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In this Issue
Highlights from this issue of A&R | By Lara C. Pullen, PhD

Anti-IL-5/R Therapy Effect on OGC Use in Eosinophilic 
Granulomatosis With Polyangiitis

prominent feature of eosinophilic 
granulomatosis with polyangi-
itis (EGPA), and rheumatolo-

gists consider 
long-term use 
of oral gluco-

corticoids (OGCs) the standard 
of care for its treatment. Studies 
in both vasculitis and asthma, 
however, have demonstrated that 
cumulative exposure to OGCs 

OGC-related toxicity. The phase 
3 MANDARA study previously 
found that benralizumab was 
noninferior to mepolizumab for 
the induction of remission in 
patients with relapsing or refrac-
tory EGPA. In this issue, Nair et 
al. (p. 695) report results of post hoc explor-
atory analyses of the MANDARA study to 
further elucidate the timing and sustainability 
of reducing OGCs as well as the cumulative 
use of OGCs.

-

were similar between treatment groups; however, 
more patients in the benralizumab group than in 

Figure 2A. 
mg/day for patients receiving benralizumab or mepolizumab. 

p.  695

Predictors of Incident Left Ventricular Systolic Dysfunction  
and Cardiac Recovery in SSc
A lack of tools for predicting the development 
and course of left ventricular systolic dysfunc-
tion (LVSD) means that patients with systemic 

sclerosis (SSc) myocardial 
disease often do not receive 
timely intervention. In this 

issue, Kim et al. (p. 713) evaluated a range 
of both baseline and time-varying factors and 

and cardiac characteristics are associated with 
an increased risk of incident LVSD in SSc. In 
particular, skeletal myopathy and anti-Ku anti-
bodies emerged as important risk factors for 

severe disease. In contrast, among patients with 
SSc myocardial disease, anti-RNA polymerase 
III (anti–RNAP III) was associated with higher 
odds of cardiac recovery. 

The investigators analyzed data from 
-

grams) in the Johns Hopkins Scleroderma 

researchers reviewed the medical records of 
patients with reduced ejection fraction (EF) to 
identify factors associated with severe LVSD 

and used random forest models to select the 
most relevant variables for inclusion as predic-
tors of cardiac recovery.

Male sex, Black race, diffuse skin disease, 
-

graphic evidence of pulmonary hypertension, 
-

ciated with increased odds of incident LVSD 

with lower odds of cardiac recovery and anti–
RNAP III was associated with higher odds. 

p.  

the mepolizumab group completely 
withdrew from OGCs. 

In each treatment arm, 
complete OGC withdrawal was 
similar across patient subgroups, 

-
neutrophil cytoplasmic antibody 
status and use of immunosup-
pressives. Patients with a base-

more likely to discontinue OGCs 
than those with higher baseline 
doses, though the authors note 
that longer study duration might 
enable more patients with higher 
starting doses to further reduce 
their OGC use. The length of 
accrued OGC withdrawal was 
not associated with any deteriora-

tion of lung function or loss of asthma control. 
The authors conclude that treatment with the 
biologics benralizumab or mepolizumab may 
reduce the need for prolonged OGC therapy 
and the associated burden and toxicity.
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There is an unmet need in systemic lupus erythematosus (SLE) 
care to reduce the risks of cardiovascular events and end-stage 
kidney disease (ESKD). GLP-1 receptor agonists (GLP-1RA) 
have been previously found to prevent these adverse events in 
people with type 2 diabetes. This study tested whether this class 
of medications would have similar cardioprotective and nephro-

As it would be challenging to conduct a randomized clini-

address this study question, we used the target trial emulation 
framework. This method involves the use of observational data 
to address causal questions by specifying the detailed protocol 
of a hypothetical RCT that would address the study question, 
then specifying how to emulate each component of that 
detailed protocol using observational data. This approach helps 
avoid common mistakes that introduce bias into observational 
studies.  A key component is emulation of randomization, 
where all patients included in the study population must have 
been eligible to receive the treatment strategy or comparator, 
with the same chance of receiving either one. We compared 
the initiation of a GLP-1RA or a comparator hypoglycemic 
medication, DPP4 inhibitors.

All patients included in this study had lupus and type 2 dia-
betes and had not previously tried either treatment. The 

the use of GLP-1RA or DPP4i, so that the propensity score–
weighted populations should have a similar chance of receiving 

to emulate those of an ideal RCT, including the composite kid-
-

conducted a secondary analysis among patients with lupus 
nephritis at baseline, as this subgroup of patients with SLE has 
heightened risks for the outcomes of interest.

  

Questions
1.  What is known about the effects of GLP-1RA in patients 

with lupus or other systemic rheumatic diseases?

2. Were the methods appropriate for the study question, 
and what other methods could have been considered?

4. How does the target trial emulation approach compare 
to other methods of observational studies?

GLP-1RA Use and Risk of Adverse Cardiac and Kidney Outcomes 
Among Patients With SLE and Lupus Nephritis

Journal Club

Jorge et al. Arthritis Rheumatol. 2026;78:665–671.

A monthly feature designed to facilitate discussion on research methods in rheumatology.

Effect of Time to Start of Biologic Therapy on JIA  
Treatment Response
Biologic therapies are highly effec-
tive in juvenile idiopathic arthritis (JIA). 
Because research has suggested a poten-
tial window of opportunity for treatment 

in patients with rheuma-
toid arthritis, rheumatol-
ogists have questioned 

whether a similar window may exist in 
patients with JIA. In this issue, de Jonge 
et al. (p. 743) report real-life evidence that 
delaying the start of biologic treatment nega-
tively affects treatment response in chil-
dren with non-systemic JIA. Each month of 
delay increased the adjusted odds of having 
active arthritis after 6 months of treatment 

P
-

proportion of patients who reached inactive 
arthritis status within 6 months of starting 

those who initiated biologic therapy within 

among those who started biologics more than 

The authors note in their discussion that, 
although the analysis adjusted for prior use 
of conventional synthetic disease-modifying 

antirheumatic drugs (csDMARD), it did not 
account for the exact duration of csDMARD 
therapy or the interval between initiation of 
csDMARD therapy and biologic treatment. 

Although the study cannot rule out the 
possibility that more severe cases of JIA were 
over-represented in the early biologic treat-
ment group, the authors conclude that the 

control disease activity. They thus call for a 
paradigm shift in the approach to the treat-
ment of JIA, suggesting that patients likely 
to require biologics should initiate biologic 

other treatment strategies.

p.  
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There is an unmet need in systemic lupus erythematosus (SLE) 
care to reduce the risks of cardiovascular events and end-stage 
kidney disease (ESKD). GLP-1 receptor agonists (GLP-1RA) 
have been previously found to prevent these adverse events in 
people with type 2 diabetes. This study tested whether this class 
of medications would have similar cardioprotective and nephro-

As it would be challenging to conduct a randomized clini-

address this study question, we used the target trial emulation 
framework. This method involves the use of observational data 
to address causal questions by specifying the detailed protocol 
of a hypothetical RCT that would address the study question, 
then specifying how to emulate each component of that 
detailed protocol using observational data. This approach helps 
avoid common mistakes that introduce bias into observational 
studies.  A key component is emulation of randomization, 
where all patients included in the study population must have 
been eligible to receive the treatment strategy or comparator, 
with the same chance of receiving either one. We compared 
the initiation of a GLP-1RA or a comparator hypoglycemic 
medication, DPP4 inhibitors.

All patients included in this study had lupus and type 2 dia-
betes and had not previously tried either treatment. The 

the use of GLP-1RA or DPP4i, so that the propensity score–
weighted populations should have a similar chance of receiving 

to emulate those of an ideal RCT, including the composite kid-
-

conducted a secondary analysis among patients with lupus 
nephritis at baseline, as this subgroup of patients with SLE has 
heightened risks for the outcomes of interest.

  

Questions
1.  What is known about the effects of GLP-1RA in patients 

with lupus or other systemic rheumatic diseases?

2. Were the methods appropriate for the study question, 
and what other methods could have been considered?

4. How does the target trial emulation approach compare 
to other methods of observational studies?

GLP-1RA Use and Risk of Adverse Cardiac and Kidney Outcomes 
Among Patients With SLE and Lupus Nephritis

Journal Club

Jorge et al. Arthritis Rheumatol. 2026;78:665–671.

A monthly feature designed to facilitate discussion on research methods in rheumatology.

Effect of Time to Start of Biologic Therapy on JIA  
Treatment Response
Biologic therapies are highly effec-
tive in juvenile idiopathic arthritis (JIA). 
Because research has suggested a poten-
tial window of opportunity for treatment 

in patients with rheuma-
toid arthritis, rheumatol-
ogists have questioned 

whether a similar window may exist in 
patients with JIA. In this issue, de Jonge 
et al. (p. 743) report real-life evidence that 
delaying the start of biologic treatment nega-
tively affects treatment response in chil-
dren with non-systemic JIA. Each month of 
delay increased the adjusted odds of having 
active arthritis after 6 months of treatment 

P
-

proportion of patients who reached inactive 
arthritis status within 6 months of starting 

those who initiated biologic therapy within 

among those who started biologics more than 

The authors note in their discussion that, 
although the analysis adjusted for prior use 
of conventional synthetic disease-modifying 

antirheumatic drugs (csDMARD), it did not 
account for the exact duration of csDMARD 
therapy or the interval between initiation of 
csDMARD therapy and biologic treatment. 

Although the study cannot rule out the 
possibility that more severe cases of JIA were 
over-represented in the early biologic treat-
ment group, the authors conclude that the 

control disease activity. They thus call for a 
paradigm shift in the approach to the treat-
ment of JIA, suggesting that patients likely 
to require biologics should initiate biologic 

other treatment strategies.

p.  
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American College of Rheumatology Guidance Statement for
Diagnosis and Management of VEXAS Developed by the
International VEXAS Working Group Expert Panel
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and David B. Beck,64,65 on behalf of the International VEXAS working group, and with endorsement of
EuroBloodNet, the European Reference Network in Rare Hematological Diseases

Objective. Vacuoles E1 enzyme X-linked autoinflammatory somatic syndrome (VEXAS) is a recently identified rare
genetic disorder associated with somatic mutations in the UBA1 gene. VEXAS presents with a combination of inflam-
matory and hematologic manifestations, leading to increased morbidity and mortality.

Methods. Given the variability in disease presentation and the limited number of studies to date, no clinical docu-
ments currently exist to provide guidance to health care providers about the management of VEXAS. To address this
gap, we formed an international multidisciplinary panel of VEXAS experts.

Results. Through formalized meetings and a voting process, the group developed consensus clinical guidance
considerations for the management of VEXAS. These considerations offer practical advice on several key topics:
(1) clinical features of VEXAS, (2) UBA1 screening methods, (3) the diagnosis of myelodysplastic syndromes (MDSs)
in patients with VEXAS, and (4) prognosis and management. The aim is to provide expert guidance on which patients
to test, how to test for VEXAS, how to approach MDS in the context of VEXAS, and considerations for management.

Conclusion. This work marks the first formal international consensus guidance for VEXAS and is intended to be
used as a resource for clinicians seeking to understand the disease and its management.

INTRODUCTION

Vacuoles E1 X-linked autoinflammatory somatic syndrome

(VEXAS) is a newly recognized rare disease associated with

pathogenic, somatic mutations in theUBA1 gene, resulting in a com-

bination of inflammatory and hematologic manifestations.1 Since its

first description in 2020, more than 450 cases have been docu-

mented, with clinical profiling showing heterogeneousmanifestations.

[Correction added on 11 March 2026, after first online publication: The
last name of Mael Heiblig was initially misspelled and has been corrected in
this version.]
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The prevalence of VEXAS is estimated to be nearly one million
individuals worldwide, and UBA1 pathogenic variants are present in
1 in 13,591 individuals, although comprehensive global data are still
lacking.2 VEXASpresents a significant diagnostic challenge, as its clin-
ical and laboratory features often mimic those of other established
rheumatologic and hematologic diseases. Genetic identification of
patients with VEXAS is crucial to guide appropriate management
and promote optimal outcomes. Because of the broad spectrum of
nonspecific symptoms and limited awareness of the disease, it is likely
that many patients remain undiagnosed or misdiagnosed.

This guidance summary was developed by a multidisciplinary
panel of experts, including rheumatologists, hematologists, der-
matologists, internists, immunologists, pathologists, geneticists,
and infectious disease specialists, selected for their experience
with VEXAS. The primary purpose of this document is to assist
health care providers in identifying the clinical manifestations of
VEXAS, promote early confirmatorymolecular diagnosis, and provide

evidence-based management recommendations. The ultimate goal
is to reduce morbidity and mortality associated with this disease.
Given the recent identification of VEXAS and the lack of extensive
prospective and randomized studies, each statement is primarily
based on expert consensus and currently available literature.

The guidance summary presented here was developed
using systematic voting and iterative modifications and by includ-
ing a diverse group of clinicians. The goal is to provide succinct
guidance for physicians treating patients with suspected or con-
firmed VEXAS and support this guidance with available evidence.

METHODS

Composition of the panel and item generation

Consensus guidance was developed by a multidisciplinary
expert panel composed of 57 internationally recognized members
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from 18 countries including Armenia, Australia, Belgium, Canada,
Czech Republic, France, Germany, Italy, Japan, The Netherlands,
Poland, Portugal, Romania, Spain, Switzerland, Tunisia, the
United Kingdom, and the United States. Each panelist was
selected based on clinical expertise in the treatment of patients
with VEXAS, with representation from dermatology, genetics,
hematology, immunology, internal medicine, rheumatology, infec-
tious diseases, critical care, and pathology specialists. Patient
representatives were not included in these efforts.

To ensure comprehensive coverage of the topic, the panel
conducted a series of structured virtual meetings. During these
discussions, the panel identified and prioritized the critical topics
that needed to be addressed. The identified items were organized
into four major groups, each reflecting a core aspect of VEXAS.

• Group 1: Clinical and laboratory features of VEXAS. This
category focused on identifying the clinical and laboratory
features that should prompt consideration of genetic test-
ing for VEXAS.

• Group 2: UBA1 screening. This section addressed the
modalities and best practices for screening UBA1 muta-
tions, which are pivotal for the diagnosis of VEXAS.

• Group 3: Diagnosis of myelodysplastic syndrome (MDS) in
patients with VEXAS. This group explored the inter-
section of VEXAS with MDS, providing guidance for accu-
rate diagnosis and differentiation.

• Group 4: Outcome, prognostic factors, and management.
This category covered the management strategies for
VEXAS, including prognostic factors influencing patient
outcomes.

Each category was assigned to a subgroup of experts who
were responsible for conducting a detailed review of the relevant
literature and generating a draft document (please see
Appendix A for members of each group). The subgroups worked
independently, holding multiple virtual meetings to discuss their
findings, synthesize data, and formulate initial statements. A com-
prehensive virtual and in-person meeting was convened, bringing
together all panel members to discuss the proposed items from
each group. The panel engaged in an in-depth review and debate
of each item, followed by an electronic voting process to deter-
mine whether the item should be included in the final statements.
This rigorous process ensured that the statements were built on a
foundation of consensus and expert validation, resulting in the
generation of the actual initial guidance document.

Literature review and level of evidence

The foundation of the statements was an extensive review of
the current literature related to VEXAS from January 2020 to
August 2024. Each subgroup undertook a thorough literature
search using PubMed and Medline, focusing on articles published
in English and abstracts from leading international rheumatology

and hematology conferences. Given that VEXAS is a newly dis-
covered disease with limited evidence, a formal systematic review
was not performed by each subgroup. For cases in which pro-
spective data were unavailable, the statements were based on
the best available evidence and expert opinion. All statements
are conditional, due in part to a lack of randomized controlled tri-
als in VEXAS. Additionally, the Grading of Recommendations
Assessment, Development, and Evaluation methodology was
used to rate the quality of evidence supporting each statement.3,4

Supportive references are provided for each consensus state-
ment but are nonexhaustive and meant to highlight studies with
more participants to provide stronger evidence.

Final item generation and voting

The process of finalizing the statements took place at an
international, two-day VEXAS workshop held in Paris in May
2024, where the majority of the panel gathered to review, discuss,
and refine the proposed items. This workshop provided a critical
opportunity for face-to-face deliberation, allowing the panelists
to address any outstanding issues, reconcile differing opinions,
and achieve a stronger consensus. Following the workshop, an
electronic tool was used to conduct a final consensus vote on all
items. This tool allowed panel members to provide their feedback
anonymously, ensuring that the final statements reflected the true
consensus of the group. There was a single round of voting in
which participants were asked to vote “yes” or “no” on their
agreement to each statement and to provide reasoning in cases
of disagreement. Consensus for item inclusion in the statements
was defined by a threshold of 80% agreement among the panel-
ists. All proposed statements achieved consensus, and all final
voting results are included with each statement (Table 1).
Consensus statements are bulleted within the text with expert
panel voting results in parentheses, followed by an explanation
and supporting data.

RESULTS/RECOMMENDATIONS

The following results summarize the agreed-upon clinical
indicators, diagnostic strategies, and therapeutic recommenda-
tions developed through structured expert review and formal con-
sensus statements for the four key domains.

Clinical features of VEXAS consensus statements
(Figure 1)

VEXAS is a hematoinflammatory disease characterized
by a spectrum of rheumatologic, dermatologic, and hemato-
logic features.

Persistently elevated markers of inflammation with a
combination of skin, ocular, lung, or cartilage manifestations
and/or cytopenia are suggestive of VEXAS.
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Table 1. Statements and level of agreements of different guidance statements of groups 1 through 4*

Statements
Agree,
n (%)

Disagree,
n (%)

Total,
n (%)

Group 1: clinical and laboratory features
VEXAS is a hematoinflammatory disease characterized by a spectrum of rheumatologic, dermatologic,
and hematologic features

52 (98) 1 (2) 53 (100)

Persistently elevated markers of inflammation with a combination of skin, ocular, lung, or cartilage
manifestations and/or cytopenia are suggestive of VEXAS

50 (94) 3 (6) 53 (100)

Macrocytic anemia is a common hematologic abnormality in VEXAS but may not always be present 52 (98) 1 (2) 53 (100)
Vacuoles present in early erythroid or myeloid precursors from bone marrow aspirates are suggestive
of, but not diagnostic for, VEXAS

53 (100) 0 (0) 53 (100)

VEXAS is not a heritable disease 53 (100) 0 (0) 53 (100)
Most cases of VEXAS have been reported in men older than 50 years 52 (98) 1 (2) 53 (100)

Group 2: UBA1 mutation screening
The majority of patients with typical VEXAS have missense or splice site mutations at exon 3 of UBA1 52 (100) 0 (0) 52 (98)
A variety of sequencingmethods can be used to diagnose VEXAS depending on resources and expertise 51 (98) 1 (2) 52 (98)
NGS has increased sensitivity to detect low-level somatic variants with coverage of all coding or splice
site regions

50 (96) 2 (4) 52 (98)

Targeted testing for exon 3 variants can be used as an alternative to NGS with the understanding that
such modalities may miss somatic variants with low VAF (Sanger sequencing) or variants outside of
exon 3 (Sanger sequencing and ddPCR)

50 (96) 2 (4) 52 (98)

Active treatment may affect the accuracy of genetic testing by decreasing mutation level 45 (87) 7 (13) 52 (98)
Somatic mutations defining VEXAS are detected in peripheral blood or bone marrow–derived DNA 51 (98) 1 (2) 52 (98)
If clinical suspicion is high and genetic testing for mutations in UBA1 at exon 3 is negative on the
peripheral blood, clinicians should ensure that testing covers the complete gene and consider testing
a bone marrow sample

47 (90) 5 (10) 52 (98)

Group 3: diagnosis of MDS in patients with VEXAS
Bone marrow examination is recommended in patients with VEXAS with associated cytopenia to
exclude an associated hematologic neoplasm

51 (98) 1 (2) 52 (98)

Karyotype and NGS for coexisting somatic mutations should be performed with bone marrow
examination

50 (96) 2 (4) 52 (98)

Interpretation of bone marrow is challenging in VEXAS due to the frequent presence of signs of
dysplasia, without meeting existing criteria for myelodysplastic syndrome diagnosis based on the
WHO and ICC 2022 classifications

50 (96) 2 (4) 52 (98)

The somatic clonal landscape in VEXAS is dominated by mutations in DNMT3A and TET2, generally
without other driver mutations

49 (94) 3 (6) 52 (98)

Group 4: outcomes, prognostic factors, and management
Patients with VEXAS should be managed by a multidisciplinary team with consideration of referral to an
expert center when available evidence

52 (100) 0 (0) 52 (98)

Disease activity is defined by inflammation or worsening bone marrow failure 48 (92) 4 (8) 52 (98)
The goals of treatment include controlling inflammation; preventing and treating bone marrow failure;
preventing and treating secondary medical complications arising from implemented treatments; and
improving quality of life

50 (96) 2 (4) 52 (98)

Infections, thromboembolic embolic disease, and treatment-related comorbidities are common in
VEXAS and can mimic disease activity

49 (94) 3 (6) 52 (98)

Flare of disease can be defined as recurrence of clinical or laboratory signs or symptoms of VEXAS 47 (90) 5 (10) 52 (98)
Glucocorticoids are usually needed to control inflammation in patients with VEXAS and should be
tapered slowly to achieve the minimal dose required to control disease activity

52 (100) 0 (0) 52 (98)

Medications that target inflammatory pathways (eg, JAK inhibitors, IL-6 inhibitors) are more effective
than conventional DMARDs (eg, methotrexate, azathioprine) or B cell–directed therapies (eg,
rituximab)

48 (92) 4 (8) 52 (98)

Medications that reduce or eliminate the clonal burden of disease (eg, azacytidine) can be an effective
treatment in some patients with VEXAS syndrome

51 (98) 1 (2) 52 (98)

Allogenic hematopoietic stem cell transplantation may be a curative treatment but should be reserved
for select patients with VEXAS after a careful hematologic evaluation

50 (96) 2 (4) 52 (98)

Prophylaxis against opportunistic infections, prevention of thromboembolic disease, and minimization
of side effects related to chronic glucocorticoid therapy should be considered in all patients with
VEXAS

51 (98) 1 (2) 52 (98)

Future clinical trials will be needed to identify the best treatment for patients with VEXAS 52 (100) 0 (0) 52 (98)

* ddPCR, digital droplet polymerase chain reaction; DMARD, disease-modifying antirheumatic drug; ICC, International Consensus Classifica-
tion; IL-6, interleukin-6; MDS, myelodysplastic syndrome; NGS, next-generation sequencing; WHO, World Health Organization; VAF, variant
allele fraction; VEXAS, vacuoles E1 enzyme X-linked autoinflammatory somatic syndrome.
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Inflammatory features. Inflammatory manifestations
are ubiquitous in patients with VEXAS, and elevated acute
phase reactants are present at some point in the majority of
patients.1,5 The spectrum of clinical features of VEXAS is wide
and highly variable and overlaps several domains and organ
systems. Although rare, mild disease forms can occur with
minimal to no inflammation (sometimes detectable only in labo-
ratory results).

It is crucial for clinicians and other health providers to be
familiar with the most common features present in confirmed
patients with VEXAS, including recurrent noninfectious fever (75–
100%); various skin involvements (erythema nodosum, maculo-
papular lesions, panniculitis, urticarial, and possibly others;
85%); lung involvement (interstitial infiltrates, pleuropericarditis;
55–95%); auricular, nasal, and tracheal chondritis (14–64%);
venous thrombosis (50%); and various inflammatory ocular
involvements (20–50%). Less common organ involvement could
also be present, such as peripheral nervous system, heart, and
kidneys impairments. A multidisciplinary approach is crucial for
both diagnosis and treatment, as patients can require treatment
by various medical specialists.

Erythrocyte sedimentation rate (ESR), ferritin, and C-reactive
protein (CRP) are increased in most untreated patients and can

trend with acute episodes of inflammation. Patients often carry
specific rheumatologic diagnoses, but in most cases, their clinical
course and initial manifestations are atypical for these diseases
with respect to disease severity, pattern of organ system involve-
ment, and response to treatment. For example, a patient with
VEXAS may be initially diagnosed with polymyalgia rheumatica
or seronegative rheumatoid arthritis, but over time they may
develop treatment-refractory systemic inflammation, progressive
bone marrow failure, and additional clinical symptoms that phe-
nocopy other rare diseases, such as Sweet syndrome or urticarial
vasculitis. Inflammation can occur in various tissues, most com-
monly affecting the skin, lungs, cartilage, and eyes.1,5–7 Histologic
characteristics are mainly available from skin biopsies, showing
the presence of inflammatory infiltrates consisting of immature
myeloid cells and variable proportions of mature neutrophils, lym-
phocytes, and histiocytes.

Most cases of VEXAS have been reported in men
older than 50 years

Demographics. In a large cohort of VEXAS comprising
116 patients, the median age at symptom onset was 71 years,
and the lower limit of the interquartile range was 66 years.5 Similar

When to consider tes�ng for soma�c UBA1 variant

Inflammatory:
• Fever of unknown origin
• Auricular and/or nasal chondri�s
• Neutrophilic dermatosis or ur�caria-like lesions(Bx)
• Leukocytoclas�c vasculi�s (LCV) or leukocytoclasia (Bx)
• Non-infec�ous periorbital swelling
• Recurrent, non-infec�ous inflammatory eye disease
• Non-infec�ous ground glass or nodular pulmonary infiltrate
• Unprovoked or recurrent thromboembolic disease
• Steroid dependency4

Hematologic:
• Vacuoles in myeloid or erythroid precursor cells on marrow aspirate
• Macrocytosis1 or macrocy�c anemia
• MDS or myelodysplasia
• Thrombocytopenia2

• Monocytopenia3

• Lymphopenia

• y

Pre-test probability is higher for MALES compared to FEMALES, for pa�ents OLDER THAN 50 YEARS, and when ACUTE PHASE 
REACTANTS are ELEVATED

Typical Disease Features

Less Common Disease Features
• Erythema nodosum (Bx)
• Recurrent ur�caria / ur�carial plaque 
• Injec�on site reac�on to anakinra
• Inflammatory arthri�s
• Vasculi�s (any size), relapsing / recurrent or with lack of response to SOC
• Pericardi�s / Myocardi�s

• Exuda�ve pleural or pericardial effusion
• Tes�cular inflamma�on
• Sensorineural hearing loss
• Atypical or opportunis�c infec�on including nontuberculous mycobacterial infec�on
• Nephro�c syndrome with renal amyloidosis (Bx)
• Inters��al nephri�s (Bx)

Figure 1. When to consider testing for VEXAS. A list of typical and less common disease features of VEXAS are presented to help guide clinicians
regarding when to consider testing for acquired mutations in UBA1. Bx, biopsy confirmation required; CRP, C-reactive protein; ESR, erythrocyte
sedimentation rate; LCV, leukocytoclastic vasculitis; MCV, mean corpuscular volume; MDS, myelodysplastic syndrome; SOC, standard of care;
VEXAS, vacuoles E1 enzyme X-linked autoinflammatory somatic syndrome.

INTERNATIONAL EXPERT RECOMMENDATIONS ON VEXAS SYNDROME 513

https://www.sciencedirect.com/topics/medicine-and-dentistry/myeloid-cell
https://www.sciencedirect.com/topics/medicine-and-dentistry/neutrophil
https://www.sciencedirect.com/topics/medicine-and-dentistry/histiocyte


age at onset has been shown in other cohorts, although the age
range extended below 50 years of age in multiple reports.8–10

Additionally, there is a single case report of a patient presenting
with VEXAS-like symptoms at age 23, with a confirmed patho-
genic UBA1mutation.11 Many factors likely influence the reported
age at disease onset, including heterogeneity of patient and phy-
sician reporting, inconsistent recognition of mild symptoms
caused by the disease, and disease-related variability such as
sex, variant allele fraction (VAF) levels, and mutation type, each
of which is currently being studied. Future research on younger
populations will help clarify the natural history of this disease,
including the timing of somatic mutation emergence and the
development of clinical and hematologic manifestations. Testing
for VEXAS can be considered in individuals under 50 years of
age when clinical suspicion is high; however, most cases to date
involve disease onset after age 60. The vast majority of patients
identified are male, due to UBA1 being an X-chromosomal gene,
although VEXAS has been reported in women, particularly those
with monosomy X.12

Macrocytic anemia is a common hematologic
abnormality in VEXAS but may not always be
present

Hematologic features. Macrocytosis and macrocytic
anemia are the most common peripheral blood findings in
patients with VEXAS,13,14 and macrocytosis should be recog-
nized early because it could be initially an isolated presenting fea-
ture. Additionally, patients may present with lymphopenia,
thrombocytopenia, and monocytopenia. The degree and
instances of cytopenia often increase as the disease progresses
and may not be evident in early presentations. The bone marrow
is typically hypercellular with an increased myeloid-to-erythroid
ratio.13,14 Concurrent conditions such as thalassemia or iron defi-
ciency may obscure red cell macrocytosis by causing pseudonor-
malization of the mean corpuscular volume. MDS is present at
diagnosis in one-third to one-half of patients with VEXAS,
although diagnosing MDS in the setting of VEXAS can be chal-
lenging1,5,13,14 (see group 3). Association with plasma cell dyscra-
sias is found in up to one-quarter of patients, and macrophage
activation syndrome associated with VEXAS has also been
reported.1

Vacuoles present in early erythroid–myeloid
precursors from bone marrow aspirates are
suggestive of but not diagnostic for VEXAS

Histopathology. Vacuoles in bone marrow histopathology
are neither specific nor sensitive for VEXAS; in fact, they may also
be found in individuals with nutritional deficiencies (especially cop-
per) and chemotherapy recipients.13,15,16 Although vacuoles in
isolation are not specific to VEXAS, vacuoles in combination with

relevant clinical symptoms have provided an 87.5% positive pre-
dictive value for pathogenic UBA1 mutations.17 Genetic testing
for pathogenic UBA1 variants remains necessary to diagnose
VEXAS, regardless of vacuole presence. Absence of vacuoles
should not prevent consideration of UBA1 testing if clinical suspi-
cion remains high.18

VEXAS is not a heritable disease

Genetics. To date, all reported cases of VEXAS have been
attributed to somatic or acquired mutations in UBA1, with no evi-
dence of heritable VEXAS. There has yet to be a documented
case of a UBA1 mutation being transmitted to offspring or inher-
ited, consistent with the mutation being restricted to the blood lin-
eage.1 However, no standardized assessment of children has
been performed, and there are reports of pathogenicUBA1muta-
tions being found outside of the blood, in both skin and nail
samples.19–21 In both of these nonhematologic tissues, the
UBA1 mutation may be present due to peripheral blood contam-
ination because the culturing of patient fibroblasts did not reveal
any pathogenic mutations.1

VEXAS diagnosis: UBA1 screening modalities
consensus statements (Figure 2)

The majority of patients with typical VEXAS have mis-
sense or splice site mutations at exon 3 of UBA1.

A variety of sequencing methods can be used to diag-
nose VEXAS depending on resources and expertise.

Next-generation sequencing (NGS) has increased sensi-
tivity to detect low-level somatic variants with coverage of all
coding or splice site regions.

Targeted testing for exon 3 variants can be used as an
alternative to NGS with the understanding that such modali-
ties may miss somatic variants with low VAF (Sanger
sequencing) or variants outside of exon 3 (Sanger sequenc-
ing and digital droplet polymerase chain reaction [ddPCR]).

Active treatment may affect the accuracy of genetic
testing by decreasing mutation level.

The diagnosis of VEXAS requires detection of pathogenic
somatic mutations in the UBA1 gene, which typically result in loss
of the UBA1b isoform expression or reduction of E1 enzymatic
activity.22 The choice of genetic testing modality depends on
availability and cost, with the goal of sequencing all genomic
regions where pathogenic mutations have been identified in
UBA1, ensuring sufficient depth to detect lower VAF somatic
mutations. As an initial diagnostic approach, low-cost genetic
testing, such as exon 3 analysis of the UBA1 gene by Sanger
sequencing, can be used. This method targets the canonical
mutations responsible for VEXAS, which involve p. Met41 (eg,
p. Met41Thr, p.Met41Val, p.Met41Leu), and surrounding splice
site mutations1,5,8,20 (eg, c.118-1G>C). Sanger sequencing of

MEKINIAN ET AL514



exon 3 also covers the residue p. Ser56; mutations at this position
cause reduced E1 enzyme function and are associated with a milder
inflammatory phenotype of VEXAS.23,24 Sanger sequencing can
identify mutations with VAFs roughly above 20% but lacks the sensi-
tivity to detect lower mutational burden. Although most UBA1muta-
tions can be detected by Sanger at diagnosis, a subset of patients
has lower VAFs that may cause clinically significant VEXAS.

More sensitive methods for genetic testing, including tar-
geted NGS are required to detect low-level pathogenic mutations
in UBA1. The choice of targeted NGS or Sanger sequencing will
depend on factors such as test availability, costs, and clinical
need for additional testing. Because VEXAS frequently overlaps
with MDS and clonal hematopoiesis of uncertain significance,
many patients may already be undergoing a myeloid
malignancy–targeted NGS panel, which should ideally include
UBA1 along with standard myeloid malignancy genes.

Many variants of uncertain significance throughout the UBA1
gene have recently been reported by diagnostic centers, which
now routinely include UBA1 as part of their genetic panel for
investigation of hematologic malignancies.25 The functional rele-
vance of these variants for the pathogenesis of VEXAS and other
hematologic disorders remains to be fully elucidated. Recently,
mutations located outside of exon 3 have been reported to modify

the catalytic function of E1 enzyme and lead to a “VEXAS-like”
clinical presentation, suggesting that they might play a role in the
disease pathogenesis.15,22 The diagnosis of VEXAS will depend
on identifying pathogenic or likely pathogenic mutations in
UBA1, as determined by ACMGG/AMP American College of
Medical Genetics and Genomics / Association of Molecular
Pathology, which may require functional biochemical validation
of such suspected mutations26,27 in UBA1.

DNA source and screening methods

Somatic mutations defining VEXAS are detected in
peripheral blood or bone marrow–derived DNA.

If clinical suspicion is high and genetic testing for muta-
tions in UBA1 at exon 3 is negative in the peripheral blood,
clinicians should ensure that testing covers the complete
gene and consider testing a bone marrow sample.

Typically, DNA for genetic testing for VEXAS is obtained from
peripheral blood or bone marrow aspirates. UBA1mutations orig-
inate in the bone marrow progenitors and become lineage
restricted to myeloid lineages and are primarily absent in lympho-
cytes. Occasionally, DNA from affected skin or lymph nodes may
be used, although mutation levels tend to be lower due to the

Gene�c Tes�ng for VEXAS

Required: Clinical informa�on and genomic DNA from

Bone 
marrow 

aspira�on

Peripheral 
Blood

Other 
materials

e.g. affected 
�ssue

Available technics used for UBA1 sreening with proposed 
muta�onal burden threshold for detec�on by  

Variant Allele Frequency, VAF (%)

• Sanger Sequencing of exon 3 including hotspot and splice sites 
(> 15-20% VAF)

• High Resolu�on Mel�ng Analysis of exon 3 (>1%)
• Droplet Digital PCR of exon 3 (>1%)
• Targeted Next Genera�on Sequençing including full gene 

sequence (>1%)
• Whole exome sequencing (>2-5%)

UBA1 exon 3 genotyping including splice sites 

By Sanger sequencing

Exon 3 
muta�on

VEXAS syndrome

UBA1 full gene by HTS  

VEXAS Like syndrome

Low VAF 
Exon 3 

muta�on

-
-

« Atypical » 
VEXAS 

Syndrome

Muta�on 
outside
Exon 3 

Addi�onal considera�ons
• Treatment can impact muta�onal burden (par�cularly in 

context of hypomethyla�ng agents)
• Lower clonal  burden of disease (i.e., low VAF) may not be 

detected by Sanger sequencing and may require high 
throughput sequencing

• Muta�onal burden may differ in bone marrow compared to 
peripheral blood

• Tes�ng for addi�onal clonal muta�ons in genes related to 
myelodysplas�c syndrome or myeloid malignancies may 
provide addi�onal informa�on

HTS : High Throughput Sequencing 

Figure 2. Genetic testing strategies for VEXAS. A practical approach to genetic testing is shown. Testing can be performed on bone marrow
aspirate or peripheral blood. In rare instances when a bone marrow or peripheral blood sample is not available, testing could be performed on
affected tissue. Different genetic testing strategies have different sensitivities to detect mutational burden of disease. Choice of genetic testing
may be guided by access to resources. HTS, high throughout sequencing; PCR, polymerase chain reaction; VEXAS, vacuoles E1 enzyme
X-linked autoinflammatory somatic syndrome.
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smaller number of myeloid cells infiltrating tissue. The detection of
UBA1mutations in the blood may be compromised by use of cer-
tain treatments, particularly hypomethylating agents, such as aza-
citidine. Although the mutation is usually identified in the
peripheral blood and mutation levels are concordant with muta-
tion burden in the bone marrow, there are isolated cases in which
mutations are detected at much higher VAFs in the bone marrow.
Thus, the testing site, detection method, and previous treatments
should be considered when evaluating results. If clinical suspicion
for VEXAS remains high despite negative testing in peripheral
blood or skin biopsy, we suggest targeted NGS of bone
marrow–derived samples to ensure testing tissue most likely to
be enriched with pathogenic mutations, using the most sensitive
sequencing approach for low VAF mutations.

In addition to Sanger sequencing, additional methods can
be used to detect mutations on exon 3 with very low VAFs.
These methods include high-resolution melting analysis,
ddPCR, which can target specific mutations, targeted NGS,
and whole-exome sequencing to analyze the complete coding
sequence of the UBA1 gene. Additionally, in conjunction with
genetic testing, flow cytometry from bone marrow samples can
help to identify characteristic vacuolated myeloid cells associ-
ated with VEXAS.28

Diagnosis of MDS in patients with VEXAS
consensus statements (Figure 3)

We recommend bone marrow examination in patients
with VEXAS with associated cytopenia to exclude an associ-
ated hematologic neoplasm.

Karyotype and NGS for coexisting somatic mutations
should be performed with bone marrow examination.

Although most patients with VEXAS predominantly exhibit
inflammatory manifestations, a subset, especially later in the dis-
ease course, develop progressive bone marrow failure. Assess-
ment by a hematologist is recommended to diagnose and
manage various hematologic conditions including bone marrow
failure, MDS, monoclonal gammopathies, and thrombosis.

Cytopenia, particularly macrocytic anemia, is a common find-
ing in VEXAS, even in the absence of associated MDS. The need
for bone marrow examination in a patient with a molecularly con-
firmed VEXAS diagnosis is debated due to lack of data, especially
in patients without cytopenia. Macrocytosis is the most common
peripheral blood finding in patients with VEXAS, followed by ane-
mia, absolute lymphopenia (80%), moderate thrombocytopenia
(30–50%), and monocytopenia (30–50%), whereas neutrophils
are often within normal values. We recommend a baseline bone
marrow examination in all patients with cytopenic VEXAS, espe-
cially before initiating disease-modifying treatments. When a bone
marrow examination is performed, cytogenetic analysis should be
included to identify additional cytogenetics abnormalities consis-
tent with MDS, and loss of an X chromosome, which can predict

VEXAS in women.12 An NGS panel targeting somatic mutations
for myeloid malignancy, includingUBA1, is strongly recommended.
As with the diagnosis of VEXAS, Sanger sequencing can be used
but has limitations in detecting low VAF mutations. If a pathogenic
UBA1 mutation is identified via Sanger sequencing or targeted
UBA1 testing, patients should still undergo NGS myeloid malig-
nancy genetic testing. This testing can be performed from bone
marrow or peripheral blood, regardless of clinical phenotype, to
assess for coexisting mutations. VEXAS is a chronic and progres-
sive disease. Cytopenia may worsen over time and periodic re-
evaluation with bone marrow examination may be needed to
assess disease progression or treatment-related toxicity.14,29 We
recommend that patients with blood count abnormalities are fol-
lowed closely by a hematologist.

Interpretation of bone marrow is challenging in VEXAS
due to the frequent presence of signs of dysplasia, without
meeting existing criteria for myelodysplastic syndrome
diagnosis based on the World Health Organization (WHO)
and International Consensus Classification (ICC) 2022
classifications.

Many patients with undiagnosed VEXAS before the dis-
covery of the disease underwent bone marrow examinations
due to varying degree of cytopenia, predominantly macrocytic
anemia. Several of these patients were diagnosed with MDS
due to presence of dysplasia. However, with a better under-
standing of the histologic findings in VEXAS, it is important to
consider the diagnosis of VEXAS in the differential diagnosis
of MDS when reviewing bone marrow for dysplasia.14,30 Atypia
in one or more lineages, in addition to cytoplasmic vacuolation
in erythroid and myeloid precursor cells, is often found in bone
marrow examinations of patients with VEXAS, even when they
do not meet the diagnostic criteria for MDS.16 Cellularity is typ-
ically high with an increased myeloid-to-erythroid ratio. Marrow
flow cytometry analysis commonly shows absence of precur-
sor B cells. In patients with a molecularly confirmed VEXAS
diagnosis or with high suspicion, assessment of dysplasia
should require morphologic evidence other than the presence
of vacuolization alone, given this disease feature’s ubiquitous
presence in VEXAS.13,14 Albeit rare, the presence of increased
blasts (5–20%) or MDS-defining cytogenetic abnormalities
would also indicate MDS. Importantly, marrow morphologic
findings need to be evaluated in the clinical context, including
the presence of cytopenia’s due to other causes such as nutri-
tional deficiencies, infections, medications, or uncontrolled
inflammation. Given these diagnostic complexities, authors of
a recent article employed a more stringent approach to diag-
nosing MDS. They required the presence of significant and per-
sistent cytopenia, defined as transfusion-dependent anemia,
and thrombocytopenia (<100K per microliter) along with mor-
phologic or genetic (cytogenetic or molecular) findings consis-
tent with MDS. Using this approach, the incidence of MDS in
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VEXAS was 18%, lower than reported in earlier literature.29 The
importance of diagnosing MDS in a patient with an established
diagnosis of VEXAS is crucial because it helps better stratify the
risk of progression to acute myeloid leukemia and can inform
decisions about when to consider more aggressive treatment
strategies.

The somatic clonal landscape in VEXAS is dominated by
mutations in DNMT3A and TET2, generally without other
driver mutations, but is to date difficult to discriminate from
usual age-related to more VEXAS-specific signature.

Most reported cases of MDS in VEXAS are categorized as
lower risk according to International Prognostic Scoring System
categorization, with a low incidence of progression to acute mye-
loid leukemia.29,31–34 The karyotype is normal in more than 50%
of cases. Somatic mutations in myeloid driver genes are present
in nearly 60% of patients with VEXAS irrespective of a diagnosis
of MDS and likely reflect the underlying inflammatory environment
with predominance of DNMT3A and TET2 mutations.29,35 Most
patients with VEXAS also have additional mutations of clonal hema-
topoiesis in conjunction with UBA1 mutations (with DNMT3A and
TET2 being most frequent).29 Splicing factor mutations have also

been identified in cases with VEXAS, but their clinical significance
is yet to be determined. For the previously mentioned reasons,
prognostic tools generally used in MDS such as the International
Prognostic Scoring System-Molecular have identified mostly
lower-risk cases in the MDS-VEXAS overlap.36 Other myeloid neo-
plasms such as MDS–myeloproliferative neoplasm overlap syn-
dromes including chronic myelomonocytic leukemia, have also
been reported in the literature.37We recommend that final diagnos-
tic categorization for myeloid neoplasms in patients with VEXAS
should follow WHO 2022 ICC guidelines.38,39 Similarly, plasma cell
neoplasms should be categorized and assessed using the 2014
International Myeloma Working Group diagnostic criteria and
treated per standard therapeutic interventions.40

Do patients with vacuoles and no other WHO-defined dys-
plastic features, normal karyotype, and no other somatic muta-
tions have MDS? For these patients, the expert consensus is not
to consider these patients as having an MDS diagnosis, as the
dysplastic findings may represent inherent VEXAS, but to recom-
mend closer follow-up in case of further evolution. Based on the
available data, in many cases, cytopenia appears to be related
to bone marrow failure and ineffective hematopoiesis in VEXAS,
distinct from MDS.

Molecularly confirmed VEXAS syndrome (UBA1
muta�on posi�ve)

Predominant inflammatory symptoms 
+/- mild cytopenia (consider)

Presence of moderate/severe 
cytopenia and in par�cular macrocy�c 

anemia that is progressive , and not 
improved with systemic an�-

inflammatory therapies
(highly recommended)

VEXAS syndrome

VEXAS syndrome associated with 
MDS

VEXAS syndrome associated with 
plasma cell neoplasm

Cytopenia

● Clonal plasma cell popula�on
● MGUS > smoldering MM > MM
● Diagnosis and follow-up based on 

standard guidelines 

● Cytoplasmic vacuoles, hypercellular 
marrow, increased M:E ra�o

● Absence of B cells on flow
● Presence of dysplasia (not mee�ng 

WHO/ICC guidelines) ● Overt dysplasia or MDS defining 
cytogene�c abnormality or MDS 
defining myeloid gene muta�ons

● Diagnosis and follow-up based on 
standard guidelines (WHO/ICC)

Rule out other causes: 
nutri�onal deficiencies, 
infec�ons, peripheral 
destruc�on or consump�on, 
medica�on related

Approach to Hematological Diagnoses in VEXAS

Figure 3. Approach to hematological diagnoses in VEXAS. A flow diagram is provided regarding a practical approach to hematologic evaluation
of patients with a genetically confirmed diagnosis of VEXAS. ICC, International Consensus Classification; MDS, myelodysplastic syndrome; M:E,
myeloid-to-erythroid; MGUS, Monoclonal Gammopathy of Undetermined Significancy; MM, multiple Myeloma; WHO, World Health Organization;
VEXAS, vacuoles E1 enzyme X-linked autoinflammatory somatic syndrome.

INTERNATIONAL EXPERT RECOMMENDATIONS ON VEXAS SYNDROME 517



Outcome, prognosis, and management consensus
statements (Figure 4)

Patients with VEXAS should be treated by a multidisci-
plinary teamwith consideration of referral to an expert center
when available.

Disease activity is defined by inflammation or worsening
bone marrow failure.

The goals of treatment include controlling inflammation;
preventing, and treating bone marrow failure; preventing and
treating secondary medical complications arising from
implemented treatments; and improving quality of life.

VEXAS is a complex and potentially life-threatening disease
characterized by multisystem organ involvement.5,41 The median

survival from symptom onset is approximately 10 years.8 All

patients diagnosed with VEXAS should be evaluated by a hematol-

ogist to determine the extent of hematologic involvement and

manage the sequalae of progressive bone marrow failure. Rheu-

matologists, clinical immunologists, or internists play a key role in

treating the inflammatory aspects of the disease and mitigating

complications arising from immunosuppressive therapies.

Dermatologists, pulmonologists, cardiologists, infectious disease

specialists, and other health care providers are often needed to

address organ-specific and infectious complications. Given the

clinical heterogeneity and death risk associated with VEXAS, refer-

ral to an expert center or consultation with a provider who has

experience treating these patients is advisable whenever possible.

Infections, thromboembolic embolic disease, and
treatment-related comorbidities are common in VEXAS
and can mimic disease activity.

Disease-associated and treatment-related complications
contribute to the increased morbidity and mortality risk in patients
with VEXAS. A wide differential diagnosis should be considered
when assessing new or recurrent clinical symptoms in patients
with VEXAS, as not all complaints may be directly related to dis-
ease activity. Factors such as cytopenia, advanced age, use of
immunosuppressive therapy, defects in ubiquitylation, and
organ-related damage to skin and mucosal barriers increase sus-
ceptibility to typical, atypical, and opportunistic infections, includ-
ing Staphylococcus aureus, Streptococcus pyogenes,
Legionella species, nontuberculous Mycobacterium, Pneumo-
cystis jirovecii pneumonia, and alphaherpesviruses.42,43 Inflam-
mation and infection can co-occur in the same patient, often in
the skin and lungs. Thromboembolic disease, primarily venous
but also arterial, is prevalent in approximately 50% of patients with
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Figure 4. Treatment of VEXAS. A practical treatment algorithm is provided for clinical management of VEXAS syndrome based on current avail-
able evidence. Treatment decisions should be customized to each individual patient. CS, corticosteroid; DEXA, dual-energy x-ray absorptiometry;
GC, glucocorticoid; HSCT, hematopoietic stem cell transplantation; HSV, Virus Herpes Simplex; IL-1, interleukin-1; IV, intravenous; JAKi, JAK
inhibitor; NTM, nontuberculous mycobacteria; PJP, Pneumocystis jiroveci pneumonia; VEXAS, vacuoles E1 enzyme X-linked autoinflammatory
somatic syndrome; VZV, varicella-zoster virus. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.43287/abstract.
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VEXAS, typically in association with ongoing disease activity.44

Complications from chronic immunosuppressive treatments, par-
ticularly glucocorticoids, can be related to both dose and duration
of therapy.

Flare of disease can be defined as recurrence of clinical
or laboratory signs or symptoms of VEXAS.

Standardized definitions of disease states and disease activ-
ity are essential for clinical and research purposes. In VEXAS, dis-
ease activity is related to inflammation and bone marrow failure.
Systemic inflammation can affect nearly every organ system, with
a predilection for the skin, eyes, cartilage, lungs, and blood ves-
sels. Limited prospective data are currently available regarding
the nature and frequency of flares; however, clinical manifesta-
tions tend to reoccur during flare episodes. Elevated acute phase
reactants are detectable in most patients with VEXAS and can
serve as potential biomarkers of disease activity. CRP may be a
more reliable marker of inflammation compared to ESR in VEXAS
because hematologic abnormalities can elevate ESR independent
of inflammation. Progressive bone marrow failure typically mani-
fests as cytopenia, including macrocytic anemia, thrombocytope-
nia, lymphopenia, and monocytopenia.14 A subset of patients
become transfusion-dependent, a factor associated with
increased death.8 Hematologic and inflammatory manifestations
are often correlated but can worsen independently.

Glucocorticoids are usually needed to control inflamma-
tion in patients with VEXAS and should be tapered slowly to
achieve the minimal dose required to control disease
activity.

Glucocorticoids are highly effective to treat patients with
VEXAS, mostly dosed orally. Moderate to high doses of daily gluco-
corticoids (eg, prednisone 10–25 mg/day or higher) are often
needed to control inflammation. Patients may experience flares of
disease when glucocorticoids are tapered below specific daily
thresholds. Unlikemany rheumatologic diseases, glucocorticoid-free
remission is unusual in VEXAS, even with the concomitant use of
steroid-sparing therapies. Caution should be exercised when taper-
ing glucocorticoids, as small reductions in dosage can precipitate
recurrence of inflammation. The goal of steroid therapy is to find
the minimal glucocorticoid dose required to control disease activity
while minimizing the complications of long-term therapy.

Medications that target inflammatory pathways (eg, JAK
inhibitors, interleukin-6 [IL-6] inhibitors) are more effective
than conventional disease-modifying antirheumatic drugs
(DMARDs) (eg, methotrexate, azathioprine) or B cell–directed
therapies (eg, rituximab).

Mutations in VEXAS are lineage restricted to myeloid cells
(eg, monocytes, neutrophils) and produce a state of hyperinflam-
mation involving the activation of a myriad of inflammatory path-
ways. Therapies that target pathways of innate immunity are

more effective than medications targeted against the adaptive
immune system.1,45 Specific anticytokine therapies may be effec-
tive but are often insufficient to control inflammation. Of these,
IL-6 inhibitors are the most widely used. IL-1 inhibitors can be
considered, but severe injection site reactions have been reported
from anakinra,7 and few data highlighted the benefit of canakinu-
mab. JAK inhibitors are useful to target a broader spectrum of
disease-relevant cytokines (eg, IL-6, type 1 and 2 interferons). Of
the various JAK inhibitors, ruxolitinib may be preferred and can
be titrated across a greater dose range as needed, typically
dosed at 10 mg twice a day to 20 mg twice a day.46 Worsening
cytopenia related to use of JAK inhibitors should be closely mon-
itored and managed. Given the association of JAK inhibitors and
increased risk for viral infections, thromboembolic disease, and
cardiovascular events, careful selection of patients to receive this
type of therapy is advisable and prophylaxis for alpha herpesvi-
ruses should be considered. Conventional DMARDs may have
limited efficacy for some patients, potentially related to activation
of nonmutant lymphocytes. B cell–depleting therapies are contra-
indicated because they are not efficacious in VEXAS and can
worsen disease-associated B cell lymphopenia. Prospective clin-
ical trials to assess comparative effectiveness and dosing among
existing treatment options are needed, and the initial choice of
treatment should be individualized to each patient.

Medications that reduce or eliminate the clonal burden
of disease (eg, azacytidine) can be an effective treatment in
some patients with VEXAS.

