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Maldonado JM and Sainz J (2026)
Identification of new overlapping and
disease-specific genetic risk factors for
rheumatoid arthritis and radiographic
axial spondyloarthritis: a meta-analysis of
three large European populations and
functional characterization.
Front. Immunol. 17:1637735.
doi: 10.3389/fimmu.2026.1637735

TYPE Original Research

PUBLISHED 23 April 2026

DOI 10.3389/fimmu.2026.1637735
Identification of new overlapping
and disease-specific genetic
risk factors for rheumatoid
arthritis and radiographic
axial spondyloarthritis:
a meta-analysis of three large
European populations and
functional characterization
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Introduction: This study conducted a meta-analysis across three large European

cohorts (UKBB, FinnGen, and REPAIR), including 12,660 rheumatoid arthritis (RA)

cases, 2,446 radiographic axial spondyloarthritis (r-axSpA) cases, and over

530,000 shared controls.
Methods: Ten independent SNPs inCARMIL1,GRM4, ITPR3, PRSS16, ZNF322,HTT,

IKZF1, MANEA, and MGAM2 were analyzed, and functional characterization was

performed through cytokine and protein assessments as well as eQTL analyses.

Results: Ten independent SNPs were significantly associated with both RA and r-

axSpA. Risk alleles included HTTrs363075A, IKZF1rs12718261A, MANEArs72920280T, and

MGAM2rs73158426G, while CARMIL1rs72831267C, GRM4rs2495964G, ITPR3rs77601296A,

ITPR3rs9469540T, PRSS16rs72843633T, and ZNF322rs6901425G had protective effects.

Functional analysis showed that GRM4rs2495964G was linked to decreased CCL25

levels (p = 0.00030), and ITPR3rs9469540T to reduced IL10 production after LPS

stimulation (p = 1.3×10−4). The ZNF322rs6901425G allele was associated with

reduced TNFB and increased TGM2 levels (p = 9.60×10−4 and p = 3.00×10−4), both

involved in immune signaling and tissue remodeling. Disease-specific associations

were found in BTN2A1, BTN3A2, and H2BC11. The BTN2A1rs1977199A allele was

protective in RA (OR = 0.93) but increased r-axSpA risk (OR = 1.23), and was

associated with reduced IL22 (p = 0.00016) and elevated HO-1 in obese individuals

(p = 6.73×10−6). In contrast, BTN3A2rs9393716G and H2BC11rs66462181C increased RA

risk but were protective in r-axSpA, linked to decreased HO-1 and IL6 (p =

2.43×10−5, 3.287times;10−4, 1.18×10−4). These SNPs also acted as eQTLs for

immune-related genes such as BTN3A2, HMGN4, and TRIM38.

Discussion:Our findings highlight novel shared and disease-specific variants and

key immunoregulatory mediators—IL10, IL22, IL6, CCL25, and HO-1—offering

insights for disease stratification and therapeutic targeting.
KEYWORDS

rheumatoid arthritis, ankylosing spondylitis, genetic variants, overlapping and
disease-specific genetic markers, functional characterization
Introduction

Rheumatoid Arthritis (RA) is a complex and chronic immune-

mediated inflammatory arthritis characterized by joint pain and

swelling leading to disability and joint destruction (1). It is broadly

known that RA predisposition is partially explained by common

genetic variants within multiple immune-related loci, including

class I-II human leukocyte antigen (HLA) genes (HLA-A, HLA-B,

HLA-S, HLA-DR1, HLA-DR4, HLA-DQA1), but also genes such as

CD40, CCL21, CCR6, IL2RA, IL2RB, IL23, IRF5, PADI4, PTPN22,

STAT4, TRAF1/C5, and TYK2 (2–9). Genome-wide association

studies (GWAS) have consistently demonstrated that RA shares
02
multiple susceptibility loci with other immune-mediated inflam-

matory diseases (IMIDs) including radiographic axial

spondyloarthritis (r-axSpA), but also type 1 diabetes (T1D), in-

flammatory bowel disease (IBD), celiac disease (CD), psoriasis (Ps),

and autoimmune thyroid disease (AITD) (10–15). Although RA

and r-axSpA are distinct in their clinical features, age of onset, and

sex distribution, understanding potential overlapping factors be-

tween them remains important. Notably, HLA-B27 is closely linked

to r-axSpA, whereas it is not typically associated with RA.

Nevertheless, both diseases share comparable incidence rates,

ranging from 0.3% to 1.0% (16), and certain manifestations in RA

—such as cervical spine involvement (17)—can have serious
frontiersin.org
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neurological and structural consequences, including degenerative

myelopathy and increased mortality (18). Furthermore, although

uncommon, several studies have reported cases in which RA and r-

axSpA may coexist in the same individual, suggesting that overlap-

ping etiological factors may occasionally play a role (19). Exploring

shared genetic, inflammatory, or structural pathways may help

uncover common mechanisms underlying joint and spinal

damage, especially as advances in diagnostic and laboratory tech-

nologies continue to refine disease classification (20).

Considering this background, the aim of this study was to

identify new overlapping and disease-specific susceptibility variants

for RA and r-axSpA and to functionally characterize their impact on

the onset of both diseases. For that purpose, we analyzed association

estimates for RA and r-axSpA in the UK Biobank (UKBB) and

FinnGen cohorts, and we validated the association of the most

relevant overlapping and disease-specific susceptibility variants in

RA and r-axSpA populations from the RhEumatoid Arthritis

International Research consortium (REPAIR) consortium. We

also investigated whether the effect of the overlapping and dis-

ease-specific markers could influence host immune responses in

vitro and determine the absolute numbers of 91 blood-derived

immune cell populations and circulating concentrations of 106

plasmatic inflammatory proteins and 7 serum steroid hormones

in the 500 Functional Genomics (500FG) and 300 Obesity (300OB)

cohorts from the Human Functional Genomics Project (HFGP).
Materials and methods

Discovery populations and phenotype
definitions

The discovery cohorts consisted of two large populations of

European ancestry ascertained through theUKBiobank (UKBB) (project

ID: 24460; available at PheWeb: https://pheweb.sph.umich.edu) (21, 22)

and FinnGen projects (freeze R5, released in March 2020; https://

finngen.gitbook.io/documentation/). Endpoint definitions for the

UKBB were generated from electronic health records derived from

International Classification of Diseases (ICD) billing codes, whereas

those for the FinnGen data are available at https://risteys.

finregistry.fi/.

