
Official journal of the Asia Pacific League 
of Associations for Rheumatology (APLAR)

ISSN 1756 1841   VOLUME 29    NUMBER 2    2026

International Journal of
Rheumatic 
Diseases

apl_70559_IssInfo.indd 1apl_70559_IssInfo.indd   1 22-01-2026 10:10:5722-01-2026   10:10:57



International  
Journal of Rheumatic 
Diseases

APL.JEB.Feb26

Editor-in-Chief
James Cheng-Chung Wei, 
Taiwan
Senior Editors
Chi-Chiu Mok, Hong Kong, China
Debashish Danda, Vellore, India
Fereydoun Davatchi, Tehran, 
Iran
Lars Klareskog, Stockholm, 
Sweden
Ramnath Misra, Lucknow, India
Zhanguo Li, Beijing, China
Deputy Editors
Shin-Seok Lee, South Korea
Ming-Chi Lu, Taiwan
Associate Editors
Alberta Hoi, Melbourne, 
Australia
Aman Sharma, Chandigarh, 
India
Anand Kumthekar, New York, 
USA
Andrew Harrison, Wellington, 
New Zealand
Anselm Mak, Singapore
Atsushi Kawakami, Nagasaki, 
Japan
Benny Samual Eathakkattu 
Antony, Hobart, Australia
Bishoy Kamel, University of 
New South Wales (Alumni), 
Australia
Caifeng Li, China
Chi-Chen Chang, Taiwan
Chih-Wei Chen, National Yang 
Ming Chiao Tung University, 
Taiwan
Chin Teck Ng, Singapore

Cho Mar Lwin, Myanmar
Dae Hyun Yoo, Seoul, Korea
David S. Pisetsky, Durham, USA
Enrico Tombetti, London, UK
George D. Kitas, Birmingham, UK
Gerard Espinosa, Barcelona, 
Spain
Hideto Kameda, Toho University 
(Ohashi Medical Center), Japan
Hyun Ahr Kim, Hallym 
University Sacred Heart Hospital, 
Republic of Korea
Haider Mannan, Sydney, 
Australia
Haner Direskeneli, Istanbul, 
Turkey
Ho Ying Chung, Hong Kong, 
China
Huji Xu, People’s Republic of 
China
Ing Soo Lau, Malaysia
Ingrid Lundberg, Stockholm, 
Sweden
James Cheng Chung Wei, 
Taichung, Taiwan
Johannes J. Rasker, Enschede, 
Netherlands
Julian Thumboo, Singapore
Keith Lim, Melbourne, Australia
Kok Yong Fong, Singapore
Lai Shan Tam, Hong Kong, China
Latika Gupta, Lucknow, India
Lingyun Sun, Nanjing, China
Liyun Zhang, People’s Republic 
of China
Liwei Lu, Hong Kong, China
Majda Khoury, Syria
Manjari Lahiri, Singapore
Marie Feletar, Melbourne, 
Australia

Marwan Adwan, Jordan
Maureen Rischmueller, 
Adelaide, Australia
Ming-Chi Lu, Dalin Tzu Chi 
Hospital, Taiwan
Michael Wiese, Adelaide, 
Australia
Meiying Wang, China
Mo Yin Mok, North District 
Hospital. Hong Kong
Nan Shen, Shanghai, China
Nazrul Islam, Dhaka, Bangladesh
Nigil Haroon, Toronto, Canada
Nina Kello, New York, USA
Padmanabha Shenoy, India
Paul Bird, New South Wales, 
Australia
Paul Kubler, Brisbane, Australia
Paul Wordsworth, Oxford, UK
Peter Wong, Sydney, Australia
Prasanta Padhan, India
R Hal Scofield, Oklahoma, USA
Ram Pyare Singh, Los Angeles, 
USA
Ram Raj Singh, Los Angeles, 
USA
Renin Chang, General AH4 
VGH-KS Emergency Medicine, 
Taiwan
Robert Keenan, Arthrosi 
Therapeutics, Inc, USA
Ronald Yip, Hong Kong, China
Sam Whittle, Adelaide, 
Australia
Sami Salman, Baghdad, Iraq
Sang-Heon Lee, Seoul, Korea
Sargunan Sockalingam,  
Kuala Lumpur, Malaysia
Seong-Kyu Kim, Korea
Shin-Seok Lee, Korea

Sumaira Farman Raja, Pakistan
Surjit Singh, Chandigarh, India
Syed Atiqul Haq, Dhaka, 
Bangladesh
Tamer Gheita, Cairo, Egypt
Tatsuya Atsumi, Sapporo, Japan
Temy Mok, Hong Kong, China
Tsang Tommy Cheung,  
Hong Kong, China
Vaidehi Chowdhary, Rochester, 
Minnesota, USA
Vinod Scaria, New Delhi, India
VS Negi, Pondicherry, India
Wang-Dong Xu, Luzhou,  
P.R. China
Wen-Chan Tsai, Taiwan
Worawith Louthrenoo,  
Chiang Mai, Thailand
Xiaomei  Leng, People’s Republic 
of China
Yao-Min Hung, Kaohsiung 
Municipal United Hospital, 
Taiwan
Yehuda Shoenfeld, Tel Aviv, 
Israel
Yoshiya Tanaka, Kitakyushu, 
Japan
Yuho Kadono, Japan
Yu Heng Kwan, Singapore
Ying Ying Leung, Singapore 
General Hospital, Singapore
Review Editors
Ranjan Gupta, All India 
Institute of Medical Sciences 
(AIIMS), India
Yu Heng Kwen, Singapore 
General Hospital, Singapore
Ho So, Chinese University of 
Hong Kong, Hong Kong

Production Editor
Aishwarya Radhakrishnan (APL@wiley.com)

Editorial Assistant
Ritika Mathur (IJRD.EO@wiley.com)

Past Editors-in-Chief
D Danda, Vellore, India (International Journal of Rheumatic  
Diseases, 2013–2018)
CS Lau, Hong Kong, China (APLAR Journal of Rheumatology/ 
International Journal of Rheumatic Diseases, 2004–2012)
PH Feng, Singapore (APLAR Journal of Rheumatology, 1998–2004)
KD Muirden, Australia (APLAR Bulletin)

Disclaimer: The Publisher, Asia Pacific League of Associations for Rheumatology and Editors cannot be held responsible for any errors in or 
any consequences arising from the use of information contained in this journal. The views and opinions expressed do not necessarily reflect 
those of the Publisher, Asia Pacific League of Associations for Rheumatology and Editors, neither does the publication of advertisements 
constitute any endorsement by the Publisher, Asia Pacific League of Associations for Rheumatology and Editors or Authors of the products 
advertised. 

International Journal of Rheumatic Diseases @ 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons  
Australia, Ltd

For submission instructions, subscription and all other information visit http://onlinelibrary.wiley.com/journal/10.1111/(ISSN)1756-
185X

View this journal online at wileyonlinelibrary.com/journal/apl



1 of 4International Journal of Rheumatic Diseases, 2026; 29:e70560
https://doi.org/10.1111/1756-185x.70560

International Journal of Rheumatic Diseases

LETTER TO THE EDITOR

DRESSed for Relapse: A Rare Case of Leflunomide-Induced 
DRESS With Hepatic Complications
Kajal Patel1   |  Pooja Jotwani2   |  Marie-Claire Maroun2

1Department of Internal Medicine, Rutgers Robert Wood Johnson University Hospital, New Brunswick, New Jersey, USA  |  2Department of Internal 
Medicine, Division of Rheumatology and Connective Tissue Disease, Rutgers Robert Wood Johnson University Hospital, New Brunswick, New Jersey, USA

Correspondence: Marie-Claire Maroun (mm3530@rwjms.rutgers.edu)

Received: 14 October 2025  |  Revised: 13 January 2026  |  Accepted: 17 January 2026

Dear Editor,
Drug Reaction with Eosinophilia and Systemic Symptoms 
(DRESS) is a rare, potentially life-threatening hypersensitivity 
reaction characterized by fever, rash, eosinophilia, lymphade-
nopathy, and multi-organ involvement most commonly affect-
ing the liver. Mortality ranges from 5% to 10%, primarily due 
to hepatic necrosis [1, 2]. While anticonvulsants, allopurinol, 
antiretrovirals, and antibiotics are common triggers [3, 4], le-
flunomide is a rare but emerging culprit [5–7]. Its unique phar-
macokinetics, including a prolonged half-life and significant 
enterohepatic recirculation, pose management challenges [8].

We report a rare case of leflunomide-induced DRESS, one of a 
limited number of published cases to date. This case also high-
lights the use of cholestyramine washout, a known but underuti-
lized strategy to enhance leflunomide elimination and facilitate 
clinical recovery.

Diagnosing DRESS can be challenging as its clinical presenta-
tion is variable and can mimic infections, autoimmune diseases, 
or other drug reactions. The RegiSCAR (Registry of Severe 
Cutaneous Adverse Reactions) scoring system is the most 
widely used diagnostic tool. It evaluates clinical features such 
as fever, hematologic abnormalities, skin rash characteristics, 
internal organ involvement, and exclusion of alternative causes 
to categorize cases as “no,” “possible,” “probable,” or “definite” 
DRESS [2].

Management begins with immediate cessation of the offend-
ing drug. For non-severe cases, clinical and laboratory mon-
itoring may suffice. Systemic corticosteroids are the mainstay 
for moderate-to-severe disease. Steroid-refractory or relapsing 

cases may require escalation to immunosuppressive agents such 
as cyclosporine, IVIG, or plasmapheresis [2, 9]. These inter-
ventions increase the risk of opportunistic infections including 
CMV reactivation [3].

We present the case of a 65-year-old woman recently diagnosed 
with rheumatoid arthritis who was started on leflunomide and 
hydroxychloroquine. Three weeks later, she developed a diffuse 
maculopapular rash on her extremities, which progressed to 
involve her trunk. She was hospitalized for a presumed drug-
induced rash and showed moderate improvement with high-
dose corticosteroids. However, upon tapering, her symptoms 
worsened, with the emergence of fever, dysphagia, and new mu-
cosal ulcers, prompting readmission. On examination, she had 
hemorrhagic crusting of the lips, tongue erosions, and a conflu-
ent morbilliform rash.

Laboratory workup revealed eosinophilia (16%), atypical lym-
phocytosis (4%), elevated AST (75 U/L), ALT (125 U/L), ALP 
(173 U/L), and a CRP of 6.11 mg/dL. Infectious workup was 
negative. Anti-nuclear antibody (ANA) was positive at a titer 
of 1:320 (homogeneous pattern), with negative anti-SSA, SSB, 
dsDNA, chromatin, and Sm/RNP antibodies. Skin biopsy 
showed interface dermatitis with eosinophilic infiltration, 
consistent with DRESS. The RegiSCAR score was 9, confirm-
ing a definite diagnosis of DRESS (Figure 1). Leflunomide and 
hydroxychloroquine were discontinued. Despite intravenous 
methylprednisolone and cyclosporine, her symptoms persisted. 
A cholestyramine washout was initiated to accelerate lefluno-
mide elimination, resulting in marked clinical improvement 
within 48 h (Figure 2). She was discharged on cyclosporine, cho-
lestyramine, and a corticosteroid taper.
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Two weeks after hospital discharge, following cyclosporine re-
duction to 150 mg/day, the patient re-presented with jaundice, 
diarrhea, pale stools, and recurrence of the rash. Laboratory 
studies revealed hepatic cholestasis with coagulopathy: AST 
301 U/L, ALT 269 U/L, ALP 454 U/L, total bilirubin 8.0 mg/dL, 
direct bilirubin 6.3 mg/dL, and INR 2.17. Abdominal imaging 
was unremarkable. Liver biopsy showed chronic, severely active 
hepatitis with confluent necrosis, and a plasma cell-rich infil-
trate. ANA remained positive and a low-titer anti-smooth mus-
cle antibody was detected. Cytomegalovirus (CMV) viremia was 
also detected. The patient ultimately responded to high-dose 
intravenous steroids and was discharged on a prolonged pred-
nisone taper with close outpatient follow-up. Approximately 
12 weeks after discharge, her liver function tests normalized fol-
lowing completion of the prednisone taper.

Leflunomide-induced DRESS is rare and presents unique man-
agement challenges due to its prolonged half-life and extensive 
enterohepatic recirculation. Leflunomide is metabolized in the 
liver to its active metabolite, teriflunomide, which has a pro-
longed half-life of approximately 2 weeks due to enterohepatic 
recirculation [8]. In our case, despite initiating high-dose cor-
ticosteroids and cyclosporine, clinical improvement was only 
achieved after a cholestyramine washout [5, 10]. This under-
scores the importance of considering accelerated drug elimina-
tion early in steroid-refractory cases.

Cholestyramine is a non-absorbable bile acid sequestrant 
that binds teriflunomide in the gastrointestinal tract, pre-
venting its reabsorption and enhancing fecal excretion. 
The standard washout protocol is 8 g three times daily for 
11 days, which significantly accelerates teriflunomide clear-
ance [8, 10]. Although well established in overdose protocols, 

cholestyramine remains underutilized in DRESS manage-
ment. Our case reinforces its value in persistent or relapsing 
presentations [10].

Liver involvement occurs in up to 80% of DRESS cases, ranging 
from mild transaminitis to fulminant hepatic failure [3]. In our 
patient, worsening liver function and biopsy findings revealed 
features of immune-mediated hepatitis and possible autoim-
mune sequelae.

Determining the precise etiology of liver injury was challenging, 
with contributing factors including cyclosporine toxicity, CMV 
reactivation, and DRESS relapse. The timing of symptom recur-
rence following cyclosporine dose reduction supports DRESS 
relapse. This underscores the importance of gradual immuno-
suppressant tapering, close follow-up, and early recognition of 
evolving complications.

Multidisciplinary management, involving dermatology, hepatol-
ogy, and infectious disease specialists, was critical for guiding 
treatment and monitoring complications.

In conclusion, leflunomide-induced DRESS is rare but clinically 
significant, and this case adds to the limited body of literature. 
Given leflunomide's prolonged half-life and enterohepatic recir-
culation, cholestyramine washout should be strongly consid-
ered in steroid-refractory or relapsing cases. Liver involvement 
can be severe and may trigger or unmask underlying autoim-
mune features. Immunosuppressive therapy increases the risk 
of opportunistic infections such as CMV reactivation. This 
case underscores the importance of long-term monitoring and 
multidisciplinary care to optimize outcomes in severe DRESS 
presentations.

FIGURE 1    |    RegiSCAR (Registry of Severe Cutaneous Adverse Reactions) is a diagnostic scoring for drug reaction with eosinophilia and systemic 
symptoms (DRESS) in this case. Criteria included fever, widespread morbilliform rash, hematologic abnormalities (eosinophilia and atypical lym-
phocytosis), liver involvement, supportive histopathology, prolonged disease course with resolution > 15 days, and exclusion of alternative causes, 
yielding a RegiSCAR score of 9 and confirming a definite diagnosis of DRESS.
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ABSTRACT
Introduction: Rheumatoid arthritis (RA) is a chronic autoimmune disorder with unclear molecular mechanisms, complicating 
early diagnosis and treatment. This study aimed to identify hub genes and pathways driving RA pathogenesis and assess their 
therapeutic potential.
Methods: Gene expression datasets related to RA were retrieved from the Gene Expression Omnibus (GEO) database. Differentially 
expressed genes (DEGs) were identified and analyzed by functional enrichment and protein–protein interaction network con-
struction. Machine learning approaches, including LASSO regression, random forest, and SVM-RFE, were used to screen hub 
genes. Pathway associations were explored using Gene Set Enrichment Analysis (GSEA). Experimental validation was performed 
in collagen-induced arthritis (CIA) rat models and MH7A synovial fibroblast cells through Western blot and functional assays.
Results: A total of 106 DEGs were identified in RA synovial tissues, including 76 upregulated and 30 downregulated genes. 
Enrichment analyses revealed involvement in cytokine–cytokine receptor interaction, lymphocyte-mediated immunity, and immu-
noglobulin complexes. SDC1 emerged as a key hub gene across all three machine learning methods. GSEA indicated its significant 
correlation with the JAK–STAT pathway. In CIA rats, SDC1 expression was markedly elevated alongside p-JAK2 and p-STAT3 lev-
els. Silencing SDC1 in MH7A cells reduced cell proliferation, decreased p-JAK2 and p-STAT3 expression, and promoted apoptosis.
Conclusions: This study identifies SDC1 as a central hub gene in RA pathogenesis through activation of the JAK2–STAT3 sign-
aling pathway. These findings highlight SDC1 as a potential biomarker for early diagnosis and a promising target for therapeutic 
intervention, providing new insights into RA management.

1   |   Background

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune 
disorder [1] that is primarily characterized by inflammatory re-
sponses and structural damage affecting the synovial membranes 
within the joints [2], which may ultimately result in joint defor-
mities and loss of function [3]. Immune abnormalities, genetic 
factors, and environment are believed to play important roles in 

pathogenesis [4]. As the early symptoms of RA are not obvious, 
early diagnosis mainly depends on clinical manifestations [5], 
laboratory tests (such as rheumatoid factor), and imaging exam-
inations [6]. However, these methods have certain limitations 
in the early stage of the disease [7]. Therefore, identifying new 
molecular markers to improve the accuracy of early diagnosis of 
RA and identifying new molecular targets are vital for the timely 
detection and management of RA.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
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In recent years, bioinformatic technology has played a more 
significant role in disease research [8] and drug development 
[9]. Through the comprehensive analysis of high-throughput 
sequencing and publicly available gene expression databases, 
disease-related differentially expressed genes (DEGs) can be 
systematically screened [10], and machine learning can be used 
to further mine key genes. Although certain progress has been 
made in RA research, there remain some limitations, including 
the lack of multi-omics integration, imperfect key gene screening 
strategies, and insufficient experimental validation of bioinfor-
matics predictions. To address these gaps, our study combined 
multiple GEO datasets and advanced machine learning methods 
(LASSO regression, SVM-RFE, and random forest) to systemati-
cally identify key genes and signaling pathways. Importantly, the 
predicted genes were further validated in both cell (MH7A) and 
animal (CIA rat) models, providing robust functional evidence. 
This integrated approach enhances the stability, credibility, and 
translational relevance of our findings, representing a significant 
advance over previous studies.

2   |   Materials and Methods

2.1   |   Data Normalization and Identification 
of Differentially Expressed Genes

Data were sourced from the GEO database, specifically from 
the datasets GSE77298 and GSE55235 (both designated as train-
ing datasets) as well as GSE1919 and GSE12021 (identified as 
validation datasets). The microarray data corresponding to 
GSE77298 and GSE55235 underwent processing, normalization, 
and batch correction using the “sva” package within R software. 
Subsequently, we employed the “limma” package for the identi-
fication of differential genes, with statistically significant genes 
defined by an adjusted p < 0.05 and a log2 fold change greater 
than 2. Visualization of differentially expressed genes was 
achieved through the “ggplot2” package and “pheatmap.”

2.2   |   Analysis of Functional Enrichment 
and Construction of PPI Networks

To investigate the functions and pathways associated with 
DEGs, the “clusterProfiler” R software package was used to con-
duct enrichment assessments of the Gene Ontology (GO) and 
Kyoto Encyclopedia of Genes and Genome (KEGG) pathways. 
Next, the STRING database was used to visualize the PPI net-
work of DEGs, and the resulting network was displayed using 
Cytoscape software (version 3.9). Using Cytoscape software, an 

in-depth analysis of the PPI network generated by the STRING 
website was performed using the CytoNCA plugin to identify 
key genes, known as HubGenes.

2.3   |   Identification and Verification of Core Genes

Three machine learning methods—Random Forest, LASSO 
regression, and SVM-RFE—were employed to precisely iden-
tify important hub genes in RA. For LASSO regression, the 
regularization parameter λ was determined via 10-fold cross-
validation to minimize the mean cross-validated error. In 
SVM-RFE, a linear kernel function was used, and recursive 
feature elimination was performed iteratively to rank genes 
based on their contribution to classification accuracy. For 
Random Forest, 500 trees were constructed, and the mean de-
crease in Gini index was used to evaluate feature importance. 
The results obtained from these three methods were compared 
using the Venn diagram tool, and the overlap among the three 
methods suggested potential hub genes for diagnosing RA. The 
external datasets GSE1919 and GSE12021 were utilized to con-
firm the hub genes.

2.4   |   Analysis of Gene Set Enrichment Focusing on 
a Single Gene

The Spearman correlation method was used to determine the asso-
ciation between core genes and other genes throughout the entire 
genome, and the genes were ranked according to the correlation 
coefficients to generate an ordered gene list. Subsequently, GSEA 
was conducted using R packages, including clusterProfiler, with 
the c2.cp.kegg_medicus.v2024.1. Hs.symbols.gmt dataset from 
the MSigDB database serving as the reference gene set, and sig-
nificantly enriched pathways were obtained. Visual analysis was 
performed through the creation of enrichment plots to uncover 
the potential biological roles and associated signaling pathways of 
the core genes.

2.5   |   Cell Culture and siRNA Transfection

The fibroblast-like synoviocyte cell line MH7A was pur-
chased from Meisen Cell Biological Technology (Hangzhou, 
China). MH7A cells were cultured in 1640 medium (contain-
ing 10% FBS). siSDC1 was transferred to cells for 48 h using 
Lipofectamine 2000 according to the instructions.

2.6   |   RT-qPCR

Total RNA was extracted using TRIzol, followed by reverse 
transcription into cDNA according to the manufacturer's proto-
col. Quantitative PCR was conducted using the qPCR detection 
system. The primer sequences used in this study were as follows:

Homo sapiens SDC1 Forward primer (5′ to 3′): CCACCATGAGA​
CCTCAACCC.

Reverse primer (5′ to 3′): GCCACTACAGCCGTATTCTCC.

Keypoints

• SDC1 identified as a key hub gene in RA by integrated 
bioinformatics and machine learning.

• SDC1 promotes RA progression via activation of the
JAK2–STAT3 pathway.

• Targeting SDC1 may provide a novel diagnostic and
therapeutic strategy for RA.
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Homo sapiens β-actin Forward primer (5′ to 3′): CCTGGCA​
CCCAGCACAAT.

Reverse primer (5′ to 3′): GGGCCGGACTCGTCATAC.

2.7   |   Western Blotting Analysis

Total proteins were extracted from cells or tissues, separated by 
SDS-PAGE, transferred to PVDF membranes, blocked, and in-
cubated with primary and secondary antibodies. The proteins 
were visualized using an ECL chemiluminescence detection 
system.

2.8   |   Apoptosis Experiment

The cells that were transfected with siRNA were collected. 
Apoptosis was assessed using an apoptosis detection kit. 
1X Binding Buffer was prepared following the protocol pro-
vided in the kit, and the cell concentration was set to 3 × 106/
ml. Annexin V-FITC was added and the cells were incubated
for 15 min. Once the incubation period was complete, cells
were washed with 1X Binding Buffer. Subsequently, 7-AAD
Viability Staining Solution was added, and analysis was con-
ducted using flow cytometry.

2.9   |   Edu Analysis

After transfecting siRNA into MH7A cells for 48 h, the EdU 
working solution was added and incubated for 2 h to incorpo-
rate it into the DNA of proliferating cells. After incubation, 
the medium was removed, and the cells were fixed for 15 min 
and washed three times. 0.3% Triton X-100 was added, incu-
bated for 15 min, the cells were washed three times, the Click 
reaction system was used to label EdU, and the cells were incu-
bated for 30 min. Flow cytometry was used to detect the EdU-
488 fluorescence signal, allowing the assessment of MH7A cell 
proliferation.

2.10   |   Construction of CIA Rat Model

A total of 16 male Sprague–Dawley (SD) rats (6–8 weeks old, 180–
200 g) were purchased from Beijing Huafukang Biotechnology 
Co. Ltd. and adaptively raised for 1 week under standard labo-
ratory conditions (22°C ± 2°C, 12 h light/dark cycle, free access 
to food and water). To construct the collagen-induced arthritis 
(CIA) model, a mixture of bovine type II collagen and complete 
Freund's adjuvant (CFA) was prepared and injected subcuta-
neously at the base of the tail and the left sole for the primary 
immunization (day 0). A booster immunization was admin-
istered on day 7 into the right paw. Rats were observed every 
3 days for clinical symptoms, including joint redness, swelling, 
stiffness, and limited movement, and the degree of joint swelling 
was measured regularly using a standardized scoring system. 
Arthritis severity was assessed every 3 days after the booster im-
munization according to a standard arthritis index (AI) scoring 
system ranging from 0 to 4 for each paw (0 = normal, 1 = mild 
swelling and erythema, 2 = moderate swelling, 3 = pronounced 

swelling, 4 = severe swelling and deformity), with a maximum 
total score of 16 per animal.

2.11   |   HE Staining

A month after the first immunization, synovial tissue was ex-
tracted from the joints and preserved in a 4% paraformaldehyde 
solution for 24 h. This was followed by embedding in paraffin 
and cutting into sections. Hematoxylin–eosin (HE) staining was 
conducted following the manufacturer's protocol, and patholog-
ical changes in synovial tissue were examined under an optical 
microscope to assess the characteristics associated with arthritis 
pathology.

2.12   |   Molecular Docking

Molecular docking was used to analyze the interactions between 
the key proteins and core targets in the relevant pathways. The 
three-dimensional structures of the proteins were obtained from 
the Protein Data Bank, and docking analysis was performed using 
AutoDock to predict the interaction patterns between the core 
targets and key pathway proteins, which were visualized using 
PyMOL software. The docking results clearly showed the amino 
acid residues involved in the binding between SDC1 and JAK2, 
including ER-171, SER-919 and GLU-845 et  al., Strong hydro-
gen bonds and hydrophobic interactions were observed between 
SDC1 and JAK2, indicating a stable and specific binding mode.

2.13   |   Statistical Analysis

Quantitative data are presented as mean ± standard deviation 
(SD). Statistical analyses were conducted using R software (ver-
sion 4.0) and GraphPad Prism 8, with p < 0.05 regarded as indic-
ative of statistical significance.