The elimination of clonal burden of disease is an aspirational
goal for future medical therapies in VEXAS. Preliminary data on
the use of azacytidine, a hypomethylating agent commonly used
to treat MDS, has demonstrated reduction or elimination of
UBA1 mutation burden in peripheral blood or bone marrow in
some patients with VEXAS in conjunction with improvement
in inflammation.32,33,47 Successful therapy cessation with sus-
tained remission has been reported in small case reports, but
long-term data and prospective comparisons are lacking.47,48

Identification of specific patients with VEXAS who are most likely
to benefit from medical therapies that are cytotoxic to cells har-
boring UBA1 mutations remains to be determined. For example,
it is currently unknown whether patients with VEXAS and con-
comitant MDS should be the most appropriate candidates for
treatment with hypomethylating agents or whether these thera-
pies may benefit a broader spectrum of patients.

Allogenic hematopoietic stem cell transplantation may
be a curative treatment but should be reserved for select
patients with VEXAS after a careful hematologic evaluation.

Because VEXAS is associated with a genetic mutation
restricted to the hematopoietic compartment, allogeneic hematopoi-
etic stem cell transplantation is a curative option for this disease.49

Benefits of this procedure should be weighed against the morbidity
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andmortality associated risks for the procedure, especially infectious
complications, and graft-versus-host disease.50 Patients with
VEXAS who have progressive and severe bone marrow failure (eg,
transfusion-dependent) or treatment-refractory inflammation are
candidates for allogeneic stem cell transplantation. The timing of
bone marrow transplantation and identification of patients who are
acceptable candidates is the most challenging because of older
patient age, comorbidities, and often suboptimal performance status
because of disease and treatment, particularly glucocorticoids.51 So
far, 33 patients have been reported to have undergone allogenic
hematopoietic cell transplantation, with 27 individuals (81.8%) alive
and 11 individuals with posttransplant molecular data showing a
complete eradication of UBA1 mutation mostly over a less-than-
12-month follow-up period.52

Prophylaxis against opportunistic infections, prevention
of thromboembolic disease, and minimization of side effects
related to chronic glucocorticoid therapy should be consid-
ered in all patients with VEXAS.

Strategies to mitigate disease-associated and treatment-
related factors that contribute to morbidity and mortality are essen-
tial in the clinical management of patients with VEXAS. Prophylaxis
against infectious complications of disease (eg, Pneumocystis jiro-
vecii pneumonia or alphaherpesviruses) should be considered in
all patients, with particular consideration for older patients and any
patient with severe cytopenia who are receiving immunosuppres-
sive therapies.42,43 For skin lesions that do not respond to treat-
ment, a skin biopsy should be considered to rule out
nontuberculous Mycobacterium infections before increasing
immunosuppression. Given the high risk of thromboembolic dis-
ease, patients with VEXAS should receive thromboprophylaxis in
high-risk settings (eg, hospitalization) unless contraindicated.44 In
patients who develop thromboembolic complications of disease,
duration and choice of anticoagulation therapy has not been
defined. Given the substantial exposure to glucocorticoids experi-
enced by most patients with VEXAS, active management of
steroid-related complications, with particular focus on strategies
to promote bone health and prevent cardiovascular risk, is critical.

We need future clinical trials to identify the best treat-
ment for patients with VEXAS.

Several recent reports have detailed clinical response to various
treatments for VEXAS. Most of these studies provide case report– or
case series–level data. Data from prospective observational cohort
studies are lacking, and randomized controlled trials have not been
performed to date. The quality of data to support treatment consid-
erations in VEXAS is therefore low primarily due to selection bias,
insufficient follow-up time and precision in the diagnosis of associ-
ated MDS, and a lack of standardized definitions of treatment
response. Efficacy of any medication beyond glucocorticoids has
not been definitively established. Furthermore, because VEXAS is
typically a progressive clonal disease of the bone marrow, the timing
of therapy initiation, in addition to the specific therapeutic strategy,

may have an important impact on clinical response and will need to
be considered in future therapeutic trials.

VEXAS is a newly recognized disease, and these clinical
guidance statements are intended to help clinicians better man-
age this condition. The statements are based on expert opinion,
serving as a guide for current clinical practice and highlighting
areas of ongoing investigation. Prospective studies are necessary
to validate the different strategies outlined. As evidence accumu-
lates related to the management of VEXAS, future efforts to pro-
vide evidence-based clinical guidelines, with input from patient
partners, will be important to improve clinical care and promote
further research to better define the disease.
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EULAR/American College of Rheumatology Risk
Stratification Criteria for Development of Rheumatoid
Arthritis in the Risk Stage of Arthralgia

Hanna W. van Steenbergen,1 Frank Doornkamp,2 Stefano Alivernini,3 John Backlund,4 Catalin Codreanu,5

Stanley B. Cohen,6 Bernard Combe,7 Andrew P. Cope,8 Kevin D. Deane,9 Bryant R. England,10

Marie Falahee,11 Pascal H. P. de Jong,12 Arnd Kleyer,13 Diane Lacaille,14 Bertha Maat,15 Kulveer Mankia,16

Elise van Mulligen,17 György Nagy,18 Liam J. O’Neil,19 Linda Rodamaker,20 Ilfita Sahbudin,21

Dirkjan van Schaardenburg,22 Alexandre Sepriano,23 Jose A. P. da Silva,24 Lukas De Smet,1 Jeffrey A. Sparks,25

Ewout W. Steyerberg,2 Paul Studenic,26 Elisabeth Wethington,27 Robert L. Landewé,28 Karim Raza,29

and Annette H. M. van der Helm-van Mil30

Objective. The field of rheumatoid arthritis (RA) is moving towards identification of and intervention in people at risk
of RA, but a validated risk stratification method is lacking. This work was undertaken to develop a risk stratification
method for persons presenting with arthralgia considered to be at risk of RA.

Methods. A joint EULAR/American College of Rheumatology (ACR) expert committee was established. Risk factor
and outcome data from 10 arthralgia cohorts (including clinically suspect arthralgia and autoantibody-positive arthral-
gia) were studied. The work focused on differentiating the risk of progression to clinically apparent inflammatory arthri-
tis (IA) within 1 year, using clinical and serologic variables, without and with subclinical joint inflammation detected by
ultrasound (US) or magnetic resonance imaging (MRI). Developing RA according to the 2010 EULAR/ACR criteria
within 1 year was a secondary outcome. A set of validated risk stratification criteria was developed.

Results. Using data from 2,293 symptomatic at-risk individuals, a stratification method was derived consisting of
6 clinical and serologic variables (morning stiffness, patient-reported joint swelling, difficulty making a fist, C-reactive
protein, rheumatoid factor, and anti-citrullinated peptide antibody) yielding an area under the curve (AUC) of 0.80
(95% confidence interval [CI] 0.77–0.83) for IA development. The inclusion of US variables did not increase the discrimina-
tive ability. When MRI-detected subclinical inflammation variables were included, the AUC was 0.87 (95% CI 0.82–0.90).

This criteria set has been approved by the American College of Rheumatology (ACR) Board of Directors and the
EULAR Executive Committee. This signifies that the criteria set has been quantitatively validated using patient data,
and it has undergone validation based on an independent data set. All ACR/EULAR-approved criteria sets are
expected to undergo intermittent updates.

Classification criteria are essential in clinical and basic science research because they allow investigators to study rel-
atively homogeneous populations of patients recruited from a single or multiple research sites. In clinical settings, diag-
noses are made by health care professionals evaluating an individual patient’s symptoms, signs, and results of
laboratory and imaging studies in order to guide therapeutic recommendations. Patients diagnosed with a particular
disease may or may not fulfill classification criteria for that disease. Classification criteria, in the hands of an experi-
enced clinician with expertise in rheumatology, may inform a diagnostic evaluation, but improperly applied classifica-
tion criteria may lead to misdiagnosis.

The ACR is an independent, professional, medical, and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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In the presence of clinical, serologic, and MRI variables, a sensitivity and specificity of >75% was achieved. For RA devel-
opment, the AUC of the criteria with MRI was 0.93 (95% CI 0.90–0.97).

Conclusions. EULAR/ACR risk stratification criteria have been developed for people with arthralgia in secondary
care who are considered at risk for RA. The criteria can be applied in the absence or presence of imaging data and have
been developed to define homogeneous risk groups for future prevention trials.

INTRODUCTION

Rheumatoid arthritis (RA) is among the most common
chronic autoimmune diseases. The presence of clinically apparent
synovitis (swollen joints) is critical to diagnose and classify RA.1 It
has been established that early therapeutic interventions for RA
improve clinical outcomes and reduce the progression of joint
damage and disability.2 Furthermore, it is well recognized that
autoimmune processes may be aberrant long before clinical
arthritis first develops.3–5 This has led to a focus on the prearthritis
stages of RA, under the hypothesis that these early stages are
more amenable to disease-modifying interventions.

The transition from ‘health’ to RA has been divided into sev-
eral stages: genetic and environmental risk factors, evidence of
systemic autoimmunity, and symptoms, followed by clinically

apparent inflammatory arthritis (IA) onset.6 The symptomatic risk
stage was defined using a data-driven approach with clinical
expertise for reference, resulting in the EULAR definition of arthral-
gia suspicious for progression to RA.7,8 This definition (consisting
of symptoms and signs) is useful to distinguish arthralgia suspi-
cious for progression to RA from other kinds of arthralgia. Many
groups have initiated observational cohort studies of arthralgia at
risk for RA, either in persons with clinically suspected arthralgia
(CSA) or in persons with autoantibodies and arthralgia/
musculoskeletal (MSK) symptoms. A recent EULAR taskforce
summarized existing biomarker data and concluded that there
was not yet consensus on which combination of predictors was
most informative and that proper validation was lacking.9,10 A uni-
form, accurate, and validated method for risk stratification in indi-
viduals with arthralgia is therefore warranted.
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This need is fueled by the results of recent randomized
placebo-controlled trials that suggest that therapeutic interven-
tions in CSA or autoantibody-positive arthralgia can modify the
disease course.11−13 To help design future trials efficiently, effec-
tive risk stratification is important to identify homogeneous groups
when evaluating the effectiveness of interventions. In addition, at-
risk individuals themselves have indicated that reliable risk infor-
mation is pivotal for their interpretation of symptoms and
decision-making.14−16 Finally, accurate and accepted risk stratifi-
cation is required by regulatory agencies. Therefore, to support
and homogenize further studies in the pre-RA field, a EULAR
and American College of Rheumatology (ACR) expert committee
was formed to develop an accurate and validated risk stra-
tification algorithm. An important consideration was that the
method should be applicable regardless of the method used to
identify symptomatic persons at risk (clinical grounds [CSA] or
autoantibody-positive arthralgia) and regardless of the availability
of imaging modalities for detecting subclinical joint inflammation.
Second, it was considered important to ensure that the generated
risk stratification criteria would not be misinterpreted as indicating
the presence of a disease or as classification criteria. With these
overarching principles, an expert committee developed EULAR/
ACR risk stratification criteria.

METHODS

Expert committee. In 2020, a EULAR committee of
experts in the field of ‘arthralgia at risk of RA’ was established.
To pool existing cohort data and develop consensus, members
were invited because they were the principal investigator of an
arthralgia cohort or because of their expertise in this area. In
2023, it was decided by ACR and EULAR to include ACR experts
and to continue as a joint EULAR/ACR initiative. The final expert
committee consisted of 20 rheumatologists, 2 fellows, 1 EMEU-
NET representative, 4 patient research partners, 2 allied health
professionals, 1 methodologist, and 2 statisticians, recruited from
10 European countries and North America.

Data sharing procedure. An inventory of available data in
at-risk cohorts was made (including inclusion criteria, endpoints,
and risk variables). At the first meeting (June 2021), consensus
was reached on the variables to be shared and on the primary
endpoint. At the second meeting (June 2022), data transfer
agreements were signed and some data were shared. The final
datasets were shared in October 2022. The principal investiga-
tors of the cohorts shared their cohort data for this project, but
data will not be openly accessible to the general public.

Study population. Some cohorts included persons
defined as being at risk for RA because of autoantibody positivity
with any arthralgia/MSK symptoms; others were selected based
on the rheumatologists’ expert opinion that the person had

arthralgia characteristics that put them at high risk of progressing
to RA (ie, CSA). The expert committee agreed to include both
approaches. Additionally, it was decided to exclude cohorts in
which at least some individuals were treated with disease-
modifying antirheumatic drugs in the phase of arthralgia/MSK
symptoms. The cohorts are described in Supplemental
Tables S1 and S2. By definition, all at-risk individuals studied did
not have clinically apparent IA at inclusion in the cohorts. Ethical
approval was ensured by the individual cohorts.

Endpoint. The primary endpoint was the development of
clinically apparent IA, identified by physical examination by rheu-
matologists, at 1-year follow-up. This was collected across all
cohorts. Secondary endpoints were fulfilling of the 2010 EULAR/
ACR criteria for RA1 at 1 year and developing IA at 2 years
follow-up.

Risk variables. Three categories of predictor variables
were studied: clinical and serologic (available in all cohorts), and,
where available, subclinical inflammation detected by ultrasound
(US) or magnetic resonance imaging (MRI) (Supplemental
Table S1). Clinical variables were studied as available (31 vari-
ables, Supplemental Figure S1A). The presence of CSA, based
on clinical opinion or EULAR definition,7 was not included as a
variable because it was missing from autoantibody-positive
arthralgia cohorts. However, data on several clinical items from
the EULAR definition were available and examined. Imaging pro-
tocols differed between the cohorts (Supplemental Table S3 for
US, Supplemental File S1 for MRI). Anatomical sites and charac-
teristics that were reasonably similar across cohorts were
included (92 variables for US and 62 for MRI, Supplemental
Figure S1B and S1C). The presence of subclinical inflammation
by US was defined as grey scale (GS) ≥2 (except for metatarso-
phalangeal [MTP] joints 1–3, where a threshold of ≥3 was chosen
because of the prevalence of GS ≤2 in healthy persons17) or
power Doppler ≥1. For MRI, subclinical inflammation was consid-
ered present if the Rheumatoid Arthritis Magnetic Resonance
Imaging Score at a joint/bone/tendon sheath was present in
<5% of age-matched symptom-free persons at the same
location.18,19

Statistics. A statistical analysis plan was developed and
approved.

Derivation. Missing variables were imputed using the total
dataset (including available clinical, serologic, imaging, and out-
come data). Twenty completed datasets were created using mul-
tiple imputation by chained equation.

Because of a high number of variables in relation to the num-
ber of events, the number of variables was reduced prior to the
main analyses to prevent overfitting. Thirty-one clinical items were
present. Some were not included, eg, because of absence of
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association in univariable logistic analyses of the primary end-
point, leaving 24 clinical and serologic variables for the main
analyses (Supplemental Figure S1A). For US, data from 92 vari-
ables were present across the cohorts (Supplemental
Figure S1B). Summation reduced this to 10 US variables without
loss of discriminatory capacity (area under the receiver operating
characteristic curve [AUC]) (Supplemental Figure S1B). Similarly,
62 MRI variables were summed into 12 variables (Supplemental
Figure S1C).

For the main analyses, least absolute shrinkage and selection
operator (Lasso) penalized regression was used. First, a Lasso
logistic regression model was built with 24 clinical and serologic
variables and the primary endpoint as outcome in the total dataset
of all cohorts for application in the absence of imaging data. The
regression coefficients of the selected variables were fixed into a
linear predictor (ie, clinical and serologic variables with fixed coef-
ficients). Subsequently, this linear predictor was included in
2 other analyses, including 10 baseline US or 12 MRI variables.
These analyses assessed the incremental value of US-/MRI-
detected inflammation added to the information from the clinical
and serologic variables.

Cohort heterogeneity was evaluated by adding a cohort var-
iable as an adjustment variable. Two cohort variables were stud-
ied: grouped in 2 categories (identification of being at risk based
on autoantibody-positive arthralgia/MSK symptoms or CSA) or
5 categories (grouping by geography/region and identification
method).

A risk stratification algorithm was derived by summing the
coefficients of the identified items with scaling and rounding for
better applicability. This consisted of a section with clinical and
serologic variables, and if US or MRI data were available, these
additional variables could be used. The predicted risks were plot-
ted against the risk scores. Test characteristics (sensitivity and
specificity) and predictive values (positive and negative predictive
values) were determined for different cutoffs of risk scores.

Discriminatory capacity of the 3 models (clinical and sero-
logic, +US, and +MRI) was assessed primarily by the AUC, with
higher AUCs indicating better performance. We evaluated
whether a sensitivity and specificity of�80% (a priori selected cri-
terion) was achieved.

We assessed whether risk stratification could be simplified
without loss of performance (AUC). Additionally, we compared
the percentage of participants with low, intermediate, or high risk
where risk categories were arbitrarily defined (low risk <25%
development of clinically apparent IA; intermediate risk 25%–

75%; high risk ≥75%). The goal was to have as few people as
possible in the intermediate risk group. Statistical methods are
further described in Supplemental File S2.

Validation. We applied a cross-validation procedure with
200 bootstrap replications. In addition, the total dataset was split
into 2 sets comprising two-thirds and one-third; the split was

performed at the cohort and outcome levels. Finally, the perfor-
mance per each of 5 groups of cohorts was evaluated.

Final consensus. The results were presented at the third
meeting (in-person, at EULAR congress 2023) and at the final
online meeting (June 2023). Consensus was then assessed by
voting according to the EULAR standardized operating
procedures.20

RESULTS

Population. Of the 14 cohorts in the inventory phase,
10 cohorts generated data from a total of 2,583 symptomatic
at-risk persons (Supplemental Figure S2, Supplemental
Table S1). These data came from observational cohorts from
Amsterdam (The Netherlands), Birmingham (UK), Erlangen
(Germany), Leeds (UK), Leiden (The Netherlands), Rotterdam
(The Netherlands), Rome (Italy), and Vienna (Austria) and the pla-
cebo arm of the Dutch multicenter TREAT EARLIER trial. Two
cohorts were excluded because of disease-modifying antirheu-
matic drug treatment, leaving 2,293 persons for analysis
(Table 1, Supplemental File S2).

Primary endpoint. Clinically apparent IA developed in
389 persons (17%) (282 anti-citrullinated peptide antibody
[ACPA]-positive, 107 ACPA-negative persons) within 1 year. Clin-
ical, serologic, and imaging factors were studied in relation to this
endpoint.

Clinical and serologic risk factors. From the 24 vari-
ables, 7 were strongly associated with the primary endpoint
(Table 2). These were difficulty to make a fist, patient-reported
joint swelling, increased C-reactive protein (CRP), rheumatoid fac-
tor (RF), and ACPA, and the cohort variable that was included to
adjust for cohort heterogeneity (2-category variable, being at risk
based on autoantibody-positive arthralgia/CSA). The AUC was
0.80. When the 5-category cohort variable (5 groups based on
geography and autoantibody-positive arthralgia/CSA) was used
to adjust for cohort heterogeneity, the results were similar
(Supplemental Table S4). The 2-category cohort variable was
used as an adjustment factor in further analyses.

US-detected subclinical joint inflammation. A model
with only the 10 aggregated US variables (n = 835 with US data)
yielded an AUC of 0.63 (Supplemental Table S5). Including these
to the panel of fixed clinical and serologic variables identified
5 US variables that were associated with the endpoint (Table 2).
This model had an AUC of 0.80.

MRI-detected subclinical joint inflammation. MRI
data were analyzed in a similar way as US data. MRI data alone
resulted in a model with an AUC of 0.76 (Supplemental
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Table S6). Combining the aggregated 12 MRI variables with the
fixed clinical and serologic risk factors revealed that 6 MRI vari-
ables were incrementally associated with the endpoint (Table 2).
The AUC of this model was 0.87.

Development of extended risk stratification. Based
on these results, an algorithm was derived using the 6 clinical
and serologic variables, the cohort variable, and with the 5 US or
6 MRI variables (Figure 1). The possible scores ranged between
0 and 28 (clinical and serologic data), 0 and 40 (with US data), or
0 to 45 (with MRI data). The predicted risks per score are pre-
sented in Figure 1. Additionally, the test characteristics and
predictive values for various cutoffs are presented.

Performance. The main statistics for performance were the
AUC values, which were 0.80, 0.80, and 0.87 for the clinical and
serologic data only, with additional US data, and with additional
MRI data, respectively (Table 2). Sensitivity and specificity �80%
was only possible when including MRI data and with a risk score
≥12 (sensitivity 79%, specificity 78%) (Figure 1).

Validation. Internal validation showed little variability in the
AUC (Table 3). Analyses in two-thirds and one-third of the popula-
tion also showed only minor changes in AUC. Analysing the
5 groups of cohorts separately showed AUCs ranging from 0.75
to 0.84 (Supplemental Table S7).

Secondary endpoints. Of the individuals, 12% (209 of
1708) developed RA at 1 year according to the 2010 EULAR/
ACR classification criteria. The AUC for this secondary
endpoint was 0.85 for the clinical and serologic data, 0.84
when US data were added, and 0.93 when MRI data were
added (Table 3). Of the individuals, 21% (441 of 2055) devel-
oped clinically apparent IA within 2 years. The AUC values were
roughly similar to those with this endpoint at 1 year follow-up
(Table 3).

Simplified risk stratification. For ease of use, simplifica-
tions were applied for the algorithm with the primary endpoint.
The cohort variable was omitted because it is an ‘artificial variable’
that was used to adjust risk estimates for cohort heterogeneity.
US-detected inflammation data were omitted as their contribution
was negligible in this analysis. For MRI, only tenosynovitis was
included because the contribution of the other combined MRI var-
iables was negligible.

Therefore, the clinical and serologic variables in the final cri-
teria were morning stiffness, presence of patient-reported joint
swelling, difficulty making a fist, and increased CRP, RF, and
ACPA status (Table 4). For imaging, the presence of tenosynovitis
of the flexors of the wrist, the extensors of the wrist, the extensors
of the metacarpophalangeal joints and the extensors of the MTP
joints were included (Table 4). The clinical and serologic score
ranged from 0 to 26; when MRI data was added, the
score ranged from 0 to 42 (Table 4). The predicted risks were

Table 1. Characteristics at baseline and frequency of the primary endpoint*

Total population
Population
with US

Population
with MRI

Population
without imaging

(n = 2293) (n = 835) (n = 730) (n = 728)

Baseline characteristics
Female, n (%) 1,733 (76) 630 (75) 558 (76) 545 (75)
Age, y, mean (SD) 47 (13) 49 (13) 44 (12) 49 (12)
Symptom duration, wk, median (IQR) 43 (19-104) 51 (26-110) 21 (11-46) 52 (28-156)
Presence of hand symptoms, n (%) 987 (84) 327 (80) 582 (86) 78 (83)
Morning stiffness ≥60 min, n (%) 521 (26) 180 (22) 234 (34) 107 (21)
TJC44, median (IQR) 2 (0-6) 2 (0-6) 4 (2-9) 0 (0-3)
Increased CRP, n (%) 372 (17) 113 (14) 163 (22) 96 (14)
RF positivity, n (%) 949 (41) 357 (44) 150 (20) 431 (61)
Low-positive 455 (20) 155 (19) 59 (8) 241 (34)
High-positive 483 (21) 202 (25) 91 (12) 190 (27)

ACPA positivity, n (%) 1,103 (48) 531 (65) 102 (14) 470 (66)
Low-positive 391 (17) 188 (23) 17 (2) 186 (26)
High-positive 712 (31) 343 (42) 85 (12) 284 (40)

Primary identification method for RA risk, n (%)
Autoantibody positivity with
arthralgia/MSK symptoms

1,242 (54) 597 (71) 0 645 (89)

CSA 1,051 (46) 238 (29) 730 (100) 83 (11)
Primary endpoint
Clinically apparent inflammatory
arthritis within 1 y, n (%)

389 (17) 153 (18) 102 (14) 134 (18)

* ACPA, anti-citrullinated peptide antibody; CRP, C-reactive protein; CSA, clinically suspect arthralgia; IQR,
interquartile range; MRI, magnetic resonance imaging;MSK,musculoskeletal; RA, rheumatoid arthritis; RF, rheuma-
toid factor; TJC, tender joint count; US, ultrasound.
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plotted per risk for RA score, both for the criteria without and with
imaging (Figure 2). Test characteristics were presented for several
cutoffs for the risk for RA score (Figure 2; Supplemental Tables S8
and S9).

The simplified clinical and serologic model had an AUC of
0.80; when adding MRI data, the AUC was 0.86. Calibration
graphs are presented in Supplemental Figure S3. Sensitivity and
specificity ≥75% was only possible with the criteria with MRI data;
a risk score of ≥10 points corresponded to a sensitivity of 75%
and specificity of 79%.

The percentages of participants classified as low, intermedi-
ate, and high risk (<25%, 25%–75%, and ≥75%, respectively)
based on clinical and serologic data are shown for those who
did and did not reach the endpoint (Figure 3). Patients who
did not develop clinically apparent IA were almost exclusively
in the low-risk group. Patients who developed the endpoint
were in all 3 groups. Exploration revealed that the convertors
classified as low risk were ACPA-positive with few symptoms

or ACPA-negative with little subclinical joint inflammation
(Supplemental Table S10). Importantly, the intermediate risk
group, which should ideally be as small as possible, contained
18% of all studied at-risk individuals. This intermediate risk
group was the smallest, 11%, when MRI data were included
(Figure 3).

Consensus. During voting in the final meeting, 96% of task
force members approved the stratification criteria. It was agreed
to present both the extended and simplified versions, and agree-
ment was reached on the target population defined in the eligibility
criteria (Table 4).

DISCUSSION

We present EULAR/ACR risk stratification criteria for the
development of clinically apparent IA and RA, representing
the culmination of an international collaborative effort that

Table 2. Results from Lasso regression including clinical and serologic variables plus additional ultrasound- or MRI-
detected subclinical joint inflammation*

Variable

Clinical and
serologic

Clinical and serologic
+ ultrasound

Clinical and
serologic + MRI

(n = 2,293) (n = 835) (n = 730)

Morning stiffness
30-60 min 1.5 1.5 1.5
≥60 min 2.2 2.2 2.2

Patient-reported joint swelling 2.5 2.5 2.5
Difficulty making a fist 3.7 3.7 3.7
Increased CRP 1.3 1.3 1.3
RF
Low-positive 1.5 1.5 1.5
High-positive 2.4 2.4 2.4

ACPA
Low-positive 2.9 2.9 2.9
High-positive 8.2 8.2 8.2

2-category cohort variablea 1.7 1.7 1.7
Ultrasound
PD synovitis PIPs − 2.8 −
PD tenosynovitis − 1.7 −
PD synovitis MTPs − 1.4 −
GS synovitis wrist − 1.2 −
GS tenosynovitis − 1.2 −
MRI
Tenosynovitis flexors wrist − − 3.3
Tenosynovitis extensors MCPs − − 2.7
Tenosynovitis extensors MTPs − − 1.9
Tenosynovitis extensors wrist − − 1.3
Osteitis wrist − − 1.1
Synovitis MCPs − − 1.1
AUC (95% CI) 0.80 (0.77-0.83) 0.80 (0.75-0.84) 0.87 (0.82-0.90)

* Values are the OR derived from the regression coefficient. The regression coefficient was used to derive the
weights per variable in Figure 1. As Lasso shrinks the coefficient to zero, measures of variations are not informative.
The AUC of the clinical and serologic Lasso model in the n = 835 and n = 730 groups were 0.78 (95% CI 0.72–0.83)
and 0.84 (95% CI 0.79–0.88), respectively. ACPA, anti-citrullinated peptide antibody; AUC, area under the curve; CI,
confidence interval; CRP, C-reactive protein; CSA, clinically suspect arthralgia; GS, grey scale; Lasso, least absolute
shrinkage and selection operator; MCP, metacarpophalangeal joint; MRI, magnetic resonance imaging; MTP, meta-
tarsophalangeal joint; OR, odds ratio; PD; power Doppler; PIP, proximal interphalangeal joint; RA, rheumatoid
arthritis; RF, rheumatoid factor.
a Identification of RA risk based on CSA or autoantibody-positive arthralgia/musculoskeletal symptoms.
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Figure 1. Risk stratification for development of inflammatory arthritis within 1 year using clinical and serologic data and with additional US- or
MRI-detected subclinical joint inflammation in arthralgia at risk for RA (A), with predicted risks per risk scores (B), and test characteristics and pre-
dictive values for different risk score cutoffs (C). The risk score without imaging ranges from 0 to 28, the risk score with US from 0 to 40, and the risk
score with MRI from 0 to 45. The cohort variable was included to adjust for heterogeneity between the cohorts. This was classified in a 2-category
variable based on the primary identification method for RA risk, namely identification of being at risk based on autoantibody-positive arthralgia/
musculoskeletal symptoms or CSA. ACPA, anti-citrullinated peptide antibody; CRP, C-reactive protein; CSA, clinically suspect arthralgia; GS, grey
scale; MCP, metacarpophalangeal joint; MRI, magnetic resonance imaging; MTP, metatarsophalangeal joint; NPV, negative predictive value; PD,
power Doppler; PIP, proximal interphalangeal joint; PPV, positive predictive value; RA, rheumatoid arthritis; RF, rheumatoid factor; Sens, sensitiv-
ity; Spec, specificity; US, ultrasound.
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Table 3. Performance of validation using bootstrapping and data split and for secondary endpoints*

Internal validation Secondary endpoints

Included variables Bootstrapping Data split Clinical arthritis within 2 y RA (2010 criteria) within 1 y
AUC (95% CI) 2/3 AUC (95% CI) 1/3 AUC (95% CI) AUC (95% CI) AUC (95% CI)

Clinical and serologic 0.80 (0.77-0.83) 0.80 (0.77-0.83) 0.80 (0.77-0.83) 0.79 (0.77-0.82) 0.85 (0.83-0.88)
Clinical and serologic + US 0.79 (0.74-0.84) 0.80 (0.76-0.83) 0.79 (0.74-0.82) 0.78 (0.75-0.81) 0.84 (0.78-0.90)
Clinical and serologic + MRI 0.86 (0.81-0.89) 0.84 (0.81-0.86) 0.83 (0.80-0.85) 0.85 (0.81-0.89) 0.93 (0.90-0.97)

* A total of 2,055 persons had 2-year follow-up data; of these, 441 (21.5%) progressed to clinical arthritis within 2 years. A total of 1,708 persons had
dataondevelopment of clinical arthritis and fulfilled the2010 EULAR/ACR classification criteria for RA; of these, 209 (12.2%) developedRAwithin 1 year.
Derived models were evaluated after a two-third to one-third split that was performed at the cohort and outcome levels. ACR, American College of
Rheumatology; AUC, area under the curve; CI, confidence interval; MRI, magnetic resonance imaging; RA, rheumatoid arthritis; US, ultrasound.

Table 4. EULAR/ACR risk stratification criteria (after simplification) for individuals with arthralgia at risk for RA, to be used in presence or absence
of imaging*

Target population (who should be tested?): persons with arthralgia in secondary care without
clinical arthritis with the arthralgia not better explained by another disease/condition

Clinical and serologic characteristics Score

Morning stiffnessa 0-30 min 0
30-60 min 2
30-60 min 4

Patient-reported joint swellingb No 0
Yes 4

Difficulty making a fistc No 0
Yes 5

Increased CRPd No 0
Yes 1

RFe Negative 0
Low-positive 2
High-positive 4

ACPAe Negative 0
Low-positive 4
High-positive 8

Clinical and serologic sum score See Figure 2 for risk
Imaging characteristics if also MRI
Tenosynovitis flexors wristf Absent 0

Present 6
Tenosynovitis extensors wristg Absent 0

Present 2
Tenosynovitis extensors MCPsh Absent 0

Present 5
Tenosynovitis extensors MTPsi Absent 0

Present 3
Subscore MRI
Clinical, serologic, and imaging sum score See Figure 2 for risk

* The sum risk score without imaging ranges from 0 to 26 and with imaging from 0 to 42. Predicted risks and test characteristics for several cut-
offs of risk scores are presented in Figure 2, with a more extensive list in Supplemental Table S8. The AUC of the criteria without imaging is 0.80
andwithMRI data is 0.85. A sensitivity and specificity of ≥75%was only possible with the risk stratification criteria with imaging data and a score
of ≥10 points. ACPA, anti-citrullinated peptide antibody; CRP, C-reactive protein; IU, international unit; MCP, metacarpophalangeal joint; MRI,
magnetic resonance imaging; MTP, metatarsophalangeal joint; RAMRIS, Rheumatoid Arthritis Magnetic Resonance Imaging Score; RF, rheuma-
toid factor; ULN, upper limit of normal.
a Morning stiffness refers to patient-reported duration of joint stiffness in the morning.
b Patient-reported joint swelling refers to presence of a swollen joint as reported by the patient.
c Difficulty with making a fist is defined as inability of ≥1 fist with incomplete closure (fingertips do not touch the palm at active closing).
d Increased CRP defined as above the local laboratory reference.
e For RF and ACPA, negative refers to IU values less than or equal to the ULN for the laboratory and assay; low-positive refers to IU values that
are greater than the ULN but ≤3 times the ULN for the laboratory and assay; high-positive refers to IU values that are >3 times the ULN for the
laboratory and assay.
f Tenosynovitis of the wrist flexors: presence (RAMRIS ≥1) Of any tenosynovitis of the following: flexor carpi ulnaris, ulnar bursa including flexor
digitorum profundus and superficialis tendon quartets, flexor pollicis longus (tendon) in radial bursa, or flexor carpi radialis.
g Tenosynovitis of wrist extensors: presence (RAMRIS ≥1) Of any tenosynovitis of the 6 extensor compartments: (I) extensor pollicis brevis,
abductor pollicis longus; (II) extensor carpi radialis brevis, extensor carpi radialis longus; (III) extensor pollicis longus; (IV) extensor digitorum
communis, extensor indicus proprius; (V) extensor digiti quinti proprius; (VI) extensor carpi ulnaris.
h Tenosynovitis of the extensors of the MCPs: presence (RAMRIS ≥1) Of any tenosynovitis of the extensors of MCP2-5.
i Tenosynovitis of the extensors of the MTPs: presence (RAMRIS ≥1) Of any tenosynovitis of the extensors of MTP1-5.
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included researchers curating arthralgia cohorts, expert rheuma-
tologists, health care professionals, and patient research partners
across Europe and North America. The risk stratification criteria
consist of symptoms (morning stiffness, patient-reported joint
swelling), a sign (difficulty making a fist), serologic markers (CRP,
RF, and ACPA), and MRI-detected tenosynovitis. This product
has been developed with the key aim of supporting the inclusion
of homogeneous risk groups in future prevention trials with indi-
viduals with arthralgia in secondary care in whom imminent RA is
considered more likely than other causes of arthralgia. Impor-
tantly, risk of a disease is not the same as having a disease and
therefore, the product is not described as classification criteria.

We aimed to derive an algorithm that is broadly applicable
both in settings in which imaging modalities are available to detect
subclinical joint inflammation and where such modalities are lack-
ing. The statistical methodology was adapted accordingly, aiming
to take maximum advantage of the information from clinical and
serologic variables. Most importantly, the information from clinical
and serologic data was fixed and prioritized. In the presence of

both imaging-detected subclinical inflammation and clinical data,
whereby the latter was related to inflammation (eg, morning stiff-
ness is known to be related to subclinical synovitis21 and difficulty
making a fist to subclinical tenosynovitis22), multivariable analyses
will generally select the imaging variable as the best predictor for
RA development because of the most direct relationship. How-
ever, for practical application, clinical variables were given priority
(set as fixed in the analyses). Consequently, the effect sizes of
the clinical and serologic variables were larger than if such an
approach had not been applied. In contrast, the effect sizes of
imaging variables were lower than would have been the case
without this prioritization, and with this approach only revealed
the incremental value of adding imaging to what was already
known through the clinical and serologic variables. The value of
imaging is therefore also lower than previously reported in studies
in symptomatic at-risk individuals. This method led to an algo-
rithm that is applicable also in the absence of imaging modalities.
The criteria without imaging perform well because they use the
underlying correlation of clinical with imaging variables in this

Figure 2. Predicted risks (graph) and test characteristics and predictive values for several score cutoffs (table) for the risk stratification criteria
with- out or with imaging. Predicted risks for the sum scores obtained in Table 4. Test characteristics and predictive values for several cutoffs of
risk scores are shown; an extensive list of cutoffs with test characteristics and data on the percentage of persons with these cutoffs is presented
in Supplemental Table S8. The area under the curve of the criteria without imaging is 0.80 and with MRI data is 0.85. MRI, magnetic resonance
imaging; NPV, negative predictive value; PPV, positive predictive value; RA, rheumatoid arthritis; Sens, sensitivity; Spec, specificity.
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population. Because this is a derivative, the criteria with imaging
may be preferred for optimal trial design.

Importantly, the risk stratification criteria are derived from
data collected in secondary care and as such are based on the
correlation structure between the variables that exist in arthralgia
patients in secondary care. For example, patient-reported swell-
ing is related to subclinical joint inflammation in arthralgia at risk
for RA.23 In other situations, eg, the general population in which
hand osteoarthritis is more prevalent than imminent RA, this rela-
tionship may be different. Consequently, this method cannot be
extrapolated for trials in other populations (eg, primary
care-based populations) or for triaging referrals from primary to
secondary care. The developed criteria are expected to be widely
applicable, but only in persons seen with arthralgia in secondary
care, where impending RA is more likely than other causes of
arthralgia.

The criteria were derived with the idea that the accuracy of
data-driven risk stratification performs better than risk stratifica-
tion by expert opinion of individual rheumatologists. Whether this
assumption is true needs to be verified in future studies.

Performance was evaluated using the AUC (combining sen-
sitivity and specificity). In line with the aim of promoting the inclu-
sion of homogeneous risk groups in future studies, this metric
evaluates performance for groups of persons. At the design of
the project, the intention was to achieve both specificity and sen-
sitivity of �80%. The algorithm using clinical and serologic data
achieved a ‘best combination’ of sensitivity and specificity of
approximately 65% to 70% (Figures 1 and 2). When MRI data
were available, a specificity and sensitivity of almost 80% was
achieved by a score ≥12 in the expanded version or ≥10 in the
simplified version. Therefore, if a sensitivity and specificity of both
>75% are desired, the imaging criteria and a cutoff of ≥10 points

Figure 3. Distribution of subjects who did not and did reach the endpoint based on the predicted risks using the risk stratification criteria with
clinical and serologic data in Table 4. Subsequently, risk categories were defined as low (<25% risk), intermediate (25%-75%) and high (≥75%)
in the total population based on clinical and serologic data (n = 2,293). The same was done when additionally using MRI data (n = 703). Charac-
teristics of per- sons who developed the endpoint and were categorized as low risk (8% of the total population) are presented in Supplemental
Table S10, both for the setting without and with imaging data. MRI, magnetic resonance imaging.
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are appropriate. However, the expert committee did not choose
one cutoff point because, depending on the clinical situation or
intervention (with different risks of side effects), either a (very) high
sensitivity or specificity may be preferred. With the current presen-
tation, investigators can choose the test characteristics and cor-
responding cutoff that is felt acceptable by their team of
rheumatologic and patient experts.

Importantly, it was not the intention to develop an instrument
for individual patients in clinical practice. Absolute risk estimates
are more difficult to generalize (than test characteristics) because
they depend on prior risks of a disease (context-dependent prev-
alence). Interestingly, the prior risk of developing clinical arthritis
within 1 year was quite similar in all at risk populations studied
here (ranging from 14%–18%). Nonetheless, this may be different
in other places, and the developed criteria are therefore not suit-
able for decision-making in individual patients.

Subclinical joint inflammation (particularly tenosynovitis) is a
known predictor of clinical arthritis and RA development,24 and
data collected via US and MRI were assessed. MRI-detected
subclinical joint inflammation showed some incremental value
compared to clinical and serologic data alone. This was demon-
strated by an increase in AUC and a higher combination of sensi-
tivity and specificity. This did not occur for subclinical inflammation
detected with US. This difference may be explained by previous
findings that tenosynovitis is a powerful imaging predictor missed
by US in up to 80% of tenosynovitis lesions compared to
MRI.25,26 Additionally, US scanning protocol and gradings that
were used in the cohorts were different and could not be stan-
dardized in retrospect. The available US data also included less
tenosynovial sites than MRI (Supplemental Table S3). US-
detected erosions were shared from 1 dataset (Rotterdam
SONAR cohort) and were found to be nonpredictive. The task-
force had extensive discussions about the US results, and it was
agreed that the data would be presented as they are, with the
US in the extended algorithm. Furthermore, the US results pre-
sented here apply to the setting of individuals with arthralgia at risk
for RA and are not relevant to the value of US in a broader context
in the field of RA.

MRI also has disadvantages. Some subtle synovitis and
osteitis is present when using contrast-enhanced MRI in the gen-
eral symptom-free population, especially in older age and in spe-
cific joints and bones.18 These variations need to be considered
when defining an abnormal MRI result to prevent false-positive
tests.19 In contrast, tenosynovitis has been found to be rare in
the general population18 and was the only variable that remained
in the simplified risk stratification criteria. Tenosynovitis is also rel-
atively easy to detect reliably on MRI. Although MRI is already
used for the classification of other rheumatic diseases,27 MRI
may be considered impractical due to the need for intravenous
contrast agents, long scan times, and resulting high costs.
Recent data have emerged suggesting that a short modified
Dixon MRI sequence correlates well with conventional contrast-

enhanced MRI for scanning of hands/forefeet.28 With a scan time
of 5 minutes without the need for intravenous contrast, this could
make MRI more feasible. The value of this short MRI sequence
and its cost-effectiveness are subjects for further research. If pos-
itive, this could have a significant impact on the assessment of the
burden and costs of MRI compared to the incremental value in
risk stratification.

The method for identifying persons at risk of RA varies
between centers and countries. In some, the presence of a posi-
tive autoantibody test is the starting point, and the presence of
any MSK symptom increases the risk. Alternatively, individuals
can be identified by a combination of symptoms and signs that
resemble RA but where clinical IA is absent, ie, by having CSA.
Both identification methods alone have proven to be insufficient.
Risk stratification, as shown previously29−31 and also here,
requires a combination of clinical and serologic features com-
bined with imaging of joints. Although all participants in the CSA
cohorts were reported to have CSA by their rheumatologists, for
participants in the autoantibody-positive cohorts, it was unknown
whether they had CSA (according to their rheumatologist), and
data from some items of the EULAR definition of CSA7 were
absent/incomplete. Therefore, having CSA at an individual level
could not be included in the analyses, but several clinical items
that are part of the EULAR definition of CSA have entered the risk
stratification criteria (morning stiffness and difficulty making a fist).

The primary endpoint, development of clinically apparent IA,
was ascertained by consensus and was a pragmatic choice
because data on the 2010 classification criteria for RA were miss-
ing in 25%. RA was most likely the final diagnosis in the event of
the development of clinical arthritis because at-risk individuals
were selected based on RA-related autoantibodies or CSA. Previ-
ous studies of cohorts that are included here have demonstrated
that diagnoses other than RA or undifferentiated arthritis are
indeed rare.11,29,30 Moreover, the performance for the develop-
ment of RA was comparable to that for the primary endpoint.
Thus, risk stratifications were made for developing IA, an accept-
able proxy for RA in this setting.

Heterogeneity between cohorts (eg, individual characteris-
tics, outcomes) poses a challenge when combining datasets.32,33

Sex, age, and endpoint frequency were similar between the data-
sets, but there were also differences in clinical and serologic char-
acteristics arising from the method of identifying individuals at risk
(eg, the cohorts that included individuals with CSA had higher fre-
quencies of tender joints and the cohorts that selected for autoan-
tibodies showed a higher frequency of ACPA positivity).
Unmeasured factors related to geography or other factors may
also differ between the cohorts. Cohort heterogeneity was taken
into account by including a cohort variable. This had an indepen-
dent association with the endpoint, suggesting an influence.
Although this may suggest some impact on generalizability, exclu-
sion of the cohort variable in the simplification step did not affect
performance.
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Validation was performed with bootstrapping and a data
split. The similarity in AUCs demonstrated robustness. Data from
European populations were shared in the taskforce. We did not
find cohorts of arthralgia patients from the US, Canada, or Asia
who were willing to share data. External validation in
non-European populations should be conducted.

A limitation is that the selection of risk variables was based on
consensus and availability. Some risk factors previously shown to
be predictive in some cohorts (eg, human leukocyte antigen-
shared epitope alleles,29,30,34 functional disability,35 and T cell
subsets30), were not assessed in many cohorts and thus not
included here. The additional value of these variables can be eval-
uated in future studies. Including additional variables would be
valuable if, for example, the ACPA-negative progressing individ-
uals that are currently classified as low risk would be recognized
as high risk. This will not be easy because included ACPA-
negative individuals with arthralgia had a prior risk of 9%, and
posttest risks depend on prior risks. The high AUC also suggests
that there is little room for improvement.

Patient research partners were involved during all phases of
the project. Based on their advice, further research into the
patients’ perspective is needed. Understanding how risk informa-
tion is perceived and relates to willingness to participate in trials is
essential to inform future trials. Perceived risk status has been
shown to affect tolerance for side effects of preventive treat-
ments.16,36 Furthermore, the proportion of at-risk individuals with
‘intermediate’ risk of RA was relatively small (11%), but their views
of risk classification would need further investigation.

In conclusion, risk stratification criteria for arthralgia at risk for
RA have been developed based on international cohort data and
expert consensus. The developed risk stratification criteria are
validated and intended to support the inclusion of homogeneous
risk groups in future prevention trials.

ACKNOWLEDGMENTS

The authors are grateful to all the cohorts that shared their data.
Daniel Aletaha, Andrew Filer, Georg Schett, and Paul Emery are
acknowledged for allowing access to at-risk cohorts. Daniel Aletaha,
Duncan Porter, and Iain McInnes are acknowledged for advice. Profes-
sor Saskia le Cessie is acknowledged for statistical advice. The authors
also wish to thank EULAR and ACR for their financial support, Simona
Lupatin from EULAR, and Amy Turner from ACR for administrative sup-
port, and EMEUNET for providing a representative (Ilfita Sahbudin).

AUTHOR CONTRIBUTIONS
All authors have contributed to this work, drafted the work or

revised it critically and approved the final version. Drs van Steenbergen
and van der Helm-van Mil confirm that all authors have provided the final
approval of the version to be published and take responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

DISCLOSURES

The authors reported the following competing interests,
outside the submitted work. SA−grants or contracts: Novartis,
AbbVie; payment for lectures: AbbVie, Eli Lilly, Sandoz. CC
−payment or honoraria for lectures: AbbVie, Amgen, Boehrin-
ger Ingelheim, Ewopharma, Lilly, Novartis, Pfizer, Sobi; leader-
ship or fiduciary role in other board: President-elect of
Romanian Society of Rheumatology, President of Romanian
Registry of Rheumatic Diseases. SBC−grants or contracts:
investigator and consultant Amgen, AbbVie, BMS, Pfizer; con-
sulting fees: Amgen, AbbVie, BMS, Pfizer; payment or hono-
raria for lectures: Pfizer; participation on a data safety
monitoring board (DSMB): Gilead. APC−grants or contracts:
BMS, UCB; consulting fees: BMS, Galvani, Janssen, UCB, Lilly;
payment or honoraria for lectures: BMS, Galapagos; leadership
or fiduciary role in other board: chair EULAR Research Centre
Clinical Research subcommittee. KD−payment or honoraria
for lectures: Werfen, ThermoFisher; receipt of equipment,
materials: Werfen. BE−grants or contracts: Boehringer Ingel-
heim; consulting fees: Boehringer Ingelheim. AK−consulting
fees: Novartis Deutschland GmbH, Eli Lilly Deutschland GmbH,
Gilead Sciences, Medac GmbH. KM−grants or contracts: Gil-
ead, Lilly, Serac Healthcare, Astra Zeneca; consulting fees:
Galapagos, Lilly, Serac Healthcare, Deepcure, Zura Bio; pay-
ment or honoraria for lectures: AbbVie, Galapagos; sup- port
for attending meetings and/or travel: Lilly; participation on a
DSMB: Galapagos. LJON−consulting fees: Fresenius Kabi,
UCB; payment or honoraria for lectures: AbbVie. AS−grants or
contracts: FOREUM; consulting fees: AbbVie, UCB, Novartis;
payment of honoraria for lectures: Lilly, AbbVie; support for
attending meetings and/or travel: Janssen, Lilly; leadership of
fiduciary role in other board: editor in chief ARP Rheumatology,
associate editor RMD Open. JAPdS−consulting fees: Amgen, Fre-
senius Kabi; payment or honoraria for lectures: UCB, Amgen; par-
ticipation on a DSMB: Fresenius Kabi. JAS−grants or con- tracts:
National Institute of Arthritis and Musculoskeletal and Skin Dis-
eases, Rheumatology Research Foundation, R. Bruce and Joan
M. Mickey Research Scholar Fund, Gordon and Llura Gund Foun-
dation, BMS, Boehringer Ingelheim, Sonoma Biotherapeutics; con-
sulting fees: AbbVie, Amgen, Boehringer Ingelheim, BMS, Gilead,
Inova Diagnostics, Johnson & Johnson, MustangBio, Optum, Pfi-
zer, ReCor, Sana, Sobi, UCB. PS−grants or contracts: FOREUM,
Horizon/HADEA, AAL, EUREKA, Jubil€aumsfond der Stadt Wien;
consulting fees: AbbVie; payment or honoraria for lectures: Astra-
Zeneca; support for attending meetings and/or travel: Janssen,
Galapagos. RL−payment or honoraria for lectures: AbbVie, UCB,
Pfizer, Galapagos, Janssen Pharma, Novartis, Lilly; participation
on a DSMB: UCB SLE trial; leadership or fiduciary role in other
board: ASA board; other financial or nonfinancial interests: director
of Rheumatology Consultancy BV, director of Joint Imaging BV. KR
−grants or contracts: BMS.

VAN STEENBERGEN ET AL534



REFERENCES

1. Aletaha D, Neogi T, Silman AJ, et al. 2010 rheumatoid arthritis classi-
fication criteria: an American College of Rheumatology/European
League Against Rheumatism collaborative initiative. Ann Rheum Dis
2010;69(9):1580–8.

2. van der Linden MPM, le Cessie S, Raza K, et al. Long-term impact of
delay in assessment of patients with early arthritis. Arthritis Rheum
2010;62(12):3537–46.

3. Nielen MMJ, van Schaardenburg D, Reesink HW, et al. Specific auto-
antibodies precede the symptoms of rheumatoid arthritis: a study of
serial measurements in blood donors. Arthritis Rheum 2004;50(2):
380–6.

4. Rantapää-Dahlqvist S, de Jong BAW, Berglin E, et al. Antibodies
against cyclic citrullinated peptide and IgA rheumatoid factor predict
the development of rheumatoid arthritis. Arthritis Rheum 2003;
48(10):2741–9.

5. van Steenbergen HW, Huizinga TW, van der Helm-van Mil AH. The
preclinical phase of rheumatoid arthritis: what is acknowledged and
what needs to be assessed? Arthritis Rheum 2013;65(9):2219–32.

6. Gerlag DM, Raza K, van Baarsen LGM, et al. EULAR recommenda-
tions for terminology and research in individuals at risk of rheumatoid
arthritis: Report from the Study Group for Risk Factors for
Rheumatoid Arthritis. Ann Rheum Dis 2012;71(5):638–41.

7. van Steenbergen HW, Aletaha D, Beaart-van de Voorde LJJ, et al.
EULAR definition of arthralgia suspicious for progression to rheuma-
toid arthritis. Ann Rheum Dis 2017;76(3):491–6.

8. Burgers LE, Siljehult F, Ten Brinck RM, et al. Validation of the EULAR
definition of arthralgia suspicious for progression to rheumatoid arthri-
tis. Rheumatology (Oxford) 2017;56(12):2123–8.

9. Mankia K, Siddle H, Di Matteo A, et al. A core set of risk factors in indi-
viduals at risk of rheumatoid arthritis: a systematic literature review
informing the EULAR points to consider for conducting clinical trials
and observational studies in individuals at risk of rheumatoid arthritis.
RMD Open 2021;7(3):e001768.

10. Mankia K, Siddle HJ, Kerschbaumer A, et al. EULAR points to con-
sider for conducting clinical trials and observational studies in individ-
uals at risk of rheumatoid arthritis. Ann Rheum Dis 2021;80(10):
1286–98.

11. Krijbolder DI, Verstappen M, van Dijk BT, et al. Intervention with meth-
otrexate in patients with arthralgia at risk of rheumatoid arthritis to
reduce the development of persistent arthritis and its disease burden
(TREAT EARLIER): a randomised, double-blind, placebo-con- trolled,
proof-of-concept trial. Lancet 2022;400(10348):283–94.

12. Cope AP, Jasenecova M, Vasconcelos JC, et al. Abatacept in individ-
uals at high risk of rheumatoid arthritis (APIPPRA): a randomised,
double-blind, multicentre, parallel, placebo-controlled, phase 2b clini-
cal trial. Lancet 2024;403(10429):838–49.

