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A Genome-Wide Association Study Suggests New
Susceptibility Loci for Primary Antiphospholipid Syndrome
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Objective. Primary antiphospholipid syndrome (PAPS) is a rare autoimmune disease characterized by the presence
of antiphospholipid antibodies and the occurrence of thrombotic events and pregnancy complications. Our study
aimed to identify novel genetic susceptibility loci associated with PAPS.

Methods. We performed a genome-wide association study comprising 5,485 individuals (482 affected individuals)
of European ancestry. Significant and suggestive independent variants from a meta-analysis of approximately 7 million
variants were evaluated for functional and biological process enrichment. The genetic risk variability for PAPS in differ-
ent populations was also assessed. Hierarchical clustering, Mahalanobis distance, and Dirichlet Process Mixtures with
uncertainty clustering methods were used to assess genetic similarities between PAPS and other immune-mediated
diseases.

Results. We revealed genetic associations with PAPS in a regulatory locus within the HLA class Il region near HLA-
DRA and in STAT1-STAT4 with a genome-wide level of significance; 34 additional suggestive genetic susceptibility loci
for PAPS were also identified. The disease risk allele near HLA-DRA is associated with overexpression of HLA-DRB6,
HLA-DRB9, HLA-DQA2, and HLA-DQB2 in immune cells, vascular tissue, and nervous tissue. This association is inde-
pendent of the association between PAPS and HLA-DRB1*1302. Functional analyses highlighted immune-related
pathways in PAPS-associated loci. The comparison with other immune-mediated diseases revealed a close genetic
relatedness to neuromyelitis optica, systemic sclerosis, and Sjégren syndrome, suggesting co-localized causal varia-
tions close to STAT1-STAT4, TNPO3, and BLK.

Conclusion. This study represents a comprehensive large-scale genetic analysis for PAPS and provides new

insights into the genetic basis and pathophysiology of this rare disease.

INTRODUCTION

Antiphospholipid syndrome (APS) is a rare autoimmune dis-
ease characterized by the occurrence of thrombotic events and
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obstetrical complications in the presence of antiphospholipid anti-
bodies (aPL)." The presence of aPL in conjunction with vascular
damage can lead to other complications in patients with APS,
such as neurological, cardiac, and skin involvement.? APS is more
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frequent in women and is estimated to affect 50 per 100,000
population, with a mean diagnosis age of 50 years.®>™®

APS was originally described in patients with an underlying
systemic autoimmune disease, commonly lupus (secondary
APS).® Nevertheless, in almost half of the cases, APS appears
as an isolated disorder known as primary APS (PAPS).” Beyond
the presence of an underlying autoimmune disorder, no major
clinical differences have been reported between the primary and
secondary forms of APS.®

Previous studies suggested the relevance of genetic suscep-
tibility in primary and secondary APS.*® Several genetic loci within
the HLA class Il region have been reported to be associated with
PAPS, including HLA-DRB1*1302.*° Outside the HLA region,
several loci associated with PAPS have been identified in candi-
date gene studies, including STAT4, IRF5, MTOR, and PTPN22.
Despite these findings, genetic associations with PAPS outside
of the HLA region have been inconsistent.* Further, no genome-
wide association study (GWAS) has been previously performed
in PAPS.

Herein, we perform a large GWAS and meta-analysis in
PAPS including patients and controls from five different popula-
tions of European ancestry and provide important new insights
into the genetic basis and potentially the pathogenesis of PAPS.

MATERIALS AND METHODS

Study population and genotyping. Five independent
case-control cohorts of European ancestry, with a total of
482 patients with PAPS and 5,003 controls, were studied. These
include cohorts from Spain (90 individuals with PAPS and 1,517
unaffected controls), Italy (133 individuals with PAPS and 1,271
unaffected controls), Northern European and European-American
(69 individuals with PAPS and 599 unaffected controls),
European-American (90 individuals with PAPS and 1,047 unaf-
fected controls), and an additional European cohort (100 individ-
uals with PAPS and 569 unaffected controls). Genotyping data
for the 1,047 control individuals included in the European-
American cohort were derived from the database of Genotypes
and Phenotypes (dbGaP, study accession: phs000187.v1.p1)."°
All patients with PAPS in this study met the Sydney classification
criteria for primary APS."" Genomic DNA was extracted from
blood samples by standard methods, and genotyping data were
generated via lllumina platforms (llumina) according to the manu-
facturer’s instructions (Table S1). The study was approved by the
Ethics Committees at all participating institutions. Protocols
followed the principles of the Declaration of Helsinki, and all indi-
viduals included in the study signed written informed consent.