Disease phenotypes were defined using clinically curated elec-

tronic health record–based endpoints rather than self-reported diag-

noses. In the UKBB, rheumatoid arthritis cases were identified using

hospital episode statistics and ICD-10 codes (M05–M06).

Radiographic axial spondyloarthritis (r-axSpA) cases were defined us-

ing ICD-10 diagnostic codes corresponding to ankylosing spondylitis

and related spondyloarthropathies (including M45), following the

phenotype definitions provided by the UK Biobank consortium.

In FinnGen, case definitions were based on national registry

data integrating hospital discharge diagnoses, outpatient specialist

visits, and reimbursement records, using validated ICD-based

endpoints for both RA and r-axSpA. Controls were defined as

individuals without recorded diagnoses of inflammatory arthritis.

For RA, a total of 4,380 cases and 363,562 controls were

included from the Trans-Omics for Precision Medicine
Frontiers in Immunology 03
(TOPMed)-imputed dataset of the UKBB (https://pheweb.org/

UKB-TOPMed/pheno/714.1), and 6,236 RA cases and 147,221

contro l s f rom FinnGen (ht tps : / / r5 .finngen .fi /pheno/

M13_RHEUMA). Additionally, 617 r-axSpA cases and 363,562

controls were available from the UKBB using the same imputed

panel (https://pheweb.org/UKB-TOPMed/pheno/715.2) and 1,462

r-axSpA cases and 164,682 controls were included from FinnGen

(https://r5.finngen.fi/pheno/M13_ANKYLOSPON) (Table 1).

Although the prevalence of r-axSpA is lower than that of RA in

population-based biobanks, this limitation is inherent to registry-

based genetic studies of spondyloarthritis and is partially mitigated

by the large combined sample size across cohorts.

Ancestry and population structure

All analyses were restricted to participants of European

ancestry, as defined by cohort-specific genetic principal compo-

nent–based ancestry assignments provided in the original GWAS

summary statistics. This restriction was applied to minimize

population stratification and ensure comparability across datasets

used in the meta-analysis. Although the Finnish population

represents a genetic isolate with specific allele frequency charac-

teristics, it is classified within the broader European ancestry

group and was therefore included in the European-only analytical

framework. This approach is consistent with previous large-scale

genetic meta-analyses and avoids introducing continental-level

ancestry heterogeneity (23).

Genetic association analysis in the
discovery cohorts and meta-analysis

A two-stage analytical framework was applied. In the first stage,

SNPs jointly associated with both RA and r-axSpA were selected

using a suggestive significance threshold (p < 1×10−3) to capture

shared genetic signals and reduce false-negative discovery of over-

lapping risk variants. This threshold was applied as a pre-filtering

step to identify shared signals and should not be interpreted as

genome-wide significance. In the second stage, overlapping variants

were further prioritized using functional annotation, regulatory

enrichment, and expression quantitative trait locus (eQTL) analy-

ses. The Bonferroni method was used to account for multiple

testing, and a p-value of p < 3.33 × 10−3 (0.05/15 independent

SNPs) was set as the study-wide significance threshold.

The association estimates of these respective GWAS were then

meta-analyzed using METAL (24), and heterogeneity across studies

was evaluated using the I² statistic. SNPs showing consistent effect

directions and no significant heterogeneity were retained for down-

stream replication analyses. Given the strong immunogenetic relevance

of the extended MHC region (chr6:29–34 Mb) for both RA and r-

axSpA, this region was retained in the primary analysis to capture

shared immune-related genetic architecture. To minimize potential

bias due to complex linkage disequilibrium patterns, independent

association signals were defined using stringent LD clumping criteria

and heterogeneity filtering across cohorts. This two-stage prioritization

framework is consistent with pleiotropy-informed GWAS approaches,

which demonstrate that leveraging cross-phenotype information im-

proves power to detect shared loci and support the use of permissive
frontiersin.org
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initial filters followed by rigorous downstream statistical control,

particularly when phenotypes differ in statistical power. To further

ensure that retained variants represented independent association

signals, linkage disequilibrium (LD) between SNPs was calculated

(r2 = 0.60 and a window size of 500Kb) using the 1000 Genomes

phase 3 (reference build 37; https://ftp.1000genomes.ebi.ac.uk/vol1/ftp/

release/20130502/) as the reference panel. To further ensure that

prioritized signals were not driven by classical HLA effects, addi-

tional LD analyses were performed between prioritized chromo-

some 6 lead variants and established proxies of classical HLA risk

alleles (including markers tagging HLA-B27 and HLA-DRB1) using

European populations from the 1000 Genomes Project (see

Supplementary Table 1).

Replication populations

For validation purposes, we included a third European popu-

lation ascertained through the REPAIR consortium, which included

2,411 IMID patients (2,044 RA patients and 367 r-axSpA cases) and

2,150 healthy controls (Table 1). The REPAIR study followed the

Declaration of Helsinki. Study participants were of European origin

and gave their written informed consent to participate in the study,

which was approved by the ethical review committee of all partic-

ipant institutions: Virgen de las Nieves University Hospital (2012/

89); Santa Maria Hospital-CHLN (CE 877/121.2012); University

Clinical Hospital of Santiago de Compostela (2013/156); Wroclaw

Medical University (KB-625/2016); and by the Radboud university

medical center (2011/299). A detailed description of the REPAIR

population has been reported elsewhere (25). RA and r-axSpA

patients fulfilled the ACR/EULAR 2010 classification criteria (26).
Frontiers in Immunology 04
DNA extraction and genotyping in the
validation cohort

Genomic DNA from RA and r-axSpA patients was extracted

from blood samples using the QIAamp DNA Blood Mini kit (Qiagen

Valencia, CA, USA) according to the manufacturer’s instructions.

Genotyping of the independent SNPs selected for replication in the

REPAIR cohort was carried out at GENYO (PTS Granada, Spain)

using KASPar® (LGCGenomics, Hoddesdon, UK) or Taqman® SNP

Genotyping assays (Thermo Fisher Scientific, Foster City, CA, USA)

according to previously reported protocols. For internal quality

control, approximately 5% of samples were randomly duplicated;

concordance between original and duplicate genotypes was ≥99.0%.

All SNPs showed genotype frequencies in the control population

consistent with those in the 1000 Genomes database and were in

Hardy-Weinberg equilibrium (HWE) (p < 10-3).