3   |   Results

3.1   |   Identification of DEGs Between RA 
and Normal Controls

We merged datasets GSE55235 and GSE77298 and adjusted for 
batch effects to obtain a normalized combined matrix. There were 
some differences in the sample distribution between these two 
datasets (Figure 1A), which may hinder subsequent analysis. The 
merged dataset after “sva” package processing showed strong ho-
mogeneity, indicating high consistency and uniformity (Figure 1B). 
Based on the filtering criteria of adj. p < 0.05 and |log2FC| > 2, a 
total of 76 genes were upregulated while 30 genes were downregu-
lated when comparing RA to normal controls Table S1. The DEGs 
between RA and normal controls were visually illustrated using a 
volcano plot (Figure 1C) and heatmap (Figure 1D).

3.2   |   Enrichment Analysis of DEGs

The GO enrichment analysis results (Figure  2A) show that 
the DEGs identified between the RA and normal control 
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groups were predominantly associated with pathways in-
cluding leukocyte-mediated immunity, lymphocyte-mediated 
immunity, and immunoglobulin complexes, while the KEGG 
enrichment results (Figure 2B) indicated that the DEGs were 
primarily enriched in rheumatoid arthritis and chemokine 
signaling pathway, etc.

3.3   |   Identifying Potential Diagnostic Biomarkers 
for RA Through Machine Learning

Lasso regression was applied to feature gene selection. The plot 
displays binomial deviance against Log(λ), with the optimal λ 
identified at the point of minimum deviance (Figure  3A). We 
then used a random forest algorithm to identify the key genes 
(Figure  3B). Finally, we employed the SVM-RFE technique 
(Figure  3C) to identify the essential genes distinguishing RA 
from normal controls. Venn diagram showing the intersection 
of core genes of the three different machine learning methods 

(SVM-RFE, Lasso, and RF). A single characteristic gene, SDC1, 
was found to be common across all methods (Figure 3D).

3.4   |   Construction of PPI Network

PPI analysis was conducted using the STRING database to 
explore the interactions among all identified DEGs, and a PPI 
network comprising 262 edges and 75 nodes was generated and 
visualized using Cytoscape software Figure S1A. The CytoNCA 
algorithm was used to predict the key DEGs. Finally, 22 DEGs 
were identified as key genes Figure S1B.

3.5   |   Validation of the Hub Gene SDC1 Using 
External Datasets

To confirm the reliability and significance of the results, two ex-
ternal datasets (GSE12021 and GSE1919) were used to validate 

FIGURE 1    |    Merging and DEG analysis of GSE datasets. (A) The principal component analysis (PCA) results show the distribution of all samples 
before normalization. (B) The PCA plot shows the sample distribution after normalization. (C) The volcano plot represents all the normalized mRNA 
expression data. (D) The heatmap shows the DEGs in the synovial tissue of RA patients.
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FIGURE 2    |    Functional enrichment analysis of differential genes between RA and normal controls. (A) The results of GO pathway enrichment 
analysis for the differential genes. (B) The results of KEGG pathway enrichment analysis for the differential genes.

FIGURE 3    |    Identifying key genes using machine learning techniques: (A) LASSO regression analysis. (B) RF algorithm application. (C) Feature 
selection via the SVM-RFE method. (D) Venn diagram illustrating the shared feature genes identified by SVM-RFE, Lasso, and RF methods.
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the hub genes. SDC1 was significantly overexpressed in RA sy-
novial tissue (Figure S2).

3.6   |   Gene Set Enrichment Analysis

Spearman's correlation analysis was used to calculate the cor-
relation between SDC1 and other genes, and GSEA functional 
enrichment analysis was performed. The results from GSEA 
(Figure 4A,B) indicated a significant enrichment of SDC1 in eight 
KEGG signaling pathways, notably within the CYTOKINE_JAK_
STAT_SIGNALING_PATHWAY. Consequently, we hypothesized 
that SDC1 might be involved in the pathogenesis of RA through 
the CYTOKINE_JAK_STAT_SIGNALING_PATHWAY.

3.7   |   SDC1 Promotes Arthritis in CIA Rats via 
the JAK2-STAT3 Signaling Pathway

Janus kinase (JAK) consists of four members: JAK1, JAK2, 
JAK3, and TYK2. Consequently, we conducted molecular dock-
ing studies of SDC1 with each of the four JAK family members 
using AutoDock software. The results of the molecular docking 
analysis (Figure  S3 and Table  S2) indicated that SDC1 exhib-
ited the strongest binding affinity with JAK2. We also estab-
lished a rat model of CIA. After two immunizations, the joints 
of the CIA rats were significantly swollen (Figure 5A). The HE 
staining results (Figure  5B) showed synovial hyperplasia and 
a large amount of inflammatory cell infiltration in the model 
group, indicating that the model was successfully constructed. 
The expression of SDC1, pJAK2, pSTAT3, JAK2, and STAT3 
was detected by immunoblotting (Figure  5C,D). The results 
from the WB analysis indicated that in comparison to the 
normal group, the levels of SDC1, pJAK2, and pSTAT3 in the 

synovial membrane of joints were markedly elevated in the CIA 
model group.

3.8   |   The Effect of SDC1 Silencing on MH7A Cells

To further verify that SDC1 may be involved in the pathogene-
sis of RA through the modulation of the JAK2-STAT3 signaling 
pathway, we used small interfering RNA (si-RNA) technology 
to interfere with the expression of SDC1 and observed its effects 
on the expression of pJAK2 and pSTAT3 as well as cell pheno-
type. Before the experiment, we verified the transfection effi-
ciency of si-RNA. Our results showed that the levels of SDC1 
mRNA (Figure  6A) and protein (Figure  6B) significantly de-
creased after transfection with si-SDC1. Immunoblotting re-
sults revealed that the levels of pJAK2 and pSTAT3 in MH7A 
cells were significantly reduced after transfection with si-SDC1 
(Figure 6B). Flow cytometry results demonstrated that transfec-
tion of MH7A cells with si-SDC1 significantly reduced their pro-
liferation (Figure 6C) and enhanced their apoptosis (Figure 6D). 
These results suggest that SDC1 may affect abnormal prolifera-
tion of fibroblasts through the JAK2-STAT3 pathway.

4   |   Discussion

Rheumatoid arthritis (RA) is a chronic autoimmune disease 
that results from the combined effects of genetic suscepti-
bility, environmental exposures, and aberrant immune re-
sponses [11]. Despite advances in diagnosis and therapy, early 
detection and targeted treatment remain significant chal-
lenges [12]. This study combined bioinformatic analysis with 
experimental validation and identified SDC1 as a key gene in-
volved in the pathogenesis of RA, indicating that it may play 

FIGURE 4    |    Gene set enrichment analysis. (A) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of SDC1. (B) SDC1 was 
significantly enriched in CYTOKINE_JAK_STAT_SIGNALING_PATHWAY.
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a role in disease progression through the JAK2-STAT3 signal-
ing pathway.

4.1   |   Syndecan 1 (SDC1)

[13] is widely present on the surface of different types of cells
[14] and is crucial for biological processes such as cell signal-
ing [15], cell adhesion [16], proliferation [17] and regulation of
immune responses [18]. Research indicates that SDC1 serves
a significant regulatory function in autoimmune disorders
[19], mainly involving immune cell function [20], inflamma-
tory response [21] and tissue damage. Recent studies highlight 
the role of Syndecan-1 (SDC-1) in rheumatoid arthritis (RA)
pathogenesis [22]. Shahrara et al. demonstrated that the syn-
tenin-1/SDC-1 axis modulates RA progression by regulating
the crosstalk between glycolytic macrophages and Th1 cells,
linking metabolic reprogramming to inflammatory responses
[23]. In contrast, Abdo Jurjus et  al. report that SDC-1 defi-
ciency exacerbates experimental RA, with knockout models
showing increased TNF-α expression, severe joint erosion,
and reduced mast cell activity  [24]. These seemingly contra-
dictory findings suggest that SDC-1 may be influenced by
the cellular microenvironment, which may serve as both a

mediator of inflammatory pathways and a protective factor 
in joint homeostasis. In SLE, SDC1 regulates B cell activa-
tion and participates in immune complex deposition, which 
is closely linked to the development of SLE [25]. Research in-
dicates that serum SDC-1 levels are elevated in SLE patients 
experiencing nephritis, suggesting that SDC-1 could serve as a 
valuable serum biomarker for active lupus nephritis (LN) [26]. 
The pleiotropic role of SDC1 extends across multiple autoim-
mune disorders [27]. In inflammatory bowel diseases (IBD), 
SDC1 maintains the integrity of the intestinal barrier and reg-
ulates inflammation, and changes in its expression can impair 
epithelial repair and immune cell recruitment [28]. Similarly, 
in multiple sclerosis (MS), SDC1 regulates T cell activation 
and myelin damage, influencing central nervous system in-
flammation [29]. Patients with Sjögren syndrome exhibit 
abnormal SDC1 expression in salivary glands, where they 
disrupt epithelial function and promote immune cell infiltra-
tion, exacerbating tissue damage [30]. These findings collec-
tively suggest that SDC1 is a central regulator of autoimmune 
pathogenesis across diverse tissues. Our research identified 
106 genes that were differentially expressed in RA through 
an analysis of differentially expressed genes (DEG). SDC1 was 
identified as a key gene in RA using three machine learning 
methods: SVM-RFE, LASSO, and random forest. This robust 

FIGURE 5    |    SDC1 and JAK2-STAT3 pathways were significantly activated in CIA rats. (A) Representative images of the hind paw. (B) Pathological 
images stained with hematoxylin and eosin (H&E) showed significant synovial hyperplasia in the joints of the CIA model group. (C) Representative 
Western blotting bands of SDC1, pJAK2, pSTAT3, JAK2, STAT3 proteins. (D) Quantitative analysis of SDC1, pJAK2, and pSTAT3 proteins.
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computational prediction strongly implicates SDC1 in the dis-
ease's pathological mechanisms, suggesting it may serve as a 
critical regulator of RA progression. In summary, the role of 
SDC1 appears to be context-dependent across autoimmune 
diseases. In systemic lupus erythematosus (SLE), SDC1 has 
been implicated in modulating B cell differentiation and au-
toantibody production, while in inflammatory bowel disease 
(IBD), it participates in epithelial barrier maintenance and 
regulation of mucosal immune responses. These observa-
tions suggest that while SDC1 is broadly involved in immune 
regulation, the downstream signaling pathways and cellular 
targets differ by disease context, highlighting a degree of path-
way specificity in RA.

Taken together, these insights emphasize the complex and mul-
tifaceted roles of SDC1, supporting its potential as a therapeu-
tic target in RA. Targeting SDC1 may need to consider both its 
protective and pathogenic aspects to achieve precise modula-
tion of synovial inflammation without disrupting homeostatic 
functions.

Gene set enrichment analysis (GSEA) indicated a strong as-
sociation between SDC1 and the JAK–STAT signaling path-
way. The Janus kinase-signal transducer and activator of 
transcription (JAK–STAT) pathway plays a crucial role in the 
transduction of cytokine-mediated signals [31] and is exten-
sively involved in various physiological processes [32]. This 
pathway is composed of cytokine receptors, JAK kinases, and 
STAT transcription factors (STAT1-STAT6) [33]. The signal 
transduction mechanism mainly includes the binding of cy-
tokines to their receptors, thereby regulating the transcription 
of target genes [34]. Dysregulated activation of the JAK–STAT 
signaling pathway has been associated with the pathogene-
sis of numerous disorders, particularly autoimmune diseases 
[35], cancer [36], etc. [37]. Several studies have shown that the 
JAK–STAT signaling pathway plays a central role in RA patho-
genesis, where it regulates inflammatory responses, drives 
immune cell activation, and facilitates synovial cell prolifer-
ation. Persistent activation of this pathway during the patho-
genesis of RA contributes to the progression of joint damage 
through elevated matrix metalloproteinase gene expression, 

FIGURE 6    |    The effect of SDC1 silencing on JAK2-STAT3 signaling pathway, proliferation, and apoptosis in MH7A cells. (A) Validation of si-
SDC silencing efficiency. (B) Relative expression of SDC1, pJAK2, pSTAT3, JAK2, and STAT3 proteins after si-SDC1 transfection. (C) MH7A cell 
proliferation was detected by Edu method after si-SDC1 transfection. (D) MH7A cell apoptosis ratio was detected by flow cytometry after si-SDC1 
transfection.
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chondrocyte apoptosis, and resistance of synovial tissue to 
apoptosis [38]. Targeted inhibition of the JAK–STAT pathway 
ameliorates clinical symptoms and slows disease progression 
in rheumatoid arthritis [39].

Molecular docking analysis revealed that SDC1 exhibited 
the strongest binding affinity for JAK2. Western blot analy-
sis revealed a significant upregulation of SDC1, p-JAK2, and 
p-STAT3 in the synovial tissue of rats in the model group,
suggesting that SDC1 may contribute to RA pathogenesis
by activating the JAK2-STAT3 signaling pathway, thereby
promoting synovial cell proliferation and inflammatory
responses.

To further investigate the role of SDC1, we reduced SDC1 ex-
pression in the MH7A cell line. Our experimental findings 
revealed that the knockdown of SDC1 notably decreased cell 
proliferation, lowered the levels of p-JAK2 and p-STAT3, and 
induced apoptosis in the cells. These results provide additional 
evidence that SDC1 is critically involved in the pathogenesis of 
RA through modulation of the JAK2-STAT3 signaling pathway. 
Therefore, SDC1 may serve as a promising therapeutic target for 
the management of RA. By inhibiting SDC1 or its related signal-
ing pathways, it may be feasible to effectively curb the abnormal 
growth and inflammatory response of synovial cells, thereby 
mitigating the progression of RA.

In addition to its upstream regulatory role in the JAK2–STAT3 
signaling pathway, SDC1 has been reported to influence sev-
eral downstream effectors implicated in RA pathogenesis. 
Previous studies have shown that SDC1 can modulate the 
expression of matrix metalloproteinases (MMP-1, MMP-3, 
MMP-9), contributing to extracellular matrix degradation and 
cartilage destruction. Moreover, SDC1 has been associated 
with regulation of pro-inflammatory cytokines, including 
IL-6, TNF-α, and IL-1β, thereby promoting synovial inflam-
mation and fibroblast activation. These observations suggest 
that SDC1 may act as a central node linking JAK2–STAT3 
signaling to multiple pathogenic effectors in RA, providing 
a mechanistic framework for understanding its potential as a 
therapeutic target.

This study underscores the pivotal role of SDC1 in the pathogen-
esis of rheumatoid arthritis (RA), supported by bioinformatics 
analysis and experimental validation. It identified how SDC1 
regulates the progression of RA through the JAK2-STAT3 sig-
naling pathway.

However, this study had several limitations remain. Although 
this study confirmed the role of SDC1 in CIA rat models and 
MH7A cells, its role in rheumatoid arthritis patients still needs 
further investigation through large-scale clinical studies. The 
precise regulatory mechanisms of SDC1 in RA are not yet fully 
understood, and future research should focus on exploring its 
upstream regulators and downstream effectors.

This study combined bioinformatics, machine learning, and ex-
perimental validation to explore the role of SDC1 in rheumatoid 
arthritis (RA). This suggests that SDC1 may regulate the patho-
logical process of RA through the JAK–STAT signaling path-
way. This discovery not only identifies new potential targets for 

diagnosing and treating RA but also creates new pathways for 
exploring the function of SDC1 in autoimmune disorders.

5   |   Conclusions

This study identified SDC1 as a key gene in the pathogenesis 
of rheumatoid arthritis. By integrating bioinformatics analysis 
with experimental validation, we demonstrated that SDC1 pro-
motes disease progression via the JAK2-STAT3 signaling path-
way. These findings suggest that SDC1 may serve as a potential 
biomarker for early diagnosis and a novel target for therapeutic 
intervention in rheumatoid arthritis.
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ABSTRACT
Objective: To evaluate the clinical characteristics, disease burden, and treatment patterns of axial spondyloarthritis (axSpA) 
using the recently proposed Assessment of Spondyloarthritis International Society (ASAS) definition of difficult-to-manage 
axSpA (D2M-axSpA).
Methods: A total of 383 patients with axSpA were enrolled. This multicenter cross-sectional study was conducted in three ter-
tiary care centers, enrolling consecutive axSpA patients from outpatient clinics. Patients were classified as D2M-axSpA based on 
prior use of biologic or targeted synthetic disease-modifying antirheumatic drugs (b/tsDMARDs) and persistent disease activity 
based on the ASAS definition. Logistic regression analysis identified factors associated with D2M-axSpA.
Results: Among patients, 11.2% met the D2M-axSpA criteria. The cohort was 58.7% male, with a mean age of 43.5 ± 10.5 years. 
Radiographic axSpA was present in 70.8%, and 69.2% of patients had received biological therapy. D2M-axSpA patients exhib-
ited higher inflammatory markers (ESR, CRP), increased disease activity (BASDAI, ASDAS-CRP), and greater functional im-
pairment (BASFI, ASQoL). Peripheral arthritis (p = 0.001), enthesitis (p = 0.031), smoking history (p = 0.037), and comorbidities 
(p = 0.020) were significantly more frequent in D2M-axSpA. Among D2M-axSpA patients, 22/383 (5.7%) fulfilled the treatment-
refractory criteria. Radiographic findings revealed higher rates of sacroiliac ankylosis, lumbar syndesmophytes, symphysitis, 
and ischial enthesitis, as well as mSASSS scores. Logistic regression identified anterior uveitis (OR: 4.474, p = 0.007), peripheral 
arthritis (OR: 2.684, p = 0.021), and comorbidities (OR: 2.878, p = 0.013) as independently associated factors.
Conclusion: Findings highlight the clinical and radiographic burden of D2M-axSpA and emphasize the need for optimized 
treatment strategies, particularly in patients with comorbidities, a history of anterior uveitis or peripheral arthritis, and those 
with a smoking history.

1   |   Introduction

Axial spondyloarthritis (axSpA) is a chronic inflammatory dis-
ease primarily affecting the axial skeleton, leading to progres-
sive structural damage and functional impairment [1]. Despite 
therapeutic advances, a subset of patients remains difficult to 

manage (D2M), characterized by persistent disease activity and 
impaired quality of life (QoL). To address this unmet need, the 
Assessment of SpondyloArthritis International Society (ASAS) 
recently developed a consensus-based definition of D2M-
axSpA, which requires (i) prior failure of ≥ 2 b/tsDMARDs 
with different mechanisms of action (MOA), (ii) persistent 
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disease activity (Ankylosing Spondylitis Disease Activity 
Score using C-reactive protein [ASDAS-CRP]) ≥ 2.1, active pe-
ripheral manifestations, or impaired health-related quality of 
life (HRQoL), and (iii) physician or patient perception of the 
disease as difficult to manage [2]. Within this framework, the 
ASAS consensus also describes a treatment-refractory (TR) 
subgroup, defined as patients showing persistent objective in-
flammation (elevated CRP and/or magnetic resonance imag-
ing [MRI] activity) despite failure of at least two b/tsDMARDs 
with different MOA.

Recent studies indicate that approximately 19.6% to 22.9% of 
axSpA patients receiving biologic therapy meet the criteria for 
difficult-to-treat (D2T) disease [3, 4]. Several factors have been 
associated with D2T condition, including female sex, longer 
disease duration, uveitis, peripheral manifestations, comor-
bidities such as psoriasis and hypertension, and a higher prev-
alence of fibromyalgia [3, 5]. Additionally, these patients tend 
to have higher disease activity scores, increased acute phase 
reactants, and greater impairment in health-related quality of 
life measures compared to those with treatment-responsive 
axSpA [3, 5].

Despite the availability of Tumor Necrosis Factor (TNF) in-
hibitors, IL-17 inhibitors, and Janus kinase (JAK) inhibitors, a 
substantial proportion of axSpA patients continue to experience 
uncontrolled disease activity, highlighting the need for a better 
understanding of the pathophysiology, predictive factors, and 
optimal management strategies for D2M-axSpA. Identifying 
early predictors of D2M disease courses can facilitate timely in-
tervention strategies, guide personalized treatment approaches, 
and prevent disease progression, disability, and impaired quality 
of life. Following the publication of the ASAS definition, real-
world studies from Europe and Asia confirmed its clinical rele-
vance: Smits et al. (Netherlands) reported 10% prevalence with 
smoking and psoriasis as independent risk factor [6], and Lee 
et al. (Korea, KOBIO registry) validated its applicability in Asian 
populations [7]. These emerging data support the clinical util-
ity of the D2M concept and highlight the importance of early 
identification of modifiable risk factors such as smoking and co-
morbidities, which may contribute to poor disease control and 
treatment refractoriness.

This study applied the ASAS framework in a real-world cohort 
to identify patients meeting the D2M criteria and to evaluate 
their demographic, clinical, and radiographic characteristics.

2   |   Method

2.1   |   Study Design

This multicenter cross-sectional study was conducted between 
December 2024 and February 2025 at the rheumatology out-
patient clinics of three tertiary care centers in Turkey. We con-
secutively enrolled axSpA patients from our outpatient clinics, 
ensuring a representative population and incorporating the lat-
est clinical perspectives. The diagnosis of axSpA was established 
based on the ASAS classification criteria [8]. The treatment de-
cisions, including the initiation and selection of b/tsDMARDs, 
were made by the treating rheumatologist in accordance with 
European Alliance of Associations for Rheumatology (EULAR) 
recommendations, which suggest initiating such therapies in 
patients with axSpA inadequately controlled on NSAIDs with 
signs of active inflammation [9].

2.2   |   Clinical Evaluation

Disease activity was assessed using the Bath Ankylosing 
Spondylitis Disease Activity Index (BASDAI) and the 
ASDAS-CRP [10]; functional status with the Bath Ankylosing 
Spondylitis Functional Index (BASFI); spinal mobility with 
the Bath Ankylosing Spondylitis Metrology Index (BASMI); 
and quality of life with the Ankylosing Spondylitis Quality of 
Life Questionnaire (ASQoL). Peripheral manifestations were 
evaluated at the most recent visit using a 66/68 swollen and 
tender joint count, documentation of dactylitis, and the Leeds 
Enthesitis Index (LEI), with a score ≥ 1 indicating active en-
thesitis. In line with the ASAS consensus definition of D2M-
axSpA, the second and third criteria were operationalized in this 
study as follows: impaired health-related QoL was defined as an 
ASQoL score > 8, a cutoff shown to have good discriminative 
ability for identifying clinically meaningful QoL impairment in 
previous Turkish validation studies [11]. Disease perceived as 
problematic by either the patient or the physician was defined 
as a patient global assessment (PGA) ≥ 4/10 or a physician global 
assessment (PhGA) ≥ 4/10, reflecting residual disease burden or 
dissatisfaction with current disease control despite treatment.

Weight and height were measured, and body mass index (BMI) 
was calculated. Duration of disease (years), symptom duration, age 
of diagnosis, acute phase reactants (the erythrocyte sedimentation 
rate [ESR], CRP mg/dL), and the presence of human leukocyte 
antigen (HLA)-B27 were recorded. Medication history, including 
current and previous treatments, was collected through both med-
ical chart review and direct patient interviews. Fibromyalgia was 
considered present if documented in the patient's medical records 
based on the treating physician's assessment and/or fulfillment of 
the 2016 revised American College of Rheumatology (ACR) 2016 
Fibromyalgia diagnostic criteria [12], according to this criteria 
Widespread Pain Index (WPI) and Symptom Severity Scale (SSS) 
were assessed. Anxiety and depressive symptoms were evaluated 
using the Hospital Anxiety and Depression Scale (HADS), which 
consists of two 7-item subscales (HADS-A and HADS-D), each 
scored from 0 to 21; scores ≥ 11 were considered indicative of clin-
ically relevant symptoms [13]. Comorbidities were assessed using 
the Rheumatic Disease Comorbidity Index (RDCI) [14] and the 
Modified Charlson Comorbidity Index (mCCI) [15].

Key Messages

• Peripheral arthritis, anterior uveitis, smoking history,
and comorbidities have been associated with difficult-
to-manage axial spondyloarthritis (D2M-axSpA).

• D2M-axSpA was identified in 11.2% of patients and
was strongly associated with higher disease activity
and structural damage.

• Early identification of articular, extraarticular man-
ifestations, and comorbidities may help guide treat-
ment strategies to prevent disease progression and
optimize therapeutic outcomes.
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2.3   |   Radiological Evaluation

The presence of sacroiliitis, syndesmophytes, ischial enthesitis, 
and symphysitis was systematically recorded. Sacroiliac ankylo-
sis was defined as complete fusion of the sacroiliac joint observed 
on standard pelvic radiographs, based on the modified New 
York grading system (grade 4 sacroiliitis). Hip joint involvement 
was assessed using the Bath Ankylosing Spondylitis Radiology 
Hip Index (BASRI-hip), where a score of ≥ 2 was considered in-
dicative of hip involvement [16]. Ischial enthesitis was defined 
as an irregular appearance at tendon and ligament attachment 
sites on pelvic radiographs. The modified Stoke Ankylosing 
Spondylitis Spine Score (mSASSS) was calculated for each pa-
tient to quantitatively assess structural damage in the cervical 
and lumbar spine. The mSASSS was determined by scoring 
anterior vertebral corners at the C2 to T1 and T12 to S1 levels, 
with total scores ranging from 0 to 72 [17]. Radiographs used 
for analysis were not baseline or diagnostic images but the most 
recent radiographs available within the previous 12 months be-
fore study inclusion. When no recent radiographs were available 
in the medical record, updated images were obtained as part of 
standard care. These images, obtained during routine clinical 
follow-up, reflected the patient's current structural status at the 
time of the cross-sectional evaluation.

All radiographs (cervical and lumbar spine and sacroiliac joint 
images) were independently evaluated by two rheumatologists 
(G.A. and H.C.). Both readers had specific training and fellow-
ship experience in spondyloarthritis imaging. The spinal radio-
graphs scored with the mSASSS; the intra-rater ICC values for 
HC and GA were 0.88 and 0.85, respectively, while the inter-
rater reliability was 0.85. These results indicate excellent over-
all reliability for spinal scoring. The final mSASSS score was 
determined by calculating the mean of the two readers' scores. 
In cases of disagreement regarding dichotomous variables, in-
cluding the presence of enthesitis or radiographic sacroiliitis, 
the final decision was reached by consensus between the two 
readers.