13. Rech J, Tascilar K, Hagen M, et al. Abatacept inhibits inflammation
and onset of rheumatoid arthritis in individuals at high risk (ARIAA): a
randomised, international, multicentre, double-blind, placebo-
controlled trial. Lancet 2024;403(10429):850–9.

14. Mosor E, Stoffer-Marx M, Steiner G, et al. I would never take preven-
tive medication! Perspectives and information needs of people who
underwent predictive tests for rheumatoid arthritis. Arthritis Care Res
(Hoboken) 2020;72(3):360–8.

15. Newsum EC, van der Helm-van Mil AHM, Kaptein AA. Views on clini-
cally suspect arthralgia: a focus group study. Clin Rheumatol 2016;
35(5):1347–52.

16. Simons G, Veldwijk J, DiSantostefano RL, et al. Preferences for pre-
ventive treatments for rheumatoid arthritis: discrete choice survey in
the UK, Germany and Romania. Rheumatology (Oxford) 2023;62(2):
596–605.

17. Padovano I, Costantino F, Breban M, et al. Prevalence of ultrasound
synovial inflammatory findings in healthy subjects. Ann Rheum Dis
2016;75(10):1819–23.

18. Mangnus L, van Steenbergen HW, Reijnierse M, et al. Magnetic reso-
nance imaging-detected features of inflammation and erosions in
symptom-free persons from the general population. Arthritis Rheuma-
tol 2016;68(11):2593–602.

19. Boer AC, Burgers LE, Mangnus L, et al. Using a reference when defin-
ing an abnormal MRI reduces false-positive MRI results-a longitudinal
study in two cohorts at risk for rheumatoid arthritis. Rheumatology
(Oxford) 2017;56(10):1700–6.

20. van der Heijde D, Aletaha D, Carmona L, et al. 2014 Update of the
EULAR standardise operating procedures for EULAR-endorsed rec-
ommendations. Ann Rheum Dis 2015;74(1):8–13.

21. Krijbolder DI, Wouters F, van Mulligen E, et al. Morning stiffness pre-
cedes the development of rheumatoid arthritis and associates with
systemic and subclinical joint inflammation in arthralgia patients.
Rheumatology (Oxford) 2022;61(5):2113–8.

22. Wouters F, van der Giesen FJ, Matthijssen XME, et al. Difficulties mak-
ing a fist in clinically suspect arthralgia: an easy applicable phenome-
non predictive for RA that is related to flexor tenosynovitis. Ann
Rheum Dis 2019;78(10):1438–9.

23. Boeren AMP, Khidir SJH, de Jong PHP, et al. Patient-reported swell-
ing in arthralgia patients at risk for rheumatoid arthritis: is it of value?
Rheumatology (Oxford) 2023;63(12):3415–21.

24. Rogier C, Hayer S, van der Helm-van Mil A. Not only synovitis but also
tenosynovitis needs to be considered: why it is time to update textbook
images of rheumatoid arthritis. Ann Rheum Dis 2020;79(4):546–7.

25. Ohrndorf S, Boer AC, Boeters DM, et al. Do musculoskeletal ultra-
sound and magnetic resonance imaging identify synovitis and teno-
synovitis at the same joints and tendons? A comparative study in
early inflammatory arthritis and clinically suspect arthralgia. Arthritis
Res Ther 2019;21(1):59.

26. Wakefield RJ, O’Connor PJ, Conaghan PG, et al. Finger tendon dis-
ease in untreated early rheumatoid arthritis: a comparison of ultra-
sound and magnetic resonance imaging. Arthritis Rheum 2007;
57(7):1158–64.

27. Rudwaleit M, van der Heijde D, Landewé R, al. The development of
Assessment of SpondyloArthritis international Society classification
criteria for axial spondyloarthritis (part II): validation and final selection.
Ann Rheum Dis 2009;68(6):777–83.

28. Boeren AMP, Niemantsverdriet E, Verstappen M, et al. Towards a
simplified fluid-sensitive MRI protocol in small joints of the hand in
early arthritis patients: reliability between modified Dixon and regular
gadolinium enhanced TSE fat saturated MRI-sequences. Skeletal
Radiol 2023;52(6):1193–202.

29. van de Stadt LA, Witte BI, Bos WH, van Schaardenburg D. A predic-
tion rule for the development of arthritis in seropositive arthralgia
patients. Ann Rheum Dis 2013;72(12):1920–6.

30. Duquenne L, Hensor EM, Wilson M, et al. Predicting inflammatory
arthritis in at-risk persons: development of scores for risk stratification.
Ann Intern Med 2023;176(8):1027–36.

31. Matthijssen X, Van Dijk B, Wouters F, et al. FRI0542 Obtaining high
positive predictive values for the development of clinically apparent
arthritis in patients presenting with clinically suspect arthralgia; is it fea-
sible? [Abstract]. Ann Rheum Dis 2020;79:872. https://doi.org/10.
1136/annrheumdis-2020-eular.1697.

32. Steyerberg EW, Nieboer D, Debray TPA, et al. Assessment of hetero-
geneity in an individual participant data meta-analysis of prediction
models: an overview and illustration. Stat Med 2019;38(22):4290–309.

33. Studenic P, Hensvold A, Kleyer A, et al. Prospective studies on the
risk of rheumatoid arthritis: the European Risk RA Registry. Front
Med (Lausanne) 2022;9:824501.

RISK STRATIFICATION CRITERIA FOR RA 535

https://doi.org/10.1136/annrheumdis-2020-eular.1697
https://doi.org/10.1136/annrheumdis-2020-eular.1697


34. Wouters F, Maurits MP, van Boheemen L, et al. Determining in which
pre-arthritis stage HLA-shared epitope alleles and smoking exert their
effect on the development of rheumatoid arthritis. Ann Rheum Dis
2022;81(1):48–55.

35. Khidir SJH, van Dijk BT, Krijbolder DI, et al. Joint involvement in RA
starts predominantly in the hands: functional, clinical and imaging

studies in clinically suspect arthralgia and during progression to RA.
RMD Open 2023;9(2):e003107.

36. Simons G, Janssen EM, Veldwijk J, et al. Acceptable risks of treat-
ments to prevent rheumatoid arthritis among first-degree relatives:
demographic and psychological predictors of risk tolerance. RMD
Open 2022;8(2):e002593.

VAN STEENBERGEN ET AL536



EULAR/American College of Rheumatology
Classification Criteria for Pediatric Chronic
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Objective. To develop and validate classification criteria for pediatric chronic nonbacterial osteomyelitis (CNO)
jointly supported by EULAR and the American College of Rheumatology (ACR).

Methods. This international initiative had 4 phases: (1) candidate items were proposed in a survey of pediatric rheu-
matologists, (2) criteria definition and reduction by Delphi and nominal group technique exercises, (3) criteria weighting
using multicriteria decision analysis, and (4) refinement of weights and threshold score in a development cohort of
441 patients and validation in another cohort of 514 patients.

This criteria set has been approved by the American College of Rheumatology (ACR) Board of Directors and the
EULAR Executive Committee. This signifies that the criteria set has been quantitatively validated using patient data,
and it has undergone validation based on an independent data set. All ACR/EULAR-approved criteria sets are
expected to undergo intermittent updates.

Classification criteria are essential in clinical and basic science research because they allow investigators to study rel-
atively homogeneous populations of patients recruited from a single or multiple research sites. In clinical settings, diag-
noses are made by health care professionals evaluating an individual patient's symptoms, signs, and results of
laboratory and imaging studies in order to guide therapeutic recommendations. Patients diagnosed with a particular
disease may or may not fulfill classification criteria for that disease. Classification criteria, in the hands of an experi-
enced clinician with expertise in rheumatology, may inform a diagnostic evaluation, but improperly applied classifica-
tion criteria may lead to misdiagnosis.

The ACR is an independent, professional, medical, and scientific society that does not guarantee, warrant, or endorse
any commercial product or service.
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Results. The new EULAR/ACR classification criteria for CNO require typical radiographic or magnetic resonance
imaging findings and bone pain as an obligatory entry criterion and exclusion criteria of malignancy, infection, vitamin
C deficiency, and hypophosphatasia, followed by additive weighted criteria in 5 clinical (site of bone lesions, pattern
of bone lesions, age at onset, coexisting conditions, fever) and 4 pathology/laboratory domains (bone biopsy findings
if done, anemia, C-reactive protein level, and erythrocyte sedimentation rate). A total score ≥55 is required for classifi-
cation as CNO. The new criteria had a sensitivity of 82% and specificity of 98% in the validation cohort.

Conclusion. These new classification criteria for pediatric CNO developed with international input reflect cur-
rent views about CNO, have high specificity and good sensitivity, and provide a key foundation for future CNO
research.

INTRODUCTION

Chronic nonbacterial osteomyelitis (CNO) is a rare autoin-
flammatory bone disease of unknown cause with an annual inci-
dence of 0.4 to 2.3 per 100,000 children.1−3 CNO may

significantly impact patients’ quality of life and result in perman-
ent bone damage, long-term disability, and deformity if left
untreated.4−7 The term chronic recurrent multifocal osteomyelitis
is used when multiple bones are affected over time. We use
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CNO throughout this article for consistency. CNO is difficult to char-
acterize and diagnose because of its insidious onset, variable bone
location and symptoms at presentation, and lack of high-quality
clinical research describing the disease spectrum. These factors,
together with limited awareness among physicians about CNO,
often result in misdiagnosis1 and misclassification for research.

There are no previous classification criteria for CNO. Classifi-
cation criteria are essential to identify homogeneous groups of
patients to better characterize the epidemiology and natural his-
tory of CNO and to enroll in clinical trials. In the absence of classi-
fication criteria, diagnostic criteria proposed for clinical use have
been used as inclusion criteria for research in CNO. CNO diag-
nostic criteria have been proposed by 3 groups: King et al8 and
Manson et al9, Jansson et al10, and Roderick et al.11 These diag-
nostic criteria were based on clinical experience from single cen-
ter cohorts with fewer than 100 patients each and have not been
validated in independent cohorts. Thus, with the lack of evidence
on the validity of these diagnostic criteria, they should not be used
as entry criteria for clinical trials or observational studies.

The roles of advanced imaging methods and bone biopsy
need to be carefully evaluated in classification criteria for CNO.
Previous CNO diagnostic criteria required presence of lytic and/or
sclerotic lesions in radiographs or hyperintensity within bone marrow
in fluid-sensitive magnetic resonance imaging (MRI) sequences.
Symmetric bone lesions andmultifocal lesions occur muchmore fre-
quently than unifocal lesions.5,10 Whole-body MRI (WBMRI) is a rela-
tively new modality that better defines patterns of lesion distribution
and often identifies clinically ‘silent’ lesions that may affect the verte-
bral spine, which can impact treatment choice.2,12−14

Bone biopsy may be needed to exclude differential diagno-
ses of CNO, especially infections and malignancy.10,11 However,
there are no pathognomonic biopsy features for CNO. Common
histologic findings include acute and chronic inflammation, mar-
row fibrosis, or osteonecrosis, and sometimes biopsy reveals only
normal bone, likely due to sampling error.10,15−18 Fibrosis in bone
biopsy is present in children with prolonged duration of disease.19

Microbiological investigations including special stains, cultures, or
polymerase chain reaction tests are negative for bacteria, fungus,
and mycobacteria, except for occasional contaminant organ-
isms.20 We aimed to develop the first classification criteria for
pediatric CNO combining international expert consensus and
data-driven methods and including the patient’s perspective.21,22

METHODS

Study overview. As in prior EULAR/American College of
Rheumatology (ACR) classification criteria23−27, the study had
4 phases: (1) generation of candidate criteria items, (2) item
reduction and definition of items, (3) criteria weighting and identifi-
cation of threshold for CNO classification, and (4) refinement and
validation. The data that support the findings of this study are

available from the corresponding author (YZ) upon reasonable
request.

Investigators. The study was led by a core group (YZ,
MSO, AS, EYW, AMH, KCC, HJG, FD, CMH, PJF, RN, and SO)
and overseen by a steering committee of 20 members (core
group plus AFJ, LP, AVR, AR, SMS, ACT, and LFV) from North
America, Europe (including Turkey), and New Zealand
(Supplement S1). Steering committee members were nominated
based on CNO expertise or methodological experience. In addi-
tion to academic pediatric rheumatologists (7 from Europe and
7 from North America), the steering committee included 1 patient
with CNO, 1 parent of a patient with CNO, a physical therapist,
methodologists, and a biostatistician. The CNO workgroup of
the Childhood Arthritis and Rheumatology Research Alliance
(CARRA) assisted with item reduction, and additional international
collaborators participated by submitting cases of CNO and mim-
icking conditions used in the development and validation cohorts
for the study.

Phase I: Item generation. Candidate items were identi-
fied using a free-text survey sent to members of CARRA, the
German Society for Pediatric Rheumatology, the Eurofever regis-
try, and the Dr Peter Dent pediatric rheumatology listserv between
September 2017 and May 2018. Responders were asked to list
features relevant to CNO and individually rank them in order of
importance for classification.

Phase II: Item reduction and definition. Candidate
items generated from phase I were reduced and defined in a
CARRA CNO work group meeting held in Denver, Colorado, in
April 2018 followed by a postmeeting survey. Potential items were
retained or removed if 80% agreement of all participants at the
meeting was achieved using a nominal group technique. In
the postmeeting survey, members of the CARRA CNO work
group were asked to score each item as follows: +3 (increases
the likelihood of CNO the most), +2 (increases the likelihood of
CNO moderately), +1 (increases the likelihood of CNO slightly),
0 (no difference), −1 (decreases the likelihood of CNO slightly),
−2 (decreases the likelihood of CNO moderately), −3 (decreases
the likelihood of CNO the most). Survey results were discussed
by the core group, and no threshold was set to include/exclude
these items.

The items remaining, and the items in previously proposed
diagnostic criteria10,11, were included in a case report form
(CRF; Supplement S2) used to collect data on CNO cases
and mimickers to assemble a development and a validation
cohort.10,11 Pediatric rheumatologists in North America, Europe,
Australia, Africa, and South America used the CRF to submit
cases and mimickers to an online central database using RED-
Cap software.28 Seattle Children’s Hospital Institution Review
Board approved the study as the coordination center (#1115),
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and each participating site obtained approval from their institu-
tions. Data received between December 2018 and August 2020
formed the development cohort and data received between
August 2020 andMay 2021 formed the validation cohort. Submit-
ted CNO cases and mimickers were required to have bone pain,
≥1 imaging study (ie, x-ray and/or MRI), and ≥12 months of
follow-up (except for mimickers with a confirmed laboratory or
pathologic diagnosis) because of the concern of inadequate
observation for mistakenly diagnosed CNO or mimickers. Institu-
tional Review Board or ethics committee approval was obtained
at each site. Collaborators submitting CRFs had no prior knowl-
edge of the items likely to advance to final consideration as classi-
fication criteria and provided an assessment of their degree of
confidence in the cases being CNO or a mimicker, rated from +3
to −3.

Once the development cohort was assembled in 2020, can-
didate items were further reduced using the prevalence ratio
(PR) of each item as a predictor of ‘CNO.’ PRs were calculated
using only cases with moderate to high confidence (ie, +2 or +3
or −2 or −3) according to the submitting physicians. PRs >2 or
<0.5 suggested distinguishing features for or against CNO, and
a P value <0.05 was considered significant.

The core group met every other week for 24 weeks to con-
sider PRs, discuss example cases or mimickers, further define cri-
teria, and group them in domains and levels within a domain.
Thirty ambiguous cases from the development cohort with low
confidence levels by the submitting physician (ie, −1 to +1 scores)
representing as many clinical features as possible were used by
the core group to help establish hierarchical levels within each
domain in preparation for multicriteria decision analysis (MCDA).

The CNO classification draft domains prepared by the core
group were sent to the steering committee. Members were asked
to either agree or disagree with each item and level based on the
statistical analysis, clinical feasibility, and summary of discussions
from the core group. Responses were reviewed at the first steer-
ing committee meeting.

Phase III: Criteria definition and weighting. Ten
virtual consensus meetings of the steering committee were held
between March 2021 and October 2023 to refine the draft pre-
pared by the core group and assign preliminary weights using
MCDA facilitated by 1000minds software (1000minds decision-
making and conjoint analysis software, https://www.1000minds.
com). The steering committee was presented with hypothetical pairs
of cases contrasting 2 domains at a time (Supplement S3) and asked
to decide individually and anonymously which case of the pair they
were more likely to classify as CNO. Importantly voters were to
assume the 2 cases were equal in all other features.

The participants then reviewed the tally of votes together.
One hundred percent agreement was considered consensus
without further discussion. Incomplete agreement prompted fur-
ther discussion, moderated by a methodologist (AMH), to achieve

consensus as to which case was more likely to be classified as
CNO. Discussion was encouraged and facilitated until all mem-
bers reached consensus. Complex choices in which consensus
was not readily achieved were deferred for additional voting
rounds. As a result of these forced choices between the alterna-
tive pairs, candidate items were weighted and ranked using
1000minds decision-making software.

Threshold identification. The draft weights derived from
MCDA were applied to each case of the development cohort. A
different set of 30 CNO cases and mimickers that covered the
entire range of confidence from very likely to very unlikely CNO,
based on the opinion of the submitting clinician, were selected
by the statistician, and the case/mimicker status was confirmed
by a 3-expert group (SO, AS, and YZ). The total scores for these
30 cases and mimickers were used to examine the performance
of the draft weights and to determine a threshold for classification.

The submitting physician’s diagnosis was considered the
gold standard unless there was disagreement from the 3-expert
group. This contrary opinion and its rationale were shared with
the submitting physician and they were asked to review their diag-
nosis. The submitting physician’s subsequent diagnosis after
review of the expert commentary became the final diagnosis.

An initial threshold score for CNO was identified by examin-
ing the additive scores of all cases ranked from high to low. A
receiver operating characteristic (ROC) curve analysis was con-
ducted using the additive scores for all cases in the development
cohort. This process identified an optimal threshold to distinguish
CNO cases from mimickers.

Phase IV: Refinement and validation. The final criteria
domains were examined by the steering committee based on
the misclassified cases to ensure the clarity of the definitions for
the differentially weighted classification system. The updated def-
initions with minimal change aimed to enhance the ease of appli-
cation, sensitivity, and specificity of the classification system.

The final criteria were then applied to every CNO case or
mimicker confirmed by adjudicators in the validation cohort to
obtain their final score and their classification as CNO or not, rela-
tive to the agreed threshold. Adjudicators consisted of 5 rheuma-
tologists who did not participate in the steering committee or
submit any cases. They adjudicated 600 to 660 cases to ensure
triple coverage of each case to verify the diagnosis of cases within
the development cohort and exclude disagreed cases from the
validation cohort. Sensitivity and specificity of the criteria were
calculated and contrasted with the sensitivity and specificity of
previously proposed diagnostic criteria.10,11 Because the original
criteria by Jansson et al10 did not include MRI findings, we tested
a version of the Jansson et al criteria modified by adding ‘typical
MRI findings’ defined in the same way as for the new EULAR/
ACR classification criteria.
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Patient and public involvement. Caregivers of children
with CNO and adults who were pediatric patients of CNO were
involved in setting the research question and they were intimately
involved in design and consensus meetings.

RESULTS

Phase I: Item generation. Overall, 259 of 865 (30%) of
surveyed international pediatric rheumatologists responded and
provided candidate items for CNO classification. Among
responders, 132 (51%) practiced in North America, 77 (30%) in
Europe, and 50 (19%) in other continents (South America 9,
Asia 8, Australia/New Zealand 9, and other 14). A total of
138 responders (53%) had >10 years of practicing experience,
and 108 (42%) had diagnosed and treated >10 CNO patients.
The 33 items proposed in free-text survey responses were cate-
gorized into 6 domains (clinical presentation, physical examina-
tion, laboratory findings, imaging findings, bone biopsy, and
treatment response). This is a smaller number of items than in
recent criteria for other rheumatic disorders.24,27 The following
8 items were ranked most important by survey respondents:
(1) exclusion of malignancy and infection by bone biopsy, (2) multi-
focal bone lesions, (3) presence of bone pain or swelling, (4) signs
of fibrosis or inflammation in bone biopsy, (5) bone lesions in typ-
ical locations (clavicle, metaphysis of long bones, mandible,
vertebra), (6) presence of CNO-related comorbidities, (7) normal
or mildly elevated C-reactive protein (CRP) or erythrocyte sedi-
mentation rate (ESR), and (8) MRI findings ‘typical’ of CNO.

Phase II: Item reduction and definition. At the 2018
CARRA CNO workgroup meeting, 39 pediatric rheumatologists
(35 from North America, 4 from Europe) and 7 parents of patients
with CNO participated in item reduction. Twelve of the 33 items
were thoroughly discussed, and the rest deferred to a postmeet-
ing survey. Consensus was reached to exclude 8 items
(antinuclear antibody, human lymphocyte antigen B27, lactate
dehydrogenase (LDH), uric acid, and alkaline phosphatase (ALP)
tests, fever, arthritis, and good clinical response to nonsteroidal
anti-inflammatory drugs). LDH, low ALP, and fever were reconsid-
ered in phase III. Physical examination findings were split into
3 items, and ESR and CRP values were expanded from 2 to
6 items to capture the range more accurately. Thus, the total
number of items was only modestly reduced from 33 to 31.

In the postmeeting survey of all members of the CARRA
CNO work group, 77 of 82 members (94%) scored the 31 items
from +3 (increases the likelihood of CNO the most) to −3
(decreases the likelihood of CNO the most). Respondents
included 62 pediatric rheumatologists, 9 pediatric rheumatology
trainees, 2 adult rheumatologists, and 2 patient/parent represen-
tatives. Seventy percent of practitioners had >6 years of experi-
ence, and 34% managed >10 CNO patients every year.
Supplement S4 shows the average scores for the 31 items. The

items with the highest scores were ‘multifocal lesions on
imaging,’ ‘ruling out malignancy and infection by biopsy,’ and
‘typical location on imaging.’ The item with the lowest scores
(decreases likelihood of CNO the most) was ‘CRP and ESR >3
times upper limit of normal.’ Results were presented to the steer-
ing committee at their first meeting.

CNO cases and mimickers. Demographic information for
cases included in the development and validation cohorts is sum-
marized in Table 1. The diagnoses of mimicker cases are reported
in Table 2. Among 441 CRFs included in the development cohort,
264 of 285 (93%) CNO cases and 145 of 156 (93%) mimickers
had moderate or greater confidence in the diagnosis reported by
the submitting physician and were used for calculation of PRs
(Supplement S5). Adjudicators disagreed with the diagnosis of
2 CNO cases and 2 mimicker cases that were included in PR cal-
culations. Data missing rates were also assessed. CNO cases
more frequently had intermittent pain, clavicular swelling, sym-
metric bone lesions, and involvement of the thoracic spine, clavi-
cle, sternum/manubrium, pelvic bones, bilateral femur, bilateral
tibia, unilateral fibula, and foot bones. Mimickers more frequently
had continuous pain, fever, active arthritis (examination findings
or imaging findings of arthritis), or imaging findings suggesting
infection or malignancy. Finally, complete and sustained response
to antibiotic treatment was more frequent in mimickers.

Based on the calculated PRs and discussions of ambiguous
cases by the core group (those cases with less than moderate
confidence in the diagnosis as reported by the submitting physi-
cian, n = 30), candidate criteria were further reduced from 31 to
14, and the levels or options within each domain were defined.
Findings from physical exams, disease durations, and pain pat-
terns were among the 17 items removed after reviewing PRs,
which were between 0.5 and 2. LDH, fever, and axial arthritis as
part of coexisting conditions were added back to the criteria
because of their PRs and incidence of >5% in the total population.

Phase III: Criteria definition andweighting. Phase IIIa:
Criteria definition. Based on discussions by the steering commit-
tee, further refinements were made to the definitions for bone
lesion pattern and distribution with consensus. The most specific
bone sites were determined as the mandible and clavicle, and the
least specific sites for CNO were the skull and hands. LDH levels
were removed from the classification domains and ‘pathological
LDH concerning for malignancy’ was added as exclusion criteria
instead. Although an LDH >700 international units/L had a signifi-
cant PR of <0.5 to distinguish CNO andmimickers, there was var-
iability across laboratory reporting systems and a lack of expert
agreement to establish a cutoff value. Platelet levels were
also removed from the classification domains and ‘platelets
<100,000/mm3’ was added as exclusion criteria instead due to
concerns for malignancy. Family history of associated conditions,
defined as reported axial arthritis, inflammatory bowel disease,
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psoriasis in a first-degree relative, and an ESR/platelet ratio ≥0.2
(relative thrombocytopenia during inflammation) were later
removed due to insignificant weight relative to the other criteria.
The remaining criteria were hierarchically organized, and defini-
tions for the domains and their levels were further refined by the
steering committee. The final 9 domains include sites of bone
lesions and distribution patterns of these lesions based on imag-
ing, bone biopsy pathological findings, age at the onset of symp-
toms, coexisting conditions, hemoglobin level, associated fever
history, ESR, and CRP (Table 3).

The steering committee reached consensus on entry and
exclusion criteria to be applied before scoring the 9 domains
(5 clinical and 4 pathology/laboratory domains) (Table 3). Entry cri-
teria are as follows: (1) aged <18 years at symptom onset, (2) pres-
ence of bone pain and/or functional musculoskeletal limitation for
≥6 weeks, and (3) abnormal radiographic or MRI imaging findings
at nonarthritic bone sites. Nonarthritic bone sites refer to bones
whose endings, if forming a joint, do not demonstrate signs of
arthritis on physical examination or imaging (ie, no synovial thicken-
ing, contrast enhancement, or moderate to large joint effusions).
Exclusion criteria are as follows: (1) confirmatory evidence of mutually
exclusive mimicker diseases such as malignancy, infection, scurvy,
or hypophosphatasia; (2) pathological LDH concerning for

malignancy; (3) platelets <100,000/mm3; and (4) complete and sus-
tained clinical and laboratory response to antimicrobial treatment
alone.

Phase IIIb: Criteria weighting. During 8 virtual consensus
meetings of the steering committee, 59 MCDA pairwise trade-off
decisions were made. Criteria weights were calculated by the
1000minds software based on these decisions. The final list of
criteria and their assigned weighted scores are shown in Table 3.

Phase IV: Refinement and validation. During the initial
weighting, LDH, response to antibiotics, family history, and
ESR/platelet ratio were included. LDH and complete response to anti-
biotics were moved to exclusion criteria due to the difficulty to define
absolute threshold and >50% missing data. The latter 2 domains
were removed due to low weight (1%–2%). The optimal threshold
for CNO classification, based on Youden index of the ROC curve
analysis in the development cohort (Supplement S6), was identified
as 55 of a maximumof 100when inclusion criteria and the composite
domain score were applied. Cases that would havemet exclusion cri-
teria were kept in the pool for the exercise of threshold setting. There
was a mixed cluster of CNO cases and mimicker cases in the devel-
opment cohort with weighted scores between 52 and 54. These
CNO cases did not have a bone biopsy, and it was probable that

Table 1. Demographic, clinical, and laboratory characteristics of subjects included in development and validation
cohorts*

Development cohort Validation cohort

Variables CNO (n = 285) Mimickers (n = 156) CNO (n = 382) Mimickers (n = 132)

Age at onset (y) 9.5 (3.3) 8.6 (5.1) 9.2 (3.3) 7.3 (5.5)
Time to diagnosis (mo) 13.0 (21.1) 4.6 (8.0) 13.6 (20.5) 6.1 (17.3)
Male sex at birth 115 (40.4%) 96 (61.5%) 159 (42.1%) 84 (63.6%)
Geographic locations
North America 141 (49.5%) 94 (60.3%) 216 (56.5%) 74 (56.1%)
South America 0 (0%) 0 (0%) 13 (3.4%) 0 (0%)
Europe 117 (41.1%) 59 (37.8%) 147 (38.5 %) 55 (41.7%)
Asia 18 (6.3%) 1 (0.6%) 1 (0.3%) 1 (0.8%)
Africa 0 (0%) 0 (0%) 3 (0.8%) 1 (0.8%)
Oceania 9 (3.2%) 2 (1.3%) 0 (0%) 1 (0.8%)
Other 0 (0%) 0 (0%) 2 (0.5%) 0 (0%)
Race/ethnicity
Asian 12 (4.2%) 8 (5.1%) 21 (5.5%) 6 (4.5%)
Black 5 (1.8%) 8 (5.1%) 9 (2.4%) 6 (4.5%)
Hispanic/Latino 6 (2.1%) 8 (5.1%) 9 (2.4%) 4 (3.0%)
Middle Eastern/North African 5 (1.8%) 4 (2.6%) 6 (1.6%) 2 (1.5%)
Native American 0 (0%) 4 (2.6%) 3 (0.8%) 1 (0.8%)
Native Hawaiian/Pacific Islander 0 (0%) 0 (0%) 0 (0%) 2 (1.5%)
White 246 (86.3%) 105 (67.3%) 310 (81.2%) 100 (75.8%)
Multiracial 5 (1.8%) 3 (1.9%) 10 (2.6%) 3 (2.3%)
Unknown 6 (2.1%) 16 (10.3%) 14 (3.7%) 8 (6.1%)
Bone biopsy results available 187 (65.6%) 93 (59.6%) 241 (63.1%) 114 (86.4%)
Hemoglobin (g/dL) 12.5 (11.8-13.2) 11.6 (10.3-13.0) 12.3 (11.4-13.2) 11.6 (10.0-12.9)
Platelets (109/L) 345 (293-414) 333 (255-427) 330 (275-395) 300 (253-395)
ESR (mm/h) 21 (11-44) 33 (15-73) 24 (10-43) 25 (10-47)
C-reactive protein (mg/L) 8 (3-16) 12 (6-44) 8 (5-15) 12 (3-44)

* Variables are presented as mean (SD), median (median interquartile range), or n (%). The development cohort
included 3 CNO cases and 3 mimicker cases that adjudicators disagreed with submitting physicians. The validation
cohort excluded 5 CNO cases that adjudicators disagreed with submitting physicians. CNO, chronic nonbacterial
osteomyelitis; ESR, erythrocyte sedimentation rate.
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biopsy findings could have moved their weighted score above the
threshold for classification. After discussion, the steering committee
agreed that a patient should be classified as having CNO if their score
was ≥55. This cutoff value corresponded to a sensitivity of 92% and a
specificity of 99% in the development cohort.

The final CNO criteria were then applied to the validation
cohort to determine their performance. Given that no previous
CNO classification criteria exist, their performance was com-
pared to proposed diagnostic criteria by Jansson et al10 and
Roderick et al.11 The demographic information of the validation
cohort (n = 382 CNO patients) is summarized in Table 1, and
the distribution of mimickers (n = 132) is presented in Table 2.
The new EULAR/ACR CNO classification criteria had a sensitiv-
ity of 82% (95% confidence interval [CI], 78-86) and specificity
of 98% (95% CI, 94-100) in the validation cohort. Two false pos-
itive cases had benign bone tumors. Sensitivity compared
favorably to the Roderick et al diagnostic criteria (63%) and sim-
ilarly to the modified Jansson et al criteria (85%) while specificity
was similar to the Roderick et al criteria and superior to the
Jansson et al criteria (Table 4).10,11 Since all 3 criteria include
bone biopsy results, a bone biopsy showing evidence of infec-
tion or malignancy is considered an exclusion for all 3 criteria,
ie, the case is not classified as CNO if such evidence is found.
However, the other exclusions given in Table 3 are only applied
to the EULAR/ACR classification criteria because they are not
specified as exclusions in the other 2 criteria. In our dataset,
confirmatory evidence of mutually exclusive mimicker diseases
was based on vitamin C measurement, bone marrow aspiration
biopsy, blood culture, and test for tuberculosis or atypical
mycobacteria, in addition to bone biopsy, which was the source
of such evidence in most mimicker cases. In the validation

cohort, 88% of mimicker cases met one of the exclusion criteria
in Table 3, including 69% with a bone biopsy showing evidence
of infection or malignancy. That said, a bone biopsy is not
required to apply the classification criteria, and approximately
one-third of all CNO cases had no bone biopsy.

DISCUSSION

The EULAR/ACR endorsed classification criteria for pediatric
CNO presented here represent a milestone in CNO care and
research. Through a 4-phase, iterative process, an international
collaborative group defined weighted criteria to classify CNO, dis-
tinguishing it from mimicker conditions. The excellent specificity
(98%) and sensitivity (82%) of these criteria will help define
homogenous CNO cohorts for research studies. A key strength
of the criteria is that patients can be classified accurately as having
CNO, even in the absence of bone biopsies. However, it is impor-
tant to reiterate that classification criteria are not diagnostic criteria
and that biopsies may be essential in certain settings to exclude
differential diagnoses of CNO.

These EULAR/ACR pediatric CNO classification criteria
were built on a robust and widely recognized multiphase meth-
odological approach that defined entry and exclusion criteria.
The absolute exclusion criteria cover important mimickers of
pediatric CNO such as malignancy, infection, and metabolic
bone disease. Scurvy and hypophosphatasia can be diagnosed
via laboratory testing and may present with a clinical picture
resembling CNO, and it is important for researchers to exclude
these 2 conditions prior to classifying a patient as CNO. In pro-
spective use of the criteria to select subjects for future studies,
exclusion criteria are to be applied during case review before
attempting to add criteria weights. If confirmatory evidence of
an alternative diagnosis such as malignancy or vitamin C defi-
ciency is already available, if the patient had received monother-
apy with antibiotics that fully resolved the symptoms, or if
thrombocytopenia or marked elevation of LDH are docu-
mented, the patient should not be classified as CNO. These
exclusion criteria do not mean that every subject needs to have
bone biopsies or have received full courses of antibiotics before
they can be classified as CNO. If none of these is documented,
then proceed to add criteria weights.

Some patients with a clinical diagnosis of pediatric CNO will
not fulfill classification criteria. We focused classification criteria
development efforts on patients with ‘typical’ and ‘common’
manifestations with the goal of enrolling homogeneous popula-
tions into observational studies and clinical trials. As reported
here, some patients with a diagnosis of CNO without bone biopsy
did not accrue sufficient points to be classified as CNO. It is pos-
sible that if a biopsy was performed, those patients would have
had sufficient points for classification. That said, in the hands of
experienced clinicians, biopsy may not be necessary in all cases.

Table 2. Detailed distribution of mimicker cases within develop-
ment and validation cohorts*

Mimicker diagnosis
Development

(n = 156)
Validation
(n = 32)

Infection 49 (31%) 57a (43%)
Malignancy 61 (39%) 61 (46%)
Inflammatory arthritis 21 (13%) 4 (3%)
Other mimickers 25 (16%) 10 (8%)
Vitamin C deficiency 10 2
Benign bone tumor 7 4
Hypophosphatasia 1 2
Amplified pain syndrome 2 0
Fracture 1 0
Hyperostosis hypophosphatemia 1 0
NEMO deficiency syndrome 1 0
Traumatic injury 1 0
Unicameral bone cyst 1 0
Other autoinflammatory disease 0 1
Vascular malformation 0 1

* The development cohort included 1 case of inflammatory arthritis,
1 case of hyperostosis hypophosphatemia, and 1 case of amplified
pain syndrome that adjudicators disagreed with submitting physi-
cian. NEMO, nuclear factor kappa B essential modulator.
a Includes 33 patients with bone tuberculosis.
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Differential weighting of criteria represents their relative con-
tribution to an individual child’s classification as having CNO. For
CNO, having a lesion at a typical site, such as the mandible and

clavicle, in the absence of lesions at rarely affected sites, such as
the skull and hands, carries the most weight. While the clavicle was
proposed as a pathognomonic site by Roderick et al11, based on

Table 3. EULAR/ACR classification criteria for pediatric chronic nonbacterial osteomyelitis*

Step 1, Verify entry criteria (ALL should be present):
1. Bone pain and/or musculoskeletal functional limitation ≥6 wk
2. Age of onset <18 y
3. Abnormal findings from radiograph and/or advanced imaging including MRI, CT, bone scintigraphy at nonarthritic bone sitesa

Step 2, Verify exclusion criteria (NONE should be present):
1. Confirmatory evidence of mutually exclusive mimicker diseasesb

2. Platelet <100,000/mm3
3. Pathological LDH concerning for malignancyc

4. Complete and sustained clinical and laboratory response to antimicrobial treatment alone
Step 3, Add the scores: Add the highest value from each of the 9 domains below. A score of ≥55 is required to classify a patient as having CNO.
Criteria domains/levels
Bone biopsyd Score
• Signs of inflammatione AND fibrosis 17
• Signs of fibrosis only 11
• Signs of inflammation only 9
• No signs of inflammation or fibrosis 0
Age at the onset of symptoms
• ≥3 y 17
• <3 y 0
Sites of bone lesions based on imaging
• Clavicle and/or mandible 16
• Sites other than clavicle, mandible, skull, or hand 9
• Skull or hand without clavicle or mandible 0
Distribution pattern of bone lesions based on imaging
• Multifocal lesions (in ≥2 bones) with symmetrical pattern (bilateral involvement of at least one bone) 9
• Multifocal without any symmetrical pattern of bone involvement 7
• Unifocal without whole-body imaging such as WBMRI, PET/CT performed 3
• Unifocal with whole-body imaging performed 0
Coexisting conditions prior to the diagnosis of CNO
• Inflammatory bowel disease (IBD) 9
• Cutaneous conditionf without IBD 8
• Axial arthritisg without cutaneous condition or IBD 5
• None 0
Hemoglobin (normal range varies by age)
• ≥10 g/dL 8
• <10 g/dL 0
Fever (oral/temporal temperature above 38�C and not related to common infections)
• Absence of fever 8
• Presence of fever 0
Erythrocyte sedimentation rate (normal range: 0-20 mm/h)
• <60 mm/h 8
• ≥60 mm/h 0
C-reactive protein (normal range: 0-10 mg/L)
• <30 mg/L 8
• ≥30 mg/L 0

* Fever is defined as temperature >38�C without common infections including clinical symptoms of upper airway infection or urinary tract
infection or abscess. It does not need to be present throughout 6 wk but any stage between the onset and the diagnosis. ACR, American College
of Rheumatology; CNO, chronic nonbacterial osteomyelitis; CT, computed tomography; LDH, lactate dehydrogenase; MRI, magnetic resonance
imaging; PET, positron emission tomography; WBMRI, whole-body MRI.
a Typical imaging findings include but are not limited to lytic, sclerotic lesions with or without periosteal reaction, hyperostosis on radiograph or
CT, bonemarrow edema or hyperintensity in a fluid-sensitive sequence of MRI. Nonarthritic bone sites refer to bones whose joint-forming ends
do not demonstrate imaging signs of arthritis including synovial thickening, enhancement, and/or moderate to large joint effusions. See
Supplement S7.
b Primary or metastatic malignancy in bone, leukemia, lymphoma, neuroblastoma, infectious osteomyelitis, metabolic bone disease, vitamin C
deficiency, hypophosphatasia, and monogenic bone diseases including Majeed or deficiency of interleukin-1 receptor antagonist (DIRA).
c Due to differences in laboratory assays across institutions, no absolute threshold is defined. Levels ≥700 IU or >2 times the upper normal limit
may be considered pathological.
d Bone biopsy is not required before applying these criteria.
e Defined as the presence of immune cells including neutrophils, monocytes, lymphocytes, and/or plasma cells.
f Cutaneous conditions include psoriasis, palmoplantar pustulosis, pyoderma gangrenosum, acne fulminans, and hidradenitis suppurativa.
g Axial arthritis is defined as imaging confirmation of inflammation within the sacroiliac joint or intervertebral joint.
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the personal experience of steering committee members, mimicker
diseases, such as Langerhans cell histiocytosis and primary bone
malignancy, may also present with clavicular lesions.29 For this rea-
son, clavicular lesions were not chosen as a sufficient criterion to
classify as CNO.Mandibular CNO lesions have been reported exten-
sively by oral maxillofacial surgeons30−37, and it is important to recog-
nize their usefulness for classifying an individual as having CNO.

The pattern of bone lesions (unifocal, multifocal, symmetrical)
is also very important for CNO classification. Unifocal lesions con-
firmed by whole-body imaging are not characteristic of CNO. If
whole-body imaging was not performed, multifocal or symmetri-
cal lesions may be missed. Bone biopsy findings are not sufficient
by themselves for CNO classification. This may suggest consider-
ation of obtaining WBMRI before deciding on a bone biopsy.

Several items that may be useful for recognizing CNO in clini-
cal practice, such as family history of associated diseases and
ESR/platelet ratio, were not included in the criteria because they
carried very low weight in the 1000minds exercise. Coexisting con-
ditions such as inflammatory arthritis may pose a challenge in clas-
sifying CNO. Some children with inflammatory arthritis may
subsequently develop CNO, and future longitudinal studies may
help determine the prevalence of such occurrence by applying our
CNO criteria.

Our study has several strengths. First, a large cohort of nearly
1000 patients with CNO or a mimicking condition was assembled
by an international group of investigators. These criteria can be
generalized to patients worldwide regardless of racial composition.
Second, the experts involved in the consensus exercise and deci-
sion analysis (MCDA) also had international representation.

While it represents a significant step forward in planning ran-
domized controlled trials and improving the quality of clinical and lab-
oratory studies, this study also has limitations. First, the laboratory,
imaging, and pathological findings were not measured or confirmed
centrally, and detailed imaging findings were not available. Second,
not all the cases had received all diagnostic tests considered within
the inclusion criteria, including ESR, CRP, and hemoglobin. There-
fore, the authors had to score ‘not available’ as ‘0.’ Finally, ascorbic

acid (vitamin C) deficiency, benign bone tumors, and hypophospha-
tasia are difficult to distinguish from CNO without applying exclusion
criteria, which highlights the importance of obtaining appropriate his-
tory and laboratory results prior to applying classification criteria. The
sensitivity and specificity results should be interpreted cautiously for
3 reasons. First, there is no true gold standard; the sensitivity and
specificity presented reflect how well each of the classification rules
agrees with the diagnosis given by the physician who submitted the
case and confirmed by independent adjudicators. Second, specific-
ity may be different if different mimicking conditions are included; the
results presented here apply to the mix of mimicker conditions in our
data and may be different with a different mix. Third, patients who
had incomplete data may have been misclassified.

These EULAR/ACR endorsed classification criteria for pedi-
atric CNO are the first criteria set developed through international
collaboration using large development and validation cohorts and
rigorous methodology. The criteria had excellent specificity (98%)
and good sensitivity (82%). These criteria are easy to apply in a
pediatric population because clinical, laboratory, and imaging
findings are incorporated into the classification without the abso-
lute requirement for a bone biopsy. The criteria will help
researchers to easily identify a homogeneous study population
for future clinical and laboratory studies.
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Biomarkers of Lupus Nephritis Histopathology: Where
Do We Stand?

Valentina Querin,1,2 Leonardo Palazzo,3 Agnes B. Fogo,4 Mark Haas,5 David R. W. Jayne,6 Liz Lightstone,7

Brad H. Rovin,8 Surya V. Seshan,9 Augusto Vaglio,2,10 Ioannis Parodis,3,11

and Ingeborg M. Bajema,1 for the Lupus Nephritis Classification Steering Committee

Objective. Lupus nephritis (LN) is characterized by a variable disease course, necessitating continuous monitoring.
There is an urgent need to identify noninvasive biomarkers. By reviewing and critically assessing the quality of existing
studies on LN biomarkers correlating with histopathology, we here explore the challenges in promoting their use in clin-
ical practice and identify promising candidates for future validation.

Methods. A systematic literature search was conducted, including studies on adult patients with biopsy-proven LN
published between 2012 and 2024. The search focused on studies demonstrating correlations between biomarkers
and histologic findings, particularly the National Institutes of Health activity and chronicity indices, the International
Society of Nephrology/Renal Pathology Society histologic classes, and specific active and chronic lesions. The quality
of selected articles was assessed by a multidisciplinary panel of experts using a standardized scoring system.

Results. Ninety-three articles investigating the potential utility of >100 biomarkers were selected. In quality assess-
ment, 68% of the articles were weak or very weak (score <5, scale 2–9). From the remaining articles (adequate or
robust) we identified five biomarkers with a potential for implementation in clinical practice: transforming growth factor
β1, pentraxin-3, (soluble) CD163, CD11b, and interleukin-16.

Conclusion. The methodologic heterogeneity across studies and the overall moderate score of the quality of the arti-
cles represent obstacles to the implementation of new biomarkers into clinical practice. The LN working group advocates
further research on selected biomarkers that demonstrated good capacity to reflect specific histopathologic features out-
performing traditional tests. At present, the choice of biomarkers that perform to these standards is very limited.

INTRODUCTION

Given the complexity and variable course of systemic lupus ery-

thematosus (SLE), in combination with potential adverse effects of

therapy, continuous clinical and laboratory assessments are

required to predict and evaluate organ involvement, response to

treatment, and disease progression.1 In current clinical practice, kid-

ney biopsy, in combination with the assessment of well-known

serum and urinary parameters reflecting the severity of kidney

involvement in SLE, are used to monitor patients affected by lupus

nephritis (LN). However, it is known that these routine clinical bio-

markers do not adequately mirror the evolving lesions that we know

occur in due course in the kidneys of patients with LN.2 Many new

biomarkers have been suggested to hold promise for additional clin-

ical value above those of traditional tests.
Searching MEDLINE for “biomarkers” and “lupus nephritis”

through PubMed yields nearly 2,000 results over a period of

48 years, with the most hits in recent years.3 New biomarkers
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have been proposed to be easily measured and valuable for dis-
ease monitoring. These biomarkers aim to serve a variety of pur-
poses, such as aiding in diagnosis, indicating disease severity
and prognosis, guiding treatment decisions, and helping to iden-
tify flares. No single biomarker is likely to address all these
aspects; most probably only a panel of multiple biomarkers, with
complementary predictive value, could help to improve current
clinical practice, and the challenge lies in determining the perfect
combination of biomarkers that could serve to do so.

Certain biomarkers correlate with histologic findings, offering
the potential to supplement kidney biopsy in monitoring disease
activity. Although the kidney biopsy provides a wealth of informa-
tion regarding the pattern of injury at a specific point in time, its
use for longitudinal assessment, with repeat biopsies, is cumber-
some. In contrast, a “liquid biopsy,” based on biomarkers derived
primarily from blood or urine, may offer a noninvasive, rapid, highly
specific, and sensitive assessment of LN activity and damage.4

Ideally, such biomarkers should faithfully recapitulate kidney
biopsy findings, and we here set out a search to identify them.

Despite several LN biomarkers identified using omics
approaches,5,6 none has been integrated into clinical practice
yet. Biomarkers are often tested in cross-sectional studies and
the results are rarely validated in independent cohorts. Most
importantly, only a few studies examine how biomarkers and his-
topathology change over time although it seems evident that this
is what they are primarily needed for. The longitudinal correlation
of a biomarker with histopathology must be established to qualify
a biomarker for clinical use. Furthermore, a qualified biomarker
should outperform or offer significantly added value compared
with existing clinical markers used for LN management.

We conducted a systematic analysis of the recent literature
on potential noninvasive biomarkers that specifically associate
with histologic findings detected in kidney biopsies to gain
insights into which biomarkers could eventually be helpful in
representing tissue findings in LN. Furthermore, we provide an
assessment of the quality of the studies and address why qualifi-
cation of biomarkers is cumbersome. Lastly, we identify which
biomarkers appear to be of most interest for future validation.

MATERIALS AND METHODS

Search strategy and selection criteria. We performed
a systematic literature search on biomarkers in LN, following up
on that by Palazzo et al of 2022,3 but restricting our search to
studies with a histologic focus. A Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) flow diagram
illustrating the selection process is shown in Figure 1. We selected
studies in English published between January 1, 2012, and
August 22, 2024, using terms including but not limited to “lupus
nephritis,” “systemic lupus erythematosus,” “biomarker,”
“urine,” “serum,” “kidney,” “tissue,” “antibody,” “antigen,”
“cytokine,” “protein,” “RNA,” “peptide,” and “receptor” (detailed

in Supplementary Table S1). We included studies conducted on
adult patients (aged ≥18 years) with biopsy-proven LN that
highlighted a correlation between one or more biomarkers and
histologic findings, with a focus on the National Institutes of Health
(NIH) activity index (AI) and chronicity index (CI), the International
Society of Nephrology/Renal Pathology Society (ISN/RPS) histo-
logic classes (I–VI), and specific active or chronic lesions in the
glomerular, tubulointerstitial, and vascular compartments. We
excluded case reports, case series, reviews, animal studies, and
studies on pediatric patients. We also subsequently conducted a
manual search covering the same timeframe and inclusion cri-
teria; this involved analyzing the references of the previously
selected articles and searching the MEDLINE through PubMed
for individual biomarkers already identified.

Data analysis. Considering the mixed design of many stud-
ies included in this review, the risk of bias (RoB) was assessed using
the Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Ana-
lytical Cross-Sectional Studies or the JBI Critical Appraisal Checklist
for Cohort Studies (Supplementary Tables S2 and S3), based on
the main design of the study and the methodology used to explore
biomarker-histopathologic correlations. We assembled a multidisci-
plinary group of experts and researchers in the field of LN—one
nephrologist (DRWJ), one rheumatologist (IP), one pathologist
(IMB), and two junior researchers (VQ and LP)—and asked them to
provide their opinion about the quality of each article, based on the
grading system of Guyatt et al. This system classifies the quality of
evidence in four levels—high, moderate, low and very low—
according to the likelihood that future research will change the confi-
dence in the estimated effect, namely the performance of the bio-
marker.7 A score of 2 was for “very low quality,” 5 was for “low
quality,” 7 was for “moderate quality,” and 9 was for “high quality.”
We then calculated the average score for each article. Finally, we cal-
culated the score for each biomarker based on the average of the
quality evaluations from the various articles reviewed (one or multiple,
depending on the biomarker).

RESULTS

Different categories of biomarkers reflect a broad
spectrum of histopathologic lesions. From the systematic
search, we extracted 74 publications and through a manual
search we ultimately selected 19 additional articles. We investi-
gated the potential utility of >100 biomarkers, dividing them into
categories and describing their associations with histopathologic
features (Supplementary Table S4). The biomarkers’ categories
included autoantibodies (n = 8); complement factors (n = 5); cyto-
kines, chemokines, and growth factors (n = 26); cell adhesion
molecules and cell surface molecules (n = 7); immune cells (n =
8); markers of kidney damage (n = 17); micro-RNA (n ≈ 12); and
others (n ≈ 29). The histopathologic parameters included solitary
or combined lesions from the cell level to combined
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measurements such as the NIH indices and ISN/RPS classes.
Figure 2 shows biomarkers in relation to the histopathologic
lesions, as described in the 93 publications.

A low overall quality of the articles affects the
reliability of analyzed biomarkers. More than 50% of
the articles received low overall scores in critical appraisal, with
18% scoring <5. One article was scored above 8, whereas the
remaining 42% displayed moderate scores (Supplementary
Table S5). Importantly, the RoB did not necessarily align with the
overall quality of the articles, for which other aspects such as the
clinical relevance, clarity of results and methodology, and applica-
bility of findings are also important.

Approximately 10% of the biomarkers were scored within the
highest score range, 10% scored within the lowest range, and
several biomarkers clustered around a score of 6, the threshold
above which quality is considered acceptable (Figure 3). In the
next section we will primarily focus on biomarkers that obtained
a good overall score (≥6).

Autoantibodies mostly reflect active kidney injury,
whereas immune cells have not proven useful as
biomarkers. Numerous antibodies, including anti–double-
stranded DNA (anti-dsDNA) and antinucleosome antibodies, have
been investigated for their usefulness in assessing activity in LN.8–12

The study designs differed considerably and correlated antibody levels
or positivity with various histologic parameters. For instance, in a study
of 107 patients the positivity for anti-dsDNA and antinucleosome anti-
bodies was associated with NIH AI scores.10 Other studies looked
more generally at the ability of various autoantibodies to distinguish
“proliferative” classes III/IV from “nonproliferative” and/or membranous
class V LN.13,14 In a different approach, the absence of anti-Sjogren’s-
syndrome-related antigen B (anti-SSB) and anti-Smith (anti-Sm) anti-
bodies was protective against the development of severe LN.15 Anti-
neutrophil cytoplasmic autoantibodies (ANCAs) do not have a defined
role in LN with contradictory results regarding their correlation with
NIH AI andCI scores or with a variety of lesions.11,16,17 Some investiga-
tors suggested that LN thatwasmore vasculitic in naturewould also be
ANCA positive,18 but that was never verified.

Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram of the included studies.
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Most studies investigating biomarkers based on the pres-
ence of inflammatory cells in urine and serum did not obtain a
good score in the quality assessment. Of note is a study that iden-
tified that a urinary count exceeding 800 CD4 T cells/mL exhibited
a remarkable sensitivity and specificity (area under the curve =
0.9969) for identifying proliferative forms of LN.19

Urinary interleukin-16, (soluble)CD163, transforming
growth factor β1, and CD11b are promising biomarkers
of LN activity. Cytokines are more commonly tested in the
urine from patients with LN because of their presumed greater
specificity in reflecting kidney injury or damage. Several stud-
ies investigated their correlation with histopathologic findings
and study designs usually aimed to distinguish between

proliferative and nonproliferative LN20–22 or to correlate the
biomarker levels with the NIH AI and CI scores.23–28 Only a
few high-quality studies also described correlations with spe-
cific histopathologic lesions.23,29–32

In a discovery study, urinary levels of interleukin (IL)-16, mac-
rophage surface molecule CD163, and transforming growth fac-
tor β1 (TGF-β1) were postulated as biomarkers correlating best
with the NIH AI scores.6 Interestingly, there was abundant glo-
merular and interstitial IL-16 expression in proliferative forms of
LN and an association between urinary levels of IL-16 and the
number of IL-16+ cells in the kidney. This suggests that urinary
IL-16 levels are likely derived from the kidney and, in agreement
with previous studies,21,29 could potentially serve as a good bio-
marker of active forms of LN.6 In a subsequent study involving

Figure 2. All biomarkers measured in serum (in red), urine (in blue), or both (in purple) that have shown a significant correlation with one or more
histologic features identifiable in renal biopsy, particularly the NIH AI (green circle), the NIH CI (blue circle), the histologic classes (orange circle), and
the active and chronic lesions that determine the indices (smaller outer circles with histologic pictures). The arrows indicate the correlations with the
active and chronic lesions. Only biomarkers extensively described in the articles are included. The biomarkers and arrows are displayed in varying
font sizes and thicknesses, respectively, based on the number of published articles on each of them. *A total of 137 peptides correlate with AI and
7 with CI. AI, activity index; Alb, albumin; ANCA, antineutrophil cytoplasmic antibody; anti-C1q, anticomplement component 1q antibody; anti-
dsDNA, anti–double-stranded DNA; anti-ENA, antiextractable nuclear antigen antibody; APRIL, A proliferation-inducing ligand; BP, binding pro-
tein; C3, complement component 3; C4d, complement component 4d; CI, chronicity index; Cp, ceruloplasmin; Cr, creatinine; CXCL4, chemokine
ligand 4; Cys C, cystatin C; DGP, granulocytes degranulation product; DKK3, Dickkopf 3; EOS, eosinophil count; ESR, erythrocyte sedimentation
rate; FAS, fas cell surface death receptor; FKN, fractalkine; GFR, glomerular filtration rate; HA, hyaluronan; Hb, hemoglobin; HMGB1, high mobility
group box 1; HNP1-3, human neutrophil peptides 1-3; IGFBP4, insulin-like growth factor binding protein 4; IL, interleukin; IP-10, interferon-γ
inducible protein 10; KIM-1, kidney injury molecule 1; MCP-1, monocyte chemoattractant protein-1; miR, micro-RNA; mR, messenger RNA;
Mϕ, macrophage; NIH, National Institutes of Health; PAI-1, plasminogen activator inhibitor type 1; PGRN, progranulin; Pod, podocyte; PTEC,
proximal kidney tubular epithelial cell; PTX3, pentraxin 3; RAGE, receptor for advanced glycation end-products; RBC, red blood cell; SDC1,
syndecan-1; sTNFRII, soluble tumor necrosis factor receptor II; TGF-β1, transforming growth factor β1; TIMP-1, tissue inhibitor of metalloprotei-
nase-1; TM, thrombomodulin; VDBP, vitamin D binding protein; vWF, Von Willebrand factor.
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Figure 3. Forest plot showing the mean score and the 95% confidence interval for each biomarker according to the quality evaluation of the arti-
cles by the expert panel. Only biomarkers extensively described in the articles are included. *These categories encompass numerous biomarkers;
peptides include both collagen and noncollagen types (details for each biomarker can be found in the corresponding articles listed in Supplemen-
tary Table S4). Alb, albumin; ALCAM, activated leukocyte cell adhesion molecule; ANCA, antineutrophil cytoplasmic antibody; anti-C1q, anticom-
plement component 1q antibody; anti-DFS70, antidense fine speckled 70-kDa MW antibody; anti-dsDNA, anti–double-stranded DNA; anti-ENA,
antiextractable nuclear antigen antibody; anti-NCS, antinucleosome antibody; APRIL, A proliferation-inducing ligand; ATX, autotaxin; Axl, axl
receptor tyrosine kinase; C3, complement component 3; C4, complement component 4; C4d, complement component 4d; CI, chronicity index;
Cp, ceruloplasmin; Cr, creatinine; CXCL4, chemokine ligand 4; CXCL16, chemokine ligand 16; Cys C, cystatin C; DGP, granulocytes degranula-
tion product; DKK3, Dickkopf 3; E-C4d, endothelial complement component 4d; EGF, epidermal growth factor; EOS, eosinophil count; ESR,
erythrocyte sedimentation rate; FAS, fas cell surface death receptor; FKN, fractalkine; FLC, free light chains; GFR, glomerular filtration rate;
HA, hyaluronan; Hb, hemoglobin; HBD, hemoglobin subunit delta; HGF, hepatocyte growth factor; HMGB1, high mobility group box 1;
HNP1-3, human neutrophil peptides 1-3; IFNβ, interferon β; IGBP1, Ig binding protein 1; IGFBP2, insulin-like growth factor binding protein
2; IGFBP4, insulin-like growth factor binding protein 4; IL, interleukin; IP-10, interferon-γ inducible protein 10; KIM-1, kidney injury molecule 1;
MCP-1, monocyte chemoattractant protein-1; miRNA, micro-RNA; mRNA, messenger RNA; NGAL, neutrophil gelatinase-associated lipocalin;
PAI-1, plasminogen activator inhibitor type 1; PB, plasmablast; PC, plasma cell; PCX, podocalyxin; PDGF-BB, platelet-derived growth factor sub-
unit B; PGRN, progranulin; Pod, podocyte; PrU, proteinuria; PTEC, proximal kidney tubular epithelial cell; PTX3, pentraxin 3; RAGE, receptor for
advanced glycation end-products; RBC, red blood cell; SDC-1, syndecan-1; sgp130, soluble gp130; sTNFRII, soluble tumor necrosis factor
receptor II; TGF-β1, transforming growth factor β1; TIMP-1, tissue inhibitor of metalloproteinase-1; UMOD, uromodulin; VCAM-1, vascular cell
adhesion molecule 1; VDBP, vitamin D binding protein; vWF, Von Willebrand factor; WT-1, Wilms tumor 1.
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225 patients, the proliferative LN signature was predominantly
characterized by elevated urinary levels of CD163 and IL-16, in
addition to many granulocyte degranulation products.32 Previous
high-quality studies had already reported the ability of CD163 and
its soluble form (sCD163) to predict activity in LN, correlating both
with the NIH AI scores and proliferative classes.24,33,34 Specifi-
cally, an analysis of a limited cohort of repeat biopsies showed
that levels of urinary CD163 could help distinguish even minimal
degrees of activity (AI > 1) from quiescent biopsies (AI = 0).33

Importantly, CD163 outperformed proteinuria in reflecting histo-
logic activity.32,33 In another study, urinary levels of the leukocyte
surface molecule CD11b were significantly increased and related
to histologic activity, and this marker was superior to CD163 in
predicting proliferative forms of LN.35 Consistently, urinary levels
of CD11b were also correlated with the number of CD11b+ cells
in glomeruli and, to a lesser extent, in the interstitium.35 These
studies suggest that IL-16, CD163, TGF-β1, and CD11b are
some of the most promising biomarkers for inclusion in a hypo-
thetical liquid biopsy panel.

Other potential biomarkers need further
investigation to define their specific role in LN. Some
cytokines, such as the soluble form of tumor necrosis factor
receptor II (sTNFRII) or the monocyte chemoattractant protein-1
(MCP-1), exhibit dual correlations with both the NIH AI and CI
scores.24–27,31,36 This makes them difficult to use as biomarkers,
unless they are combined with other potential candidates, such
as urinary neutrophil gelatinase-associated lipocalin (NGAL), a
well-knownmarker of more acute kidney injury that demonstrated
a correlation with the NIH AI scores and, to a lesser extent, the
NIH CI scores.26,37,38 The combination of urinary MCP-1 with
NGAL and kidney injury molecule 1 (KIM-1), enhanced the ability
to predict active and chronic tubulointerstitial lesions in patients
with LN.30 Serum levels of sTNFRII were particularly effective in
detecting chronic rather than active damage, associating with
long-term estimated glomerular filtration rate deterioration.25 Sim-
ilarly, urinary levels of a molecule normally expressed by kidney
tubules, epidermal growth factor, were negatively correlated with
the NIH CI score and most of its components and appeared to
reflect the onset of chronic damage before creatinine levels
rose.39

Numerous studies have demonstrated the utility of adhesion
molecules as biomarkers to detect activity in LN.28,40–43 In a
cohort of 96 patients, urinary levels of activated leukocyte cell
adhesion molecule correlated positively with NIH AI scores and
performed well in discriminating proliferative LN from membra-
nous LN exceeding the ability of traditional markers such as C3,
anti-dsDNA, and 24-h urine protein to indicate disease activity.43

Urinary levels of vascular cell adhesion molecule 1 (VCAM-1),
which plays a role in inflammatory cell trafficking, were positively
correlated with NIH AI scores and active lesions.28,40–42 In a large
study involving 154 patients, the combination of urinary VCAM-1

with cystatin C and KIM-1 appeared to be more effective than
VCAM-1 alone in differentiating proliferative from membranous
LN, reaching a sensitivity of 94.7% and improving overall diagnos-
tic performance.42 In the same cohort, urinary VCAM-1 levels also
demonstrated a positive correlation with the NIH CI scores42;
however, this aspect has not been demonstrated in previous
studies. Therefore, further investigation is required to confirm the
specificity of VCAM-1 as a biomarker of histologic activity.

New emerging biomarkers with a precise pathophysiologic
localization within the kidney parenchyma demonstrated greater
capacity to delineate specific aspects of damage occurring in
the context of LN. For instance, KIM-1, a transmembrane glyco-
protein expressed by proximal tubular cells, was not only associ-
ated with the NIH AI scores and proliferative forms of LN26,30,42

but also showed an interesting correlation with acute and chronic
tubulointerstitial damage.30,44,45 Another insight for the possibility
of detecting whether a tubulointerstitial component of damage is
present and more significant comes from the study by Yap et al;
patients with moderate-to-severe tubulointerstitial inflammation
exhibited a higher incidence of proximal kidney tubular epithelial
cell–binding IgG1 seropositivity compared with those with no or
mild inflammation, suggesting also a pathogenic role of this sub-
class of IgG in LN tubular injury.46 Finally, increased levels of vita-
min D binding protein in urine, which is normally undetectable
because of active tubular reabsorption, demonstrated a signifi-
cant correlation with the NIH AI scores, suggesting a potential role
in detecting even a subclinical tubular damage.42

Pentraxin 3 correlates with specific active lesions in
LN. Elevated serum levels of a systemic inflammation indicator,
pentraxin 3 (PTX3), were associated not only with the NIH AI
scores but particularly with class IV LN, endocapillary hypercellu-
larity, and leukocyte infiltration. Its urinary levels also exhibited a
significant correlation with cellular crescents and interstitial inflam-
mation, potentially making PTX3 a reliable marker of histologic
activity in LN.47 Further studies with multiple marker panels may
allow integrated assessments of which combined markers allow
the best understanding of disease states.

DISCUSSION

LN is a severe manifestation of SLE in the kidney, leading to
considerable patient morbidity and mortality.48 More and more
studies show that in addition to the valuable role of the histologic
evaluation in establishing the diagnosis of LN, repeat kidney biop-
sies are useful in making decisions about the management of LN
patients during long-term follow-up.2,49 However, taking a kidney
biopsy always carries a certain, although often minor, risk of com-
plications.50 Therefore, there is a continuous call for urinary and
serum biomarkers as surrogates for the kidney biopsy. To obtain
insight into the current status of biomarkers related to the histopa-
thology of LN, we critically reviewed studies published in the last
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12 years that presented one or more biomarkers with a relation to
the spectrum of lesions in LN. We investigated how these bio-
markers could be used in making the first steps of what a liquid
biopsy could look like. Our aim was to identify biomarkers of LN
histopathology with strong evidence for their applicability in clini-
cal practice to select those that should be prioritized in future fea-
sibility studies to facilitate their advancement toward regulatory
approval and clinical usage.

Our results reveal an abundance of studies describing
numerous biomarkers that correlate with many different histo-
pathologic parameters and were conducted through a variety of
methodologic approaches. Only a small number of studies were
graded as being of good quality according to a vigorous quality
control assessment. Low- or moderate-quality studies were usu-
ally characterized by very small cohorts from different popula-
tions, a lack of robust control groups and/or specificity about the
timeframe between taking the biopsy and the sample for bio-
marker assessment, and an oversimplification of histopathology.
From the studies graded to be of good quality, we identified a role
for the urinary biomarkers (s)CD163 and IL-16 as surrogate
markers for active lesions in LN,24,29,32–34 for PTX3 to be related
to endocapillary hypercellularity and cellular crescents,47 and for
urinary CD11b to be correlated to infiltrating cells in the glomerular
and tubulointerstitial compartments.35 TGF-β1 was shown to
have a correlation with the total score of the NIH AI.6 Notably,
the combination of these biomarkers seems to capture a broad
scope of the spectrum of active lesions in LN, and it would be
tempting to investigate in a future study how much of the variation
within the LN biopsy profile could be predicted by the combina-
tion of these biomarkers in a new clinical test.

Despite these promising findings, it was disappointing to
realize that the heterogeneity of methodologic approaches, in
combination with the overall low level of quality of most of the
studies, considerably limited the interpretation of >50% of
the identified articles. Importantly, almost 40% of the analyzed
articles did not accurately report the timing of sample collection
in relation to the kidney biopsy, affecting the reliability of the
results. This might constitute room for improvement in future
studies. Moreover, quality was often negatively influenced by
oversimplification of the complexity of histopathologic lesions.
Many studies made gross generalizations by lumping together a
great number of subtle lesions to demarcate, for example,
“active” versus “inactive” LN or “proliferative” versus “nonproli-
ferative” LN. Furthermore, comparisons between studies were
hampered by methodologic issues, for example with regard to dif-
ferent cutoffs for the NIH AI used in studies to investigate how bio-
markers were able to detect various levels of disease activity. It is
important to underline that many studies stopped at a point at
which a distinction would have been informative in the diagnostic
phase, whereas the clinical interest of new biomarkers lies more
in their capacity to monitor the evolution of disease over time
and guide therapy accordingly, sometimes obviating the need

for a kidney biopsy. Considering the difficulty in establishing stan-
dardized cutoffs for the NIH AI and CI to evaluate biomarkers and
their potential usefulness, it would be more appropriate to
develop panels with biomarkers that each reflect specific histo-
logic lesions rather than the overall NIH AI or CI score.

Of note, most of the biomarker studies focus on indicators
of active inflammatory lesions; almost none investigated how to
predict for the membranous component of LN. One of the chal-
lenges in the clinical management of patients with LN is to
determine whether ongoing proteinuria is related to class V
lesions or, for instance, to chronic lesions such as segmental
glomerulosclerosis. For biomarkers being used as a “liquid
biopsy,” this is an important area of interest that is still under-
studied. Extending this argument to the development of
chronic lesions in general, the focus on purely active lesions
alone risks neglecting the subtle, long-term damage caused
by low-grade and chronic inflammation, which can progres-
sively impair renal function.

That many of the publications included in our review had
only a mediocre quality, as assessed by our scoring system,
is one of the limitations of our study together with the fact that
we had to rely on the published results of studies with various
methodologies. Almost all the studies that obtained a higher-
quality rank established associations with the NIH AI and/or
CI or focused on correlations between a biomarker and single
histopathologic lesions. However, practically none of them
investigated whether biomarkers driven by histopathology
could be used for decisions with regard to new therapies of
LN. Considering the large number of drugs in development for
LN that aim to target specific pathogenetic pathways such as
the complement system, the interferon system, or specific
inflammatory cells, it would be obvious to look for signs in the
kidney tissue that capture the presence and level of activity of
these drug targets, followed by the development of a bio-
marker that could monitor the level of activity continuously as
a tool for therapy response and for renal outcome. It seems
that the premises for such studies are available, and hopefully
they will be performed in the very near future.

In LN trials, multiple biomarker panels could prove useful for
better stratifying patients and effectively evaluating therapy
response, overcoming the limitation of traditional markers, such
as proteinuria. Next to that, an increasing body of research is
focusing on the use of transcriptomics to detect tissue bio-
markers that could serve in the diagnostic phase to tailor treat-
ments and, thus, improve response rates. The combined use of
tissue biomarkers with liquid biopsy panels could fundamentally
change LN management and prognosis.

From our experience with the articles we have reviewed and
analyzed here, we recommend for future studies that they adhere
to several quality control parameters, which we have listed in
Table 1. Standardizing validation cohorts by unifying treatment
protocols and adjusting for patients’ characteristics and
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comorbidities affecting outcomes should be prioritized. Further-
more, future validation processes require prospective longitudinal
studies that can overcome the limitations of cross-sectional eval-
uations and investigate biomarker changes over time in relation
to kidney histopathology.

In conclusion, there is an urgent need for closer monitoring of
LN through the liquid biopsy that could prevent or predict overt
reactivation of disease or clinical flares. Only by performing high-
quality studies, including biomarker evaluations in clinical trials,
and further investigating the clinical utility of multiple biomarkers
that would reflect the complex and alternating histopathology of
LN in time will we be able to add an extra dimension to the care
of patients with LN.
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R E V I EW

Mechanisms of B Cell Tolerance in Health and Autoimmunity

Sivasankaran Munusamy Ponnan1 and Shaun W. Jackson2

Case presentation: A 27-year-old man with end-stage renal

disease secondary to X-linked Alport syndrome received a

deceased donor kidney transplant after three years on hemodial-

ysis. His posttransplant course was initially unremarkable, with

stable creatinine levels around 1.2 mg/dL. However, 10 months

post transplantation, he presented with acute onset of hematuria,

proteinuria (3.5 g/day), and rapidly deteriorating allograft function

with creatinine levels rising to 4.6 mg/dL over just one week. Uri-

nalysis revealed dysmorphic red blood cells and red blood cell

casts. Allograft biopsy demonstrated linear IgG deposition along

the glomerular basement membrane (GBM) with crescent forma-

tion in 60% of glomeruli, together with high titer circulating anti-

GBM antibodies, confirming the diagnosis of de novo anti-GBM

disease in a kidney allograft. The consulting rheumatology team

was puzzled by the immunopathology of the case.

Introduction

To understand the underlying immunology, we will compre-

hensively review the mechanisms of B cell tolerance. Specifically,

we will examine the layered and redundant mechanisms that the

immune system employs to generate a diverse B cell repertoire

able to respond to distinct pathogens while maintaining immune

tolerance. Using this background, we will return to the specifics

of this unique case to consider how it informs the understanding

of autoimmune pathogenesis.

Fundamentals of B cell development and
tolerance

B cells are critical parts of the adaptive immune system, pro-

viding for humoral immunity and protection against invasive path-

ogens. However, the capacity of B cells to generate a vast

repertoire of antigen receptors through random variable, diversity,

and joining (VDJ) recombination inherently carries the risk of pro-

ducing B cells that recognize self-antigens. For this reason, B cell

development and selection are carefully coordinated processes

that ensure the formation of a diverse yet self-tolerant antibody

repertoire.1 When these tolerance mechanisms fail, as seen in dis-

eases such as systemic lupus erythematosus (SLE) and rheuma-

toid arthritis, autoreactive B cells can escape control. This leads

to the production of harmful autoantibodies, which cause inflam-

mation and tissue damage.2 Therefore, understanding the molec-

ular and cellular pathways that govern B cell tolerance not only

sheds light on the origins of autoimmunity but also informs thera-

peutic strategies aimed at restoring immune balance.
B cells develop from bone marrow (BM) hematopoietic stem

cells via the tightly regulated progress through specific develop-

mental stages—from pro–B cells to pre–B cells to immature B

cells. Each pro–B cell undergoes rearrangement of the VDJ gene

segments of the Ig heavy-chain locus. Successful heavy-chain

rearrangement results in expression of the pre–B cell receptor

(pre-BCR), which first promotes pro–B cell proliferation, followed

by cell cycle exit and Ig light-chain gene recombination.3 This

coordinated developmental program ultimately leads to the

expression of a mature BCR as surface IgM.
Practicing rheumatologists regularly prescribe highly tar-

geted monoclonal antibodies and naturally think of these thera-

peutic agents as exquisitely specific. However, it is less widely

recognized that antibodies derived from the preimmune B cell

repertoire exhibit remarkable polyreactivity.4 This intrinsic poly-

reactivity serves an important evolutionary purpose. Because the

universe of potential foreign antigens is near infinite, a repertoire

composed exclusively of highly specific monoclonal antibodies

would render the frequency of naïve B cells capable of recogniz-

ing novel pathogens too low to mount an effective humoral
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response.5 Nevertheless, this intrinsic polyreactivity, coupled with

the propensity for random VDJ recombination to generate

self-reactive B cells, increases the potential for autoimmunity. To

address this challenge, both central and peripheral tolerance

mechanisms have evolved to eliminate or functionally silence

autoreactive B cells, thereby preventing autoimmunity (Figure 1).

Central tolerance

Central tolerance refers to processes that eliminate or modify
autoreactive B cells in the BM before they can enter the periphery
and encounter their cognate self-antigens. During B cell lymphopoi-
esis, immature B cells expressing surface IgM encounter self-
antigens presented by BM stromal cells, which express a wide range
of intracellular and cell surface proteins. The strength and duration of
BCR engagement with these self-antigens determines the cellular
fate through several distinct mechanisms, including the following:

1. Clonal deletion describes the process by which immature
B cells that strongly recognize self-antigens in the BM
undergo programmed cell death (apoptosis), effectively
eliminating potentially autoreactive B cell clones before

they can mature and enter the circulation. This critical tol-
erance checkpoint was first identified using transgenic
mouse models in which B cells express a single self-
reactive BCR in the presence of their cognate self-
antigen. In this context, strong BCR cross-linking induces
developmental arrest at the BM stage.6–8 Although initially
identified using animal models, subsequent studies revealed
that �55% to 75% of developing BM B cells in humans
exhibit reactivity to nuclear or cytoplasmic antigens. These
high-affinity self-reactive B cells are efficiently purged from
the developing repertoire,4 underscoring the critical impor-
tance of clonal deletion to human B cell tolerance.

2. Receptor editing is a crucial salvage pathway for self-
reactive immature B cells that encounter self-antigens
but avoid immediate deletion. Rather than undergoing
apoptosis, these cells reactivate recombination-activating
gene (RAG1/2) expression, resulting in further Vκ–Jκ
recombination in an attempt to replace their existing κ light
chains through secondary rearrangements at the Igκ
locus. If κ locus rearrangements fail to eliminate self-
reactivity, the B cell may then proceed to rearrange the λ

light-chain locus, resulting in multiple possibilities to

Figure 1. Central and peripheral mechanisms of B cell tolerance. This figure illustrates the layered checkpoints that maintain B cell tolerance.
Central tolerance in the bone marrow (left panel) involves clonal deletion of high-affinity autoreactive B cells and receptor editing of self-reactive
cells to alter B cell receptor binding. During periphery tolerance (right panel), mature B cells that are self-reactive become anergic, characterized
by antigen unresponsiveness, reduced survival, and follicular exclusion. GC tolerance involves the deletion of de novo autoreactive B cells gener-
ated by somatic hypermutation. T cells also regulate B cell tolerance via central deletion of potential B cell helpers and by controlling GC responses,
influenced by the balance of Tfh and Tfr cells. The concept of clonal redemption highlights how anergic B cells can be rescued to participate in
immune responses against foreign antigens. A color gradient from blue (nonautoreactive) to red (increasing autoreactivity) indicates the spectrum
of self-reactivity within the B cell repertoire. BCR, B cell receptor; GC, germinal center; Tfh, T follicular helper; Tfr, T follicular regulatory.
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rescue the autoreactive B cells.9 Estimates that 25% to
50% of peripheral B cells have undergone at least one
round of receptor editing highlight its critical contribution
to shaping a self-tolerant BCR repertoire while preserving
immunologic diversity.10–13

Peripheral tolerance

Although central tolerance mechanisms eliminate most
highly autoreactive B cells, this process is incomplete, and several
key mechanisms operate in the periphery to ensure that B cell tol-
erance is maintained:

1. Anergy: Anergy is defined as a state of functional unre-
sponsiveness in response to encountering cognate anti-
gen. This tolerogenic state is typically induced when
immature or transitional B cells encounter soluble self-
antigens, a scenario that triggers insufficient BCR signal-
ing to induce apoptosis but enough to initiate inhibitory
pathways.14 Anergic B cells exhibit several hallmark fea-
tures, including reduced surface expression of IgM (while
maintaining normal IgD levels), increased expression of
inhibitory receptors such as CD22, and impaired respon-
siveness to antigen binding. This BCR signaling defect
manifests via chronically elevated basal intracellular cal-
cium levels paired with paradoxically reduced calcium
mobilization after antigen stimulation.15 Importantly, the
presence or absence of B cell anergy does not function
as a binary process but rather exists on a continuum
within the mature B cell repertoire based on relative self-
reactivity.16

2. Follicular exclusion: In addition to functional unrespon-
siveness, self-reactive B cells exhibit reduced ability to
access B cell follicles in secondary lymphoid organs when
competing with nonautoreactive B cells for limited micro-
environmental niches.17,18 After exiting the BM, preim-
mune B cells migrate to the spleen as immature
transitional 1 B cells, which subsequently upregulate
CXCR5, the receptor for the follicular chemokine
CXCL13, thereby facilitating migration into primary folli-
cles.19 Within a diverse preimmune repertoire, anergic B
cells down-regulate CXCR5, resulting in retention of self-
reactive B cells at the T cell–B cell border.20 This spatial
segregation strategically positions autoreactive B cells
away from survival niches, T cell help, and germinal center
(GC) reactions, effectively limiting their potential to con-
tribute to autoimmune responses.

3. Reduced survival of self-reactive B cells: In parallel with
follicular exclusion, anergic autoreactive B cells develop-
ing in competition with nonautoreactive counterparts
have short lifespans of only two to three days.17,18,21

The cytokine BAFF (also known as B lymphocyte

stimulator) is a critical survival factor necessary for B cell
maturation beyond the transitional stage.22,23 Both
mouse models and human studies have linked increased
circulating BAFF levels with the development of humoral
autoimmunity, in particular SLE.24–28 These data suggest
that BAFF might breach B cell tolerance checkpoints by
creating a permissive environment for autoreactive B cell
survival. However, murine modeling has revealed that
BAFF overexpression neither disrupts central B cell toler-
ance nor enables high-affinity self-reactive B cells to sur-
vive and enter follicles in competitive settings. Instead,
increased BAFF level subtly modulates transitional B cell
selection stringency by enhancing the survival of lower-
affinity self-reactive B cells.29–31

4. Clonal ignorance: Although not strictly a B cell–intrinsic
tolerance mechanism, clonal ignorance refers to the pro-
cess in which autoreactive B cells never encounter their
corresponding self-antigen. This occurs when self-
antigens are present at low levels or remain sequestered
within cellular structures and physiologically restricted
zones.32,33 Under these circumstances, the develop-
ment, lifespan, and activation potential of these B cells
remains unchanged.

GC B cell tolerance

GCs are transient structures within secondary lymphoid
organs where antigen-activated B cells undergo rapid prolifera-
tion and somatic hypermutation (SHM). SHM introduces random
mutations into the Ig variable region genes, diversifying the BCR
repertoire and fueling the iterative selection of higher affinity B cells
via a process termed affinity maturation. Ultimately, B cells with
high affinity for the specific activating antigen differentiate into
memory B cells and plasma cells, crucial components of humoral
immunity.34 However, the random nature of SHM inevitably car-
ries the risk of generating B cells with de novo self-reactivity within
the GC. Therefore, multiple checkpoints have evolved to maintain
self-tolerance and prevent the emergence of pathogenic autoanti-
bodies from the GC reaction. Autoreactive B cells within GCs can
arise from two primary pathways: (1) recruitment of pre-existing
self-reactive B cells that evaded central tolerance mechanisms in
the BM and (2) generation of de novo autoreactivity via SHM
within the GC itself.

Although central tolerance significantly depletes the pool of
self-reactive B cells emigrating from the BM, self-reactive B cells
persist in the periphery in an anergic (functionally unresponsive)
state. These anergic B cells could potentially become activated
and enter a GC response if they successfully acquire T cell help.
For this reason, a key peripheral tolerance checkpoint limits the
recruitment of self-reactive B cells into GCs during initial cognate
interactions between T helper cells and B cells. Upon recognizing
peptides presented on B cell major histocompatibility complex
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class II, T helper cells up-regulate both CD40L, delivering
CD40-activating signals to the B cell, and Fas ligand, which
engages the death receptor Fas. Because of inherently weak
BCR-derived survival signals, anergic B cells are particularly vul-
nerable to Fas-mediated death upon receiving T cell help.35–37

This mechanism eliminates escaped autoreactive B cells, pre-
venting their GC participation and subsequent autoantibody
production.

Additional layers of tolerance operate directly within the GC
to manage de novo self-reactivity from SHM. Uncovering these
intra-GC mechanisms has proven technically challenging due
to rapid cellular turnover and mutation rates. Nevertheless, sem-
inal studies demonstrated that delivery of high doses of soluble
antigen (mimicking ubiquitous self-antigen) triggers widespread
apoptosis of established GC B cells,38–40 a phenomenon analo-
gous to clonal deletion during central tolerance. Moreover, SHM
does not only select for increased foreign antigen affinity. Ig
receptors also rapidly accrue mutations that decrease affinity
for self-ligands.41 Despite these safeguards, GC tolerance is
not infallible. GCs are likely a crucial source of autoantibody-
producing cells in autoimmune diseases, as evidenced by exten-
sive SHM in autoreactive B cell clones and the characteristic
expansion of spontaneous GCs in both murine lupus models
and patients with SLE.42–44

Regulation of B cell tolerance by T cells

Although developmental tolerance is primarily governed by
BCR signals, T lymphocytes act as critical extrinsic gatekeepers
of B cell tolerance. Most self-reactive T cells are eliminated by
effective central tolerance in the thymus. This limits activation of
autoreactive B cells that have bypassed central tolerance check-
points, particularly those specific to T-dependent antigens, as
the necessary cognate T helper cell support for their activation is
largely absent.

The K/BxN mouse arthritis model elegantly demonstrates
this T cell dependency. Autoreactive B cells targeting the ubiqui-
tous self-antigen glucose-6-phosphate isomerase (GPI) only trig-
ger disease when cognate CD4+ T cells expressing the KRN T
cell receptor (specific for GPI peptides) are present.45,46 This
highlights how availability of T cell help can be the decisive factor
in breaching B cell tolerance, even when autoreactive B cells have
evaded central tolerance mechanisms. The clinical significance of
this linked tolerance in humans is underscored by the characteris-
tic autoantibody profiles in autoimmune polyglandular syndrome
type 1 (also known as autoimmune polyendocrinopathy–candidi-
asis–ectodermal dystrophy), a disorder resulting from AIRE gene
mutations that impair AIRE-dependent deletion of self-reactive T
cells in the thymus.47,48

Beyond deletion of autoreactive T helper cells, Treg cells
actively promote B cell tolerance by both modulating the preim-
mune repertoire and limiting autoreactive B cell activation.

Compelling evidence comes from studies of patients with immune
dysregulation, polyendocrinopathy, enteropathy, X-linked syn-
drome with mutations in the FOXP3 gene, which encodes a tran-
scription factor essential for Treg cell function. In addition to
developing severe systemic autoimmunity, these patients exhibit
a specific defect in peripheral B cell tolerance checkpoints.49

Moreover, a specialized subset of Treg cells, termed T follicular
regulatory (Tfr) cells, is crucial for controlling GC responses and
preventing autoreactive B cell activation.50 Tfr cells exhibit sup-
pressive activity in vitro and limit T follicular helper (Tfh) cell and
GC B cell numbers in vivo.51,52 Recent studies indicate that Tfr
cells maintain GC quality by selectively suppressing non–anti-
gen-specific B cells, potentially including autoreactive B cells. This
represents an elegant regulatory mechanism whereby the Tfh dif-
ferentiation pathway is co-opted by Treg cells to control GC
responses, thus maintaining B cell tolerance while allowing pro-
ductive immune responses against foreign antigens.

B cell tolerance on a spectrum: clonal redemption
and biologic rationale for anergic B cell
maintenance

Each of the previous sections describes the overlapping
mechanisms used to maintain B cell tolerance. However, the pur-
pose of this redundancy is not clear if one considers that robust B
cell tolerance might be readily achieved via clonal deletion of all
autoreactive B cells, not only those with the highest self-affinity.
Instead, the immune system employs a nuanced approach to B
cell tolerance in which low-affinity autoreactive B cells can exit
the BM and persist within the preimmune repertoire under the
control of peripheral tolerance mechanisms. This observation
raises a biologic paradox—why is B cell tolerance incomplete
despite the risk of humoral autoimmunity?

This apparent contradiction is best understood by consider-
ing the consequences of overly strict B cell tolerance. Because
many pathogens express surface epitopes that mimic self-
antigens, a repertoire entirely devoid of self-reactivity would leave
“gaps” in immune coverage rendering individuals vulnerable to
invasive pathogens. For this reason, despite the potential that
autoreactive B cells might escape inhibitory control, the immune
system elects to maintain cells with low self-antigen affinity in a
state of functional anergy.

Of course, for anergic B cells to be useful in the setting of
infection requires the state of anergy to be reversible. Multiple
studies in both animal models and human studies have indicated
that this does in fact occur. Clonal redemption refers to the pro-
cess by which anergic self-reactive B cells can be “redeemed”
to productively contribute to protective immune responses
against pathogens.53 Using an elegant approach, Burnett and
colleagues demonstrated that antibodies derived from anergic B
cells acquire mutations that can distinguish between nearly identi-
cal foreign and self-antigens.41 To do this, they used mice
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engineered to express hen egg lysozyme (HEL) ubiquitously,
which induces anergy in anti-HEL B cells. These mice were immu-
nized with duck egg lysozyme (DEL), a foreign protein structurally
similar to HEL but differing by four amino acids at the interaction
interface. Despite their initial self-reactivity, HEL-binding B cells
entered GCs and underwent SHM characterized by a distinct
two-phase selection: first, rapid selection for mutations decreas-
ing affinity for the self-antigen (HEL), followed by slower selection
for epistatic mutations that increased affinity for the foreign anti-
gen (DEL). Thus, previously anergic autoreactive B cells can be
recruited into protective humoral immune responses by exploiting
subtle structural differences to evolve high specificity toward for-
eign antigens.

Pathways to breaks in B cell tolerance in human
autoimmunity

Although the multilayered system of B cell tolerance is
remarkably effective, failure can occur, leading to the generation
of pathogenic autoantibodies and the development of autoim-
mune disease. Tolerance can be breached through various
mechanisms, often involving a combination of genetic predisposi-
tion, environmental triggers, and stochastic events. One mecha-
nism linked to the breakdown of self-tolerance is genetic risk
factors that subtly alter B cell selection and activation thresholds.
For example, genome-wide association studies have uncovered
genetic polymorphisms impacting key B cell pathways, including
BCR signaling components (PTPN22, BANK1, BLK, and LYN),
endosomal toll-like receptors (TLR7/TLR9) crucial for autoanti-
body development in SLE, and regulators of circulating BAFF
levels. Although these genetic mechanisms have been extensively
reviewed elsewhere,2,54,55 we will focus on a critical, yet underex-
plored, contributor to autoimmunity: the role of neoantigens
(Figure 2).

The case vignette discussed in this article represents a strik-
ing co-occurrence of two rare human diseases. Alport syndrome
is a genetic disorder characterized by slowly progressive kidney
dysfunction and hearing loss, with a population prevalence of
approximately56 1 in 5,000 to 10,000. In contrast, anti-GBM dis-
ease in an autoimmune syndrome resulting in rapidly progressive
glomerulonephritis with an annual incidence of less than two per
million.57 The development of two rare, and seemingly unrelated,
kidney diseases in one patient raises interesting questions perti-
nent to the pathogenesis of humoral autoimmunity.

As we have discussed, B cell tolerance is established early
during development and maintained by layered peripheral toler-
ance mechanisms. However, when the immune system encoun-
ters antigens that were previously hidden or absent or are
modified versions of self-proteins, autoimmunity can result
because appropriate tolerance has not been established. One
dramatic example relates to the clinical case described previ-
ously. Alport syndrome is a genetic disorder caused by

pathogenic mutations in genes encoding subunits of the type IV
collagen protein family, most commonly COL4A5 in the X-linked
form.58 These mutations lead to the inability to form the normal
alpha-3-4-5 type IV collagen network, a key component of base-
ment membranes in tissues such as the kidney, eye, and cochlea.
Because the normal collagen IV network is absent, the immune
system remains naïve to specific collagen subunits. Conse-
quently, when a kidney allograft expressing the full complement
of type IV collagen is transplanted into a patient with Alport syn-
drome, the recipient’s immune system may recognize these pre-
viously unseen collagen subunits as foreign. This can trigger an
alloimmune response, leading to the development of de novo
anti-GBM disease targeting the transplanted kidney. Interestingly,
standard anti-GBM antibody testing in Alport post-transplant
nephritis may yield false-negative results because commercial
assays are optimized to detect antibodies against the NC1
domain of alpha-3(IV) (Goodpasture antigen) rather than the
alpha-5(IV) chain mutated in X-linked Alport disease, highlighting
the exquisite specificity of B cell tolerance.

Beyond this unique situation of organ transplantation for
Alport syndrome, the concept that neoantigens can initiate
breaks in immune tolerance applies to various autoimmune dis-
eases. For example, posttranslational modifications of self-
proteins can create novel epitopes recognized as foreign by the
immune system. A classic example is the citrullination of proteins
in rheumatoid arthritis, leading to the production of anti–
citrullinated protein antibodies, which drive inflammation and joint
damage.59 Similarly, aberrant proteolytic processing of proinsulin
peptides in islet beta cells may promote the development of type
1 diabetes.60 Beyond posttranslational modification, tissue dam-
age or cellular stress can expose normally hidden or “cryptic”
self-epitopes, such as exposure to cardiac antigens triggering
post–myocardial infarction pericarditis (Dressler syndrome).61

Molecular mimicry refers to the phenomenon in which
pathogen-associated foreign antigens share structural or
sequence similarities with self-antigens, a process best exem-
plified by Guillain-Barré syndrome in which antibodies against
Campylobacter jejuni lipooligosaccharides cross-react with
gangliosides on peripheral nerves.62

Finally, paraneoplastic syndromes highlight how cancer can
instigate breaks in B cell tolerance. In antibody-mediated para-
neoplastic disorders, this may result from the ectopic expression
of self-antigens normally confined to immune-privileged sites (eg,
voltage-gated calcium channels in Lambert–Eaton myasthenic
syndrome)63 or from the expression of mutated proteins generat-
ing tumor-specific neoantigens. This latter mechanism is best
exemplified by temporal links between cancer and scleroderma
in patients with autoantibodies to RNA polymerase III subunit
(RPC1).64 In this context, cancer-specific mutations within the
POLR3A locus, encoding RPC1, can elicit the production of anti-
tumor antibodies, which subsequently exhibit cross-reactivity
with the native RPC1 protein. This molecular mimicry can then
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drive systemic inflammation, tissue damage, and fibrosis charac-
teristic of scleroderma.65

Conclusions

In conclusion, B cell tolerance functions on a complex and
finely tuned spectrum rather than a simple binary state of survival
versus deletion. The seemingly paradoxical maintenance of low-
affinity autoreactive, anergic B cells is a biologic imperative, pre-
serving a diverse repertoire capable of recognizing foreign anti-
gens, including those mimicking self. Crucially, the process of
clonal redemption provides a mechanism for these anergic B cells
to be safely recruited into protective immune responses.

Nevertheless, maintenance of B cell tolerance is not infallible, with
factors such as genetic predisposition toward B cell activation,
defects in T cell tolerance, and the emergence of neoantigens
each contributing to tolerance breaks. Understanding the mecha-
nisms shaping the B cell repertoire and governing the mainte-
nance of B cell tolerance is paramount for developing effective
strategies to prevent and treat humoral autoimmunity.
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Case-Based Immunology: B Cells and Systemic Sclerosis
Interstitial Lung Disease

Nina Goldman, Voon Ong, and Christopher P. Denton

Interstitial lung disease (ILD) is an important complication of systemic sclerosis (SSc), with highmortality and
morbidity. Recent clinical studies in SSc-ILD have led to US Food and Drug Administration–approved therapies
in SSc-ILD. Importantly, evidence from these studies has been extrapolated to guide management of ILDs of
other systemic autoimmune rheumatic diseases. Pathogenesis of SSc-ILD involves interplay between fibro-
blasts and the innate and adaptive immune system. A central role for the B cell compartment is supported by
clinical and translational studies. We use a case from our center as a basis to discuss the pathogenesis of
SSc-ILD, autoantibodies in SSc-ILD, and the role of B cells in the disease. We go on to consider treatment
options for the case, the decision-making algorithm for treatment, and risks associated with treatment.

The clinical case

The patient, a 69-year-old man diagnosed with diffuse cuta-

neous systemic sclerosis1 (dcSSc) in 2014, returned for clinic

review in May 2022. He reported increasing dyspnea and wors-

ening exercise tolerance over the preceding year without signifi-

cant cough, chest pain, or ankle edema. He has had recurrent

urinary tract infections requiring multiple antibiotic courses but

no documented chest infection.
A history review revealed first presentation with Raynaud

phenomenon symptoms in September 2013, followed by digital

puffiness in January 2014 with progressive skin thickening over

the upper limbs and anterior chest over the next six months. He

reported reflux, proximal muscle weakness, and weight loss of

6 kg over a similar interval. He was referred to his local rheumatol-

ogist and was diagnosed with dcSSc in August 2014. The modi-

fied Rodnan skin score (mRSS) peaked at 19/51 in September

2014. Initial investigations at disease presentation in August

2014 showed a hemoglobin level of 127 g/L, a creatine kinase

level of 757 IU, a C-reactive protein (CRP) level of <1 mg/L, an

erythrocyte sedimentation rate (ESR) of 2 mm/hr, and

an N-terminal pro–brain natriuretic peptide (NT-proBNP) level of

26 pmol/L (high >236 pmol/L). Esophageal dysmotility was con-

firmed with pH manometry and motility studies. Interstitial lung

disease (ILD) was confirmed on a high-resolution computed

tomography (HRCT) scan at the time of diagnosis.
In August 2014, he was started on mycophenolate mofetil

(MMF) 2 g daily for active skin disease and ILD, with prednisolone

20 mg daily for myositis. In late 2014, he developed complete

heart block necessitating permanent pacemaker implantation. A

follow-up echocardiogram in 2015 showed a left ventricular ejec-

tion fraction of 45% and regional wall motion abnormality with

slight hypokinesia of the left ventricular apex.
His maintenance immunosuppressive therapies comprise

MMF 2 g and prednisolone 7.5 mg daily. At the clinic review, the

patient reports ongoing SSc gastrointestinal involvement along-

side his respiratory symptoms. Despite high-dose proton pump

inhibitors and H2 receptor antagonists for gastroesophageal

reflux disease, prokinetics for esophageal dysmotility, and rota-

tional antibiotics for small intestinal bacterial overgrowth, he

remained symptomatic with vomiting, diarrhea, and bloating. His

weight was maintained with high-calorie supplements.
On examination, the mRSS was stable at 9/51. Chest aus-

cultation demonstrated fine bilateral inspiratory crackles. Autoim-

mune serology demonstrated speckled-pattern antinuclear

autoantibodies (ANAs) at a titer of 1:1,280 and negative extract-

able nuclear antigens, with no SSc-specific antibody identified

by standard immunoblot. Available laboratory test results
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included a hemoglobin level of 154 g/L, a CRP level of 2 mg/L,
and an ESR of 5 mm/hr. Cardiac markers performed included
the following results: an NT-proBNP level of 230 ng/L and a tro-
ponin T level of 19 ng/L. The recent echocardiogram demon-
strated a low probability of pulmonary hypertension.

Case progress

Results of a repeat lung function test are shown in Supple-
mental Table 1 and Supplemental Figure 1. The lung function test
showed forced vital capacity (FVC) and diffusing capacity for car-
bon monoxide (DLCO) decline of 18.2% and 11.8%, respectively,
over the preceding year from May 2021 to May 2022.

This case highlights development of SSc-ILD and provides a
platform for discussion of recent progress in understanding path-
ogenesis, risk stratification, and treatment options for this compli-
cation, which is one of the leading causes of mortality and
morbidity in SSc.2,3 Informed consent was obtained for use of
the clinical information from the patient for publication.

Pathogenesis of SSc-ILD

It is hypothesized that initiation of SSc-ILD involves both
endothelial and epithelial cell damage triggered by environmental
factors in a susceptible individual. This cellular damage results in
the release of locally active mediators such as endothelin 1 and
chemokines that may precede activation of the immune system.4

Immune system activation then results in an inflammatory cell infil-
trate including B cells, macrophages, T cells, and natural killer
cells and profibrotic pathway activation, particularly transforming
growth factor β (TGFβ) pathways. Subsequently, fibroblasts are
activated locally; transdifferentiate from other cell lineages, includ-
ing epithelial cells and vascular components such as pericytes
and endothelial cells5; and are recruited and differentiate into pro-
fibrotic cells producing excessive extracellular matrix, resulting in
deposition of the extracellular matrix within the lung parenchyma
and further TGFβ release.6 This perpetuates the cycle of lung
damage alongside ongoing inflammation and abnormal healing.
Other factors such as infection, aspiration, and increased lung
stiffness also play a role in exacerbating lung damage.

Genetic and epigenetics changes have been demonstrated
to influence an individual’s susceptibility to SSc-ILD, with HLA-
related and non–HLA-related genetic polymorphisms implicated.
The strongest genetic association with ILD is linked to ANA sub-
group. Studies have confirmed that ANA reactivity links closely
to major histocompatibility complex (MHC) class II haplotype, with
HLA-DRB1*11 conferring considerable risk in patients who are
positive for anti–topoisomerase I antibodies (ATAs).7

Many risk factors for development and progression of SSc-
ILD have been identified. Patients with dcSSc are at higher risk
of clinically significant ILD compared to patients with limited cuta-
neous SSc (lcSSc).8 Other risk factors for progressive disease

include early disease duration, male sex, African American race,
autoantibody subset, reflux, low baseline FVC and DLCO, CT
extent above 20%, and FVC decline of at least 10% from base-
line.9 Elevated levels of interleukin-6 (IL-6), the proinflammatory
pleiotropic cytokine, have also been shown to be predictive of
progression of early ILD, and high CRP levels have also been
associated with worse SSc-ILD outcome.10

Understanding the autoantibody profile

The presence of ANAs is a hallmark of SSc, found in more
than 95% of patients with SSc.11 Due to their mutual exclusivity,
likely a consequence of MHC restriction,12 ANA specificities have
emerged as central in helping to stratify the risk of organ compli-
cations for patients, with the most frequent reactivities being anti-
centromere antibody (ACA), ATA, and anti–RNA polymerase III
antibody (anti–RNAP III), found in >50% of patients with SSc.11,13

The focus in SSc-ILD remains on ATA-positive patients, with
ATA positivity resulting in a much higher risk of clinically significant
ILD than low-risk ACA and intermediate-risk anti–RNAP III.8 How-
ever, other SSc-specific autoantibodies, including anti-Th/To,
anti–eukaryotic initiation factor 2b (anti-eIF2b), and anti–U11/
U12 RNP, and SSc overlap–associated antibodies anti-PM/Scl
and anti-Ku are also associated with a high risk of SSc-ILD. Other
novel autoantibodies, including anti–nucleolar organizer region
antibodies and anti–Bicaudal D protein antibodies, have been
variably associated with ILD14–16 (Table 1). The ANA immunofluo-
rescence pattern can be of assistance, particularly with autoanti-
bodies not routinely tested in clinical practice, with anti-PM/Scl
and anti-Th/To resulting in a nucleolar pattern, anti–U11/12 RNP
(also known as anti-RNPC3) and anti-Ku resulting in a speckled
pattern, and anti-eIF2b resulting in a cytoplasmic pattern.17 The
American College of Rheumatology (ACR) and the American Col-
lege of Chest Physicians (CHEST) guidelines list ATA positivity
and ANA with a nucleolar pattern as risk antibodies for progres-
sive SSc-ILD; however, other rarer high-risk antibodies are being
defined and should be considered in SSc-ILD screening.18

Anti–U11/U12 RNP has been found in 3% to 8% of patients
with SSc.19–22 U11 and U12 are components of the spliceosome
and are involved in splicing of pre–messenger RNA.23 U11/U12
autoantibodies that react with the 65-kDa protein component in
the U11/U12 small nuclear RNP particle complex were first
reported in a patient with SSc by Gilliam and Steitz24 and occurs
in both skin subtypes of SSc and has been associated with
severe ILD.19,21 Patients with this antibody are more likely to be
male and have moderate to severe gastrointestinal involvement.25

In one study, anti–U11/U12 RNP has also been associated with
malignancy, with a short interval between SSc diagnosis and can-
cer diagnosis, although this was not replicated in a subsequent
study.22,26

A repeat chest HRCT scan was performed, and images are
shown in Figure 1. The fibrotic changes had significantly
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Figure 1. Legend on next page.
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progressed from a previous scan three years prior. Following
review of the investigations, a decision was made to treat with
rituximab, a monoclonal antibody targeting CD20, leading to B
cell depletion.