Statistical analysis in the validation cohorts
and global meta-analysis

The HWE test was performed in the control group using a

standard chi-square (c2) test. Logistic regression analyses, adjusted

for age, gender, and country of origin, were used to assess the effects

of genetic polymorphisms on RA and r-axSpA risk using a log-

additive model. All analyses were conducted using STATA (version

20.0). Subsequently, to validate the most interesting shared and

disease-specific associations for RA and r-axSpA, a meta-analysis of

the discovery populations (UKBB and FinnGen (Supplementary

Table 2) and replication REPAIR (Supplementary Table 3) cohorts

was conducted using METAL. As before, the I2 statistics were used
TABLE 1 Demographic and clinical characteristics of the discovery and replication populations.

Discovery populations

RA cohort AS cohort

Cases Controls N Cases Controls N

UKBB 4,380 363,562 367,942 UKBB 617 363,562 364,179

FinnGen 6,236 147,221 153,457 FinnGen 1,462 164,682 166,144

Replication populations (REPAIR cohorts)

RA cohort AS cohort

Cases Controls N Cases Controls N

Spain 638 954 1,592 Spain 274 954 1,228

Portugal 708 176 884 Portugal - 176 176

Denmark 583 785 1,368 Denmark - 785 785

Italy 35 24 59 Italy - 24 24

Rumania 80 96 176 Rumania - 96 96

Poland - - - Poland 93 115 208

Total 2,044 2,035 4,079 Total 367 2,150 2,517

Age 59.85 ± 14.61 49.05 ± 10.62 54.17 ± 13.77 Age 33.88 ± 10.68 48.48 ± 10.89) 46.05 ± 12.14

Males 344 (21.81%) 751 (43.29%) 1,095 (33.06%) Males 281 (76.57%) 793 (42.86%) 1,074 (48.44%)

Females 1.233 (78.19%) 984 (56.71%) 2.217 (66.94%) Females 86 (23.43%) 1,057 (57.14%) 1,143 (51.56%)
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to assess statistical heterogeneity among the three cohorts. The

pooled odds ratio (OR) was computed using a fixed-effect model.

The Bonferroni method was used to account for multiple testing,

and a p-value of p < 3.33×10-3 (0.05/15 independent SNPs) was set

as the study-wide significance threshold.

Correlation between overlapping markers
and cytokine quantitative trait loci and
hormone analyses

With the aim of determining whether the overlapping SNPs, or

those SNPs inversely associated with RA and r-axSpA, had an effect

on modulating host immune responses, we performed in vitro

stimulation experiments and measured cytokine production

(IFNg, IL1Ra, IL1b, IL6, IL8, IL10, TNFa, IL17, and IL22) after

stimulation of peripheral blood mononuclear cells (PBMCs), whole

blood (WB) or monocyte-derived macrophages (MDMs) with

lipopolysaccharide (LPS; 1 or 100 ng/ml), phytohaemagglutinin

(PHA; 10mg/ml), Pam3Cys (10mg/ml), CpG oligodeoxynucleotide

(ODNM362; 10mg/ml), Escherichia coli, and Staphylococcus aureus.

Stimulation experiments were conducted in 408 healthy subjects

and 302 obese/overweighted individuals of the 500FG and 300OB

cohorts of the HFGP following previously described protocols

(27, 28).

Given the influence of sex and steroid hormones on immune

responses and disease course, we also evaluated correlations be-

tween selected SNPs and circulating levels of seven steroid hor-

mones (androstenedione, cortisol, 11-deoxy-cortisol, 17- hydroxy-

progesterone, progesterone, testosterone and 25-hydroxy vitamin

D3) in a subset of the 500FG cohort (n=279), excluding individuals

undergoing hormonal replacement therapy or taking oral contra-

ceptives. After logarithmic transformation, cytokine or serum

steroid hormone levels were correlated with SNPs using linear

regression with age and sex as covariates in R software (http://

www.r-project.org/). This generated cytokine quantitative trait loci

(cQTL) and hormone quantitative trait loci (hQTL). Considering 15

SNPs and 9 cytokines analyzed in the stimulation experiments, the

significance threshold for cQTL analysis was p = 3.70×10-4; for

hQTL (15 SNPs x 7 hormones), p = 4.76×10-4.

Correlation between overlapping markers
and blood-derived cell populations and
inflammatory proteins

We also investigated whether selected polymorphisms had an

impact on blood cell counts by analyzing a set of 91 manually

annotated immune cell populations and genotype data from the

500FG cohort (Supplementary Table 4). Cell populations were

measured using 10-color flow cytometry (Navios flow cytometer,

Beckman Coulter) within 2–3 hours after blood sampling, and data

were processed with Kaluza software (v. 1.3, Beckman Coulter). To

reduce inter-experimental noise and increase statistical power, cell

count analyses were based on parental and grandparental percent-

ages, which were defined as the percentage of a certain cell type

within the cell populations one or two levels higher in the hierar-

chical definitions of cell sub-populations (28). Detailed laboratory
Frontiers in Immunology 05
protocols for cell isolation, reagents, gating, and flow cytometry

analysis are reported elsewhere (29), and flow cytometry data are

available upon request (http://hfgp.bbmri.nl).

Serum and plasma proteomics were assessed in the 500FG

cohort using the Olink® Inflammation panel (Olink, Sweden),

quantifying 103 biomarkers (Supplementary Table 5). Protein

concentrations were expressed as log2-transformed normalized

protein expression (NPX) values and further normalized using

bridging samples to correct for batch effects (30). Considering the

number of proteins (n=103) and cell populations (n=91) tested,

significant thresholds were set at p = 3.23×10-5 (0.05/15 SNPs/103

inflammatory proteins) and p = 3.66×10-5 (0.05/15 SNPs/91 blood

cell types), respectively.

In silico characterization of overlapping
and disease-specific genetic markers

To further investigate the functional effect of the most relevant

overlapping and disease-specific SNPs, Haploreg (http://

www.broadinstitute.org/mammals/haploreg/haploreg.php, ac-

cessed on 6 February 2025) and ENCODE (Encyclopedia of DNA

Elements) annotation data (https://genome.ucsc.edu/ENCODE)

were used to predict their functional roles. Finally, we evaluated

whether overlapping and disease-specific SNPs acted as expression

quantitative trait loci (eQTL) across different cell types and tissues

using data from the Genotype-Tissue Expression (GTex) portal (V8

release, https://gtexportal.org/home/, accessed 20 January 2025).
Results

The discovery populations included 12,695 IMID patients

(10,616 RA cases and 2,079 r-axSpA cases) and 510,783 or

528,244 controls from the UKBB and FinnGen GWAS datasets.