2.4   |   Statistical Analysis

All statistical analyses were performed using IBM SPSS 
Statistics for Windows, Version 26.0 (IBM Corp., Armonk, NY, 
USA). Continuous variables were tested for normality using 
the Shapiro–Wilk test and presented as mean ± standard devia-
tion (SD) or median (interquartile range [IQR]), as appropriate. 
Categorical variables were expressed as frequencies and per-
centages. Between-group comparisons were conducted using 
the independent samples t-test or Mann–Whitney U test for 
continuous variables and the chi-square or Fisher's exact test for 
categorical variables.

To identify independent factors associated with D2M-axSpA, 
univariate analyses were first conducted. Variables with a p-
value < 0.10 were selected for multivariable logistic regression 
analysis using a backward stepwise method. Based on both 
univariate results and existing literature, the following vari-
ables were included in the initial model: history of anterior uve-
itis, peripheral arthritis, comorbidity presence, ever smoking, 
sex, Leeds Enthesitis Index (LEI) ≥ 1, ASDAS-CRP score, and 

mSASSS total score. These variables were chosen for their clin-
ical relevance and prior associations with treatment resistance 
in axSpA. ASDAS-CRP and mSASSS were included to assess 
disease activity and structural damage, respectively. Sex and 
LEI were evaluated as potential confounders or effect modifi-
ers. Odds ratios (ORs) with 95% confidence intervals (CIs) were 
reported, and a two-sided p-value < 0.05 was considered statis-
tically significant.

2.5   |   Ethics Statement

The study was approved by the local ethics committee (Approval 
Number: 202400028-05). All participants provided informed 
consent, and the study was conducted in accordance with the 
Declaration of Helsinki.

3   |   Result

A total of 383 axSpA patients were included, of whom 58.7% 
were male. The mean age was 43.5 ± 10.5 years, and the median 
disease duration was 6 (IQR: 8) years. HLA-B27 positivity was 
observed in 54%, while r-axSpA was diagnosed in 70.8% of cases. 
The median ESR and CRP levels were 19.5 mm/h (IQR: 22) and 
3.78 mg/L (IQR: 6.67), respectively.

The mean BASDAI score was 2.51 ± 2.07, BASFI was 2.37 ± 2.11, 
and ASDAS-CRP was 2.01 ± 0.95. The mean ASQoL score was 
5.11 ± 4.9. Biologic therapy was used by the majority of patients 
(69.2%), while comorbidities were present in 35% of the cohort. 
Inflammatory bowel disease (IBD) was reported in 6.3% of 
patients. Fibromyalgia, assessed in a subgroup of 296 patients 
using the 2016 ACR criteria, was present in 18.6%. Additionally, 
symptoms of anxiety and depression were observed in 15.4% and 
13.6% of patients, respectively, based on the HADS. A history of 
enthesitis was observed in 49.4%, while dactylitis, anterior uve-
itis, and peripheral arthritis were reported in 4.2%, 14.1%, and 
32.1%, respectively (Table 1).

Among the cohort, 43 patients (11.2%) were classified as D2M-
axSpA. Among D2M-axSpA patients, 22/383 (5.7%) fulfilled the 
TR criteria. There were no significant differences between the 
D2M and non-D2M groups in terms of sex, age, current smoking, 
employment, disease duration, or HLA-B27 positivity. However, 
a significantly higher proportion of D2M-axSpA patients had a 
history of smoking compared to non-D2M patients (79.1% vs. 
62.9%, p = 0.037). In addition, the D2M group had significantly 
higher ESR (p = 0.003) and CRP (p = 0.016) levels, as well as a 
higher prevalence history of enthesitis (p = 0.031) and peripheral 
arthritis (p = 0.001).

BASDAI, BASFI, and ASDAS-CRP were significantly higher 
in the D2M group. LEI ≥ 1 was similar in D2M-axSpA and 
non-D2M patients (0.074) (Table  2). D2M-axSpA patients had 
a significantly higher history of prior treatments. Ever-use of 
methotrexate and sulfasalazine was significantly more common 
in the D2T group. Ever-use of adalimumab, etanercept, goli-
mumab, and certolizumab was significantly more frequent in 
D2M-axSpA patients. JAK inhibitors and IL-17 inhibitors were 
also more commonly used (Table S1).
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Patients in the D2M group had significantly longer prior 
treatment durations. The duration of the first biologic treat-
ment was notably longer in the D2M group compared to non-
D2M patients (29.5 [IQR: 29] months vs. 6 [IQR: 30] months, 
p = 0.002). Similarly, the duration of the second biologic treat-
ment was also significantly longer in D2M patients (14 [IQR: 
19] months vs. 12 [IQR: 9] months, p = 0.006). Treatment dis-
continuation due to ineffectiveness was more frequent in the 
D2M group, though the difference was not statistically signifi-
cant. Similarly, discontinuation due to side effects was similar 
between groups (Table S2). Consistent with the treatment bur-
den, patients classified as D2M-axSpA had significantly higher 
exposure to biologic therapies. They were more frequently 
treated with ≥ 2, ≥ 3, ≥ 4, and ≥ 5 different biologic agents, 
as well as therapies targeting ≥ 2 different mechanisms of ac-
tion compared to non-D2M patients (Figure 1). No significant 
differences were detected in diabetes, hypertension, thyroid 
disease, hyperlipidemia, fibromyalgia, anxiety, or depression. 
Likewise, no significant differences were observed in the co-
morbidity burden measured by the RDCI and mCCI scores. 
Similarly, fibromyalgia, anxiety, and depression did not differ 
significantly between the groups (Table 3). However, the pres-
ence of at least one comorbidity was significantly higher in 
D2M-axSpA (52.1% vs. 33.2%, p = 0.020).

Radiographic findings showed that sacroiliac ankylosis was 
more prevalent in D2M-axSpA compared to non-D2M patients. 

In addition, lumbar syndesmophytes, ischial enthesitis, and 
symphysitis were also more common in the D2M group. The 
total and lumbar mSASSS scores were significantly higher in 
D2M-axSpA. In contrast, the frequency of hip joint involvement 
was similar between the groups (Table 4).

In the multivariate logistic regression analysis, a history of ante-
rior uveitis was significantly associated with D2M-axSpA (OR: 
4.474, 95% CI: 1.519–13.172, p = 0.007). Patients with a history of 
peripheral arthritis had a higher likelihood of being classified 
as D2M-axSpA (OR: 2.684, 95% CI: 1.157–6.222, p = 0.021). The 
presence of at least one comorbidity was also a significant fac-
tor (OR: 2.878, 95% CI: 1.250–6.627, p = 0.013). Smoking history 
showed borderline statistical significance (OR: 2.258, 95% CI: 
1.001–6.538, p = 0.050) (Table 5).

4   |   Discussion

In this multicenter cohort, 11.2% of patients met the ASAS 
definition for D2M-axSpA. Compared to non-D2M cases, 
D2M-axSpA patients with a more complex disease course are 
characterized by higher inflammatory markers, increased 
structural damage, and increased rates of peripheral arthritis, 
anterior uveitis, and comorbidities. Our results underscore the 
multidimensional clinical burden and treatment challenges as-
sociated with D2M-axSpA.

TABLE 1    |    Demographic, clinical, and disease activity characteristics of axSpA patients.

Variables N = 383 Variables N = 383

Sex, male, n (%) 225 (58.7) SpA family history, n (%) 113 (29.5)

Age, years, mean ± SD 43.5 ± 10.5 NSAID, n (%) 247 (64.5)

Current smoker, n (%) 57 (42.5) Methotrexate, current, n (%) 33 (8.6)

Currently employed, n (%) 74 (55.6) Biological therapy, n (%) 265 (69.2)

Symptom duration, years, median (IQR) 7 (8) ESR mm/h, median (IQR) 19.5 (22)

Disease duration, years, median (IQR) 6 (8) CRP mg/L, median (IQR) 3.78 (6.67)

AxSpA type, r-axSpA, n (%) 271 (70.8) BASDAI, score, mean ± SD 2.51 ± 2.07

HLA-B27 positive, n (%) 135 (54) BASFI, score, mean ± SD 2.37 ± 2.11

BMI, kg/m2, mean ± SD 26.6 ± 4.9 ASDAS-CRP, mean ± SD 2.01 ± 0.95

Comorbidity, at least one, n (%) 38 (28.4) ASQoL, mean ± SD 5.11 ± 4.9

Inflammatory bowel disease, n (%) 24 (6.3) LEI ≥ 1, n (%) 84 (21.9)

History of enthesitis, n (%) 190 (49.4) BASMI total score, median (IQR) 3.2 (1.8)

History of dactylitis, n (%) 16 (4.2) Fibromyalgia (ACR 2016), n (%)a 55 (18.6)

History of anterior uveitis, n (%) 54 (14.1) HADS- anxiety, n (%) 59 (15.4)

History of peripheral arthritis, n (%) 123 (32.1) HADS -depression, n (%) 51 (13.6)

Psoriasis at baseline, n (%) 31 (8.1) D2M-AxSpA 43 (11.2)

Abbreviations: ACR, American College of Rheumatology; AS, Ankylosing Spondylitis; ASDAS-CRP, Ankylosing Spondylitis Disease Activity Score with C-reactive 
protein; ASQoL, Ankylosing Spondylitis Quality of Life Questionnaire; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing 
Spondylitis Functional Index; BASMI, Bath Ankylosing Spondylitis Metrology Index; BMI, Body Mass Index; CRP, C-reactive protein; D2M-AxSpA, difficult-
to-manage axial spondyloarthritis; ESR, erythrocyte sedimentation rate; HADS, Hospital Anxiety and Depression Scale; HLA, human leukocyte antigen; IQR, 
interquartile range; LEI, Leeds Enthesitis Index; NSAID, non-steroidal anti-inflammatory drug; r-axSpA, radiographic axial spondyloarthritis.
aFibromyalgia was assessed in a subset of 296 patients using the 2016 ACR criteria.
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A recent study by Smits et al. was the first to implement the ASAS 
definition of D2M-axSpA in a real-life clinical registry, reporting 
a D2M prevalence of approximately 13% [6]. They identified D2M 
patients as having higher disease activity, poorer functional status, 
and more frequent switching between treatments. Our findings 
are largely consistent, with a comparable D2M prevalence of 11.2% 
and similar clinical characteristics, including significantly elevated 
ASDAS-CRP and BASDAI scores, greater functional impairment, 
and extensive prior exposure to biological therapies. However, 
unlike the Smits cohort, our study incorporated a detailed radio-
graphic assessment, revealing a distinct structural phenotype in 
D2M-axSpA. Structural damage, including sacroiliac ankylosis, 
ischial enthesitis, symphysitis, and higher mSASSS scores, were 
significantly more common in these patients, potentially differen-
tiating them from treatment-responsive cases  [6]. Therefore, we 
thought this structural damage reflects a true D2M phenotype.

In our cohort, a TR subgroup was also identified, comprising 
22 patients (5.7%) who fulfilled the ASAS TR criteria. This 
prevalence is consistent with findings from the Netherlands 
and Korea, where Smits et al. and Lee et al. reported TR rates 
of approximately 4%–6% [6, 7]. These results support the exter-
nal validity of our data and emphasize that, although relatively 
uncommon, TR-axSpA represents a clinically significant pheno-
type characterized by persistent inflammation despite multiple 
b/tsDMARD failures.

While previous studies such as those by Öğüt et al. [4] and Fakih 
et al. [3] the term “D2T,” our study followed the ASAS definition 

TABLE 2    |    Demographic and clinical characteristics of patients with 
and without D2M-axSpA.

Variables

D2M-
AxSpA 
(N = 43)

Non-D2M-
AxSpA 

(N = 340) p

Sex, male, n (%) 23 (53.5) 202 (59.4) 0.457

Age, years, 
mean ± SD

42.05 ± 9.41 41.98 ± 10.67 0.970

Current smoker, 
n (%)

26 (60.5) 162 (47.6) 0.113

Smoker ever, n (%) 34 (79.1) 214 (62.9) 0.037

Currently 
employed, n (%)

28 (65.1) 45 (64.0) 0.571

Symptom duration, 
years, median 
(IQR)

14.05 (8.64) 14.50 (10.02) 0.975

Disease duration, 
years, median 
(IQR)

10.40 (7.29) 9.86 (8.32) 0.390

AxSpA type, r-
axSpA, n (%)

35 (81.4) 235 (69.4) 0.104

HLA-B27 positive, 
n (%)

19 (55.9) 116 (53.7) 0.813

Spondyloarthritis 
family history, n 
(%)

14 (32.6) 99 (29.1) 0.641

BMI, kg/m2, 
mean ± SD

25.4 ± 6.71 26.60 ± 4.91 0.164

ESR mm/h, 
median (IQR)

17 (19) 10 (13) 0.003

CRP mg/L, median 
(IQR)

6.5 (8.9) 3.9 (5.9) 0.016

History of 
enthesitis, n (%)

28 (65.1) 162 (47.6) 0.031

History of 
dactylitis, n (%)

2 (4.7) 14 (4.1) 0.698

History of anterior 
uveitis, n (%)

10 (23.3) 44 (12.9) 0.067

History of 
peripheral 
arthritis, n (%)

23 (53.5) 100 (29.4) 0.001

Psoriasis at 
baseline, n (%)

2 (4.7) 29 (8.6) 0.556

Inflammatory 
bowel disease, n 
(%)

3 (7) 21 (6.2) 0.742

BASDAI, score, 
mean ± SD

4.26 ± 1.86 3.58 ± 2.41 0.036

(Continues)

Variables

D2M-
AxSpA 
(N = 43)

Non-D2M-
AxSpA 

(N = 340) p

BASFI, score, 
mean ± SD

3.40 ± 1.69 2.75 ± 2.45 0.003

ASDAS-CRP, 
mean ± SD

2.84 ± 0.79 2.35 ± 1.05 0.001

ASQoL, mean ± SD 7.88 ± 4.39 6.62 ± 5.40 0.095

PGA, (0–10) 
median (IQR)

5 (3) 3 (5) 0.001

PhGA, (0–10) 
median (IQR)

3 (3) 2 (3) 0.004

LEI ≥ 1, n (%) 14 (32.6) 70 (20.6) 0.074

BASMI total score, 
median (IQR) N: 
214

2.9 (2.8) 2.75 (2) 0.754

Note: Bold p-values indicate statistical significance (p < 0.05).
Abbreviations: AS, Ankylosing Spondylitis; ASDAS-CRP, Ankylosing 
Spondylitis Disease Activity Score with C-reactive protein; ASQoL, Ankylosing 
Spondylitis Quality of Life Questionnaire; BASDAI, Bath Ankylosing 
Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis 
Functional Index; BASMI, Bath Ankylosing Spondylitis Metrology Index; BMI, 
body mass index; CRP, C-reactive protein; D2M-axSpA, difficult-to-manage 
axial spondyloarthritis; ESR, erythrocyte sedimentation rate; HLA, human 
leukocyte antigen; IQR, interquartile range; LEI, Leeds Enthesitis Index; PhGA, 
physician global assessment; PGA, patient global assessment; nr-axSpA, non-
radiographic axial spondyloarthritis.

TABLE 2    |    (Continued)
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of “D2M” axSpA. Although these concepts are similar, D2M-
axSpA is a more standardized, consensus-based classification. 
Therefore, comparisons between studies should be interpreted 
with this distinction in mind.

The observed prevalence of D2M-axSpA in our cohort (11.2%) 
was lower than that reported by Fakih et al. (19.59%) [3], poten-
tially due to methodological differences. Notably, their defini-
tion of D2T axSpA was based on ICD coding, whereas our study 
applied clinically detailed criteria to identify D2M cases. Despite 
this difference, both studies found that D2M-axSpA patients 
had higher inflammatory markers and greater disease burden. 
However, more frequent radiographic damage was observed in 
the current study, a factor not assessed in the analysis by Fakih 
et al.

Analysis of data from the French National Health System iden-
tified psoriasis, peripheral involvement, hypertension, and de-
pression as factors associated with D2T-axSpA [18]. However, in 
our study, psoriasis, hypertension, and depression did not show 
a significant association with D2M-axSpA, while comorbidities 
overall remained an important factor, highlighting potential 
differences in population characteristics or disease phenotypes. 
Despite these differences, both studies highlight the importance 
of comorbidities in the disease burden of D2M-axSpA, with 
peripheral involvement emerging as a common factor in both 
cohorts.

Öğüt et al. (2024) found a significantly higher prevalence of fi-
bromyalgia in D2T-axSpA, whereas in our study, fibromyalgia 

did not differ between groups [4]. However, both studies con-
sistently showed that D2T-axSpA is associated with higher dis-
ease activity, increased inflammation, and poorer quality of life, 
reflecting a greater disease burden. In our study, fibromyalgia 
was assessed using the 2016 ACR criteria, whereas Öğüt et al. 
applied the 2010 criteria. The 2016 criteria emphasize symptom 
severity and may be more specific, potentially accounting for the 
lower prevalence observed in our cohort.

Furthermore, in our previous work on difficult-to-treat rheuma-
toid arthritis (D2T RA), fibromyalgia was independently associ-
ated with D2T status, even after adjusting for relevant clinical 
and demographic confounders [19]. In contrast, the present 
axSpA cohort showed no such association. These findings sup-
port the hypothesis that non-inflammatory contributors, such 
as fibromyalgia, may play a more prominent role in D2T RA, 
whereas D2M-axSpA is more strongly driven by inflammation 
and structural damage.

In contrast to previous studies, including Juárez et  al. (2024), 
which reported a gender difference in the prevalence of D2M-
axSpA, no such difference was found in our cohort [20]. However, 
consistent with their findings, smoking was identified as a key as-
sociated factor in our study as well. Past smoking (ever smoker) 
was significantly more common in D2M patients, while current 
smoking did not show a significant association, suggesting that 
cumulative exposure may be more relevant. Smoking is a key 
contributor to disease progression and treatment resistance in 
axSpA [21]. In our study, ever-smokers were more likely to develop 
D2M-axSpA. Previous research has demonstrated that smoking 

FIGURE 1    |    Comparison of biologic therapy burden and treatment switching in D2M and non-D2M axSpA groups. D2M-axSpA, difficult-to-
manage axial spondyloarthritis. This figure shows the proportion of axSpA patients treated with multiple biological agents or mechanisms of action, 
categorized by D2M status. Orange bars represent D2M-axSpA, and red bars represent non-D2M-axSpA patients. Categories include ≥ 2, ≥ 3, ≥ 4, or 
≥ 5 biologic therapies, and ≥ 2 MOAs. Statistical significance: ***p < 0.001 for all comparisons.
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is associated with higher disease activity, increased MRI detected 
inflammation, and a greater likelihood of syndesmophyte forma-
tion and ankylosis [21]. Additionally, smoking has been linked to 
radiographic progression and reduced response to TNF inhibitors, 
which may explain the higher treatment-switching rates observed 
in our cohort. These findings underscore the detrimental impact of 
smoking on disease outcomes, further complicating disease man-
agement and treatment strategies.

A multicenter retrospective study from Northern France 
identified peripheral involvement, higher BASDAI, extra-
musculoskeletal manifestations, and fibromyalgia as key fea-
tures of D2T-axSpA; baseline prevalence of inflammatory bowel 
disease (IBD) was also higher in the subgroup classified as “very 
D2T” [5]. In contrast, our study did not find fibromyalgia or 
IBD to be significantly different between D2M and non-D2M 
patients, though higher disease activity and peripheral arthritis 
were consistent findings. These discrepancies may be attribut-
able not only to differences in cohort composition, disease phe-
notypes, and healthcare delivery pathways but also to the use 
of distinct definitions of disease refractoriness, including the 
classification of a “very D2T” subgroup, which was not applied 

in our analysis. Despite these variations, both studies highlight 
the heterogeneity of D2T-axSpA and reinforce the challenge of 
managing these patients effectively.

TABLE 3    |    Comparison of comorbidities and psychological features 
between D2M and non-D2M AxSpA patients.

Variables

D2M-
AxSpA 
N = 43

Non-D2M-
AxSpA 
N = 340 p

Comorbidity, at least 
one, n (%)

22 (52.1) 113 (33.2) 0.020

Diabetes mellitus, 
n (%)

3 (7) 19 (5.6) 0.725

Hypertension, n (%) 9 (20.9) 40 (11.8) 0.090

Thyroid disease, n (%) 3 (7) 12 (3.5) 0.272

Hyperlipidemia, n (%) 3 (7) 8 (2.5) 0.115

Fibromyalgia, n (%)a 7 (20) 48 (18.4) 0.818

SSS, median (IQR) 5 (3) 3 (4) 0.075

WPI, median (IQR) 4 (3) 3 (5) 0.179

HADS anxiety, n (%) 6 (14.0) 53 (15.6) 0.774

Anxiety score, 
median (IQR)

4 (7) 6 (5) 0.350

HADS depression, 
n (%)

6 (14.0) 45 (13.6) 0.943

Depression score, 
median (IQR)

5 (8) 6 (5) 0.164

mCCI, median (IQR) 0 (0) 0 (0) 0.539

RDCI, median (IQR) 0 (1) 0 (0) 0.539

Note: Bold p-values indicate statistical significance (p < 0.05).
Abbreviations: D2M-axSpA, difficult-to-manage axial spondyloarthritis; 
HADS, Hospital Anxiety and Depression Scale; IQR, interquartile range; mCCI, 
modified Charlson Comorbidity Index; RDCI, Rheumatic Disease Comorbidity 
Index; SSS, Symptom Severity Scale; WPI, Widespread Pain Index.
aFibromyalgia was assessed in a subset of 296 patients using the 2016 ACR 
criteria.

TABLE 4    |    Comparison of radiographic evaluation D2M and non-
D2M AxSpA patients.

Variables

D2M-
AxSpA 
N = 43

Non-D2M-
AxSpA 
N = 340 p

Sarcoiliac ankylosis, 
n (%)a

19 (45.2) 98 (29.6) 0.040

Presence of cervical 
syndesmophyte, n (%)b

10 (24.4) 95 (29.1) 0.533

Presence of lumbar 
syndesmophyte, n (%)b

18 (43.9) 93 (28.4) 0.048

Presence of 
symphysitis, n (%)

10 (24.4) 27 (8.2) 0.003

Ischial enthesitis, n 
(%)

14 (33.3) 55 (16.7) 0.009

Presence of hip 
involvement, n (%)

13 (31) 98 (29.6) 0.857

Cervical mSASSS, 
median (IQR)

0 (11) 0 (3) 0.746

Lumber mSASSS, 
median (IQR)

11 (21) 0 (4) < 0.001

mSASSS total score, 
median (IQR)

12 (33) 1 (8) 0.002

Note: Bold p-values indicate statistical significance (p < 0.05).
Abbreviations: AxSpA, axial spondyloarthritis; D2M-axSpA, difficult-to-manage 
axial spondyloarthritis; IQR, interquartile range; mSASSS, modified Stoke 
Ankylosing Spondylitis Spine Score.
aAnkylosis was assessed in patients with available anteroposterior pelvic 
radiographs (n = 373).
bCervical and lumbar syndesmophytes were assessed in patients with available 
lateral spine radiographs (n = 368).

TABLE 5    |    Multivariate logistic regression analysis of factors 
associated with D2M-AxSpA.

Variables p OR
95% CI 
lower

95% CI 
upper

Smoker ever 
(present vs. 
absent)

0.050 2.258 1.001 6.538

History of 
anterior uveitis

0.007 4.474 1.519 13.172

History of 
peripheral 
arthritis

0.021 2.684 1.157 6.222

At least one 
comorbidity

0.013 2.878 1.250 6.627

Note: Bold p-values indicate statistical significance (p < 0.05).
Abbreviations: CI, confidence interval; D2M-AxSpA, difficult-to-manage axial 
spondyloarthritis; OR, odds ratio.
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A key strength of this study lies in its direct alignment with the 
recently proposed ASAS definition of D2M-axSpA, ensuring 
methodological consistency with current classification stan-
dards. Moreover, unlike previous investigations that focused 
exclusively on bDMARD-exposed populations, our cohort en-
compassed both biologic-exposed and biologic-naïve patients. 
This broader inclusion captures a more diverse clinical spec-
trum and enhances the external validity and generalizability of 
the findings across real-world axSpA populations.

This study has several limitations. As a cross-sectional analy-
sis, radiographic progression was not assessed longitudinally, 
limiting insights into structural disease progression over time. 
Morewer, the causality cannot be established between associ-
ated factors and D2M-axSpA status. Additionally, baseline dis-
ease characteristics such as initial ASDAS-CRP or MRI findings 
were not available, as only data from the most recent clinical 
evaluation were analyzed, which may limit the evaluation of 
temporal disease dynamics and the identification of early pre-
dictive markers for D2M-axSpA development. Differences in 
national reimbursement policies and limited access to novel 
agents, such as the late inclusion of JAK inhibitors in reim-
bursement and the absence of bimekizumab during the study 
period, may have influenced treatment sequencing, exposure to 
different MOA, and ultimately the classification of D2M-axSpA. 
Lastly, only eight patients with nr-axSpA fulfilled the D2M defi-
nition, limiting the feasibility of subgroup analysis and interpre-
tation in this specific population.

Its originality lies in presenting a detailed radiographic assess-
ment (mSASSS and pelvic lesions) together with comprehensive 
clinical profiling within the ASAS D2M framework. By addi-
tionally incorporating psychological factors such as anxiety, 
depression, and fibromyalgia, the study provides a multidimen-
sional view of disease burden in D2M-axSpA across structural, 
functional, and psychosocial domains.

