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Expression quantitative trait loci (eQTLs) represent genetic variants that influence

gene expression, providing insights into the mechanisms linking genetic

predisposition to complex diseases, including spondyloarthropathies (SpAs).

SpAs, encompassing ankylosing spondylitis, psoriatic arthritis, reactive arthritis,

and enteropathic arthritis, are related heterogeneous conditions with strong

genetic components, particularly in HLA-B27 and non-HLA loci, but

phenotypically distinct disorders. Recent advances in genome-wide association

studies (GWAS) and transcriptomic studies have shown the potential of such

eQTLs to provide insights into the disease biology, delineate potential drug

targets, and enable precision medicine. This mini-review provides a

comprehensive overview of eQTLs—discovery, definition, and functional

implication into eQTLs gene regulation. We review their role in SpA

pathogenesis, controversy and methodological issues in eQTL studies,

literature gaps, and directions for the future. By combining genetic,

immunological, and computational information, we aim to present an unbiased

perspective on the role of eQTLs in advancing SpA research and treatment.
KEYWORDS

eQTLs , spondy loar thropath ies , pa thogenes i s , therapeut ics , genet ic
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1 Introduction

The identification of expression quantitative trait loci (eQTLs) has transformed our views

of the genetic architecture of complex disorders. EQTLs act as mediators of genetic variation,

extending beyond the genomic origin to phenotypic traits, particularly through the regulation

of gene expression. This is especially important in immune-mediated disorders, such as
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1624263/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1624263/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1624263/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1624263/full
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1624263/full
https://orcid.org/0000-0002-7634-0146
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2025.1624263&domain=pdf&date_stamp=2025-08-27
mailto:dr.nabaaihsan@yahoo.com
https://doi.org/10.3389/fimmu.2025.1624263
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2025.1624263
https://www.frontiersin.org/journals/immunology


Awadh et al. 10.3389/fimmu.2025.1624263
spondyloarthropathies (SpAs), in which genetic predisposition plays

a key role. SpAs are a group of inflammatory rheumatic diseases

characterized by axial and peripheral joint involvement, enthesitis,

and extraarticular manifestations (1, 2). However, despite many

advances, genetic evidence has not yet converted itself into

practical knowledge and thus therapies. This mini-review captures

recent advances in the understanding of eQTLs in SpA, focusing on

both achievements and limitations in the field.
2 Methodology: literature search and
selection strategy

A comprehensive narrative review methodology was employed to

gather relevant literature addressing expression quantitative trait loci

(eQTLs) and their role in the pathogenesis of spondyloarthropathies

(SpA). The search strategy covered publications available up to May

2025 to capture both foundational and contemporary research

developments in the field.

Electronic databases including PubMed (using MeSH terms),

Scopus, andWeb of Science (using free-text keyword searches) were

systematically queried. The search terms included combinations of:

“eQTL”, “expression quantitative trait loci”, “genetic regulation”,

“spondyloarthropathies”, “ankylosing spondylitis”, “psoriatic

arthritis”, and “IL-23/IL-17 axis”.

This search was supplemented by manual screening of reference

lists from relevant articles to identify additional pertinent

publications. Inclusion criteria comprised studies reporting on

eQTL discovery methods, functional characterization, tissue- and

cell-specific effects, and their immunogenetic or translational

implications in SpA. Exclusion criteria included articles lacking

methodological detail, and case reports.

All selected studies were critically appraised for methodological

rigor, sample size adequacy, relevance to SpA pathogenesis, and

integration of eQTL data with immunogenetic or multi-omics

findings. The final selection was synthesized to present a

comprehensive, balanced overview of current evidence and to

identify gaps requiring further investigation.
3 Fundamentals of eQTLs

3.1 Definition and types of eQTLs

Expression quantitative trait loci (eQTLs) are genomic loci that

regulate gene expression either in cis (proximal to the gene) or in

trans (distal to the gene) (3). Cis-eQTLs typically influence gene

expression by directly affecting regulatory elements such as

promoters and enhancers located near the gene. In contrast, trans-

eQTLs exert their effects indirectly by modulating upstream

regulators—transcription factors, signaling pathways, chromatin-

modifying proteins, or RNA regulators—which in turn influence

the expression of distant genes across different chromosomal regions.