All SNPs analyzed showed no deviation from HWE (p < 1×10-3) in

either dataset.

A total of 10,468,350 variants were included in the meta-

analysis of both datasets. After filtering by consistent directions of

the b effect and ensuring a lack of heterogeneity between studies

(PHet≥0.05), 3,702 variants were associated with RA or r-axSpA risk

at p < 1×10-3. After LD clumping (r2 = 0.10, 500-kb window), 15 LD

blocks within 14 genes were associated with RA risk and 15 LD

blocks within 15 genes with r-axSpA risk (Table 2). Importantly,

several prioritized variants reached genome-wide significance in

disease-specific meta-analyses (e.g., ITPR3, BTN2A1 and BTN3A2),

supporting the robustness of the shared loci identified. These SNPs

were located outside of the HLA region and were not in LD (r2 <0.2)

with genetic variants previously identified through GWAS, indicat-

ing potentially novel associations.

Ten independent SNPs showed association with both RA and r-

axSpA (Supplementary Table 2). After Bonferroni correction for

multiple testing (p < 3.33×10−3), the overlapping association signals

remained statistically significant, supporting the robustness of the

shared genetic architecture identified in the meta-analysis. As there

was no significant heterogeneity between the UKBB and FinnGen
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datasets, these associations were further replicated in independent

cohorts from the REPAIR consortium, including 2,044 RA cases,

367 r-axSpA cases, and 2,150 controls (Table 1).

Notably, the pleiotropy-guided screening approach enabled the

selection of shared variants that were subsequently validated and

replicated in this independent cohort, supporting their robustness

and biological relevance. A detailed description of these populations

has been previously reported (25, 31, 32). Briefly, the mean age of

the RA and r-axSpA patients was 54.17 ± 13.77 and 46.05 ± 12.14,

respectively, and the female-to-male ratio was 3.58 for RA (233/

344) and 0.31 for r-axSpA (86/281; Table 1), consistent with their

known sex bias.

The meta-analysis of the three large European populations

(UKBB, FinnGen, and REPAIR) confirmed overlapping associa-

tions of CARMIL1, GRM4, HTT, ITPR3, IKZF1,MANEA,MGAM2,

PRSS16, and ZNF322 SNPs with the risk of developing RA and r-

axSpA (Table 3). One SNP in BTN3A2 (rs9393716) was excluded

due to significant heterogeneity across studies (Phet<0.05).

Ca r r i e r s o f th e HTT r s 3 6 3 0 7 5 A , IKZF1 r s 1 2 7 1 8 2 6 1 A ,

MANEArs72920280T, and MGAM2rs73158426G alleles had an increased

risk of both RA and r-axSpA (ORMETA-RA=1.11/ORMETA-AS=1.31;

ORMETA-RA=1.04/ORMETA-AS=1.13; ORMETA-RA=1.09/ORMETA-

AS=1.18; and ORMETA-RA=1.16/ORMETA-AS=1.42), whereas carriers

of the CARMIL1rs72831267C, GRM4rs2495964T, ITPR3rs77601296A,

ITPR3rs9469540T, PRSS16rs72843633T, and ZNF322rs6901425C alleles

showed a decreased risk of both diseases (ORMETA-RA=0.94/

ORMETA-AS=0.86; ORMETA-RA=0.93/ORMETA-AS=0.90; ORMETA-

RA=0.90/ORMETA-AS=0.79; ORMETA-RA=0.91/ORMETA-AS=0.86;

ORMETA-RA=0.92/ORMETA-AS=0.78; and ORMETA-RA=0.91/

ORMETA-AS=0.80; Table 3). At the functional level, obese carriers

of the GRM4rs2495964G protective allele had significantly decreased

circulating concentrations of CCL25 (p = 0.00030; Figure 1A), a

chemokine involved in T- and B-cell migration and adipose-

immune crosstalk. Additionally, we found a statistically significant
Frontiers in Immunology 06
correlation between the ITPR3rs9469540T allele and decreased circu-

lating concentrations of IL10 protein after in vitro stimulation of

PBMCs with LPS (p = 1.30×10-4; Figure 1B).

The functional effects of ZNF322rs6901425 were inferred from its

proxy variants rs72841519 and rs9467729 (D′>0.81, r²=0.61), as the
lead SNP identified in the meta-analysis was not directly available in

the functional genomics datasets used for the 500FG and 300OB

cohorts. Therefore, proxy variants in strong LD were used to

approximate the functional effects of the original locus. Obese

carriers of the ZNF322rs6901425G protective allele showed signif-

icantly decreased circulating TNFb (p = 9.62×10-4, Figure 1C) and

increased TGM2 concentrations (p = 3.22×10-4, Figure 1D), both

involved in immune regulation and tissue remodeling.

Beyond the overlapping loci, several SNPs displayed opposite

effects in RA and r-axSpA. Carriers of BTN2A1rs1977199A had a

decreased risk of RA (ORMETA-RA=0.93, p = 1.26×10-5) but an

increased risk of r-axSpA (ORMETA-AS=1.23, p = 6.49×10-9).

Conversely, carriers of BTN3A2rs9393716G and H2BC11rs66462181C
alleles showed increased RA risk (ORMETA-RA=1.12, p = 7.83×10-

5; and ORMETA-RA=1.08, p = 2.36×10-5), but decreased r-axSpA risk

(ORMETA-AS=0.77, p = 1.72×10–5 and ORMETA-AS=0.82,

p = 2.84×10-8; Table 3). Functionally, BTN2A1rs1977199A carriers

produced less IL22 after in vitro stimulation of PBMCs with

Staphylococcus aureus for seven days (p = 0.00025; Figure 2A),

suggesting a differential contribution of IL22 to RA and r-

axSpA pathogenesis.

In the 300OB cohort, obese carriers of BTN2A1rs1977199A,

BTN3A2rs9393716G, and H2BC11rs66462181C showed significantly al-

tered circulating HO-1 concentrations (p = 6.73×10-6,

p = 2 .43×10– 5 and p = 3 .22×10 - 4 ; F igures 2B–D) .

BTN2A1rs1977199A carriers had increased concentrations of HO-1,

consistent with reduced RA risk but increased r-axSpA risk,

whereas BTN3A2rs9393716G and H2BC11rs66462181C carriers showed

the opposite trend. These findings suggest that variants at these loci
TABLE 2 Selected SNPs.