5   |   Conclusion

This study provides novel insights into the clinical character-
istics and treatment patterns of patients with D2M-axSpA, 
identifying higher disease activity, greater structural damage, 
and increased treatment switching as key features of this sub-
group. Peripheral arthritis, anterior uveitis, and the presence 
of comorbidities were strongly associated with D2M-axSpA. 
These findings highlight the complexity of treatment resistance 
in axSpA and emphasize the importance of early identification 
of high-risk patients to enable more individualized therapeutic 
strategies. Further prospective studies are required to evaluate 
long-term outcomes and to optimize management approaches 
for this challenging patient population.
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To the Editor,
We read with great interest the article by Mruthyunjaya et al. [1], 
titled “Short-Term Effectiveness of Sulfasalazine and Tofacitinib 
in NSAID-Refractory Reactive Arthritis”, published in the 
International Journal of Rheumatic Diseases. The authors should 
be acknowledged for addressing this clinically essential but un-
derstudied topic and providing vital data on therapy options 
in individuals with NSAID-refractory reactive arthritis. Their 
efforts to carefully evaluate the short-term effects of sulfasala-
zine and tofacitinib in a real-world population are timely and 
valuable. However, despite the significant insights this study 
gives, we believe it has the following limitations that deserve 
consideration.

First, only 46 patients completed the study, all from a single hos-
pital in India. This reduces the ability to generalize results to 
other populations. Results might not represent broader, more di-
verse patient groups. Rare adverse effects or subgroup responses 
may have been missed. A study found a significant difference in 
treatment effect estimates between single- and multi-center tri-
als, suggesting that the evidence from single-center trials tends 
to exaggerate treatment effects [2]. Future research should be 
multi-center and recruit larger, more diverse cohorts.

Second, the study uses a short follow-up duration of 12 weeks. 
However, reactive arthritis can become chronic; short follow-up 
may miss long-term relapse or side effects. Although estimates 
vary greatly, it is believed that 30%–50% of all instances of ReA 
become chronic, and the remainder recover autonomously 
within weeks to months [3]. Therefore, future studies should 

include follow-up of at least 6–12 months to determine the sus-
tained benefits and better long-term safety of each drug.

Third, while the authors acknowledge not ruling out Chlamydia-
induced arthritis, they do not address the lack of stratification by 
other identified or suspected pathogens. Because different infec-
tions can trigger arthritis through different pathways, they may 
also respond differently to treatment. By grouping all patients 
together without analyzing them separately (enteric vs. geni-
tourinary triggers or culture-positive vs. culture-negative), the 
study may have blurred the true effectiveness of the drugs. A 
study suggests that a 6-month course of combination antibiot-
ics appears to be a successful therapy for persistent Chlamydia-
induced ReA [4]. Future research should go beyond simply 
excluding Chlamydia and should actively identify the specific 
organisms involved.

Fourth, allocation to SSZ (sulfasalazine) or TOF (tofacitinib) 
was observational, not randomized. Lack of blinding may in-
fluence subjective measures like pain, etc., influencing the re-
ported outcomes. A systemic review and meta-analysis report 
that the trials without patient blinding may slightly exaggerate 
the desirable effects of treatment [5]. Future studies should use a 
randomized controlled design with blinded assessors to reduce 
the bias.

In conclusion, while this study adds useful evidence to the lim-
ited literature on the management of reactive arthritis, con-
cerns about sample size, short follow-up, lack of stratification by 
causative organisms, and lack of blinding should be considered 
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when interpreting the results. We expect that future research 
will address these concerns through larger, multi-center ran-
domized controlled trials with longer follow-up and pathogen-
specific analyses, ultimately offering more reliable guidance for 
physicians.
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ABSTRACT
Objective: Recent studies suggest that immune cells and plasma metabolites may play significant roles in osteoarthritis patho-
genesis. However, the causal relationships between these factors and osteoarthritis are unclear.
Methods: Based on the genome-wide association study (GWAS) database, 731 immune cell phenotypes and 1400 metabolites 
were evaluated for their possible mediating effects on osteoarthritis via two-step Mendelian randomization (MR). Sensitivity 
analyses were conducted to assess the robustness of our findings.
Results: Our findings revealed that 17 immune cell phenotypes were positively associated with osteoarthritis, suggesting their 
potential as risk factors. Conversely, 23 immune cell phenotypes exhibited a negative association, indicating possible protective 
roles against osteoarthritis. Furthermore, we identified 51 metabolites as potential risk factors for osteoarthritis. Conversely, 
34 metabolites were deemed protective factors. Notably, 49 plasma metabolites partially mediated the relationship between 35 
immune cell phenotypes and osteoarthritis, with leucine levels showing the highest mediation proportion (19.3%) between HLA 
DR+ CD4+ %lymphocytes and osteoarthritis.
Conclusion: Our study revealed a substantial impact of specific immune cell phenotypes and plasma metabolites on the progres-
sion of osteoarthritis, enhancing the understanding of the complex interplay between immunity and metabolism in osteoarthritis 
pathogenesis. Further research is necessary to clarify the underlying mechanisms driving these associations.

1   |   Introduction

Osteoarthritis is a prevalent and debilitating musculoskeletal 
disease characterized by the degeneration of joint cartilage 
and the underlying bone, leading to significant discomfort 

and functional impairment [1]. It is a significant contributor 
to pain and disability among older adults worldwide, affect-
ing their quality of life and daily activities [2]. According to 
recent estimates, osteoarthritis affects more than 240 million 
people globally, with the knee joint being the most frequently 
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affected area [2–4]. The incidence of osteoarthritis tends to in-
crease with increasing age, and it is notably more prevalent in 
women, highlighting a sex disparity in its occurrence [5, 6]. 
Given its high prevalence and the substantial burden it places 
on individuals and health care systems, current treatment op-
tions for osteoarthritis focus primarily on managing pain and 
enhancing joint function [4, 7]. This focus on symptomatic re-
lief emphasizes the pressing need for innovative therapeutic 
strategies to more effectively address the underlying causes 
of osteoarthritis and improve the overall management of this 
chronic condition.

Recent studies have suggested that immune cells may play a 
pivotal role in the complex pathogenesis of osteoarthritis [8–11]. 
Synovial inflammation, characterized by the infiltration of 
various immune cells, including macrophages and T cells, has 
been observed in joints affected by osteoarthritis [12–14]. These 
findings suggest that immune cells could serve as potential 
therapeutic targets for the treatment and management of osteo-
arthritis. However, despite the promising implications of these 
studies, the specific types of immune cells involved and their 
precise roles in the multifaceted process of osteoarthritis patho-
genesis remain unclear and warrant further investigation to 
fully understand their contributions to the disease.

Emerging evidence indicates that, in addition to immune cells, 
various metabolic factors may play a significant role in the de-
velopment of osteoarthritis [15–17]. Plasma metabolites, which 
are small molecules that participate in numerous metabolic 
processes within the body, have been implicated in various 
diseases, including osteoarthritis [18]. A particular study con-
ducted on a cohort of middle-aged and elderly individuals in 
China revealed that several plasma metabolites were correlated 
with the severity of knee osteoarthritis, suggesting that these 
metabolites might serve as biomarkers for disease progression 
[19]. These metabolites could influence the pathogenesis of 
osteoarthritis by modulating the function of immune cells or 
exerting direct effects on the tissues within the joints them-
selves. Nevertheless, the causal relationships among immune 
cells, plasma metabolites, and the development of osteoarthri-
tis have yet to be fully explored, leaving a significant gap in our 
understanding of how these factors interact and contribute to 
the disease process.

Traditional observational studies, while valuable in many re-
spects, are often hampered by the presence of confounding fac-
tors and the issue of reverse causation, which together create 
significant challenges in establishing clear and definitive causal 
relationships between various exposures and their correspond-
ing outcomes. In contrast, Mendelian randomization (MR) has 
emerged as a powerful and innovative analytical approach that 
leverages genetic variants as instrumental variables, thereby al-
lowing researchers to explore causality between exposures and 
outcomes with greater clarity and precision [20]. This methodol-
ogy effectively mitigates the biases associated with confounding 
and reverse causation, making it a robust tool for causal infer-
ence. MR has been successfully employed in a variety of con-
texts to investigate the causal relationships among numerous 
risk factors and diseases, including osteoarthritis [21]. By utiliz-
ing genetic data, MR can furnish more substantial and reliable 
evidence for causal inference, which is crucial for identifying 

potential therapeutic targets that could lead to improved treat-
ment strategies.

In this study, we aimed to rigorously evaluate the causal ef-
fects of immune cells on the development and progression of 
osteoarthritis while also investigating the mediating role that 
plasma metabolites may play in this intricate relationship. 
By employing MR methodology, we intend to uncover new 
and promising treatment targets for osteoarthritis, thereby 
enhancing our overall comprehension of its complex patho-
genesis and facilitating the development of more efficacious 
treatment strategies.

2   |   Materials and Methods

2.1   |   Study Design

We comprehensively evaluated the overall impact of 731 im-
mune cells on osteoarthritis via MR. Reverse Mendelian ran-
domization was used to exclude the reverse causal relationship, 
whereas the inverse variance weighted (IVW) method was em-
ployed to filter immune cells as the outcome factor. Employing 
two-step MR, we explored the substantial mediatory impact of 
1400 plasma metabolites on the causative relationship between 
immune cells and osteoarthritis (Figure 1).

2.2   |   Data Sources

Genetic information related to osteoarthritis was downloaded 
from the GWAS database (https://​gwas.​mrcieu.​ac.​uk/​). The 
selected dataset, ukb-b-14486, contains 462 933 samples of 
European ancestry, including 38 472 osteoarthritis cases and 
424 461 control samples. We obtained additional genetic data 
on 731 immune cell phenotypes from a cohort study involving 
3757 Europeans [22]. In addition, genetic data associated with 
1400 plasma metabolites from a cohort study involving 8299 
Europeans were used [23].

FIGURE 1    |    Flowchart. The flowchart illustrates the study design 
using Mendelian randomization (MR) to evaluate the role of plasma 
metabolites as mediators in the causal relationship between immune 
cells and osteoarthritis (OA). It outlines the total effects of immune 
cells, the mediation analysis through metabolites, and the assessment 
of direct effects on OA. Reverse MR analysis is included to exclude re-
verse causation.

https://gwas.mrcieu.ac.uk/
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2.3   |   Selection of Instrumental Variables

First, we applied a strict threshold of p < 1 × 10−5 to obtain single-
nucleotide polymorphisms (SNPs) to ensure the reliability of our 
results. We subsequently refined our selection by screening for 
linkage disequilibrium with a strict R2 < 0.001 and Kb = 10 000. 
In addition, we calculated F statistics, excluding SNPs with F 
statistics less than 10 to mitigate the effect of weak instrumental 
variables on the results.

2.4   |   Statistical Analysis

MR analysis was conducted via five methods: IVW, MR–Egger 
regression, the weighted model, the weighted median, and 
the simple model. To guarantee the precision and reliability 
of our findings, we used IVW as the primary approach, and 
the directions of the odds ratios (ORs) derived from all five 
MR methods were required to be consistent. The variability 
among instrumental variables was assessed using Cochran's 
Q statistic. To evaluate the presence of horizontal pleiot-
ropy, the MR pleiotropic test was employed for MR–Egger 
regression, with the intercept value being calculated accord-
ingly [24]. Additionally, we evaluated the overall impact of 
immune cells on osteoarthritis (β0) and their influence on 
certain metabolites (β1) and investigated how these metabo-
lites may further facilitate osteoarthritis pathogenesis (β2). In 
this way, we calculated the mediating effect (β1 × β2) and the 
mediating proportion as the percentage of the mediating ef-
fect (β1 × β2) over the total effect (β0). p < 0.05 was considered 
statistically significant. All statistical calculations were per-
formed using R version 4.4.1 and the TwoSampleMR package 
version 0.5.7.

3   |   Results

3.1   |   Causal Effects of Immune Cells on 
Osteoarthritis

We identified 41 immune cell phenotypes associated with 
osteoarthritis, including IgD+ CD24+ %B cells, activated 
and resting Treg %CD4+ T cells, CD45RA− CD4+ %T cells, 
and lymphocyte %leukocytes (Figure  2; Table  1; Table  S1). 
In addition, we performed tests for pleiotropy and heteroge-
neity (Table  1; Tables  S2 and S3). Forest plots, funnel plots, 
scatter plots, and leave-one-out plots visually confirmed 
the consistency and reliability of the causal relationships 
(Figures S1–S4).

In the subsequent reverse MR analysis, we included osteoar-
thritis as the exposure condition and 41 immune cell pheno-
types as the outcome. The analysis revealed that osteoarthritis 
was significantly associated with CD40 expression on CD14−
CD16+ monocytes (p < 0.05). No evidence of reverse causality 
was found between osteoarthritis and the other 40 immune 
cell phenotypes (p > 0.05) (Table S4). Among them, 17 immune 
cell phenotypes were positively correlated with osteoarthritis, 
suggesting that they may be potential risk factors for osteoar-
thritis. Twenty-three immune cell phenotypes were negatively 

correlated with osteoarthritis, suggesting a potential protective 
effect against osteoarthritis.

3.2   |   Causal Effects of Metabolites on 
Osteoarthritis

Through rigorous analysis, we initially identified 85 
osteoarthritis-associated plasma metabolites, including 12 
previously uncharacterized metabolites (Figure  3; Table  S5). 
Among the known metabolites, 51 were potential risk factors for 
osteoarthritis, including but not limited to 3-hydroxypyridine 
sulfate levels, argininate levels, N-acetylneuraminate levels, the 
phosphate-to-tryptophan ratio, heptenedioate (C7:1-DC) levels, 
and the glutamate-to-alanine ratio. In contrast, 34 metabolites 
were potential protective factors for osteoarthritis, including 
suberate (C8-DC) levels, 3-phenylpropionate hydrocinnamate 
levels, 3-hydroxymyristate levels, gamma-glutamylthreonine 
levels, and cysteine-glutathione disulfide levels. The stability 
of causal associations was further confirmed by pleiotropic and 
heterogeneous effect testing (Table 2; Tables S6 and S7). The vi-
sualization of forest plots, funnel plots, scatter plots, and leave-
one-out plots provided additional evidence for the consistency of 
the observed causal effects (Figures S5–S8).

3.3   |   Mendelian Randomization Analysis 
of Mediators

After careful screening, we identified 40 immune cell pheno-
types as exposure factors and 85 plasma metabolites as outcome 
variables. We subsequently performed a rigorous MR analysis to 
investigate the effects of the immune cell phenotype on metab-
olites. The results demonstrated the effect size of immune cell 
phenotypes on metabolites (β1), which provided strong support 
for our further understanding of their associations. We defined 
85 plasma metabolites as exposure factors and osteoarthritis 
as the outcome variable. Based on this framework, we per-
formed MR analysis and obtained robust results that validated 
the specific effect size of metabolites on osteoarthritis (β2). We 
subsequently calculated the overall effect of immune cells on os-
teoarthritis (Table S8).

3.4   |   Analysis of Mediation

The mediation analysis identified 49 plasma metabolites that par-
tially mediated the relationships between 35 immune cell phe-
notypes and osteoarthritis (Table 3). The full mediation analyses 
are provided in Table S8. Among these pathways, leucine demon-
strated the highest mediation (19.3%) between HLA DR+ CD4+ 
%lymphocytes and osteoarthritis, with the most significant neg-
ative mediation effect. Similarly, the taurine-to-glutamate ratio 
showed strong mediation across multiple pathways, contributing 
an 18.8% mediation proportion between CD20 on IgD-CD38br 
lymphocytes and osteoarthritis and an 18.5% mediation propor-
tion between SSC-A on monocytes and osteoarthritis. Overall, 
these findings provide robust evidence for the mediating role of 
plasma metabolites in linking immune cell phenotypes to osteo-
arthritis pathogenesis.
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4   |   Discussion

This study aimed to evaluate the causal relationship between 
immune cells and osteoarthritis and to investigate the medi-
ating role of plasma metabolites in this process. The findings 
revealed a significant impact of immune cells on osteoarthritis 
and identified specific plasma metabolites that mediate this ef-
fect. These results highlight potential therapeutic targets for os-
teoarthritis through the modulation of immune cell activity and 
associated metabolic pathways.

Our findings are consistent with those of previous studies em-
phasizing the critical role of immune cells in the pathogene-
sis of osteoarthritis. Zhang et al. [25], for example, identified 
macrophages, mast cells, memory CD4+ T cells, and B cells 
as the predominant immune cell populations in osteoarthritic 
synovial tissue, highlighting substantial immune infiltra-
tion in osteoarthritis. Similarly, Liu et  al. [26] demonstrated 
the involvement of natural killer cells, CD4+ T cells, macro-
phages, and dendritic cells in the immune processes under-
lying osteoarthritis. Our study builds upon these findings by 
identifying immune cell phenotypes that are either positively 
or negatively correlated with OA, suggesting that some im-
mune cells may act as risk factors, whereas others may serve 
as protective factors. For example, Teng et al. [27] identified 
specific immune cell phenotypes associated with osteoarthri-
tis. These findings revealed a positive association between 
CD64 expression on CD14−CD16+ monocytes and hip os-
teoarthritis, with an odds ratio (OR) of 1.0593. In line with 
these findings, our study demonstrated a statistically signifi-
cant positive association between CD64 expression on CD14−
CD16+ monocytes and osteoarthritis (p = 0.008). In support 

of these observations, Teunissen van Manen et al. conducted 
synovial biopsies on numerous end-stage osteoarthritis pa-
tients and revealed that CD64 expression in synovial tissue is 
closely linked to the expression of various proinflammatory 
cytokines, matrix-degrading metalloproteinases (MMPs), and 
alarmins. Specifically, CD64 is associated with elevated levels 
of MMP1, MMP3, MMP9, and MMP13, as well as the proin-
flammatory cytokines IL-1β and IL-6 and the alarmin S100A9 
[28]. This finding aligns with findings from rheumatoid ar-
thritis, where CD64 is markedly upregulated on inflammatory 
macrophages, contributing to joint inflammation through 
similar inflammatory and tissue-degrading mechanisms [29]. 
Together, these studies suggest that targeting CD64+ immune 
cells may help attenuate the inflammation and tissue degra-
dation associated with OA, potentially offering a novel thera-
peutic approach.

Our study also revealed a unique reverse causal relationship be-
tween CD40 expression on CD14−CD16+ monocytes and osteo-
arthritis, suggesting that the process of osteoarthritis itself may 
influence immune cell phenotypes rather than immune activation 
solely to drive disease progression. This finding highlights the dy-
namic interplay between joint degeneration and systemic inflam-
mation, where osteoarthritis may modulate CD40 expression as 
part of a feedback mechanism, potentially impacting monocyte 
function. CD40 is implicated in the pathogenesis of rheumatoid ar-
thritis, a condition with similarities to osteoarthritis, through the 
CD40–CD40L axis, which influences T-cell responses, B-cell auto-
antibody production, and cytokine secretion [30]. Understanding 
this bidirectional interaction could open new avenues for thera-
peutic strategies targeting the CD40 signaling axis, with implica-
tions for both osteoarthritis and its systemic effects.

FIGURE 2    |    Forest plot of causality between 41 immune cells and osteoarthritis. This figure illustrates the causal associations between 41 im-
mune cell phenotypes and osteoarthritis (OA), as identified through Mendelian randomization (MR) analysis. Each immune cell phenotype is repre-
sented along with its odds ratio (OR) and 95% confidence interval (CI), providing insights into whether it acts as a risk factor or protective factor for 
OA. The significant results (p < 0.05) highlight potential key immune cell phenotypes influencing OA pathogenesis. The inverse variance weighted 
(IVW) method was used for robust causal inference.

TABLE 1    |    Partial MR analysis of immune cells and OA.

Exposure Method Nsnp Beta SE p Pleiotropy Heterogeneity

IgD+ CD24+ %B cells IVW 19 −0.002 0.001 0.027 0.602 0.783

IgD+ CD24− %B cells IVW 19 0.002 0.001 0.022 0.113 0.999

Activated and resting Treg %CD4+ T cells IVW 26 0.001 0.001 0.029 0.332 0.453

CD45RA− CD4+ %T cells IVW 24 −0.001 0.001 0.045 0.198 0.198

EM CD4+ activated T cells IVW 22 0.001 0.000 0.047 0.919 0.687

CM DN (CD4−CD8−) %DN T cells IVW 16 0.002 0.001 0.043 0.607 0.197

Lymphocyte %leukocytes IVW 21 −0.001 0.001 0.042 0.515 0.273

DP (CD4+ CD8+) %leukocytes IVW 20 0.002 0.001 0.044 0.505 0.837

HLA DR+ CD4+ %T cells IVW 24 −0.002 0.001 0.012 0.447 0.908

HLA DR+ CD4+ %lymphocytes IVW 18 −0.002 0.001 0.023 0.324 0.826

Note: This table summarizes the partial MR analysis results, showing causal links between immune cell phenotypes and osteoarthritis (OA). Significant associations 
(p < 0.05) revealed immune cells as potential risk factors or protective agents, with robust findings supported by minimal pleiotropy and heterogeneity.
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Additionally, research into the blood plasma metabolites of 
osteoarthritis patients has garnered considerable attention 
because of its potential to identify novel biomarkers and shed 
light on the pathophysiology of this disease. A systematic re-
view and meta-analysis [31] identified 132 small-molecule me-
tabolites that were differentially expressed in osteoarthritis 
patients compared with healthy controls. Notably, amino acids 
and their derivatives, including tryptophan, lysine, and proline, 
have been highlighted as promising biomarkers for osteoar-
thritis diagnosis and progression monitoring [32]. In line with 
these findings, our study demonstrated a statistically signifi-
cant positive correlation between N-acetylarginine levels and 
osteoarthritis (p = 0.03), reinforcing its relevance as a potential 

biomarker. Further investigations by Fu et  al. [33] elucidated 
the role of N-acetylarginine in the pathogenesis of hip osteoar-
thritis. This study identified four critical metabolic pathways, 
including ethanol degradation, amino sugar metabolism, fatty 
acid biosynthesis, and aspartate metabolism, which are regu-
lated by acetylarginine. These findings not only support our re-
sults but also provide a deeper understanding of how metabolic 
dysregulation contributes to the development of osteoarthritis. 
Importantly, N-acetylarginine has been identified as a key factor 
in the protective roles of CD25+ regulatory T cells, highlighting 
the potential for targeting metabolites in immune-modulatory 
therapies. Our analysis revealed that N-acetylarginine contrib-
utes to 4.8% of the documented protective effect, suggesting 

FIGURE 3    |    Forest plot of causality between 85 plasma metabolites and osteoarthritis. This figure depicts the causal relationships between 85 
plasma metabolites and osteoarthritis (OA) identified through Mendelian randomization (MR) analysis. Each metabolite is displayed with its corre-
sponding odds ratio (OR) and 95% confidence interval (CI), indicating its role as a potential risk factor or protective factor for OA. Statistically sig-
nificant associations (p < 0.05) are emphasized, providing insights into the metabolic pathways contributing to OA pathogenesis. The analysis was 
performed using the inverse variance weighted (IVW) method for robust causal estimation.
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that targeting specific metabolites could enhance the efficacy 
of immune-modulatory strategies for osteoarthritis. The iden-
tification of N-acetylarginine as a crucial mediator of immune 
modulation underscores the need to incorporate metabolic path-
ways into osteoarthritis research. These findings extend beyond 
the activity of immune cells, offering a more integrative per-
spective of the disease, which is characterized by both immune 
and metabolic dysregulation. The robust correlation between 
N-acetylarginine and osteoarthritis progression, along with its
mediating influence, indicates that targeting specific metabolic
pathways could lead to new therapeutic opportunities. Through
the lens of metabolites such as N-acetylarginine, we have an
opportunity to increase the effectiveness of therapies aimed at
balancing immune responses, potentially slowing disease pro-
gression and improving patient outcomes. This multidimen-
sional approach, which integrates both immune and metabolic

modulation, holds promise for developing a more comprehen-
sive strategy for osteoarthritis management and aligns with cur-
rent trends in personalized medicine and precision therapies.

Our findings revealed that leucine levels were associated with 
the highest mediation proportion (19.3%) between HLA DR+ 
CD4+ %lymphocytes and osteoarthritis. This discovery is 
supported by multiple experimental studies. Akhtar et al. [34] 
demonstrated that leucine inhibits inflammatory mediators in 
osteoarthritic chondrocytes while promoting cartilage repair 
genes, suggesting a chondroprotective role. Kim et  al. [35] re-
ported that leucine is essential for normal chondrocyte develop-
ment, as its restriction inhibits proliferation and differentiation 
through both mTOR-dependent and mTOR-independent path-
ways. In support of the importance of leucine, Moon et al. [36] 
reported that a leucine zipper protein (SMILE) reduces cartilage 

TABLE 2    |    Partial MR analysis of metabolites and OA.

Exposure Method Nsnp Beta SE p Pleiotropy Heterogeneity

Xanthurenate levels IVW 25 0.004 0.002 0.021 0.941 0.020

Suberate (C8-DC) levels IVW 22 −0.004 0.002 0.030 0.844 0.329

3-Phenylpropionate hydrocinnamate levels IVW 22 −0.006 0.002 0.001 0.654 0.550

3-Hydroxymyristate levels IVW 19 −0.005 0.002 0.023 0.705 0.149

Butyrylglycine levels IVW 20 0.003 0.001 0.002 0.343 0.177

Stearoylcarnitine levels IVW 21 0.003 0.002 0.031 0.668 0.325

Gamma-glutamylthreonine levels IVW 35 −0.003 0.001 0.042 0.610 0.151

1-Stearoyl-GPG (18:0) levels IVW 24 0.003 0.001 0.017 0.925 0.477

Cysteine-glutathione disulfide levels IVW 26 −0.003 0.001 0.038 0.306 0.900

1-Linoleoyl-GPE (18:2) levels IVW 33 −0.003 0.001 0.019 0.974 0.384

Note: This table summarizes the partial MR analysis results, showing causal links between metabolites and osteoarthritis (OA). Significant associations (p < 0.05) 
reveal metabolites as potential risk factors or protective agents, with robust findings supported by minimal pleiotropy and heterogeneity.

TABLE 3    |    The top 10 mediated proportions in causal relationships.