This occurs through complex regulatory networks that coordinate
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gene expression at a systems-level (e.g., through co-expressed gene

modules or master regulatory hubs). Recognizing these distinctions is

important for understanding their respective contributions to disease

mechanisms (4).
3.2 Discovery methods

High-throughput sequencing-based technologies (e.g., RNA-

seq and GWAS) have allowed the discovery of eQTLs (5).

Integrating methods based on GWAS and eQTL data is

particularly powerful for identifying disease-contributing loci (6).

With increasingly complex data sets, advanced computational

resources, including eQTL mapping and colocalization analyses,

enhance our ability to make sense of these sophisticated data (7).
3.3 Functional characterization

Functional assays, such as chromatin immunoprecipitation

sequencing (ChIP-seq) and CRISPR-based perturbations, are

paramount for demonstrating eQTL modulatory effects and for

elucidating the mechanisms they regulate (8). These methods can be

used in the discovery of causal variants and of potentially

subsequent biological effects.
4 Spondyloarthropathies: genetic and
molecular landscape

4.1 Overview of SpA

Spondyloarthropathies (SpAs) are a group of chronic

inflammatory diseases, including ankylosing spondylitis (AS),

psoriatic arthritis (PsA), reactive arthritis, and enteropathic

arthritis. Such conditions share important clinical features,

including enthesitis (inflammation at tendon and ligament

attachment sites), axial skeletal involvement, and extra-articular

manifestations including uveitis and inflammatory bowel disease.

The shared clinical features indicate a common genetic and

immunological basis of these diseases (9).
4.2 Genetic basis of SpA

4.2.1 HLA-B27 and beyond
The HLA-B27 gene is the most significant genetic associate of

SpA, with up to 90% of ankylosing spondylitis patients harboring the

gene. Its pathogenic effects involve antigen presentation, misfolding-

mediated endoplasmic reticulum (ER) stress, and formation of

arthritogenic HLA-B27 homodimers (10). SpA’s genetic

architecture further includes additional susceptibility loci such as

ERAP1, IL23R, and TNFSF15. These genes collectively underscore

the polygenic nature of SpA, emphasizing pathways involved in

antigen processing and presentation (e.g., peptide trimming by
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ERAP1 and loading onto HLA-B27), as well as key inflammatory

processes like IL-23/IL-17 axis activation (Figure 1) (11–14).

4.2.2 GWAS findings
Recent genome-wide association studies (GWAS) have identified

over 100 genetic loci associated with spondyloarthropathies, many of

which are situated in non-coding regions with regulatory potential

distributed across the genome (15, 16). It is understood these are key

regulatory areas that play a role in gene expression rather than direct

protein production. Methods such as eQTL mapping have been

highly useful in interpreting these GWAS findings by connecting

non-coding variants and gene expression changes. Such insights are

really crucial in the identification of causal pathways, as well as

potential therapeutic targets, and stress the necessity to marry

molecular and cellular studies with the datasets (17).
5 eQTLs in SpA: mechanisms and
implications

5.1 Linking GWAS to functional biology

5.1.1 eQTLs and immune regulation
The interleukin-23 (IL-23)/interleukin-17 (IL-17) axis

represents a pivotal immunopathogenic pathway in the

development and perpetuation of spondyloarthropathies (SpA).

IL-23, a heterodimeric cytokine produced predominantly by
Frontiers in Immunology 03
dendritic cells and macrophages, plays a central role in the

maintenance and expansion of T helper 17 (Th17) cells. Th17

cells, through the secretion of IL-17A, IL-17F, and other pro-

inflammatory cytokines, orchestrate the recruitment of

neutrophils and the activation of stromal cells at entheses,

synovial tissues, and axial skeletal structures — the characteristic

sites of SpA pathology (18).

Genetic studies, particularly genome-wide association studies

(GWAS), have robustly implicated polymorphisms within genes

regulating this pathway, notably IL23R and TYK2, both of which

modulate Th17 cell biology. IL23R encodes the receptor subunit

specific for IL-23, while TYK2 encodes a tyrosine kinase essential

for downstream signal transduction following IL-23 engagement.

Variants in these genes not only confer susceptibility to SpA but

also influence gene expression patterns, as evidenced by expression

quantitative trait loci (eQTL) analyses, further supporting their

functional relevance (12, 17).