SNP Nearest genes Chr. Pos. (GRCh38.p7) Effect allele SNP location

rs363075 HTT 4 3135947 A Intronic

rs1977199 BTN2A1 6 26466161 A Intronic

rs6901425 ZNF322 6 26670418 G Intronic

rs9393716 BTN3A2 6 26376640 G Intronic

rs12718261 IKZF1 7 50290310 A Intronic

rs66462181 H2BC11 6 27123882 C Near promoter

rs72831267 CARMIL1 6 25436727 C Intronic

rs72843633 PRSS16 6 27215170 T Intronic

rs72920280 MANEA 6 94957226 T Intronic

rs73158426 MGAM2 7 142118538 G Intronic

rs77601296 ITPR3 6 33633118 A Intronic

rs2495964 GRM4 6 33951273 G Intronic

rs9469540 ITPR3 6 33652143 T Intronic

rs71559061 ERAP2 6 28012011 G Intronic

rs72880049 FTO 6 33525062 A Intronic
SNP, single nucleotide polymorphism; Chr., Chromosome; Pos., position.
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TABLE 3 Meta-analysis of the 11 SNPs associated with risk of developing IMID in three large European cohorts (UKBB, FinnGen and REPAIR).

REPAIR
=4,079
cases/2,035
ontrols)

Meta-analysis
N=525,478

(12,660 cases/512,818 controls)

CI) P OR (95% CI) P PHet

1.24) 0.917 1.11 (1.04-1.18) 1.02×10-3 0.561

1.03) 0.084 0.93 (0.90-0.96) 1.26×10-5 0.571

1.05) 0.134 0.91 (0.87-0.94) 2.04×10-6 0.117

1.09) 0.380 1.08 (1.04-1.12) 2.36×10-5 0.107

0.99) 0.029 1.04 (1.02-1.08) 2.92×10-3 0.004

1.74) 0.014 1.12 (1.06-1.18) 7.83×10-5 0.484

1.13) 0.912 0.94 (0.91-0.97) 6.36×10-5 0.605

1.12) 0.340 0.92 (0.88-0.96) 1.16×10-4 0.152

1.10) 0.349 1.09 (1.04-1.13) 1.51×10-4 0.072

1.42) 0.679 1.16 (1.07-1.26) 3.47×10-4 0.639

1.04) 0.123 0.90 (0.86-0.94) 1.23×10-6 0.502

0.97) 0.016 0.93 (1.05-1.11) 4.58×10-7 0.041

1.02) 0.091 0.91 (0.89-0.94) 1.52×10-9 0.947

REPAIR
N=2,517
s/2,517 controls)

Meta-analysis
N=532,840

(2,294 cases/528,459 controls)

CI) P OR (95% CI) P PHet

1.86) 0.180 1.31 (1.14-1.51) 1.33×10-4 0.661

1.64) 0.009 1.23 (1.15-1.32) 6.49×10-9 0.268

1.68) 0.377 0.80 (0.73-0.87) 2.04×10-7 0.027

0.81) 4.50×10-4 0.82 (0.76-0.88) 2.84×10-8 0.001

1.10) 0.639 1.13 (1.07-1.20) 4.84×10-5 0.173

1.05) 0.079 0.77 (0.69-0.87) 1.72×10-5 0.395

1.24) 0.964 0.86 (0.81-0.92) 3.83×10-6 0.108

1.00) 0.208 0.78 (0.71-0.85) 4.31×10-8 0.054
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RA discovery population

SNP Chr. Nearest gene Minor allele

UKBB
N= 367,942

(4,380 cases/363,562
controls)

FinnGen
N= 153,457

(6,236 cases/147,221
controls)

(2,04

OR (95% CI) P OR (95% CI) P OR (95%

rs363075 4 HTT A 1.12 (1.02-1.22) 0.015 1.13 (1.02-1.25) 0.015 0.99 (0.79

rs1977199 6 BTN2A1 A 0.94 (0.90-0.99) 0.026 0.92 (0.87-0.96) 3.74×10-4 0.89 (0.77

rs6901425 6 ZNF322 G 0.96 (0.90-1.02) 0.210 0.88 (0.84-0.93) 3.00×10-6 0.84 (0.67

rs9393716 6 BTN3A2 G 1.10 (1.04-1.16) 4.00×10-4 1.08 (1.03-1.14) 3.01×10-3 0.93 (0.80

rs12718261 7 IKZF1 A 1.06 (1.01-1.10) 0.022 1.07 (1.02-1.10) 3.12×10-3 0.87 (0.77

rs66462181 6 H2BC11 C 1.11 (1.03-1.18) 4.00×10-3 1.12 (1.02-1.20) 0.018 1.36 (1.07

rs72831267 6 CARMIL1 C 0.95 (0.91-0.99) 0.020 0.93 (0.89-0.97) 7.99×10-4 0.99 (0.87

rs72843633 6 PRSS16 T 0.98 (0.91-1.05) 0.550 0.89 (0.85-0.94) 3.40×10-5 0.90 (0.71

rs72920280 6 MANEA T 1.13 (1.06-1.21) 3.30×10-4 1.08 (1.02-1.14) 0.013 0.92 (0.76

rs73158426 7 MGAM2 G 1.14 (1.02-1.27) 0.017 1.22 (1.06-1.40) 5.35×10-3 1.06 (0.80

rs77601296 6 ITPR3 A 0.93 (0.86-1-00) 0.042 0.89 (0.84-0.94) 2.70×10-5 0.85 (0.70

rs2495964 6 GRM4 G 0.97 (0.92-1.01) 0.150 0.90 (0.86-0.95) 5.23×10-6 0.86 (0.76

rs9469540 6 ITPR3 T 0.91 (0.87-0.95) 3.70×10-5 0.91 (0.88-0.96) 5.82×10-5 0.90 (0.80

AS discovery population

SNP Chr. Nearest gene Minor allele

UKBB
N=364,179

(617 cases/363,562
controls)

FinnGen
N=166,144

(1,462 cases/164,682
controls)

