWAS, we applied FINEMAP (version 1.4.1)*®
to refine the association signals, assuming a single causal single nucleotide variant within a 2-
megabase region centred on each lead single nucleotide variant to establish the credible set.
For the intergenic single nucleotide variants identified in the Mikulicz’s disease cohort, we
estimated the variant effect on the neighbourhoods’ gene expression using MENTR (released
March 27, 2023), which combines multiple machine-learning models to predict regulatory
effects of noncoding variants.'® We evaluated the association of variants within the credible
set from the fine-mapping analysis, incorporating non-coding RNA transcription within a plus
or minus 100 kb window around each single nucleotide variant. We adopted the thresholds

to 0-1 (robust) and 0-05 (permissive), as proposed by MENTR.

HLA variant identification and association

For HLA variant analysis, we selected samples from Set 1 and Set 2 that passed quality control
criteria. Using whole-genome sequencing data, HLA alleles were determined using the HLA-
HD software (version 1.5.0).2° We typed 13 functional Class | and Class || HLA genes: HLA-A,
HLA-B, HLA-C, HLA-E, HLA-G, HLA-DPA1, HLA-DPB1, HLA-DMA, HLA-DMB, HLA-DQB1, HLA-
DRB1, HLA-DRB3, and HLA-DRB4 genes. The HLA dictionary was used to map HLA alleles to
their respective exon positions and amino acids, and the frequency of each alternative and
reference amino acid at each position was computed. To assess the association between
amino acid residues and disease susceptibility, we applied a logistic regression model (Python

stats model package, version 0.14.0), considering the additive effects of HLA amino acid
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residue dosages (omnibus test).?! Subsequently, we performed iterative conditioning, namely,
adding the predominant amino acid variant as a covariate in the regression model, to pinpoint
independent candidates. HLA amino acid residue positions were determined following the
uniqgue renumbering system established by the IPD-IMGT/HLA database.?? Protein structures
were visualised using data from the RCSB Protein Data Bank and processed with the UCSF
Chimera.?® For statistical validation of HLA amino acid residues, we applied the Bonferroni

correction to control the family-wise error rate across multiple tests (p=2-2x107%).

Estimation of C4 copy number

The C4 gene has two isotypes: C4A and C4B. The nucleotide sequences of C4A and (4B differ
at five positions, four of which are non-synonymous substitutions, resulting in four amino acid
differences in their respective protein sequences.?* For C4 copy humber variation analysis, we
selected DNA samples that met quality control criteria from Set 1 and Set 2. We estimated
copy numbers using the GermlineCNVCaller tool in the Genome Analysis Toolkit (version
4.2.6.1), using read-depth information from whole-genome sequencing data.?>2¢ Additionally,
the copy numbers of the C4 isoforms (C4A and C4B) were estimated using the Genome
Analysis Toolkit HaplotypeCaller, based on the read depth of sequences encompassing the five

distinguishing nucleotide variants. Detailed methods are in the appendix (pp 4-5, 9).

Role of the funding source
The funders of the study had no role in study design, data collection, data analysis, data

interpretation, or writing of the report.

Results

After principal component analysis to select individuals belonging to the Hondo cluster and
subsequent quality control steps, Set 1 included 646 patient samples (172 [26:6%] were
female, 474 [73-:4%] were male, and the mean age was 64-4 years [SD 11-4]) and 2254

population controls (1348 [59:8%] were female and 906 [40-2%] were male). 196 (30-3%) of
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646 patients with IgG4-related disease had Mikulicz’s disease only, 322 (49-8%) had
autoimmune pancreatitis only, 72 (11:1%) had both subtypes, and 56 (8:7%) were without
subtype information. Set 2 included 223 patient samples (78 [35:0%] were female, 144 [65-0%]
were male, and the mean age was 63-5 years [SD 10-9]) and 405 population controls (65
[16:0%] were female and 340 [84-:0%] were male). 65 (29:1%)] patients had Mikulicz’s disease
only, 33 (14-8%)] had autoimmune pancreatitis only, 30 (13:5%)] had both phenotypes, and
95 (42-6%) were without subtype information. The average 1gG4 concentration at diagnosis

was 653-1 mg/dL (SD 596-3) in Set 1 and 543-5 mg/dL (603-5) in Set 2.

Association analysis was conducted on 5031998 single nucleotide variants in Set 1 and
9 282 360 single nucleotide variants in Set 2, both identified by whole-genome sequencing
study. The meta-analysis combining Sets 1 and 2 incorporated 4 847 583 single nucleotide
variants shared between the two datasets, yielding genomic inflation factor values of 1-:028
for the IgG4-related disease cohort, 1-:005 for the Mikulicz’s disease cohort, and 1:022 for the

autoimmune pancreatitis cohort.

In the meta-analysis of the IgG4-related disease cohort, the strongest association peak
appeared in the MHC locus on chromosome 6. However, the extreme polymorphism of this
region led to poor mapping quality and substantial missing data, especially in HLA exons. To
overcome this issue, we inferred HLA alleles using HLA-HD and analysed amino acid residues
in the antigen-presenting domains (see later). Four statistically significant single nucleotide
variants were identified near the FCGR2B locus outside the MHC locus. The lead single
nucleotide variant, rs13376485, located within the intronic region of FCGR2B, was not
included in the microarray panel used in a previously published study (figure 1).” The
alternative allele of this single nucleotide variant was associated with a decreased disease risk,
with an odds ratio (OR) of 0-59 (95% ClI 0-51-0-69; p=9-8x107"; table 2; appendix p 23). The

allele frequency was lower in cases (0-147) than in controls (0-232).
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We previously identified the protective allele rs1340976,” which showed protective trend (OR
0-72 [95% Cl 0-64—0-81]), but not statistically significant (p=5-7x10"%) in this study and
displayed low linkage disequilibrium (r?=0-18) with rs13376485 in the pooled dataset. The
linkage disequilibrium levels between rs1340976 and the newly detected this single
nucleotide variants are in the appendix (p 10). After conditioning on rs13376485, no other
single nucleotide variants in this region remained significant; the regional association plot of
FCGR2B is shown in the appendix (p 11). Fine-mapping analysis identified rs13376485 as the
sole variant in the 95% credible set for the target region, with a posterior probability of 0-978

(appendix p 24).

In the meta-analysis of the Mikulicz’s disease cohort, an intergenic variant on chromosome 9
near the PTCH1 gene and a variant on chromosome 12 downstream of the long non-coding
RNA LOC102724227 were identified. rs66917126 in the PTCH1 region was associated with an
elevated disease risk, with the alternative T nucleotide showing an OR of 1:94 (95% Cl 1-53—
2:46; p=3-8x107%; appendix p 23). rs66917126 was significantly associated with Mikulicz’s
disease even in Set 1 alone, with an OR of 2:17 (95% Cl 1-:66—2-82; p=1-1x1078; appendix pp
12, 23). No additional associations remained after conditioning on rs66917126 (appendix p
11). Fine-mapping analysis showed that rs66917126 had the highest posterior inclusion
probability of 0-495 among 3676 single nucleotide variants (appendix p 24). Three additional
single nucleotide variants, rs72754333 and rs72754331 and rs28675274 did not reach the
significance threshold in the GWAS (p>5-0x10-8); however, their posterior inclusion
probabilities were greater than 0-05. For the variant rs894063168 in the LOC102724227 region,
the alternative allele (T) was associated with an increased disease risk, with an OR of 12-57
(5-11-30-93; p=3-6x107%; appendix p 23). No additional associations remained after
conditioning on rs894063168 (appendix p 11). Fine-mapping results showed that rs894063168
had the highest posterior inclusion probability of 0-374 among 3602 single nucleotide variants
(appendix p 24). Four additional SNVs, namely, rs1324549138, rs1231784939, an iinsertion of

AATA at chr12:19,203,824, and rs149235894 had a posterior inclusion probability greater than
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0-05. Among the single-nucleotide variants identified in the meta-analysis, rs66917126
showed significant heterogeneity of effect sizes between IgG4-related disease and Mikulicz’s
disease (Q=7-058; p=0-0079) and between Mikulicz’s disease and autoimmune pancreatitis

(Q=9-463; p=0-0021; appendix p 25).