Additional supplementary information cited in this article can be found
online in the Supporting Information section (http://onlinelibrary.wiley.com/
doi/10.1002/art.42947).

Author disclosures and graphical abstract are available at https://
onlinelibrary.wiley.com/doi/10.1002/art.42947.

Quality controls and imputation. Quality controls of
genotype data were performed for each cohort separately using
Plink version 1.9.%2 Individuals with a genotyping call rate <95%
and those related or duplicated according to their identity by
descent proportion (PI_HAT >0.4) were excluded from further
analyses. Single-nucleotide polymorphisms (SNPs) with a geno-
typing call rate <98%, minor allele frequency (MAF) <1%, or those
deviated from Hardy-Weinberg equilibrium (HWE) in cases and
controls (P < 1 x 1073) were removed. In addition, A/T-C/G SNPs
with MAF >0.4 were removed from genotype data to avoid errors
during the imputation. Filtered genotype data were imputed using
the TOPMed Imputation Server with Minimac4'® and the TOPMed
version R2 reference panel.' In the case of the European-
American cohort, imputation of cases and controls was performed
separately due to the low number of overlapping SNPs among the
genotyping arrays. After imputation, SNPs with MAF <1%, HWE
P <1 x 1073, or imputation quality metric RSQ <0.9 were filtered
out. A principal component analysis (PCA) was performed to con-
trol for population stratification using Eigensoft version 6.1.4'°
(Figure S1). This software calculates principal components in each
population by using around 100,000 independent SNPs and esti-
mating individuals’ SDs from cluster centroids. Thus, those individ-
uals with >6 SDs were considered outliers and removed from
further analyses. The genomic inflation factor (A) was calculated for
each cohort using the R package “gap,” and quantile-quantile plots
were generated. All plots were produced with R version 4.2.0.

Imputation of HLA classical alleles within the expanded HLA
region (chr6: 20 to 40 Mb) was performed using the Michigan
Imputation Server with Minimac4, '© following the same procedure
as for the genome-wide imputation in all the cohorts. HLA class |
and |l classical alleles were imputed for each cohort at two fields
of resolution. Only classical alleles with an imputation quality met-
ric RSQ >0.9 were used for further analyses.

Data analysis. Logistic regressions were conducted in
each cohort by adjusting for the first five principal components
using Plink version 1.9 software.® The summary-level statistics
of each cohort were meta-analyzed using the inverse variance
method. Thus, variants with no evidence of heterogeneity
(Cochran’s Q test P > 0.1 and heterogeneity index <50%) were
considered under a fixed-effects model, whereas in variants that
showed heterogeneity of effects between cohorts (Cochran’s Q
test P < 0.1 and heterogeneity index >50%) a random-effects
model was applied. The genome-wide significance level was
established at a P < 5 x 1078 and the suggestive association
threshold was set at a P < 1 x 107°. To identify independent sig-
nificant associations, we performed dependency analyses at the
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population level followed by inverse variance meta-analysis within
and outside the HLA region. For this, the most associated variant
identified in the meta-analysis for each significant locus at the
genome-wide level was used as a covariate to perform the condi-
tional logistic regression in each population. Then, the results from
the conditional logistic regressions for each population were
meta-analyzed, and the variant showing the most significant
association was considered an independent association. A similar
dependency analysis in each cohort followed by meta-analysis
were performed for imputed HLA class | and class Il classical
alleles. Pairwise conditional analyses were performed to test the
independence of the associations detected in rs9269041 and
HLA-DRB1*1302.

Functional annotation and enrichment analysis. In
silico approaches were used to evaluate potential biological cau-
sality of significant and suggestive independent SNPs (linkage
disequilibrium [LD] r? < 0.4). To assess their genomic location
and possible functional implication Open Targets Genetics,®"”
VannoPortal,’® HaploReg version 4.2,'® Genotype-Tissue
Expression (GTEX) project,?° and RegulomeDB?"?? databases,
and the WashU Epigenome browser®® were used. In order to
assess enrichment in histone marks, the software GARFIELD
was used to explore 12 regulatory features, including H3K4mef,
H3K4me2, H3K4me3, H3K9ac, H3K27ac, H4K20mel,
H3K79me2, H3K36me3, H3K9me3, H3K27me3, H2A.Z, and
DNase across 127 tissues and cell lines from the Roadmap Epi-
genomics and ENCODE reference epigenomes.?* Briefly, this
function assesses functional annotation from GWAS summary
statistics using several P value thresholds (P < 1 x 107°, P <1 x
107, P<1x 1072, P <1 x 1072 and considering LD, minor allele
frequencies, and distance to the nearest gene of each variant.
Regulatory features with an enrichment P < 0.05 were reported.