(367 case

OR (95% CI) P OR (95% CI) P OR (95%

rs363075 4 HTT A 1.21 (0.96-1.53) 6.30×10-3 1.39 (1.15-1.68) 5.76×10-4 1.29 (0.89

rs1977199 6 BTN2A1 A 1.15 (1.01-1.32) 4.70×10-3 1.23 (1.12-1.35) 1.25×10-5 1.38 (1.16

rs6901425 6 ZNF322 G 0.91 (0.76-1.09) 0.100 0.74 (0.67-0.82) 1.23×10-8 1.17 (0.82

rs9393716 6 BTN3A2 G 0.87 (0.76-1.00) 0.033 0.87 (0.79-0.96) 4.88×10-3 0.61 (0.47

rs12718261 7 IKZF1 A 1.19 (1.05-1.34) 0.180 1.14 (1.06-1.23) 5.16×10-4 0.95 (0.77

rs66462181 6 H2BC11 C 0.82 (0.68-0.98) 0.150 0.78 (0.65-0.93) 5.29×10-3 0.63 (0.38

rs72831267 6 CARMIL1 C 0.92 (0.82-1.04) 0.049 0.82 (0.75-0.89) 9.23×10-7 0.99 (0.80

rs72843633 6 PRSS16 T 0.87 (0.72-1.06) 0.019 0.74 (0.67-0.82) 1.02×10-8 1.30 (0.86
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may influence disease risk through modulation of HO-1 and its

anti-inflammatory and cytoprotective effects.

PBMCs from H2BC11rs66462181C carriers also produced signif-

icantly lower IL6 levels after S. aureus stimulation for 24h

(p = 1.18×10-4; Figure 2E), suggesting a role of IL6 in the divergent

immunological consequences of this locus in RA and r-axSpA.

Finally, BTN2A1rs1977199 and BTN3A2rs9393716 (in moderate LD,

r2 = 0.63) acted as eQTL for BTN3A2, HMGN4, RP11-457M11.5,

and/or TRIM38 across multiple tissues, whole blood, and lympho-

cytes (p-values ranging from p = 2.6×10–6 to 3.3×10-36).

We also evaluated whether the selected polymorphisms influ-

enced the abundance of 91 blood-derived immune cell populations

in the 500FG cohort. However, none of the analyzed SNPs showed

statistically significant associations with immune cell subsets after

correction for multiple testing. Similarly, no statistically significant

associations were observed between the analyzed SNPs and circu-

lating steroid hormone levels after correction for multiple testing

(data not shown).

To ensure that these prioritized chromosome 6 signals were not

driven by classical HLA effects, we evaluated linkage disequilibrium

between the lead variants and established proxies of HLA risk

alleles. All pairwise LD estimates showed r² < 0.01, indicating

absence of meaningful LD with classical HLA risk variants.

Pairwise LD estimates between prioritized SNPs and HLA proxies

are shown in Supplementary Table 1.

In summary, the identified genetic variants support a coordi-

nated regulation of immune pathways underlying susceptibility to

RA and r-axSpA. Risk alleles in HTT, IKZF1, MANEA, and

MGAM2 were associated with increased disease risk, whereas

protective alleles in CARMIL1, GRM4, ITPR3, PRSS16, and

ZNF322 were linked to reduced susceptibility, often through func-

tional effects on cytokine levels and immune signaling. Variants in

GRM4 and ITPR3 influenced CCL25 and IL10 concentrations,

respectively, while ZNF322 was associated with changes in TNFb
and TGM2 concentrations. BTN2A1, BTN3A2, and H2BC11 vari-

ants showed opposing effects on RA and r-axSpA risk, likely

through modulation of HO-1 and IL6. Together, these observations

point to shared yet distinct immunogenetic mechanisms driving RA

and r-axSpA (Figure 3).
Discussion

This study provides the first large-scale evidence of shared and

disease-specific genetic architecture between RA and/or r-axSpA,

identifying novel loci and functional pathways that may explain

their overlapping but distinct immunopathology. Given the strong

immunogenetic contribution of the MHC region to both RA and r-

axSpA, our integrative framework was designed to capture

immune-related shared architecture rather than to focus exclusively

on non-MHC locus discovery. This approach allows a more

biologically informed interpretation of overlapping risk patterns

across immune-mediated diseases. This strategy aligns with pleiot-

ropy-informed GWAS frameworks that leverage cross-disease ge-

netic overlap to improve discovery power and characterize shared

pathogenic mechanisms. Through a meta-analysis of three large
T
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European populations and integration with functional genomics

datasets, we uncovered 10 genetic variants shared by both diseases

and additional loci with opposite effects, revealing complex patterns

of immune regulation.

Shared genetic background between RA
and r-axSpa

Several loci including CARMIL1, GRM4, HTT, ITPR3, IKZF1,

MANEA, MGAM2, PRSS16, and ZNF322 show a consistent associ-

ation with susceptibility to both RA and r-axSpA. Importantly,

several prioritized overlapping loci were located outside the classical

HLA region and were not in strong LD with previously reported

GWAS signals, supporting the identification of novel susceptibility

signals beyond established loci. These genes converge on pathways

related to T-cell activation, intracellular signaling, and regulation of

inflammatory cytokines, supporting the concept of a common

immunogenetic core among IMIDs.

Among these, ITPR3 and ZNF322 emerged as the most significant

overlapping loci. ITPR3, located on chromosome 6, encodes Inositol

1,4,5-trisphosphate receptor type 3, an intracellular Ca²+ channel

involved in T-cell receptor signaling and apoptosis regulation.

Previous GWAS have linked ITPR3 variants to autoimmune diseases,
Frontiers in Immunology 09
including RA (33), type 1 diabetes (T1D) (34), systemic lupus

erythematosus (SLE) (35), and Graves’ disease (36), highlighting its

broad immunoregulatory role. The ITPR3rs77601296 and ITPR3rs9469540
SNPs identified here are independent of previously reported GWAS

hits (rs2229634, rs999943, rs3748079, rs210122) (33, 35), suggesting a

more complex genetic structure. Protective alleles likely modulate

receptor function to prevent excessive immune activation, consistent

with reduced IL10 secretion following LPS stimulation and eQTL

effects on ITPR3 and BAK1 across multiple cell types. Moreover, these

alleles affect chromatin states and alter histone modifications in key

immune cell types, including monocytes, T regulatory cells, CD8+ T

cells, B cells, NK cells, and neutrophils.