A publicly available expression quantitative trait loci (eQTL) results in the PTCHI1 region
showed that both rs66917126 and 15 linkage disequilibrium variants (r*>0.2) were associated
with PTCH1 expression (appendix p 26).2” Neither rs894063168 nor the single-nucleotide
variants in linkage disequilibrium with it were associated with LOC102724227 expression.
MENTR predicted mutation effects for rs66917126, rs72754333, and rs34299394 at the PTCH1
promoter in olfactory epithelial cells (-0-052 effect size), at two enhancers,
ADDG09098315655.E in the alimentary part of gastrointestinal system (0-056) and
ADDG09098344805.E in the respiratory tract (0-061; appendix pp 13, 27). No permissive

mutation effects were predicted for rs894063168 and its linkage disequilibrium variants.

The rs13376485 allele of FCGR2B was not significantly associated in the subtype analyses
(figure 1). However, the frequency of the risk alternative (A) allele was similar across the 1gG4-
related disease (0-147), Mikulicz’s disease (0-132), and autoimmune pancreatitis cohorts
(0-158) and lower than in controls (0-232), with consistent effect sizes of OR 0-59 [95% CI 0-51—
0-69] for IgG4-related disease, 0-54 [0-42—0-68] for Mikulicz’s disease, and 0-66 [95% Cl 0-54—
0-80] for autoimmune pancreatitis. This finding probably reflects limited statistical power due
to smaller sample sizes of patients with Mikulicz’s disease and autoimmune pancreatitis

(appendix p 28).

In analysing the association of HLA with IgG4-related disease, we prioritised amino acid
residues over individual single nucleotide variants. HLA alleles were determined for all
individuals, and their amino acid sequences were aligned per gene. All alleles were retained

regardless of frequency, because even rare alleles can contribute to amino acid residue-level
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variation relevant to association analysis (appendix p 14). The typed HLA alleles were
subsequently mapped to their respective amino acid residues. An omnibus test of 228 amino
acid positions identified the strongest association at position seven of the  domain in the
peptide-binding groove of HLA-DRB1 (referred to as DRB1-GB-7), with p=4-9x107%7. The
stepwise conditional analysis identified two further significant residues: A-GA2-9 (p=1:2x1078)

and DQB1-GB-82 (p=1-1x10"%; appendix p 15).

Multiple logistic regression analysis revealed that valine at DRB1-GB-7 was associated with an
increased risk for 1gG4-related disease (OR 1-86 [95% Cl 1-62-2-12] p=1-1x107"°), whereas
aspartic acid at this position was protective (0-53 [0-43-0-66], p=1-3x1078). At A-GA2-9, both
phenylalanine (0-76 [0-68—0-86], p=4-1x107%) and cysteine (0-40 [0-27—-0-60], p=7-9x107°)
were associated with a reduced risk, and alanine at DQB1-GB-82 also showed protective
effects (0-70 [0-62—0-79], p=4-7x107%; table 3). In the subtype analysis, DRB1-GB-7 and A-GA2-
9 remained as associated candidates in the autoimmune pancreatitis cohort following
stepwise conditioning, whereas DRB1-GB-7 and A-GA2-62 were identified in the Mikulicz’s
disease cohort (appendix pp 16, 29). Arginine at A-GA2-62 was associated with an increased
risk (1-39 [1-15-1-66], p=4-7x10"*) compared with the reference histidine. No significant
heterogeneity was detected between Set 1 and Set 2 for these HLA amino acid residues

(appendix p 30).

We estimated total complement C4 copy number and copy numbers of its isotypes (C4A and
C4B) from WGS data in 869 cases of IgG4-related disease and 2659 controls. The calibrated C4
copy number exhibited a multimodal distribution, with peaks at the integer values 2—-8
(appendix p 17). By differentiating C4A and C4B through their ratios across five isoform-
specific nucleotide variants, the raw C4A fractions aligned with the expected ratio for specific
C4 copy numbers (appendix pp 17-18). Additionally, C4A and C4B copy numbers exhibited

negative correlation (r=—0-49).
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The x? goodness-of-fit test revealed significant differences in the distributions of both C4A and
C4B copy numbers between IgG4-related cases and controls (p=9-4x1077 for C4A; p=3-2x107%
for C4B; figure 2A, B). In contrast, statistical significance was attenuated when analysing total
C4 copy number, defined as the sum of C4A and C4B (p=0-0051; figure 2C). In logistic
regression models evaluating the association between C4 copy number variations and 1gG4-
related disease, total C4 copy number alone was not significantly associated with disease risk.
However, a combined model including both C4A and C4B provided the best fit, as indicated by
the lowest delta Akaike Information Criterion (appendix p 31). In this model, C4A was
associated with decreased risk (=—0-127, SE=0-048, p=7-9x1073), and C4B showed a positive
association (B=0-151, SE=0-064, p=1-9x1072). The estimated ORs based on C4A/C4B copy
number combinations ranged from 0-52 (95% Cl 0-38—0-71) in individuals with six C4A and one
C4B copies to 1-54 (1-18-1-99) in individuals with one C4A and four C4B copies (figure 2D;

appendix p 32)

The C4 gene, positioned between HLA class | and HLA class Il regions on chromosome 6, was
assessed for correlation between the copy number of C4 and its isotypes with the three HLA
amino acid residues significantly associated with IgG4-related disease. We obtained the
highest correlation between C4A copy number variations and DQB1-82-Ala with Pearson’s
r’=0-15 (appendix p 19). Both C4A copy number and DQB1-82-Ala remained significantly
associated with IgG4-related disease after adjusting for their genetic correlation (appendix p
33).

Discussion

Building on our earlier identification of HLA-DRB1 and FCGR2B as genetic determinants of
IgG4-related disease,” we used advanced sequencing techniques to validate and expand upon
these associations. Our key findings included novel contributions from C4A and C4B copy
numbers and independent roles for HLA-A and HLA-DQBI1, highlighting the complex genetic
architecture of IgG4-related disease. Subtype-specific analyses further uncovered additional

loci, emphasising the heterogeneity of genetic risk factors across disease subtypes. A previous
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GWAS in a Japanese cohort identified /LIR1 as being specifically associated with the
periaortitis and periarteritis subtype of IgG4-related disease.?® Our findings reinforce the need

for functional studies to elucidate mechanisms underlying disease susceptibility.

For the newly detected HLA amino acid residues, the corresponding HLA allele frequencies
showed strong correlations with those from the previous dataset typed via SNP2HLA
(Pearson’s r=0-996 in 597 cases; Pearson’s r=0-981 in 295 controls), and high concordance of
HLA alleles was observed in overlapping samples (97-:4%, n=892), indicating no substantial
methodological discrepancies. Including the top ten principal components as covariates and
observing no inflation in the GWAS results for both studies supports the avoidance of false
positives in the HLA variant analysis. In our previous GWAS,” controls were sampled from a
narrow region (Nagahama City, Japan), resulting in slight separation of principal components
between cases and controls. In contrast, broader sampling of the Japanese population in the
present study improved the alignment of principal component distributions, potentially
mitigating confounding effects and explaining previously diminished associations. At the HLA
allele level, some variants corresponding to the newly detected amino acid residues became
significant and even changed their direction of association. Therefore, these novel
associations are likely attributable to the increased control size, more balanced population
sampling, and improved accuracy in typing rare variants in the whole-genome sequencing

dataset.