Finally, key pathways were identified by a Gene Ontology
(GO) enrichment analysis using the closest genes to significant
and suggestive independent signals and using the g:Profiler tool
web-based portal.?® This web tool allowed us to rank our list of
genes to account for the strength of the association, as reflected
by the association P value, in the analysis. Those Biological Pro-
cess ontology terms with P < 0.05 and at least two genes in the
GO term were reported.

Cumulative genetic risk score. To assess the variability
of genetic risk to PAPS across populations, a cumulative genetic
risk score (GRS) was calculated. For this analysis, a total of
2,504 individuals from the 1000 Genomes Project phase 3 major
populations (African, n = 661; Admixed American, n = 347; East
Asian, n = 504; European, n = 503; South Asian, n = 489) were
included.?® Independent significant and suggestive variants at
each locus reported in our meta-analysis were included in calcu-
lating the GRS, analyzing a total of 40 independent genetic vari-
ants (Table S2). For the variant located in the ESR2 locus, an

SNP in complete LD (* = 1) was used because of the lack of
genetic information for the most significant SNP in this locus in
the 1000 Genomes Project data. For GRS estimation, individuals’
genotypes were coded as O, 1, or 2, indicating the number of
PAPS risk alleles for each SNP. For each variant, the odds ratio
(OR) obtained from the meta-analysis was used. Thus, cumulative
GRS was obtained by multiplying the natural logarithm of the OR
for each SNP by the number of risk alleles for its corresponding

SNP (ZL=1 IN(ORy)n;).?" To determine whether the cumulative
GRS was significantly different across populations, a Welch’s
t-test was applied.

Relationship between PAPS genetic susceptibility
with other immune-mediated diseases. A PheWAS analy-
sis was performed using phenotype data from the UK Biobank
via the Open Targets Genetics database and the otargen R
package.'® 7?8 This approach was expanded to include all
variants in high LD (r* > 0.8) and, separately, to all variants
within a = 5 Kb window of the independent variants associated
with PAPS.

We evaluated the relationship of PAPS with other immune-
mediated diseases (IMDs) from a genetic perspective. A low-
dimensional summary of the shared genetic component of
selected IMDs, excluding the HLA region, was created using a
PCA strategy to generate an object known as “basis” that com-
prises the multidimensional components of the shared genetic
risk.2® PAPS GWAS data were projected on this “basis” occupy-
ing a location with respect to the shared genetic architecture of
the included IMDs. Based on this information, we estimated the
closeness of PAPS to the rest of the IMDs by using a complete
linkage hierarchical clustering method. However, the clustering
algorithm can be unstable when considering multiple dimensions,
so we also compared PAPS to IMDs’ projections by using the
Mahalanobis distance. This distance was calculated as (P —
Ppaps) S—1 (Pj — Ppaps), where P; and Ppaps represent the proj-
ected vectors of trait j and PAPS, respectively, and S represents
the correlation derived from the LD among the SNPs in the princi-
pal components. When projections from GWAS data are used in
clustering, the uncertainty associated with each observation can
vary systematically with sample size, especially in studies with
small sample sizes. To address this, we complemented the above
clustering methods with the Dirichlet Process Mixtures with
uncertainty (DPMUnc) approach,®® a Bayesian clustering method
that takes the uncertainty associated with each data point into
consideration.

With the purpose of identifying the genetic variation behind
the shared signals between PAPS and other IMDs, we selected
the SNPs that influence the projections of each significant princi-
pal component in PAPS, referred to as driver SNPs. The probabil-
ity of being significant in both PAPS and another IMD was
estimated for each driver SNP using a false discovery rate
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(FDR)-based approach, considering a pairwise FDR <0.05 to be
significant:

P (H; true for PAPS & IMD | ppaps < 0, ppp < @)
= (7 - FDRPAPS)U —FDR/MD);

Pairwise FDR = P (Ho true for PAPS or IMD | ppaps < @, Ppp < Q)
=1—(7-FDRpaps)(1 - FDRwbp).

Driver SNPs represent a small fraction of the genome, and
they may be useful in the identification of potential true causal
SNPs in LD with them for the diseases evaluated. In addition, true
casual variants in LD with each driver SNP may differ between dis-
eases. To address this, we used the co-localization method®” to
formally investigate whether a putatively causal variant is shared
between PAPS and other IMDs within a specific locus. This
method was applied on 2 Mb regions centered on each driver
SNP with no overlapping among regions. Thus, driver SNPs and
the variants within these regions were considered for co-
localization. SNPs with the highest posterior probability of being
the shared causal variant in each region were reported.