In this context, several eQTLs have been identified that

modulate IL23R expression in immune cell subsets, particularly in

CD4+ T cells, contributing to dysregulated IL-23-mediated

signaling in genetically predisposed individuals (19). Similarly,

TYK2 eQTLs have been shown to influence cytokine signaling

thresholds, impacting Th17 differentiation and effector function

(20). These findings underscore the biological plausibility of

targeting the IL-23/IL-17 axis in SpA, which has been clinically

validated through the success of IL-17A and IL-23 inhibitors in

managing axial and peripheral disease manifestations (21).
FIGURE 1

The role of eQTLs and cytokine pathways in the pathogenesis of ankylosing spondylitis (AS). This diagram illustrates how expression quantitative trait
loci (eQTLs) affect key genes (HLA-B27, ERAP1, IL-23R, TNFSF15) associated with AS. Misfolding of HLA-B27 proteins and ERAP1 dysfunction both
lead to endoplasmic reticulum (ER) stress and activation of the unfolded protein response (UPR), which in turn activates the IL-23/IL-17 axis. This
activation leads to increased production of IL-23, which binds to Th17 cells and promotes their activation. Activated Th17 cells secrete pro-
inflammatory cytokines such as IL-17, IL-22, TNF-a, and IL-6, leading to chronic inflammation, bone erosion, and remodeling. Ultimately, this
process contributes to the development of ankylosing spondylitis.
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5.1.2 Tissue-specific eQTL effects
eQTL effects are known to vary across tissues and cell types due

to differences in chromatin landscape and transcription factor

binding (22). In the context of SpA, while data on synovial or

entheseal fibroblast eQTLs are not yet available, robust evidence

exists for cell-type–specific eQTLs in immune cells such as T cells

and monocytes. These immune cell–specific regulatory effects

implicate key SpA-associated genes including IL23R, ERAP1,

TYK2, RUNX3, and B3GNT2 [19, 20].

For example, Kim-Hellmuth et al. (2020) identified cis-eQTLs

for IL23R and TYK2 that are active in CD4+ T cells but absent in

other tissues, demonstrating the importance of immune context in

genetic regulation (19). Similarly, van der Wijst et al. used single-

cell RNA sequencing to reveal cell-type–specific eQTLs, underlining

that eQTL signals show heterogeneity across immune subsets (20).

This underscores the necessity of mapping eQTLs in Synovium

and entheses, where disease phenotypes manifest, because these

effects may be tissue-specific and invisible in blood-based analyses.

We encourage future studies to apply single-cell or organ-specific

approaches to determine the regulatory activity of SpA-associated

loci in these target tissues.
5.2 Key eQTLs in SpA

5.2.1 ERAP1 eQTLs
ERAP1 eQTLs modulate antigen processing and presentation,

thereby modulating HLA-B27 stability and folding. ERAP1 variants

affect enzymatic activity, thereby altering peptide trimming and

consequently immune responses (23).

5.2.2 IL23R eQTLs
Variants influencing IL23R expression alter responses of Th17

cells, which are the hallmark of SpA pathogenesis. Targeting IL23R-

related pathways represents a promising therapeutic strategy (14).

A summary of the strongest reported QTLs and eQTLs

associated with SpA, including their chromosomal locations,

associated SNPs, immunological pathways, and cell-specific

expression effects, is provided in Table 1.
6 Controversies and methodological
challenges

6.1 Reproducibility and context
dependency

eQTL effects are highly context-dependent, varying across

tissues, cell types, and environmental conditions. This variability

poses significant challenges for replicating findings across studies

(24). Overcoming these hurdles necessitates the development of

standardized protocols, comprehensive data collection, and the

establishment of large-scale collaborative efforts to enhance

reproducibility and interpretability.
Frontiers in Immunology 04
6.2 Statistical power and multiple testing

Small sample sizes and the need for stringent multiple-testing

corrections remain significant barriers in eQTL studies. These

challenges can lead to reduced statistical power and the potential

for false negatives. Recent advancements in statistical methodologies,

including the application of Bayesian frameworks, are enhancing the

robustness and reliability of eQTL analyses (25). Increasing sample

sizes through consortia and leveraging meta-analyses can further

address these limitations.
6.3 Integration of multi-omics data

Clinically comprehensive consideration of the genetics of diseases

requires the simultaneous analysis of eQTL data with epigenomic,

proteomic, and other omics datasets. However, this integration

involves a plethora of methodological and computational

challenges, including the necessity for complex tools that can

handle high-dimensional data. Multi-omics approaches seem most

promising for the development of integrative models of biological

systems that link genetic variation to phenotypic outcomes (26).
6.4 Unraveling trans-eQTL networks

The functional roles and mechanisms of trans-eQTLs are still

largely an unexplored territory. Such distally acting regulatory

interactions are critical to understanding the complexities of gene
TABLE 1 Comparison of eQTLs and QTLs in Spondyloarthropathy-
Associated Genes.