The DRB1-GB-7, A-GA2-9, and DQB1-GB-82 residues are located in the peptide-binding
grooves of their respective HLA molecules, with DRB1-GB-7 and A-GA2-9 positioned at the
centre and DQB1-GB-82 at the terminal of the a-helix (appendix p 15). Therefore, residues
at these positions might play a role in influencing antigenic peptide interactions with CD4* and
CD8* T cells via the T-cell receptor, potentially modulating autoimmune susceptibility by
altering the peptide spectrum.?%3° Our findings suggest that HLA-A, DRB1, and DQB1 might be

involved in the aetiology of IgG4-related disease, potentially through their effects on antigen
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presentation efficiency and protein stability.31*2 These findings reinforce the need for further

structural and functional studies to elucidate their contributions to disease susceptibility.

The PTCH1 gene, which encodes the patched-1 receptor involved in repressing the Sonic
hedgehog signalling pathway, has been implicated in embryonic development and
tumourigenesis.33 PTCH1 dysregulation has been implicated in several malignancies, including
colorectal, reproductive, and basal cell cancers, emphasising its importance in
tumourigenesis.3*3> Both MENTR and eQTL analyses showed PTCH1 expression changes
attributable to rs66917126, suggesting a possible role for PTCH1 in immune regulation. The
functions and target genes of the two enhancers upstream of PTCH1 remain unknown, and

further analyses are needed to elucidate their relevance to Mikulicz’s disease.

The complement system is critical for clearing cellular debris and regulating inflammation. A
negative correlation between C4A and C4B was reported in a previous study of a European
population.?” We showed that a lower C4A copy number and a higher C4B copy number were
associated with an increased risk of IgG4-related disease. The protective effect of C4A aligned
with findings in studies on systemic lupus erythematosus and primary Sjogren’s syndrome,
whereas C4B demonstrated an opposing impact.3”*® Other opposing genetic associations have
also been observed in IgG4-related disease and systemic lupus erythematosus. Although
Fcgr2b-deficient mice are prone to developing systemic lupus erythematosus, increased cell-
surface FCGR2B levels elevate 1gG4-related disease risk.3%° Similarly, DRB1-GB-7-Val,
associated with IgG4-related disease, has been reported to be protective against systemic
lupus erythematosus.*! Notably, these two diseases share the same gene determinants but
exhibit opposing effects. Integration of HLA-HD results with C4 copy number variations
predictions revealed low linkage disequilibrium (r’<0-15) among C4A, C4B, and HLA amino acid
residues in the Japanese population. This observation suggests that structural changes in the
peptide-binding groove from HLA amino acid residues, alongside proportional differences in

C4 isotypes, might collectively contribute to the development of IgG4-related disease.
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To date, the diagnosis and classification of IgG4-related disease have predominantly relied on
elevated serum IgG4 concentrations and histopathological assessments in the affected organs.
However, our subtype analysis revealed that IgG4-related disease manifestations across
different organs might involve distinct single nucleotide variants and HLA amino acid residues.
Differences in the associations of rs66917126 and HLA-A-GA2-62 across |gG4-related disease
subtypes might reflect the distinct genetic pathways in the pathogenesis of Mikulicz’s disease
compared with IgG4-related disease and autoimmune pancreatitis. Further studies exploring
the molecular mechanisms underlying these associations could improve our understanding of

immune dysregulation across subtypes and refine the classification of IgG4-related disease.

This study is limited by its small sample size, reflecting the rarity of IgG4-related disease and
recruitment challenges, which also precluded adequately powered sex-stratified analyses.
Despite the rising prevalence in Japan due to improved awareness, the true prevalence might
still be underestimated due to diagnostic difficulties. In the subtype-specific analyses, patients
were not strictly classified into mutually exclusive subtypes. IgG4-related disease often
presents with overlapping subtypes, and full systemic evaluations are not always conducted
in clinical settings. As a result, some coexisting subtypes might not have been documented.
To address this limitation, the development of a more systematic diagnostic framework will
be essential in future studies. In whole-genome sequencing analyses using short-read
sequencing, achieving high mapping rates in regions such as multigene families remains
challenging due to their highly repetitive nature, which limits analytical resolution. The HLA
and FCGR loci are representative of such regions. HLA coding sequences were resolved using
unmapped short reads and the HLA-HD algorithm, allowing for association analyses of alleles
and amino acid residues. However, the non-coding regions of HLA were excluded due to low
mapping quality, despite their potential relevance to disease susceptibility. Furthermore,
single nucleotide variants surrounding FCGR2B, including rs1340976, which is associated with

IgG4-related disease,” and rs1050501, which is associated systemic lupus erythematosus,
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were also excluded from the present analysis. Moreover, short-read sequencing is insufficient
to resolve haplotypes of copy number variation and human endogenous retroviral insertions
into specific C4 isotypes.*? A comprehensive analysis of such complexed gene loci using long-
read sequencing approaches will be necessary to address this question. Additionally,
interrelating expression quantitative trait loci, protein, and metabolite data is essential to
deepen our understanding of the pathogenesis of IgG4-related disease. The blood
concentrations of C4 and its two isoforms have not been examined, and their involvement in
IgG4-related disease remains to be elucidated. Future proteomic analyses using patient blood
samples might help clarify their role in the disease pathology. We also anticipate studies in
diverse ancestral populations to compare the shared or distinct genomic features of 1gG4-

related disease.
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Figure 1: Genome-wide association analysis of IgG4-related disease and its subtypes

Manhattan plots (left) and quantile—quantile plots (right) for all cases with IgG4-related
disease (A), Mikulicz’s disease (B), and autoimmune pancreatitis (C). In the Manhattan plots,
the x-axis represents chromosomal positions, and the y-axis shows the —logio(p value) from
association tests. The horizontal grey dashed line indicates the genome-wide significance
threshold (p=5-0x1078). Significantly associated single nucleotide variants are labelled with
their reference single nucleotide variant identification numbers and corresponding gene
names. In the quantile—quantile plots, the x-axis represents the expected —logio(p value) under
the null hypothesis, and the y-axis shows the observed —logio(p value). Each dot represents an
individual single nucleotide variant, and the diagonal line corresponds to the null distribution.

The Agc is indicated for each analysis. Agc=genomic inflation factor.

Figure 2: Association between C4 copy number variation and IgG4-related disease

Distributions of C4A (A), C4B (B), and total C4 (C) copy numbers in cases with IgG4-related
disease and controls. The x-axis indicates the copy number of each gene, and the y-axis
represents the relative frequency (%) in cases and controls. (D) Combined effects of C4A and
C4B copy numbers on the risk of IgG4-related disease. Each circle represents individuals with
a specific combination of C4A and C4B copy numbers. Circle size indicates the proportion of
control individuals in the cohort with that genotype. Circle colour reflects the odds ratio,
according to the accompanying scale bar, with red indicating increased risk and blue indicating

decreased risk.
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Set1l

Set 2

Case (n=646)*

Control (n=2254)*

Case (n=223)*

Control (n=405)*

Age at diagnosis, years

64-4 (11-4) 635 (10-9)t
Sex
Female 172 (26-6%) 1348 (59-8%) 78 (35-0%) 65 (16-0%)
Male 474 (73-4%) 906 (40-2%) 145 (65.0%) 340 (84-0%)
Ethnicity

Japanese of Hondo ancestry

646 (100%)

2254 (100%)

223 (100%)

405 (100%)

IgG4 concentration at diagnosis, mg/dL

653-1 (5963)

543-5 (603-5)%

Diagnosis of IgG4-related disease§

Definite 603 (93:3%) 165 (74-0%)
Probable 25 (3-9%) 6 (2:7%)
Possible 18 (2-8%) 52 (23-3%)

Disease subtype

Autoimmune pancreatitis only

322 (49-8%)

33 (14-8%)

Mikulicz’s disease only

196 (30-3%)

65 (29-1%)

Autoimmune pancreatitis and Mikulicz’s disease

72 (11-1%)

30 (13-5%)

Other subtypes or subtype unknown

56 (8:7%)

95 (42-6%)

Data are mean (SD), or n (%). *The number included in the association studies after the standard quality control procedure. TCalculated based on 192 patients

with a confirmed age at diagnosis. ¥Calculated based on 221 patients with confirmed IgG4 concentrations at diagnosis. §According to the revised comprehensive

diagnostic criteria for IgG4-related disease in 2020.!