Exposure Metabolite Outcome Mediated effect
Mediated 

proportion (%)

HLA DR+ CD4+ %lymphocytes Leucine levels Osteoarthritis −0.000417 19.30

CD20 on IgDCD38br lymphocytes Taurine-to-glutamate ratio Osteoarthritis 0.000186 18.80

SSC-A on monocytes Taurine-to-glutamate ratio Osteoarthritis −0.000302 18.50

HLA DR+ CD4+ %T cells Leucine levels Osteoarthritis −0.000377 18.20

IgD+ CD24− %B cells Ethylparaben sulfate levels Osteoarthritis 0.000268 17.60

CD25 on IgD− CD38− 5-Hydroxyindole sulfate levels Osteoarthritis 0.000202 16.80

SSC-A on HLA DR+ T cells N-acetylneuraminate levels Osteoarthritis 0.00032 16.60

IgD+ CD24+ %B cells Hypotaurine-to-cysteine ratio Osteoarthritis −0.00038 16.40

CM DN (CD4−CD8−) %DN X-12839 levels Osteoarthritis 0.000297 16.20

EM CD4+ AC 3-Phenylpropionate 
hydrocinnamate levels

Osteoarthritis 0.000154 16.10

Note: This table lists the top 10 mediation pathways between immune cell phenotypes and osteoarthritis (OA). Each pathway includes an immune cell (exposure), a 
metabolite mediator, and OA as the outcome. The mediated proportion represents the percentage of the immune cell's effect on OA explained by the metabolite, with 
leucine levels showing the highest mediation proportion (19.3%).
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damage and OA biomarkers by modulating inflammatory sig-
naling. Additionally, Tanaka et  al. [37] reported that small 
leucine-rich proteoglycans (SLRPs) play a critical role in main-
taining proper collagen fibril formation, with their reduced 
expression in OA cartilage contributing to matrix degradation. 
Together, these studies provide strong experimental evidence for 
the critical role of leucine in cartilage homeostasis and osteoar-
thritis pathophysiology. Importantly, clinical evidence supports 
the relevance of leucine in OA pathogenesis through multiple 
mechanisms. Satis et al. [38] conducted a clinical study reveal-
ing that serum leucine levels are the highest in healthy individu-
als and lowest in patients with severe OA, suggesting a negative 
correlation between leucine levels and OA severity. These find-
ings indicate that leucine is potentially directly involved in car-
tilage metabolism and protection. Additionally, Park et al. [39] 
demonstrated the role of leucine in the musculoskeletal aspect of 
OA, showing that leucine-enriched amino acid supplementation 
improves muscle density and quality of life in patients with OA 
in the knee. These clinical findings align with our genetic data, 
supporting the multifaceted protective role of leucine in OA. 
Our study is the first to reveal the mediating role of leucine in 
the relationship between immune cells and osteoarthritis from 
a genetic perspective, providing new insights into how metab-
olites influence both immune regulation and musculoskeletal 
function in osteoarthritis pathogenesis.

In light of the limitations of this study, several factors should be 
considered. First, the analysis was conducted without integrat-
ing lab experiments, which could have provided additional bio-
logical validation and insights into the mechanisms underlying 
the observed associations. To address this limitation, we plan to 
investigate the regulatory role of leucine in inflammation using 
human chondrocyte and immune cell cocultures and validate 
the effects of leucine on osteoarthritis development in animal 
models. Second, the genetic data used in this study were derived 
mainly from populations of European ancestry, which may limit 
the applicability of these findings to more diverse ethnic groups. 
This limitation is unavoidable, as comprehensive datasets for 
731 immune cell phenotypes and 1400 metabolites are currently 
available only for European populations. To maintain consis-
tency and reduce potential confounding factors, we focused 
on osteoarthritis data from populations of individuals with the 
same European ancestry. Future research should develop im-
mune cell and metabolite datasets for diverse ethnic populations 
and validate these associations in multiethnic cohorts to ensure 
broader applicability. Third, the absence of clinical validation 
analyses means that the practical implications of these findings 
in a clinical setting remain uncertain. To address this gap, we in-
tend to evaluate the clinical relationship between leucine levels 
and OA severity across disease stages, which could help trans-
late our genetic findings into practical clinical applications.

5   |   Conclusion

In summary, this study highlights the significant impact of im-
mune cells on osteoarthritis and identifies specific plasma me-
tabolites that mediate this relationship. The use of Mendelian 
randomization methods has strengthened the causal inference 
of these associations. These findings may facilitate the develop-
ment of innovative treatment strategies targeting immune cells 

and metabolic pathways involved in osteoarthritis. Further re-
search, including larger sample sizes, clinical validation, and 
integration with experimental data, will be essential to fully 
understand the potential of these targets for the treatment and 
management of osteoarthritis.
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Dear Editor,
Fast-track pathways (FTPs) for giant cell arteritis (GCA) aid 
timely diagnosis and prevention of complications such as vi-
sion loss and stroke [1–4], however, patient selection remains a 
challenge. The Southend GCA probability score (GCAPS) shows 
promise as a tool to identify low-risk patients who may not re-
quire urgent specialist assessment or imaging [5–8]. We ana-
lyzed the outcomes of our GCA FTP in Auckland New Zealand, 
including the performance of the GCAPS in a different popu-
lation and healthcare system to where it has previously been 
validated.

We included 137 patients assessed in the Te Toka Tumai 
Auckland Rheumatology FTP for suspected GCA between 
January 2021 and July 2024. Data on demographic and clinical 
characteristics, timepoints through the pathway, investigations, 
treatment and final diagnosis were collected. Diagnostic confir-
mation was based on ultrasound (US), temporal artery biopsy 
(TAB), and/or clinical decision to treat. In our GCA clinic, two 
rheumatologists (RS, JM) with expertise in US conduct assess-
ments using a GE Logic P9 R4 machine equipped with an L10-
22-RS linear probe for cranial arteries and an L4-12t-RS linear 
probe for extracranial arteries. GCAPS was calculated retrospec-
tively from clinical notes. ROC analysis was performed to evalu-
ate GCAPS performance in predicting final GCA diagnosis.

Of the 137 patients included, 101 (74%) were female and the 
mean (SD) age was 78 (6.4) years old. European ethnicity made 
up 75%, 4% each were Māori and Pacific peoples, and the remain-
ing were Asian (15%), Middle Eastern (1%), and African (1%). A 
final diagnosis of GCA was made in 61 patients (45%), and 76 

(55%) were classified as not GCA. The most common alternative 
diagnoses were primary headache disorder (35 patients, 26%), 
mechanical causes including osteoarthritis, cervical spondylo-
sis, and temporomandibular dysfunction (11 patients, 8%), and 
infections including sinusitis, viral, and dental infections (11 
patients, 8%). Nine patients (7%) were evaluated as having poly-
myalgia rheumatica.

Glucocorticoid (GC) therapy was initiated at referral in 127 
(93%). Mean time to specialist assessment was 9.6 days. Twenty-
two (16%) were assessed within 72 h, 62 (45%) were assessed 
within 1 week, 113 (82%) within 2 weeks, and 129 (94%) within 
3 weeks. All but two patients referred to the FTP had US or TAB 
or both, as part of the FTP assessment. One patient had a CT 
head demonstrating an alternative pathology (an intracranial 
space occupying lesion) after referral and prior to GCA clinic 
attendance, while another had a CT vascular angiogram con-
firming extracranial (large vessel) GCA. Most (125 patients, 
92%) underwent US, 24 (18%) underwent TAB, and 13 (10%) 
underwent both diagnostic procedures during their assessment. 
Of the GCA group, 8 (13%) were diagnosed despite negative im-
aging/biopsy, based on clinical history and taking into account 
glucocorticoid exposure. Notably, 5 of these had delayed imag-
ing (> 3 weeks post-GC start), underscoring the limitations of 
delayed assessment on test performance. In an exploratory anal-
ysis of US sensitivity in relation to GC exposure, we calculated 
a sensitivity of 92% when performed within 3 weeks (n = 117), as 
compared to 50% beyond 3 weeks (n = 8).

GCAPS had strong discriminatory performance with an area 
under the curve (AUC) of 0.91 (95% CI: 0.86–0.96) as shown in 
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Figure  1. Using a binary cut-off of ≥ 9, GCAPS demonstrated 
100% sensitivity and 22% specificity. Of the 137 patients in-
cluded, 56 patients (41%) were categorized as high risk, 64 (47%) 
as intermediate, and 17 (12%) as low risk. GCA prevalence was 
86% in the high-risk group, 20% in the intermediate-risk group, 
and 0% in the low-risk group, indicating a negative predictive 
value of 100% in the low-risk group (95% CI: 80.4%–100%). 
Several GCAPS components (Table 1) were significantly associ-
ated with GCA, including polymyalgia, fever, weight loss, scalp 
tenderness, cranial/limb claudication, and elevated CRP.

Our analysis highlights the ongoing challenges in the timely as-
sessment and management of GCA, even with a FTP in place. 
Despite GC therapy being initiated in most cases at the time of 
referral, delays in assessment remain a significant concern. The 
mean time from referral to initial assessment was 9 days, with 
fewer than half of the referred patients being seen within 1 week. 
Only 16% met the international recommendations of within 72 h 
[3]. In our FTP, the availability of US-trained rheumatologists or 
sonographers remains the main limitation to timely assessment. 

These delays increase the risk of diagnostic uncertainty, partic-
ularly when imaging findings are equivocal or negative due to 
prolonged GC exposure, underscoring the need for strategies to 
further streamline the FTP.

This work provides the first validation of the GCAPS in New 
Zealand. Our findings confirm its high sensitivity, especially in 
excluding GCA among low-risk patients. This suggests GCAPS 
could safely reduce unnecessary urgent assessments and imag-
ing in this subgroup—an important consideration for resource-
constrained systems, such as in New Zealand where assessment 
of acute conditions such as GCA are limited to public hospitals. 
Specifically, all patients with low risk GCAPS (n = 17, 12%) un-
derwent an US only, identifying an area where resource alloca-
tion can be modified with the routine application of GCAPS to 
our FTP.

Compared to other cohorts [5–10] in which 15%–34% of referred 
patients are diagnosed with GCA, our 45% rate likely reflects pre-
referral triage by a rheumatologist and also likely contributed 

FIGURE 1    |    Receiver operating characteristic curve and binary cut-off values for GCA probability score in predicting final diagnosis of GCA. 
AUC, area under the curve; GCA, giant cell arteritis; ROC, receiver operating characteristic.
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TABLE 1    |    GCAPS components in patients with and without GCA.

All (n = 137) GCA (n = 61) Not GCA (n = 76)

p*n % n % n %

Female 101 74% 45 74% 56 74% 1

Age

< 50 years (%) 1 1% 0 0% 1 1% 0.205

50–60 years (%) 12 9% 2 3% 10 13%

61–65 years (%) 22 16% 9 15% 13 17%

> 65 years (%) 102 74% 50 82% 52 68%

CRP

0–5 30 22% 1 2% 29 38% < 0.001

6–10 9 7% 3 5% 6 8% 0.345

11–25 21 15% 6 10% 15 20% 0.196

> 25 71 52% 49 80% 22 29% < 0.001

Symptoms

Duration of symptoms

< 6 weeks 105 77% 47 77% 58 76% 0.400

6–12 weeks 14 10% 9 15% 5 7%

12–24 weeks 10 7% 4 7% 6 8%

> 24 weeks 1 1% 0 0% 1 1%

Headache 115 84% 48 79% 67 88% 0.205

Polymyalgia 44 32% 28 46% 16 21% 0.004

Fever 17 12% 12 20% 5 7% 0.040

Weight loss 19 14% 14 23% 5 7% 0.012

Visual symptoms

Blurred 35 26% 17 28% 18 24% 0.718

Diplopia 9 7% 4 7% 5 7% 1.000

Amaurosis 4 3% 3 5% 1 1% 0.463

Cranial or limb claudication 26 19% 22 36% 4 5% < 0.001

Scalp tenderness 62 45% 38 62% 24 32% 0.001

Signs

AION, CRAO, Field loss, RAPD 2 1% 2 3% 0 0% 0.382

Temporal artery abnormality

Tenderness 54 39% 28 46% 26 34% 0.224

Thickening 8 6% 5 8% 3 4% 0.492

Loss of palpable pulse 1 1% 0 0% 1 1% 1.000

Extracranial abnormality

Thickening 1 1% 1 2% 0 0% 0.912

Bruit 0 0% 0 0% 0 0% 1.000

Loss of palpable pulse 0 0% 0 0% 0 0% 1.000

Cranial nerve palsy 2 1% 1 2% 1 1% 1.000

Abbreviations: AION, anterior ischaemic optic neuropathy; CRAO, central retinal artery occlusion; RAPD, relative afferent pupillary defect.
*Multiple comparison correction applied.
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to our slightly higher test performance (AUC). Furthermore, in 
our analysis, the GCAPS was retrospectively calculated with 
no missing data, demonstrating that GCAPS parameters are al-
ready part of the routine initial assessment of suspected GCA 
without the need for further additional testing or information to 
be obtained, supporting its practicality.

A strength of this analysis was that confirmatory testing was 
universal in patients referred to our FTP, as was the documen-
tation of final diagnosis, without missing data. However, despite 
the completeness of GCAPS component data, the retrospective 
design with GCAPS calculated from clinical records was a pos-
sible source of information bias whereby elements of the GCAPS 
were likely to impact the final clinical GCA diagnosis. A further 
limitation is the lack of a gold standard for GCA diagnosis.

In conclusion, this analysis supports GCAPS as a reliable, prac-
tical tool for excluding GCA in low-risk patients, thereby op-
timizing the allocation of limited rheumatology resources. By 
validating the GCAPS in a New Zealand context, we provide 
robust evidence supporting its integration into fast-track path-
ways, enhancing the efficiency of triaging for suspected GCA 
cases. However, persistent delays in assessment and the need 
for confirmatory testing in intermediate- and high-risk groups 
highlight ongoing challenges in resource management and the 
complexities of real-world GCA diagnosis. Addressing these 
gaps is critical to improving outcomes for patients and advanc-
ing the utility of streamlined evidence-based pathways in rheu-
matologic care.
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Artificial intelligence (AI) is rapidly evolving and reshaping 
everyday life for everyone, including healthcare. The general-
purpose models, such as the GPT series, Claude, Gemini, Grok, 
and others, have demonstrated remarkable capabilities in the 
solution of medical problems and presenting opportunities 
and challenges for medical research and clinical practice [1]. 
Rheumatology, characterized by complex chronic diseases, ben-
efits a lot from rapid advances in LLMs, but must also carefully 
manage the associated risks.

1   |   Advancing Rheumatology With Large 
Language Models: From Clinical Practice to Drug 
Discovery

AI, within the past few years, particularly machine learning (ML), 
large language models, and natural language processing (NLP), 
have demonstrated utility in rheumatology [2]. In rheumatology 
research, various LLMs are able to assist rheumatologists in daily 
medical tasks, including imaging analysis, disease classification, 
literature review, data analysis, language editing, and video genera-
tion, covering nearly all aspects of their daily work [3]. LLMs are now  
capable of more complicated tasks in clinical practice, including:

•	 Optimizing Clinical Workflows: By automating tasks such as
chart summaries, discharge notes, referral letters, and assist-
ing in drafting research protocols and manuscripts, LLMs
significantly reduce administrative burdens for clinicians.

• Accessing and Reviewing knowledge with less effort: LLMs 
have the ability in rapid analysis and summarization of
vast quantities of medical literature, enabling researchers
and clinicians to keep pace with exponentially growing

information. medical content, these models provide new 
knowledge through interactive engagement.

• Assisting Clinical Decision-Making: AIs could analyze
clinical notes, imaging, and laboratory data to provide sug-
gestions ranging from differential diagnosis to management 
options. Studies have evaluated the performance of LLMs in 
handling rheumatologic and immunologic cases, showing
potential, especially when integrating multimodal infor-
mation [4]. TImproving Clinician-Patient Communication
and Patient Education: LLMs are able to generate adequate
patient education materials and address frequently asked
patient questions to better assist decision-making [5].

•	 Practical interactive applications: Previously, chatbots primar-
ily were developed for general patient education [6]. However, 
with advanced LLMs such as Claude, clinicians can now cre-
ate practical, interactive applications tailored to healthcare
professionals or patients, even without coding expertise.

• Image analysis: Consequently, the field of medical imaging
AI is relatively more mature compared to other medical ap-
plications of LLMs [7]. Even without fine-tuning, these mod-
els maintain a certain degree of accuracy. Given the rapid
advancements, clinicians must closely follow these updates.

Include applications in Table 1.

2   |   Challenges and Limitations in Clinical 
Application of AI

Despite rapid and extensive resource investment in AI re-
search, significant limitations persist. First, a primary 
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concern for general use remains the validation of AI accuracy. 
AI hallucination has yet to be fully resolved within current 
training paradigms, although numerous approaches to solve 
this issue have already been proposed. Second, the various 
training datasets lead to data bias, potentially exacerbating 
health inequities. Third, cloud-based deployment raises sig-
nificant concerns regarding patient privacy and data security. 
Conversely, running AI locally is often constrained by lim-
ited computing power on personal devices, thereby further 
restricting its practical application. Fourth, even with cur-
rent reasoning models, the internal cognitive mechanisms 
remain inadequately understood. Therefore, these concerns 
must be carefully considered when applying AI to clinical  
scenarios.

3   |   Empowering Rheumatologists: Guiding the 
Ethical and Effective Use of AI

In the face of this transformative technology, the role of the 
rheumatology community is crucial.

1. Never Stop Learning: Familiarize with the fundamental
principles, capabilities, and limitations of state-of-the-art
AI.

2. Critical Thinking: Reconfirm the LLM-generated outputs,
integrating them with clinical experience and evidence-
based medicine for final judgment.

3. Engaging in Research and Development: Collaborating
with AI experts to train, validate, and study AI applica-
tions tailored to rheumatology needs

4. Guiding Ethical Norms: Actively participating in the de-
velopment of ethical guidelines and best practice standards 
for using LLMs within rheumatology

5. Promotion in AI use with Education and Training:
Organizing workshops, seminars, and training programs
to ensure more rheumatologists are well-prepared for the
widespread adoption of AI, thereby preventing the risk of
becoming disconnected from emerging advancements.

6. Shared Decision Making: Actively involving patients in
discussions regarding the implementation of AI, address-
ing their concerns, enhancing transparency, and ensuring
that AI tools are genuinely patient-centered.

7. Promoting Multidisciplinary Collaboration: Facilitating
collaboration among clinicians, data scientists, ethicists,
and policymakers, ensuring balanced, inclusive, and holis-
tic approaches to AI adoption.

8. Following Rapid Growth in Computational Power: the
community must significantly enhance its learning efforts
to accelerate advancements in healthcare beyond the tradi-
tionally slower pace of growth.

4   |   Conclusion

LLMs offer significant promise as tools for rheumatology, with 
potential improvement of clinical practice, medical research, 
and personal life, but several challenges remain. To effectively 
utilize these technologies, their differences in ability, accuracy, 
adherence to the highest ethical standards, and flexibility to 
continuous learning need to be carefully evaluated.

TABLE 1    |    Current applications of LLM in rheumatology.

Application area Specific examples Potential benefits

Clinical Decision Support Analyzing lab data, images, and symptoms to aid 
differential diagnosis; suggesting treatment options.

Support for complicated cases 
to reach differential diagnosis 

and treatment decision 
within shorter period

Research & Literature Review Rapid summary of latest research; organizing 
literature data; analyzing large datasets for 

trends; assisting research proposal adjustment

Rapid knowledge acquisition; 
discovery of new research avenues; 

improved research efficiency

Documentation & 
Administration

Revision of chart summaries; drafting referral 
letters or insurance documents; extracting key 

information from unstructured notes (NLP)

Reduced administrative 
burden; improved document 

quality and consistency

Patient Communication & 
Education

Generating personalized educational materials; 
answering common patient questions; 

analyzing sentiment in PROs; Produce short 
video for patients to enhance compliance

Enhanced patient engagement 
and self-management; improved 

physician-patient communication; 
improve the adherence of patients

Image Analysis (Multimodal) Combining imaging with textual information for 
diagnostic analysis; with fine tuning, image analysis 

is able to provide suggestion in clinical decision

Improved efficiency & potential 
accuracy in image interpretation.

Drug Development & Clinical 
Trials

Predicting drug response with simulation; 
optimizing clinical trial design; analyzing trial data

Accelerated drug development 
pipeline; potential for more 

precise therapies
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Dear Editor,
Monoclonal gammopathy of undetermined significance (MGUS) 
is defined by the detection of monoclonal protein (M-protein) in 
the serum without meeting the diagnostic criteria for other lym-
phoid or plasma cell neoplasms. MGUS can be associated with 
various autoimmune phenomena, including cytopenia and the 
production of autoantibodies. Antiphospholipid antibodies (aPL) 
are a group of autoantibodies directed against phospholipid-
protein complexes. Although persistent aPL positivity is a hall-
mark of antiphospholipid syndrome (APS), it can also be found 
in other conditions or in asymptomatic individuals. The preva-
lence of aPL is significantly higher in patients with MGUS than 
in the general population [1]. The coexistence of MGUS with 
thrombocytopenia and aPL positivity presents a considerable 
clinical challenge, as it necessitates balancing the risks of bleed-
ing and thrombosis. Here, we report a rare case of concurrent 
MGUS, refractory thrombocytopenia, and aPL positivity.

An 82-year-old woman was admitted with a 1-month history of 
epistaxis and gingival bleeding, followed by 5 days of hematem-
esis. She had been diagnosed with immune thrombocytopenia 
over a decade earlier, with her platelet count once dropping to 
1 × 109/L. After 6 months of glucocorticoid treatment, her plate-
lets peaked at 50 × 109/L, but she subsequently discontinued 
therapy and relied on herbal medicine without routine blood 
monitoring. Over the next 10 years, she experienced intermittent 
epistaxis. One month before admission, she developed sponta-
neous limb purpura, recurrent epistaxis, and gingival bleeding. 
A local hospital recorded a platelet count of 5 × 109/L, yet she con-
tinued herbal treatment. Five days prior to admission, she vom-
ited blood once, accompanied by dizziness, fatigue, and melena. 

Laboratory tests revealed leukocytosis (12.42 × 109/L) with 
neutrophilia (11.55 × 109/L), anemia (hemoglobin 99 g/L), and 
thrombocytopenia (55 × 109/L post-transfusion). Immunological 
testing showed positive antinuclear antibodies (homogeneous 
pattern 1:320, speckled patterns 1:100), anticentromere anti-
body positivity, and elevated antiphospholipid antibodies (anti-
cardiolipin IgG + M + A 25.70 AU/mL, IgG 27.00 GPL-U/mL; 
anti-β2 glycoprotein I IgG 28.10 AU/mL). Testing for lupus anti-
coagulant was not performed. The aPL positivity was confirmed 
on repeat testing 12 weeks later. Immunofixation electrophore-
sis detected a faint IgG-λ band. Bone marrow aspiration, biopsy, 
and flow cytometry were unremarkable, confirming MGUS. She 
received methylprednisolone (40 mg/day, 10 days), IV immuno-
globulin (15 g/day, 3 days), somatostatin, and esomeprazole. 
Although her bleeding resolved, her platelets remained low. The 
patient declined further therapy and was discharged.

Studies indicate a significantly higher incidence of aPL in MGUS 
patients than in healthy controls, with diversity in both anti-
body isotypes (IgG, IgM, and IgA) and phospholipid specificity 
(e.g., cardiolipin, phosphatidylserine, and phosphatidylinosi-
tol) [1]. For instance, Stern et  al. reported elevated IgG anti-
phosphatidylinositol in 32% and IgM anti-phosphatidylserine in 
45% of MGUS samples [1]. This suggests the M-protein itself may 
possess aPL activity or that there is a pathophysiological link 
between MGUS and aPL production. However, aPL positivity in 
MGUS patients does not invariably lead to thrombotic events, 
and its clinical significance may differ from classical APS [1, 2].

The pathogenesis of MGUS-related thrombocytopenia (MGRT) 
remains incompletely understood. One proposed mechanism 
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is that the M-protein acts as an autoantibody targeting plate-
let membrane antigens (e.g., GPIIb/IIIa), mediating immune 
platelet destruction similar to classic immune thrombocyto-
penia (ITP) [3]. Another, non-immune mechanism involves 
physical adsorption of the M-protein onto the platelet surface, 
altering its properties and leading to premature clearance by the 
mononuclear-phagocyte system, primarily in the spleen [4]. The 
scenario is more complex when the M-protein also exhibits aPL 
activity, as in our case. It has been speculated that such para-
proteins might interact with phospholipid components or mem-
brane proteins on platelets, directly causing platelet destruction 
or dysfunction and thus contributing to thrombocytopenia 
[2, 5]. Our patient did not experience thrombosis, and therefore 
evidence for a direct prothrombotic role of the M-protein is lack-
ing. The prolonged and severe thrombocytopenia in the absence 
of thrombotic history highlights the heterogeneity of this condi-
tion, where bleeding, rather than thrombosis, becomes the pri-
mary clinical concern.

Our patient responded poorly to glucocorticoids. For patients 
with MGRT, treatment strategies targeting the underlying clonal 
plasma cell or B-cell disorder may be considered, as addressing 
the source of the paraprotein could more effectively alleviate the 
thrombocytopenia. Management becomes particularly cautious 
when aPL co-exists. In the absence of thrombosis, routine anti-
coagulation is generally not recommended to avoid increasing 
bleeding risk [2]. Our patient did not receive anticoagulation 
due to gastrointestinal bleeding. Thrombopoietin receptor ago-
nists (TPO-RAs) have also been suggested as a potential option 
for MGRT in the literature [3], although they were not used in 
this case. For refractory patients, rituximab (particularly for 
IgM-type MGUS) or therapies targeting the clonal cells (e.g., 
proteasome inhibitors, and immunomodulatory agents) may be 
considered [3, 4]. The treatment strategy must be individualized, 
carefully weighing the bleeding risk against the burden of the 
clonal disease.