RESULTS

GWAS results and meta-analysis. Following genotype
quality control measures and imputation, genetic data from a total
of 5,222 individuals (410 patients with PAPS and 4,812 controls)
were included in our genetic analysis (Table S3). A logistic regres-
sion adjusting for the first five principal components was per-
formed on each independent cohort (Figure S2), followed by a
meta-analysis of the summary statistics for all cohorts
(Figure 1A). After correction for population structure, deviation in
genomic inflation factors was not detected in any cohort
(Figure S3 and Table S3). The results of the meta-analysis
revealed two associated loci (represented by 34 variants) at the
genome-wide level of significance (P < 5 x 1078) and 349 sugges-
tive associated variants (P < 1 x 107°) (Table S4). The significant
associations were located within the STAT7-STAT4 and the HLA
regions (Table 1). The most significant variant in STAT1-STAT4
(rs11889341, P = 1.39 x 107°, OR 0.61, 95% confidence interval
[Cl] 0.52-0.71; Figure 1B) shows a consistent effect in all five
cohorts analyzed. This variant is located in the third intron of
STAT4 and close to the transcription start site of STAT7. Regard-
ing the association within the HLA region, the most significant
SNP is located near the transcription start site of the HLA-DRA
gene (rs9269041, P = 2.07 x 1078, OR 0.63, 95% Cl 0.54-0.74;
Figure 1C).

To assess independent significant associations with PAPS
(P <5 % 1078 in the STAT7-STAT4 and the HLA regions, we con-
ducted stepwise conditional analyses in these two loci. After
adjusting for the most significant SNPs from each locus (ie,
rs11889341 for STAT1-STAT4 and rs9269041 for the HLA-DRA
region), no other residual effects in other SNPs were detected in

any of these two regions (Figure S4). However, validation studies
with larger sample sizes and across different populations will be
necessary to comprehensively identify independent associations,
particularly within the complex HLA region.

Next, HLA classical alleles were imputed as another source
of genetic variation within the HLA region. HLA-DRB1*1302
(P =1.12 x 1075, OR 2.06) was the classical allele showing the
most significant association with PAPS. The results of the logistic
regressions and meta-analysis of HLA classical alleles after condi-
tioning by HLA-DRB1*1302 did not reveal any other suggestive
associations (P < 5 x 107°). To determine if the signal detected
in the HLA-DRB1*1302 classical allele is independent of the
PAPS-associated SNP close to HLA-DRA (ie, rs9269041), we
performed a pairwise conditional analysis. The results of this anal-
ysis showed a persistent, albeit slightly attenuated, genetic effect
in each signal after adjusting for the other, suggesting an indepen-
dent effect of these two markers in PAPS (Table 2).

In addition to the genetic variants showing association with a
genome-wide level of significance, a total of 349 SNPs in the
meta-analysis surpassed the suggestive significance threshold
(P <1 x 1075 (Table S4). Including these, a total of 40 SNPs cor-
respond to independent variants (> < 0.4) located within 36 loci
that are associated with PAPS with either a genome-wide level
or suggestive level of significance (Table S5). Notably, some of
these suggestive loci have been associated with clinical traits or
molecular pathways that might be manifested in patients with
PAPS. ESR2 (estrogen receptor 2) (rs932657402, P = 1.13 x
1078, OR 0.13, 95% Cl 0.06-0.30) and HGF (hepatocyte growth
factor) (rs75427037, P = 1.57 x 107, OR 0.23, 95% Cl 0.12—
0.42), have been associated with thrombotic events,®%®
whereas EPHA7 (rs117489460, P = 4.50 x 1076, OR 0.19, 95%
Cl 0.09-0.38) is expressed in vascular endothelial cells and
shows higher expression levels during inflammation.®* Other sug-
gestive loci identified in our meta-analysis have been previously
associated with other IMDs, such as WNT77 (Wnt family member
11) and DLGZ2 (discs large MAGUK scaffold protein 2) with inflam-
matory bowel disease, ANKRD50 (ankyrin repeat domain con-
taining 50) with systemic lupus erythematosus, and PLCL1
(phospholipase C like 1) gene expression with rheumatoid
arthritis.®>=8 Logistic regression for each cohort also revealed
several loci with suggestive evidence of association with PAPS
(P < 1 x107°) (Figure S2).

Functional annotations and epigenetic enrichment
analysis. In line with other autoimmune diseases, most PAPS-
associated variants are in noncoding genetic regions and may
influence the disease through regulatory elements. Therefore, we
performed a functional annotation of significant and suggestive
independent PAPS-associated variants (Table S5) by using in
silico functional approaches.