Table 1: Demographic and clinical characteristics of the study population



Chromosomal positions and reference and alternative alleles of the single-nucleotide variants are according to the GRCh38 reference genome. OR=o0dds ratio.

Chromosome: Gene Allele, Alternative allele frequency OR (95% Cl) p value
position reference/alternative Case Control All

IgG4-related disease
rs13376485 1:161676087 FCGR2B G/A 0-147 0-232 0-211 0:59 (0-51-0:69) 9-8x10™"
rs7539053 1: 161690055 FCGR2B T/C 0-525 0-610 0-589 0:71 (0-63—-0-80) 3-4x1078
rs56374312 1: 161695965 FCGR2B C/T 0-095 0-156 0-141 0-58 (0-48—-0-70) 3-6x1078
rs6668534 1: 161702205 FCRLA G/A 0-527 0-611 0-590 0-72 (0-64-0-81) 4-4x1078
Mikulicz’s disease
rs66917126 9: 95560433 PTCH1 C/T 0-159 0-094 0-102 1-94 (1-53-2-46) 3-8x1078
rs894063168 12:18817706 LOC102724227 C/T 0-018 0-002 0-004 12:57 (5-11-30-93) 3-6x1078

Table 2: Genetic variants showing genome-wide significance for IgG4-related disease and subtypes




Amino acid frequency p value OR (95% ClI) Corresponding HLA alleles*
Case Control All

DRB1-GB-7

Ser 0-334 0-377 0-366 Reference *08:02, *08:03, *11:01, *12:01, *12:02, *13:02, *14:03, *14:05, *14.06,
*14:54

Val 0-378 0-228 0-265 1-1x10™ 1-86 (1-62-2-12) *04:03, *04:05, *04:06, *04:10

Asp 0-064 0-139 0-121 1-3x107°8 0:53 (0-43-0:66) *09:01

Leu 0-055 0-067 0-064 0-58 0-93 (0-73-1-19) *01:01

Pro 0-169 0-189 0-184 0-86 1-01 (0-86—-1-20) *15:01, *15:02

A-GA2-9

Tyr 0-656 0-581 0-600 Reference *02:01, *02:06, *26:01, *26:02, *26:03, *31:01, *33:03

Phe 0-328 0-382 0-369 4-1x107° 0:76 (0-68—0-86) *24.02

Cys 0-016 0-036 0-031 7-9x107® 0:40 (0-27-0-60) *02:07, *11:01

DQB1-GB-82

Glu 0-586 0-520 0-536 Reference *03:01, *03:02, *03:03, *04:01, *04:02

Ala 0-320 0-401 0-381 4-7x107° 0:70 (0-62—-0-79) *05:01, *05:02, *05:03, *06:01, *06:02

Gly 0-094 0-079 0-079 0-51 1-07 (0-88-1-29) *06.:04

Bonferroni correction p=1-53x107%. *HLA alleles with a frequency of greater than 0-01 in either the case or control population are shown.

Table 3: Susceptible HLA amino acid residues and corresponding HLA alleles
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Supplementary Method A : Detailed description of quality control steps

We conducted quality control (QC) as shown in the schematic flowchart. First, the WGS reads were aligned and
jointly called with those of other WGS studies. Consequently, we conducted by GATK Best Practices to remove
(1) variants with low quality (variant quality score log-odds [VQSLOD]<10 or mapping quality [MQ]<58-75),
(2) heterozygous genotypes with imbalanced allele ratios (allele balance [AB]<0-25), and (3) genotypes with
insufficient confidence or coverage (genotype quality [GQ]<20 or depth of coverage [DP]<7 for autosomes or
X chromosomes in females, DP<3 for X chromosomes in males) (Supplementary Figure 2A-C).

We then performed the first four sequential sample-based QC to remove individuals who are (1) not inferred as
Hondo ancestry by PCA using BioBank Japan reference samples (Supplementary Figure 3), (2) with low
genotype call rates (<96% for Set 1 and <98% for Set 2), (3) with excess heterozygosity (>+5 standard deviations
from the mean) (Supplementary Figure 2D) and (4) with cryptic relatedness (PI_ HAT>0-2).

Finally, variant filtering was performed by removing those with (1) low genotype call rates (<98%), (2) low
minor allele counts (allele count [AC]<10 for Set 1, AC<S5 for Set 2) and (3) deviation from Hardy—Weinberg
equilibrium (HWE p<1.0x107¢). All QC procedures were applied independently to each dataset.

Supplementary Method B : Detailed method for the estimation of C4 copy number

A group of 80 Utah residents with Northern and Western European ancestry from the CEPH collection (CEU),
whose C4 copy numbers were determined via quantitative polymerase chain reaction (QPCR), was used for batch
calibration.! High-coverage WGS data for this calibration group were obtained from the 1000 Genomes Project.’

The C4 copy number was estimated using the GermlineCNVCaller (gCNV) tool from the Genome Analysis
Toolkit (GATK, version 4.2.6.1), leveraging read-depth information from the WGS data.>* In gCNV’s cohort
mode, which improves CNV detection sensitivity and specificity by incorporating multiple samples, the
recommended maximum batch size is 300 samples. To ensure consistency, study subjects were divided into
batches of 300, comprising 220 test samples and a fixed set of 80 CEU samples, to standardise results across
batches. Within each batch, the known C4 copy numbers of the calibration group were used to generate a linear
regression equation. This equation was applied to adjust the predicted C4 copy numbers of the test samples,
yielding calibrated values. For each sample, reads aligned within the C44 and C4B gene regions +5 kilobases
(kb) were extracted using Samtools (version 1.13)° and remapped with BWA (version 0.7.13)° to a reference
sequence in which the C44 gene +1 kb was masked. This approach ensured that reads aligning to the C4B gene
region represented the overall C4 gene coverage, with those carrying C44-specific sequence considered as
alternative alleles relative to the C4B reference.

The gCNV tool then determined the raw copy number for each 1,000-bp bin within the C4 gene based on short-
read depth. The mean of all bins was calculated to obtain the overall raw copy number of the C4 gene for each
individual. Among all calibrated C4 copy numbers from the batches, k-means clustering was applied to convert
the fractional C4 copy numbers into integer values, determining the final C4 copy numbers.” The copy numbers
of C4 isotypes, C44 and C4B, were then ascertained by assessing the relative read depths covering C44- and
C4B-specific nucleotide sequences.® Genetic variants in C44 and C4B were identified at base-pair resolution
using the GATK HaplotypeCaller tool. The C44 fraction was calculated as C44/(C4A4A+C4B), taking the median
across five SNVs. For each sample, the C44 fraction was rounded to the nearest plausible value within the group
with a specific C4 copy number (e.g., for a C4 copy number of 3, possible C44 fractions are 0, 1/3,2/3, or 1; a
fraction of 0.29 would be rounded to 1/3). The C44 copy number was then calculated by multiplying the rounded
C4A4 fraction by the integer C4 copy number. Human endogenous retroviral elements inserted in the C4 genes



were not analysed.” The workflow for C4 CNV estimation and the evaluation of batch effects are detailed
(Supplementary Figure 5).