ZNF322, located on chromosome 6p22.3, encodes a zinc-finger

transcription factor (37) that regulates cell proliferation and differ-

entiation via MAPK (mitogen-activated protein kinase) signaling

(38), a pathway central to inflammatory responses and joint damage

in RA. Although ZNF322 has been previously linked to RA via

transcriptome-wide association studies (TWAS) showing overex-

pression in RA patients compared with controls (39, 40), our study

is the first to implicate this gene in r-axSpA. Functionally, carriers of

the ZNF322rs6901425G protective allele exhibited reduced TNFb and

increased TGM2 concentrations, pointing to immunomodulatory

and tissue-remodeling mechanisms shared across both diseases.
FIGURE 1

Functional characterization of identified genetic variants. Cytokine and protein concentrations were measured in peripheral blood mononuclear cells
(PBMCs) or plasma samples from the 500 Functional Genomics (500FG; n=408 healthy controls, “HC”) and 300 Obese (300OB; n=302 overweight/
obese individuals, “OB”) cohorts of the Human Functional Genomics Project (HFGP). PBMCs were stimulated in vitro with lipopolysaccharide (LPS; 1
ng/ml, 24 h) or Staphylococcus aureus (1×106 CFU/ml, 7 days), and cytokine production was quantified using ELISA or multiplex immunoassays.
(A) Decreased circulating CCL25 concentrations in obese carriers of the GRM4rs2495964G protective allele. (B) Reduced IL10 production after LPS
stimulation in carriers of the ITPR3rs9469540T allele. (C, D) Decreased TNFb and increased TGM2 concentrations in carriers of the ZNF322rs6901425G
allele. Error bars represent mean ± SD. Statistical significance was assessed using linear regression models adjusted for age and sex; p-values are
indicated above each comparison. Abbreviations: HC, healthy controls; Ob, obese individuals; PBMC, peripheral blood mononuclear cell; LPS,
lipopolysaccharide; RA, rheumatoid arthritis; r-axSpA, radiographic axial spondyloarthritis; SNP, single nucleotide polymorphism. The functional
effects of the ZNF322rs6901425 SNP are based on its proxy variants rs72841519 and rs9467729 (D’ > 0.81, r² = 0.61).
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Other shared loci highlight convergent biological processes.

HTT and CARMIL1 are involved in cytoskeletal remodeling and

fibroblast invasiveness, key processes in synovial hyperplasia and

joint destruction. HTT encodes the huntingtin protein, essential for

intracellular transport, and neuronal survival, and although not

previously linked to r-axSpA, prior studies have reported its role in

RA pathogenesis through fibroblast-like synoviocytes (FLS) (41),

which are central to joint damage. The HTT-interacting protein

HIP1 promotes FLS invasiveness via Rac1 signaling and other

cellular processes like cytoskeletal organization and receptor endo-

cytosis (42). Studies have shown that HIP1 deficiency reduces FLS
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invasion by about 50%, highlighting its potential role in RA

susceptibility and severity. Elevated HIP1 autoantibodies also cor-

relate with disease progression (43). In silico analyses indicate that

HTTrs363075 modulates osteoblast activity through H3K4me1 and

H3K27ac histone modifications (44).

CARMIL1 (LRRC16A) encodes a protein regulating actin dy-

namics and IL1 signaling, influencing fibroblast migration and

extracellular matrix remodeling (45–47). Although this is the first

report linking CARMIL1 directly to RA and r-axSpA susceptibility,

multi-trait GWAS have identified this locus in RA, T1D, and

Graves’ disease (34).
FIGURE 2

Functional characterization of identified genetic variants. Functional assays were performed in peripheral blood mononuclear cells (PBMCs) and
plasma samples from two cohorts of the Human Functional Genomics Project (HFGP): the 500 Functional Genomics cohort (500FG; n=408 healthy
controls, “HC”) and the 300 Obese cohort (300OB; n=302 overweight/obese individuals, “OB”). PBMCs were stimulated in vitro with Staphylococcus
aureus (1×106 CFU/ml, 7 days) or lipopolysaccharide (LPS; 1 ng/ml, 24 h), and cytokine production was measured by ELISA or multiplex
immunoassay. (A) Decreased IL22 production after seven-day S. aureus stimulation in carriers of the BTN2A1rs1977199A allele. (B–D) Altered circulating
concentrations of heme oxygenase-1 (HO-1) in obese carriers of the BTN2A1rs1977199A, BTN3A2rs9393716G, and H2BC11rs66462181C alleles, respectively.
(E) Reduced IL6 secretion after S. aureus stimulation in PBMCs from H2BC11rs66462181C carriers. Bars represent mean ± SD. Statistical significance
was evaluated using linear regression adjusted for age and sex; p values are shown above each comparison. HC, healthy controls; Ob, obese
individuals; PBMC, peripheral blood mononuclear cell; LPS, lipopolysaccharide; HO-1, heme oxygenase-1; RA, rheumatoid arthritis; r-axSpA,
radiographic axial spondyloarthritis; SNP, single nucleotide polymorphism. Functional results of the H2BC11rs66462181 SNP were inferred from proxy
variants rs13212562 and rs35909544 (D’>0.90 and r2 = 0.70).
frontiersin.org

https://doi.org/10.3389/fimmu.2026.1637735
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Cabrera-Serrano et al. 10.3389/fimmu.2026.1637735
Similarly, GRM4, encoding a metabotropic glutamate receptor,

modulates intracellular cAMP signaling and immune activation.

Carriers of the protective GRM4rs2495964G allele had lower circulat-

ing CCL25 levels, a chemokine that binds CCR9 (48, 49) and it

overexpressed in both RA and r-axSpA (50). The CCL25/CCR9 axis

promotes monocyte migration, polarization, and osteoclastogenesis

(50, 51) and its blockade reduces arthritis severity in experimental

models (52). These findings implicate GRM4 in CCL25-mediated

immune cell trafficking and inflammation.

Other loci such as IKZF1, MANEA, MGAM2, and PRSS16 may

contribute to immune regulation. IKZF1 has been linked to RA in

Han Chinese populations (53), consistent with its role in T-cell

differentiation and DNA methylation control. MANEA and

MGAM2, involved in glycan trimming (54) and immune-related

gene expression (55), respectively, have not been directly associated

with autoimmune diseases, thought their functions suggest plausi-

ble roles in immune modulation. AMendelian randomization study

found no evidence supporting the involvement of MANEA or

MGAM2 in r-axSpA (56). PRSS16, a thymic serine protease critical

for T-cell selection and tolerance (57), is differentially methylated in

RA (58) and was associated with seropositive RA in multi-ancestry

GWAS (4). Although not in LD with PRSS16rs72843633 in Europeans

(r (2) = 0.0019), these findings collectively reinforce PRSS16 as a

shared susceptibility locus. Supporting the biological plausibility of

these associations, in silico analyses revealed enrichment of active

histone marks (H3K9ac) and modified binding motifs for tran-

scription factors including AP-1 (activator protein 1), p300,

HDAC2 (histone deacetylase 2), Foxp3 (forkhead box P3), and
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Zbtb3 (zinc finger and BTB domain-containing protein 3) (44), all

implicated in T-cell differentiation and autoimmune regulation.