Category QTLS eQTLs

Example
Genes

HLA-B27, ERAP1, IL23R,
TNFSF15 (11, 14)

RUNX3, TNFRSF1A,
IL6R (19)

Chromosomal
Regions

6p21 (HLA-B27), 5q15
(ERAP1), 1p31 (IL23R)
(11, 12)

1p36 (RUNX3), 12p13
(TNFRSF1A), 1q21
(IL6R) (19)

Associated
SNPs

rs30187 (ERAP1), rs11209026
(IL23R) (12)

rs4648889 (RUNX3),
rs1800693 (TNFRSF1A),
rs4129267 (IL6R) (19)

Trait/
Mechanism

Direct genetic risk factors for
disease susceptibility and
severity (11)

Affect gene expression levels
in relevant immune
cells (19)

Pathway
Involvement

Antigen presentation, Th17
pathway, immune
response (14)

Regulation of gene
transcription and cytokine
signaling (19)

Reported
Effect

Strongest known heritable risk
HLA-B27; ERAP1 amplifies
HLA-B27 risk (11)

Modulate expression in
CD8+ T cells, TNF
signaling, IL-6 pathway (19)
CD8+ T cells, Cluster of Differentiation 8 Positive T cells; eQTLs, Expression Quantitative
Trait Loci; ERAP1, Endoplasmic Reticulum Aminopeptidase 1; HLA-B27, Human Leukocyte
Antigen B27; IL23R, Interleukin-23 Receptor; IL6R, Interleukin-6 Receptor; QTLs,
Quantitative Trait Loci; RUNX3, Runt-Related Transcription Factor 3; SNPs, Single
Nucleotide Polymorphisms; TNFRSF1A, Tumor Necrosis Factor Receptor Superfamily
Member 1A; TNFSF15, Tumor Necrosis Factor Superfamily Member 15.
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networks and need thorough exploration (27). Advancing this field

will provide insights into the systemic effects of genetic variants on

gene expression across diverse cellular contexts.
6.5 Functional validation of eQTLs

The functional validation of eQTLs is crucial to confirm their

regulatory effects and interpret the biological significance of genetic

associations identified in GWAS. This process typically involves

integrating in vitro experimental assays, CRISPR-Cas9 genome

editing, reporter gene assays, and single-cell RNA sequencing

(scRNA-seq) to experimentally verify the influence of candidate

regulatory variants on gene expression (28, 29). For example,

CRISPR interference (CRISPRi) and CRISPR activation

(CRISPRa) technologies have been employed to silence or

enhance specific enhancer or promoter regions encompassing

eQTL variants, allowing direct assessment of their regulatory

roles. Fulco et al. (2019) applied high-throughput CRISPR

perturbation in T cells to validate enhancer–promoter

interactions predicted by eQTL studies, confirming causal

regulatory relationships in immune gene networks (30).

In parallel, single-cell RNA sequencing combined with

genotype data enables the identification of cell-type–specific

eQTLs and their functional consequences at unprecedented

resolution. Van der Wijst et al. (2018) used this approach to map

eQTLs in immune cell subsets, revealing how genetic variants

differentially affect gene expression in specific cell types under

both basal and stimulated conditions (20).

These experimental strategies have already been successfully

applied in cardiovascular genomics and oncology to dissect the

functional consequences of non-coding GWAS variants (31, 32).

For instance, Musunuru et al. (2010) functionally validated a non-

coding SNP at the SORT1 locus influencing cholesterol levels using

CRISPR-modified hepatocyte models, establishing a mechanistic

link between genetic variation and disease phenotype (31). Such

approaches are increasingly vital for prioritizing candidate loci for

drug development and for clarifying disease mechanisms. Moving

forward, integrating CRISPR-based functional genomics with high-

resolution transcriptomics and epigenomics will be essential for

comprehensive eQTL validation in complex diseases like SpA.
6.6 Therapeutic implications