To assess differences in the distribution of C4, C44, and C4B copy numbers between IgG4-related disease
patients and healthy controls, the Chi-squared goodness-of-fit test was applied, with the control group considered
as the theoretical distribution. To further evaluate the association between IgG4-related disease and C4 CNV,
univariate and multivariate logistic regression analyses were conducted. All statistical analyses were performed

using R (version 4.1.2). Bonferroni correction was applied in both the Chi-squared goodness-of-fit tests and

logistic regression models.
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Supplementary Figure 1. Selection of quality control thresholds for GWAS.

(A) Density distribution of variant quality score log-odds (VQSLOD), with a filtering threshold of VQSLOD
<10. (B) Histogram of mapping quality (MQ), with a filtering threshold of MQ <58-75. (C) Depth of coverage
(DP) plotted against variant counts in 15% and 30x sequencing datasets, with a filtering threshold of DP<7. (D)
Histogram of autosomal heterozygosity rates across all samples, with a zoomed-in view highlighting outliers

defined as >+5 standard deviations from the mean.
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Supplementary Figure 2. Workflow for sample and variant quality control.

At each step of the procedure, indicated on the right side of the chart, the number of study subjects with coverage
depth and the number of SNVs are shown in open boxes. The number of individuals and SNVs removed
according to the QC criteria is shown in light grey boxes. MD: Mikulicz’s disease; AIP: autoimmune
pancreatitis; HWE: Hardy-Weinberg Equilibrium.
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Supplementary Figure 3. The principal component analyses of the study subjects.

(A) Top two principal component (PC) scores of the study samples projected onto the PCs calculated from
genome scan data of Biobank Japan. (B) PCA plot based on Set 1 samples, showing individuals that passed
quality control. (C) PCA plot of based on Set 2, showing individuals that passed quality control.
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Supplementary Figure 4. CNV estimation workflow of C4 and its two isotypes.

For each batch (maximum n=300), test and calibration samples were processed in parallel. Among them, 80
samples with qPCR-calibrated C4 copy numbers were used as calibrating samples. Raw C4 copy numbers were
initially predicted using GATK-GermlineCNV Caller, based on the read depth ratio between the C4 gene region
and a global reference region. Within the calibrating samples, the predicted copy numbers (nNpredicted) Were
regressed on the qPCR-calibrated copy number (nwe) to generate a batch-specific linear regression model (Im),
which was then applied to case and control samples to obtain calibrated C4 copy number (ncatibrated). Calibrated
C4 copy numbers were subsequently clustered using K-means to obtain integer values for the total C4 copy
number. Copy numbers of C44 and C4B isotypes were then determined using the median C44 fraction derived
from five isotype-specific sequences. Final values were calculated as follows: 1) C44 = round(C4 x C44

fraction), 2) C4B = C4 — C4A.
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Supplementary Figure S. Linkage disequilibrium of disease-associated SNVs in the FCGR2B locus.

LD plot of four SNVs in the FCGR2B locus associated with IgG4-related disease. Pairwise LD(1?) score is
shown in each square with a colour according to the accompanying scale bar.
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Supplementary Figure 6. Regional plot of chromosomal regions encompassing the associated SNVs.
Regional association plots encompassing SNVs with significant associations. (A) FCGR2B and 1gG4-related
disease, (B) PTCHI and MD, and (C) LOC102724227 and MD. (D), (E) and (F) show the corresponding plots
conditioned on the lead SNV at each respective locus. LD score for each SNV with the lead variant is indicated
with a colour according to the accompanying scale bar. The dotted horizontal line in the plot represents the

significant threshold (p = 5-0x107%).
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Supplementary Figure 7. GWAS results of IgG4-related disease and its subtypes in sample sets Set 1
and Set 2.

Manhattan plots of (A) Overall individuals in Set 1, (B) Mikulicz’s disease and controls in Set 1, (C) autoimmune
pancreatitis and controls in Set 1, (D) Overall individuals in Set 2, (E) Mikulicz’s disease and controls in Set 2,
and (F) autoimmune pancreatitis and controls in Set 2. The dotted horizontal line in the plot represents the
significant threshold (p = 5-0x10"®). The Q-Q plot is shown in each study with a Agc score.
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Supplementary Figure 8. Regulatory effects of SNVs associated with MD, eQTL, and MENTR.

Linkage disequilibrium of SNVs, MD meta GWAS result, eQTL results, and mutation effects predicted by
MENTR around PTCH1 were shown. The black horizontal dashed line represents the genome-wide significance
threshold (p=5.0x107%) for MD GWAS and eQTL and the permissive threshold (0-05) for MENTR result.
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Supplementary Figure 9. Regional plot of GWAS results in the MHC locus.

Regional association plot of the MHC locus with IgG4-related disease. The x-axis represents chromosomal
positions with the location of HLA and other genes, and the y-axis shows the —logio(p-value) from association
tests. The horizontal dashed line represents the genome-wide significance threshold (p=5.0x107%)
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Supplementary Figure 10. Association analysis of HLA amino acid residues with IgG4-related
disease

(A) Association between amino acid variations with IgG4-related disease for 228 positions in the peptide-
binding groove domain of 13 HLA proteins. The top panel shows the primary association results, while the
lower panels present results after conditional analyses. The x-axis represents amino acid position in the
peptide-binding groove domain of each protein, and the y-axis shows the —logio(p-value) from association
tests. The horizontal grey dashed line indicates the significance threshold (p=2-2x10"%). (B)~(D) Three-
dimensional structures of the peptide-binding groove domain of HLA class I and class II proteins, with
associated amino acid residues highlighted as red spheres. The a-chain is shown in light grey and the f-chain
in light blue. a-helices and S-sheets are depicted as helices and flat ribbons, respectively. (B) DRB1-GB-7 is
located at the centre of the Gf domain of the HLA-DRB1 protein. (C) A-GA2-9 is located at the centre of the
Goa?2 domain of the HLA-A protein. (D) DQB1-GB-82 is located on the a-helix in the GS domain of the HLA-
DQBI1 protein.
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Supplementary Figure 11. Association analysis of HLA amino acid residues with IgG4-related
disease subtypes.

Association between amino acid variations with (A) MD and (B) AIP for 228 positions in the peptide-binding
groove domain of 13 HLA proteins. The top panel shows the primary association results, while the lower panels
present results after conditional analyses. The x-axis represents amino acid position in the peptide-binding
groove domain of each protein, and the y-axis shows the —logio(p-value) from association tests. The horizontal
grey dashed line indicates the significance threshold (p=2-2x10~*). (C) The position of A-GA2-62 (in red sphere)
in the three-dimensional structure of the HLA-A peptide-binding groove domain.
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Supplementary Figure 12. Distribution of C4 copy number and estimated fraction of C44 in each
group.

(A) Distribution of estimated C4 copy numbers in all individuals recruited in this study (n=3,528). (B) The
fraction of C44 in the seven groups of individuals with an estimated C4 copy number from two to eight. Each
circle represents an individual.
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Supplementary Figure 13. Distribution of C4A4 fractions stratified by C4 copy number.

Each histogram shows the distribution of C44 copy numbers i
(A) three, (B) four, (C) five, (D) six, (E) seven, and (F) eight.
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Supplementary Figure 14. Correlation between C4 CNVs and HLA amino acid residues.