Evidence for the role of B cells in SSc-ILD

Dysregulated B cell function has been increasingly implicated
in SSc and SSc-ILD pathogenesis (Figure 2). Patients with SSc
are consistently found to have hypergammaglobulinemia, with
SSc-specific autoantibodies found in the majority of patients.11,29

As discussed previously, these autoantibodies strongly correlate
with clinical phenotypes. However, levels of the autoantibodies
have not been found to consistently be important in disease
severity or trajectory, and their role in the direct pathogenesis of
disease continues to be debated.8,30,31 Autoantibodies have
been demonstrated to precede symptom onset.32 SSc-specific
antibodies (ACA, anti–RNAP III, and ATA) were the best predictive
marker of progression to SSc in the Very Early Diagnosis of Sys-
temic Sclerosis (VEDOSS) cohort.33

Non–ANA-targeting autoantibodies have been described as
functional autoantibodies; however, these are not routinely used
in clinical practice. Antifibroblast antibodies found in patients with
SSc have been demonstrated to up-regulate profibrotic chemo-
kines from fibroblasts.34 Autoantibodies targeting G protein–
coupled receptors are thought to play a role in both immune
response regulation in health and pathogenesis of autoimmune
diseases, including SSc. For example, high concentrations of
anti–endothelin 1 type A receptor and anti–angiotensin II type I
receptor antibodies have been associated with a poor prognosis
in SSc, and autoantibodies from patients with SSc promote vaso-
constriction, fibrosis, and inflammation.35,36

The strongest evidence of the pathogenicity of ANAs comes
from ATA. Identification of several B cell immunodominant epitopes
elegantly links the ATA response with development of SSc-ILD.37

Immunization of mice with topoisomerase I and Freund’s complete
adjuvant has been demonstrated to induce skin and lung fibrosis;
however, it remains unclear the contribution of ATA in this model
and how ATA exerts its affect.38,39 One proposed mechanism by
which ATA directly causes fibrosis is that the autoantigen
topoisomerase I, released following endothelial cell damage, binds
to fibroblast surfaces, leading to recruitment of ATA. This subse-
quently leads to monocyte adhesion, proinflammatory cytokine
release, and fibroblast activation.40 Within ATA-producing ATA-

positive CD27+ B cells, cells with a high affinity for topoisomerase
I have been found to have high production of proinflammatory cyto-
kines, including IL-6, and thosewith a low affinity for topoisomerase
I have been found to have higher production of anti-inflammatory
cytokines, suggesting antibody affinity may be important in SSc
pathogenesis.41 Anti–topoisomerase I IgM is not routinely mea-
sured, but in a cohort of ATA-positive patients with SSc, patients
with progressive disease were more often positive for anti–
topoisomerase I IgM than nonprogressors, suggesting that an
ongoing autoreactive B cell response is associated with disease
progression.42 However, mixed data have been found in SSc
regarding depletion of ATA levels and correlation with clinical out-
comes for autologous hematopoietic stem cell transplantation
(AHSCT) and B cell depletion.43–46

B cell infiltration has been demonstrated in SSc, with work
predominantly performed in skin due to the increased tissue acces-
sibility compared to lungs. A small study demonstrated high
expression of B lymphocyte signatures in both affected and unaf-
fected skin in patients with early dcSSc.47 Another study of skin in
early diffuse SSc found the majority of biopsy samples had B cell
signatures (69%) along with other adaptive and innate immune cell
signatures.48 B cell infiltration of lung tissue has been found in
patients with both nonspecific interstitial pneumonia (NSIP) and
usual interstitial pneumonia–pattern SSc-ILD.49,50 B cells may also
organize into bronchus-associated lymphoid tissue in SSc.51 Lym-
phocytosis has been found in bronchoalveolar lavage (BAL) fluid in
some patients with SSc-ILD, and a higher CD19 level has been
associated with increased progression of ILD.52 However, the utility
of BAL fluid lymphocytosis to predict progression has not been
consistently demonstrated.53

Although absolute B cell numbers are not found to be altered
in SSc, abnormal B cell homeostasis is found in disease.
Increased naïve B cells and transitional B cells and reduced mem-
ory B cells have been demonstrated.54,55 It is thought that both
central and peripheral B cell tolerance are defective in SSc, result-
ing in autoreactive B cells involved in disease pathogenesis.56

B cells in SSc are thought to have a lower activation thresh-
old, with increased presence of CD19, the positive B cell regula-
tor, and reduction of the B cell inhibitor CD22 found in dcSSc
but not lcSSc.57–59 BAFF and APRIL both play roles in B cell sur-
vival and activation. Inhibition of BAFF reduces skin and lung fibro-
sis and IL-6–producing B cells in the bleomycin mouse model, a
commonly used model of SSc.60 Elevated BAFF levels have been
found in some studies of patients with SSc, with higher levels of

Figure 1. Chest high-resolution computed tomography demonstrated progression from the scan three years prior. The scan remained in keep-
ing in with NSIP, with ground glass opacification and reticulation alongside traction bronchiectasis and some freestanding bronchiectasis. The
straight-edge sign associated with NSIP was present. This radiologic feature is commonly reported with NSIP and less so with UIP interstitial lung
disease.27 Diffuse dendriform pulmonary ossification, which is often associated with UIP and can also be found in NSIP, was seen.28 Subpleural
sparing present on the previous scan was lost due to progressive fibrosis, with increased volume loss and progression of the morphology of fibro-
sis. Esophageal dilatation with fluid level is also demonstrated. NSIP, nonspecific interstitial pneumonia; UIP, usual interstitial pneumonia.
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both correlated with both dcSSc and ILD.60,61 However other
studies have not replicated these results.56

In SSc, B cells have a more proinflammatory and profibrotic
phenotype. Patients with SSc have been found to have increased
IL-6–producing B cells, and although not statistically significant, a
trend toward increased IL-6–positive B cells in patients with ATA
positivity and severe lung fibrosis has been seen.62,63 Reduced
production of the anti-inflammatory cytokine IL-10 by B cells is
also reported in SSc.64

B cells interact directly and indirectly with other immune and
stromal cells to promote fibrosis in SSc (Figure 2). B cell superna-
tant from patients with SSc and B cell production of antifibroblast
antibody results in fibroblast activation.34,62 T and B cell interac-
tion has been demonstrated to be essential in ATA production in
SSc.65 Increased circulating follicular helper T cells have been
found in SSc, and these cells are important in the maturation
and development of long-lived plasma cells.66 B cells have also

been demonstrated to induce profibrotic macrophages in a
mouse model of SSc.67 Evidence for the role of B cells in the path-
ogenesis of SSc is compelling, and further evidence has also
arisen from the development of treatments for SSc and SSc-ILD,
which are considered in the following section.

Treatment options for SSc-ILD

Several guidelines and recommendations have recently been
published regarding the management of SSc and SSc-ILD.68,69

This reflects the changing landscape of available treatments. The
recent ACR/CHEST guideline includes recommendations on
screening, monitoring, and treatment of selected systemic auto-
immune rheumatic diseases (SARDs) at risk of developing into
ILD.18 In contrast, the American Thoracic Society (ATS) and the
recently updated British Society for Rheumatology (BSR) guide-
lines were focused on SSc-ILD and SSc, respectively.70 The

Figure 2. A summary of the pathogenesis of SSc-ILD alongside the role of B cells in SSc-ILD. ECM, extracellular matrix; ILD, interstitial lung dis-
ease; SSc, systemic sclerosis.
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treatment strategies in these guidelines were broadly similar, with
recommendation on immunosuppression as the mainstay
approach and use of antifibrotics if disease progresses despite
initial management. ACR/CHEST guideline was cognizant of the
variable access to therapies in different countries, and therapeutic
recommendations were divided into first-line therapies and pro-
gression after initial therapy. The ACR/CHEST guideline condi-
tionally recommends against upfront combination of antifibrotics
with MMF over MMF alone as a first-line treatment for SARD-
ILD. In contrast, combination MMF and nintedanib was condition-
ally recommended in the ATS guideline. Specific comments on
individual therapy are summarised68–76 in Table 2.

MMF is recommended as a first-line therapy, with evidence
from the Scleroderma Lung Study II showing equivalence of
MMF to cyclophosphamide but an improved side effect profile
with MMF.76 Cyclophosphamide can be used as a rescue or
alternative to MMF. Given the significant reduction in ILD progres-
sion, MMF was recommended as a first-line therapy in both the
ATS and the BSR guidelines (Table 2). Prednisolone, however, is
not recommended in SSc-ILD due to increased risk of sclero-
derma renal crisis. The ACR/CHEST guideline strongly recom-
mends against steroid use, and both the ATS and the
ACR/CHEST guidelines advise that the daily dose should not
exceed the equivalent of 15 mg of prednisone. The risk and ben-
efit of steroid use need to be carefully considered in the context
of coexisting inflammatory disease, such as myositis or arthritis,
and alternative use of immunosuppression should be considered
if the patient is at risk of developing renal crisis.

Tocilizumab, the monoclonal antibody against IL-6, has been
demonstrated to stabilize FVC in a randomized controlled trial
(RCT) of SSc-ILD in early diffuse inflammatory SSc.75,77 More
recently, rituximab in the RECITAL and DESIRES RCTs has also
been found to stabilize lung function.78–80 The EVER-ILD trial of
NSIP-pattern ILD, which included a small cohort of patients with
SSc-ILD, suggested that combination rituximab and MMF was
superior to MMF alone in improvement of FVC.81 The benefit of
combination therapy on FVC response was not demonstrated to
be sustained at 12 months; however, progression-free survival
was better with combination therapy, and, of note, the majority
of patients did not receive maintenance rituximab therapy.82 In
the BSR guideline, rituximab and tocilizumab are recommended
as an addition to MMF as rescue therapy. Tocilizumab is sug-
gested as a possible first-line therapy in patients with early dcSSc
and raised levels of markers of inflammation and particularly those
who are ATA positive.70 The ACR/CHEST guideline also recom-
mends rituximab and tocilizumab as possible alternative first-line
options to MMF.69 A recent retrospective analysis suggests that
ATA-positive patients have a particular benefit from tocilizumab
therapy compared to ATA-negative patients.83 Interestingly our
data also suggest that a more diverse cohort of patients continue
to benefit from rituximab and tocilizumab therapy than were
included in clinical trials, including those who remain refractory to

standard immunosuppression irrespective of disease duration,
inflammatory response, and skin subset.

Robust data from clinical trials support use of AHSCT in spe-
cialist centers for dcSSc, and this can be used for SSc-ILD if dis-
ease progresses despite initial management; however, careful
patient selection must be performed.84 Severe internal organ
involvement precludes AHSCT due to high treatment-related tox-
icity. Further evidence is required regarding both the outcomes
with early use of AHSCT, which the ongoing UPSIDE trial is
addressing, and comparisons of AHSCT with early combination
immunosuppression.85

Nintedanib has been demonstrated to be effective in attenu-
ating lung function decline in SSc-ILD in patients with a progres-
sive fibrosing phenotype.86,87 The ACR/CHEST and BSR
guidelines preferentially recommend nintedanib as an additional
therapy after immunosuppression; however, the ACR/CHEST
guideline acknowledges it could be a first-line therapy in certain
patients, and the BSR guideline recommends that it could be
used in upfront combination with MMF for patients with extensive
ILD at disease onset.70

Evidence for the B cell therapies

The success of B cell therapies, including rituximab, in
improving outcomes in SSc-ILD provides support for the key role
of B cells in the SSc pathogenesis, and an increasing number of
studies that target B cells are currently in progress in SSc-ILD
(Table 3). Rapid peripheral B cell depletion at two weeks after
rituximab treatment has been correlated with treatment response
for SSc-ILD, and a small retrospective study found that complete
B cell depletion was associated with improved response to rituxi-
mab in connective tissue disease associated ILD (CTD-ILD).91,92

Rituximab, however, does not effectively deplete all B cells.
For example, B cell precursors and plasmablasts that lack CD20
expression are not targeted, and memory B cells in lesional tissue
can be relatively protected.93 It has been considered whether this
failure to deplete all B cells and lack of change in autoantibody
titers after rituximab treatment result in failure or incomplete treat-
ment response.45,46

AHSCT results in a shift of B cell homeostasis, with an
increase in naïve B cells and a reduction in memory B cells. The
B cell compartment appears to shift to a more Breg cell pheno-
type, with an increase in IL-10 levels and a reduction in IL-6–
producing B cells.94 However, the high treatment-related toxicity
of AHSCT has led to the consideration of CD19 chimeric antigen
receptor (CAR) T cells as an alternative cellular therapy that may
have an advantageous safety profile.95,96

CAR T cell therapy that targets CD19 potentially may over-
come the limitations of CD20-targeted strategies, including rituxi-
mab, and may target lesional pathogenic antibodies, conferring a
deep depletive effect. This is supported by individual case studies
and case series of autologous CD19 CAR T cell strategies, which
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have shown improvement in FVC (median 195 mL) and a 4%
median reduction in ILD extent on HRCT, in addition to improve-
ment in the mRSS.97 Using the CRISPR/Cas9 strategy with a
healthy donor–derived allogeneic CD19 CAR T cell product in
two patients with dcSSc, improvement in ILD without graft-
versus-host disease–related adverse effects was recently
reported.98 Bispecific autoantigen T cell–engaging antibodies
are a new class of “off-the-shelf” B cell–depletion approaches
that do not require personalized manufacturing. Blinatumomab
was reported to improve the mRSS and result in profound B cell

depletion in a patient with progressive dcSSc.99 Similar preclinical
progress on engineering CARs for expression on Treg cells to rec-
ognize particular self-antigens is under evaluation. It is envisaged that
the pace of innovation in CAR T cell development for autoantibody-
mediated diseases, including SSc, will continue to accelerate
(ClinicalTrials.gov identifiers NCT06400303, NCT06347718, and
NCT06328777).

As discussed previously, data regarding BAFF in SSc are
mixed. Elevated BAFF levels have been found following treatment
with rituximab in SSc, and BAFF levels have been associated with

Table 3. B cell therapies in SSc*

Target Agent Study design Outcome Reference
ClinicalTrials.gov

identifier

Completed
B cell–directed
therapies in SSc

CD20 RTX RCT (phase 2/3) RTX improved mRSS and
lung function in SSc

Ebata et al79 NCT04274257

CD20 RTX RCT (phase 2) No statistical improvement
but potential treatment
for SSc-PAH

Zamanian et al88 NCT01086540

CD20 RTX RCT (phase 2/3) RTX increased FVC at 24 wk
for CTD-ILD, including
SSc, but was not superior
to cyclophosphamide.
Improvement in mRSS.
Steroid-sparing effect
was noted.

Maher et al78 NCT0182926

CD20 RTX RCT (phase 3) Upfront RTX and MMF
combination stabilized
lung function at 6 mo

Mankikian et al81 NCT02990286

CD19 Inebilizumab RCT (phase 1) Single escalating dose of
MEDI-551 was well
tolerated and safe

Schiopu et al89 NCT00946699

BAFF Belimumab RCT (phase 2) No significant effect on
mRSS at 52 wk with
belimumab–MMF
compared to MMF alone

Gordon et al90 NCT01670565

Enrolling trials investigating
B cell–targeted
therapies for SSc

BAFF and CD20 Belimumab and RTX RCT (phase 2) Ongoing; primary outcome
evaluating change in the
ACR rCRISS at 12 mo

– NCT03844061

BAFF Belimumab with
standard therapy

RCT (Bliss-ILD phase 2/3) Ongoing; primary outcome
on lung function at week
52

– NCT05878717

BAFF and IL-17 Tibulizumab RCT (TibuSURE phase 2) Not recruiting yet; primary
outcome on skin at week
24

– NCT06843239

BAFF receptor Ianalumab RCT (phase 2) Recruiting; primary
outcome evaluating
rCRISS response at week
52

– NCT06470048

CD20 Divozilimab RCT (phase 3) Not recruiting; primary
outcome on skin at week
24

– NCT05726630

* ACR, American College of Rheumatology; CTD, connective tissue disease; FVC, force vital capacity; IL, interleukin; ILD, interstitial lung disease;
MMF, mycophenolate mofetil; mRSS, modified Rodnan skin score; PAH, pulmonary arterial hypertension; rCRISS, revised Composite Response
Index in Systemic Sclerosis; RCT, randomized controlled trial; RTX, rituximab; SSc, systemic sclerosis.
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flares following rituximab treatment in systemic lupus erythemato-
sus.73,100 A small trial of belimumab, a monoclonal antibody tar-
geting BAFF, demonstrated no significant improvement in skin
when administered in addition to MMF for early dcSSc, and a
phase 2/3 trial of belimumab for SSc-ILD is ongoing.90,101 Ianalu-
mab is an anti-BAFF receptor monoclonal antibody that has a
dual mechanism of action with blockade of BAFF receptor–
mediated signaling and B cell depletion by enhanced antibody-
dependent cellular cytotoxicity.102 A phase 2 clinical trial of ianalu-
mab in early dcSSc has recently begun103 (Table 3).

Although IL-6 is produced by a range of cells, in SSc, it has
been suggested62 that B cells may be the predominant source
of increased levels of IL-6. Rituximab has been demonstrated to
reduce IL-6 levels in SSc, and the interaction of tocilizumab with
B cells is likely important in the mechanism of action of this
treatment.73

Infection risk with immunosuppression
Concerns regarding the use of rituximab and other biologics,

especially in combination with other immunosuppressants, often
revolve around risk of infection. Infection risk may also increase
over time with hypogammaglobulinemia from B cell depletion anti-
body therapy.104,105

In the RECITAL trial, there was reduced steroid exposure in
patients with CTD-ILD taking rituximab compared to cyclophospha-
mide, and infection rates were similar across groups; however, rituxi-
mab was not used in combination with other immunosuppression.78

In the EVER-ILD trial, in which rituximabwas given in combination with
2 g daily of MMF, infection rates were higher in the combination ther-
apy group compared to those receiving MMF alone; however,
increased infections were predominantly nonserious viral infections.81

An increased risk of severe infection, hospitalization, and
death from COVID-19 in patients receiving rituximab for

Figure 3. A pictorial summary of the case. CT, computed tomography; DLCO, diffusing capacity for carbon monoxide; FVC, forced vital capac-
ity; GI, gastrointestinal; ILD, interstitial lung disease; SIBO, small instestinal bacterial overgrowth. Color figure can be viewed in the online issue,
which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43326/abstract.
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immune-mediated disease compared to the general population
has been found.106 It has also been shown that there is an
increased risk of COVID-19 infection with rituximab in patients
with inflammatory rheumatic diseases receiving rituximab com-
pared to those receiving other disease-modifying antirheumatic
drugs and nonrituximab biologic agents.106,107 This risk is of
greater concern with additional risk factors for severe COVID-19
infection present, such as ILD.108

Rituximab treatment also results in a reduction in the humoral
response to the COVID-19 vaccine, although the functional T cell
response is unaltered to the messenger RNA vaccine.109 A
single-center study of patients with autoimmune disease treated
with rituximab in the United Kingdom found that full vaccination
significantly reduced rates of COVID-19 infection, and although
breakthrough infection rates were high after vaccination, most
cases were mild in fully vaccinated individuals).110 Hypogamma-
globulinemia before rituximab treatment was found to be associ-
ated with moderate and severe COVID-19 infection. However, of
note in this study, 74% (261 of 352) received their first vaccine
dose more than six months after rituximab treatment. Current
ACR guidelines recommend that COVID-19 vaccination timing
be carefully considered in relation to rituximab dosing, either using
CD19 B cell measurements to time vaccination or by giving
booster doses two to four weeks before the next anticipated
dose.111

Due to the B cell–targeting action of rituximab, there is no evi-
dence of increased risk of tuberculosis with rituximab.112 Risk of
hepatitis B reactivation with rituximab treatment is clear, and
screening is recommended before rituximab initiation.113 Pneu-
mocystis jirovecii pneumonia (PJP) prevention is also recom-
mended for patients with ILD taking rituximab.

Case follow-up

Following vaccination against COVID-19 and after com-
mencing PJP prophylaxis, the patient was treated with rituximab
(two doses of 1 g with dosing interval of two weeks) and contin-
ued with MMF 2 g daily. He was given further rituximab treatment
at the same dose six months later. No infections requiring antibi-
otic therapy occurred in the first year following rituximab initiation.
A repeat lung function test was performed for monitoring after
rituximab treatment, and results are shown in Supplemental
Table 1. A decision was made to continue rituximab therapy every
six months and keep nintedanib in reserve if SSc-ILD progresses
further (Figure 3).

Rituximab treatment appears to have stabilized SSc-ILD in
this patient with long-standing SSc and normal markers of inflam-
mation. This case highlights the diverse range of patients with
progressive SSc-ILD, for whom additional biologic therapy can
be considered, as well as the need to be cognizant of non-ATA
high-risk SSc-ILD antibodies. Although continued rituximab

treatment is planned, the durability of long-term response beyond
the observed benefit with initial treatment is also unknown.

Conclusions

Future studies will determine whether CD19-targeting CAR T
cells or the CD20 antibody obinutuzumab may be more effective
or have an unacceptable infection risk compared to rituximab.
The clear message is that B cells may have a key role in SSc-
ILD, and further development of both cell- and antibody-based B
cell–depleting therapies are justified.
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The Impact of Nonsteroidal Anti-Inflammatory Drugs on
Radiographic Spinal Progression in Patients With Axial
Spondyloarthritis: 10-Year Results From an Inception Cohort

Murat Torgutalp,1,2,3,4 Valeria Rios Rodriguez,1 Fabian Proft,1 Mikhail Protopopov,1

Judith Rademacher,1,5 Hildrun Haibel,1 Joachim Sieper,1 Martin Rudwaleit,6 and Denis Poddubnyy1,7

Objective. This study aims to investigate the impact of nonsteroidal anti-inflammatory drug (NSAID) intake on
radiographic spinal progression in axial spondyloarthritis (axSpA), considering different NSAID types (COX-2 inhibitors
[COX2i] and nonselective NSAIDs [ns-NSAIDs]) and disease subgroups (radiographic [r-axSpA] and nonradiographic
[nr-axSpA]).

Methods. Leveraging data from the German Spondyloarthritis Inception Cohort (GESPIC), we conducted analyses
on 252 patients with axSpA (139 with nr-axSpA and 113 with r-axSpA), who had minimum two sets of spinal radio-
graphs. The outcome was progression in modified Stoke Ankylosing Spondylitis Spine Score (mSASSS) in two-year
intervals. We fitted sequential conditional mean models by using generalized estimating equations and adjusting for lon-
gitudinal repeated measures of exposure and time-dependent confounders. We report β-coefficients with 95% confi-
dence intervals (CIs) for outcomes reflecting the progression in mSASSS per 10-point increase in NSAID intake score.

Results. At baseline, 201 (80.0%) patients were under NSAID treatment, with 46 (18%) taking COX2i and 156 (62%)
taking ns-NSAIDs, and mean total NSAID intake score was 38.3 ± 35.5. A 10-point increase in NSAID intake score was
associated with retardation of radiographic progression (β = −0.052, 95% CI: −0.097 to −0.007), with this effect being
most pronounced in patients with r-axSpA (β = −0.077, 95%CI: −0.152 to −0.003). COX2i showed a slightly lower point
estimate (although not statistically significant) in progression compared to ns-NSAIDs among all patients with axSpA
(β = −0.061 and −0.045, respectively).

Conclusion. Our findings suggest a beneficial effect of higher NSAID intake, particularly COX2i, on slowing radio-
graphic progression in axSpA. These findings may help inform therapeutic strategies, particularly in r-axSpA, although
further research is needed for nr-axSpA.

INTRODUCTION

Axial spondyloarthritis (axSpA) is a chronic inflammatory

disease that primarily affects the axial skeleton, including the

sacroiliac joints and spine.1 This inflammation causes pain,

stiffness, and structural damage in the affected joints. If left

uncontrolled, inflammation may lead to radiographic progres-

sion in the spine characterized by new bone formation, which

significantly contributes to functional limitations and impaired

mobility.2,3
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Over the past two decades, the pharmaceutical treatment of
axSpA has expanded significantly with the introduction of biologic
therapies targeting tumor necrosis factor (TNF), interleukin-17,
and JAK.4 Despite these advancements, current guidelines rec-
ommend nonsteroidal anti-inflammatory drugs (NSAIDs) as the
initial therapy for the management of axSpA symptoms.5,6

Beyond symptomatic pain relief, NSAIDs have also been investi-
gated for their disease-modifying impacts on the course of
axSpA, particularly with regard to radiographic spinal progres-
sion. The potential disease-modifying effects of NSAIDs are attrib-
uted to the inhibition of cyclooxygenase (COX) enzymes, leading
to reduced production of prostaglandins that play a key role in
inflammation and osteoblastogenesis.7,8

Despite these potential benefits, existing literature on the
impact of NSAIDs on radiographic spinal progression in axSpA
presents conflicting findings.9–13 This inconsistency is primarily
due to variations in the types of NSAIDs used, the populations
studied, and the study designs. Although some research sug-
gests that NSAIDs, particularly COX2 inhibitors (COX2i), may
reduce structural damage,9,10 other studies, like the ENRADAS
and CONSUL trials, present a more cautious view or have not
found such a clear benefit.12,13 Moreover, the majority of these
studies have targeted patients with established radiographic dis-
ease (radiographic axSpA [r-axSpA], previously referred to as
ankylosing spondylitis), with only one cohort study involving
patients with nonradiographic axSpA (nr-axSpA).11

Given the mixed results in previous studies, the present
study aims to investigate the association between NSAID intake
and radiographic spinal progression in patients with axSpA. The
secondary objectives include assessing the differential impacts
of NSAID types (COX2i and nonselective NSAIDs [ns-NSAIDs])
and examining whether this relationship varies among disease
subgroups categorized by their classification status (r-axSpA
and nr-axSpA).

METHODS

Cohort design and participants. We performed analy-
ses on the data from patients enrolled in German Spondyloarthri-
tis Inception Cohort (GESPIC), an ongoing longitudinal study
designed to investigate clinical and radiographic outcomes of
patients with axSpA. The study design, methodology, and eligibil-
ity criteria were documented in detail in previous publications.14,15

In summary, inclusion criteria required patients to have either
r-axSpA meeting the modified New York criteria with a symptom
duration of less than 10 years or nr-axSpA meeting the
European Spondyloarthropathy Study Group criteria (with a slight
modification) with a symptom duration of less than five years. The
r-axSpA or nr-axSpA classification was based on central reading
of baseline sacroiliac radiographs as described previously; when
central reading results were not available, the local rheumatolo-
gist’s assessment served as the basis for classification.15,16 Due

to observational nature of the cohort, there were no treatment
restrictions, allowing physicians to prescribe treatments based
on their clinical judgment. Data on demographics, disease-
relevant characteristics (such as activity, function, mobility, and
presence of extra musculoskeletal manifestations), laboratory
(C-reactive protein [CRP], and HLA-B27), and treatments
(NSAIDs, TNF inhibitors [TNFi]) were systematically collected at
baseline, every six months for the first two years, and then annu-
ally through year 10. Disease activity was assessed by using
the Bath Ankylosing Spondylitis Disease Activity Index, CRP
levels, and patient global assessment of disease activity. The
Axial Spondyloarthritis Disease Activity Score (ASDAS) was
also calculated.17,18

The study protocol was approved by the ethics committee of
the coordinating center (Charité—Universitätsmedizin Berlin,
Germany/ethics approval number 188-19) and by local ethical
committees of participating centers. Participants gave informed
consent to participate in the study before taking part. Patients
and/or the public were not involved in the design, conduct,
reporting, or dissemination plans of this research. The data that
support the findings of this study are available on request from
the corresponding author. The data are not publicly available
due to privacy or ethical restrictions.

Exposure definition: NSAID types and NSAID intake
score calculation. During the 10-year follow-up, data on
NSAID types, their daily dosage, frequency of intake, and any side
effect of NSAIDs were recorded at each visit. The most used
COX2i were celecoxib and etoricoxib, whereas diclofenac, ibu-
profen, naproxen, and indomethacin were the most used ns-
NSAIDs.

We assessed NSAID intake using the score previously pro-
posed by the Assessment of Spondyloarthritis International Soci-
ety, which has been designed for the quantification of NSAID
intake.19 This score primarily incorporates two key elements: daily
dose of NSAID, determined based on the equivalent dose conver-
sion for each NSAID, and duration of NSAID consumption over
the relevant time period. Scores for NSAID intake range from 0 to
100, with 0 representing no NSAID use and 100 representing of a
full dose NSAID use. For the current analysis, we calculated the
total NSAID intake score at each visit for each type and averaged
these values within each two-year radiographic interval. This
approach allowed us to capture longitudinal exposure, including
any discontinuation or switching of NSAIDs during follow-up. We
used the total NSAID intake score as the primary exposure of inter-
est for the main analyses. For analyses of NSAID subtypes, we
classified patients according to the type of NSAID (COX2i or ns-
NSAID) that they used for at least one year within the interval. To
help readers better understand and interpret the findings, we
reported the results as a 10-point increase in the total NSAID intake
score. We also assessed the total causal effect estimate for each
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type of NSAIDs to explore their associations with radiographic pro-
gression (details are provided in the Statistical analysis section).

Outcome definition: scoring of spinal radiographs
and outcomes. Lateral cervical and lumbar spinal
radiographs were obtained at baseline and every two years there-
after with a maximum six time points (baseline and years 2, 4, 6, 8,
and 10), as specified in the protocol. Patients with at least two
consecutive sets of cervical and lumbar spinal radiographs were
eligible for analysis, resulting in a final sample of 252 participants.

Three trained and calibrated readers evaluated spine radio-
graphs by using the modified Stoke Ankylosing Spondylitis Spine
Score (mSASSS).20 Readers were blinded to all clinical data
except for the chronological order of the images. A total mSASSS,
ranging from 0 to 72, was calculated for each reader. In cases in
which radiographic data were missing at a given time point, we
used the following imputation method: (1) if the mSASSS was
missing at a time point, and if the scores were identical for the pre-
vious and subsequent time points, the missing score was
imputed with the available value; (2) for individual missing vertebral
corners, a score of 3 (indicating a total ankylosis) at an earlier time
point was used to impute the missing score at a later time point;
and similarly, but in reverse, a score of 0 (indicating no abnormal-
ity) at a later time point was used to impute the missing score at an
earlier time point.

We made no further imputations and calculated the final
mSASSS for each patient and time point as the mean scores of
three readers. We assessed the reliability of the assessments by
the intraclass correlation coefficient for status and change scores
of mSASSS among readers. Our outcome was the progression in
mSASSS in a two-year interval, which was determined as a differ-
ence in final mSASSS between the two time points, modeled as a
dependent variable.

Covariates.We used directed acyclic graphs (DAGs) to for-
malize causal structures and determine the total effect of NSAID
intake on radiographic spinal progression.21 Supplementary Fig-
ure 1 represents the DAG, illustrating the exposure (a 10-point
increase in the total NSAID intake score over a two-year interval)
and outcome (progression in mSASSS); furthermore, this figure
denotes the temporal sequence of variables by “t − 1” and “t”
for previous and current time points, respectively. We identified
covariates from the published literature and expert knowledge to
define the exposure-outcome relationship conceptually. These
covariates included status and time-averaged variables. Status
variables, measured at the beginning of each interval, were sex,
age, symptom duration, smoking status, classification status
(classification as r-axSpA or nr-axSpA), HLA-B27 positivity, body
mass index, and mSASSS; whereas time-averaged variables, cal-
culated over the two-year interval, were ASDAS, side effects due
to NSAID intake, conventional disease-modifying antirheumatic
drugs (csDMARD) use, and TNFi exposure. Although data

regarding inflammation on magnetic resonance imaging (MRI),
history of cardiovascular disease, and other potential contributors
of mechanical pain (eg, degenerative disc disease, osteoarthritis)
were not collected in the cohort’s case report form, we nonethe-
less included them into our DAG because of their potential causal
relationships with exposure or outcome.

Statistical analyses. For the descriptive data, we used
mean ± SD and number (percentage) for numerical and categori-
cal variables, respectively. The statistical model structure we used
is as follows: We used a per-10-point increase in the mean NSAID
intake score over the two-year interval as the main exposure vari-
able (independent variable of interest). The β-coefficients for the
primary outcome reflected the progression in mSASSS per
10-point increase in NSAID intake.

We analyzed longitudinal association between NSAID intake
and radiographic spinal progression using generalized estimating
equations (GEEs) with an independent working correlation struc-
ture. Given the design of the study, which included longitudinal
repeated measures of exposure and outcome and time-
dependent confounders, we used sequential conditional mean
models (SCMMs) to minimize potential GEE bias as described
by Keogh et al.22 Briefly this approach addresses biases that
may arise in traditional regression analyses due to time-varying
variables affected by prior exposures or covariates and can be
incorporated with propensity score (PS) adjustment.

We built three different models including adjustments for
both prior covariates (ASDAS or TNFi exposure) and prior expo-
sure (total NSAID intake score) and implemented SCMMs to
determine the total causal effect of NSAID intake on radiographic
spinal progression. To explore the robustness of our findings,
we conducted sensitivity analyses incorporating PS adjustments
within the SCMMs. The PS represents the estimated probability
of an individual receiving the exposure at a specific time point
(“t”), given their prior and current characteristics. For our continu-
ous exposure variable, we fitted a linear regression model to esti-
mate PS across all time points combined. This model accounted
for the influence of relevant variables on exposure or outcome.
Subsequently, the estimated PS was integrated into the SCMM
for further sensitivity analysis. This step allowed us to control
potential confounding factors that might have biased the initial
estimates of the association between NSAID intake and radio-
graphic progression. We also tested for all relevant interactions
between mSASSS and NSAID exposure, and other covariates.

To assess the effect of two NSAIDs types over two-year
radiographic intervals, we also assessed the following two vari-
ables as exposure variables: COXi intake score and ns-NSAID
intake score, per 10-point increase for both variables. Consider-
ing that our main exposure variable was the total NSAID intake
score, a compositional (also described as comparative) data set,
which consists of these two distinct components, we, therefore,
used all-component models to calculate the effect of each NSAID
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types on radiographic spinal progression. Briefly, this model tar-
gets the total causal effects of two NSAID types separately and
does not include the total NSAID intake score (main exposure var-
iable), and, therefore, does not allow opening a closed path by a
collider. The estimated coefficient is expected to provide an unbi-
ased total causal effect estimate of the individual NSAID types as
described by Tomova et al.23

We used DAGitty version 3.1, a web application, to formalize
causal structures.21 For main statistical analyses, we used the
“geepack” package in R software version 4.3.3 (R Project for Sta-
tistical Computing).24,25 We calculated and reported parameter
estimates (β) with 95% confidence intervals (CIs).

RESULTS

Baseline characteristics and NSAID intake. The GES-
PIC core cohort enrolled 525 patients with axSpA. For our analy-
sis, we focused on 252 patients who had at least two
consecutive radiographs (113 r-axSpA and 139 nr-axSpA).
Table 1 presents a comparison of the baseline characteristics of
included and excluded patients.

The included and excluded groups had similar characteris-
tics, with a mean age of 35.7 ± 10.3 years and a mean symptom
duration of 3.9 ± 2.7 years. However, included patients were less
frequently male (50% vs 59%) and had a lower mean ASDAS
(2.5 vs 2.7) than excluded patients. Additionally, included patients
had slightly lower mean baseline mSASSS (2.6 vs 2.7). However,
there was no difference in the proportion of patients with syndes-
mophytes at baseline or the proportion of patients with r-axSpA.
Only 8 (3%) of the included patients were treated with a TNFi,
whereas 68 (27%) were receiving a csDMARD.

At baseline, 201 (80.0%) of the included patients were
receiving NSAID treatment, with 46 (18%) taking COX2i and
156 (62%) taking ns-NSAIDs. The mean total NSAID intake score
was 38.3 ± 35.5, with scores of 9.1 ± 22.8 and 29.2 ± 35.1 for
COX2i and ns-NSAIDs, respectively.

The effect of total NSAID intake on radiographic
spinal progression. Adjusted multivariable GEE analyses
showed a consistent association between increased NSAID
intake and reduced radiographic progression in patients with
whole axSpA in three different models (Table 2). Model

Table 1. Baseline characteristics of included and excluded patients*

Variable Overall (N = 525) Included (n = 252) Excluded (n = 273)

Age at baseline, y 35.7 ± 10.3 35.9 ± 10.2 35.4 ± 10.4
Male sex, n (%) 286 (54) 125 (50) 161 (59)
Symptom duration, y 3.9 ± 2.7 3.9 ± 2.5 4.0 ± 2.9
Family history of SpA, n (%) 158 (30) 86 (34) 72 (26)
HLA-B27 positivity, n (%) 406 (78) 199 (80) 207 (76)
Ever smoked, n (%) 132 (25) 68 (27) 64 (23)
BMI at baseline, kg/m2 24.9 ± 4.8 24.7 ± 4.8 25.1 ± 4.7
Ever uveitis, n (%) 86 (16) 46 (18) 40 (15)
Ever psoriasis, n (%) 53 (10) 29 (12) 24 (9)
Ever IBD, n (%) 14 (3) 7 (3) 7 (3)
CRP, mg/L 10.7 ± 17.3 8.8 ± 14.2 12.4 ± 19.6
ASDAS 2.6 ± 1.0 2.5 ± 1.0 2.7 ± 1.0
BASDAI (0–10 points NRS) 3.9 ± 2.1 3.8 ± 2.1 4.1 ± 2.0
BASFI (0–10 points NRS) 2.8 ± 2.4 2.7 ± 2.3 2.8 ± 2.4
BASMI (0–10 points NRS) 1.5 ± 1.6 1.6 ± 1.6 1.4 ± 1.7
Use of systemic glucocorticoids, n (%) 48 (9) 17 (7) 31 (11)
Use of csDMARDs, n (%) 132 (25) 68 (27) 64 (23)
Use of TNFi, n (%) 13 (2) 8 (3) 5 (2)
Use of NSAID, n (%)
No NSAID 111 (21) 50 (20) 61 (22)
COX2i 103 (20) 46 (18) 57 (21)
ns-NSAID 311 (59) 156 (62) 155 (57)

Total NSAID intake score 38.3 ± 35.5 37.1 ± 33.8 39.4 ± 37.1
Mean COX2i intake score 9.1 ± 22.8 7.7 ± 19.3 10.4 ± 25.5
Mean ns-NSAID intake score 29.2 ± 35.1 29.4 ± 34.4 29.0 ± 35.8
Presence of syndesmophytes, n (%) 66 (16) 40 (16) 26 (16)
mSASSS, units 2.5 ± 5.9 2.5 ± 6.4 2.7 ± 4.9
Patients with r-axSpA, n (%) 248 (47) 113 (45) 135 (49)

* Values described as mean ± SD unless otherwise indicated. ASDAS, Axial Spondyloarthritis Disease Activity Score;
BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index;
BASMI, Bath Ankylosing Spondylitis Metrology Index; BMI, body mass index; COX2i, selective cyclooxygenase-2
inhibitor; CRP, C-reactive protein; csDMARD, conventional synthetic disease-modifying antirheumatic drug; IBD,
inflammatory bowel disease; mSASSS, modified Stroke Ankylosing Spondylitis Spine Score; NRS, numeric rating
scale; NSAID, nonsteroidal anti-inflammatory drug; ns-NSAID, nonselective NSAID; r-axSpA, axSpA, axial spondylo-
arthritis; SpA, spondyloarthritis; TNFi, tumor necrosis factor alpha inhibitor.
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1 demonstrated an inverse association between total NSAID
intake score and progression in mSASSS, with a moderate
reduction of progression per 10-point NSAID intake (adjusted
β = −0.052, 95% CI: −0.097 to −0.007), representing a borderline
association. Models 2 and 3, which included different adjustment
sets, yielded similar results, with a β of −0.051 for both. Similarly,
including PS adjustments in the analyses further strengthened
the observed association and provided comparable results (β’s
were −0.056 for all models with PS in Table 2).

Upon stratifying patients according to their classification
status, the analyses revealed a trend toward a greater benefit
of NSAID intake on radiographic progression between nr-axSpA
and r-axSpA subsets. Specifically, we observed a numerically
larger reduction in radiographic progression per 10-point
increase in NSAID intake score in the r-axSpA group, with an

adjusted β of −0.077 (95% CI: −0.152 to −0.003) in model 1
(Table 2). However, the effect was less pronounced in the nr-
axSpA population, with a β of −0.014 (95% CI: −0.042 to
0.014). The results indicate that NSAID intake has a more signif-
icant impact on reducing radiographic progression in patients
with r-axSpA than in those with nr-axSpA. This observed trend
was consistent also in other models (βs were −0.081 and
−0.075, for model 2 and 3, respectively) and PS adjusted mod-
els (βs were −0.092 and −0.088, for model 2 and 3, respectively),
as shown in Table 2.

Figure 1 presents the cumulative probability plot, highlighting
the divergence in mSASSS change at individual interval level
between high (NSAID intake score ≥50) and low (NSAID intake
score <50) NSAID intake groups. This trend appeared numerically
stronger in the r-axSpA subgroup.

Table 2. Effect of per 10-point increase in total NSAID intake score on progression in mSASSS*

Modela Exposureb

All axSpAc nr-axSpA r-axSpA

Adjusted β 95% CI Adjusted β 95% CI Adjusted β 95% CI

Model 1d Total NSAID intake score −0.052 −0.097 to −0.007 −0.014 −0.042 to 0.014 −0.077 −0.152 to −0.003
Model 1 with PS Total NSAID intake score −0.056 −0.101 to −0.010 −0.012 −0.041 to 0.017 −0.089 −0.164 to −0.014
Model 2e Total NSAID intake score −0.051 −0.097 to −0.006 −0.007 −0.035 to 0.021 −0.081 −0.157 to −0.005
Model 2 with PS Total NSAID intake score −0.056 −0.102 to −0.009 −0.009 −0.037 to 0.020 −0.092 −0.169 to −0.014
Model 3f Total NSAID intake score −0.051 −0.096 to −0.006 −0.007 −0.032 to 0.019 −0.075 −0.150 to −0.000
Model 3 with PS Total NSAID intake score −0.056 −0.103 to −0.009 −0.011 −0.037 to 0.015 −0.088 −0.165 to −0.012

* ASDAS, Axial Spondyloarthritis Disease Activity Score; axSpA, axial spondyloarthritis; CI, confidence interval; EMM, extra musculoskeletal
manifestation; mSASSS, modified Stroke Ankylosing Spondylitis Spine Score; nr-axSpA, nonradiographic axSpA; NSAID, nonsteroidal anti-
inflammatory drugs; PS, propensity score; r-axSpA, radiographic axSpA; TNFi, tumor necrosis factor alpha inhibitor
a Parameter estimates from all the multivariable models adjusted for sex, presence of EMMs, time-averaged ASDAS in the current interval,
mSASSS at the beginning of the interval, and total NSAID intake score in the previous interval.
b Reference is per 10-point increase in NSAID intake score.
c Models in all axSpA groups also include classification as radiographic axSpA at the beginning of each interval in the adjustment set.
d Model 1 also adjusted for age at the beginning of the interval, smoking in the interval, and time-averaged ASDAS in the previous interval.
e Model 2 also adjusted for age at the beginning of the interval and TNFi exposure (≥12 months) in the previous interval.
f Model 3 also adjusted for symptom duration at the beginning of the interval and TNFi exposure (≥12 months) in the previous interval.

Figure 1. Cumulative probability plot of mSASSS changes over two-year intervals in relation to NSAID intake scores, stratified by high and low
NSAID, in (A) patients with whole axSpA, (B) patients with nr-axSpA, (C) and patients with r-axSpA. axSpA, axial spondyloarthritis; mSASSS, mod-
ified Stoke Ankylosing Spondylitis Spinal Score; nr-axSpA, nonradiographic axSpA; NSAID, nonsteroidal anti-inflammatory drug; r-axSpA, radio-
graphic axSpA.
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The effect of different NSAID types on radiographic
spinal progression. Table 3 displays the effects of NSAID types
on radiographic spinal progression. Our multivariable analyses
suggested numerically larger reduction in progression with COX2i
compared to ns-NSAIDs in all patients with axSpA. Model
1 showed a reduction of 0.061 points in mSASSS progression
for each 10-point increase in COX2i use (β: −0.061, 95% CI:
−0.138 to 0.015), compared with a reduction of 0.045 points for
the same increase in ns-NSAID use (β: −0.045, 95% CI: −0.089
to −0.001). Although point estimates suggested a stronger effect
for COX2i, the CIs overlapped, and the difference was not statisti-
cally significant. Consistent with main analyses, models 2 and
3, and all models incorporating PS adjustments to evaluate the
total effect of NSAID types, showed similar trends, with numeri-
cally larger reductions in radiographic progression associated
with COX2i compared to ns-NSAIDs in the whole axSpA popula-
tion (Table 3).

After stratification by classification status, we extended our anal-
ysis to differentiate between COX2i and ns-NSAIDs. We performed
multivariable analyses using the same covariate adjustments as in
the models for the whole axSpA group and found similar reductions
in radiographic spinal progression in the r-axSpA subgroup for both
types of NSAIDs (Table 3). In patients with r-axSpA, each 10-point
increase in COX2i intake score was associated with a 0.073-point
reduction in mSASSS progression (β = −0.073, 95% CI: −0.191 to
0.045). Notably, a 10-point increase in ns-NSAIDs also corre-
sponded to a similar reduction in mSASSS progression
(β = −0.076, 95% CI: −0.152 to 0.000) in the r-axSpA group. How-
ever, like our analyses for total NSAID intake score, we observed no

statistically significant association for either COX2i or ns-NSAID use
in the nr-axSpA group in the nr-axSpA group (β: −0.031, 95% CI:
−0.064 to 0.003 and β = −0.010, 95% CI: −0.043 to 0.023, respec-
tively, in model 1). These observed trends were consistent across all
other models used in stratified analyses (Table 3). Figure 2 shows a
cumulative probability plot that illustrates a trend toward the lower
probability of mSASSS progression over two years for intervals cov-
ered by COX2i compared to intervals covered by an ns-NSAID, at
the level of all individual intervals.

DISCUSSION

Our results consistently showed an association between
higher NSAID intake and a retardation in radiographic spinal pro-
gression in axSpA across different models. Specifically, a
10-point increase in the total NSAID intake score was associated
with a moderate reduction in mSASSS progression (β ranged
from −0.051 to −0.058). After stratification, this association was
more evident in patients with established radiographic disease
(r-axSpA). Additionally, the analyses revealed a stronger effect of
COX2i compared to ns-NSAIDs on reducing radiographic spinal
progression in whole axSpA population. We believe that these
findings provide a robust estimation of the longitudinal impact of
NSAIDs (selective COX2 and nonselective inhibitors) on radio-
graphic spinal progression in axSpA (in both radiographic and
nonradiographic forms).

The relationship between NSAID intake and radiographic spi-
nal progression in axSpA remains a topic of considerable debate.
Although some previous research supported the idea that

Table 3. Effect of per 10-point increase in subtypes of NSAIDs (COX2i and ns-NSAID intake Score) on Progression in mSASSS*

Modela Exposureb

All axSpAc nr-axSpA r-axSpA

Adjusted β 95% CI Adjusted β 95% CI Adjusted β 95% CI

Model 1d COX2i intake score −0.061 −0.138 to 0.015 −0.031 −0.064 to 0.003 −0.073 −0.191 to 0.045
Model 1d ns-NSAID intake score −0.045 −0.089 to −0.001 −0.010 −0.043 to 0.023 −0.076 −0.152 to −0.000
Model 1 with PS COX2i intake score −0.064 −0.141 to 0.012 −0.029 −0.061 to 0.004 −0.084 −0.203 to 0.035
Model 1 with PS ns-NSAID intake score −0.048 −0.093 to −0.004 −0.008 −0.042 to 0.026 −0.088 −0.165 to −0.012
Model 2e COX2i intake score −0.062 −0.137 to 0.014 −0.020 −0.053 to 0.013 −0.078 −0.204 to 0.048
Model 2e ns-NSAID intake score −0.044 −0.087 to −0.000 −0.004 −0.038 to 0.030 −0.078 −0.152 to −0.004
Model 2 with PS COX2i intake score −0.069 −0.148 to 0.011 −0.028 −0.061 to 0.005 −0.090 −0.217 to 0.037
Model 2 with PS ns-NSAID intake score −0.047 −0.091 to −0.002 −0.004 −0.038 to 0.029 −0.088 −0.164 to −0.012
Model 3f COX2i intake score −0.061 −0.137 to 0.015 −0.018 −0.049 to 0.013 −0.075 −0.203 to 0.054
Model 3f ns-NSAID intake score −0.044 −0.087 to −0.001 −0.005 −0.037 to 0.026 −0.071 −0.141 to −0.001
Model 3 with PS COX2i intake score −0.069 −0.149 to 0.012 −0.028 −0.060 to 0.003 −0.090 −0.220 to 0.041
Model 3 with PS ns-NSAID intake score −0.047 −0.092 to −0.002 −0.008 −0.038 to 0.023 −0.083 −0.156 to −0.011

* ASDAS, Axial Spondyloarthritis Disease Activity Score; axSpA, axial spondyloarthritis; CI, confidence interval; COX2i, selective
cyclooxygenase-2 inhibitor; EMM, extramusculoskeletal manifestation; mSASSS,modified Stroke Ankylosing Spondylitis Spine Score; nr-axSpA,
nonradiographic axSpA; NSAID, nonsteroidal anti-inflammatory drug; ns-NSAID, nonselective NSAID; PS, propensity score; r-axSpA, radio-
graphic axSpA; TNFi, tumor necrosis factor alpha inhibitor.
a Parameter estimates from all the multivariable models adjusted for sex, presence of EMMs, time-averaged ASDAS in the current interval,
mSASSS at the beginning of the interval, and total NSAID intake score in the previous interval.
b Models in all axSpA groups also include classification as radiographic axSpA at the beginning of each interval in the adjustment set.
c Reference is per 10-point increase in corresponding intake score for each exposure. All models include per 10-point increase in COX2i intake
score and ns-NSAID intake score (these models did not adjust for total NSAID intake score).
d Model 1 also adjusted for age at the beginning of the interval, smoking in the interval, and time-averaged ASDAS in the previous interval.
e Model 2 also adjusted for age at the beginning of the interval and TNFi exposure (≥12 months) in the previous interval.
f Model 3 also adjusted for symptom duration at the beginning of the interval and TNF exposure (≥12 months) in the previous interval.
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NSAIDs may slow radiographic progression, the magnitude of
this effect and its applicability to different types of NSAIDs
varied.9–13 Similar to ours, some studies suggested that
NSAIDs might have a beneficial effect in slowing structural dam-
age. For instance, a 2005 randomized controlled trial (RCT)
showed a reduction in radiographic spinal progression in patients
with r-axSpA who received continuous treatment of celecoxib, a
COX2i, compared to those treated on demand.9 The effect of
COX2i on slowing progression was more evident in continuous
group, particularly in patients with high disease activity, indicating
a potential disease-modifying effect.10 The two-year results of
GESPIC confirmed this finding and demonstrated that higher
NSAID intake had a protective effect on radiographic progres-
sion, especially in the r-axSpA group, but the study did not dif-
ferentiate between the effects of COX2i and ns-NSAID
intake.11 However, in 2015 the ENRADAS study showed no sig-
nificant difference between continuous and on-demand treat-
ment with diclofenac, an ns-NSAID, on structural progression
in r-axSpA patients.12 The most recent CONSUL study further
complicated the narrative by questioning the added benefit of
celecoxib in combination therapy with a TNFi.13 Although this
study demonstrated a numerical effect of combination with cele-
coxib on radiographic progression compared to TNFi alone in
patients with r-axSpA with high risk for radiographic progres-
sion, this difference did not reach statistical significance. These
discrepancies among studies can be explained by several fac-
tors, chief among which are methodologic differences between
studies. Variations in results may be attributable to differences
in study design (observational vs RCTs), sample size, type of
NSAID used, dosage, and duration of treatment. The observed
differences may also be attributed to the specific population

studied. It is important to note that all RCTs discussed above
included only patients with r-axSpA, and only the cohort study
included the entire axSpA population.

These studies highlighted the complexity of understanding
the impact of NSAIDs on structural progression in axSpA,
although there is some evidence supporting their use in reducing
radiographic progression, especially in patients with r-axSpA or
with COX2i. The results of the present study suggest a trend
toward stronger effects of COX2i compared to ns-NSAIDs in all
patients with axSpA, which is consistent with previous research.
Additionally, we found that ns-NSAIDs also had a protective effect
on progression in r-axSpA group, in contrast to above-mentioned
ENRADAS study.12

This inverse association between NSAID intake and radio-
graphic progression can be explained by several mechanisms.
First, NSAIDs act primarily by inhibiting COX enzymes and exert-
ing their anti-inflammatory effects, leading to a reduction in the
production of inflammatory mediators, mainly prostaglandins.7

As inflammation plays a key role in the development and progres-
sion of spinal damage in axSpA, NSAIDs may help to slow the
process of damage by reducing inflammation. Second, NSAIDs
effectively relieve pain and are therefore used for pain manage-
ment, which is the main symptom of axSpA. Improved pain con-
trol may lead to increased physical activity and mobility,
potentially reducing the risk of spinal stiffness and deformity,
which may contribute to the slowing of damage. Third, although
the specific mechanisms remain to be investigated, some studies
suggest that COX2 selectivity may have greater anti-inflammatory
and potentially disease-modifying effects compared to ns-
NSAIDs—beyond their pain-relieving effects—and this may result
in a relatively superior effect on structural damage.8,26 Therefore,

Figure 2. Cumulative probability plot of mSASSS changes over two-year intervals in relation to types of NSAIDs in (A) patients with whole axSpA,
(B) patients with nr-axSpA, (C) and patients with r-axSpA. axSpA, axial spondyloarthritis; COX2, selective cyclooxygenase-2; mSASSS, modified
Stoke Ankylosing Spondylitis Spinal Score; nr-axSpA, nonradiographic axSpA; NSAID, nonsteroidal anti-inflammatory drug; r-axSpA, radio-
graphic axSpA. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43447/abstract.
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COX2i potentially offer a more targeted anti-inflammatory effect
that may effectively block pathways leading to bone fusion.
Finally, we observed that the effect of both NSAIDs on structural
damage appeared numerically stronger in the r-axSpA group than
in the nr-axSpA group. We suggest that this effect may be attrib-
utable to already present structural damage (ie, destructive/
erosive changes), which is more common in advanced disease,
being more likely to lead to more radiographic progression, and
that there may be an interference between the inhibitory effect of
NSAIDs on new bone formation and radiographic progression in
advanced disease.

These findings have implications for clinical practice in poten-
tially slowing disease progression, particularly suggesting that the
beneficial effect of COX2i and ns-NSAIDs in reducing
radiographic progression is more pronounced in patients with
established radiographic disease (r-axSpA). However, further
investigations are required to determine the differences regarding
the effect of NSAIDs based on disease classification. If confirmed,
these findings could be considered in treatment strategies by tai-
loring the use of NSAIDs to specific patient subgroups based on
disease characteristics and radiographic features. Although
NSAIDs are currently recommended as the first-line therapy to
manage axSpA symptoms, their potential effect on slowing struc-
tural damage may add another dimension to their therapeutic
value. Although the absolute effect sizes observed in our study
were small, even modest reductions in radiographic progression
may accumulate over time and translate into clinically meaningful
differences, especially considering the irreversible nature of struc-
tural spinal damage in axSpA. At the population level, such reduc-
tions may also help decrease overall disease burden. However, it
is important to determine the most appropriate type of NSAID,
dosage, and duration of treatment to minimize potential side
effects, such as gastrointestinal and cardiovascular risks, and
maximize benefits.27 Beyond safety considerations, studies have
shown that controlling inflammation with NSAIDs may improve
survival, as higher disease activity in axSpA is associated with
increasedmortality.28,29 This highlights the importance of carefully
balancing the risks and potential long-term benefits of NSAID use.