In summary, we describe a complex case of concurrent MGUS, 
refractory thrombocytopenia, and aPL positivity. This case pre-
sented with bleeding, contrary to typical APS. For such patients, 
treatment requires balancing the control of bleeding risk against 
the management of the underlying clonal disorder, and more re-
search is needed to define optimal management strategies.
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1   |   Clinical Importance of Complete Referral 
Information in Rheumatology, Technological 
Advances and Knowledge Gap

Rheumatologic diagnosis is complex, requiring detailed history, 
examination findings, serologic markers, and advanced imag-
ing, such as magnetic resonance imaging (MRI). In chronic in-
flammatory rheumatic diseases, such as axial spondyloarthritis 
(axSpA) and rheumatoid arthritis (RA), early diagnosis within 
the so-called “window of opportunity” was crucial to optimiz-
ing long-term functional outcomes, underscoring the necessity 
for high-quality referral documentation to support efficient care 
pathways [1].

2   |   Large Language Models-Generated Referral 
Summaries in Rheumatology Might Significantly 
Improve Information Completeness and Writing 
Efficiency

Large language models (LLMs) could analyze unstructured 
clinical text alongside structured data for early rheumatic dis-
ease detection, enabling faster referrals. By identifying patterns 
in general practitioner (GP) records, they could support timely 
recognition and greater efficiency. Evidence from other special-
ties showed artificial intelligence (AI)-assisted documentation 
could reduce preparation time while maintaining accuracy and 
improving clinician satisfaction. Veen et al. reported that LLMs 
might surpass experts in summarization, might reduce docu-
mentation burden and clinician workload, and improve care, 

warranting further prospective validation [2]. Table 1 summa-
rizes current applications of large language models in clinical 
note generation.

Cross-institutional referrals required exchanging sensitive 
electronic medical record (EMR) data across heterogeneous 
systems, and integrating generative AI amplifies privacy and 
security risks, including unauthorized access, re-identification, 
and model-driven data leakage. Encrypted transfer, strict access 
control, auditability, and institutional governance were essential 
to ensure compliant AI-enabled workflows. At the same time, 
current evidence showed that LLMs could enhance diagnostic 
pathways by accurately interpreting patient narratives, accel-
erating recognition of inflammatory diseases, improving doc-
umentation, and supporting task shifting. Embedded within 
hybrid care models, LLMs enabled scalable education and 
multimodal data processing, helping reduce diagnostic delays 
and strengthen patient-centered rheumatology care when prop-
erly validated and regulated [7]. Effective prompt engineering 
was also essential for generating accurate LLMs summaries. 
Suboptimal prompts often lead to superficial or incorrect out-
puts, whereas precise phrasing and clear context enable models 
to produce focused, reliable results [8].

3   |   Humans Must Review Model Outputs to Avoid 
Hallucinations

Although LLMs could automate rheumatology referral summa-
ries, hallucinated or inaccurate content remains a major risk, 
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often masked by confident language [9]. Such errors might mis-
represent disease activity and delay care, making expert over-
sight essential for alignment with clinical guidelines.

If an LLMs mistakenly “hallucinated” a positive antinuclear an-
tibody (ANA) result or an elevated rheumatoid factor (RF) value 
in a referral document, the triage pathway may be distorted. 
Patients without autoimmune disease could be prioritized as ur-
gent rheumatology cases, diverting limited clinic capacity from 
those with true inflammatory arthritis or connective tissue dis-
ease. Unnecessary anxiety, extensive workups, and inappropri-
ate immunosuppressive therapy might follow, while genuinely 
high-risk patients experience delayed assessment and irrevers-
ible joint or organ damage. Although AI can generate substan-
tial analyses, it could not replace important thinking. Clinicians 
must guide data selection, model development, and validation to 
ensure safe use.

4   |   Comparison Between Discriminative AI and 
Generative AI and Their Clinical Applications

AI in rheumatology could be broadly categorized into discrimi-
native and generative paradigms. Discriminative models learned 
P(y∣x), enabling accurate classification and outcome prediction 
from clinical variables. These models had supported early RA 
detection through serologic and imaging features, predicted 
treatment response in systemic lupus erythematosus (SLE), and 
enabled clinically meaningful axSpA phenotype mapping that 
informed risk stratification and linked phenotypic patterns to 
radiographic progression.

In SLE, discriminative AI models played a valuable role not only 
in forecasting treatment response but also in early screening. 
By analyzing structured serologic markers, complement lev-
els, renal parameters, and longitudinal clinical features, these 
systems could spot patients who may not respond well to treat-
ment before serious organ damage develops. Early identification 
supports timelier referrals, personalized monitoring, ultimately 
improving outcomes and conserving limited rheumatology 
resources.

Generative AI focused on joint probability P(x,y) to produce syn-
thetic data and might support patient education, training, office 
management, research, and clinical practice. They could make 
custom handouts, act as virtual tutors, and automate tasks, such 
as scheduling and triage. In research, they might accelerate lit-
erature reviews and hypothesis generation, though risks of inac-
curacies remain. Clinically, they could simplify note writing and 
support problem-solving [9].

Example of a task prompt used to generate structured rheu-
matology referral summaries included as follows: patient age/
sex, chief complaint, symptom duration, relevant joints, func-
tional impact, exam findings, confirmed laboratories (RF, ANA, 
Erythrocyte Sedimentation Rate/C-Reactive Protein), medica-
tions, comorbidities, imaging, and urgency. Keep the summary 
concise (≤ 150 words) and suitable for specialist triage.

Discriminative AI supported diagnosis and outcome pre-
diction, whereas generative AI assisted documentation and T
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communication. Hybrid systems might enhance rheumatology 
care by combining accuracy and efficiency, but generative out-
puts risk errors and require careful clinician oversight.

5   |   Electronic Medical Record Integration, 
Multilingual and Clinical Decision Support

Integrating LLM-based referral summarization into EMR sys-
tems was essential for wider rheumatology adoption. Such 
integration enabled automated data extraction, real-time stan-
dardized summaries, and identification of missing details, eas-
ing documentation while supporting better diagnoses. Future 
progress must address linguistic and cultural diversity through 
multilingual, cross-national training to enhance generalizabil-
ity and collaboration in rare diseases.

Before submission, the referring physician would review and 
validate the LLM-generated summary, confirm supporting data, 
and list a few preliminary differential diagnoses. The structured 
referral would then be forwarded to the rheumatologist, who 
applies specialist expertise to establish the definitive diagno-
sis, determine disease severity, and recommend an appropriate 
treatment and follow-up plan.

LLM-based summarization and decision support could stream-
line rheumatology workflows by clarifying diagnoses, referral 
urgency, and initial management. Combined with AI tools that 
improve early detection, predict progression, and personalize 
therapy, demonstrated in knee osteoarthritis [10], these tech-
nologies enhanced imaging interpretation and shared decision-
making, moving rheumatic care toward a patient-centered 
future.

6   |   Conclusion

LLMs have the potential to significantly enhance rheumatol-
ogy referral quality by improving documentation completeness 
and efficiency. Current evidence was indirect; future prospec-
tive rheumatology-specific LLMs studies remain essential. 
Combining discriminative and generative AI models could 
optimize diagnosis and workflow, but real-world validation 
and careful integration into existing systems were necessary 
for maximizing their clinical impact. Multilingual capabilities 
and clinical decision support integration would further enhance 
their applicability in global rheumatology practice.
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ABSTRACT
Objective: Systemic sclerosis (SSc) is a rare autoimmune disease with high mortality, often due to cardiopulmonary complica-
tions. Hydroxychloroquine (HCQ), commonly used in other rheumatic diseases, has immunomodulatory and potentially cardio-
protective effects, but its role in SSc remains unclear. This study aimed to evaluate the association between HCQ use and the risk 
of mortality, ischemic heart disease (IHD), and pulmonary hypertension (PH) in a large real-world SSc cohort.
Methods: This retrospective cohort study utilized de-identified electronic medical records from the TriNetX Research network. 
Adults with an SSc diagnosis (ICD-10-CM: M34) were divided into HCQ users and non-users. After 1:1 propensity score match-
ing for demographics, comorbidities and medications, outcomes including mortality, PH, acute myocardial infarction (MI), cere-
bral infarction, conduction heart disease, and myocarditis were assessed over 5 years. Risk ratios (RR) and Kaplan–Meier hazard 
ratios were calculated.
Results: Out of 17 395 HCQ users and 58 576 non-users, 15 485 propensity score matched pairs were analyzed. Over 5 years, HCQ 
users showed higher PH (RR 1.124, 95% CI, 1.052–1.200, p < 0.001) but lower mortality (RR 0.719, 95% CI, 0.674–0.767, p < 0.001), 
indicating potential survival benefits. No significant differences were observed for IHD, MI, cerebral infarction, conduction 
disorders, or myocarditis.
Conclusion: Our research indicated that although patients on HCQ had a higher prevalence of PH, they exhibited lower mor-
tality rates, suggesting a possible survival benefit. Further prospective studies are needed to explore these findings and clarify 
HCQ's role in SSC management.

1   |   Introduction

Systemic sclerosis (SSc) is a rare, chronic autoimmune disease 
characterized by widespread microvascular damage, immune 
activation, and progressive fibrosis of the skin and internal 
organs [1, 2]. It predominantly affects women and carries the 
highest case-specific mortality among connective tissue dis-
eases [3], largely due to complications like interstitial lung dis-
ease (ILD) and pulmonary arterial hypertension (PH) [1, 3, 4]. 
Other significant manifestations include gastrointestinal, renal, 

musculoskeletal, and primary cardiac involvement, leading to 
substantial morbidity [3, 5].

The complex pathophysiology involves endothelial injury, im-
mune dysregulation with characteristic autoantibodies, and fi-
broblast activation leading to excessive matrix deposition [2, 3]. 
Early vascular changes, potentially triggered by genetic predispo-
sition and environmental factors, lead to abnormal vasoreactivity 
(like Raynaud's phenomenon, present in > 95% of patients) and 
microvascular obliteration [2, 3, 5]. This is followed by innate and 
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adaptive immune activation, involving T cells (especially Th2), B 
cells, macrophages, and the release of pro-inflammatory and pro-
fibrotic cytokines such as Interleukin-6 (IL-6) and Transforming 
Growth Factor-beta (TGF-β) [2]. Autoantibodies, such as anti-
topoisomerase I (Scl-70) and anti-centromere antibodies, are 
common and associated with specific clinical phenotypes and 
prognoses [2, 3]. Cardiac involvement stems from similar pro-
cesses, including microvascular ischemia–reperfusion injury 
(“cardiac Raynaud's”), inflammation, and patchy myocardial fi-
brosis, affecting heart function and conduction [5, 6].

Hydroxychloroquine (HCQ), an antimalarial drug with immu-
nomodulatory effects, is standard therapy in systemic lupus 
erythematosus (SLE) and rheumatoid arthritis (RA) [7]. It also 
exhibits potentially beneficial pleiotropic effects, including an-
tithrombotic and metabolic actions, suggesting cardiovascular 
protection in some contexts [6, 7]. However, its role in SSc is un-
clear, lacking strong evidence for major organ modification, and 
rare long-term cardiotoxicity is a concern [7–10]. Given the high 
cardiovascular burden in SSc [4, 6], this study aimed to evalu-
ate the association between HCQ use and the risk of mortality, 
ischemic heart disease, and pulmonary hypertension (PH) in a 
large, propensity score-matched real-world SSc cohort.

2   |   Materials and Methods

2.1   |   Data Source and Study Design

This study utilized de-identified electronic medical record 
(EMR) data accessed through the TriNetX Research network, 
a global federated health research platform which facilitates 
clinical and translational research by partnering with health-
care organizations (HCOs) and provides billions of clinical 
facts on more than 275 million patients. The platform is ISO 
27001:2013 certified and HIPAA compliant as it provides self-
service access to de-identified electronic health record data and 
follows GDPR regulations. At the time of analysis (December 
31, 2024), the network included data from 104 HCOs, primar-
ily located in the United States. We conducted a retrospec-
tive cohort study comparing outcomes between SSc patients 
treated with HCQ and those not treated with HCQ. The study 
protocol was generated using the TriNetX analytics platform 
and institutional review board approval was not required due 
to the use of aggregated, de-identified patient data (as per de-
identification standard defined in Section §164.514(b)(1) of the 
HIPAA Privacy Rule).

2.2   |   Cohort Selection

Two patient cohorts were defined based on criteria applied 
to the TriNetX Research network database. Cohort 1 (HCQ 
users) included patients aged 18 years or older with diagno-
sis code for SSc (ICD-10-CM: M34) and medication record for 
HCQ (RxNorm: 5521) on or after the date of their SSc diag-
nosis (ICD-10-CM: M34). Cohort 2 (HCQ non-users) included 
patients aged 18 years or older with diagnosis code for SSc 
(ICD-10-CM: M34) who did not have any medication record 
for HCQ (RxNorm: 5521).

The index event for each patient was defined as the date of the 
first qualifying event meeting the cohort criteria. For cohort 1, 
the index date was defined as the date of the first HCQ prescrip-
tion that occurred after the first SSc diagnosis, to ensure HCQ 
exposure followed the SSc diagnosis. For Cohort 2, the index 
date was the first date of the SSc diagnosis. Only index events 
occurring within the last 5 years from the analysis date were 
included.

2.3   |   Propensity Score Estimation and Matching

To account for baseline differences between patients receiv-
ing HCQ and those who did not, propensity score matching 
(PSM) was performed on all available patient characteristics. 
The propensity score was estimated using a logistic regression 
model that predicted the likelihood of HCQ use based on co-
variates measured at the index date. The covariates included 
demographic factors such as age at index, race, ethnicity, and 
sex; clinical diagnoses including diabetes mellitus, hyperten-
sive diseases, hyperlipidemia, chronic kidney disease (CKD), 
tobacco use, overweight and obesity, and other secondary PH; 
and medication exposures including methotrexate, sulfasala-
zine, azathioprine, angiotensin-converting enzyme inhibitors, 
angiotensin receptor blockers, aspirin, statins, mycopheno-
late mofetil, rituximab, prednisone, and methylprednisolone. 
Matching was conducted using the nearest neighbor algorithm 
without replacement, and no caliper width was specified. 
Balance between cohorts was assessed using standardized 
mean differences, with an absolute value less than 0.10 con-
sidered acceptable. After matching,15 485 patients receiving 
HCQ were matched to an equal number of non-users, and 
all covariates achieved standardized mean differences below 
0.10. Pre- and post-match standardized mean differences are 
presented in (Table  S1), and the corresponding propensity 
score density plot is shown in (Figure  S1). Data on SSc sub-
type, serologic profile, and disease duration were unavailable 
in this database, including SSc subtype (limited/diffuse), dis-
ease duration, key serological profiles (e.g., anti-Scl-70, anti-
centromere antibodies), and baseline diagnosis of ILD. The 
absence of these critical indicators may contribute to residual 
confounding, as these factors strongly influence both progno-
sis and treatment decisions.

2.4   |   Outcome of Interest

The primary outcomes of interest were assessed within a time 
window starting 1 day after the index date and ending 1825 days 
(5 years) after the index date. Outcomes were identified using 
relevant ICD-10-CM codes or specific demographic flags within 
the EMR data. The specific outcomes analyzed were IHD (ICD-
10 I20-I25), Acute Myocardial Infarction (Acute MI) (ICD-
10 I21), Cerebral Infarction (ICD-10 I63), Conduction Heart 
Disease (ICD-10 I45), Myocarditis (ICD-10 I51.4), Mortality 
(Deceased status flag), and PH (ICD-10 I27.2). For the risk and 
survival analyses of each outcome, patients who had a record 
of the specific outcome prior to the index event were excluded 
from the analysis for that specific outcome to ensure the cohort 
was at risk.
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2.5   |   Statistical Analysis

All analyses were performed on the propensity score-matched 
cohorts. Baseline characteristics were summarized using means 
and standard deviations (SD) for continuous variables and 
counts and percentages for categorical variables. Differences be-
tween groups post-matching were assessed using p-values from 
t-tests or chi-squared tests as appropriate, alongside standard-
ized differences. Data on HCQ dosage, cumulative dose, and
medication adherence or duration were not available in the da-
tabase. Therefore, our analysis defines exposure as at least one
prescription and could not distinguish between short-term and
long-term use.

For each outcome, the following analyses were conducted. Risk 
analysis involved calculating the proportion of patients experi-
encing the outcome within the 5 year window for each cohort. 
Risk ratio (RR) with 95% confidence interval (CI) compar-
ing Cohort 1 (HCQ Users) to Cohort 2 (HCQ non-users) were 
calculated. Survival analysis utilized Kaplan–Meier survival 
curves to estimate the probability of remaining free from the 
outcome over the 5-year time window. Patients were censored 
at the date of their last recorded activity in the database if they 
did not experience the outcome during follow-up. The log-rank 
test was used to compare survival distributions between the two 
cohorts. Furthermore, a Cox proportional hazards model was 
constructed on the matched cohort to calculate the hazard ratio 
(HR) and 95% CI for each outcome. All analyses were performed 
using the TriNetX analytics platform. A p-value < 0.05 was con-
sidered statistically significant.

3   |   Results

This analysis compared outcomes between patients with SSc 
treated with HCQ (Cohort 1: SCC on HCQ) and those not treated 
with HCQ (Cohort 2: SCC without HCQ) using data from the 
TriNetX Research network, encompassing 104 HCOs.

3.1   |   Cohort Characteristics and Propensity Score 
Matching

Initially, Cohort 1 included 17 395 patients and Cohort 2 in-
cluded 58 576 patients. Propensity score matching was per-
formed to balance baseline characteristics between the two 
groups. The characteristics used for matching included de-
mographics (age at index, race, sex, ethnicity) and diagnoses/
medications such as diabetes mellitus, hypertensive diseases, 
hyperlipidemia, CKD, tobacco use, obesity, methotrexate use, 
various antihypertensives (losartan, lisinopril, etc.), aspi-
rin, statins (atorvastatin, rosuvastatin, etc.), mycophenolate 
mofetil, and rituximab.

After PSM, each cohort consisted of 15 485 patients. The match-
ing process successfully balanced most baseline characteristics 
between the cohorts, as indicated by the standardized differ-
ences and p-values. Notably, characteristics like age at index, race 
(White, Black or African American, Asian), ethnicity (Hispanic 
or Latino), diagnoses (CKD, Tobacco use, Overweight/obesity), 
and use of most medications (methotrexate, sulfasalazine, 

azathioprine, most antihypertensives, statins, mycophenolate 
mofetil, rituximab) showed small, standardized differences and 
non-significant or borderline p-values post-matching (Table 1). 
After matching, standardized mean differences for all covariates 
were less than 0.10, indicating adequate balance between groups. 
Some minor differences remained post-matching for variables 
like sex (Female/Male), diabetes mellitus, hypertensive diseases, 
hyperlipidemia, aspirin use, and atorvastatin use, although the 
standardized differences were generally small (≤ 0.042). A figure 
depicting the propensity score density functions before and after 
matching was also generated, visually demonstrating the im-
proved balance after matching (Figure 1).

3.2   |   Outcome Analyses (Post-Matching)

Outcome analyses were performed on the propensity score-
matched cohorts. The time window for analysis started 1 day 
after the index event and ended 1825 days (5 years) after the 
index event. Patients with the outcome prior to the time window 
were excluded from the respective risk and survival analyses for 
specific outcomes. The detailed results for each outcome analy-
sis are presented in (Table 2).

For Ischemic Heart Diseases, after excluding patients with prior 
events, the risk analysis showed a higher risk in the HCQ group 
(10.2% vs. 9.6%; RR 1.058, 95% CI, [0.983, 1.138], p = 0.124) but 
the difference was not statistically significant.

Similarly, for Acute MI, after exclusions, the risk analysis re-
vealed no significant difference in risk between the HCQ group 
(3.0%) and the non-HCQ group (3.2%; RR 0.935, 95% CI, [0.823, 
1.062], p = 0.298).

For Cerebral Infarction, following exclusions, both groups had a 
similar incidence, the risk analysis indicated no significant dif-
ference in risk (2.1% in both groups; RR 0.986, 95% CI, [0.846, 
1.149], p = 0.854).

Analysis of Conduction Heart Disease, after exclusions, 
showed no significant difference in risk (3.1% in HCQ user 
vs. 3.2% in non HCQ group; RR 0.955, 95% CI, [0.842, 1.083], 
p = 0.469).

For Myocarditis, after exclusions, the risk analysis found no sig-
nificant difference in the very low risk (0.3% in both groups, RR 
1.128 95% CI, [0.762, 1.670], p = 0.546).

Analysis of Mortality revealed a significant difference after ex-
clusions. The risk analysis showed a significantly lower risk of 
death in the HCQ group (9.0%) compared to the non-HCQ group 
(12.5%; RR 0.719, 95% CI, [0.674, 0.767], p < 0.001). The Kaplan–
Meier survival analysis strongly confirmed this finding, show-
ing a significant difference in survival distributions between 
the two groups (Log-Rank p < 0.001) (Figure  2). Furthermore, 
a Cox proportional hazards model demonstrated a significantly 
lower hazard of death in the HCQ group (HR 0.641, 95% CI, 
0.599–0.687, p = 0.015).

Finally, for PH, after excluding patients with prior events, the 
risk analysis indicated a statistically significant higher risk in 
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TABLE 1    |    Baseline characteristics of systemic sclerosis patients after propensity score matching.

Characteristic
Cohort 1 (HCQ 

Users) (N = 15 485)
Cohort 2 (Non-

users) (N = 15 485) p Std. diff.

Demographics

Age at ndex (years), Mean ± SD 54.0 ± 15.3 54.5 ± 16.3 0.003 0.033

Female, n (%) 13 612 (87.9) 13 411 (86.6) 0.001 0.039

Male, n (%) 1629 (10.5) 1818 (11.7) 0.001 0.039

Race

White, n (%) 9079 (58.6) 9158 (59.1) 0.362 0.010

Black or African American, n (%) 2166 (14.0) 2048 (13.2) 0.051 0.022

Asian, n (%) 1199 (7.7) 1279 (8.3) 0.094 0.019

Hispanic or Latino, n (%) 1446 (9.3) 1473 (9.5) 0.600 0.006

Diagnoses (comorbidities)

Diabetes mellitus, n (%) 1671 (10.8) 1810 (11.7) 0.012 0.028

Hypertensive diseases, n (%) 5086 (32.8) 5424 (35.0) < 0.001 0.046

Hyperlipidemia, unspecified, n (%) 2697 (17.4) 2941 (19.0) < 0.001 0.041

Chronic kidney disease (CKD), n (%) 1325 (8.6) 1345 (8.7) 0.686 0.005

Tobacco use, n (%) 301 (1.9) 320 (2.1) 0.441 0.009

Overweight and obesity, n (%) 1901 (12.3) 2069 (13.4) 0.004 0.032

Other secondary pulmonary hypertension, 
n (%)

1991 (12.9) 2017 (13.0) 0.660 0.005

Medications

Methotrexate, n (%) 1412 (9.1) 1312 (8.5) 0.045 0.023

Sulfasalazine, n (%) 144 (0.9) 111 (0.7) 0.038 0.024

Azathioprine, n (%) 606 (3.9) 545 (3.5) 0.067 0.021

Losartan, n (%) 1136 (7.3) 1230 (7.9) 0.044 0.023

Lisinopril, n (%) 1670 (10.8) 1746 (11.3) 0.168 0.016

Valsartan, n (%) 470 (3.0) 480 (3.1) 0.742 0.004

Captopril, n (%) 126 (0.8) 125 (0.8) 0.949 0.001

Ramipril, n (%) 69 (0.4) 73 (0.5) 0.737 0.004

Enalapril, n (%) 221 (1.4) 227 (1.5) 0.775 0.003

Irbesartan, n (%) 96 (0.6) 101 (0.7) 0.721 0.004

Azilsartan, n (%) 10 (0.1) 10 (0.1%) 1.0 < 0.01

Olmesartan, n (%) 144 (0.9) 151 (1.0) 0.682 0.005

Telmisartan, n (%) 59 (0.4) 61 (0.4) 0.855 0.002

Aspirin, n (%) 3151 (20.3) 3386 (21.9) 0.001 0.037

Atorvastatin, n (%) 1637 (10.6) 1825 (11.8) 0.001 0.039

Rosuvastatin, n (%) 610 (3.9) 659 (4.3) 0.160 0.016

Lovastatin, n (%) 105 (0.7) 128 (0.8) 0.130 0.017

Simvastatin, n (%) 746 (4.8) 812 (5.2) 0.086 0.020

(Continues)
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the HCQ group (12.9%) compared to the non-HCQ group (11.5%; 
RR 1.124, 95% CI, [1.052, 1.200], p < 0.001).

4   |   Discussion

This large, propensity score-matched cohort study utilizing the 
TriNetX real-world database investigated the association be-
tween HCQ use and major outcomes in patients with SSc. Our 
primary findings indicate that after adjusting for numerous 
baseline demographic and clinical characteristics, HCQ use was 
associated with a statistically significant reduction in all-cause 
mortality over a 5-year follow-up period. However, paradox-
ically, HCQ use was also associated with a significantly in-
creased risk of developing IHD and PH, based on risk analyses. 
No significant associations were found for acute MI, cerebral 
infarction, conduction heart disease, or myocarditis.

The observed reduction in mortality associated with HCQ use 
aligns with findings from at least one previously published 
retrospective SSc cohort study [9], although that study ex-
amined mortality determinants without focusing specifically 
on HCQ's effect on different causes of death. In SLE, HCQ is 
well-established to improve survival [7]. The potential mecha-
nisms underlying a survival benefit in SSc remain speculative 
but could relate to HCQ's broad immunomodulatory effects, 
potentially attenuating systemic inflammation or specific dis-
ease processes not captured in our measured outcomes [7]. For 
instance, HCQ might influence factors identified as indepen-
dent mortality predictors in SSc, such as elevated C-reactive 
protein (CRP) [4], via its anti-inflammatory actions [7]. 
Alternatively, its known pleiotropic effects, such as antithrom-
botic properties [6, 7], could be beneficial in a prothrombotic 
disease like SSc, or metabolic benefits might play a role [7]. 
This finding is particularly relevant given the high mortality 
burden in SSc, often linked to cardiopulmonary complications 
like ILD and PH [1, 3, 4]. While newer therapies like mesen-
chymal stem cell transplantation (MSCT) also show promise 
for improving survival in severe SSc [11], the potential benefit 
of a widely available drug like HCQ warrants further investi-
gation. However, our study, being observational, cannot de-
finitively prove causality, and residual confounding may still 
exist despite PSM [12].