Correlation plot (Pearson’s r?) between C4, C44 and C4B copy numbers and identified amino acid positions
associated with IgG4-related disease. Pairwise Pearson’s 1? score is shown in each square with a colour
according to the accompanying scale bar.
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Supplementary Table 1. The list of the participating institutes in the Japanese IgG4-Related Disease

Working Consortium.

Institute Department Study set
Aichi Cancer Center Hospital Department of Gastroenterology Set 1
Fujita Health University Bantane Hospital Department of Gastroenterology Set 1
Hyogo Prefectural Amagasaki Hospital Department of Gastroenterology Set 1
Japan Community Health Care Organization Department of Rheumatology Set 1
Isahaya General Hospital
Japanese Red Cross Osaka Hospital Department of Gastroenterology Set 1 and 2
Japanese Red Cross Otsu Hospital Department of Gastroenterology Set 1
Japanese Red Cross Wakayama Medical Center  Department of Gastroenterology Set 1
Jichi Medical University Division of Gastroenterology, Department of Set 2
Medicine
Kagawa University Faculty of Medicine Division of Hematology, Rheumatology and Set 2
Respiratory Medicine, Department of Internal
Medicine
Kagoshima University Graduate School of Digestive and Lifestyle Diseases Set 1
Medical and Dental Sciences
Kanazawa Medical University Department of Hematology and Immunology Set 1
Kanazawa University Hospital Department of Rheumatology Set 1
Kansai Electric Power Hospital Department of Gastroenterology and Hepatology Set 1
Kansai Medical University The Third Department of Internal Medicine Set 1
Kansai Medical University Hirakata Hospital Department of Gastroenterology and Hepatology Set 1
Keio University School of Medicine Department of Ophthalmology Set 1
Keio University School of Medicine Division of Gastroenterology and Hepatology, Set 1
Department of Internal Medicine
Kishiwada City Hospital Department of Gastroenterology Set 1
Kobe City Medical Center General Hospital Department of Gastroenterology Set 1
Kobe City Nishi-Kobe Medical Center Department of Gastroenterology Set 1
Kobe Kaisei Hospital Department of Ophthalmology Set 1
Kobe University Hospital Department of Gastroenterology Set 1
Kyoto University Hospital Department of Gastroenterology and Hepatology Set 1
Kyoto University Hospital Department of Rheumatology and Clinical Set 1
Immunology
Kyoto-Katsura Hospital Center for Clinical Study Set 1
Kyushu University Hospital Department of Oral Surgery Set 1 and 2
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Medical Research Institute Kitano Hospital, PIIF
Tazuke-Kofukai

Nagano Municipal Hospital
Nagaoka Red Cross Hospital

Nagasaki University Graduate School of
Biomedical Sciences

Nagoya City University Graduate School of
Medical Sciences

Nagoya University Graduate School of Medicine

National Hospital Organization Kyoto Medical
Center

National Hospital Organization Okayama
Medical Center

Saiseikai Ibaraki Hospital
Sapporo Medical University

Shiga General Hospital
Shimane University Hospital

Shinshu University

Takamatsu Red Cross Hospital
Takatsuki Red Cross Hospital
Teine Keijinkai Hospital

Tenri Hospital

The University of Tokyo Hospital
The University of Toyama

Tohoku University Hospital

Tokai University Hachioji Hospital

Tokyo Metropolitan Cancer and Infectious
Diseases Center Komagome Hospital

Tokyo Woman's Medical University Yachiyo
Medical Center

University of Occupational and Environmental
Health

Wakayama Medical University
Yokohama City University Hospital

Digestive Disease Center

Department of Gastroenterology
Department of Internal Medicine

Unit of Rehabilitation Sciences

Set 1

Set 1
Set 1
Set 1

Department of Gastroenterology and Metabolism  Set 1 and 2

Department of Pathology and Laboratory
Medicine/Diagnostic Pathology

Clinical Research Center

Department of Ophthalmology

Department of Gastroenterology

Department of Gastroenterology, Rheumatology
and Clinical Immunology

Department of Gastroenterology
Department of Gastroenterology and Hepatology

Center for Health Safety and Environmental
Management

Department of Gastroenterology
Department of Gastroenterology
Department of Gastroenterology
Department of Gastroenterology
Department of Gastroenterology
Center for Health Care and Human Sciences
Department of Gastroenterology
Department of Gastroenterology

Department of Internal Medicine

Department of Gastroenterology

The First Department of Internal Medicine

The 1st Department of Medicine

Department of Gastroenterology

Set 1

Set 1

Set 1

Set 1
Set 1 and 2

Set 1
Set 1
Set 1

Set 1
Set 1
Set 1
Set 1
Set 1
Set 1 and 2
Set 1 and 2
Set 1
Set 1

Set 1

Set 1

Set 1
Set 1
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Supplementary Table 2. Summary of the whole-genome sequencing results.

Set 1 Set 2
Case Control Case Control
Number of subjects 703 3,148 231 419
Sequence platform NovaSeq HiSeqX NovaSeq HiSeqX
Target depth (number of subjects) 15% (131) 30x% (572) 15% 30x% 30x%
Mean read length (bp) 100 (63) 150 (68) 150 150 150 150
Mean of base count 55,970,800,000  54,780,600,000  95,045,300,000 55,145,700,000 106,793,000,000 129,594,000,000
Read length (mean+SD) 99-9+2:6 150-3£8-5 149:3£8:6 150-1+7-5 149:2+£9-1 148-7 £ 13-1
Average coverage (mean+SD) 17-4+1-1 17-0+2-5 30-1+09 17-8+£3-5 31+1-7 41-8+1-6

SD=standard deviation.
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Supplementary Table 3. Summary of SNVs significantly associated with IgG4-related disease in Set 1, Set 2, and the meta-analysis.

Position Allele Closest  Freq. Alt. allele Freq. Alt. allele o . s o
(hg38) (Ref./Alt.) gene in jMorp Set All Case Control 7 -value  OR 95% Cl Direction 1

rsID Chr.

IgG4-related disease
1 0-214 0-146 0-233 9-8x10° 0-59 0-49-0-71
rs13376485 1 161,676,087 G/A FCGR2B 0-232 2 0-199 0-150 0226 0-0027 0-61 0-44-0-84 - 0-00
Meta 0-211 0-147 0-232 9-8x10"'" 0-59 0-51-0:69

1 0-592 0-518 0-614 2-5x10®° 068 0-59-0-78
rs7539053 1 161,690,055 T/C FCGR2B 0-619 2 0-575 0-547 0-590 0-18 0-85 0-66-1-08 -- 0-59
Meta 0-589 0-525 0-610 3-4x10® 071 0-63-0-80

1 0-142 0-092 0-157 2-:3x107 055 0-44-0:69
rs56374312 1 161,695,965 C/T FCGR2B 0-155 2 0-134 0-105 0-149 0-038 0-67 0-46-0-98 -- 0-00
Meta 0-141 0-095 0-156 3-6x10® 0-58 0-48-0-70

1 0-594 0-520 0-615 3-9x10® 068 0-59-0-78
1s6668534 1 161,702,205 G/A FCRLA 0-619 2 0-576  0-547 0-592 0-16 0-84 0-66-1-07 -- 0-54
Meta 0-590 0-527 0-611 4-4x10® 072 0-64-0-81

MD
1 0-100 0-167 0-092 1-1x10® 217 1:66-2-82
rs66917126 9 95,560,433 C/T PTCHI 0-102 2 0-114 0-137 0-109 0-38 1-:27 0-75-2-14 ++ 0-66
Meta 0-102 0-159 0-094 3-8x10® 1-94 1-53-2:46

1 0-004 0-021 0-002 1-2x107 13-92 5-25-36-86
LOCI102724
rs894063168 12 18,817,706 C/T 227 0-003 2 0-004 0-011 0-002 0-11 6-89 0-65-73-33  ++ 0-00
Meta 0-004 0-018 0-002 3-6x10® 12:57 5-11-30-93

Chr.=chromosome; Ref.=reference; Alt.=alternative; Freq.=frequency; OR=o0dds ratio; CI=confidence interval; [>=percentage of variation due to heterogeneity.
JMorp: Japanese Multi-Omics Reference Panel (Tadaka et al. Nucleic Acids Research, 2023, doi: 10.1093/nar/gkad978)
f--: associations with odds ratios <1-00 in all sets, ++: associations with odds ratios >1-00 in all sets.
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Supplementary Table 4. Credible SNVs by fine-mapping analysis.