This study possesses several strengths, the foremost of
which is the incorporation of the SCMMs. These models account
for longitudinal repeated measures of exposure and outcome, as
well as time-dependent confounders. The design of our study
takes advantage of this methodology to mitigate biases that often
occur in traditional GEE regression analyses when time-varying
variables may be affected by past exposures or covariates. Evi-
dence from previous research, including simulation studies, high-
lights the ability of SCMMs to accurately estimate beta
coefficients for associations between time-varying exposures
and outcomes. Their effectiveness is comparable to that of mar-
ginal structural models, which use inverse probability treatment
weighting of PSs to handle this complex study design.22 Second,
our longitudinal statistical modeling isolates the within-patient

effect, providing clinicians with the best possible evidence when
conducting an RCT is not always feasible. Moreover, incorporat-
ing PS adjustment enhances the reliability of our findings. The fur-
ther strength of this study is its inclusion of entire axSpA
population, including both r-axSpA and nr-axSpA, and its assess-
ment of different types of NSAIDs together, unlike other studies
that focus either on specific subgroups or on a specific type of
NSAID. Our findings underscore the importance of investigating
potential differences in treatment response across the whole
axSpA spectrum and different types of NSAIDs. In addition,
based on our current knowledge, this study highlights for the first
time that NSAIDs may have a modest but consistent effect on
structural damage even in nr-axSpA population. Finally, usage of
systematically collected data from a large, well-defined cohort
with extended follow-up allowed a comprehensive and robust
analysis.

However, it is important to acknowledge some limitations.
First, the cohort’s case report form did not provide data on certain
factors that could influence the outcome, such as inflammation on
MRI, or affect exposure, such as specific comorbidities or alterna-
tive causes of pain. Nonetheless, we considered all these factors
in our DAG to describe causal relationships when building our mod-
els, and we included ASDAS (with CRP) in the multivariable analy-
ses. Second, we excluded patients who did not have consecutive
spinal radiographs required for radiographic progression calcula-
tion. Although the characteristics of included and excluded patients
were similar, this exclusion may have introduced attrition bias. The
third limitation concerns the collection of NSAID usage information,
which relied on patient-reported intake and may therefore be sub-
ject to recall bias. Finally, radiographic progression in nr-axSpA
was generally low, possibly independent of therapy. This likely
reflects the lower level of baseline structural damage in nr-axSpA,
which is associated with less subsequent progression, and may
explain the limited NSAID effect observed in this subgroup.

In conclusion, our study adds evidence to support the bene-
ficial effect of higher NSAID intake on slowing radiographic spinal
progression in patients with axSpA, and particularly in patients
with r-axSpA. More specifically, COX-2i showed a slightly supe-
rior effect compared to ns-NSAIDs across the whole axSpA
spectrum.

ACKNOWLEDGMENTS

We thank Prof. M. Leirisalo-Repo (Finland), Prof. D. van der Heijde
(the Netherlands) and Prof. M. Dougados (France) for scientific advice
on the design of the cohort. We thank Beate Buss, Petra Tietz, and
Annegret Langdon for monitoring the cohort; Johanna Callhoff, Anja
Weiss, Joachim Listing, Maryna Verba, and Martina Niewerth for the data
management support and statistical advice; Ani Dilbaryan for image
scoring; Torsten Karge for developing the image scoring interface; and
to all patients who volunteered to participate in this cohort. Furthermore,
we would like to thank the following rheumatologists for inclusion of their
patients: J. Brandt, H. Brandt, G.-R. Burmester, H. Deister,
E. Edelmann, J. Emmerich, M. Enderlein, A. Gauliard, E. Gromnica-Ihle,

NSAID INTAKE AND RADIOGRAPHIC PROGRESSION IN axSpA 589



F. Heldmann, S. Hermann, U. von Hinüber, Ü. Hübner, K. Karberg,
H. Nüßlein, R. Pelle-Lohfink, D. Pick, G. Reichmuth, E. Riechers,
M. Rihl, R. Schmidt, S. Schnarr, U. Schneider, I.-H. Song, I. Spiller,
U. Syrbe, V. Walz, S. Wassenberg, H. M. Wisseler, S. Zinke. Open
Access funding enabled and organized by Projekt DEAL.

AUTHOR CONTRIBUTIONS
All authors contributed to at least one of the following manuscript

preparation roles: conceptualization AND/OR methodology, software,
investigation, formal analysis, data curation, visualization, and validation
AND drafting or reviewing/editing the final draft. As corresponding
author, Dr Torgutalp confirms that all authors have provided the final
approval of the version to be published, and takes responsibility for the
affirmations regarding article submission (eg, not under consideration
by another journal), the integrity of the data presented, and the state-
ments regarding compliance with institutional review board/Declaration
of Helsinki requirements.

ROLE OF THE STUDY SPONSOR
Abbott/AbbVie, Amgen, Centocor, Schering-Plough, and Wyeth

had no role in the study design or in the collection, analysis, or interpreta-
tion of the data, the writing of the manuscript, or the decision to submit
the manuscript for publication. Publication of this article was not contin-
gent upon approval by Abbott/AbbVie, Amgen, Centocor, Schering-
Plough, and Wyeth.

REFERENCES

1. Sieper J, Poddubnyy D. Axial spondyloarthritis. Lancet 2017;
390(10089):73–84.

2. Machado P, Landewé R, Braun J, et al. Both structural damage and
inflammation of the spine contribute to impairment of spinal mobility
in patients with ankylosing spondylitis. Ann Rheum Dis 2010;69(8):
1465–1470.

3. Poddubnyy D, Listing J, Haibel H, et al. Functional relevance of radio-
graphic spinal progression in axial spondyloarthritis: results from the
GErman SPondyloarthritis Inception Cohort. Rheumatology (Oxford)
2018;57(4):703–711.

4. Torgutalp M, Poddubnyy D. Emerging treatment options for
spondyloarthritis. Best Pract Res Clin Rheumatol 2018;32(3):
472–484.

5. Ward MM, Deodhar A, Gensler LS, et al. 2019 update of the
American College of Rheumatology/Spondylitis Association of
America/Spondyloarthritis Research and Treatment Network rec-
ommendations for the treatment of ankylosing spondylitis and
nonradiographic axial spondyloarthritis. Arthritis Rheumatol
2019;71(10):1599–1613.

6. Ramiro S, Nikiphorou E, Sepriano A, et al. ASAS-EULAR recommen-
dations for the management of axial spondyloarthritis: 2022 update.
Ann Rheum Dis 2023;82(1):19–34.

7. Blackwell KA, Raisz LG, Pilbeam CC. Prostaglandins in bone:
bad cop, good cop? Trends Endocrinol Metab 2010;21(5):
294–301.

8. Nagano A, Arioka M, Takahashi-Yanaga F, et al. Celecoxib inhibits
osteoblast maturation by suppressing the expression of Wnt target
genes. J Pharmacol Sci 2017;133(1):18–24.

9. Wanders A, Heijde D, Landewé R, et al. Nonsteroidal antiinflammatory
drugs reduce radiographic progression in patients with ankylosing
spondylitis: a randomized clinical trial. Arthritis Rheum 2005;52(6):
1756–1765.

10. Kroon F, Landewé R, Dougados M, et al. Continuous NSAID use
reverts the effects of inflammation on radiographic progression in
patients with ankylosing spondylitis. Ann Rheum Dis 2012;71(10):
1623–1629.

11. Poddubnyy D, Rudwaleit M, Haibel H, et al. Effect of non-steroidal
anti-inflammatory drugs on radiographic spinal progression in
patients with axial spondyloarthritis: results from the German
Spondyloarthritis Inception Cohort. Ann Rheum Dis 2012;71(10):
1616–1622.

12. Sieper J, Listing J, Poddubnyy D, et al. Effect of continuous versus
on-demand treatment of ankylosing spondylitis with diclofenac over
2 years on radiographic progression of the spine: results from a ran-
domised multicentre trial (ENRADAS). Ann Rheum Dis 2016;75(8):
1438–1443.

13. Proft F, Torgutalp M, Muche B, et al. Comparison of the effect of treat-
ment with NSAIDs added to anti-TNF therapy versus anti-TNF therapy
alone on the progression of structural damage in the spine over
2 years in patients with radiographic axial spondyloarthritis from the
randomised-controlled CONSUL trial. Ann Rheum Dis 2024;83(5):
599–607.

14. Rudwaleit M, Haibel H, Baraliakos X, et al. The early disease stage in
axial spondylarthritis: results from the German Spondyloarthritis
Inception Cohort. Arthritis Rheum 2009;60(3):717–727.

15. Torgutalp M, Rios Rodriguez V, Dilbaryan A, et al. Treatment
with tumour necrosis factor inhibitors is associated with a time-
shifted retardation of radiographic spinal progression in patients
with axial spondyloarthritis. Ann Rheum Dis 2022;81(9):
1252–1259.

16. Torgutalp M, Rios Rodriguez V, Proft F, et al. Treatment with tumor
necrosis factor inhibitors is associated with a time-shifted retardation
of radiographic sacroiliitis progression in patients with axial spondylo-
arthritis: 10-year results from the German Spondyloarthritis Inception
Cohort. Arthritis Rheumatol 2022;74(9):1515–1523.

17. Machado P, Landewé R, Lie E, et al; Assessment of SpondyloArthritis
international Society. Ankylosing Spondylitis Disease Activity Score
(ASDAS): defining cut-off values for disease activity states and
improvement scores. Ann Rheum Dis 2011;70(1):47–53.

18. van der Heijde D, Molto A, Ramiro S, et al. Goodbye to the term
‘ankylosing spondylitis’, hello ‘axial spondyloarthritis’: time to
embrace the ASAS-defined nomenclature. Ann Rheum Dis 2024;
83(5):547–549.

19. Dougados M, Simon P, Braun J, et al. ASAS recommendations for
collecting, analysing and reporting NSAID intake in clinical
trials/epidemiological studies in axial spondyloarthritis. Ann Rheum
Dis 2011;70(2):249–251.

20. van der Heijde D, Landewé R. Selection of a method for scoring radio-
graphs for ankylosing spondylitis clinical trials, by the Assessment in
Ankylosing Spondylitis Working Group and OMERACT. J Rheumatol
2005;32(10):2048–2049.

21. Textor J, van der Zander B, Gilthorpe MS, et al. Robust causal infer-
ence using directed acyclic graphs: the R package ‘dagitty’. Int J Epi-
demiol 2016;45(6):1887–1894.

22. Keogh RH, Daniel RM, VanderWeele TJ, et al. Analysis of longitudinal
studies with repeated outcome measures: adjusting for time-
dependent confounding using conventional methods.
Am J Epidemiol 2018;187(5):1085–1092.

23. Tomova GD, Arnold KF, Gilthorpe MS, et al. Adjustment for energy
intake in nutritional research: a causal inference perspective.
Am J Clin Nutr 2022;115(1):189–198.

24. Højsgaard S, Halekoh U, Yan J. The R package geepack for general-
ized estimating equations. J Stat Softw 2006;15:1–11.

25. R. The R Foundation; 2013.

TORGUTALP ET AL590



26. Matsuyama A, Higashi S, Tanizaki S, et al. Celecoxib inhibits osteo-
blast differentiation independent of cyclooxygenase activity. Clin Exp
Pharmacol Physiol 2018;45(1):75–83.

27. Braun J, Baraliakos X, Westhoff T. Nonsteroidal anti-inflammatory
drugs and cardiovascular risk - a matter of indication. Semin Arthritis
Rheum 2020;50(2):285–288.

28. Bakland G, Gran JT, Nossent JC. Increased mortality in ankylosing
spondylitis is related to disease activity. Ann Rheum Dis 2011;
70(11):1921–1925.

29. Haroon NN, Paterson JM, Li P, et al. Patients with ankylosing spondy-
litis have increased cardiovascular and cerebrovascular mortality: a
population-based study. Ann Intern Med 2015;163(6):409–416.

NSAID INTAKE AND RADIOGRAPHIC PROGRESSION IN axSpA 591



Association of Abatacept With Lower Mortality Risk
Compared to Rituximab in Rheumatoid Arthritis–Associated
Interstitial Lung Disease: An Emulated Target Trial

Po-Cheng Shih,1,2 Shiow-Ing Wang,3,4 and James Cheng Chung Wei1,5,6,7

Objective. The optimal treatment strategy for rheumatoid arthritis–associated interstitial lung disease (RA-ILD)
remains uncertain, and direct comparative data between biologics are limited. This study aimed to evaluate the effec-
tiveness and safety of abatacept compared with rituximab in patients with RA-ILD.

Methods. An emulated target trial was designed using the TriNetX US Collaborative Network database, including
patients with RA-ILD, diagnosed between 2007 and 2024. Propensity score matching was used to balance baseline
characteristics between the two treatment groups (abatacept and rituximab). The primary outcome was all-cause mor-
tality, and secondary outcomes included respiratory events, medical utilization, and infection-related adverse events.
Hazard ratios (HRs) with 95% confidence intervals (CIs) were estimated to use Cox proportional hazards models.

Results. In total, 1,615 patients per group were identified after matching for analysis. Abatacept was associated
with a significantly lower risk of all-cause mortality compared with rituximab (HR, 0.689; 95% CI, 0.581–0.818) and a
reduced risk of mechanical ventilation (HR, 0.698; 95% CI, 0.521–0.934). The subgroup analyses yielded consistent
findings. Sensitivity analyses excluding patients with concomitant connective tissue diseases also demonstrated con-
sistent results (mortality: HR, 0.679; 95% CI, 0.570–0.810), reinforcing the robustness of the findings.

Conclusion. Abatacept was associated with a lower risk of mortality compared with rituximab in patients with
RA-ILD. Because clinicians may preferentially reserve abatacept for less aggressive RA-ILD, residual confounding by
indication cannot be excluded; thus, the association should not be interpreted as proof of causality. Prospective ran-
domized trials are needed to confirm whether abatacept confers a true survival advantage.

INTRODUCTION

Current American College of Rheumatology (ACR) guidelines

recommend rituximab as the first-line biologic therapy for rheu-

matoid arthritis–associated interstitial lung disease (RA-ILD), with

tocilizumab as an alternative.1 However, emerging evidence sug-

gests that abatacept may be a promising option.
The preliminary data of post hoc analysis of a placebo-

controlled trial reported a lower incidence of ILD among

patients with RA treated with abatacept.2 Although an analysis

of Medicare and MarketScan data found no significant

difference in ILD exacerbation risk between abatacept and

tumor necrosis factor inhibitors (TNFi), a national multicenter

study of 263 patients with RA-ILD demonstrated higher drug

persistence and improved or stable outcomes for both joint

and lung function in those receiving abatacept.3,4 Other stud-

ies have further demonstrated abatacept’s effectiveness

across diverse ILD patterns, including nonspecific interstitial

pneumonia and usual interstitial pneumonia, irrespective of

administration route (subcutaneous or intravenous).5–7 These

findings highlight the potential role of abatacept in the manage-

ment of RA-ILD.
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Given the absence of direct head-to-head comparative
evidence between abatacept and rituximab, we conducted
this large-scale observational study using an emulated
target trial design to evaluate the comparative effectiveness
and safety of abatacept versus rituximab in patients with
RA-ILD.

METHODS

Study design and data source. This retrospective cohort
study employed a target trial emulation framework to compare the
effectiveness and safety of abatacept versus rituximab in patients
with RA-ILD, using deidentified electronic health record (EHR)
data collected for clinical practice and administrative purposes,
with optional linkage to administrative claims when available.8,9

Data were obtained from the TriNetX US Collaborative Network,
a federated EHR platform comprising data from 71 health care
organizations across the United States.9 TriNetX is a global, fed-
erated real-world data and analytics platform that aggregates dei-
dentified EHR and, where available, linked administrative claims
data from multiple collaborative networks. The major TriNetX
dataset is sourced from participating US health care organiza-
tions. Each site exports pseudonymized EHR records from its
clinical data management system into a secure, behind-
the-firewall TriNetX node. When an external researcher issues a
query, only preaggregated, deidentified results, compliant with
HIPAA Safe Harbor, are returned; no patient-level data ever leave
individual firewalls. Importantly, data are ingested in near-real time
via periodic synchronizations, so the network continuously
reflects up-to-date clinical activity, although the exact refresh fre-
quency varies by site.9

For accurate diagnosis of RA, key diagnostic codes
(International Classification of Diseases, Ninth Revision [ICD-
9] and ICD-10, Systematized Nomenclature of Medicine Clini-
cal Terms (SNOMED CT), Logical Observation Identifiers
Names and Codes (LOINC) used in TriNetX database have
demonstrated good validity in external validations, positive
predictive values of 82% to 84% in the Rheumatology Infor-
matics System for Effectiveness (RISE) registry and Market-
Scan studies, 77.1% to 79.2% for seropositive RA, and
61.6% to 89.5% for seronegative RA in the Optum
database.10–12 In a prior Medicare-based validation study, the
optimal claims-based algorithm, requiring two or more Interna-
tional Classification of Diseases, Tenth Revision, Clinical
Modification (ICD-10-CM) codes of ILD, achieved a positive
predictive value of 77% (95% confidence interval [CI],
67%–84%) for prevalent ILD and 96% (95% CI, 85%–100%)
for incident ILD among patients with RA.13

The detailed study design is illustrated in Supplementary Fig-
ure 1. The study protocol was reviewed and approved by the
institutional review board of Chung Shan Medical University Hos-
pital (approval number CS2-21176). As this study was conducted

using deidentified EHRs, informed consent from patients was
waived.

Participants and eligibility criteria. Eligible patients
had been diagnosed with RA, followed by newly diagnosed ILD
between January 1, 2007, and June 30, 2024. Patients younger
than 18 years were excluded. RA was identified using ICD-
10-CM codes M05 and M06, and ILD was defined using codes
J84.1, J84.8, and J84.9. Patients without clearly documented
diagnoses or incomplete diagnostic information were excluded.
Complete eligibility criteria are outlined in Supplementary Table 1.
Diagnoses and treatments were identified using the ICD-10-CM
codes (see Supplementary Table 2).

Treatment strategies. The study period was from
January 1, 2007, to June 30, 2024. Patients were categorized
into two cohorts based on the first prescription of either abatac-
ept or rituximab during the study period. Treatment exposure
was defined as the first prescription of abatacept or rituximab,
identified via RxNorm codes, within the study period. The date of
this initial prescription was defined as the index date (Figure 1).

Outcomes. Patients were observed from the index date
until the occurrence of the outcome event, last medical visit, or
for up to five years, whichever occurred first. The primary out-
come was all-cause mortality. Secondary outcomes included
hospitalization, mechanical ventilation, subsequent use of cyclo-
phosphamide, plasma exchange, or intravenous immunoglobulin,
identified through Current Procedural Terminology, RxNorm, and
Healthcare Common Procedure Coding System codes. To
assess infection-related complications, we also analyzed bacter-
emia and pneumonia as key secondary outcomes. Additionally,
external causes of morbidity were used as a negative control out-
come to assess potential residual confounding unrelated to RA-
ILD treatments (Supplementary Table 2).

Emulation of the target trials. For the target population,
RA and ILD diagnoses were identified using ICD-10-CM codes,
supported by related clinical data, including pulmonary function
tests and oxygen saturation levels. Patients with inconclusive or
incomplete diagnostic data were excluded. This multilayered
approach minimized potential diagnostic misclassification.

Baseline covariates were carefully selected to mitigate bias,
incorporating more than 70 variables, including (1) demographic
factors (age at index date, sex, race, and body mass index);
(2) socioeconomic status (ICD-10-CM codes Z55–Z65); (3) medi-
cal utilizations; (4) severity of disease (RA and ILD): erythrocyte
sedimentation rate (ESR), baseline oxygen saturation, forced vital
capacity (FVC) ≤80%, and DLCO ≤60%14; (5) comorbidities (car-
diovascular diseases, diabetes mellitus, chronic lung and kidney
diseases, cor pulmonale, secondary pulmonary hypertension,
and autoimmune conditions—eg, idiopathic inflammatory
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myositis [IIM], systemic sclerosis [SSc], Sjögren disease); and
(6) medication history (use of steroids, methotrexate, mycophe-
nolate, cyclosporine, and treatments for cardiovascular disease,
pulmonary hypertension, and chronic lung disease—eg, inhaled
steroids, bronchodilators). Variable definitions are detailed in Sup-
plementary Table 2.

Statistical analyses. Propensity score matching (PSM)
was conducted using demographic, lifestyle, health care utilization,
comorbidity, laboratory, and medication data. Balance between
groups was assessed using the standardized mean difference
(SMD), with SMD <0.1 indicating adequate balance. Hazard ratios

(HRs) with 95% CIs were estimated using Cox proportional haz-
ards models. Kaplan–Meier analyses were used to estimate time-
to-event for all-cause mortality and secondary outcomes. Statisti-
cal significance was defined as a two-sided P value <0.05.

Subgroup analyses. To explore potential treatment het-
erogeneity, subgroup analyses were performed based on the
following: (1) sex (male vs female), to assess potential hor-
monal or immunologic differences in treatment response;
(2) age (18–64 vs ≥65 years), to evaluate the influence of age-
related factors on treatment outcomes; (3) prior exposure to
abatacept or rituximab before first ILD code (yes vs no), to

Figure 1. Flow chart of cohort construction. ILD, interstitial lung disease; RA, rheumatoid arthritis.
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evaluate whether previous exposure to either drug influenced
treatment outcomes; (4) biologic-naïve vs biologic-experi-
enced status, to assess whether prior exposure to biologics
(other than abatacept or rituximab) modified treatment effec-
tiveness; (5) oxygen dependence on baseline (yes vs no), to
account for baseline lung disease severity; (6) steroid use
within one month of index date (yes vs no), to evaluate the
impact of concurrent glucocorticoid therapy on outcomes15;
and (7) interval from ILD diagnosis to abatacept/rituximab initi-
ation (≤2 years vs >2 years): to assess whether earlier versus
later treatment initiation influences effectiveness and safety
outcomes.

Sensitivity analyses. To ensure robustness, multiple sen-
sitivity analyses were conducted: (1) analyzing outcomes
restricted to a short-term follow-up period of up to one year after
the index date; (2) washout period, which excluded patients who
had received other biologics or JAK inhibitor (JAKi) within six
months before the index date or had inpatient or critical care
admissions within one month before treatment initiation; (3) treat-
ment stability, which excluded patients who switched to another
biologic or JAKi after the index date; (4) restricting the analysis to
patients without IIM or SSc to reduce confounding and ensure a
more homogeneous RA population; (5) excluding patients with
malignancy, IIM, or SSc at baseline to mitigate potential bias
due to physician treatment preferences influenced by malig-
nancy history; (6) applying a more stringent RA-ILD definition
by requiring at least two separate RA diagnoses in the EHR
before the first ILD diagnosis, compared with the requirement
of at least one RA diagnosis in the primary analysis, to enhance
diagnostic specificity and reduce misclassification; (7) smoking
history, which is an established risk factor for both the develop-
ment and progression of RA-ILD (We identified patients with
smoking history based on ICD-10-CM codes Z87.891, F17,
and Z72.0 to assess the impact of smoking; due to inherent
limitations and incomplete smoking status documentation, we
restricted analysis to patients with documented smoking
history, recognizing potential residual selection bias); (8) identi-
fying patients with diagnosis of secondary pulmonary hyper-
tension based on ICD-10-CM codes (I27.2); (9) identifying
patients with a record of higher inflammatory biomarker within
six months before index date; (10) identifying patients without
any record of methotrexate use within six months before index
date; (11) identifying patients with potential adverse events,
which are potentially associated with steroid based on ICD-
10-CM codes (T38.0X, E24.2, E09, M80, M81) before the
index date16; and (12) reconstructing the cohort from 2007 to
2019 to avoid confounding by indication due to accumulating
evidence or the implementation of clinical guidelines regarding
RA-ILD treatment in recent years. These sensitivity analyses
aimed to analyze the different situations to test robustness of
our findings (Supplemental Statistical Analysis Plan).

RESULTS

Patient characteristics. In this emulated target trial, the
abatacept group comprised 1,738 patients, and the rituximab
group included 3,316 patients in the cohort construction. After
PSM, each group comprised 1,615 well-matched patients, and
baseline characteristics (demographics, comorbidities, medica-
tion use) were evenly balanced (SMD < 0.1; Table 1; Supplemen-
tary Figure 2).

All-cause mortality. During the five-year follow-up, the
abatacept group had significantly fewer deaths compared with
the rituximab group (219 vs 328 events; HR, 0.689; 95%, CI
0.581–0.818; Figure 2; Table 2).

Secondary outcomes. Compared with rituximab, abatac-
ept was also associated with significantly lower risks of secondary
outcomes, including hospitalization (HR, 0.882; 95% CI, 0.776–
0.977), mechanical ventilation (HR, 0.698; 95% CI, 0.521–0.934),
cyclophosphamide use (HR, 0.162; 95% CI, 0.090–0.291), and
immunoglobulin use (HR, 0.232; 95% CI, 0.157–0.343). The inci-
dence of pneumonia was significantly lower with abatacept (HR,
0.858; 95%CI, 0.754–0.977), whereas bacteremia risk was com-
parable between groups (Table 2).

Subgroup analysis. Subgroup analyses consistently sup-
ported the main findings, showing lower mortality associated with
abatacept across most clinical scenarios, including sex, age
groups, prior biologic exposure, concurrent steroid use, and
interval from ILD diagnosis to abatacept/rituximab initiation
(Supplementary Table 3). The forest plot for all-cause mortality
stratified by subgroup analysis is shown in Figure 3.

Among oxygen-independent patients, abatacept signifi-
cantly reduced the risk of all-cause mortality (HR, 0.702; 95%
CI, 0.582–0.846) and hospitalization (HR, 0.888; 95% CI, 0.797–
0.989). In contrast, outcomes were comparable between treat-
ments among oxygen-dependent patients, possibly reflecting lim-
ited statistical power due to smaller subgroup size (n = 101). The
results demonstrated a lower risk of all-cause mortality with aba-
tacept among biologic-naïve patients; however, this benefit was
not observed in biologic-experienced patients. Patients concur-
rently receiving glucocorticoids appeared to experience greater
benefit, whereas those without glucocorticoid use showed less
pronounced differences (Figure 3; Supplementary Tables 3–10).

Sensitivity analysis for patients with washout
period (stricter inclusion criteria). To minimize confounding
from severe baseline comorbidities, sensitivity analysis excluding
recent biologic or JAKi use or hospitalization before treatment ini-
tiation still showed that abatacept was associated with a lower
mortality risk (HR, 0.688; 95% CI, 0.524–0.902) and mechanical
ventilation (HR, 0.6563; 95% CI, 0.322–0.984). However,
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Table 1. Baseline Characteristics of Study Participants (Before and After PSM Matching)*

Variables

Before PSM After PSMa

ABA cohort
(n = 1,738)

RTX cohort
(n = 3,316) SMD

ABA cohort
(n = 1,615)

RTX cohort
(n = 1,615) SMD

Age at index, mean ± SD, y
Mean ± SD 63.9 ± 12.1 59.2 ± 13.9 0.365 63.4 ± 12.2 63.5 ± 11.8 0.013

Sex, n (%)
Female 1,281 (73.7) 2,385 (71.9) 0.04 1,186 (73.4) 1,189 (73.6) 0.004
Male 394 (22.7) 870 (26.2) 0.083 386 (23.9) 382 (23.7) 0.006

Race, n (%)
White 1,212 (69.7) 2,094 (63.1) 0.14 1,126 (69.7) 1,133 (70.2) 0.009
Black or African American 228 (13.1) 655 (19.8) 0.18 219 (13.6) 216 (13.4) 0.005
Asian 48 (2.8) 118 (3.6) 0.046 46 (2.8) 50 (3.1) 0.015

Lifestyles, n (%)
Body weight index (≥25) 1,005 (57.8) 2,181 (65.8) 0.164 950 (58.8) 964 (59.7) 0.018

Laboratory data, n (%)
Baseline oxygen saturation, at most 90% 96 (5.5) 305 (9.2) 0.141 92 (5.7) 101 (6.3) 0.024
Erythrocyte sedimentation rate (≥20 mm/h) 652 (37.5) 1,426 (43.0) 0.112 608 (37.6) 615 (38.1) 0.009
DLCO predicted, at most 60% 11 (0.6) 52 (1.6) 0.09 11 (0.7) 11 (0.7) 0
FVC predicted, at most 80% 15 (0.9) 52 (1.6) 0.064 15 (0.9) 16 (1.0) 0.006
Blood gas PaO2 <60% 27 (1.6) 88 (2.7) 0.077 26 (1.6) 28 (1.7) 0.01

Medical utilizations, n (%)
Office or other outpatient services 1,078 (62.0) 2,175 (65.6) 0.074 993 (61.5) 1,005 (62.2) 0.015
Preventive medicine services 116 (6.7) 181 (5.5) 0.051 99 (6.1) 100 (6.2) 0.003
Emergency department services 368 (21.2) 795 (24.0) 0.067 321 (19.9) 321 (19.9) 0
Hospital inpatient services 310 (17.8) 894 (27.0) 0.22 295 (18.3) 291 (18.0) 0.006
Noninvasive ear or pulse oximetry
for oxygen saturation

20 (1.2) 75 (2.3) 0.086 20 (1.2) 14 (0.9) 0.036

Pulmonary stress testing 95 (5.5) 329 (9.9) 0.168 93 (5.8) 97 (6.0) 0.011
Socioeconomic status, n (%)
Persons with potential health hazards
related to socioeconomic and
psychosocial circumstances

38 (2.2) 72 (2.2) 0.001 31 (1.9) 33 (2.0) 0.009

Comorbidities, n (%)
Hypertensive diseases 783 (45.1) 1,539 (46.4) 0.027 712 (44.1) 720 (44.6) 0.01
Diabetes mellitus 332 (19.1) 670 (20.2) 0.028 298 (18.5) 312 (19.3) 0.022
Ischemic heart diseases 320 (18.4) 606 (18.3) 0.004 282 (17.5) 277 (17.2) 0.008
Other chronic obstructive pulmonary disease 282 (16.2) 481 (14.5) 0.048 254 (15.7) 247 (15.3) 0.012
Asthma 254 (14.6) 477 (14.4) 0.007 218 (13.5) 217 (13.4) 0.002
Other and unspecified asthma 214 (12.3) 426 (12.8) 0.016 186 (11.5) 188 (11.6) 0.004
Mild intermittent asthma 55 (3.2) 67 (2.0) 0.072 38 (2.4) 40 (2.5) 0.008
Mild persistent asthma 28 (1.6) 29 (0.9) 0.067 14 (0.9) 12 (0.7) 0.014
Moderate persistent asthma 42 (2.4) 58 (1.7) 0.047 33 (2.0) 26 (1.6) 0.032
Severe persistent asthma 12 (0.7) 18 (0.5) 0.019 10 (0.6) 10 (0.6) 0
Chronic kidney disease 185 (10.6) 407 (12.3) 0.051 174 (10.8) 159 (9.8) 0.031
End stage renal disease 10 (0.6) 39 (1.2) 0.065 10 (0.6) 10 (0.6) 0
Cerebrovascular diseases 101 (5.8) 209 (6.3) 0.021 91 (5.6) 95 (5.9) 0.011
Dermatomyositis/polymyositis 18 (1.0) 411 (12.4) 0.466 18 (1.1) 17 (1.1) 0.006
Systemic sclerosis (scleroderma) 44 (2.5) 358 (10.8) 0.336 44 (2.7) 42 (2.6) 0.008
Sjögren disease 147 (8.5) 379 (11.4) 0.099 141 (8.7) 137 (8.5) 0.009
Other secondary pulmonary hypertension 153 (8.8) 597 (18.0) 0.273 150 (9.3) 147 (9.1) 0.006
Other specified pulmonary heart diseases 50 (2.9) 164 (4.9) 0.107 47 (2.9) 45 (2.8) 0.007

Medications, n (%)
Antirheumatic agents
Glucocorticoids for systemic use 1,286 (74.0) 2,702 (81.5) 0.181 1,201 (74.4) 1,206 (74.7) 0.007
Methotrexate 467 (26.9) 660 (19.9) 0.165 411 (25.4) 409 (25.3) 0.003
Mycophenolic acid 22 (1.3) 186 (5.6) 0.24 22 (1.4) 22 (1.4) 0
Mycophenolate mofetil 92 (5.3) 785 (23.7) 0.541 92 (5.7) 89 (5.5) 0.008
Cyclosporine 54 (3.1) 107 (3.2) 0.007 51 (3.2) 44 (2.7) 0.026

Inhalation medications
Fluticasone 387 (22.3) 775 (23.4) 0.026 347 (21.5) 366 (22.7) 0.028
Budesonide 158 (9.1) 342 (10.3) 0.041 144 (8.9) 149 (9.2) 0.011
Mometasone 62 (3.6) 111 (3.3) 0.012 55 (3.4) 53 (3.3) 0.007

(Continued)
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differences in hospitalization and pneumonia incidence lost statis-
tical significance, potentially due to reduced patient numbers
(Table 3).

Sensitivity analysis for exclusion of patients who
switched to other biologics or JAKi. To evaluate treatment
efficacy without confounding from subsequent medication
changes, we excluded patients who switched to another biologic
or JAKi after the index date. Abatacept remained associated with
lower all-cause mortality risk (HR, 0.751; 95% CI, 0.602–0.937),
lower hospitalization rate (HR, 0.790; 95% CI, 0.688–0.907),
and reduced risk of mechanical ventilation (HR, 0.569; 95% CI,
0.377–0.857) (Supplementary Table 11).

Sensitivity analysis for one-year period outcomes.
To account for potential confounding from medication switching

and patient attrition, we performed a one-year outcome analysis.
The findings remained consistent, showing a significantly lower risk
of all-cause mortality (HR, 0.511; 95% CI, 0.372–0.702), hospitaliza-
tion (HR, 0.755; 95% CI, 0.660–0.863), and mechanical ventilation
(HR, 0.565; 95% CI, 0.364–0.879) (Supplementary Table 12).

Sensitivity analysis for patients without
concomitant IIM or SSc. Recognizing the potential influence
of comorbidities, we conducted a sensitivity analysis limited to
patients without IIM or SSc. The findings remained consistent,
demonstrating a lower risk of all-cause mortality in the abatacept
group compared with rituximab (HR, 0.679; 95% CI, 0.570–
0.810; Supplementary Table 13).

Sensitivity analysis for patients without IIM, SSc, or
malignancy. Malignancy could be an important factor

Table 1. (Cont’d)

Variables

Before PSM After PSMa

ABA cohort
(n = 1,738)

RTX cohort
(n = 3,316) SMD

ABA cohort
(n = 1,615)

RTX cohort
(n = 1,615) SMD

Beclomethasone 10 (0.6) 26 (0.8) 0.025 10 (0.6) 10 (0.6) 0
Ciclesonide 10 (0.6) 10 (0.3) 0.041 10 (0.6) 10 (0.6) 0
Flunisolide 10 (0.6) 10 (0.3) 0.041 10 (0.6) 0 (0.0) 0.112
Albuterol 593 (34.1) 1,378 (41.6) 0.154 549 (34.0) 556 (34.4) 0.009
Levalbuterol 34 (2.0) 91 (2.7) 0.052 32 (2.0) 37 (2.3) 0.021
Formoterol 129 (7.4) 257 (7.8) 0.012 116 (7.2) 123 (7.6) 0.017
Salmeterol 111 (6.4) 188 (5.7) 0.03 98 (6.1) 105 (6.5) 0.018
Vilanterol 111 (6.4) 197 (5.9) 0.019 96 (5.9) 94 (5.8) 0.005
Tiotropium 98 (5.6) 160 (4.8) 0.037 87 (5.4) 88 (5.4) 0.003
Umeclidinium 68 (3.9) 95 (2.9) 0.058 61 (3.8) 56 (3.5) 0.017

Medications for asthma
Montelukast 148 (8.5) 211 (6.4) 0.082 118 (7.3) 118 (7.3) 0
Zafirlukast 0 (0.0) 10 (0.3) 0.078 0 (0.0) 0 (0.0) N/A
Zileuton 0 (0.0) 0 (0.0) N/A 0 (0.0) 0 (0.0) N/A

Medications for cardiovascular disease
Alpha blocker 17 (1.0) 31 (0.9) 0.004 16 (1.0) 13 (0.8) 0.02
ACEi/ARB 439 (25.3) 858 (25.9) 0.014 404 (25.0) 407 (25.2) 0.004
Beta blocker 497 (28.6) 918 (27.7) 0.02 443 (27.4) 432 (26.7) 0.015
CCB 339 (19.5) 759 (22.9) 0.083 305 (18.9) 292 (18.1) 0.021
Diuretics 510 (29.3) 1,082 (32.6) 0.071 468 (29.0) 466 (28.9) 0.003
Lipid lower agents 544 (31.3) 905 (27.3) 0.088 495 (30.7) 496 (30.7) 0.001
Antiarrhythmic agent 568 (32.7) 1,357 (40.9) 0.172 531 (32.9) 523 (32.4) 0.011
Antithrombotic agents 624 (35.9) 1,490 (44.9) 0.185 584 (36.2) 586 (36.3) 0.003

Medications for pulmonary hypertension
Sildenafil 33 (1.9) 143 (4.3) 0.139 33 (2.0) 29 (1.8) 0.018
Tadalafil 22 (1.3) 58 (1.7) 0.04 19 (1.2) 19 (1.2) 0
Epoprostenol 10 (0.6) 23 (0.7) 0.015 10 (0.6) 10 (0.6) 0
Treprostinil 10 (0.6) 21 (0.6) 0.007 10 (0.6) 10 (0.6) 0
Iloprost 0 (0.0) 0 (0.0) N/A 0 (0.0) 0 (0.0) N/A
Selexipag 10 (0.6) 10 (0.3) 0.041 10 (0.6) 10 (0.6) 0
Bosentan 10 (0.6) 10 (0.3) 0.041 10 (0.6) 10 (0.6) 0

Antifibrotic agents
Nintedanib 38 (2.2) 103 (3.1) 0.057 37 (2.3) 40 (2.5) 0.012
Pirfenidone 10 (0.6) 15 (0.5) 0.017 10 (0.6) 10 (0.6) 0

* If the patient count is ≤10, results show the count as 10. ABA, abatacept; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker; CCB, calcium channel blocker; FVC, forced vital capacity; N/A, not applicable; PSM, propensity scorematching; RTX, rituximab;
SMD, standardized mean difference.
a Propensity score matching was performed on age at index, sex, race, social economic status, lifestyles, comorbidities, laboratory data, and
medication usage.

EFFECTIVENESS AND SAFETY OF ABATACEPT VS RITUXIMAB IN RA-ILD 597



influencing selection bias, as physicians may preferentially pre-
scribe rituximab rather than abatacept for patients with a history
of malignancy. To address this potential bias, we conducted a
sensitivity analysis excluding patients with baseline malignancy
(ICD-10-CM codes: C00–C96). Results for all-cause mortality
remained consistent with the primary analysis (HR, 0.757; 95%
CI, 0.618–0.927; Supplementary Table 14), strengthening the
robustness across confounding factors.

Sensitivity analysis for stringent definition of
RA-ILD. Applying stricter RA-ILD diagnostic criteria (at least two
incidents of RA diagnosis) continued to show consistent

associations, with abatacept significantly associated with lower
all-cause mortality risk (HR, 0.689; 95%CI, 0.578–0.822; Supple-
mentary Table 15).

Sensitivity analysis for smoking history. When
restricting analysis to patients with documented smoking history,
abatacept maintained a significantly lower mortality risk (HR,
0.670; 95% CI, 0.514–0.874), supporting robustness across
confounding factors (Supplementary Table 16).

Sensitivity analysis for concomitant secondary
pulmonary hypertension. No significant differences were

Figure 2. Kaplan–Meier Plots for all-cause mortality.

Table 2. Risk of Outcomes*

Outcomes

Patients with outcome

Hazard ratio (95% CI)aABA cohort (n = 1,615) RTX cohort (n = 1,615)

All-cause mortality 219 328 0.689 (0.581–0.818)
Medical utilization
Hospital inpatient services 701 778 0.882 (0.796–0.977)
Mechanical ventilator 76 111 0.698 (0.521–0.934)
Cyclophosphamide use 13 79 0.162 (0.090–0.291)
Plasma exchange ≤10 14 0.428 (0.164–1.114)
Immunoglobulin use 31 132 0.232 (0.157–0.343)

Serious infection (occurrence)
Bacteremia 57 59 0.985 (0.684–1.418)
Pneumonia 424 494 0.858 (0.754–0.977)

* If the patient count is ≤10, results show the count as 10. Bold font represents a standardized difference of >0.1.
ABA, abatacept; CI, confidence interval; RTX, rituximab.
a Propensity scorematching was performed on age at index, sex, race, social economic status, lifestyles, comorbidi-
ties, laboratory data, and medication usage.
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observed between the two cohorts, possibly due to limited statis-
tical power arising from the small number of patients in the pulmo-
nary arterial hypertension subgroup (Supplementary Table 17).

Sensitivity analysis for high marker of
inflammation. For the population with a high marker of
inflammation in baseline, the results demonstrated that aba-
tacept was associated with comparable risk of mortality (HR,
0.828; 95%, CI 0.632–1.085) and lower risk of hospitalization
(HR, 0.844; 95%, CI 0.717–0.993) and mechanical ventilation
(HR, 0.618; 95%, CI 0.383–0.998). Notably, unlike in the main

analysis in which abatacept was associated with reduced
mortality, this effect was not observed in patients with high
baseline markers of inflammation, although benefits for
hospitalization and mechanical ventilation remained
(Supplementary Table 18).

Sensitivity analysis for without methotrexate at
baseline. In these populations, abatacept was associated
with lower risk of all-cause mortality (HR, 0.807; 95% CI,
0.582–0.858), which is consistent with the main analysis
(Supplementary Table 19).

Figure 3. Forest plots for subgroup analysis (all-cause mortality). CI, confidence interval; HR, hazard ratio; ILD, interstitial lung disease. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43332/abstract.

Table 3. Risk of Outcomes (Add-on 6-Month Washout Period and 1-Month Stabilization Period)*

Outcomes

Patients with outcome

Hazard ratio(95% CI)aABA cohort (n = 682) RTX cohort (n = 682)

All-cause mortality 86 132 0.688 (0.524–0.902)
Medical utilization
Hospital inpatient services 275 294 0.951 (0.807–1.121)
Mechanical ventilator 19 35 0.563 (0.322–0.984)
Cyclophosphamide use ≤10 23 0.218 (0.083–0.574)
Plasma exchange ≤10 ≤10 0.678 (0.113–4.059)
Immunoglobulin use 11 52 0.214 (0.112–0.410)

Serious infection (occurrence)
Bacteremia 17 16 1.128 (0.570–2.233)
Pneumonia 155 195 0.810 (0.656–1.000)

* If the patient count is ≤10, results show the count as 10. Bold font represents a standardized difference of >0.1.
Every subgroup analysis will be matched again beyond the main analysis. ABA, abatacept; CI, confidence interval;
RTX, rituximab.
a Propensity scorematching was performed on age at index, sex, race, social economic status, lifestyles, comorbidi-
ties, laboratory data, and medication usage. Excluding patients with admission and critical care visit record within 1
month before index date.
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Sensitivity analysis for concomitant steroid-
associated adverse events at baseline. Among patients
with a history of common steroid-associated adverse events at
baseline, which may reflect relatively high cumulative steroid
exposure, abatacept was associated with a lower risk of all-cause
mortality (HR, 0.625; 95% CI, 0.482–0.810) compared to rituxi-
mab (Supplementary Table 20).

Sensitivity analysis for study period (2007–2019). To
address potential confounding by indication, the study period
was restricted to 2007–2019. During this interval, abatacept
remained associated with a lower risk of all-cause mortality (HR,
0.716; 95% CI, 0.569–0.899; Supplementary Table 21).

DISCUSSION

In this emulated target trial, abatacept was associated with
more favorable outcomes compared to rituximab in patients
with RA-ILD across most clinical scenarios evaluated. Overall,
abatacept was associated with a lower risk of all-cause mortality,
regardless of sex, age, interval between diagnosis andmedication
initiation, or study period. Subgroup and sensitivity analyses
yielded results consistent with the primary analysis.

Although multiple observational studies suggest a potential
benefit of abatacept in RA-ILD, reported endpoints are generally
confined to stabilization or modest improvement in pulmonary
function or radiographic progression. In a multicenter study of
263 patients with RA-ILD who received abatacept with a
12-month follow-up, 91.9% did not experience worsening dys-
pnea, 87.7%maintained stable FVC, and 90.6% preserved stable
DLCO.4 However, 23.6% discontinued therapy, primarily due to
adverse events (11.4%) and serious respiratory infections
(n = 25).4

In our overall cohort of patients with RA-ILD who initiated
abatacept or rituximab, the five-year all-cause mortality was 13%
for abatacept and 20% for rituximab. These figures are congruent
with a prior retrospective study that reported a five-year mortality
of approximately 18% among rituximab-treated patients.17 When
we restricted the analysis to biologic-naïve patients, the five-year
mortality remained comparable to the literature (17.5%).17 A
recently published US target trial emulation observed 73 deaths
over a three-year follow-up in 237 patients receiving non-TNFi
biologics (tocilizumab, sarilumab, abatacept, rituximab, tofaciti-
nib, baricitinib, and upadacitinib). Compared with that study, our
cohort had a lower proportion of methotrexate use in the year pre-
ceding the index date and excluded tocilizumab and JAKi, factors
that likely contributed to the lower absolute mortality we
observed. When we repeated the analysis in patients without
baseline methotrexate use, mortality remained similar (abatacept:
169 of 1,261 [13.4 %] vs rituximab: 257 of 1,261 [20.4 %]; HR,
0.707; 95% CI, 0.582–0.858), supporting the consistency of our

main findings. The differing treatment mixes across studies
remain a potential concern when comparing mortality rates.

In the analysis restricted to abatacept-treated RA-ILD
cohorts, previously reported mortality rates are of the same order

of magnitude as ours. Fern�andez-Díaz et al documented six
deaths among 273 patients (2.2%) during a mean follow-up of
22 months, with only two deaths attributed to ILD progression,
both events occurring after abatacept had been withdrawn.4 By
comparison, our study recorded 58 deaths among 1,615 abatac-
ept users within the first year of follow-up (3.6%). Although our
cohort is larger and the observation window differs, the absolute
early mortality percentages are broadly comparable, reinforcing
the consistency of abatacept-associated outcomes across
diverse settings.

Confounding by indication was the principal methodologic
concern in retrospective design, because abatacept is consid-
ered for patients with comparatively milder RA-ILD. To mitigate
this bias, we conducted a 1:1 propensity-score–matched cohort
that simultaneously balanced socioeconomic status, systemic
inflammatory activity reflected by the ESR, baseline oxygenation,
pulmonary function (FVC and DLCO) together with the presence
of pulmonary hypertension, and baseline therapy, including sys-
temic glucocorticoids, conventional and biologic disease modi-
fying antirheumatic drugs (DMARDs), inhaled respiratory
medications, pulmonary vasodilators, and antifibrotic agents as
the proxy of disease severity. This comprehensive matching
strategy struggled to ensure that disease severity, access to
care, and relevant concomitant treatments were comparable
between the abatacept and rituximab groups, thereby minimiz-
ing residual confounding.

To deal with residual confounding, we undertook a series of
prespecified subgroup analyses. First, we stratified patients by
biologic exposure history. Among bio-naïve individuals, abatacept
was associated with lower all-cause mortality than rituximab,
whereas in the bio-experienced stratum, reflecting potentially
more refractory disease, the difference did not reach statistical
significance. Second, we examined proxies of ILD severity at
treatment initiation. Separate models were run for patients who
(1) required supplemental oxygen around the index date and
(2) did not receive systemic glucocorticoids within ±30 days of
index. Owing to limited sample size, neither comparison demon-
strated a significant treatment effect, yet point estimates were
directionally consistent with the primary analysis. Third, we
assessed the impact of timing of biologic initiation relative to ILD
diagnosis. Patients who started abatacept or rituximab within two
years of their first ILD diagnosis (early initiators) could potentially
represent a cohort with more rapidly progressive or highly active
pulmonary disease, whereas those treated beyond two years after
diagnosis might have more indolent ILD. Mortality did not differ
meaningfully between early and late initiators, suggesting that the
observed treatment effect is robust to variation in ILD duration at
the time of biologic initiation.
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To minimize residual confounding, we conducted a suite of
sensitivity analyses. We applied an “as-treated” restriction by
censoring patients who switched to another biologic or targeted
synthetic DMARD after the index date. Furthermore, we elimi-
nated individuals with IIM, SSc, or malignancy, comorbidities
associated with poorer prognosis and a clinical preference for
rituximab. Diagnostic specificity was strengthened by requiring
two or more RA codes before enrollment. We then repeated the
analysis within a high-severity subset, characterized by markedly
elevated markers of inflammation, secondary pulmonary hyper-
tension, or prior steroid-related adverse events. Finally, recogniz-
ing that methotrexate is often withheld in advanced ILD, we
excluded baseline patients treated with methotrexate.18 Large-
scale studies and formal guidelines on using abatacept and ritux-
imab in RA-ILD have only recently emerged. The British Society
for Rheumatology published its first recommendations in 2019,
the joint Spanish Rheumatology-Pulmonology guideline appeared
in 2022, and the ACR released an interdisciplinary systemic auto-
immune rheumatic disease–ILD guideline in 2023.1,19,20 Accord-
ingly, we limited our study period to 2007–2019 to examine
whether outcomes differed before versus after the earliest of
these recommendations. Across all iterations, effect estimates
remained directionally consistent and of similar magnitude to the
primary analysis, reinforcing the robustness of the observed aba-
tacept survival benefit.

This study has several methodologic strengths that enhance
the validity and generalizability of its findings. First, we employed a
target trial emulation using a large-scale, real-world dataset
(TriNetX US Collaborative Network), which includes a diverse
patient population from 71 health care organizations across the
United States. This large sample size, currently one of the largest
in RA-ILD treatment comparative studies, significantly enhances
statistical power and clinical practice. Second, PSM was applied
to more than 70 baseline covariates, achieving SMDs below 0.1,
thereby minimizing potential confounding. Third, extensive sensi-
tivity analyses, including washout periods, assessment of biologic
switching, exclusion of confounding comorbidities, malignancy,
and application of stringent RA-ILD definitions, consistently sup-
ported our main findings, reinforcing the reliability of the results.
Fourth, comprehensive subgroup analyses (eg, sex, age,
biologic-naïve vs experienced, and oxygen dependence) demon-
strated consistent treatment associations across clinically rele-
vant patient populations, further enhancing the generalizability
and clinical relevance. Lastly, with external causes of morbidity
as a negative control outcome, the results effectively addressed
residual confounding concerns, reinforcing confidence that
observed differences were attributable to treatment strategies
rather than baseline imbalances or confounding biases.

However, several limitations warrant consideration. First,
despite rigorous eligibility criteria and PSM across more than
70 covariates, residual confounding due to unmeasured factors
may still exist, including detailed smoking history, RA disease

activity measures, and ILD severity based on imaging and pulmo-
nary function trajectories. Importantly, despite comprehensive
PSM, residual baseline differences in comorbidity severity might
persist, because rituximab is more frequently prescribed to
patients with greater disease complexity or higher comorbidity
burden. To mitigate this, we conducted comprehensive sensitivity
analyses and subgroup analyses, consistently reinforcing our
main findings. However, residual differences in baseline disease
severity cannot be eliminated by observational methods alone.
Second, despite emulating a target trial, balancing >70 baseline
variables, and confirming robustness in multiple subgroups and
sensitivity analyses, we cannot fully eliminate confounding by indi-
cation. In routine practice, clinicians may preferentially prescribe
abatacept to patients perceived to have milder or less progressive
RA-ILD, potentially biasing the observed survival advantage.
Accordingly, our findings should be interpreted as associations
rather than definitive evidence of causality. Third, diagnostic mis-
classification remains possible, as ILD diagnoses relied on ICD-
10 codes without direct validation from radiologic or complete
pulmonary function test results with pulmonologist. To address
this limitation, we performed sensitivity analyses employing more
stringent diagnostic criteria, maintaining consistent results.
Fourth, adherence to medication regimens could not be con-
firmed directly through prescription data alone. However, sensitiv-
ity analyses excluding patients who switched to other biologics or
JAKi after initiation provided robust findings, possibly indicating
observed effects likely reflect true differences between abatacept
and rituximab treatment. Fifth, our database lacked detailed infor-
mation regarding continuous patient enrollment and health care
coverage changes, potentially leading to incomplete follow-up
data. Although we mitigated this by requiring patients to have at
least two follow-up visits, this limit still exists. Sixth, detailed data
on disease severity, such as clinical medical record and FVC per-
centage predicted, were unavailable, although we incorporated
proxies including DLCO predicted, ESR, and blood gas parame-
ters to partially compensate. Missing data, inherent to real-world
databases, limit comprehensive severity assessment. Seventh,
the TriNetX platform does not provide person-years incidence
rates or detailed at-risk counts required for optimal Kaplan–Meier
plots. Although this limitation restricts certain analyses, HRs still
reliably represent treatment effects. Eighth, due to the limitation
in platform, stratified Cox regression analyses were not available
in comparing analysis, limiting direct statistical control for baseline
heterogeneity. Nevertheless, extensive subgroup analyses helped
confirm consistent effectiveness and safety across clinically rele-
vant patient subgroups. Ninth, retrospective observational
designs inherently limit causality inferences compared with ran-
domized controlled trials. However, our target trial emulation
enhances causal inference beyond typical observational studies
in our best, closely approximating randomized trial conditions.
Lastly, our study population was derived solely from a US-based
health care database, potentially limiting generalizability
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internationally. The differences in genetic backgrounds, disease
severity, and health care systems worldwide may interfere with
outcomes. Future international multiorganization studies are
needed to validate the generalizability of these findings globally.