First, we assessed the regulatory potential of significant and
suggestive disease-associated independent variants identified in
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Results of the meta-analysis among the five PAPS cohorts included in this study. (A) Manhattan plot depicting the results across the

whole genome. Y and X axes refer to the —logig P values and chromosome positions, respectively. The red horizontal line represents

the genome-wide association threshold (P < 5 x 107%), and the blue line represents the suggestive threshold (P < 1 x 107°). (B) Regional plot for

the genome-wide associated signals in chromosome 2 and (C) chromosome 6, respectively. The y-axis of the regional plots corresponds to the
—log1g P values of evaluated variants while the x-axis indicates variants’ positions. Purple diamonds correspond to the most associated variants
in each region. The rest of the variants are colored according to their degree of LD with each top signal based on pairwise r* values from the
European population from the 1000 Genomes Project. The gray dashed line corresponds to the genome-wide association threshold (P < 5 x

1078) and the blue line to the estimated recombination rates. Genes within the selected regions are shown at the bottom of the plots. LD, linkage

disequilibrium; PAPS, primary antiphospholipid syndrome.

our meta-analysis. The functional annotation of these SNPs indi-
cated their co-localization with epigenetic marks, suggesting a
potential contribution to chromatin states across multiple tissues
and cell types (Table S6). We found that 37 of these

40 disease-associated SNPs may alter regulatory motifs, which
might affect transcription factor binding. DNase hypersensitivity
sites were observed in eight of these variants, three of them also
in protein binding sites. When all the significant and suggestive
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Table 1. Meta-analysis results showing the most significant genetic variant in each locus associated with PAPS at a

genome-wide level of significance (P < 5 x 1078)*

Locus Chr bp (HG38) SNP Minor allele OR 95% Cl P value
STAT1-STAT4 2 191079016 rs11889341 C 0.61 0.52-0.71 139x107°
HLA-DRA 6 32470466 rs9269041 G 0.63 0.54-0.74 2.07x10°8

* chr chromosome; Cl, confidence interval; OR, odds ratio; PAPS, primary antiphospholipid syndrome; SNP, single-

nucleotide polymorphism.

variants from the meta-analysis were evaluated for enrichment in
histone marks, three histone modifications showed a significant
enrichment. These marks corresponded to the H3K4me3 (P =
3.62 x 1079), H3K4me2 (P = 1.12 x 107?), and H4K20me1 (P =
3.05 x 1072) in blood cells, specifically in GM12878 lymphoblas-
toid cells.

Given the effect on gene expression that epigenetic marks
can exert, we evaluated the relationship of significant and sugges-
tive independent variants located at these epigenetic marks with
changes in gene expression by examining expression quantitative
trait loci (€QTL). A total of eight PAPS-associated variants were
linked to gene expression variation of at least one gene in multiple
tissues (Table S7). The most significant eQTL were identified for
the variant associated with PAPS near HLA-DRA. The disease
risk in this SNP (rs9269041) was associated with increased
expression of several HLA class Il genes, including HLA-DRB6,
HLA-DRB9, HLA-DQA2, and HLA-DQB2 in whole blood, vascu-
lar tissue, and nervous tissue, and also HLA-DPBZ2 in whole blood
(Figure 2 and Figure S5). Experimental chromatin immunoprecipi-
tation sequencing (ChIP-seq) publicly available data show an epi-
genetic mark of active enhancer (H3K27ac) near rs9269041 in
CD14+ monocytes, further supporting a regulatory potential for
this PAPS-associated genetic susceptibility locus (Figure S6).
Furthermore, two PAPS-associated SNPs alter the gene expres-
sion of their nearest gene, producing expression changes in
SGCD and METTL13 in several tissues, including cardiovascular
system tissues and the skin (Table S7).

Chromatin conformation might alter transcriptional regulation
through physical interactions with other regions of the genome.
To examine the presence of physical interactions within the
regions containing PAPS-associated variants with gene bodies
and/or gene promoters, the VannoPortal and the Open Targets
Genetics public databases were used. From the list of significant
and suggestive independent PAPS-associated variants, we iden-
tified 25 SNPs establishing physical interactions with gene bodies

Table 2. Pairwise conditional genetic analysis between rs9269041
and HLA-DRB1*1302 in PAPS compared to healthy controls*

Marker Covariates P value OR
rs9269041 None 207 %1078 0.63
HLA DRB1*1302 9.10x 107/ 0.66

HLA-DRB1*1302 None 1.12x10°° 2.06
rs9269041 176 x 107 1.76

* OR, odds ratio; PAPS, primary antiphospholipid syndrome.

in the GM12878 lymphoblastoid cell line, and 11 promoter inter-
actions in several other cell types (Table S8). The majority of these
variants interact with multiple genes, some of them with genes
whose expression levels were affected (Table S9). Some of these
interactions are noteworthy given their functional relevance
because they are supported by eQTL evidence of increased gene
expression in the presence of the risk alleles. These interactions
correspond to the PAPS-associated variants rs35930163 and
rs9411271 with the DNM3 and GPSM1 genes, respectively
(Figure 3). These functional annotations suggest these loci as
potential target genes for PAPS.