Variants in credible set

Alt. allele frequency

Cohort Lead variant ID Chr. P((})lsgl;lg)n (Rl:}'lzgt.) PIP Al Case cul p-value

IgG4-related disease

(Case n=869; Ctrl n=2,659)
rs13376485 1s13376485 1 161,676,087 G/A 0-978  0-211 0-147 0-232 9-8x10!!

MD

(Case n=363; Ctrl n=2,659)
1s66917126 1566917126 9 95,560,433 C/T 0-495 0-102 0-159 0-094 3-8x108
1s66917126 1872754333 9 95,560,469 G/T 0-110  0-132 0-192 0-124 2:2x107
1s66917126 1872754331 9 95,559,079 G/A 0-102  0-135 0-193 0-127 2-3x107
1s66917126 1328675274 9 95,566,806 C/T 0-056  0-148 0-204 0-140 4-6x107
rs66917126 rs34299394 9 95,582,424 A/T 0-045 0-137 0-192 0-130 6:0x107
1s66917126 152405060 9 95,591,628 A/C 0-033 0-150 0-206 0-143 8-7x107
1s66917126 1334777564 9 95,586,412 G/A 0-032 0138 0-191 0-130 9-0x107
1s66917126 1s4335262 9 95,591,902 A/G 0-029  0-151 0-207 0-144 1-0x10°¢
1s66917126 rs10118174 9 95,592,658 T/C 0-027  0-151 0-206 0-143 1-1x10°
1s66917126 1$55957307 9 95,575,110 T/C 0-023 0-143 0-194 0-136 1-:3x10°¢
rs894063168  rs894063168 12 18,817,706 C/T 0-374  0-004 0-018 0-002 3-6x108
rs894063168  rs1324549138 12 18,909,843 G/C 0-241 0-004 0-018 0-002 6:0x108
rs894063168 151231784939 12 19,143,015 T/A 0-155 0-004 0-018 0-002 1-0x107
rs894063168 N/A 12 19,203,824 T/TAATA 0-119  0-004 0-018 0-002 1-4x107
rs894063168  rs149235894 12 18,705,115 T/G 0-088  0-010 0-029 0-007 1-9x107

Chr.=chromosome; Ref.=reference; Alt.=alternative; PIP=posterior inclusion probability; MD=Mikulicz’s disease.

*Variants are listed in descending PIP until the cumulative PIP first exceeds 95%.
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Supplementary Table 5. Heterogeneity of newly detected SNVs in different IgG4-related disease subsets.

Position Allele IgG4-related disease vs. MD MD vs. AIP
Cohort rsID Chr.
(hg38) (Ref/Alt.) Q 2(%)  p-value Q 12 (%) p-value
IgG4-related disease
(Case n=869, Control n=2659)
rs13376485 1 161,676,087 G/A 0-475 0-0 0-49 1-740 42-5 0-19
1s7539053 1 161,690,055 T/C 0-684 0-0 0-41 0-762 0-0 0-38
156374312 1 161,695,965 C/T 0-924 0-0 0-34 2-550 60-8 0-11
rs6668534 1 161,702,205 G/A 0-546 0-0 0-46 0-671 0-0 0-41
MD
(Case n=363, Control n=2659)
1566917126 9 95,560,433 C/T 7-058 85-8 0-0079 9-463 89-4 0-0021
rs894063168 12 18,817,706 C/T 0-741 0-0 0-39 1-219 18-0 0-27

Chr.=chromosome; Ref.=reference; Alt.=alternative; Q=Cochran's Q statistic; [*=percentage of variation due to heterogeneity; MD=Mikulicz’s disease;
AlIP=autoimmune pancreatitis.
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Supplementary Table 6. eQTL results for the variants in Linkage Disequilibrium with rs66917126 in the PTCH region.

D Ch. Posiion  Allele LD () with GWAS (MD) eQTL!

(hg38) (Ref/Alt)  rs66917126 OR 95% CI p-value Effect size p-value
rs77880503 9 95557776 G/A 0.64 1-66 1:30-2-11 4-1x107 0-151 2-5x10714
rs72754331 9 95559079 G/A 0-71 1-77 1-43-2-20 2-3x107 0-101 4-9x10710
rs66917126 9 95560433 C/T 1-00 1-94 1-:53-2-46 3-8x10°® 0-105 1-6x10710
rs72754333 9 95560469 G/T 0-73 1-78 1-43-2-21 2-2x107 0-102 4-2x10710
1s28675274 9 95566806 C/T 0-47 1-72 1:39-2-13 4-6x107 0-244 3-0x1033
rs76099988 9 95567089 T/A 0-56 1-61 1-:30-1-99 1-1x10° 0-250 7-0x10733
rs55957307 9 95575110 T/C 0-54 1-70 1:37-2-10 1-3x10%¢ 0-239 2:6x103!
179934023 9 95576130 G/A 0-35 1-47 1-15-1-88 2-3x10* 0-269 3-6x10736
rs78621370 9 95578703 C/T 0-35 1-46 1-14-1-87 2:4x1073 0-269 3-9x10-36
152897052 9 95579706 G/C 0-34 1-48 1-16-1-89 1-5x1073 0-267 9-4x1036
rs34299394 9 95582424 A/T 0-57 1-74 1-40-2-16 6-0x107 0-226 3:4x1073°
1s34777564 9 95586412 G/A 0-57 1-72 1-:39-2-14 9-0x107 0-224 1-9x10%
152405060 9 95591628 A/C 0-50 1-69 1:37-2-08 8-7x107 0-221 7-2x102°
154335262 9 95591902 A/G 0-51 1-68 1:37-2-08 1-0x10° 0-223 7-2x1073°
rs10118174 9 95592658 T/C 0-51 1-68 1:36-2-07 1-1x10¢ 0-223 8-7x1073°
rs10981328 9 95592863 C/T 0-51 1-66 1-35-2-05 1-8x10°¢ 0-223 6-9x1073°

Chr.=chromosome; Ref.=reference; Alt.=alternative; LD=Linkage Disequilibrium; MD=Mikulicz’s disease; OR=0dds ratio; CI=confidence interval.
LD was estimated from the control samples of Set 1 and Set 2.
Vosa U et al. Nat Genet 2021; 53: 1300-10.
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Supplementary Table 7. Predicted effect of variants associated with IgG4-related disease.
ID Chr. Position Position Allele LD (1) Witll Alt. allele frequency Distance to p-value
(hg19) (hg38) (Ref/AlL.) rs66917126 MD AP Control  TSS(®P)
1566917126 9 98,322,715 95,560,433 C/T 1-00 0-159 0-101 0-094 43,508 3-8x108
1s72754333 9 98,322,751 95,560,469 G/T 0-74 0-192 0-132 0-124 7,042 2:2x107
rs34299394 9 98,344,706 95,582,424 A/T 0-58 0-192 0-130 0-130 150 6:0x107

Chr.=chromosome; Ref.=reference; Alt.=alternative; LD=linkage disequilibrium; MD=Mikulicz’s disease; AIP=autoimmune pancreatitis; TSS=transcription

start site; N.A.=not available.
LD was estimated using pooled control samples of Set 1 and Set 2.