Understanding eQTL-regulated pathways opens new avenues for

therapeutic innovation. For example, targeted modulatory effects on

pathways (e.g., IL-23/IL-17 axis) or inhibition of ERAP1 activity is a

novel therapeutic strategy (33). In addition, applications based on

eQTL data that leverage personalized medicine approaches have the

capacity to transform the treatment of SpA and other heterogeneous

diseases by tailoring treatment to each person’s genotype.
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7 Discussion

The incorporation of eQTL research to understand the

pathogenesis of spondyloarthropathies (SpA) has brought new

understanding to the role of genetic and molecular pathogenesis

in complex inflammatory disorders. Completing the genetic

relation between variants and gene expression alterations in

disease backgrounds by eQTL studies has unraveled important

signalling cascades, e.g., the IL-23/IL-17 axis, which is of central

pathophysiological importance for SpA. Tissue-specific eQTL

analyses have yielded information on local regulatory impact, but

their generalizability from population to population and species to

species is still an important limitation. Variations due to

heterogeneous populations, environmental effects, and

experimental approaches complicate the determination of eQTLs

and emphasize the requirement for repeatability across large,

heterogeneous cohorts (34).

The need for context in eQTL effects shows why we should use

multi-omics approaches that bring everything together. When we

combine eQTL data with information from transcriptomics,

epigenomics, and proteomics, we can figure out the complex

networks that control SpA. Take ATAC-seq data on chromatin

accessibility or histone modification profiles as an example. These

could help us understand how non-coding variants affect gene

expression (35). On the other hand, including proteomics could

link changes at the transcript level to what proteins do. This would

help us learn more about SpA-specific pathways, like how ERAP1

processes and presents antigens.

Recent technological advances have opened new horizons for

the functional validation of eQTLs. Single-cell RNA sequencing

enables the dissection of cell-type–specific eQTL effects at

unparalleled resolution, uncovering regulative mechanisms within

clinically relevant tissues such as synovium and entheses.

Furthermore, CRISPR-based gene editing offers precise tools for

manipulating prospect eQTLs, facilitating the direct assessment of

their roles in regulating gene expression and modulating unaffected

responses (36). However, problems remain in the extension of such

techniques to high-throughput applications and in the applicability

of such techniques to tissue-specific situations. For SpA, obtaining

sufficient quantities of synovial or entheseal cells from patients

presents logistical and technical obstacles.

From a therapeutic perspective, eQTL research holds

transformative potential in the era of precision medicine. Using

patient-dependent eQTL profiles, clinicians may stratify patients

according to their genetic and transcriptomic profiles. Such

stratification may help to direct targeted therapy, i.e., biologics

against signaling in the IL23R-mediated pathway or against

ERAP1-associated pathways, thereby maximizing the therapeutic

efficiency with reduced toxicity (37). In addition, these strategies

have the potential to offer novel insights in the context of SpA

treatment-resistant patients, which will be helpful in the

development of new next-generation SpA therapies.
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The successful execution of eQTL studies requires the

coordinated collaboration of experts from multiple disciplines.

Through interdisciplinary engagement, such projects can be

effectively designed, implemented, and translated into meaningful

biological and clinical insights. Also, the cooperation of genetic

biologists, bioinformaticians, immunologists, and rheumatologists

is vital for the implementation of the strong studies to come about.

The introduction of advanced techniques in statistics, like those of

eQTL prediction based on machine learning tools and the

possibility for the availability of big data through large-scale

collaborations such as GTEx or ENCODE, would be one of the

main drivers of success (38). Besides the above actions, sharing the

discovered eQTLs with the prognosis and the interventions used

will be the key for translating end-patient genetic findings into the

real-life world.

In conclusion, although difficulties remain, the incorporation of

eQTL studies into SpA still promises a wide range of decoding

disease mechanisms and discovery of new therapeutic targets.

Overcoming the translational challenge from genetic findings to

clinical practices will create a shortcut for more tailored and optimal

management of spondyloarthropathies.
Author contributions

NA: Conceptualization, Writing – original draft, Writing –

review & editing. AR: Software, Writing – review & editing. MY:

Methodology, Writing – review & editing. YH: Conceptualization,

Writing – review & editing. FG: Supervision, Writing – original

draft, Writing – review & editing. KK: Software, Formal analysis,

Writing – review & editing. YR: Resources, Writing – original draft.
Frontiers in Immunology 06
Funding

The author(s) declare that no financial support was received for

the research, and/or publication of this article.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Generative AI statement

The authors declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial

intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Dougados M, Baeten D. Spondyloarthritis. Lancet. (2011) 377:2127–37.
doi: 10.1016/S0140-6736(11)60071-8