Pathway analysis. To identify biological processes
enriched in the loci identified in the meta-analysis, a weighted
GO term enrichment analysis that includes the closest genes to
the significant and suggestive independent variants was per-
formed. Although the GO terms with the highest number of genes
were “cell adhesion,” “cell junction assembly,” and “establish-
ment or maintenance of cell polarity,” the results show enrichment
in several immune-related pathways involved in T cell differentia-
tion and activation (Figure S7). These results emphasize the role
of immune response pathways in the genetic susceptibility
to PAPS.

Cumulative GRS. Significant and suggestive independent
variants identified in the meta-analysis were used to evaluate the
genetic risk for PAPS in 2,504 individuals from the five major
populations included in the 1000 Genomes Project. The highest
GRS for PAPS was observed in the East Asian and African popu-
lations, whereas the lowest genetic risk was detected in the
European and South Asian populations (Figure S8). When mean
GRS values were compared, all populations showed significant
differences in the pairwise comparisons except for the Admixed
American versus South Asian populations (Welch's t-test
P =0.25).

Relationship of PAPS with other IMDs. The evaluation
of the common genetic variation among traits or diseases can
be useful in the identification of shared pathways that may be
involved in the pathophysiology of a disease. To assess whether
PAPS susceptibility variants might be shared with other traits or
diseases, we conducted a search for significant and suggestive
independent variants identified in our meta-analysis in public Phe-
WAS data. From the 40 independent SNPs associated with PAPS
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Figure 2. Violin plots representing the differences in gene expression levels in whole blood (y-axis) of the HLA genes HLA-DRB6, HLA-DRB9,
HLA-DPB2, HLA-DQAZ2, and HLA-DQB2 depending on the genotypes of the PAPS-associated variant within the HLA region, rs9269041 (x-axis).
When the PAPS-risk allele is present (rs9269041-A), higher gene expression levels are observed. PAPS, primary antiphospholipid syndrome.

in the meta-analysis, 14 showed a significant association (P <
0.05) in PheWAS data with immune-related traits (Table S10).
The most significant associations were observed for SNPs
located in the HLA-DRA and STAT1-STAT4 loci, whereas the dis-
eases showing the most associations with PAPS susceptibility
loci were systemic lupus erythematosus and rheumatoid arthritis.
We then expanded this analysis to include all SNPs in high LD (r?
> 0.8) with the 40 independent SNPs associated with PAPS and
also performed a separate analysis to include all SNPs located in
the £ 5 Kb regions from each associated variant. A total of
250 SNPs in high LD with the independent associated variants
were identified, of which 112 SNPs showed association with
immune-related traits in PheWAS data (Table S11). The most sig-
nificant association identified corresponded to the STAT1-STAT4
variant rs8179673, which showed association with lupus (P =

4.58 x 107%%), whereas the trait showing the most associations
was inflammatory bowel disease. Similarly, the evaluation of vari-
ants adjacent to those independent allowed the identification of
919 SNPs in these flanking regions. From these, 253 SNPs
showed associations with immune-related traits in PheWAS data
(Table S11). These results highlight the immune relevance of the
regions where the PAPS-associated loci are located, suggesting
a shared genetic component with other autoimmune diseases.
Comparing the results of genetic association studies has
proven to be a useful tool in the identification of shared genetic
variation among different diseases. To assess genetic similarities
among PAPS and other IMDs, we projected PAPS summary sta-
tistics into a low-dimensional representation of the shared risk of
selected IMDs distributed in 13 principal components.?®° We
found PAPS differed significantly (FDR <5%) from controls on
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Figure 3. Functional annotation results for the variants (A) rs35930163 and (B) rs9411271 located close to the genes DNM3 and GPSM1,
respectively. Left panels indicate epigenetic mark binding at each variant. Central panels represent the physical chromatin interactions established
by the regions containing each variant in the lymphoblastoid cell line GM12878; the red lines represent all the interactions of each region, and the
yellow ones refer to the interaction with the indicated genes. The right panels show violin plots representing the differences in expression levels
(y-axis) of the interacting genes depending on the genotypes of each PAPS-associated variant (x-axis). PAPS, primary antiphospholipid syndrome.

three of the 13 components, corresponding to the autoimmune
(PCH1), systemic lupus erythematosus (PC2), and the eosinophilic
(PC13) signals (Figure 4A). The hierarchical clustering of the pro-
jections showed that PAPS is closer to IgG+ neuromyelitis optica
(NMO) (Figure 4A), an inflammatory condition that affects the cen-
tral nervous system.>® This result was confirmed by the Mahala-
nobis and DPMUnc distance methods, which also suggested a
close relationship of PAPS genetics with Sjégren syndrome; sys-
temic sclerosis (SSc); juvenile idiopathic arthritis (JIA); calcinosis,
Raynaud phenomenon, esophageal dysmoatility, sclerodactyly,
and telangiectasia (CREST) syndrome; and primary biliary cholan-
gitis (PBC) (Figure 4B and C).