Name Gene Class Predicted effect

rsID CAGE ID (hg19)/Strand Type

166917126  chr9:98279198..98279213/~  Promoter PTCHI coding mRNA  Olfactory epithelial cell: —0-052

chr9:98315655..98315762/N  Enhancer ADDG09098315655.E enhancer
Enhancer ADDG09098344805.E enhancer Respiratory tract: 0-061

1572754333 Alimentary part of gastrointestinal system: 0-056

1s34299394  chr9:98344805..98344906/N
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Supplementary Table 8. Association of rs13376485 with 1gG4-related disease, MD, and AIP.

Frequency of A allele

Cohort OR 95% CI p-value
Case Control

IgGd-related discase 0-147 0-232 0-59 0-51-0-69 9-8x10°"!

(n=869)

MD (n=363) 0-132 0-232 0-54 0-42-0-68 1-7x107

AIP (n=457) 0-158 0-232 0-66 0-54-0-80 4-2x10°

OR=o0dds ratio; Cl=confidence interval; MD=Mikulicz’s disease; AIP=autoimmune pancreatitis.
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Supplementary Table 9. HLA amino acid residues associated with IgG4-related disease subtypes.

Amino Amino acid frequency
acid p-value” OR 95% CI Corresponding HLA alleles’
residue Overall Case  Control
MD (Case n=363; Control n=2,659)
DRBI1-GB-7
Val 0-211 0-376 0-228 3-2x10° 1-74 1-45-2-09 *04:03, *04:05, *04:06, *04:10
Asp 0-110 0-051 0-139 4-8x107 0-40 0-28-0-58 *09:01
Leu 0-056 0-056 0-067 0-63 0-92 0-65-1-30 *01:01
Pro 0-159 0-165 0-189 0-59 0-94 0-74-1-19 *15:01, *15:02
A-GA2-62
His 0-697 0-766 0-821 Reference - - *02:01, ¥02:06, ¥02:07, *11:01, *24:02, *26:01, *26:02, *26:03
Arg 0-159 0-234 0-179 4-7x10* 1-39 1-15-1-66 *31:01, *33:03
AIP (Case n=457; Control n=2,659)
DRBI1-GB-7
Ser 0-326 0-324 0-377 Reference ) ) *?jgé *(])j_(g)j 11:01, *12:01, *12:02, *13:02, *14:03, *14:05,
Val 0-222 0-389 0-228 1-3x1074 1-94 1-64-2-29 *04:03, *04:05, *04:06, *04:10
Asp 0-114 0-067 0-139 6-9x10° 0-56 0-42-0-75 *09:01
Leu 0-057 0-054 0-067 0-65 0-93 0-67-1-28 *01:01
Pro 0-164 0-166 0-189 0-95 1-01 0-81-1-25 *15:01, *15:02
A-GA2-9
Tyr 0-523 0-659 0-581 Reference - - *02:01, ¥02:06, *26:01, *26:02, *26:03, *31:01, *33:03
Phe 0-330 0-324 0-382 1-6x10* 0-75 0-64-0-87 *24:02
Cys 0-030 0-018 0-036 0-015 0-43 0-26-0-72 *02:07, *11:01

OR=0dds ratio; MD=Mikulicz’s disease; AIP=autoimmune pancreatitis.

*Statistically significant values with p<1-53x10* are shown in bold.

THLA alleles with a frequency of greater than 0-01 in either the case and control are shown.
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Supplementary Table 10. Heterogeneity of IgG4-related disease associated HLA amino acid residues in Set 1 and Set 2.

) ] ] Case Control Effect size SE OR 95%CI Q I?
Amino acid residue Set
Frequency  Count Frequency Count

DRBI-GB-7-Val Set 1 0-381 492 0-225 1,013 0-752 0-069 2-12 1-85-2-43

Set 2 0-368 164 0-247 200 0-573 0-132 1-77 1-37-2-30 o-let 0

A-GA2-9-Phe Set 1 0-335 433 0-191 859 —0-197 0-068 0-82 0-72-0-94 0173 0
Set 2 0-307 137 0-381 309 —0-382 0-129 0-68 0-53-0-88

DQBI1-GB-82-Ala  Set 1 0-332 429 0-405 1,827 —0-315 0-068 0-73 0-64-0-83 0051 0
Set 2 0-285 127 0-377 305 —0-416 0-132 0-66 0-51-0-85

SE=standard error; OR=0dds ratio; Q=Cochran's Q statistic; [>=percentage of variation due to heterogeneity.
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Supplementary Table 11.

Results of association analyses of IgG4-related disease risk against C4 copy number variation.

Cc4 C44 C4B
Model A AIC
beta SE p-value beta SE p-value beta SE p-value
C4 —0-068 0-045 0-14 21-01
C44 -0-18 0-042 1-2x107° 3-44
C4B 0-24 0-056 2:2x107 5:25
C44 + C4B -0-13 0-048 0-0079 0-15 0-064 0-019 0 (best)

SE: standard error, AIC: Akaike information criterion.
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Supplementary Table 12. Predicted relative onset risk of IgG4-related disease based on C4 CNV
combinations.

Copy IgG4-related disease Control
number’  Odds SE OR to 95%CI (n=869) (n=2,659)
C44 C4B reference Count Frequency Count Frequency

1 4 055 0-126 1-54 1-18-1-99 15 0-017 32 0-012
2 4 048 0134 1-35 1-03-1-78 5 0-006 8 0-003
1 3 047 0-082 1-32 1-10-1-58 28 0-032 84  0-032
2 3 042 0-076 1-16 0-98-1-38 21 0024 60  0-023
1 2 041 0077 1-14 0-96-1-35 38 0-044 81  0-031
3 3 037 0-097 1-02 0-83-1-26 7 0-008 37 0014
2 2 036 0-044 Reference - 424 0-488 1,069  0-402
3 2 032 0-050 0-88 0-77-1-00 61  0-070 194  0-073
2 1 031 0-080 0-86 0-72-1-03 25 0029 104 0-039
4 2 028 0-087 0-78 0-64-0-94 64 0074 219 0-082
3 1 027 0-062 0-76 0-65-0-88 121 0-139 502 0-189
5 2 024 0132 0-68 0-52-0-90 3 0-004 31 0-012
4 1 024 0077 0-67 0-56-0-79 23 0-027 68  0-026
3 0 023 0116 0-65 0-51-0-83 2 0-002 17 0-006
6 2 022 0-178 0-60 0-42-0-86 6 0-007 8 0-003
5 1 021 0112 0-59 0-46-0-74 10 0-012 60  0-023
4 0 021 0112 0-57 0-45-0-73 10 0-012 51  0-019
6 1 019 0154 0-52 0-38-0-71 1 0-001 7  0-003

OR=0dds ratio; SE=standard error.
*Combinations with a frequency <0-002 in the control group were excluded due to rarity.
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Supplementary Table 13. Multi-variate logistic regression of C44 and HLA-DQB1-GB-82.

DQBI1-GB-82-Ala

C44 CNV
Model
OR 95% CI p-value OR 95% CI p-value
C44 CNV 0-83 0-77-0-90  1-2x107 - - -
HLA-DQBI1-GB-82-Ala - - - 070  0-62-0-79 4-7x107°
C44 CNV + HLA-DQBI1-GB-82-Ala  0-89 0-81-0-97  9-7x1073 072 0-63-0-82 6-8x1077

OR=0dds ratio; CI=confidence interval.
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