This large, real-world target trial emulation strengthens the
evidence that abatacept may offer a more favorable outcome than
rituximab in RA-ILD, with consistently lower risks of all-cause mor-
tality across the subgroup and sensitivity analyses. By providing
the first head-to-head comparison of these two biologics, the
study provides a critical evidence gap in RA-ILD management.
Nevertheless, residual confounding by indication cannot be fully
excluded, most notably the likelihood that clinicians reserve aba-
tacept for patients with less aggressive diseases, so the observed
association should not be interpreted as definitive causality. Pro-
spective randomized controlled trials are still required to confirm
whether abatacept leads to a true survival advantage and to guide
future treatment recommendations.
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Distinct HLA Associations for Antibody Multireactivity With
Citrulline-Containing Type II Collagen Epitopes Versus More
Limited Antibody Reactivity With Citrulline-Containing IgG
Epitopes in Rheumatoid Arthritis

S. Janna Bashar,1 Courtney B. Myhr,1 Adam H. Titi,1 Zihao Zheng,1,2 and Miriam A. Shelef1,3

Objective. Anticitrullinated protein antibodies (ACPAs) in rheumatoid arthritis (RA) can be promiscuous, with cross-
reactive binding to many antigens containing short motifs, or private with little cross-reactivity. Also, ACPA reactivity
patterns differ among patients with RA, including for motif-containing epitopes in important self-antigens like collagen
and IgG (bound by RA-associated rheumatoid factors [RFs]), with limited understanding of the underlying mechanism.
The objective of this study was to determine if HLA alleles associate with ACPA reactivity patterns.

Methods. For 100 ACPA+RF+ participants with RA, serum IgG binding was quantified by enzyme-linked immuno-
sorbent assay to 10 citrulline-containing peptides derived from Type II collagen and IgG1 (nine with motifs), and HLA
loci were genotyped. Also, antibody and serum multireactivity were evaluated. HLA alleles present differentially in RA
participants with high versus low IgG binding to specific peptides, as well as with multireactivity versus limited reactiv-
ity were identified by Fisher’s exact test.

Results. Serum IgG multireactivity for citrulline-glycine motif-containing collagen peptides was high, at least par-
tially due to promiscuous antibodies. HLA-DQA1*01:02 was present in more participants with anticitrullinated collagen
antibodies and multireactive sera. In contrast, serum multireactivity was low for IgG1-derived peptides due at least in
part to more private antibodies. Shared epitope–containing HLA-DRB1*04:01 was present more frequently in partici-
pants with RA-associated RFs irrespective of the citrulline-serine motif and less frequently in participants with antici-
trullinated collagen antibodies. Several HLA alleles associated with specific antibody reactivities.

Conclusion. Different HLA alleles may contribute to the different reactivity patterns of promiscuous anticitrullinated
collagen antibodies and more private RA-associated RFs.

INTRODUCTION

Anticitrullinated protein antibodies (ACPAs) are highly spe-

cific markers of rheumatoid arthritis (RA), a chronic autoimmune

and inflammatory disease. Since their initial discovery over two

decades ago,1 much has been learned about how ACPAs bind

an enormous repertoire of antigens. Many ACPAs are actually

multireactive antimodified protein antibodies that can recognize

thousands of citrullinated (arginines converted to citrullines),

homocitrullinated (lysines converted to homocitrullines), and other

antigens.2 The multireactivity of at least some ACPAs appears to

be due to the recognition of very short motifs like citrulline-glycine,

irrespective of protein identity.2 In contrast, other ACPAs are more

selective and bind a limited number of antigens, leading to the

labels “promiscuous” and “private.”3 These different ACPAs bind
a variety of proteins, such as fibrin,4 histones,5 and vimentin,6

some with important roles in RA pathogenesis, in either a specific

or nonspecific manner. The factors that underlie the development

of different ACPAs are still emerging yet are central to understand-

ing RA pathophysiology.
One important autoantibody target in RA is Type II collagen,

an articular cartilage protein. Injection of Type II collagen with
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adjuvant drives inflammatory arthritis in mice,7 and anticollagen
antibodies induce arthritis in naive mice.8 Antibodies against
native Type II collagen are also found in human RA,9 and at least
some of those anticollagen antibodies bind the same conforma-
tional native epitope as a pathogenic murine anticollagen anti-
body.10 People with RA also generate autoantibodies against
citrullinated collagen, even more so than against native colla-
gen.11 Interestingly, IgG in RA can recognize cyclic citrulline–
containing collagen-derived peptides, particularly when a
citrulline-glycine multireactivity motif is present,12 whereas murine
anticollagen antibodies bind to conformational native epitopes.13

Of note, RA antibodies that react with cyclic citrulline–containing
collagen peptides also bind to arthritic joints.14 However, not
everyone with RA generates these antibodies, and there is a wide
variety of IgG-binding patterns to different collagen peptides, even
when citrulline-glycine is present.12 The mechanisms underlying
these differences are poorly understood.

IgG is another important autoantibody target in RA. Rheumatoid
factors (RFs), which recognize the Fc region of IgG, bind ACPA
immune complexes to enhance macrophage-mediated inflam-
mation15 and complement-mediated inflammation.16 RFs are
canonically known to bind two conformational epitopes of
IgG,17,18 but RFs also have unique disease-specific IgG reactiv-
ities and multireactivities.19–22 For example, whereas COVID-19–
associated RFs bind IgG and pathogen epitopes based upon an
aspartic acid–dominated tripeptide motif, RA-associated RFs,
whose reactivity overlaps with multireactive ACPAs, bind
citrulline-containing and homocitrulline-containing linear IgG epi-
topes, potentially due in part to a citrulline-serine motif.20–23 Like
promiscuous and private ACPAs, RFs have varying degrees of
multireactivity.24 Also, similar to anticitrullinated collagen antibod-
ies, RA sera have differing patterns of RA-associated RF binding
to IgG epitopes despite the presence of citrulline-serine,20–23 with
no clear underlying mechanism.

One factor that may underlie the development of antibodies
with different reactivities is the HLA. RA risk and ACPAs are most
famously linked to HLA alleles with the shared epitope, a five
amino acid consensus sequence found in HLA-DRB1.25,26

Shared epitope–containing HLAs have been reported to have
preferential affinity for citrulline-containing peptides, although
variability exists among HLAs and peptides.27–31 Also, HLA alleles
without the shared epitope, including HLA-DQ and HLA-DP
alleles, as well as amino acids outside of the shared epitope
region have been associated with RA, ACPAs, and the presenta-
tion of citrulline-containing peptides.32–36

Some work has been done to evaluate HLA alleles in the
context of specific antibodies as well. Because RA-associated
RFs are newly identified, no HLA studies have been performed.
However, antibodies against Type II collagen were found to be
associated with HLA-DRB1*01 and HLA-DRB1*03, but the spe-
cific anticollagen antibodies and the specific HLA alleles are
unknown.37 Also, HLA-DRB1*04 was found to be associated

with private antibodies against a native Type II collagen triple
helical peptide, a citrulline-containing α-enolase peptide, and
citrullinated fibrinogen.38 However, neither specific HLA alleles
nor multireactive antibodies were described. These findings pro-
vide evidence of a role for HLA in shaping the RA autoantibody
repertoire, but mysteries remain regarding how HLA alleles relate
to specific antibodies and multireactivity. Thus, the objective of
this study was to determine if specific HLA alleles associate with
specific anticitrullinated collagen antibodies, RA-associated RFs,
and/or multireactivity to better understand the development of
pathogenic antibodies in RA.

MATERIALS AND METHODS

Human subjects.Human subjects research was approved
by the University of Wisconsin Institutional Review Board and was
conducted in compliance with the Declaration of Helsinki. All
human subjects provided written informed consent. Sera
and DNA from subjects diagnosed with RA by a rheumatologist
and with anti–cyclic citrullinated peptide and RF levels more than
two times the upper limit of normal as well as sera from control
subjects without known autoimmune or inflammatory disease as
previously defined were obtained from the University of Wisconsin
Rheumatology Biorepository.39,40 Participants with RA are
described in Supplementary Table 1.

Enzyme-linked immunosorbent assay. Enzyme-linked
immunosorbent assay (ELISA) was performed as previously
described21 with minor modifications. ELISA plates were incu-
bated with a 0.1 μM concentration of peptides (Supplementary
Table 2), incubated with sera diluted at 1:500 for collagen Type II
α1 (COL2A1) and 1:200 for IgG1 peptides, and IgG was detected
with mouse anti-human IgG (clone JDC-10, SouthernBiotech).
RA sera with IgG binding values >1 SD above mean control IgG
binding to each citrulline-containing peptide (marked with a B to
represent the amino acid citrulline) were defined as “high binding”
or “positive” versus all other sera defined as “low binding” or
“negative.”

HLA genotyping. Genotyping of HLA-DPA1, HLA-DPB1,
HLA-DQA1, HLA-DQB1, HLA-DRB1, and HLA-DRB345 alleles
was performed using next-generation sequencing by CD
Genomics.

Antibody purification. Antibodies that bind to COL2A1-
885B and IgG1-289B were purified and used in ELISA as
previously,20 with modifications. Briefly, streptavidin-sepharose
beads (Abcam, Waltham, MA) were incubated with an equal vol-
ume of 0.02 mM biotinylated peptide, washed, and loaded onto
a column. Sera diluted 1:4 were added and incubated overnight
at 4�C; columns were then washed, and antibody was eluted
from the beads and concentrated using Amicon Ultra 30 kDa
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molecular weight cut-off filters (MilliporeSigma, Burlington, MA).
Antibody concentration was determined by ELISA using standard
curves generated from purified IgG (Novus Biologicals, Centen-
nial, CO). Purified antibodies were tested at 20 ng/mL to deter-
mine multireactivity.

Statistics. IgG-binding levels were compared by Kruskal-
Wallis test with Dunn’s multiple comparisons test for more than
two groups and a Mann-Whitney test for two groups. The fre-
quency of the presence of at least one copy of each unique HLA
allele was compared for high and low binding groups by Fisher’s
exact test. All analyses were performed using Prism (GraphPad
Software, San Diego, CA), and P < 0.05 was considered
significant.

RESULTS

We began by evaluating IgG binding in seropositive RA to all
possible 12 amino acid linear peptides from COL2A1 in native,
citrulline-containing, and homocitrulline-containing forms using
data from two previously published high-density peptide
arrays.23,41 We observed very high binding to many citrulline-
containing peptides and more modest binding to homocitrulline-
containing peptides (Supplementary Figure 1), consistent with
previous results for these subjects and linear peptides derived
from other proteins.21,23 Also, the highest bound peptides over-
whelmingly contained citrulline-glycine, suggesting that this multi-
reactivity motif is a major factor in anticitrullinated collagen
reactivity.

To better understand the differential reactivities of potentially
pathogenic anticollagen antibodies that target citrulline-glycine,
we honed in on five linear COL2A1 peptides that contained
citrulline-glycine, were highly bound by RA IgG in the array exper-
iments, and had homologous epitopes in mice bound by arthrito-
genic autoantibodies when the peptides were in their triple helical
form.10,13,42 In ELISA, we saw, as expected, significantly higher
IgG binding in RA to the citrulline-containing form than the native
form of all five COL2A1 peptides, as well as higher binding in RA
than in controls (Figure 1A). Also, similar to antibody binding to
cyclic citrulline–containing collagen-derived peptides,12 different
RA sera demonstrated different degrees and patterns of IgG reac-
tivity to the linear citrulline-containing peptides despite the pres-
ence of citrulline-glycine (Figure 1B). However, in general, serum
multireactivity was high with >50% of sera with reactivity to any
collagen peptide demonstrating reactivity against all five peptides
(Supplementary Figure 2). Sera with anti–COL2A1-751B antibod-
ies had the highest level of multireactivity. Among sera with these
antibodies, 88% had IgG that bound four or five peptides.

We also evaluated IgG binding to five IgG1-derived citrulline-
containing peptides that are known to be bound at high levels in
seropositive RA, four of which have citrulline-serine.20–22 As with
COL2A1, RA sera had significantly more binding to citrulline-

containing IgG1 peptides than control sera, with variability among
sera in both the degree and pattern of reactivity (Figure 2). In con-
trast to COL2A1, serum multireactivity was low for the citrulline-
containing IgG1-derived peptides (Supplementary Figure 2).
Among sera with IgG that bound any IgG1 peptide, only approxi-
mately 10% had IgG that bound all five IgG1 peptides and
approximately one-third had IgG that bound four to five peptides.
Sera with any reactivity with IgG1-derived peptides most com-
monly bound two or three IgG1 peptides, as opposed to five pep-
tides for collagen. However, it should be noted that the higher and
more variable RA-associated RF levels in controls raises the cut-
off for positivity in RA, which may underestimate RA-associated
RF presence in our cohort.

Nonetheless, given the differences in multireactivity among
sera for collagen- and IgG1-derived peptides, we evaluated anti-
body promiscuity. Antibodies that bind COL2A1-885B were ele-
vated in all 40 of the RA sera with reactivity to at least four
collagen peptides as well as sera with more limited reactivity. Also,
COL2A1-885B has only one citrulline and thus likely only one epi-
tope recognized by purified ACPAs. Therefore, we purified anti-
bodies that bound to COL2A1-885B from three subjects with
reactivity to all 5 peptides and three subjects with reactivity to
2 peptides and evaluated IgG binding of the anti-COL2A1-885B
antibodies to all 10 COL2A1 and IgG1 peptides. As shown in
Figure 3A, anti–COL2A1-885B antibodies from multireactive sera
bound all five collagen peptides but not any IgG1 peptides
despite serum multireactivity with IgG1-derived peptides. The
binding of anti–COL2A1-885B antibodies from limited reactivity
sera primarily mirrored serum reactivity but not quite as closely
as for the multireactive sera.

We performed similar experiments evaluating multireactivity
with IgG1 peptides (Figure 3B). As noted above, serummultireac-
tivity was low for IgG1-derived peptides. However, anti–
IgG1-289B antibodies were present in all but 1 of the 13 RA
serum samples with multireactivity to four or five peptides. More-
over, anti–IgG1-289B antibodies were present at sufficiently high
levels for antibody purification experiments, and IgG1-289B con-
tains only a single citrulline, a combination of features not present
for the other four peptides. Thus, we purified anti–IgG1-289B
antibodies from sera that bound 4 to 5 IgG1 peptides or 2 IgG1
peptides and evaluated IgG binding to all 10 peptides. In contrast
to the anti–COL2A1-885B results, anti–IgG1-289B antibodies
purified from two of three multireactive sera had no cross-
reactivity with the other peptides. Anti–IgG1-289B antibodies
purified from limited reactivity sera more closely mirrored serum
reactivity. Taken together, these data suggest that promiscuous
antibodies contribute to high serum multireactivity with citrulline-
glycine–containing collagen-derived peptides, whereas multiple,
more private antibodies may underly the low serum multireactivity
to IgG1-derived peptides.

We then evaluated if the presence of IgG that binds to spe-
cific peptides might correlate with specific HLA alleles. We
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genotyped the HLA loci of the participants with RA and then
determined if specific alleles were more highly represented in par-
ticipants with RA with high or low binding for each peptide. For
collagen (Table 1), we identified DQA1*01:02 as present in a
higher percentage of RA participants with high IgG binding to

COL2A1-751B versus low IgG binding to that peptide. In con-
trast, DRB3*02:02, DQA1*05:05, and shared epitope–containing
DRB1*04:01 were present in more RA participants with low IgG
binding to COL2A1-885B, COL2A1-976B, and COL2A1-693B,
respectively.

Figure 1. High, yet variable, IgG binding to citrulline-containing Type II collagen-derived linear peptides in RA. (A) IgG binding measured by
enzyme-linked immunosorbent assay for RA (n = 32) and control sera (n = 32) to five native linear COL2A1 peptides and IgG binding of control sera
(n = 32) to the citrulline-containing form of the peptides were compared to IgG binding for RA sera (n = 100) to the citrulline-containing peptides by
Kruskal-Wallis with Dunn’s multiple comparisons test (***P < 0.001; ****P < 0.0001; gray bars indicate medians; dashed lines indicate cut-offs for
high IgG binding 1 SD above the mean for control IgG binding to citrulline-containing peptides). (B) Heatmap of positive binding (red) for each par-
ticipant with RA (column) and peptide (row). abs, absorbance; B, citrulline; COL2A1, collagen Type II α1; RA, rheumatoid arthritis Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43424/abstract.

Figure 2. Increased, but variable, IgG binding to citrulline-containing IgG1 peptides in RA. (A) IgG binding measured by enzyme-linked immunosor-
bent assay for control (n = 50) versus RA sera (n = 100) to citrulline-containing IgG1-derived peptides was evaluated by Mann-Whitney test (****P <
0.0001; gray bars indicate medians; dashed lines indicate cut-offs for high IgG binding 1 SD above the mean for control IgG binding). (B) Heatmap
of positive binding (red) for each participant with RA (column) and peptide (row). abs, absorbance; B, citrulline; RA, rheumatoid arthritis. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43424/abstract.
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For IgG binding to IgG1-derived peptides (Table 2), we found
that shared epitope–containing DRB1*04:01 is present in more
RA participants with high IgG binding to IgG1-167B, whereas
DPB1*03:01 is present in more participants with low binding to
that peptide. Also, DQA1*01:05 and shared epitope–containing
DRB1*10:01 were present more frequently in high IgG-binding
subjects, and DPB1*04:02 in more low IgG-binding subjects for
IgG1-219B. However, all participants who had DRB1*10:01 also
had DQA1*01:05 and vice versa, making differentiating between
those two alleles for analysis impossible.

Given the multireactivity observed for collagen peptides, we
were surprised that each HLA variant associated with antibodies
for only a single collagen peptide, although the only positive asso-
ciation (DQA1*01:02; Table 1) was with the antibody that had the
highest level of serum multireactivity (IgG anti–COL2A1-751B;
Supplementary Figure 2). Because our sample size was only
100, we hypothesized that patterns of associations might be
revealed if we looked at trends, not just significant P values. So,
for each HLA variant significantly associated with antibodies that
recognized any peptide, we created a heatmap of association

trends for all 10 peptides. As shown in Figure 4, participants with
IgG that binds any of the five collagen peptides show at least a
trend toward more frequent presence of DQA1*01:02 and less
frequent presence of DRB3*02:02. DQA1*05:05 had similar
results as DRB3*02:02 but for only four of five peptides. Less uni-
formity was seen for the IgG1-derived peptides, with no HLA
demonstrating even a trend toward association with antibodies
against all five peptides. However, DRB1*04:01 had at least a
trend toward increased presence in participants with IgG that
binds IgG1-131B, IgG1-167B, or IgG1-236B. Combined with
the positive association of DRB1*10:01 with IgG anti–IgG1-219B,
at least a trend toward more frequent presence of shared
epitope–containing HLA exists for participants with RA-
associated RFs. Of note, the negative association of
DRB1*04:01 with IgG that binds citrulline-containing collagen
peptides was not uniform across citrulline-glycine–containing
peptides.

Next, we evaluated the relationship between HLA and serum
multireactivity. We compared HLA presence for participants with
IgG binding to multiple peptides versus limited or no binding. For

Figure 3. Rheumatoid arthritis antibody and serum multireactivity for Type II collagen- and IgG1-derived peptides. (A) Antibodies that bind the
COL2A1-885B peptide were purified from three sera multireactive for all five collagen peptides and three sera with IgG reactivity to only two colla-
gen peptides. IgG anti–COL2A1-885B binding to the five collagen and five IgG peptides was quantified by enzyme-linked immunosorbent assay.
(B) Antibodies that bind to the IgG1-289B peptide were purified from sera with reactivity to four or five IgG1 peptides or reactivity to two IgG1 pep-
tides and then tested in enzyme-linked immunosorbent assay for binding to all 10 peptides as in (A). Letters indicate specific participants. Positive
results for serum reactivity according to previously noted cut-offs, and binding values >5% of the peptide used to purify the tested antibody are
depicted in red. COL2A1, collagen Type II α1. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/
doi/10.1002/art.43424/abstract.

Table 1. Association of HLA alleles with IgG that binds specific Type II collagen peptides*

Peptide HLA allele
Allele frequency in

high binders
Allele frequency in

low binders P valuea

COL2A1-693B, n/N (%) DRB1*04:01 19/55 (35) 25/45 (56) 0.044
COL2A1-751B, n/N (%) DQA1*01:02 18/43 (42) 12/57 (21) 0.029
COL2A1-885B, n/N (%) DRB3*02:02 1/54 (2) 6/46 (13) 0.046
COL2A1-976B, n/N (%) DQA1*05:05 1/51 (2) 7/49 (14) 0.029

* COL2A1, collagen Type II α1.
a Fisher’s exact test.
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the collagen peptides, DQA1*01:02 was present in 43% of the
40 participants with RA with multireactivity across four to five pep-
tides versus 22% of the 60 subjects with limited or no reactivity
(0–3 peptides; P = 0.044). Moreover, all multireactive sera bound
COL2A1-885B, and DQA1*01:02 was present in 43% of those
40 participants compared to only 14% of the 14 participants with
anti–COL2A1-885B and limited reactivity (1–3 peptides, P =
0.058). For IgG1 peptides, only 13 participants had multireactivity
across four to five peptides, which limited analysis. However,
34 participants had high IgG binding to three to five IgG1 pep-
tides, and DRB1*04:01 was more frequent in these participants
than in participants with binding to zero to two peptides (59% ver-
sus 36%; P = 0.036). These HLA associations with multireactivity
are consistent with the peptide-specific associations depicted in
Figure 4. Together, these data suggest that multireactivity to
citrulline-glycine–containing collagen peptides is associated with
HLA-DQA1*01:02, whereas reactivity with some IgG1 peptides,
with or without citrulline-serine, is associated with HLA-
DRB1*04:01.

One factor to consider regarding these results is the high
level of linkage disequilibrium among HLA alleles. Therefore, for

HLA alleles commonly in linkage disequilibrium43 with
DRB1*04:01 or DQA1*01:02 that were present in more than one
participant in our cohort, we included the P values (all >0.05) for
the above analyses (Supplementary Table 3). We also evaluated
the association for each partial haplotype (ie, the combination
of the allele of interest and the allele in linkage disequilibrium) for
each antibody and multireactivity (Supplementary Table 4). The
only statistically significant results were reduced presence of
DRB1*04:01/DQB1*03:02 in participants with versus without
IgG anti–COL2A1-693B (20% versus 40%; P = 0.045), IgG anti–
COL2A1-976B (20% versus 39%; P = 0.047), and anticollagen
multireactivity (18% versus 37%; P = 0.045). These findings are
consistent with the negative association of DRB1*04:01 with IgG
anti–COL2A1-693B (Table 1) and the trend toward a negative
association of DRB1*04:01 with anticollagen multireactivity
(Supplementary Table 3; DRB1*04:01 present in 33% of people
with versus 52% of people without anticollagen multireactivity;
P = 0.067).

Finally, intrigued by the opposite relationship of DRB1*04:01
with antibodies that recognize IgG1 versus collagen peptides, we
divided participants into four groups: multireactivity for collagen

Figure 4. Heatmap of HLA presence in participants with rheumatoid arthritis with IgG binding to citrulline-containing collagen and IgG1 peptides.
For each HLA allele significantly associated with an antipeptide antibody in participants with rheumatoid arthritis, we depicted in a heatmap the
association of that HLA allele with all 10 antibodies. Cells are colored different shades of green (HLA allele present more frequently in subjects with
the antibody versus without) or blue (HLA allele present less frequently in subjects with the antibody versus without) based on the P value in a Fish-
er’s exact test. White cells represent P ≥ 0.5. HLA alleles in bold contain the shared epitope, and peptide in gray has neither citrulline-serine or
citrulline-glycine. COL2A1, collagen Type II α1.

Table 2. Association of HLA alleles with IgG that binds specific IgG1 peptides

Peptide HLA allele
Allele frequency
in high binders

Allele frequency
in low binders P valuea

IgG1-167B, n/N (%) DRB1*04:01 19/30 (63) 25/70 (36) 0.015
DPB1*03:01 1/30 (3) 14/70 (20) 0.035

IgG1-219B, n/N (%) DPB1*04:02 5/35 (14) 23/65 (35) 0.035
DQA1*01:05b 4/35 (11) 0/65 (0) 0.013
DRB1*10:01b 4/35 (11) 0/65 (0) 0.013

a Fisher’s exact test.
b The same four subjects possessed both of these alleles.
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and IgG1 peptides, multireactivity for collagen only, multireactivity
for IgG1 only, and no multireactivity (Supplementary Figure 3A).
We then compared the presence of each allele in a pairwise man-
ner using a Fisher’s exact test. The only significant associations
were found for DRB1*04:01, potentially due to the smaller sample
sizes that result from dividing participants into four groups, with
the strongest trend seen for DQA1*01:02. As shown in Supple-
mentary Figure 3B, DRB1*04:01 was present in 74% of partici-
pants with multireactivity for IgG1 and not collagen, the two
conditions positively associated with DRB1*04:01, compared
with 28% of participants with multireactivity for collagen and not
IgG1, the two conditions negatively associated with DRB1*04:01
(P = 0.006). The difference was less dramatic when comparing
the presence of DRB1*04:01 in participants with multireactivity
for IgG1 and not collagen versus participants with only one condi-
tion positively associated with DRB1*04:01 (ie, no multireactivity;
74% versus 41%; P = 0.027) or multireactivity with both peptides
sets (74% versus 40%; P = 0.080). In contrast, DQA1*01:02
strongly trended toward greater presence in participants with
multireactivity to collagen only as compared with subjects without
collagenmultireactivity either with (48% versus 16%; P = 0.052) or
without (48% versus 24%; P = 0.062) IgG1 multireactivity.
Together, these data re-enforce the positive association of
DRB1*04:01 with both the presence of IgG1 multireactivity and
the absence of collagen multireactivity as compared with the pos-
itive association of DQA1*01:02 with collagen multireactivity inde-
pendent from IgG1 multireactivity.

DISCUSSION

This study aimed to determine if specific HLA alleles associ-
ate with specific anticitrullinated collagen antibodies, RA-
associated RFs, and/or multireactivity in RA. We discovered a
novel positive association between DQA1*01:02 and multireactiv-
ity with citrulline-glycine–containing Type II collagen-derived pep-
tides. Further, we found a positive association of shared
epitope–containing DRB1*04:01 with antibodies that bind
citrulline-containing IgG epitopes in a more limited manner and a
negative association of DRB1*04:01 with antibodies that bind
citrulline-glycine–containing collagen peptides. We also identified
several new HLA associations with specific antibodies.

To assess HLA associations, we first evaluated reactivity pat-
terns of RA sera with collagen- and IgG1-derived peptides. As
expected, sera had a variety of IgG-binding patterns across par-
ticipants, even when citrulline-glycine or citrulline-serine motifs
were present. However, serum multireactivity was more
prominent for collagen than IgG1 peptides. Similarly, purified
anti–COL2A1-885B antibodies were promiscuous, and anti–
IgG1-289B antibodies were more private. The multireactivity
against collagen peptides is likely due to the presence of
citrulline-glycine, not the collagen protein, because citrulline-
glycine is a motif for ACPA antigens based on a wide variety of

peptides derived from many different proteins.2,23,44 Type II colla-
gen has many citrulline-glycine pairs, which may underlie its fre-
quent targeting in RA. In contrast, citrulline-serine was only
identified in a single study, and it was a motif for RA serum IgG
binding, not monoclonal ACPA binding.23 Thus, citrulline-serine
could be a motif for more private antibodies that, perhaps, have
unique reactivities based on binding to amino acids that neighbor
the motif. Additional studies are needed to evaluate citrulline-
serine, citrulline-glycine, IgG1, and collagen more independently
to draw definitive conclusions.

The differential multireactivity for antibodies that bind
citrulline-containing collagen and IgG epitopes is intriguing, espe-
cially in the context of RA development. Because antibodies that
bind citrullinated collagen have a high likelihood of being promis-
cuous, the original tolerance-breaking antigen is unknown.
Because of molecular mimicry with Epstein-Barr virus proteins,
citrullinated Type II collagen could be an original antigen driving
RA.45 Alternatively, tolerance could be lost at a mucosal
surface,46 with promiscuous ACPAs developing during the pre-
clinical ACPA expansion period,47 perhaps due to epitope
spreading. The promiscuous ACPAs could then bind citrullinated
collagen in a nonspecific, although potentially pathogenic, man-
ner. In contrast, RA-associated RFs appear to be more private,
although not completely private given some cross-reactivity
(Figure 3) and the binding of some promiscuous ACPAs to
citrulline-containing and homocitrulline-containing IgG epi-
topes.21 Given this level of privacy, the presence of IgG at sites
of infection, IgG citrullination,48 and RF cross-reactivity with path-
ogen antigens,20,49 tolerance could be specifically lost for citrulli-
nated IgG early on the path to RA.50 However, future studies
evaluating these antibodies in the preclinical RA period would be
needed to more definitely determine antigen chronology.

In addition to, or perhaps due to, the differences in multireac-
tivity, we identified different HLA associations for anticitrullinated
collagen antibodies and RA-associated RFs. DQA1*01:02 was
the only HLA allele positively associated with citrullinated collagen
reactivity in our cohort. It was present in more RA participants with
IgG binding to COL2A1-751B (Table 1), the antibody with the
most associated serum multireactivity (Supplementary Figure 2),
with similar trends for the other collagen peptides (Figure 4).
DQA1*01:02 was also present in more RA participants with
serum multireactivity to collagen peptides. Finally, among RA par-
ticipants with anti–COL2A1-885B (whose anticollagen multireac-
tivity mirrored that of serum; Figure 3), those with multireactive
sera had a strong trend of more frequently having DQA1*01:02
than those with limited reactivity sera. Together, these data sug-
gest, albeit to some extent indirectly, that DQA1*01:02 is associ-
ated with promiscuous IgG that binds to citrulline-glycine–
containing collagen peptides. To the best of our knowledge,
these findings provide the first evidence for a role for
DQA1*01:02 in RA as well as the first positive HLA association
with multireactivity. Interestingly, DQA1*01:02 is associated with
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increased lupus risk in multiple populations,51 and lupus autoanti-
bodies can be promiscuous,52 raising the possibility that
DQA1*01:02 could contribute to the development of promiscu-
ous antibodies across diseases.

As opposed to the increased presence of DQA1*01:02 in
participants with RA with anticitrullinated collagen antibodies,
there was a decreased presence of DRB3*02:02 and
DQA1*05:05, most prominently in RA participants with anti–
COL2A1-885B and anti–COL2A1-976B, respectively (Table 1),
as well as anticollagen antibodies in general (Figure 4). Given
these broad associations across citrulline-glycine–containing col-
lagen peptides, these HLAs may be negatively associated with
multireactivity. Little is known about these two alleles in the con-
text of RA, leaving many unanswered questions about how they
could protect against the formation of promiscuous RA autoanti-
bodies. Also, there was a decreased presence of shared
epitope–containing DRB1*04:01 in RA participants with anti–
COL2A1-693B with a similar trend for anti–COL2A1-751B. Con-
sistent with these findings, there was a trend toward a negative
association of DRB1*04:01 with anticollagen multireactivity and
a significant negative association of the DRB1*04:01/
DQB1*03:02 partial haplotype with IgG anti–COL2A1-693B, IgG
anti–COL2A1-976B, and anticollagen multireactivity. Interest-
ingly, DRB1*04 positively associates with the native form of a pep-
tide almost identical to COL2A1-558 (CIII),38 suggesting different
HLA associations for citrullinated versus native epitopes of Type
II collagen.

As opposed to the negative association with anticitrullinated
collagen antibodies, DRB1*04:01 was present more frequently
in RA participants with IgG anti–IgG1-167B (Table 2) with a similar
trend for IgG1-131B and IgG1-236B (Figure 4). DRB1*04:01 was
also present more frequently in RA participants with serum multi-
reactivity for IgG1 peptides. However, multireactivity was low for
RA-associated RFs, and IgG1-167B does not have citrulline-
serine. Thus, DQA1*01:02 may be associated with promiscuous
citrulline-glycine–reactive anticollagen antibodies, whereas
DRB1*04:01 may be associated with a subset of more private
RA-associated RFs. Interestingly, another shared epitope–
containing HLA, DRB1*10:01, was more frequent in RA partici-
pants with IgG anti–IgG1-219B (although, as noted above, it is in
complete linkage disequilibrium with DQA1*01:05, limiting the
strength of this association). Nonetheless, shared epitope–
containing HLA could be positively associated with private
ACPAs, including RA-associated RFs, in contrast to a negative
association with promiscuous citrulline-glycine–reactive anticolla-
gen antibodies. In support of this conclusion, shared epitope–
containing HLAs recently have been shown to associate with
noncitrulline-glycine motif ACPAs more than citrulline-glycine
motif ACPAs.53 Also consistent with this finding is the positive
association of DRB1*04 with three private antibodies38 and the
positive association of DRB1*04:01 with ACPAs that bind a
citrulline-containing fibrin peptide without citrulline-glycine

(SGIGTLDGFBHBHPD).54 These studies did not evaluate the
HLA-DQ locus, but future studies should.

Finally, DPB1*04:02 and DPB1*03:01 were present more
commonly in participants with RA with low binding to
IgG1-219B and IgG1-167B, respectively. How DPB1 alleles
impact RA development is only emerging,32 and the relationship
between DPB1*04:02 and DPB1*03:01 and RA-associated RFs
will require more exploration.

The mechanism underlying the associations of HLAs with
autoantibodies is not completely clear but may be due to HLA-
binding affinities for antigens, as previously explored for shared
epitope–containing alleles. The more frequent presence of
DRB1*04:01 in participants with RA-associated RFs, two that
bind a peptide with citrulline-serine and one that binds a peptide
without a motif, is consistent with DRB1*04:01 binding a variety
of peptides with different amino acids adjacent to citrulline.29,36

DRB1*10:01, which was positively associated with anti–
IgG1-219B, has similar variability.55,56 Moreover, the negative
association of DRB1*04:01 with anti–COL2A1-693B in our study
is consistent with poor binding of DRB1*04:01 to a citrulline-
containing collagen peptide with five identical amino acids
(BGFPG) as COL2A1-693B.56 These different binding patterns
may be explained by the shared epitope–defined P4 pocket con-
tacting citrulline28 and the nonshared epitope residues of other
pockets differentially driving affinity for the rest of the peptide anti-
gen.29 Thus, differential HLA affinity may be driving the differential
HLA associations with specific antibodies. Alternatively, the hap-
ten carrier model, in which PAD4 (carrier) is targeted by T cells
that help B cells reacting to citrullinated peptides (haptens),57

may be contributing to the development of private and/or promis-
cuous ACPAs.

There are several limitations to our study. Most importantly, our
sample size is small, which prevents statistical significancewhen cor-
recting for multiple comparisons. Also, our participants are all North
American and 85%White (Supplementary Table 1). These limitations
reduce the statistical power, robustness, and generalizability of our
findings. To partially address the issue of statistical power, we pro-
vided information about potentially biologically relevant trends,
although these findings must be interpreted with caution. Further,
although we performed a partial analysis of haplotypes, the small
sample sizemay have led us to underestimate the contributions from
alleles in linkage disequilibrium. Also, we were unable to purify anti-
bodies that bind all 10 peptides from all sera to comprehensively
evaluate multireactivity, limiting the strength of our conclusions about
HLA associations with multireactivity. Additionally, our studies did not
include peptides with citrulline-glycine or citrulline-serine that were
not collagen derived or IgG1 derived, respectively, or collagen pep-
tides that did not contain citrulline-glycine, preventing us from differ-
entiating between findings due to motifs versus specific proteins.
Peptides also represented only linear, and not conformational, epi-
topes. Finally, we only demonstrated HLA associations with antibod-
ies; thus, mechanisms remain unknown.
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Nonetheless, this study identified a novel positive association
for DQA1*01:02 and a negative association for DRB1*04:01 with
promiscuous antibodies that bind citrulline-glycine–containing
Type II collagen-derived peptides in RA as well as a positive asso-
ciation between shared epitope–containing HLA alleles, most
prominently DRB1*04:01, and RA-associated RFs, which appear
to be more private. Future studies evaluating additional peptides
from other important antigens as well as larger, more diverse
cohorts are needed to further refine these associations as well
as to define the underlying mechanisms.
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Gut Microbiota–Derived Tryptophan Indole Metabolites
Ameliorate Collagen-Induced Arthritis in Mice Via Aryl
Hydrocarbon Receptor Activation

Liang Wu,1 Qiuping Zhang,1 Zhigang Tang,1 Yanhong Li,1 Tong Wu,1 Lvyi Chen,2 Chunyu Tan,1 Lingshu Zhang,1

Xing Ji,1 Sijun Zhang,1,3 Yinlan Wu,1 Aline Bozec,4 Mario M. Zaiss,4 and Yubin Luo1,3

Objective. Our study’s objective is to investigate the specific role of tryptophan metabolism, especially that of
microbiome-derived metabolites, in the development of rheumatoid arthritis (RA).

Methods. We employed metabolomics to profile metabolites in 53 individuals at high risk for RA (PreRA),
30 patients with established RA, and 38 healthy individuals. Fecal microbiota transplantation (FMT) and collagen-
induced arthritis (CIA) mouse models were used to investigate the impact of gut microbiome on arthritis severity, gut
barrier function, and metabolic change. Treg cell differentiation and epithelial cells’ barrier function were assessed by
flow cytometry, immunofluorescence staining, and Western blotting. Co-immunoprecipitation and luciferase were
applied for molecular mechanism studies.

Results. Dysregulated tryptophan metabolism exists in individuals with RA and PreRA, as well as in FMT mice,
characterized by a shift toward the kynurenine pathway and reduced activity of serotonin and indole pathways.
Indole-3-lactic acid (ILA) and indole-3-acetic acid (IAA) significantly alleviated arthritis in CIA mice by expanding Treg
cells via the classical aryl hydrocarbon receptor (AhR)–aryl hydrocarbon receptor nuclear translocator–xenobiotic
response element signaling pathway. Moreover, ILA repaired the leaking gut by increasing Zo-1 and occludin expres-
sion in Caco-2 cells, which was blocked by AhR antagonist CH223191. Moreover, CH223191 treatment could signifi-
cantly reverse the improving effects of ILA and IAA on arthritis in mice.

Conclusion. These findings indicate that tryptophan indole metabolites may play a negative regulatory role in the
progression of RA by affecting Treg cell development and intestinal gut barrier function.

INTRODUCTION

Numerous studies have demonstrated a critical role of gut

microbiota dysbiosis in the pathogenesis of both preclinical

and established rheumatoid arthritis (RA).1–3 One of the key

processes begins at the intestinal epithelial barrier, which is

characterized by reduced levels of tight junction proteins such

as zonulin-1 (ZO-1).1,2 This disruption leads to the breakdown

of immunologic self-tolerance in the mucosal immune system,

accompanied by expansion of T helper 17 (Th17) cells. These

Th17 cells or bacteria may disseminate to distal organs, such

as synovial joints, thereby eliciting inflammatory responses.2

Another consequence of gut microbiota dysbiosis is the aber-

rant metabolic profile observed in individuals at the preclinical

and established RA stages.1,4–6 Metabolites, especially those

regulated by the gut microbiota, may also participate in the

etiology of RA initiation or development. However, whether

other types of metabolites in addition to short-chain fatty

acids regulate immune function in RA has not been fully

elucidated.
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Tryptophan (Trp) is an indispensable amino acid that
humans cannot synthesize and is supplied by dietary protein.
Trp can be metabolized through three major pathways: the
kynurenine (Kyn), serotonin, and indole pathways. Multiple stud-
ies have shown a skewed distribution of Trp metabolites in auto-
immune diseases such as RA, systemic lupus erythematosus,
and spondyloarthritis, characterized by an elevated Kyn/Trp
ratio in the serum and urine.7–12 Gut microbiota dysbiosis
induces lupus-like autoimmunity in mice through an increase in
Kyn. Low dietary tryptophan prevents autoimmune pathology,
whereas high dietary tryptophan exacerbates the disease.13

Seymour et al demonstrated that increases in Trp-derived
indoles are required for the development of collagen-induced
arthritis (CIA).14 However, Moulin et al reported that an overacti-
vated Kyn pathway but a relative deficiency of kynurenic acid
(KYNA) and xanthurenic acid (XA) metabolites affects RA devel-
opment. Moreover, the administration of the recombinant ami-
noadipate aminotransferase, a recombinant form of Kyn
aminotransferase 2, has been shown to have a protective effect
on CIA mice by restoring KYNA and XA production,15 indicating
that counteracting Trp catabolism alterations may be a new ther-
apeutic strategy for RA therapy.

Unlike the serotonin and Kyn pathways, which rely on
endogenous host Trp metabolism, enzymes in the intestinal
microbiota catabolize Trp into various bioactive metabolites.
These metabolites serve as key signaling molecules in host–
microbial cross-talk and contribute to intestinal and systemic
homeostasis.16,17 Numerous gram-negative bacteria, such as
Escherichia coli, as well as gram-positive species, including Clos-
tridium spp and Bacteroides spp, synthesize indole from Trp via
the tryptophanase enzyme.16,18 Other bacteria, such as Clostrid-
ium sporogenes, convert tryptophan into indole-3-lactic acid
(ILA), indole 3-propionic acid (IPA), and indole-3-aldehyde via var-
ious other metabolic pathways.19–21 Other groups of bacteria
capable of converting tryptophan include Lactobacillus, Bacter-
oides, Clostridium, Lactobacillus reuteri, and Lactobacillus spp.
has been reported to convert tryptophan to ILA.22,23 Several
Bacteroides species and Clostridium bartlettii can also catabolize
tryptophan into ILA and indole-3-acetic acid (IAA),24 whereas
Bifidobacterium spp can produce ILA.24,25 To date, whether
changes in the levels of indole metabolites associated with gut
microbiota dysbiosis contribute to arthritic diseases in humans
remains unknown, especially in the early stage of the disease.

The aryl hydrocarbon receptor (AhR) is a transcription factor
activated by environmental pollutants in addition to a numerous
Trp metabolites derived from either the microbiota or the endoge-
nous Kyn pathway.26 Importantly, AhR activation by some of these
ligands has been linked to the differentiation and function of both
innate and adaptive immune cells,27 highlighting the importance of
the Trp-AhR axis in modulating immunity. Many indole derivatives
are known AhR ligands and thus function as immune modulatory
compounds.26 For example, Lactobacillus reuteri–derived ILA

activates AhR to generate immunoregulatory CD4+CD8+ intrae-
pithelial lymphocytes.22 Tryptamine and indole-3-acetate reduce
fatty acid– and lipopolysaccharide (LPS)-stimulated production of
proinflammatory cytokines in macrophages and suppress inflam-
matory responses in hepatocytes.28

The present study tested the hypothesis that gut microbiota
dysbiosis in RA disrupts the balance of immunomodulatory
microbiota metabolites derived from the microbiota, thereby
increasing susceptibility to arthritis in mice. We used a metabolo-
mics approach to identify the commonly altered metabolite types
between patients with PreRA (individuals at high risk for RA) and
RA as well as gut microbiota–derived tryptophan indole catabo-
lites. Moreover, the effects of altered indole metabolites on
immune reactions and gut barrier function, as well as the potential
mechanism, were assessed both in vitro and in vivo.

METHODS

Study cohort, patient characteristics, and sample
collection. The study procedure was approved by the Biomedi-
cal Research Ethics Committee, West China Hospital of Sichuan
University (no. 2021[790]), and informed written consent was
obtained from all participants according to the Declaration of
Helsinki. Patients with PreRA were consecutively recruited from
West China Hospital, Sichuan University, China, between April
2017 and May 2021. These participants had positive serum anti-
citrulline protein antibody (ACPA), with or without arthralgia at
the time of enrollment. The absence of arthritis was confirmed by
physical examination of 44 joints. Patients with RA were diag-
nosed according to the 2010 American College of Rheumatology
classification criteria for RA.29 Most patients with RA were under
treatment (Supplemental Table 1). All patients were naive to bio-
logic agents. Age-, sex-, and ethnicity-matched healthy controls
(HCs) with no personal history of inflammatory arthritis were
recruited. ACPA-negative profiles for the HCs were obtained from
the health management center. Participants from all three groups
were aged ≥18 years. The exclusion criteria were as follows: hav-
ing a history of antibiotic treatment or surgery in the previous three
months; current extreme diet; major organ dysfunction; cancer;
other rheumatic or autoimmune diseases, including osteoarthritis,
systemic lupus erythematosus, Sjögren disease or diabetes; and
no cardiovascular diseases. A total of 121 participants were
enrolled, comprising 53 individuals with PreRA, 30 patients with
RA, and 38 HCs. Detailed demographic and clinical parameters
are reported in Supplemental Table 1. Serum samples were
freshly collected from each participant within one hour after excre-
tion and were immediately frozen and stored at −80�C for further
analyses.

16sRNA sequencing, untargeted and targeted
metabolomics performance. Detailed methods are provided
in the Supplementary Materials. 16S rRNA sequencing was
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performed by Majorbio Biopharm Technology Co., Ltd. The liquid
chromatography mass spectrometry/mass spectrometry assays
were conducted by Novogene Co., Ltd. Trp-targeted metabolo-
mics and lipid metabolomics analyses were performed by
MetWare.

Mice and treatment. Six- to seven-week-old male DBA/1
mice were purchased from GemPharmatech laboratory animal
company. All mice were raised in a specific pathogen-free
animal facility at the Department of Laboratory Animal Center of
West China Hospital, Sichuan University, and housed under a
12-hour light-dark cycle. All animal experiments were approved
by the Sichuan University Animal Care and Use Committee and
followed the recommendations from the Guide for the Care and
Use of Laboratory Animals of Chinese Association for Laboratory
Animal Science (No. 20220222024). Mice were gavaged with
ILA or IAA (5 mM, 20 mM) (MedChemExpress) dissolved in sterile
phosphate buffered saline (PBS) (pH 7.4). Each group had six
mice. Mice were orally gavaged with ILA or IAA (100 μL/mouse)
every day starting on day 21 before the second immunization.
Control mice received pH and sodium-matched PBS.

Induction of CIA. Mice were intradermally immunized at
the base of the tail with 100 μL of immunization-grade chicken
type II collagen (Sigma, catalog number [cat]: C9301) emulsified
in complete Freund’s adjuvant containing 5 mg/mL killed Myco-
bacterium tuberculosis (Biological Product Institute) on day
0. Twenty-one days after the first immunization, the mice received
a booster in the base of the tail and were monitored for clinical
signs of arthritis.

Assessment of arthritis and histologic analysis.
Arthritis severity was scored blindly from day 21 to day 42. The
clinical scores for each paw were evaluated every other day and
scored individually on a scale of 0 to 4, resulting in a maximum
score of 16 in each mouse. For histology, whole paw joints were
isolated and fixed in 4% paraformaldehyde, decalcified in EDTA,
and then embedded in paraffin. Tissue sections (4 μm) were
stained using hematoxylin and eosin.

Fecal microbiota transplantation. Fecal microbiota
transplantation (FMT) was performed as previously described.1

In brief, six samples from each population group (PreRA, RA,
HCs) were selected at random and mixed at equal weight. One
gram of the mixed stool was suspended in 5 mL of sterile PBS
and centrifuged at 3,000 revolutions per minute for five minutes
to obtain the supernatant for FMT. Each mouse used for FMT
was orally treated with an aliquot of 200 μL suspension. For
FMT experiments, adult male mice were cohoused for two weeks
and pretreated with sterile drinking water containing 1 mg/mL
ampicillin, neomycin, metronidazole, and 0.5 mg/mL vancomycin
for 14 days. Mice were divided into several groups and were fed

every other day for two weeks with feces supernatant of individ-
uals from the HC, PreRA, and RA groups. Each group had six
mice. Before CIA induction, seven-week-old male DBA/1 mice
were cohoused and treated with antibiotics as described and
then inoculated with feces from HC, PreRA or RA samples every
other day for 14 days. All mice were then immunized with chicken
type II collagen as mentioned above.

Gut permeability test. Intestinal permeability was
assessed by measuring fluorescein isothiocyanate (FITC)-dextran
fluorescence in serum. Mice were deprived of food and water for
four hours and then administered nondigestible FITC-conjugated
dextran, 4 kDa (Sigma) at a dose of 0.6 mg/g body weight. Fifty
microliters of serum were collected from the tail vein and diluted
with PBS (1:1). The fluorescence intensity of FITC in serum was
measured using a synergy plate reader (Biotek).

Measurement of cytokines in sera. A total of 200 μL of
blood was collected by retro-orbital puncture. Sera were then col-
lected and immediately frozen and stored at −80�C for cytokines
measurement. IL-6, tumor necrosis factor (TNF)-α, and IL-1b
levels in sera were measured using Mouse Th1/Th2/Th17 Cyto-
metric Bead Array kit according to the manufacturer’s instructions
(BD Biosciences, cat: C560485).

Flow cytometry analysis. Flow cytometry was performed
on immune cells from various organs, including the small intestinal
lamina propria, Peyer’s patches (PPs), mesenteric lymph nodes
(mLNs), and spleen. For the small intestine, mesenteric fat was
removed, and PPs were collected. The remaining tissues were
dissected and incubated in Hank’s balanced salt solution with
5 mM EDTA to remove epithelial cells and subsequently digested
with 2 mg/mL collagenase type IV and 2.5 U/mL nuclease.
Lamina propria lymphocytes were harvested at the interphase
between a 40% and an 80% Percoll gradient. Cells were then
resuspended in staining solution (PBS with 2% bovine serum
albumin) for flow cytometry. For spleen tissues, red blood cells
were removed with lysis buffer. The single-cell suspension was fil-
tered through a 70-μm cell strainer, washed with PBS, and resus-
pended in staining solution for flow cytometry analysis. The
fluorochrome-conjugated monoclonal antibodies used include
Fixable Viability Stain 700, APC-Cy7 anti-mouse CD3e, Percp-
Cy5.5 anti-mouse CD4, FITC anti-mouse IFN-γ, APC anti-mouse
IL-4, PE anti-mouse IL-17A, PE anti-mouse CD25, APC anti-
mouse Foxp3, and BV510 anti-mouse CD19. All of the antibodies
and relative isotype controls were purchased from BD Biosci-
ences. The Foxp3/Transcription Factor Staining Buffer Set
(eBioscience, CN) was used for Foxp3 staining. Samples were
analyzed by BD FACSCelesta, and subsequent analysis was per-
formed with FlowJo software.
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Cell culture and treatment. The human colon cancer
cell lines Caco-2 was obtained from the ATCC and cultured with
complete Dulbecco’s modified Eagle’s medium (DMEM) medium
(10% fetal bovine serum [FBS], penicillin 100U/mL, streptomycin
100 μg/mL). To detect the direct role of ILA or IAA on intestinal
permeability, Caco-2 cells were treated with ILA or IAA (0.5, 1, 2,
5 mM) for 48 hours. Forty-eight hours later, cells were collected
for real-time polymerase chain reaction (RT-PCR) and Western
blotting detection. To test the protective effect of ILA on RA gut
microbiome–induced intestinal permeability reduction, Caco-2
cells were first incubated in DMEM (10% FBS, without penicillin
and streptomycin) with supernatant isolated from the stool of indi-
viduals with RA and HC for three hours. Then, the medium was
removed, and the cells were washed three times with sterile
PBS. The cells were then cultured with fresh DMEM with different
doses of ILA at 37�C and 5% CO2 for another 48 hours. Finally,
the cells were collected for RNA isolation or fixed with formalde-
hyde for fluorescent staining.

Immunofluorescence staining. Caco-2 cells were fixed
with 4% paraformaldehyde for 10 minutes and blocked with 5%
goat serum. The cells were then incubated with rabbit
anti-human/mouse ZO-1 or occludin antibody at 1:200 at 4�C
overnight. Anti-rabbit Alexa Fluor 647 (1:500, Cell Signaling Tech-
nology [CST], cat: 8940S) was used as the secondary antibody.
All the mages were collected under the fluorescence microscope
and analyzed by the pathologic analysis software (QuPath).