Opposite genetic effects and disease
divergence

For the first time, we identified inverse associations for variants in

BTN2A1, BTN3A2, andH2BC11, which showed differential effects on

RA and r-axSpA. The BTN2A1rs1977199 allele decreased RA risk but

increased r-axSpA risk, while variants in BTN3A2 and H2BC11

exhibited the opposite pattern. Functional assays revealed that

BTN2A1rs1977199A carriers produced less IL22 after Staphylococcus

aureus stimulation, consistent with differential IL22 contributions to

RA and r-axSpA pathogenesis. IL22 is elevated in both RA and r-

axSpA (59–61), but correlates with disease activity and bone erosions

in RA. In RA, IL22 is mainly produced by Th17 and Th22 cells (60),

as well as NK-22 cells and contributes to joint inflammation by

stimulating FLS that produce MCP-1 (62). Importantly, blocking

IL22 or its receptor has shown potential in experimental models to

reduce inflammation and bone erosion, highlighting IL22 as a

possible therapeutic target (60). In AS, IL22 is mainly produced by

NKp44+ natural killer cells (63), suggesting a role in mucosal

immunity and systemic inflammation via the IL23/IL22 axis.

Additionally, IL22 has been shown to promote osteogenic differen-

tiation of mesenchymal stem cells, potentially contributing to the

abnormal bone formation characteristic of AS (64).

In the 300OB (300 Obesity) cohort, BTN2A1rs1977199A carriers

exhibited increased HO-1 (heme oxygenase-1) concentrations,
FIGURE 3

Proposed immunogenetic links and functional pathways underlying RA and AS risk.
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aligning with reduced RA risk and higher r-axSpA risk, whereas

BTN3A2rs9393716G and H2BC11rs66462181C carriers had lower HO-1,

consistent with the opposite direction of risk. HO-1 is an anti-

inflammatory enzyme that modulates oxidative stress, cytokine

release, and the regulatory T cells/Th17 helper cells balance. Its

expression attenuates inflammation in both RA and AS, though

through disease-specific pathways. Elevated HO-1 correlates with

lower TNF-a (tumor necrosis factor-alpha), IL6, and IL8 levels and

with reduced oxidative stress and COX-2 (cyclooxygenase-2) ex-

pression in RA, while in AS it associates with bone metabolism

markers such as BMP-7 (bone morphogenetic protein 7) and Runx2

(runt-related transcription factor 2). Pharmacological and natural

HO-1 inducers, such as auranofin, quercetin, and resveratrol, have

shown anti-inflammatory efficacy in both conditions (65).

Conversely, HO-1 inhibition exacerbates inflammation (66).

Thus, genetic modulation of HO-1 expression may explain opposite

disease effects.

Supporting this interpretation, H2BC11rs66462181C carriers ex-

hibited reduced IL6 production after Staphylococcus aureus stimu-

lation, implicating IL6 divergent immune outcomes. According to

GTex data, these SNPs also acted as eQTL for BTN3A2, HMGN4,

RP11-457M11.5, and TRIM38 across blood and lymphocytes tis-

sues, reinforcing their regulatory relevance.
Strengths and limitations

The major strengths of this study include its large sample size,

combining three independent European cohorts (15,106 IMID

patients and ~530,000 controls), and the integration of genetic,

epigenetic, and immunological datasets. Functional analyses in the

500FG and 300OB HFGP cohorts provided mechanistic support for

how the identified variants modulate immune pathways.

One limitation of this study is that the analyses were restricted

to individuals of European ancestry, which may limit the general-

izability of our findings to other populations. Genetic susceptibility

to r-axSpA and other immune-mediated inflammatory diseases can

vary across ancestries, particularly within the HLA region where

allele frequencies and subtype distributions (e.g., HLA-B27 vari-

ants) differ substantially between populations. Therefore, further

multi-ancestry studies will be necessary to determine the transfer-

ability of the loci identified here.

Another limitation is the imbalance in the number of cases

between RA and r-axSpA in the discovery phase. Although this

difference reflects the lower prevalence of r-axSpA in population-

based cohorts such as UK Biobank and FinnGen, the smaller

number of r-axSpA cases may reduce statistical power to detect

variants with modest effects that are specific to this condition.

A further limitation concerns the geographic representation of r-

axSpA cases in the REPAIR validation cohort. While RA samples were

available from several participating countries, r-axSpA cases were only

available from Spain and Poland, reflecting the availability of samples

within the consortium rather than an analytical selection. This differ-

ence is consistent with the lower prevalence of r-axSpA and the more

limited recruitment of these patients across participating centers.
Frontiers in Immunology 12
Another limitation is that functional analyses for some loci (e.g.,

ZNF322 and H2BC11) were performed using proxy variants in

strong linkage disequilibrium with the lead SNPs identified in the

meta-analysis, because the original variants were not directly

available in the functional genomics datasets used for the 500FG

and 300OB cohorts. Although the use of proxy variants is a

commonly adopted strategy in functional genomics studies, these

results should be interpreted with caution because the observed

functional effects may not fully reflect those of the original

lead variants.

Finally, our analysis may have missed regulatory elements

located beyond ±5 kb from the studied SNPs. Further fine-mapping

and multi-ancestry studies are therefore warranted. Although the

use of a pleiotropy-guided screening threshold may appear less

stringent than conventional GWAS thresholds, this strategy en-

hances sensitivity to detect shared genetic architecture and was

followed by independent replication and multiple-testing correction

to ensure robustness.
Conclusion

In summary, this study identifies CARMIL1, GRM4, HTT,

IKZF1, ITPR3, MANEA, MGAM2, PRSS16, and ZNF322 as shared

susceptibility loci for RA and r-axSpA, and BTN2A1, BTN3A2, and

H2BC11 as disease-divergent loci. The shared variants modulate

cytokine pathways such as IL10 and CCL25, whereas the opposing

variants influence IL22, IL6, and HO-1 signaling. Together, these

findings support a model of overlapping yet distinct immunogenetic

mechanisms underpinning RA and r-axSpA, offering potential

targets for cross-disease therapeutic strategies.
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