2. Braun J, Sieper J. Ankylosing spondylitis. Lancet. (2007) 369:1379–90.
doi: 10.1016/S0140-6736(07)60635-7

3. Albert FW, Kruglyak L. The role of regulatory variation in complex traits and
disease. Nat Rev Genet. (2015) 16:197–212. doi: 10.1038/nrg3891

4. Wang L, Babushkin N, Liu Z, Liu X. Trans-eQTL mapping in gene sets identifies
network effects of genetic variants. Cell Genomics. (2024) 4. doi: 10.1016/
j.xgen.2024.100527

5. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for
transcriptomics. Nat Rev Genet. (2009) 10:57–63. doi: 10.1038/nrg2484

6. Nicolae DL, Gamazon E, Zhang W, Duan S, Dolan ME, Cox NJ. Trait-associated
SNPs are more likely to be eQTLs: annotation to enhance discovery from GWAS. PloS
Genet. (2010) 6:e1000888. doi: 10.1371/journal.pgen.1000888

7. Michaelson J, Loguercio S, Beyer A. Detection and interpretation of expression
quantitative trait loci (eQTL). Methods. (2009) 48:265–76. doi: 10.1016/
j.ymeth.2009.03.004

8. Shlyueva D, Stampfel G, Stark A. Transcriptional enhancers: from properties to
genome-wide predictions. Nat Rev Genet. (2014) 15:272–86. doi: 10.1038/nrg3682

9. van der Heijde D, Ramiro S, Landewe R, Ciurea A, Dagfinrud H, Kiltz U, et al.
Update of the ASAS-EULAR management recommendations for axial
spondyloarthritis. Ann Rheumatic Diseases. (2017) 76:978–91. doi: 10.1136/
annrheumdis-2016-210770

10. Colbert RA, DeLay ML, Klenk EI, Layh-Schmitt G. From HLA-B27 to
spondyloarthritis: a journey through the ER. Immunol Rev. (2010) 233:181–202.
doi: 10.1111/j.0105-2896.2009.00865.x
11. Brown MA, Kenna TJ, Wordsworth BP. Genetics of ankylosing spondylitis—
insights into pathogenesis. Nat Rev Rheumatol. (2016) 12:81–91. doi: 10.1038/
nrrheum.2015.133

12. International Genetics of Ankylosing Spondylitis Consortium (IGAS), Cortes A,
Hadler J, Pointon JP, Robinson PC, Karaderi T, et al. Identification of multiple risk
variants for ankylosing spondylitis through high-density genotyping of immune-
related loci. Nat Genet. (2013) 45:730–8. doi: 10.1038/ng.2667

13. Rahman P, Inman RD, El-Gabalawy H, Krause DO. Pathophysiology and
pathogenesis of immune-mediated inflammatory diseases: commonalities and
differences. J Rheumatol Supplement. (2010) 85:11–26. doi: 10.3899/jrheum.091462

14. Schinocca C, Rizzo C, Fasano S, Grasso G, La Barbera L, Ciccia F, et al. Role of
the IL-23/IL-17 pathway in rheumatic diseases: an overview. Front Immunol. (2021)
12:637829. doi: 10.3389/fimmu.2021.637829

15. Li Z, Brown MA. Progress of genome-wide association studies of ankylosing
spondylitis. Clin Trans Immunol. (2017) 6:e163. doi: 10.1038/cti.2017.49

16. Vecellio M, Paladini F, Ramonda R. Genetic studies on spondyloarthritis: from
disease predictors to therapeutic targets. Front Genet. (2022) 13:859005. doi: 10.3389/
fgene.2022.859005

17. Ellinghaus D, Jostins L, Spain SL, Cortes A, Bethune J, Han B, et al. Analysis of
five chronic inflammatory diseases identifies 27 new associations and highlights
disease-specific patterns at shared loci. Nat Genet. (2016) 48:510–8. doi: 10.1038/ng.352

18. Sharip A, Kunz J. Understanding the pathogenesis of spondyloarthritis.
Biomolecules. (2020) 10:1461. doi: 10.3390/biom10101461