Next, we assessed the variation underlying this shared
genetic component. For this, 229 driver SNPs that influence the
projections for which PAPS was significant (ie, PC1, PC2, and
PC13 signals) were selected. The probability of driver SNPs to
be significant in PAPS-IMD pairs was estimated, selecting for this
analysis those IMDs resulting from distance methods: CREST
syndrome, SSc, Sjogren syndrome, IgG+ NMO, PBC, JIA, der-
mato/polymyositis, Felty syndrome, and localized scleroderma
(morphea). We identified nine significant PAPS-IMDs pairs

comprising four driver SNPs that are significant in PAPS and other
diseases from the pairs (Table S12). To assess whether these
driver SNPs are acting as causal variants in both diseases of each
PAPS-IMD pair or are close to causal variants, we applied a co-
localization approach®’ by considering the genetic variation within
a 1 Mb window for each driver SNP. Because driver SNPs on
chromosome 7 (Table S12) are <1 Mb distant, only the one with
the lowest pairwise FDR was considered for co-localization analy-
sis. The co-localization analysis identified the most significant
association in the STAT7-STAT4 locus from the meta-analysis
as a causal variant that is shared with JIA, PBC, and Sjogren syn-
drome (Table S13). Other SNPs in TNPO3 and close to BLK were
also identified as shared causal variants shared with SSc
(Table S13).

DISCUSSION

We report the results of a large genetic association study in
PAPS including affected and unaffected individuals of European
ancestry. Two associations with a GWAS level of significance
were identified near HLA-DRA and STAT1-STAT4, contributing
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Figure 4. Results of etiologic similarity analyses of PAPS with other IMDs. (A) Hierarchical clustering of PAPS with other IMDs GWAS data and
self-reported disease traits in UK Biobank, FinnGen Project, and The International Multiple Sclerosis Genetics Consortium. PAPS appears in bold-
face. Heatmaps indicate delta values for each disease on each component PC1-PC13, with gray indicating O (no difference from control), and dar-
ker shades of blue or magenta showing departure from controls in one direction or the other. A filled circle indicates that the delta value was
significantly nonzero with a significance of FDR <1%, whereas an unfilled circle indicates a significance of FDR <5%. (B) Top 20 closest Mahalano-
bis distances to PAPS of all tested traits. The Y-axis displays the distance between the center of the distribution (PAPS) and different points (the
IMDs). (C) Clustering analysis of PAPS with IMDs using the DPMUnc. Features in which PAPS was significant at FDR 5% level are depicted, com-
paring PC1 versus PC13 (top) and PC1 versus PC2 (bottom). ANCA, antineutrophil cytoplasmic antibody; CREST, calcinosis, Raynaud phenom-
enon, esophageal dysmotility, sclerodactyly, and telangiectasia; DPMUnc, Dirichlet Process Mixtures with uncertainty method; EGPA, eosinophilic
granulomatosis with polyangiitis; FDR, false discovery rate; GWAS, genome-wide association study; IMD, immune-mediated disease; MPO, mye-
loperoxidase; PAPS, primary antiphospholipid syndrome; PC, principal component; SLE, systemic lupus erythematosus.
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to PAPS genetic susceptibility. Further, 34 additional genetic sus-
ceptibility loci were identified with a suggestive level of association
with the disease.

The most significant genetic association identified in our
meta-analysis corresponds to a variant (rs11889341) located
in STAT1-STAT4, with a consistent effect in the five cohorts
analyzed. STAT4 encodes a signal transducer and activator
of transcription and has been previously associated with PAPS
in a candidate gene study.” In addition to PAPS, this variant
has also been associated with other autoimmune conditions,
including systemic lupus erythematosus and rheumatoid
arthritis, and displays a risk effect consistent with the results
for PAPS.“° The STAT4 variant rs7574865, which is more
extensively studied in systemic lupus erythematosus and rheu-
matoid arthritis, is in high LD (® = 0.98) with the PAPS-
associated variant rs11889341. Indeed, rs7574865 also
showed a significant risk association with PAPS in our study
(P=1.11x10"% OR=1.70).