The findings regarding increased risk of IHD and PH associ-
ated with HCQ use in our SSc cohort are unexpected and differ 
from the cardioprotective effects generally attributed to HCQ 

in other rheumatic diseases like SLE and Sjögren's syndrome 
[6, 7]. SSc itself confers a high risk of various cardiovascular 
complications, including primary cardiac involvement (myocar-
dial fibrosis, microvascular disease, conduction abnormalities), 
PAH, and potentially accelerated macrovascular atherosclerosis 
[3–6]. The increased risk might reflect residual confounding by 
indication, where HCQ might be preferentially used in patients 
with subtle, unmeasured characteristics associated with higher 
cardiovascular risk, despite matching on measured confound-
ers [12]. Alternatively, the underlying pathophysiology of SSc 
might alter the drug's effects. For instance, HCQ's impact on 
endothelial function or myocardial processes could differ in the 
context of SSc-specific vasculopathy (intimal proliferation, cap-
illary loss) and fibrosis [2, 3, 5]. Significantly, one recent large 
database study found that medium-to-long-term HCQ use was 
associated with a higher risk of pulmonary vascular disease 
(PVD) in patients with ILD [13]. Given that ILD is a common 
and severe manifestation of SSc [1, 3], this finding by Yeh et al. 
[13] lends credence to our observation regarding PH risk, sug-
gesting HCQ might have complex or even detrimental effects
on the pulmonary vasculature in certain chronic inflammatory
lung contexts, potentially related to drug adherence, dosage, or
interaction with viral triggers as hypothesized by the authors
[13]. This contrasts starkly with a small pilot study abstract
suggesting HCQ might improve markers of endothelial injury
(E-selectin, VCAM-1, ET-1) and nailfold videocapillaroscopy
scores in SSc over 3 months [14]. This discrepancy highlights po-
tentially differential short-term versus long-term effects, or that
these biomarkers may not accurately reflect clinical risk for IHD 
or PH development. The lack of association with conduction dis-
ease or myocarditis in our study, despite these being known car-
diac issues in SSc [3, 5], further complicates the interpretation of 
the IHD/PH findings.

Concerns regarding HCQ cardiotoxicity, though rare, typi-
cally involve cardiomyopathy or conduction system abnor-
malities arising after prolonged use (often > 10 years) and high 
cumulative doses, or in acute overdose settings [7, 10]. These 
classic manifestations, often identified via ECG changes or bi-
opsy findings of lysosomal disruption [7], differ from the IHD 
and PH outcomes assessed in our study. Fram et al.'s system-
atic review pre-COVID-19 emphasized the rarity of cardiac 
events with appropriate HCQ use, finding most cases linked 
to cumulative doses exceeding 1 400 000 mg [10]. While our 
study lacked data on HCQ dosage and duration, it is unlikely 
that the observed increased risk of IHD/PH represents typical 
HCQ-induced cardiomyopathy or conduction block, especially 

Characteristic
Cohort 1 (HCQ 

Users) (N = 15 485)
Cohort 2 (Non-

users) (N = 15 485) p Std. diff.

Fluvastatin, n (%) 13 (0.1) 11 (0.1) 0.683 0.005

Mycophenolate mofetil, n (%) 1668 (10.8) 1648 (10.6) 0.713 0.004

Rituximab, n (%) 246 (1.6) 232 (1.5) 0.519 0.007

Prednisone, n (%) 5053 (32.6) 5375 (34.7) < 0.001 0.044

Methylprednisone, n (%) 2878 (18.6) 3086 (19.9) 0.003 0.034

Abbreviations: HCQ, Hydroxychloroquine; SD, Standard Deviation; Std. Diff., Standardized Difference. Data presented as Mean ± SD or n (%).

TABLE 1    |    (Continued)
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given the 5-year timeframe. However, whether HCQ could 
subtly exacerbate underlying SSc-related myocardial ischemia 
(potentially through effects on microvasculature [5] or pulmo-
nary vascular remodeling through mechanisms distinct from 
its classic toxicity profile) remains speculative. Furthermore, 
the limited proven efficacy of HCQ for major SSc manifes-
tations, as reflected in recent EULAR guidelines [8] and the 
lack of effect on functional outcomes (HAQ-DI, CHFS) in the 
large EUSTAR cohort [9], must be weighed against any poten-
tial risks.

This study utilized a large TriNetX sample with PSM to reduce 
confounding, but several limitations warrant consideration. 
Residual confounding from unmeasured SSc-specific prog-
nostic indicators persists, including disease subtype (limited/
diffuse), disease duration, serological profiles (anti-RNA poly-
merase III associated with SRC risk [3]), baseline ILD presence/
severity, lifestyle factors, and HCQ dosage, duration, adherence, 
and treatment initiation/discontinuation reasons. Confounding 
by indication is a major concern, as HCQ may be preferentially 
prescribed to milder disease patients with inherently better 

FIGURE 1    |    Propensity score distribution plot (showing distributions before and after matching); (cohort 1—purple, cohort 2—green).

TABLE 2    |    Comparison of clinical outcomes over 5 years between HCQ users and non-users in systemic sclerosis after propensity score matching.

Outcomesa,b HCQ users (N = 15 485) HCQ non-users (N = 15 485) RR (95% CI) p

Mortality (n, %) 1393 (9.01%) 1936 (12.54%) 0.719 (0.674, 0.767) < 0.001

Pulmonary hypertension (n, %) 1686 (12.9%) 1464 (11.48%) 1.124 (1.052, 1.200) < 0.001

Ischemic heart disease (n, %) 1376 (10.17%) 1281 (9.6%) 1.058 (0.985, 1.138) 0.124

Acute myocardial infarction (n, %) 446 (2.9%) 473 (3.16%) 0.935 (0.823, 1.062) 0.298

Cerebral infarction (n, %) 318 (2.10%) 322 (2.1%) 0.986 (0.846, 1.149) 0.854

Conduction heart disease (n, %) 460 (3.05%) 478 (3.19%) 0.955 (0.842, 1.083) 0.469

Myocarditis (n, %) 53 (0.30%) 47 (0.30%) 1.128 (0.762, 1.670) 0.546

Abbreviations: HCQ: Hydroxychloroquine, MACE: Major Cardiovascular Events, N: total number of patients in the cohort, n: Number of patients affected by the 
outcome, RR: Relative Risk, 95% CI: 95% Confidence Interval.
aPropensity matching balanced cohorts according to demographic variables, laboratory results, associated comorbidities, and use of medications at baseline.
bPatients who had outcome before time window were excluded from each cohort.

FIGURE 2    |    Kaplan–Meier survival curve for mortality; (cohort 1—purple, cohort 2—green).
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prognosis, potentially exaggerating observed survival benefit 
[12]. Despite PSM achieving SMDs < 0.1, statistically significant 
differences remained for sex, hypertension, hyperlipidemia, 
and prednisone use; these were not included as covariates in 
final survival models and may represent residual confound-
ing sources. ICD-10 code reliance introduces misclassification 
bias: PH (I27.2) does not distinguish SSc-associated PAH from 
ILD-associated PH (distinct pathophysiologies potentially re-
sponding differently to HCQ), and IHD codes (I20-I25) cannot 
separate atherosclerotic disease from SSc-specific microvas-
cular impairment or primary SSc cardiac involvement such as 
patchy fibrosis [3, 5]. HCQ exposure definition lacks dosage, 
adherence, and cumulative duration data, preventing differenti-
ation between continuous long-term users and short-term trials, 
which may dilute true treatment effects. The database does not 
specify missing value rates or handling methods, precluding se-
lection bias assessment from complete case analysis. The anal-
ysis did not account for competing risks (e.g., death from ILD 
before PH development), potentially overestimating outcomes 
like PH. The 5-year timeframe may miss longer-term effects or 
toxicity [10]. Inability to perform subgroup analyses based on 
key SSc phenotypes (limited vs. diffuse cutaneous SSc, anti-
Scl-70 vs. anti-centromere antibodies) prevents determination 
of whether observed associations—lower mortality and higher 
PH risk—are consistent across all SSc populations or driven by 
specific unmeasured subgroups. The observational design pre-
cludes causal inference, and contrasting mortality vs. IHD/PH 
findings underscore the complexity of evaluating drug effects in 
heterogeneous diseases like SSc using observational data [12].

5   |   Conclusion

This large propensity score-matched analysis of real-world data 
suggests a complex and potentially paradoxical association be-
tween HCQ use and outcomes in SSc. While HCQ was associated 
with significantly lower 5 year mortality, it was also unexpect-
edly associated with an increased risk of PH diagnoses. These 
findings highlight the need for cautious interpretation, mandate 
further investigation ideally including prospective studies with 
detailed data collection or potentially targeted RCTs.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Covariate balance before 
and after propensity score matching. This plot displays the absolute 
SMD for baseline characteristics across three categories: Demographics, 
diagnosis, and medication. Red solid circles represent the imbalance be-
tween HCQ users and non-users prior to matching (pre-matching). Blue 
open circles represent the balance achieved after 1:1 propensity score 
matching (post-matching). As shown, all covariates achieved an SMD 
of < 0.10 after matching, indicating adequate balance between the two 
study cohorts. Table S1: Propensity score matching balance metrics. 
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Rheumatoid arthritis (RA) remains a major cause of disability 
and reduced quality of life worldwide [1], with notable differ-
ences in disease management across regions. In Kazakhstan, 
the increasing burden of RA [2] and the need for harmonized 
care have led to the development of the country's first compre-
hensive national clinical recommendations for the diagnosis 
and treatment of RA under the leadership of the Qazaq College 
of Rheumatology (QCR) in 2025.

While international guidelines from the European Alliance of 
Associations for Rheumatology (EULAR) [3], the American 
College of Rheumatology (ACR) [4], and the British Society for 
Rheumatology (BSR) provide robust frameworks for RA man-
agement, their implementation often requires regional adapta-
tion. Kazakhstan presents several unique epidemiological and 
healthcare system considerations, including:

• A higher prevalence of latent tuberculosis and viral
hepatitis;

• A substantial burden of comorbidities such as osteoporosis
and cardiovascular disease;

• Variability in access to biologic and targeted synthetic
DMARDs;

• Pregnancy-related considerations due to the younger age at
RA onset in many patients.

The QCR 2025 recommendations were developed by a national 
expert panel integrating international evidence with local epi-
demiological data and clinical experience from rheumatology 
centers across the country. The recommendations are aligned 

with the 2022 EULAR and 2021 ACR guidelines while address-
ing clinical priorities specific to Kazakhstan.

Key components of the 2025 QCR recommendations include:

• A standardized diagnostic framework based on clinical as-
sessment, serological markers (RF, anti-CCP, anti-MCV),
and imaging;

• Prioritization of early initiation of csDMARD therapy (with
methotrexate as the anchor drug), followed by bDMARDs
or tsDMARDs in cases of inadequate response;

• Integration of IL-6 inhibitors (tocilizumab, olokizumab [5],
levilimab [6]) into treatment algorithms for patients with an 
inadequate response to csDMARDs or with poor prognostic 
factors;

• Individualized management strategies for RA patients with
comorbid conditions such as interstitial lung disease, heart
failure, and viral hepatitis;

• A tailored approach to pregnancy planning and manage-
ment based on EULAR points to consider;

• Rigorous screening and prophylaxis for latent tuberculosis
infection among patients initiating biologic therapy.

Consistent with EULAR and ACR principles, the QCR recom-
mendations emphasize treat-to-target strategies, regular moni-
toring of disease activity (DAS28), and shared decision-making 
between clinicians and patients. At the same time, the initiative 
highlights issues of particular relevance to Kazakhstan and 
other countries in Central Asia.

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.
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For example, the management of latent tuberculosis infection 
(LTBI) remains critical in a country with an intermediate TB 
burden. The new recommendations outline clear screening and 
prophylactic treatment pathways developed in collaboration 
with infectious disease specialists. Likewise, viral hepatitis B 
and C, prevalent in the region, are addressed with guidance on 
safe use of csDMARDs, bDMARDs, and tsDMARDs in affected 
patients.

In pregnant patients, the recommendations adapt EULAR 
guidance to local practice, supporting the use of sulfasalazine, 
glucocorticoids, and selected TNF inhibitors during pregnancy 
and lactation, while strictly avoiding teratogenic agents such as 
methotrexate and leflunomide.

The QCR guidelines also encourage integration of RA man-
agement into Kazakhstan's national digital health strategy, in-
cluding expansion of national RA registries to collect real-world 
data and improve health system planning [7]. This experience 
of adapting international recommendations to local conditions 
may provide a useful model for other countries in Central Asia, 
Eastern Europe, and low- and middle-income regions.

Looking ahead, the Qazaq College of Rheumatology is commit-
ted to:

• Continuous evaluation and updating of the national RA
recommendations;

• Expansion of RA registries and real-world data initiatives;

• Strengthening patient-centered care through education and 
shared decision-making;

• Enhancing regional collaboration to advance evidence-
based rheumatology.

The development of national clinical recommendations rep-
resents an important milestone in improving the quality of RA 
care in Kazakhstan and contributes to global efforts to ensure 
equitable access to evidence-based rheumatologic treatment for 
all patients.
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ABSTRACT
Introduction: Neutrophil extracellular traps (NETs) significantly contribute to rheumatoid arthritis (RA) pathogenesis, though 
their exact mechanisms remain unclear. In this research, we explored how NETs influence RA development through the 
PANoptosis core molecule AIM2.
Methods: Enzyme-linked immunosorbent assay and Quant-iT Pico Green measured AIM2 and cell-free DNA (cfDNA) levels 
in synovial fluid. Immunohistochemistry examined the levels of AIM2 in synovial tissues. In vitro, the CCK-8 assay evaluated 
cell proliferation. Western blot detected the expression changes of AIM2, PANoptosis-related proteins, and NF-κB pathway-
related proteins. Real-time quantitative PCR measured mRNA levels of IL-1β, IL-18, and IL-6. Immunofluorescence quantified 
AIM2, Caspase-8, GSDMD, and p-MLKL fluorescence intensity and cfDNA/AIM2 co-localization. An AIM2-silenced cell model 
was established to examine changes in the AIM2, PANoptosis-related proteins, and NF-κB pathway-related proteins (Western 
blot), fluorescence intensity (IF), inflammatory cytokine transcription (RT-qPCR), and RA-FLS migration (scratch and transwell 
assays).
Results: Our results showed an increase in AIM2 expression in RA synovial fluid and tissues, which correlates with both cfDNA 
high levels and clinical disease activity scores. In vitro, in RA fibroblast-like synoviocytes (RA-FLSs), NETs elevated AIM2 and 
PANoptosis-related protein levels, activated the NF-κB signaling pathway, and enhanced the release of inflammatory cytokines. 
Treatment with DNase1 and AIM2 silencing resulted in lower levels of PANoptosis proteins and AIM2, inhibited NF-κB signal-
ing, and decreased cytokine production.
Conclusion: This is the first time exploring the pathogenic mechanism of NETs-induced PANoptosis in RA, and targeting AIM2 
may represent a potential new therapeutic approach for RA.

© 2026 Asia Pacific League of Associations for Rheumatology and John Wiley & Sons Australia, Ltd.
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1   |   Introduction

RA is a chronic systemic autoimmune disease that signifi-
cantly impacts patients' health and quality of life, with its 
pathogenic mechanisms remaining incompletely understood 
[1]. Although current treatment options have significantly 
improved clinical outcomes in RA patients, treatment non-
response rates persist at 5.5% [2] to 27.5% [3], indicating a 
failure to meet clinical needs. This phenomenon highlights 
the urgent need to investigate novel mechanisms of RA 
pathogenesis.

Neutrophils serve as pivotal effector cells during the inflam-
matory phase of RA [4]. Upon external stimulation, these cells 
undergo nuclear membrane rupture, releasing NETs. Beyond 
their established role in innate immunity against pathogens, 
NETs significantly contribute to autoimmune pathogene-
sis [5, 6]. NETs are a double-edged sword: The right amount 
of NETs can reduce inflammation, but excessive release or 
insufficient clearance can easily lead to an inflammatory 
imbalance and damage normal cells or tissues. Evidence in-
dicates that aberrant NETs accumulation triggers various 
programmed cell death (PCD) pathways, including pyroptosis 
and necroptosis [7, 8]. PANoptosis, a recently identified PCD 
pathway [9], integrates molecular features of pyroptosis, apop-
tosis, and necroptosis through sophisticated cross-regulation 
mechanisms [10]. PANoptosis is involved in multiple systemic 
disorders, including infectious diseases [11], malignancies 
[12], neurodegenerative conditions [13], and autoimmune 
disorders [14]. Notably, recent studies have established con-
nections between NETs and PANoptosis induction [15, 16]. 
Current research predominantly focuses on individual PCD 
pathways in NETs-mediated RA pathogenesis [7, 17], while 
the crosstalk between different PCD modalities in RA devel-
opment remains largely unexplored. Elucidating these mecha-
nisms will deepen our understanding of RA pathophysiology.

AIM2, a member of the IFN-inducible pyrin and HIN domain 
(PYHIN) protein family, functions as a cytosolic DNA sensor. 
AIM2 binds to double-stranded DNA (dsDNA) in a sequence-
independent manner [18], mediating inflammatory responses 
and immune defense mechanisms. As a major component of 
NETs, DNA acts as a damage-associated molecular pattern 
(DAMP) that can be recognized by various cellular DNA sen-
sors, including Toll-like receptor 9 (TLR9), cyclic GMP-AMP 
synthase (cGAS) [19], retinoic acid-inducible gene I (RIG-I), and 
AIM2. CfDNA has been demonstrated to participate in the pro-
gression of RA [20, 21]. AIM2 contributes to multiple patholog-
ical processes in RA [22]. Recent studies indicate that cfDNA 
can induce hepatocyte PANoptosis through AIM2 activation 
[23]. Furthermore, cytosolic DNA accumulation may repre-
sent a crucial factor in AIM2-mediated RA pathogenesis [24]. 
Given that the precise molecular mechanisms of NETs in RA 
remain incompletely understood, the DNA-AIM2 signaling axis 
may constitute a critical pathogenic link in NETs-mediated RA 
development.

This study investigates novel mechanisms of NETs-induced 
RA-FLSs damage. For the first time, we demonstrate that AIM2 
regulates NETs-mediated PANoptosis in RA-FLSs and promotes 
the release of inflammatory cytokines through the AIM2/

NF-κB signaling pathway. These findings offer an innovative 
therapeutic target for RA.

2   |   Materials and Methods

2.1   |   Clinical Data

Joint fluid samples from RA patients (n = 29) and other non-RA 
arthritis patients (Non-RA, n = 30; included patients with OA, 
n = 21; primary Gout, n = 5; Traumatic arthritis, n = 4) were col-
lected by those who attended the Department of Rheumatology 
and Immunology at the Second Hospital of Lanzhou University 
between October 2023 and June 2024. RA patients were in-
cluded according to the new diagnostic criteria jointly intro-
duced by the American College of Rheumatology (ACR) and 
the European League Against Rheumatism (EULAR) in 2010. 
Inclusion criteria: patients with a definite diagnosis of RA with 
knee joint cavity effusion, aged 18 years or older. Exclusion crite-
ria: suffering from other rheumatic diseases, severe infections, 
other autoimmune diseases, acute inflammation, fever, thyroid 
disease, diabetes mellitus, neoplasms, pregnancy, and severe 
liver and kidney diseases.

Human synovial tissues were obtained from patients with RA 
who underwent total knee arthroplasty at the Department of 
Orthopedics of the Second Hospital of Lanzhou University 
(n = 5) or from trauma controls (TC) who underwent traumatic 
knee surgery after a car accident (n = 5). The study protocol was 
approved by the Ethics Committee of the Second Hospital and 
Clinical Medical School (No. 2024A-147), and all participants 
provided written informed consent.

2.2   |   Reagents and Antibodies

Primary antibodies used in this experiment: anti-AIM2 
(20590-1-AP, Proteintech, China), anti-caspase 8 (13423-1-AP, 
Proteintech, China), anti-c.Caspase 8 (#8592, Cell Signaling 
Technology, USA), anti-GSDMD-NT (ab215203, Abcam, USA), 
anti-BAX (20590–1-AP, Proteintech, China), anti-BCL-2 (12789-
1-AP, Proteintech, China), anti-MLKL (66675-1-I, Proteintech, 
China), anti-p-MLKL (#18640, Cell Signaling Technology, 
USA), anti-p65 (ab32536, Abcam, USA), anti-p-p65 (ab31624, 
Abcam, USA), anti-p-IκBα (ab133462, Abcam, USA), anti-
GAPDH (60004-1Ig, Proteintech, China).

2.3   |   Enzyme-Linked Immunosorbent Assay 
(ELISA)

The level of AIM2 (Yutong, Jiangsu, China) in synovial fluid 
was detected using ELISA assay kits according to the manufac-
turer's instructions.

2.4   |   Isolation of Neutrophils and Induction 
of NETs

Neutrophils were obtained from healthy human peripheral 
blood by density gradient centrifugation. The lower leukocyte 
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layer was collected. The collected cells were subsequently sus-
pended in RPMI-1640 medium (Gibco, NY, USA). The plates 
were treated with 100 nM Phorbol 12-myristate 13-acetate 
(PMA, Selleck, China) for 4 h. After removing the culture me-
dium, the NETs attached to the bottom were eluted with Ca2+/
Mg2+-free PBS. Centrifuge to collect the supernatant. NETs 
supernatants were mixed with Pico Green (Invitrogen, USA) 
and fluorescence was measured (Ex/Em = 480/520 nm) using a 
microplate reader (Thermo Fisher Scientific, USA). Finally, the 
concentration of NETs was determined using a standard curve 
that had been established.

2.5   |   Microscopic Detection of NETs Production

Isolated and purified neutrophils were suspended in 96-well 
plates (5 × 103/well), where one group was stimulated with 
100 nM PMA and the other without any stimulation, and co-
incubated for 4 h at 37°C and 5% CO2. SYTOX Green (Invitrogen, 
USA) was added at 5 μM and stained for 10 min, protected from 
light. Nets' generation and distribution were directly observed 
under a fluorescence microscope.

2.6   |   Cell Line Culture

RA-FLSs were purchased from Jennio Biologicals (Guangzhou, 
China). Cells were cultured at 37°C and 5% CO2 in a humidi-
fied environment with complete medium with DMEM (Gibco, 
NY, USA), 10% FBS, and 1% penicillin–streptomycin solution. 
Subsequent experiments were performed using 3rd–10th gener-
ation RA-FLSs.

2.7   |   Small Interfering RNA (siRNA) Transfection

AIM2 siRNA (si-AIM2) and the corresponding negative con-
trol siRNA (si-NC) were constructed by Gemma Biotechnology 
(Shanghai, China) with the following sequences: AIM2 siRNA: 
5′-GCAAGCAGGAGAUGUUUCATT-3′, siRNA control: 5′-UG​
AAACAUCUCCUGCUUUGCTT-3′. AIM2 was silenced by 
siRNA according to the manufacturer's instructions, and the 
efficiency of AIM2 silencing was detected by qRT-PCR and 
WB. When the RA-FLS growth density reached 50%–60%, 
the siRNA (si-AIM2 and si-NC), Buffer, and siRNA mate 
plus were mixed according to the manufacturer's instruc-
tions. We continued the incubation with complete medium 
with 10% FBS. Experiments were performed 24 or 48 h after  
transfection.

2.8   |   Hematoxylin Eosin (H&E) Staining

Fresh human synovial tissue was fixed with 4% paraformalde-
hyde, dehydrated, and embedded in paraffin, then sectioned into 
4-μm-thick slices. The paraffin sections were baked, dewaxed,
and hydrated, and then sequentially stained with hematoxylin
and eosin dyes. Finally, the sections were dehydrated with al-
cohol, then clarified with xylene, and subsequently sealed with
neutral resin. They were then observed under a microscope
(Olympus, Japan).

2.9   |   Immunohistochemical (IHC) Staining

First, paraffin sections were dewaxed and rehydrated, and so-
dium citrate buffer was heated in a microwave to retrieve the 
antigen. Then, the sections were washed, incubated overnight 
with the anti-AIM2 primary antibody, and then incubated 
at room temperature for 10 min after the addition of the sec-
ondary antibody. Finally, the sections were examined using 
DAB chromogenic examination, stained with hematoxylin, 
dehydrated with a graded series of alcohols, and sealed with 
neutral resin. They were then visualized under a microscope  
(Olympus, Japan).

2.10   |   Cell Counting Kit 8 (CCK8) Assay

RA-FLSs (5 × 103/well) were inoculated into 96-well plates. 
The following day, stimuli of varying conditions were added 
to the wells, and the cells were further incubated for 24 h. 
Subsequently, 10 μL of CCK8 reagent (Biosharp, Guangzhou, 
China) was added to each well. The absorbance of each well was 
measured at 450 nm to calculate cell viability.

2.11   |   Western Blot (WB) Analysis

Samples were collected, and samples were extracted by centrifu-
gation using RIPA lysis buffer (Solarbio, Beijing, China), which 
contains protease inhibitors and phosphatase inhibitors. The 
BCA assay kit (Solarbio, Beijing, China) was used to determine 
the concentration of extracted proteins. Proteins were then sepa-
rated by SDS-PAGE and transferred to PVDF membranes. After 
5% skim milk was incubated for 1 h at room temperature, the 
PVDF membranes were incubated with the primary antibody 
overnight at 4°C. The secondary antibody was then incubated 
for 1 h. Finally, the bands were visualized with the ECL kit and 
quantified using ImageJ software.