19. Oliva M, Muñoz-Aguirre M, Kim-Hellmuth S, Wucher V, Gewirtz ADH, Cotter
DJ, et al. The impact of sex on gene expression across human tissues. Science. (2020)
369:eaba3066. doi: 10.1126/science.aba3066
frontiersin.org

https://doi.org/10.1016/S0140-6736(11)60071-8
https://doi.org/10.1016/S0140-6736(07)60635-7
https://doi.org/10.1038/nrg3891
https://doi.org/10.1016/j.xgen.2024.100527
https://doi.org/10.1016/j.xgen.2024.100527
https://doi.org/10.1038/nrg2484
https://doi.org/10.1371/journal.pgen.1000888
https://doi.org/10.1016/j.ymeth.2009.03.004
https://doi.org/10.1016/j.ymeth.2009.03.004
https://doi.org/10.1038/nrg3682
https://doi.org/10.1136/annrheumdis-2016-210770
https://doi.org/10.1136/annrheumdis-2016-210770
https://doi.org/10.1111/j.0105-2896.2009.00865.x
https://doi.org/10.1038/nrrheum.2015.133
https://doi.org/10.1038/nrrheum.2015.133
https://doi.org/10.1038/ng.2667
https://doi.org/10.3899/jrheum.091462
https://doi.org/10.3389/fimmu.2021.637829
https://doi.org/10.1038/cti.2017.49
https://doi.org/10.3389/fgene.2022.859005
https://doi.org/10.3389/fgene.2022.859005
https://doi.org/10.1038/ng.352
https://doi.org/10.3390/biom10101461
https://doi.org/10.1126/science.aba3066
https://doi.org/10.3389/fimmu.2025.1624263
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Awadh et al. 10.3389/fimmu.2025.1624263
20. van der Wijst MGP, Brugge H, de Vries DH, Deelen P, Swertz MA, Franke L,
et al. Single-cell RNA sequencing identifies cell-type-specific cis-eQTLs and co-
expression QTLs. Nat Genet. (2018) 50:493–7. doi: 10.1038/s41588-018-0089-9

21. Poddubnyy D, Sieper J. Current unmet needs in spondyloarthritis. Curr
Rheumatol Rep. (2019) 21:1–8. doi: 10.1007/s11926-019-0844-7

22. Flutre T, Wen X, Pritchard J, Stephens M. A statistical framework for joint eQTL
analysis in multiple tissues. PloS Genet. (2013) 9:e1003486. doi: 10.1371/
journal.pgen.1003486

23. Evans DM, Spencer CCA, Pointon JJ, Su Z, Harvey D, Kochan G, et al.
Interaction between ERAP1 and HLA-B27 in ankylosing spondylitis implicates
peptide handling in the mechanism for HLA-B27 in disease susceptibility. Nat
Genet. (2011) 43:761–7. doi: 10.1038/ng.873

24. Aguet F, Brown AA, Castel SE, Davis JR, He Y, Jo B, et al. Genetic effects on gene
expression across human tissues. Nature. (2017) 550:204–13. doi: 10.1038/nature24277

25. Wen X, Pique-Regi R, Luca F. Integrating molecular QTL data into genome-wide
genetic association analysis: Probabilistic assessment of enrichment and colocalization.
PloS Genet. (2017) 13:e1006646. doi: 10.1371/journal.pgen.1006646

26. Wainberg M, Sinnott-Armstrong N, Mancuso N, Barbeira AN, Knowles DA,
Golan D, et al. Opportunities and challenges for transcriptome-wide association
studies. Nat Genet. (2019) 51:592–9. doi: 10.1038/s41588-019-0385-z

27. Battle A, Khan Z,Wang SH,MitranoA, FordMJ, Pritchard JK, et al. Impact of regulatory
variation from RNA to protein. Science. (2015) 347:664–7. doi: 10.1126/science.1260793
28. Gasperini M, Tome JM, Shendure J. Towards a comprehensive catalogue of

validated and target-linked human enhancers. Nat Rev Genet. (2020) 21:292–310.
doi: 10.1038/s41576-019-0209-0

29. Edwards SL, Beesley J, French JD, Dunning AM. Beyond GWASs: illuminating
the dark road from association to function. Am J Hum Genet. (2013) 93:779–97.
doi: 10.1016/j.ajhg.2013.10.012
Frontiers in Immunology 07
30. Fulco CP, Nasser J, Jones TR, Munson G, Bergman DT, Subramanian V, et al.
Activity-by-contact model of enhancer–promoter regulation from thousands of
CRISPR perturbations. Nat Genet. (2019) 51:1664–9. doi: 10.1038/s41588-019-
0538-0