We identified a genetic association between PAPS and the
HLA class Il region, which we localized to a genetic region near
HLA-DRA. Transcription factor binding and eQTL analyses sug-
gest that this effect alters the binding of multiple transcription reg-
ulators and the expression of several genes within the HLA region.
The PAPS-associated risk allele in rs9269041, which tags the
effect in HLA-DRA, is associated with overexpression of HLA-
DRB6, HLA-DRB9, HLA-DQA2, and HLA-DQB2 in several tis-
sues, including whole blood and tissues relevant to PAPS patho-
genesis such as the vascular and nervous systems. In addition,
we identified an association between HLA-DRB1*1302 and
PAPS, which appears to be independent of the association in the
HLA-DRA locus. The association between HLA-DRB1*1302 and
APS in cohorts combining both patients with primary and second-
ary APS has been previously described.* Our study replicates and
confirms this genetic association in the primary form of the disease.

Our study suggested a genetic susceptibility locus in ESR2,
which encodes estrogen receptor 2, in patients with PAPS. Poly-
morphisms in this gene have been previously associated with the
risk of deep vein thrombosis.®>*' Our data also suggested the
genetic association between HGF and PAPS. HGF encodes
hepatocyte growth factor, which has been previously reported to
increase in the plasma of thrombosis-associated disorders in
both human and murine models.3*42

eQTL annotation revealed that the risk alleles of two PAPS-
associated genetic variants, rs35930163 and rs9411271,
increase the gene expression levels of DNM3 and GPSM1.
Indeed, chromatin interactions were revealed between these two
disease-associated variants and gene body regions of DNM3
and GPSM1. DNM3 encodes Dynamin 3, which is a member of
a family of binding proteins that have been previously associated
with coagulation effects and venous thromboembolism in the
FinnGen public data.*® GPSM1 encodes the G Protein Signaling
Modulator 1 that has been found to be related to alterations in

cardiovascular function and regulatory immune mechanisms in
mouse models.***°

We identified several biological processes enriched in PAPS-
associated genetic susceptibility loci, including cell adhesion. Pre-
vious studies have shown increased production of cell adhesion
molecules in endothelial cells stimulated with antiphospholipid
antibodies, which has been related to increased inflammation
and thrombosis due to leukocyte binding to vascular walls.*¢4”
Interestingly, our enrichment analysis also highlighted T cell-
related pathways, confirming the relevance of the immune system
in the genetic susceptibility to PAPS.

The cumulative GRS for PAPS suggested significant differ-
ences among populations. Individuals from East Asia, followed
by African and Admixed American populations, showed the high-
est GRS values. The clinical variability in PAPS makes it challeng-
ing to accurately estimate the incidence and prevalence of this
disease in different populations. It remains to be seen if GRS var-
iability across populations, as detected in our study, will reflect dif-
ferences in PAPS incidence and prevalence in different
populations. It is noteworthy that possible variability in the
strength of genetic associations at the detected loci between
populations might affect the accuracy of interpreting these
results. Therefore, further validation studies in different popula-
tions and ancestral groups will be necessary.

Our genetic similarity analysis comparing PAPS to other
IMDs revealed a genetic relatedness for PAPS with NMO and
Sjégren syndrome, both characterized by the development of
neurological manifestations.*®*°  Although the neurological
involvement of PAPS is poorly understood, it has been primarily
attributed to the thrombotic aspect of the disease.®® A role for
anti-N-methyl-p-aspartate antibodies in cognitive impairment in
PAPS has also been suggested.®' Our findings suggest that neu-
rological manifestations in PAPS may be beyond the thrombotic
aspect, reinforcing the concept of immune-mediated etiology in
PAPS manifestations. In addition, nonthrombotic neurological
manifestations have been described in APS.52 The genetic simi-
larity analysis also showed a relatedness between PAPS with
SSc, specifically with limited cutaneous SSc (CREST), where
endothelial cell dysfunction and vascular involvement are promi-
nent.>3%* Indeed, endothelial dysfunction appears to play a role
in the pathogenesis of PAPS.*7%°

In summary, we performed a multicenter GWAS in PAPS and
characterized genetic susceptibility loci associated with this rare
disease. Our findings revealed novel genetic insights and identi-
fied new candidate genes associated with the pathogenies of
PAPS. Genetic similarity analysis suggested relatedness between
PAPS and other IMDs characterized by neurological and vascular
involvement. Additional studies with larger sample sizes and
diverse populations are needed to confirm, replicate, and extend
our results. Subsequent studies with adequate power to examine
genetic susceptibility to specific clinical subphenotypes and sero-
logical specificities within PAPS are also warranted.
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