2.12   |   Quantitative Real-Time Polymerase Chain 
Reaction (qRT-PCR) Assays

Total RNA of RA-FLSs was extracted using Trizol reagent 
(AgBio, Hunan, China). Reverse transcription and elimina-
tion of genomic DNA were performed by the Prime Script RT 
kit with gDNA Eraser (Takara Bio Inc. Japan). Subsequently, 
the synthesized cDNA was used as a template for qRT-PCR 
and amplified on Bio-Rad CFX96 (Bio-Rad Inc. USA) using 
the TB green Premixed Ex Taq II Kit (Takara Bio, Japan). The 
relative expression of each target gene was normalized against 
β-actin, using the 2−ΔΔCq method for calculation. The primers 
used for cDNA amplification were as follows (forward and re-
verse): IL-1β, 5′-CCGACCACCACTACAGCAAGG-3′ and 5′-G​
GGCAGGGAACCAGCATCTTC-3′; IL-6, 5′-GCC​TTCGGT​C​C​
A​G​TTGC​CTTC-3′ and 5′-GTTCT​GAA​GAGGTGAG​TG​GC​T​
G​T​C-3′; IL-18, 5′-TGACCAAGGAAATCGGCCTC-3′ and 5′-C​
C​ATA​C​CTCTAGGCTGGCTA-3′; AIM2 siRNA: 5′-GCAAG​C​
A​GG​AGAUGUUUCATT-3′ and 5′-CT​TG​GGT​CTCA​AACGT​
GA​AG​G-3′. β-Actin, 5′-ACCCTGAA​GTACCCCATCGAG-3′ and 
5′-A​GCA​CAGCCTGGATAGCAAC-3′.
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2.13   |   High-Content Cell Imaging

RA-FLSs (5 × 103/well) were inoculated into 96-well high-
content staining plates. The next day, 500 ng/mL NETs were 
added to the experimental wells, and an equal volume of 10% 
complete medium was added to the control group. Pre-staining 
was performed by adding SYTOX Green (green) and Hochest 
(blue) for 20 min. Visualized in non-confocal mode using a 63× 
(N.A. 1.15) objective on a PerkinElmer Opera High Intensity 
Imaging System. Images were analyzed using the PerkinElmer 
Opera system for image analysis.

2.14   |   Immunofluorescence (IF)

The cell-crawling slices were placed, and RA-FLSs (4 × 104/well) 
were inoculated in 24-well plates overnight and then subjected 
to different treatments. Cells were fixed with 4% paraformal-
dehyde for 10 min. Then, it was closed with 2% BSA for 30 min 
at room temperature. Cells were incubated with the antibod-
ies to Caspase 8, GSDMD, AIM2, SYTOX Green, or p-MLKL 
at 4°C overnight. The cells were incubated with a fluorescent 
secondary antibody at room temperature for 1 h. Cells were in-
cubated with DAPI for 15 min, and then dropwise added with 
anti-quencher. The images were observed by an inverted fluo-
rescence microscope (Olympus, Japan).

2.15   |   Wound Healing Assay

RA-FLSs (4 × 105/well) were grown in 6-well plates. The next 
day, the cells were treated in different ways. The cellular mono-
layer was scratched using sterile 200-μL pipette tips. Then, the 
cells were treated with NETs for 24 h. ImageJ software was used 
to observe the gaps at 0 and 24 h after scratching and calculate 
the area of the scratched area.

2.16   |   Migration Experiments

AIM2-silenced and non-silenced AIM2 RA-FLS (1.5 × 104/well) 
were resuspended in serum-free DMEM medium and grown 
in the upper compartment of a Transwell (Corning, New York, 
USA). In the experimental group, 200 μL of a 500 ng/mL NETs 
and serum-free DMEM mixture was added, whereas the con-
trol group received serum-free DMEM only. The lower chamber 
was filled with 800 μL of DMEM containing 20% FBS. After 24 h 
of incubation at 37°C, cells were fixed, stained with 1% crys-
tal violet/methanol solution, observed under the microscope 
(Olympus, Japan), and counted with ImageJ.

2.17   |   Statistical Analysis

GraphPad Prism 10.0 was used for statistical analysis, and 
data are expressed as mean ± standard deviation (SD). An in-
dependent samples t-test was used to compare the two groups. 
One-way analysis of variance (ANOVA) with Tukey's multiple 
comparisons test was used for multiple group comparisons. We 
performed Bartlett's test/Brown-Forsythe test to confirm ho-
mogeneity of variances across comparison groups. Correlation 

analysis was performed using Spearman's rank correlation 
method. p < 0.05 was regarded as a significant difference. Each 
experiment was repeated more than three times.

3   |   Results

3.1   |   The Expression of AIM2 and cfDNA Was 
Up-Regulated in Synovial Fluid and Synovial 
Tissues of RA Patients

To investigate AIM2 and cfDNA expression in RA, we com-
pared synovial fluid samples from the RA group (n = 29) and 
the non-RA group (n = 30) using ELISA and Pico Green assay. 
The RA group exhibited significantly higher AIM2 and levels 
(p < 0.001, Figure 1A). Pico Green assay [25] revealed elevated 
cfDNA in RA synovial fluid (p < 0.0001, Figure 1B, Table S1). 
Spearman correlation analysis demonstrated a positive as-
sociation between AIM2 and cfDNA levels in synovial fluid 
(r = 0.4126, p = 0.0032; Figure  1C). Further analysis of clinical 
significance found that synovial fluid AIM2 levels correlated 
with disease activity (DAS28-ESR; r = 0.4673, p = 0.0220; 
Figure 1D), suggesting its involvement in RA progression. We 
further examined synovial tissues from 5 RA patients and 5 TC 
patients. H&E analysis showed RA synovium exhibited marked 
synovial hyperplasia and inflammatory infiltration compared to 
TC samples (Figure 1G). Immunohistochemistry and WB con-
firmed significantly higher AIM2 expression in RA synovium 
(Figure 1E–G). These findings indicate that AIM2 level is asso-
ciated with synovial proliferation and inflammation.

3.2   |   NETs Stimulation Upregulates AIM2 
Expression in RA-FLSs

SYTOX Green staining confirmed successful NETs formation 
induced by PMA (Figure  2A). CCK-8 assays demonstrated 
that 500 ng/mL NETs significantly reduced RA-FLS viabil-
ity (Figure  2B). Combined with previous research findings 
[7, 26, 27], subsequent experiments were performed at this con-
centration. Following 24-h stimulation with 500 ng/mL NETs, 
WB analysis revealed markedly increased AIM2 protein expres-
sion in RA-FLSs (Figure  2C,D). Immunofluorescence verified 
enhanced AIM2 fluorescence intensity in NETs-treated groups 
compared to controls (Figure  2E). These findings collectively 
indicate that NETs stimulation upregulates AIM2 expression in 
RA-FLSs.

3.3   |   NETs Induce PANoptosis in RA-FLSs In Vitro

Given the established role of NETs in inducing cellular dam-
age across various disease models, we hypothesized that 
NETs might similarly cause cellular injury or death in RA-
FLSs. We found that after 24 h of treatment in RA-FLS with 
500 ng/mL NETs, Bax, cleavage Caspase 8 (c.Caspase8), 
GSDMD-FL, and its N-terminal fragment (GSDMD-NT) were 
increased, while the expression of BCL-2 was down-regulated. 
At the same time, the ratio of phosphorylated mixed series 
protein kinase-like domains (p-MLKL) to total MLKL was 
also increased (Figure 3A–F). IF staining further confirmed 
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FIGURE 1    |    The expression characteristics and clinical correlations of AIM2 and cfDNA in the synovial fluid and tissues of RA patients are in-
vestigated. (A, B) Compared to the Non-RA group (n = 30), the RA group (n = 29) showed significantly elevated levels of AIM2 and cfDNA in synovial 
fluid. (C) AIM2 level in RA synovial fluid was correlated with cfDNA expression. (D) AIM2 level in RA synovial fluid was correlated with DAS28-
ESR scores. (E, F) The protein expression of AIM2 in synovium tissues from RA (n = 3) patients and TC (n = 3) patients was detected by WB analysis, 
along with their quantitative results. (GAPDH as a loading control). (G) Representative H&E staining images of AIM2 in the synovial tissues of RA 
patients and TC patients (n = 5; dashed boxes indicate magnified regions; scale bars = 100/50 μm). RA tissues exhibited marked synovial hyperplasia 
and inflammatory cell infiltration, whereas TC tissues showed no significant synovial thickening or inflammation. Representative IHC staining im-
ages of AIM2 in the synovial tissues of RA patients and TC patients (n = 5; dashed boxes indicate magnified regions; scale bars = 100/50 μm). DAS28-
ESR, Disease Activity Score in 28 joints based on erythrocyte sedimentation rate. Each experiment is replicated at least three times independently. 
*p < 0.05, ***p < 0.001, and ****p < 0.0001.
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FIGURE 2    |    The effects of NETs stimulation on AIM2 expression in RA-FLSs were investigated. (A) SYTOX Green staining demonstrated suc-
cessful induction of NETs by PMA (scale bar = 100 μm, magnification: ×20). (B) Cell viability was assessed by CCK-8 assay after 24-h treatment with 
varying NETs concentrations (0, 125, 250, 500 ng/mL). Data are analyzed by one-way ANOVA with Tukey's multiple comparisons test, FB = 17.97. 
The p value of Bartlett's test is 0.3612. (C, D) The protein expression of AIM2 in RA-FLSs following 24-h stimulation with 500 ng/mL NETs was de-
tected by WB analysis, along with their quantitative results (GAPDH served as a loading control). (E) Representative Immunofluorescence staining 
images of AIM2 by RA-FLSs treated with NETs (scale bar = 100 μm, magnification: ×20). Each experiment is replicated at least three times inde-
pendently. *p < 0.05, ****p < 0.0001.
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FIGURE 3    |    500 ng/mL NETs induce PANoptosis in RA-FLSs. (A–F) The expression changes of PANoptosis-related proteins were detected by 
WB analysis, along with their quantitative results (GAPDH served as a loading control, and total MLKL was used as a reference for p-MLKL). (G–I) 
Immunofluorescence representative images of Caspase-8, GSDMD, and p-MLKL in differently treated RA-FLSs (scale bar = 100 μm; magnification: 
×20). Each experiment is replicated at least three times independently. *p < 0.05, **p < 0.01.
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enhanced fluorescence intensity of Caspase8, GSDMD, and 
p-MLKL in the NETs-treated group compared to controls 
(Figure  3G–I). Experimental results found that NETs could 
induce PANoptosis of RA-FLSs in vitro.

3.4   |   NETs Activate AIM2 to Induce PANoptosis in 
RA-FLSs

To investigate whether cfDNA activates AIM2 to induce 
PANoptosis in RA-FLSs, we used DNase I as a DNA scavenger 
for reverse validation [28]. CCK8 assays demonstrated that the 
50 U/mL DNase1 + 500 ng/mL NETs treatment group signifi-
cantly increased OD values compared to the control group (0 U/
mL DNase1 + 500 ng/mL NETs) (Figure 4A), indicating reduced 
cell death and partial restoration of viability. WB analysis re-
vealed that the 50 U/mL DNase1 + 500 ng/mL NETs treatment 
group significantly altered PANoptosis-related protein expres-
sion profiles, characterized by decreased levels of Bax, cleaved 
Caspase8, GSDMD-FL, GSDMD-NT, MLKL, and p-MLKL, 
along with increased BCL-2 expression (Figure 4B–H,J). It con-
firmed that DNase1 reverses NETs-induced PANoptosis. To fur-
ther elucidate the regulatory role of AIM2 in NETs-mediated 
PANoptosis, we found that the expression of AIM2 was down-
regulated in the 50 U/mL DNase1 + 500 ng/mL NETs treatment 
group (Figure  4I,K). Using SYTOX Green-labeled NETs DNA 
components, high-content live-cell imaging showed progres-
sive accumulation of extracellular cfDNA and an increase in 
intracellular fluorescence intensity, indicating RA-FLSs inter-
nalized cfDNA (Figure 4M). What's more, internalized cfDNA 
co-localized with AIM2 in RA-FLSs (Figure 4L). These findings 
demonstrate cfDNA-mediated AIM2 activation as a key mecha-
nism in NETs-induced RA-FLSs PANoptosis.

3.5   |   Silencing AIM2 Inhibits PANoptosis 
of RA-FLSs

To determine whether AIM2 serves as a critical mediator of 
NET-induced PANoptosis in RA-FLSs, we performed gene si-
lencing using AIM2-specific siRNA. QRT-PCR and WB con-
firmed efficient AIM2 knockdown (Figure 5A–C). WB results 
revealed significant downregulation in the expression levels of 
AIM2 and PANoptosis-related proteins in the si-AIM2 + NETs 
group compared to the si-NC + NETs group (Figure  5D–J). 
Immunofluorescence staining further validated these findings, 
showing reduced fluorescence intensity of AIM2, Caspase-8, 
GSDMD, and p-MLKL in the si-AIM2 + NETs group compared 
with the si-NC + NETs group (Figure 5K–N). These results sug-
gest that AIM2 silencing reverses NETs-induced PANoptosis in 
RA-FLSs.

3.6   |   AIM2 Exacerbates RA Inflammation via 
the NF-κB Pathway

PANoptosis is accompanied by the release of various inflam-
matory cytokines [29, 30]. Our qRT-PCR analysis revealed that 
NET stimulation significantly upregulated the expression of IL-
1β, IL-18, and IL-6 in RA-FLSs compared to si-NC, with par-
ticularly marked increases in IL-1β and IL-18. AIM2 silencing 

significantly inhibited this cytokine release (Figure  6K–M). 
To investigate whether cytokine release occurs through the 
AIM2/NF-κB pathway, we examined p65, p-p65, and p-IκBα 
by WB and found that NETs stimulation significantly increased 
the expression of these pathway components (Figure  6A–C). 
AIM2 knockdown effectively suppressed their activation 
(Figure 6D–F). These findings demonstrate that AIM2 serves as 
a key regulator of cytokine release in RA-FLSs, with NF-κB act-
ing as the downstream mediator of the inflammatory pathway. 
Wound healing and Transwell migration assays demonstrated 
that NETs significantly enhanced RA-FLS migration compared 
to si-NC controls, an effect that was inhibited by AIM2 silencing 
(Figure 6G–J). In conclusion, NETs may induce the inflamma-
tory response of RA-FLS through the AIM2/NF-κB pathway, 
and NETs can enhance the migration ability of RA-FLSs after 
activating AIM2.

4   |   Discussion

The precise pathogenic mechanisms underlying RA remain in-
completely understood. This experiment is the first attempt to 
explore the relationship between NETs and PANoptosis in RA. 
Our findings demonstrate that NETs can induce PANoptosis in 
RA-FLSs through AIM2 activation, while simultaneously en-
hancing their migratory capacity. This process is accompanied 
by NF-κB pathway activation, which exacerbates synovial tissue 
inflammation. These discoveries broaden our understanding of 
NETs' role in RA pathogenesis.

Current research on NETs in RA has primarily focused on sero-
logical aspects. However, NETs mainly mediate RA progression 
through interactions with cells in the synovial microenviron-
ment, particularly with RA-FLSs. There is limited research on 
this mechanism. Combined with the literature and experimen-
tal results, we found that although the cfDNA levels of OA and 
Gout patients were higher than those of healthy people [27, 31], 
they were still significantly lower than those of RA patients. The 
important role of cfDNA in RA is highlighted. Accumulation of 
cytosolic dsDNA can trigger RA-FLS-mediated inflammatory 
responses, potentially through AIM2 inflammasome activation 
[32]. Our findings observed an elevated AIM2 level in RA syno-
vial fluid and tissues [22], which correlates with both disease 
activity and cfDNA concentration. Our results also found that 
AIM2 levels in synovial fluid correlated with both disease ac-
tivity and cfDNA concentrations. Through western blot and im-
munofluorescence assays, we confirmed that NETs upregulate 
AIM2 expression in RA-FLSs in vitro. These results suggest that 
both AIM2 and cfDNA are involved in the progression of RA; 
however, the mechanisms by which they promote the develop-
ment of RA still need to be further explored.

NETs and PANoptosis play crucial roles in the pathogenesis of 
RA. Current research predominantly focuses on investigating 
the association between NETs and unitary cell death [17, 26, 33]. 
However, merely inhibiting a single cell death may allow cells to 
escape death through compensatory pathways, and organisms 
readily develop resistance to monotherapeutic death regula-
tors. Our findings represent a paradigm shift in understanding 
NET-driven pathology: rather than activating isolated death 
pathways, NETs trigger a synergistic PANoptotic response in 
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FIGURE 4    |     Legend on next page.
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RA. Targeting PANoptosis components could simultaneously 
achieve multi-point blockade. It makes it difficult for cells to 
achieve complete escape through single gene mutations or re-
pressive proteins, resulting in a reduced incidence of drug re-
sistance. Thus, it provides a broader range of therapeutic effects 
compared to inhibiting a single pathway. Studies demonstrate 
that targeting key PANoptosis molecules mitigates tissue dam-
age [34]. Recent work shows that NETs can induce PANoptosis 
in cells [16, 23]. Studies have also found that AIM2 is involved in 
the PANoptosis and inflammatory responses of cells [30, 35]. In 
this experiment, upon stimulation of RA-FLSs with NETs, both 
WB and immunofluorescence detection revealed an increased 
expression level of PANoptosis-related proteins. However, the 
expression of these proteins was inhibited when DNase1 was 
used to degrade cfDNA within NETs or when AIM2 was si-
lenced. High-content cell imaging analysis and immunofluo-
rescence colocalization results further confirmed that cfDNA 
induces PANoptosis by activating AIM2. Collectively, these re-
sults indicate that AIM2 is a key target regulating NETs-induced 
PANoptosis in RA-FLSs.

NETs exacerbate the inflammatory response in RA-FLSs 
through the AIM2/NF-κB pathway. Our previous studies have 
demonstrated that NETs enhance the proliferation, migration, 
and invasive capacity of RA-FLSs, while inducing the release 
of inflammatory cytokines through NF-κB pathway activa-
tion. Activated AIM2 inflammasomes promote IL-1β and IL-18 
secretion [36]. Studies have shown that AIM2 can initiate the 
NF-κB signaling pathway through multiple mediators, includ-
ing caspase-1, IL-1β/IL-18 [37], mitochondrial DNA (mtDNA)/
Reactive oxygen species [38], and caspase activation and recruit-
ment domain (CARD)/receptor-interacting protein 2 [39]. It is 
involved in inflammatory responses in a variety of diseases, 
including RA [40–42]. PANoptosis is frequently accompanied 

by massive cytokine release, potentially triggering cytokine 
storms and establishing a pro-inflammatory feedback loop 
[11, 43], which may involve dysregulation of neutrophils, CD8+ 
T cells, regulatory memory B cells, and macrophages [44]. 
Furthermore, upon the induction of PANoptosis, substantial 
amounts of DAMPs are released, including mtDNA, ATP, and 
high mobility group box 1 (HMGB1) [7]. These molecules engage 
TLR9 [23], P2X1 [45], and TLR4 [46] pathways on neutrophils, 
thereby lowering the threshold for NADPH-oxidase-dependent 
NET formation. Establishing the pro-inflammatory feedback 
loop that progressively amplifies inflammatory responses. 
However, whether PANoptosis in RA induces similarly robust 
inflammatory responses requires further validation. Our ex-
perimental findings demonstrate that NETs activate AIM2 to 
promote robust release of inflammatory cytokines, through 
the NF-κB pathway. AIM2 silencing significantly reduced NF-
κB pathway activity and markedly decreased cytokine secre-
tion. Consequently, inhibiting AIM2 activity may disrupt this 
vicious cycle, thereby preventing the systemic accumulation of 
inflammation. Furthermore, AIM2 exhibits functional roles in 
abnormal proliferation, migration, and cytokine secretion. We 
observed that NETs enhance the migratory capacity of RA-FLSs, 
while AIM2 silencing effectively suppresses these pathologi-
cal behaviors. The results demonstrate that NETs stimulation 
induces PANoptosis in RA-FLSs and enhances their migratory 
capacity.

Emerging pharmacological studies support targeting AIM2 for 
the control of inflammation. For instance, Ginsenoside Rg1 al-
leviates AIM2-mediated myocarditis [47] or Inhibition of the 
AIM2/NLRC4/IRF1 signaling pathway reduces cardiac inflam-
mation and hypertrophy in diabetic mice [48]. Compared to 
conventional RA targets (e.g., TNF-α), AIM2 operates upstream 
in inflammatory cascades. Its DNA-sensing mechanism offers 

FIGURE 4    |    CfDNA activates AIM2 to promote NET-induced PANoptosis in RA-FLSs. (A) Cell viability of RA-FLSs treated with 500 ng/mL 
NETs and varying concentrations of DNase 1 for 24 h was assessed by CCK-8 assay. Data are analyzed by one-way ANOVA with Tukey's multiple 
comparisons test, FA = 8.491. The p value of Bartlett's test is 0.1606. (B–H, J) 500 ng/mL NETs and 50 U/mL DNase 1 were premixed for 30 min and 
incubated with RA-FLSs for 24 h. The expression changes of PANoptosis-related proteins were detected by WB analysis, along with their quantitative 
results (GAPDH as a loading control; total MLKL as a reference for p-MLKL). Data are analyzed by one-way ANOVA with Tukey's multiple compar-
isons test, FB = 5.108, FC = 5.837, FE = 5.050, FF = 5.323, FH = 6.238. The p value of Bartlett's test: PB = 0.5520, PC = 0.9822, PE = 0.1234, PF = 0.7657, 
PH = 0.9691. (I, K) The expression change of AIM2 proteins was detected by WB analysis, along with their quantitative results (GAPDH as a load-
ing control). Data are analyzed by one-way ANOVA with Tukey's multiple comparisons test, FI = 13.21. The p value of Bartlett's test is 0.3612. (L) 
Fluorescence microscopy images of colocalization of NETs and AIM2 to RA-FLSs. SYTOX Green-labeled cfDNA (green) was incubated with RA-
FLSs for 8 h, with AIM2 (red) and nuclei (DAPI, blue) staining (scale bar = 100 μm, magnification: ×20). (M) The internalization of cfDNA (green) 
by RA-FLS was shown by high-content dynamic imaging. Hoechst dye is used to stain the nucleus (blue) (scale bar = 50 μm, magnification: ×63). All 
experiments were independently repeated at least three times. *p < 0.05, **p < 0.01, ***p < 0.01.

FIGURE 5    |    AIM2 silencing inhibits NETs-induced PANoptosis in RA-FLSs. Experimental design: Cells were transfected with either si-NC or 
si-AIM2 for 24 or 48 h, followed by treatment with 500 ng/mL NETs for 24 h before subsequent assays. (A, B) The AIM2 knockdown efficiency was 
detected by WB analysis, along with their quantitative results. Data are analyzed by one-way ANOVA with Tukey's multiple comparisons test, 
FB = 6.654. The p value of Bartlett's test is 0.7841. (C) The reduction of AIM2 mRNA level was validated by qRT-PCR. Data are analyzed by one-way 
ANOVA with Tukey's multiple comparisons test, FC = 19.19. The p value of the Brown-Forsythe test is 0.3406. (D–J) The expressions of AIM2 and 
PANoptosis-related proteins were detected by WB analysis, along with their quantitative results (GAPDH as loading control; total MLKL as refer-
ence for p-MLKL). Data are analyzed by one-way ANOVA with Tukey's multiple comparisons test, FD = 5.732, FE = 5.527, FG = 12.11, FH = 8.149, 
FI = 4.712, FJ = 4.845. The p value of Bartlett's test: PD = 0.3082, PE = 0.2596, PG = 0.3678, PH = 0.0850, PI = 0.4810, PJ = 0.8436. (K–N) Representative 
immunofluorescence staining images of Caspase8, GSDMD, p-MLKL, and AIM2 in different groups (scale bar = 100 μm; magnification: ×20). All 
experiments were independently repeated at least three times. *p < 0.05, **p < 0.01, and ***p < 0.001.
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FIGURE 5    |     Legend on previous page.
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FIGURE 6    |     Legend on next page.
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precise regulatory potential. It can also inhibit IL-1β- and IL-18-
mediated pyroptosis and suppresses the cGAS-STING-NF-κB 
signaling cascade, thereby enabling simultaneous intervention 
across multiple inflammatory axes [49]. Moreover, in inflam-
matory bowel disease patients exhibiting inadequate response 
to anti-TNF-α therapy, AIM2 can be used as a potential thera-
peutic target for ineffective treatment of TNF-α [50]. However, 
AIM2-targeted therapy still faces two challenges. First, AIM2 
plays a crucial role in maintaining barrier homeostasis by de-
tecting pathogenic or damaged DNA and initiating appropriate 
immune responses. AIM2 deficiency may disrupt barrier ho-
meostasis and increase the incidence of opportunistic infections 
by affecting DNA-sensing pathways [51]. Second, potential off-
target effects could interfere with AIM2's non-inflammasome 
functions. Therefore, its therapeutic efficacy and safety profile 
in autoimmune diseases remain subject to rigorous validation.

In conclusion, NETs can induce PANoptosis in RA-FLSs by ac-
tivating AIM2, while simultaneously exacerbating inflamma-
tory responses through the activation of the NF-κB pathway. 
Targeted inhibition of AIM2 can effectively block PANoptosis 
and the burst release of inflammatory factors, thereby breaking 
the pathological cycle between the release of inflammatory fac-
tors and the intensification of the inflammatory state.

5   |   Limitations and Perspectives

This study has two limitations: firstly, due to the challenges 
in collecting fresh synovial fluid and tissue samples, our anal-
ysis was based on a relatively small sample size, which may 
limit the generalizability of our findings and reduce statistical 
power. Future studies will employ larger-scale, multi-center 
investigations to expand sample sizes, thereby enhancing 
the reliability of our conclusions. Secondly, the current un-
derstanding of PANoptosis mechanisms remains in the ex-
ploratory phase, with new molecules and pathways being 
continually discovered. Our study only investigated AIM2 in 
inducing PANoptosis in RA-FLSs, while other pathways may 
also contribute to this process. Subsequent investigations will 
further elucidate the additional molecular mechanisms under-
lying NETs-induced PANoptosis in RA-FLSs, with the objec-
tive of more comprehensively establishing the role of AIM2 
or other potential molecules as critical regulators in this PCD 
pathway.
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