31. Musunuru K, Strong A, Frank-Kamenetsky M, Lee NE, Ahfeldt T, Sachs KV,
et al. From noncoding variant to phenotype via SORT1 at the 1p13 cholesterol locus.
Nature. (2010) 466:714–9. doi: 10.1038/nature09266

32. Alsheikh AJ, Wollenhaupt S, King EA, Reeb J, Ghosh S, Stolzenburg LR, et al.
The landscape of GWAS validation; systematic review identifying 309 validated non-
coding variants across 130 human diseases. BMC Med Genomics. (2022) 15:74.
doi: 10.1186/s12920-022-01216-w

33. Ritchlin CT, Colbert RA, Gladman DD. Psoriatic arthritis. N Engl J Med. (2017)
376:957–70. doi: 10.1056/NEJMra1505557

34. Li YI, Wong G, Humphrey J, Raj T. Prioritizing variation in regulatory elements
for complex traits. Nat Genet. (2022) 54:1–11. doi: 10.1038/s41588-022-01073-3

35. Shen Y, Song C, McQuillan J, Li M, Wang M, He J, et al. Integrative analysis of
multi-omics data highlights the regulatory role of non-coding variants in complex
diseases. Nat Commun. (2022) 13:94. doi: 10.1038/s41467-022-30394-3

36. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. A
programmable dual-RNA–guided DNA endonuclease in adaptive bacterial immunity.
Science. (2012) 337:816–21. doi: 10.1126/science.1225829

37. Smith JA, Colbert RA. The interleukin-23/interleukin-17 axis in
spondyloarthritis pathogenesis: Th17 and beyond. Arthritis Rheumatol. (2020)
72:103–13. doi: 10.1002/art.41183

38. The GTEx Consortium, Aguet F, Anand S, Ardlie KG, Gabriel S, Getz GA, et al.
The GTEx Consortium atlas of genetic regulatory effects across human tissues. Science.
(2020) 369:1318–30. doi: 10.1126/science.aaz1776
frontiersin.org

https://doi.org/10.1038/s41588-018-0089-9
https://doi.org/10.1007/s11926-019-0844-7
https://doi.org/10.1371/journal.pgen.1003486
https://doi.org/10.1371/journal.pgen.1003486
https://doi.org/10.1038/ng.873
https://doi.org/10.1038/nature24277
https://doi.org/10.1371/journal.pgen.1006646
https://doi.org/10.1038/s41588-019-0385-z
https://doi.org/10.1126/science.1260793
https://doi.org/10.1038/s41576-019-0209-0
https://doi.org/10.1016/j.ajhg.2013.10.012
https://doi.org/10.1038/s41588-019-0538-0
https://doi.org/10.1038/s41588-019-0538-0
https://doi.org/10.1038/nature09266
https://doi.org/10.1186/s12920-022-01216-w
https://doi.org/10.1056/NEJMra1505557
https://doi.org/10.1038/s41588-022-01073-3
https://doi.org/10.1038/s41467-022-30394-3
https://doi.org/10.1126/science.1225829
https://doi.org/10.1002/art.41183
https://doi.org/10.1126/science.aaz1776
https://doi.org/10.3389/fimmu.2025.1624263
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Decoding eQTLs: unraveling their role in spondyloarthropathies pathogenesis and potential therapeutics
	1 Introduction
	2 Methodology: literature search and selection strategy
	3 Fundamentals of eQTLs
	3.1 Definition and types of eQTLs
	3.2 Discovery methods
	3.3 Functional characterization

	4 Spondyloarthropathies: genetic and molecular landscape
	4.1 Overview of SpA
	4.2 Genetic basis of SpA
	4.2.1 HLA-B27 and beyond
	4.2.2 GWAS findings


	5 eQTLs in SpA: mechanisms and implications
	5.1 Linking GWAS to functional biology
	5.1.1 eQTLs and immune regulation
	5.1.2 Tissue-specific eQTL effects

	5.2 Key eQTLs in SpA
	5.2.1 ERAP1 eQTLs
	5.2.2 IL23R eQTLs


	6 Controversies and methodological challenges
	6.1 Reproducibility and context dependency
	6.2 Statistical power and multiple testing
	6.3 Integration of multi-omics data
	6.4 Unraveling trans-eQTL networks
	6.5 Functional validation of eQTLs
	6.6 Therapeutic implications

	7 Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