Western blot assay. Proteins were obtained from cells or
intestine tissue by lysis buffer (Beyotime Biotechnology). After
obtaining the whole-cell extracts, a BCA Protein Assay Kit
(Beyotime Biotechnology) was applied to determine the protein
concentrations. The total protein at equal amount were separated
by SDS-PAGE. They were transferred onto membranes and
blocked with 5% (weight/volume) nonfat milk for our hour at room
temperature. Subsequently, membranes were incubated with
specific primary antibodies at 4�C for overnight. The antibodies
used in the experiments were as follows: rabbit anti-human/
mouse AhR antibody (1:1,000, CST, cat: 83200S); rabbit
anti-human/mouse ZO-1 antibody (1:1,000, Affinity Biosciences,
cat: AF5145); mouse anti-human/mouse GAPDH antibody
(1:10,000, Immunoway); rabbit anti-human/mouse occludin anti-
body (1:1,000, Affinity Biosciences, cat: DF7504); rabbit anti-
human Claudin 1 antibody (1:1,000, Affinity Biosciences, cat:
AF0127); rabbit anti-mouse ARNT antibody (1:1,000, MedChem-
Express, cat: HY-P80705); and rabbit anti-mouse CYP1A1 anti-
body (1:1,000, Santa Cruz Biotechnology). They were incubated
with anti-rabbit/mouse secondary antibody; then the bands were
visualized by using ECL Plus reagent.

Quantitative RT-PCR. Total RNA was isolated from the
small intestine or cells using the TRIzol (Invitrogen). RNA was

digested with DNaseI and reverse transcribed into complemen-
tary DNA using an oligo d(T) primer. Quantitative RT-PCR was
performed using SYBR Green Master Mix (Applied Biological
Materials). Samples were analyzed in triplicate, and the relative
RNA expression was normalized to that of beta-actin. Primer
sequences were shown in Supplemental Table 2.

Immunochemical staining. Paraffin-embedded small
intestine sections were stained with antibodies against ZO-1 or
occludin. The paraffin sections of small intestine were dewaxed and

cleaned three times by PBST （0.1% tween-20 in PBS). We incu-
bated these sections with EDTA buffer (pH = 8.0) at 95�C for 25
minutes. Then, sections were sinked in 3% H2O2 solution for 20
minutes and blocked with 5% goat serum for 30 minutes, followed
with incubation with rabbit anti-human/mouse ZO-1 antibody
(1:200, Affinity Biosciences, cat: AF5145) or rabbit anti-human/
mouse occludin antibody (1:200, Affinity Biosciences, cat: DF7504)
at 4�C overnight. The paraffin sections were stained by DAB
reagent. All the images were collected under the microscope
(Leica) and analyzed by the pathologic analysis software (QuPath).

Treg differentiation in vitro. Twenty-four–well plates
were precoated with anti-mouse CD3 antibody and incubated
overnight at 4�C. Plates were washed with PBS before usage.
Mouse spleens were collected and ground. The cells suspension
was passed through a 70-um strainer and centrifuged at
1,500 rpm × 5 min. After splitting red blood cells, the cells were
resuspended in PBS and incubated with Fc receptor blocker.
The naive CD4+ T cells were then isolated by EasySep Mouse
Naive CD4+ T Cell Isolation Kit following the manufacturer’s
instruction (STEMCELL Technologies, cat: 19765;). Naive CD4+

T cells were suspended in 1640 complete medium and incubated
with anti-mouse CD28 antibody (0.5 μg/mL). Mouse Treg Differ-
entiation Supplement was added following the manufacturer’s
instruction (ImmunoCult Mouse Treg Differentiation Supplement;
STEMCELL Technologies, cat:10957). The proportion of Treg
cells was measured by flow cytometry after three days, and cells
were collected for RT-PCR analysis.

Co-immunoprecipitation assay. Cells were isolated
from mice spleen and incubated in the incubator for six hours to
remove adherent cells. Cells were then divided into three groups
and treated with 50 μM ILA, 50 μM IAA, or PBS as control for
two hours. Subsequently, they were lysed with RIPA lysis buffer
for 30 minutes and centrifuged at 12,000 g for five minutes. Cell
lysates were incubated with anti-Hsp90 (3 μg) antibody
(Proteintech, cat: 1317-1-AP) or IgG overnight at 4�C, followed
by incubation with 20 μL Protein G Agarose (CST) for another
two hours at 4�C. After washing with PBST, proteins complex
was denatured in 1 × SDS loading buffer at 95�C thermal incuba-
tion. Proteins were immune-blotted with relative antibodies.
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Luciferase assay. 293T cells were seeded into 24-well
plates and incubated in the incubator until the confluence reached
approximately 70%. Constructed xenobiotic response element
(XRE)-luciferase promoter luciferase reporter into pGL3 basic
plasmid was transfected into the cells with Lipofectamine 3000
(Thermo Fisher Scientific). The next day, the cells were exposed
to 10 μM ILA and IAA. After treatment for 24 hours, a dual-
luciferase reporter assay system (Beyotime) was used to detect
the firefly and Renilla luciferase activities according to the manu-
facturers’ instruction.

AhR translocation detection. Splenic cells were isolated
and treated with ILA and IAA for one hour, then fixed with 4%
paraformaldehyde for 30 minutes, and permeabilized with 0.2%
Triton-100 for 20 minutes. Subsequently, they were blocked with
5% bovine serum albumin for one hour. Cells were then incubated
with anti-AhR antibody overnight at 4�C, followed with incubation
with Alexa Fluor 488 conjugated anti-rabbit IgG (H+L), F(ab’)2
Fragment (Conjugate) antibody (CST, cat:4412s) for one hour.
DAPI staining was used for nucleus detection. The images were
obtained under a fluorescence microscope.

Statistical analysis. The experiment data were presented
as the mean ± SEM. To determine significantly different bacterial
taxa among the three groups, we applied the Kruskal-Wallis test,
with multiple tests corrected by the Benjamini-Hochberg false dis-
covery rate test. For cross-sectional analyses of differences in
baseline characteristics, diversity indices and other numerical var-
iables among the three groups, one-way analysis of variance
(ANOVA) was applied, followed by Bonferroni’s correction. For
animal studies, statistical significance was determined routinely
using one-way ANOVA followed by Bonferroni’s post hoc test
for multiple comparisons. In vitro experiments were repeated at
least three times. The t-test was applied to determine statistical
significance between two groups. P values <0.05 were consid-
ered significant. Correlation was determined by Pearson correla-
tion. Statistical tests were performed with GraphPad Prism
software, version 8.0 (GraphPad).

RESULTS

Cohort demographics. A total of 121 participants were
enrolled in this study, including 38 HCs, 53 patients with PreRA,
and 30 patients with RA. Age, sex, body mass index, and smok-
ing status were comparable across all groups (Supplemental
Table 1). Among the 53 patients with PreRA, 18 reported a history
of arthralgia; however, no arthritis was detected based on physi-
cal examination of 44 joints at the time of enrollment. During a
five-year follow-up period, 12 of the 53 patients with PreRA devel-
oped RA. In the PreRA cohort, the positivity rates for ACPA and
IgM rheumatoid factor (IgM-RF) were 100% and 25%, respec-
tively, whereas they were 97% and 87%, respectively, in patients

with RA (ACPA, P = 0.36; IgM-RF, P < 0.0001). Serum antibody
titers were significantly higher in patients with RA than in those
with PreRA, with ACPA levels being 1.88-fold higher (median:
330.3 U/mL vs 175.3 U/mL) and IgM-RF levels being 5.52-fold
higher (median: 413.2 IU/mL vs 74.8 IU/mL). The mean disease
duration in patients with RA was 17.7 months (median
13.0 months), and the mean disease activity score (DAS28) was
4.91, indicating the presence of moderate disease in these
patients with early RA. Most of the patients with RA were receiving
disease-modifying antirheumatic drugs (DMARDs), prednisone,
or nonsteroidal anti-inflammatory drug (NSAID) treatment, but
none were receiving any biologic agents.

Alteration in tryptophan catabolism in the early
stages of RA and associations with inflammation and
disease activity. To identify whether metabolic alteration con-
tributes to arthritis initiation and development, we employed
untargeted metabolomics to compare metabolite profile changes
in the serum between patients with RA and HCs. Here, principal
component analysis (PCA) revealed and detected significant dif-
ferences in serum metabolites between RA patients and HCs
(Supplemental Figure 1A). Compared with HCs, there were
620 different metabolites detected in the serum of patients with
RA, of which 291 metabolites were decreased and 329 metabo-
lites were increased (Supplemental Figure 1B). The heatmap illus-
trated the top 50 differential serum metabolites between patients
with RA and HCs (Supplemental Figure 1C). Database analysis
using Kyoto Encyclopedia of Genes and Genomes (KEGG),
Human Metabolome Database (HMDB), PubChem, and the Small
Molecule Pathway Database (SMPDB) indicated that differential
metabolites in the RA group were primarily enriched in pathways
related to D-glutamine and glutamate metabolism, arginine bio-
synthesis, arachidonic acid metabolism, and tryptophan metabo-
lism (Supplemental Figure 1D). Further examination of these
differential metabolites revealed that amino acid metabolites were
the most prominent category in patients with RA (Figure 1A; Sup-
plemental Table 3). Meanwhile, we noticed that the levels of indole
derivatives, which constitute one of the metabolic pathways of
tryptophan, were significantly decreased in patients with RA. The
abundances of lipid metabolites in the RA group displayed as fol-
lowing: fatty acid metabolites were increased, including eicosa-
pentaenoic acid, itaconic acid, heptanoic acid, and 20-Hete.
Prenol lipids were also elevated, whereas steroid metabolites,
including testosterone sulfate, cortisone, 11-aminoundecanoic
acid, and estradiol sulfate, were mostly decreased. Additionally,
levels of purine nucleotides, keto acids, and their derivatives were
elevated in patients with RA, whereas bilirubin metabolism was
reduced compared to HCs.

Our previous study revealed a disturbed serum metabolite
profile existing in the PreRA stage.1 Using the same PreRA cohort
metabolism data, we conducted comparative analyses for
620 altered metabolites across KEGG, HMDB, PubChem, and
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Figure 1. Lowered serum tryptophan metabolites are associated with PreRA and RA stages. (A) Differential metabolite categories between RA
and HC groups. Differential metabolites with log2 fold change ≥0.5 or ≤−0.5 are displayed on the y-axis (RA: n = 30; HC: n = 38). (B) Venn diagram
illustrating the overlapping metabolites among RA vs HC, PreRA vs HC, and PreRA (diagnosis) vs HC. (C) Schematic diagram of three major tryp-
tophan metabolic pathways. (D–F) Levels of tryptophan-related metabolites in serum of RA, PreRA, and HC groups. (G) Correlation analysis of
CoD, ACPA, RF, ESR, CRP, and DAS28 indexes and tryptophan metabolites in patients with RA by Spearman analysis. Data are expressed as
mean ± SEM. Statistical significance was assessed by one-way analysis of variance followed by Bonferroni post hoc tests. *P < 0.05,
**P < 0.01; ***P < 0.001. ****P < 0.0001. 2-AA, 2-aminobenzoic acid; 5-HIAA, 5-hydroxyindoleacetic acid; ACPA, anti-citrulline protein antibody;
CoD, course of disease; CRP, C-reactive protein; DAS28, Disease Activity Score in 28 joints; ESR, erythrocyte sedimentation rate; HC, healthy
control; IAA, indole-3-acetic acid; IGA, 3-indoleglyoxylic acid; ILA, indole-3-lactic acid; IPA, indolepropionic acid; L-KYN, L-kynurenine; L-TRP,
L-tryptophan; PreRA, high risk for RA; RA, rheumatoid arthritis; RF, rheumatoid factor; SER, serotonin; XA, xanthurenic acid.
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SMPDB databases to identify commonly altered metabolites
among three groups: patients with PreRA versus HCs, patients
with PreRA who progressed to RA (diagnosed) versus HCs, and
patients with RA versus HCs. Compared with the HC group, 65 dif-
ferentially abundant metabolites were identified in the RA group,
46 differentially abundant metabolites were identified in the PreRA
(diagnosed) group, and 73 differentially abundant metabolites were
identified in the PreRA group. Venn diagram analysis identified
17 different metabolites commonly shared by the three groups
(Figure 1B). The 17 different metabolites were then assigned to dif-
ferent categories (Supplemental Figure 1E). 20-Hete, progester-
one, megestrol, and retinal levels were greater in RA and PreRA
serum samples than in the those of HCs, but the levels of indole-
3-pyruvate, indole-3-acrylic acid, and bilirubin were lower in RA
and PreRA serum samples (Supplemental Figure 1E).

We further focused on Trp metabolism, given its established
link to gut microbiome alterations and PreRA disease status.1

Using Trp-targeted metabolomics, we analyzed changes in Trp
metabolites. Trp can be catabolized by three basic metabolic path-
ways, namely, the Kyn, serotonin, and indole pathways
(Figure 1C). The L-tryptophan (L-TRP) level was comparable
between patients with PreRA and HCs but significantly decreased
in the sera of patients with RA. The level of L-kynurenine (L-KYN)
was not affected in individuals with PreRA or RA. However, the ratio
of tryptophan to Kyn in the RA group was greater than in HC group
(Figure 1D). Levels of 2-aminobenzoic acid, a Kyn pathway metabo-
lite, were significantly greater in PreRA and RA groups, whereas
xanthurenic acid (XA) levels were lower than in controls (Figure 1E).
The levels of serotonin and its downstream metabolite
5-hydroxyindoleacetic acid (5-HIAA) gradually decreased in PreRA
and RA groups compared with the HC group (Figure 1E). The
3-indoleglyoxylic acid (IGA) level was unaffected. However, the con-
tents of IAA, ILA, and IPA, the indole derivatives of tryptophan, were
significantly decreased in the serum of the RA group (Figure 1F),
suggesting the decreased indole metabolism of tryptophan.

To assess whether tryptophan metabolism is associated
with disease development, we then performed correlation analy-
ses between the altered tryptophan metabolites and the course
of disease (CoD), DAS28, markers of inflammation including
C-reactive protein (CRP) and erythrocyte sedimentation rate
(ESR), and antibody titers (RF and ACPA). L-Kyn was positively
correlated with ACPA, RF, CRP, and DAS28. In contrast, we
observed a negative correlation between 5-HIAA, IAA, ILA, and
IPA and CoD, ESR, RF, and DAS28 (Figure 1G). Taken together,
these data suggest positive regulation of the Kyn metabolic path-
way but an overall negative regulatory role of the serotonin or
indole metabolic pathway in RA.

Gut microbiome alterations in patients with PreRA
and RA induce changes in murine tryptophan
metabolism. The gut microbiota–derived metabolites play cru-
cial roles in maintaining intestinal homeostasis and immunologic

balance. Because previous studies have indicated that the gut
microbiota from PreRA or RA contributes to arthritis
development,1,30 we investigated which metabolites may contrib-
ute to FMT-induced arthritis exacerbation in mice. To do so, we
inoculated the mice with human fecal microbiota from HCs,
patients with PreRA, and patients with RA into germ-free mice
and subsequently induced an arthritis model (Figure 2A). The
ace and Chao indices were reduced in the PreRA and RA stool-
transplanted mice compared to the HC stool-transferred mice,
indicating lower intestinal bacterial diversity, which mirrored the
change in HC, PreRA, and RA groups (Supplemental Figure 2A
and D). At the genus level, those with PreRA and RA exhibited
decreased abundances of Bacteroides, Romboutsia, and Lacto-
bacillus genera bacteria compared to the HC population, whereas
patients with RA showed significant increased abundances of
Lachnoclostridium and Coprococcus 2 (Supplemental Figure 2B
and C). Consistently, the gut microbiome of the receiving mice
also displayed different microbiome compositional changes after
HC, PreRA, and RA fecal transfer (Supplemental Figure 2E). At
the genus level, the proportions of the gut microbiota, especially
genera Lactobacillus, Bacteroides, Blautia, and Parabacteroides,
significantly differ among three groups (Figure 2B). Notably, there
were significantly reduced abundances of Lactobacillus, L reuteri,
Bacteroides fragilis, and Clostridium spp bacteria in PreRA and
RA stool-transplanted mice (Supplemental Figure 2B). Moreover,
compared with those of the HCs, more severe arthritis and clinical
scores were observed in the knees of the PreRA and RA groups
of mice after the second boost immunization (Figure 2C and D).
Moreover, inflammatory cells, synovial hyperplasia, and bone
destruction were also detected in the PreRA and RA stool-
transferred mice compared with in the HC and PBS groups
(Figure 2C). The PreRA and RA stool also caused an intestinal
barrier disruption, as evidenced by the injured microvilli in the
small intestine of FMT-transferred mice and significantly increased
dextran uptake (Figure 2E and F). Consistently, increased fre-
quencies of Th17 cells were detected in the mLNs of the PreRA
and RA groups (Figure 2G). The proportions of Treg cells gradu-
ally decreased in PreRA and RA fecal-transferred mice
(Figure 2H), Meanwhile, the percentages of Th1 and Th2 cells
were comparable in the mLNs and PP among HC, PreRA, and
RA-FMT mice (Supplemental Figure 3A and B). No significant dif-
ferences in T helper cell subsets were observed in the lamina pro-
pria among HC, PreRA, and RA-FMT mice (Supplemental
Figure 3C).

Untargeted metabolomics analysis indicated dysregulated
oxidized lipid and tryptophan metabolism in PreRA and RA popu-
lations (Supplemental Figure 1C).1 To determine which metabo-
lites are involved in the aggravated arthritis caused by gut
microbiota of those with PreRA or RA, we detected lipid and tryp-
tophan metabolism using lipidomics and Trp-targeted metabolo-
mics, respectively. However, the levels of oxidized lipid
metabolites were comparable among HC, PreRA, and RA-FMT
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Figure 2. Fecal microbiota from patients with RA promote arthritis development and alter tryptophan metabolism. (A) Schematic representation
of FMT and induction of arthritis (n = 6 per group). (B) Differences in bacterial genus distribution and abundance among HC, PreRA, and RA-FMT
mice. (C) Representative image of mice hind paw and H&E staining images of the knees from HC, PreRA, and RA-FMT mice. (D) Arthritis score
indicating disease severity in the three groups of mice. (E) Histologic assessment of microvilli integrity in the small intestine of FMT mice.
(F) Fluorescence intensity of fluorescein isothiocyanate–conjugated dextran in serum from each group of mice. (G, H) Representative flow cytom-
etry plots of Treg (G) and Th17 cells (H) and quantification of these two cells in mesenchymal lymphoid node. (I) Partial least-squares discriminant
analysis comparison of serum metabolomes among HC, PreRA, and RA stool-transplanted mice. (J–K) Target detection of tryptophan-related
metabolites in each group of mice. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way analysis of variance fol-
lowed by Bonferroni post hoc tests. *P < 0.05, **P < 0.01. Abx, antibiotics; FMT, fecal microbiota transplantation. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43430/abstract.
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mice (Supplemental Figure 4). PreRA, RA, and HC stool-
transferred mice presented altered tryptophan metabolism pro-
files, as shown in Figure 2I. L-TRP levels gradually decreased in
the HC, PreRA, and RA groups (Figure 2J). Although the level of
L-KYN was not significantly affected, the L-TRP/L-KYN ratio was
significantly increased in RA-FMT mice, which was similar to the
change in the human cohort (Figure 2J). Notably, 2-ketoadipic
acid (2-KA), a terminal metabolite of Kyn, was significantly
increased in PreRA and RA stool-transferred mice
(Supplemental Figure 5). In contrast, the level of the serotine
metabolite 5-HIAA was reduced in RA-FMT mice (Figure 2K).
Moreover, the levels of N-formylkynurenine, an intermediate of
tryptophan metabolism, and ILA and IAA, indole metabolites,
were significantly lower in the PreRA and RA groups than in the
HC group (Figure 2K; Supplemental Figure 5). Meanwhile,
the levels of other tryptophan metabolites including 2-KA, 2-AF,
5-HTOL, NAS, IEt and TRM, ICAld, IGA, IA, and IAM were com-
parable among three groups. Collectively, these data suggest a
metabolic shift from serotonin and indole pathways to the Kyn
pathway in arthritic mice.

ILA//IAA supplementation negatively regulates
arthritis in mice by enhancing gut barrier function and
promoting Treg cells. Indole metabolism is entirely dependent
on the gut microbiota. Given the reduced levels of indole pathway
metabolites observed in FMT-treated mice, we hypothesized that
these indole metabolites, particularly the derivatives ILA and IAA,
may inversely correlate with arthritis incidence. To test this possi-
bility, we induced arthritis in RA stool-transferred mice (FMT-CIA)
and orally administered mice with different doses of ILA and IAA
(5 and 20 mM)31,32 on day 21 before the second immunization.
As shown in Figure 3A and B, ILA and IAA supplement signifi-
cantly reduced the joint and paw swelling of FMT-CIA mice,
accompanied by the lower clinical arthritis scores and inflamma-
tory cells infiltration in the joints. Meanwhile, the levels of TNF-α
and IL-1β in serum was also significantly reduced in arthritis mice.
In addition, we detected a significant increase in Treg cells in the
spleen of ILA- and IAA-treated CIA mice (Figure 3D and E). How-
ever, no significant difference was detected in the proportions of
Treg in the mLNs or PP (Supplemental Figure 6). Th1, Th2, and
Th17 cells were comparable in mLNs or PP among different
groups (Supplemental Figure 6). Because an intestinal barrier
dysfunction also contributes to arthritis occurrence and
development,1,2 we performed immunochemical staining to mea-
sure the expression of ZO-1 and occludin in the small intestine of
mice. ILA treatment, but not IAA, was associated with increased
ZO-1 and occludin staining in the small intestine, as confirmed
by enhanced dextran uptake (Figure 3F and G).

CIA mice also displayed altered Typ metabolism similar to
human patients with RA, with reduced serum levels of indole
derivatives.15 To evaluate the therapeutic potential of ILA and
IAA in this model, we supplemented CIA mice with ILA or IAA as

well. As shown in Figure 3H and I, CIA mice treated with ILA or
IAA displayed less paw swelling and the lower clinical scores from
days 21 to 49. Moreover, the levels of the proinflammatory cyto-
kines TNF-α, IL-1β, and IL-6 were also significantly reduced in
the CIA mice after ILA or IAA supplement (Figure 3J). Similar to
the RA-FMT arthritis mice, we also found a significant expansion
of Treg cells in the spleens of ILA- and IAA-treated CIA mice
(Figure 3K and L, Supplemental Figure 7) and impaired gut barrier
function (Figure 3M and N). Collectively, these data suggest that
ILA and IAA exert negative regulation on arthritis development by
expanding Treg cells and enhancing gut barrier function, also
suggesting their therapeutic potential for arthritis treatment.

ILA/IAA promotes Treg cell expansion via AhR
activation. Indole derivatives are established endogenous
AhR agonists.33 To determine whether AhR activation medi-
ates ILA- or IAA-induced Treg expansion and gut barrier repair
in arthritic mice, we isolated naive CD4+ T cells from control
mice and differentiated them into Treg cells in vitro under ILA
or IAA treatment. As shown in Figure 4A–C, ILA (10, 100 μM)
and IAA (10 μM) significantly enhanced Treg cell differentiation,
accompanied by increased Foxp3 gene expression. Notably,
the expression of CYP1A, an AhR-regulated target gene, was
dramatically increased by different concentrations of ILA or
IAA at the transcriptional and protein levels (Figure 4D–F), sug-
gesting that AhR activation occurred when the cells were
exposed to ILA or IAA. However, the co-treatment with
CH223191 (10 μM), a known AhR antagonist,34 significantly
reversed ILA- or IAA-induced Treg expansion and reduced
gene expression of Foxp3 (Figure 4G–I). Moreover, ILA or IAA
facilitated the nuclear translocation of AhR, as shown by immu-
nofluorescence staining (Figure 4J), and the formation of
AhR/ARNT complexes (Figure 4K). Finally, the activity of the
XRE-luciferase reporter gene was also elevated in cells after
ILA or IAA treatment (Figure 4L). These results indicate that
ILA or IAA induces Treg cell expansion in an AhR-dependent
manner.

ILA enhances intestinal tight junctions via AhR
activation. ILA treatment increased the expression of intestinal
tight junction proteins ZO-1 and occludin in CIA mice. We next
tested whether ILA regulates the expression of these proteins
in vitro. To do so, we first treated Caco-2 cells with different con-
centrations of ILA (0.5, 1, 2, and 5 mM). As shown in
Figure 5A–C, ILA dose-dependently increased Zo-1 and occludin
expression at the transcriptional and protein levels. We further
assessed ILA’s protective effect against gut barrier disruption by
treating Caco-2 cells with fecal supernatants from patients with
RA (Figure 5D). Stimulation with the RA stool fluid caused a reduc-
tion in Zo-1 and occludin expression, as detected by RT-PCR and
immunofluorescence staining (Figure 5E and K), but HC stool fluid
did not cause these changes of Zo-1 and occluding
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(Supplemental Figure 8). However, incubation with ILA signifi-
cantly promoted the expression of these two proteins in Caco-2
cells treated with RA stool fluid (Figure 5E and G–K). Considering
that ILA is an endogenic metabolite agonist of AhR, we further
determined whether AhR is also activated in Caco-2 cells after ILA
treatment. Cyp1a1 gene expression was dramatically increased in
ILA-treated Caco-2 cells (Figure 5F). Moreover, the increased
expression of Zo-1 and occludin induced by ILA could also be sig-
nificantly reversed by treatment with the AhR antagonist
CH223191 (Figure 5G and H). In addition, CH223191 blocked the
ILA-induced increase in Zo-1 and occludin in fecal-treated cells
(Figure 5I and J). Taken together, these results indicate that ILA reg-
ulates these two gut barrier proteins by activating AhR.

AhR activation is essential for ILA/IAA-mediated
arthritis suppression. Both ex vivo and in vivo experiments
have shown that ILA or IAA can affect Treg or intestinal barrier

function via AhR activation. To test whether the beneficial effect
of these two metabolites on arthritis is dependent on AhR activa-
tion, we treated mice with CH223191 combined with or without
ILA or IAA. CH223191 itself did not affect CIA compared with in
the CIA group (Figure 6A). However, the beneficial effects of ILA
or IAA on CIA disease symptoms, including paw swelling, inflam-
matory cell infiltration, and bone erosion in the knees, were nearly
completely eliminated by CH223191 addition (Figure 6A and B).
Additionally, the increased proportion of Treg cells caused by
ILA or IAA was significantly reduced in the spleens of the mice
after CH223191 treatment (Figure 6C and D). Moreover, CIA
mice treated with ILA showed increased dextran uptake and
ZO-1 and occludin-positive staining in the small intestine,
whereas CH223191 also significantly abolished these changes
(Figure 6E and F). Taken together, these data strongly suggest
that ILA or IAA might alleviate arthritis by enhancing Treg cell and
gut barrier function in an AhR-dependent manner.

Figure 3. ILA/IAA supplement effectively reduces arthritis in mice by enhancing gut barrier function and Treg cell promotion. (A) Representative pho-
tographs of paw swelling and H&E staining images of the knees in RA fecal-transferred mice FMT with collagen-induced arthritis. (B) Clinical scores in
arthritis mice receiving different doses of ILA (5, 20 mM) and IAA (5, 20 mM). (C) The levels of TNF-α, IL-1β, and IL-6 in sera of different groups. (D, E)
Representative flow cytometry plots (D) and quantification of Treg cells (E) in spleen. (F) The expressions of Zo-1 and occludin in the small intestine of
mice using histochemical staining. (G) Serum fluorescence intensity of FITC-conjugated dextran. (H) Paw image and H&E staining of knee in mice. (I)
Clinical scores of CIA mice receiving ILA (5, 20 mM) and IAA (5, 20 mM). (J) TNF-α, IL-6, and IL-1β levels in sera . (K, L) Representative flow cytometry
plots (K) and quantification of Treg cells (L) in spleen of mice. (M) The expressions of Zo-1 and occludin in the small intestine of CIA mice. (N) Serum
fluorescence intensity of FITC-conjugated dextran. Data are expressed as mean ± SEM. Statistical significance was assessed by one-way analysis
of variance followed by Bonferroni post hoc tests. *P < 0.05, **P < 0.01, ***P < 0.001. Color figure can be viewed in the online issue, which is available
at http://onlinelibrary.wiley.com/doi/10.1002/art.43430/abstract.
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Figure 4. ILA and IAA promote T regulatory cell expansion via AhR activation. Representative flow cytometry plots (A) and quantification (B) of
Treg cells in vitro after treatment with different doses of ILA and IAA. (C) Foxp3 gene expression in cells treated with ILA and IAA. (D) CYP1A1 mes-
senger RNA expression in EL-4 cells. (E, F) Protein expression (E) and quantification (F) of CYP1A1. Representative flow cytometry plots (G) and
quantification (I) of Treg cells and FoxP3 gene expression (H) in vitro after cells were incubated with ILA/IAA only or together with CH223191.
(J) Splenic cells from mice were treated with ILA or IAA for one hour, and subjected to immunofluorescence staining (AhR, green, left column;DAPI,
blue, middle column). (K) AhR and ARNT in the immunoprecipitate were visualized by the respective antibodies. (L) 293T cells were transfected
with the XRE-luciferase construct and then were treated with ILA or IAA for 24 hours. Induced XRE-luciferase activity in 293T cells. Data were
expressed as mean ± SEM. Statistical significance was assessed by one-way analysis of variance followed by Bonferroni post hoc tests.
*P < 0.05, **P < 0.01; ***P < 0.001. ****P < 0.0001. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.43430/abstract.
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DISCUSSION

Multiple factors, including genes, smoking, infection, and gut
microbiota dysbiosis, contribute to the breakdown of immune tol-
erance in the early stage of RA. However, the key step triggering

autoimmune dysregulation may begin at the mucosal surfaces
affected by the gut barrier dysfunction caused by intestinal micro-
biota dysbiosis. The understanding of the influence of the intesti-
nal microbiota on host metabolism and the effects of metabolic

Figure 5. ILA enhances intestinal tight junctions via AhR activation. (A) Zo-1 and Occludin mRNA expressions in Caco-2 cells treated with ILA
(0.5, 1, 2, 5 mM). Expression (B) and quantification (C) of Zo-1 and occludin in ILA-treated Caco-2 cells assessed by Western blot. (D) Schematic
diagram of stool fluid isolated from HC or RA individuals incubated with Caco-2 cells, followed with the treatment with ILA in vitro. (E) RT-PCR anal-
yses showing ILA repairing ZO-1 and occluding expression reduced by RA fecal supernatant. (F) The enhanced expression of downstream
Cyp1a1 gene in Caco-2 cells treated by different concentrations of ILA. (G, H) Reversal of ILA-induced ZO-1 and occludin upregulation by AhR
inhibition caused by ILA. (I–K) ILA-induced gut barrier repairing effect was suppressed by AhR inhibitor CH223191. Immunofluorescence staining
(I, J) and quantification (K) of Zo1 (Red) and occludin (green) in Caco-2 cells. Data were expressed as mean ± SEM. Statistical significance was
assessed by Student’s t-test or one-way analysis of variance followed by Bonferroni post hoc test. *P < 0.05; **P < 0.01; ***P < 0.001. Color fig-
ure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43430/abstract.
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dysregulation on the phenotype and function of immune cells,
such as T cells, macrophages, and B cells, provides critical
insights into the pathogenesis. Therefore, identifying how meta-
bolic dysregulation participates in immune dysregulation in RA is
essential for elucidating the pathogenesis of RA and provides
new therapeutic options. However, the role of specific metabo-
lites in RA, particularly in the early stage of RA, remains largely
unclear.

Here, we compared metabolite profiles between patients
with PreRA and HCs and between patients with RA and HCs
and identified 17 metabolites, some of which belong to the

tryptophan and lipid metabolite category. The differences of tryp-
tophan metabolism were not as obvious as lipid metabolism;
however, FMT mouse experiments revealed more pronounced
changes in tryptophan derivatives rather than oxidized lipids when
comparing PreRA/RA-FMT mice with HC-FMT controls (Figure 2;
Supplemental Figures 4 and 5). Gut microbiome plays a critical
role in generating indole derivatives from tryptophan metabolism.
Our initial interest was to elucidate how gut microbiota alteration
in PreRA/RA contributes to immune dysregulation and disease
initiation, so we applied targeted quantitative Trp metabolomics
on serum from 53 individuals with PreRA, 30 with RA, and

Figure 6. AhR inhibition blocks ILA- and IAA-induced improvement in arthritis of mice. (A) Representative images of paw swelling of mice and hema-
toxylin and eosin staining images of the knees. (B) Clinical scores of CIA mice (n = 6) and CIA mice receiving ILA (20 mM), IAA (5 mM), or AhR antagonist
CH223191 (n = 8 per group). (C, D) Representative flow cytometry plots of Treg cells (C) and quantification of Treg cells (D) in spleen. (E) Histochemical
staining of ZO-1 and occludin in the small intestine of mice. (F) Serum fluorescence intensity of fluorescein isothiocyanate–conjugated dextran. Data are
expressed as mean ± SEM. Statistical significance was assessed by one-way analysis of variance followed by Bonferroni post hoc tests. *P < 0.05,
**P < 0.01. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43430/abstract.
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38 HCs; we identified decreased circulating Trp concentrations
and a high Kyn/Trp ratio, consistent with prior findings.8,12 More-
over, the serotonin and indole metabolic pathways of tryptophan
seemed to be decreased, as evidenced by the lower levels of
5-HIAA and ILA. Moulin et al reported lower levels of KYNA and
XA acids and indole derivatives.15 In this study, we did not
observe similar reductions in our population, which may be due
to racial differences and sample sizes. However, we did observe
a decrease in the indole metabolic pathway, which is consistent
with what Moulin et al reported.

Discrepancies also exist regarding the indole pathway of
tryptophan. Seymour et al identified an increased tryptophan
indole metabolism in CIA mice in a microbiome-dependent man-
ner. However, the report of Moulin et al and our findings in human
cohorts showed an opposite change in indole levels. Notably, we
observed a similar change in tryptophan catabolism in the PreRA
or RA fecal transfer mouse model: an increase in the Kyn meta-
bolic pathway but a decrease in serotonin and indole pathway
metabolites, with lower levels of 5-HIAA, ILA, and IAA. Because
several Lactobacillus and Bacteroides species could catabolize
Trp into ILA or IAA,16,18 the reduced levels of Lactobacillus, L reu-

teri, and B fragilis bacteria in stool-transplanted mice likely under-
lie the decreased indole derivatives observed in our study. Moulin
et al reported similar alterations in two experimental models of
arthritis in mice, namely, CIA and the collagen antibody-induced
arthritis (CAIA) mice. CIA mice exhibit most of the metabolic disor-
der characteristics associated with human rheumatoid arthritis.
The levels of indole derivatives in their serum are decreased, while
the levels of kynurenic acid and xanthine acid are reduced, while
the level of quinolinic acid (QUIN) is increased.15 The controversial
findings regarding the level of indole may be due to differences in
the detection methods, time points, and sample types used by
the researchers.

There are conflicting findings concerning the roles of trypto-
phan metabolites in RA experimental arthritis models. 5-HIAA
and 5-hydroxytryptophan reportedly improve arthritis severity in
CIA mice.35,36 In contrast, microbiome-dependent indole produc-
tion plays an essential role in the development of CIA in mice.14

Intra-articular injection of indole into rabbit knees can also induce
RA-like synovitis.37 Thus, specific tryptophan metabolites may
play specific roles in the development of autoimmune arthritis. In
our study, we verified that the RA gut microbiome exacerbates
arthritis and decreases the number of indole pathways associated
with tryptophan. Interestingly, supplementation with the indole
derivatives ILA and IAA sufficiently suppressed the arthritis symp-
toms, indicating their potential as negative immunoregulatory fac-
tors on the development of arthritis in mice.

The breakdown of immune tolerance precedes the onset of
clinical symptoms in patients with RA. We previously reported
disturbances in the oral and intestinal flora in patients with
PreRA.1,38 Recent studies have pointed to three sites that may
represent the initial site of breaking tolerance in RA: (1) the lungs,

(2) the oral cavity, and (3) the intestinal tract.39 Transplantation of
fecal bacteria from PreRA or RA patients into mice induced
intestinal barrier disruption and mucosal immune imbalance1

(Figure 2). The intestinal mucosal barrier includes the chemical
barrier, immune barrier and microbial barrier. The tight junctions
among intestinal epithelial cells are composed of tight junction
protein (ZO-1), sealing protein (claudin), and occludin, which
form a physical mechanical barrier. The colonization of Prevo-
tella histicola from the human gut into CIA mice can reduce
intestinal permeability, which is associated with increases in
ZO-1 and occludin expression in the jejunum, ileum and colon,
and the severity of arthritis in mice is also significantly reduced.40

Zonulin is a known regulator of tight junctions between cells.
Zonulin protein reduces intestinal barrier function by releasing the
binding of ZO1 and occludin in the tight junction complex. Recent
studies have shown that the level of zonulin in the peripheral blood
of patients with early RA is significantly increased, accompanied by
increased intestinal permeability.2 The protein level of zonulin in CIA
mice also showed similar changes, and the joint inflammation of
CIA mice was reduced and the number of osteoclasts was
reduced after treatment with the zonulin antagonist larazotide,
whereas the zonulin agonist AT-1002 aggravated their symp-
toms.2 These findings underscore that a decrease in intestinal
permeability may be the key event mediating the disruption of
early immune tolerance in RA and that the enhancement of intes-
tinal tight junctions plays an important role in the early treatment of
RA. In our study, both RA and PreRA donors exhibited reduced
gut microbiota diversity. Correspondingly, mice receiving fecal
transplants from these donors also showed decreased microbial
diversity. Principal coordinates analysis (PcoA) further confirmed
distinct gut microbiome compositions in the recipient mice
(Supplemental Figure 2E). The rapid death of some anaerobic
gut microbiota during stool preparation preventing the identical
of the specific changes in bacterial taxon abundances between
donors and recipient mice; however, the majority of relatively
high-abundance bacteria displayed similar abundance patterns
across the HC, RA, and PreRA groups. More importantly, in this
study, we did not observe increased zonulin expression in the
serum (data not shown) but did detect decreases in Zo-1 and
occludin expression in the small intestine. ILA is known to acti-
vate the AhR, Nrf2, and Stat1 signaling pathways and inhibit
the release of IL-8 in intestinal epithelial cells and macrophages
induced by LPS, TNF-α, or IL-1β.41,42 In addition, ILA can
affect the expression of genes related to intestinal cell mor-
phology and development in humans and mice,43 reprogram-
ming of intraepithelial CD4+ T helper cells, and polarization of
mouse Th17 cells.22 Here, we found that ILA directly enhanced
Zo-1 and occludin expression in a Caco-2 cell culture system.
More importantly, the reduction in Zo-1 and occludin in epithe-
lial cells caused by RA stool fluid can also be reversed by ILA
incubation, suggesting the protective role of ILA in intestinal
permeability in RA.
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Beyond intestinal barrier disruption, the disturbance of
mucosal immune homeostasis caused by gut bacterial dysbiosis
in the gut also affects RA initiation. Studies have shown that intes-
tinal segmented filamentous bacteria (SFB) enhance Th17 cell
activation, directly leading to the early onset of RA.3 In addition
to SFB, other bacteria, such as Porphyromonas gingivalis, skew
the type II collagen (CII)-specific T cell response toward the Th17
phenotype in lymph nodes draining arthritic joints.44 Treg cells in
the gut are the main cell types that maintain the intestinal immune
balance. In addition to being regulated by dentritic cells, Treg cells
can also be directly regulated by a variety of metabolites, such as
short-chain fatty acids, and increasing their proportion and func-
tion can significantly improve the symptoms of arthritis in experi-
mental mice. Marietta et al isolated and cultured P histicola from
the gut of healthy mice and reported that gavage of these symbi-
otic bacteria into RA-susceptible HLA-DQ8 mice increased the
expression of antimicrobial peptidase and the expression of
the intestinal epithelial close-binding protein ZO-1, reduced the
permeability of the intestinal mucosa, promoted the production
of intestinal Treg cells, and significantly reduced the occurrence
of type II CIA.40 Dietary interventions, such as adding acetic acid
or propionate to drinking water or feeding resistant starch, also
improved arthritis outcomes by increasing gut Bacteroides and
Treg cell abundance.45 In this study, both IAA and ILA sup-
pressed arthritis symptoms in CIA mice by increasing the number
of splenic Treg cells without affecting Th17 and Th1 cells in vari-
ous lymphoid organs.

AhR is a ligand-activated heterodimeric transcription factor,
and its agonists include endogenous and exogenous ligands,
among which tryptophan metabolites are the main physiologic
endogenous ligands of AhR. AhR is widely expressed in immune
cells, epithelial cells, central glial cells, and neurons and plays an
important role in cell differentiation and function.27 Previous stud-
ies have shown that AhR can play an important role in the differen-
tiation, maintenance, homing, and functional regulation of
intestinal Treg cells through various mechanisms, and these roles
and molecular mechanisms are closely related to the ligand type.
The exogenous ligand 2,3,7,8-Tetrachlorodibenzo-p-dioxin
(TCDD) can trigger the differentiation of mouse Foxp3+ T regula-
tory cells by promoting AhR-ARNT to form dimers and then bind
to XRE reaction elements.46 The impact of AhR activation on RA
varies with ligand and cell type. The AhR agonist TCDD negatively
regulates the proliferation and differentiation of osteoblasts in CIA
mice.47 Some exogenous AhR ligands, such as tetrandrine or
norisopordine, can improve arthritis in mice by activating AhR
receptors and increasing the number of intestinal Treg cells.48,49

In our study, ILA and IAA exerted AhR-dependent protective
effects in CIA mice. When CH223191 was given to CIA mice, it
significantly reversed the ILA- and IAA-induced improvement in
arthritis. Moreover, in the Treg cell differentiation system, ILA and
IAA significantly induce CYP1a1 expression, causing AhR-ARNT
dimer formation and binding to the XRE. Importantly, CH223191

significantly blocked ILA- and IAA-induced Treg expansion. In
the Caco-2 cell culture system, CH223191 also reversed ILA-
induced Zo-1 and occludin expression.

Our study has several limitations. First, the individuals with
PreRA were not treated with any biologics/DMARDs and denied
regular use of NSAIDs at the time of enrollment. Most patients
with RA were undergoing DMARD, NSAID, or prednisone ther-
apy. These drugs could be a potential confounder in the analysis
of metabolites. Thus, this discrepancy may introduce confound-
ing effects in metabolite analysis. Second, it is ideal to study the
metabolite changes in both serum and stool samples from
FMT-transferred mice. Meanwhile, due to the sample limitation,
we only studied the Trp metabolism in the stool of mice. Although
we observed the similar changes of Trp metabolism to that in
serum of human patients with RA, it is still better to check the
Trp metabolites in serum of FMT mice.

In summary, our findings reveal a novel mechanism by which
alterations in tryptophan metabolism are implicated in the patho-
genesis of RA. Supplementation with the reduced indole deriva-
tives ILA and IAA has protective effects on CIA mice by
enhancing Treg cell expansion and gut barrier function. This work
expands the understanding of the roles of tryptophan metabolism
in the development of autoimmune arthritis and highlight the ther-
apeutic potential to prevent or treat RA in the early stage.
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ZBTB20 Regulating Postnatal Articular Cartilage
Development and Homeostasis: Implications for
Early-Onset Osteoarthritis

Xianhua Ma,1 Fei Jiang,2 Zhenbang Qin,1 Yuqing Zhang,3,4,5,6,7,8 Chunchun Wei,1 Shuang Han,9 Yuxia Chen,1

Hai Zhang,1 Jiang Tao,3,4,5,6,7,8 Zhifang Xie,2 and Weiping J. Zhang1,9

Objective. Mutations in ZBTB20, which encodes a transcription factor, are linked to epiphyseal dysplasia and
articular degeneration in humans. This study investigates the role of ZBTB20 in regulating articular cartilage growth
and integrity during postnatal development and its implications for early-onset osteoarthritis (OA) in mice.

Methods. We assessed the spatiotemporal expression of ZBTB20 in articular cartilage using immunostaining and
generated an inducible cartilage-specific Zbtb20 knockout mouse model. The impacts of Zbtb20 deletion on cartilage
thickness, zonal organization, cellular proliferation, and apoptosis were analyzed. We employed histology, microcom-
puted tomography, in situ hybridization, RNA-sequencing (RNA-seq), and cleavage under targets and tagmentation
(CUT&Tag) to evaluate structural and molecular changes in knees from six to eight male mice per group. ZBTB20
expression in human OA cartilage was analyzed using publicly available datasets.

Results. ZBTB20 was expressed in postnatal developing and adult articular chondrocytes. Postnatal Zbtb20 dele-
tion resulted in progressive thickening of articular cartilage in knees, with a 1.9–fold increase at two months of age, par-
ticularly in the deep and calcified zones. This was accompanied by chondrocyte overproliferation and differentiation
defects, leading to early-onset cartilage degeneration by six months. RNA-seq and CUT&Tag analyses revealed that
ZBTB20 directly regulates a broad set of genes essential for cartilage growth, chondrocyte differentiation, and extra-
cellular matrix organization. Moreover, ZBTB20 expression was significantly reduced in aging-related OA cartilage in
both mice and humans, and inducible deletion of Zbtb20 in adult cartilage resulted in severe spontaneous OA-like
changes in mice.

Conclusion. ZBTB20 is essential for postnatal articular cartilage development and homeostasis, with a protective
role in aging-related OA progression.

INTRODUCTION

Articular cartilage undergoes significant structural and func-

tional changes during postnatal development. Disruptions to this

process can predispose individuals to early-onset osteoarthritis

(OA).1,2 However, the transcriptional regulatory networks that

govern postnatal articular cartilage growth and maturation are still

poorly understood.
At birth, mouse knee articular cartilage is thin, consisting of

randomly oriented small cells within a sparse extracellular matrix

(ECM). From postnatal week two, with the development of the

secondary ossification center (SOC), the articular cartilage
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becomes distinct from the growth plate.3 By postnatal day

28 (P28), tibial articular cartilage thickness in mice reaches its

peak and then decreases by two months, primarily due to

changes in cellular proliferation, hypertrophy, and ECM

accumulation.4

During this time, chondrocyte proliferation significantly
declines, and the tissue acquires a zonal structure composed of
superficial, transitional, deep, and calcified zones.2,4 Concur-
rently, the ECM becomes more enriched and organized.1,2 The
mechanisms underlying the deceleration in chondrocyte prolifera-
tion and the development of properly thickened, organized
mature tissue remain largely unclear.

ZBTB20 is a member of the BTB/POZ family of transcription
factors, which is capable of acting both as a transcriptional
repressor and activator. It plays a critical role in the development
of various organs, including bones.5–10 We previously demon-
strated abundant expression of ZBTB20 in hypertrophic chon-
drocytes of the growth plate during late embryonic stages and in
resting chondrocytes shortly after birth. Deletion of Zbtb20
in chondrocytes delays endochondral ossification and impairs
bone growth.9 In humans, mutations in ZBTB20 are associated
with Primrose syndrome, which presents with skeletal abnormali-
ties including epiphyseal dysplasia and articular
degeneration,11–14 suggesting a role for ZBTB20 in joint develop-
ment and homeostasis.

In this study, we demonstrate that ZBTB20 regulates a
broad set of genes essential for articular cartilage growth, chon-
drocyte differentiation, and ECM organization during postnatal
life. Inducible deletion of Zbtb20 in immature cartilage results in
thickening and early-onset degeneration of articular cartilage.

MATERIALS AND METHODS

Animals. Zbtb20Flox mice have been constructed and
backcrossed to C57BL/6J mice for at least five generations.5,9

Zbtb20Floxed/Agc1-CreER mice were generated by crossing
Zbtb20Flox/Floxmice with Aggrecan (Agc1)-CreERT2 knockin mice
(Jackson Laboratory, #019148).15 To induce Cre-mediated inac-
tivation of Zbtb20, Zbtb20Floxed/Agc1-CreER male mice and their
sex-matched littermate wild-type (WT) control mice (Cre-negative
or Zbtb20+/+) received tamoxifen (TAM) (50 mg/kg body weight)
by oral gavage for either 8 consecutive days starting at P10 or
10 consecutive days starting at 2.5 months. WT C57BL/6J mice,
aged three months and two years, were obtained from GemPhar-
matech Co., Ltd. Knees from around six to eight mice per group
were analyzed for each stage. In total, 153 animals were used.
All animal experiments were conducted according to protocols
(XIEC-NSFC-2021–097) approved by the Ethics Committee of
Xinhua Hospital affiliated with Shanghai Jiaotong University
School of Medicine.

Protocols. Protocols for immunofluorescent staining, in situ
hybridization, histologic analyses, OA grading, microcomputed
tomography analysis, 5-ethynyl-2’-deoxyuridine labeling, and ter-
minal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay are described in the Supplementary Methods
and Supplementary Tables 1–2. Detailed methods for RNA-
sequencing (RNA-seq), real-time quantitative reverse transcrip-
tion polymerase chain reaction, and cleavage under targets and
tagmentation analysis (Cut&Tag) are also available in the Supple-
mentary Methods and Supplementary Table 3. The RNA-seq
and Cut&Taq data are available in Gene Expression Omnibus
(GSE246737) and China National Center for Bioinformation/
Beijing Instiute of Genomics, Chinese Academy of Sciences
(CRA02907), respectively.

Statistical analysis. No randomization methods were
used to allocate samples. Sample sizes were empirically deter-
mined and are indicated in figure legends as n. No data were
excluded. This was an exploratory study with no prespecified pri-
mary or secondary endpoints. Statistical analysis was performed
using GraphPad Prism 7.0. Data with a sample size of at least
seven per group were tested for Gaussian distribution. Normally
distributed data were compared using an unpaired Student’s t-
test and are presented as dot plots with mean ± SD. Articular
thickness was analyzed by two-way analysis of variance with
Tukey’s multiple comparisons test. Data with a sample size fewer
than seven per group or non-normal distribution were compared
using the Mann–Whitney test and are presented as dot plots with
medians and interquartile ranges (IQR). A two-tailed P < 0.05 was
considered significant. P values are shown in the graphs, with val-
ues <0.001 reported as P < 0.001. Summary statistics are pro-
vided in Supplementary Tables 4–20.

RESULTS

ZBTB20 is expressed by postnatal developing and
adult articular chondrocytes. Our previous study demon-
strated that ZBTB20 is specifically expressed in hypertrophic
chondrocytes of the prenatal growth plate and later in the reserve
zone chondrocytes shortly after birth.9 In this study, we investi-
gate the spatial and temporal expression patterns of ZBTB20 in
articular cartilage. Immunostaining revealed no detectable
ZBTB20 signals in knee articular chondrocytes at P4
(Supplementary Figure 1). However, by P10, ZBTB20 expression
became evident (Figure 1A). At P21, when articular cartilage is
organized into superficial, transitional, deep, and calcified zones,
ZBTB20 was detected in DAPI-stained nuclei of chondrocytes
across all zones, with the strongest in the deep and calcified
zones, moderate in the transitional zone, and very weak in the
superficial layer (Figure 1A). This expression pattern remained
consistent at two months of age (Supplementary Figure 1), corre-
sponding to the full maturation of articular cartilage. Thus,
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Figure 1. Legend on next page.
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ZBTB20 is expressed in both postnatal developing and adult
articular chondrocytes.

Postnatal deletion of Zbtb20 leads to progressive
thickening of the articular cartilage during juvenile-
adolescent development. To reveal the role of ZBTB20 in
articular cartilage, we developed an inducible cartilage-selective
knockout mouse model (Zbtb20Floxed/Agc1-CreER mice, referred to
as Agc1-ZB20KO) by crossing Zbtb20Flox/Flox mice5 with Aggre-
can (Agc1)-CreERT2 knockin mice.15 Cre-mediated inactivation
of Zbtb20 was induced by administering TAM for eight consecu-
tive days starting at P10, coinciding with the initial detection of
ZBTB20 in articular cartilage and following the initiation
of SOC.16 Immunostaining confirmed loss of ZBTB20 signals in
over 90% of articular chondrocytes in Agc1-ZB20KO knee joints,
whereas robust expression was observed in WT controls
(Figure 1B). Chondrocytes in the mutant growth plate and menis-
cus also lost ZBTB20, whereas expression remained unchanged
in intra-joint ligaments and articular capsule including synovial lin-
ing cells (Supplementary Figure 2), which is consistent with the
previous report.15 Real-time quantitative reverse transcription
polymerase chain reaction (qRT-PCR) analysis showed an
86.5% reduction in Zbtb20messenger RNA (mRNA) in the articu-
lar cartilage of Agc1-ZB20KO femoral heads compared with WT
controls (Figure 1C), confirming the efficiency and specificity of
Zbtb20 deletion in Agc1-ZB20KO chondrocytes.

We next assessed the temporal histologic changes in articu-
lar cartilage following Zbtb20 deletion. Histologic morphometry of
hematoxylin and eosin–stained knee joints revealed a 1.3–fold
increase in overall articular cartilage thickness in the
Agc1-ZB20KO proximal tibia compared with WT controls at P28
(Figure 1D and E), a time when articular cartilage reaches its max-
imal thickness and exhibits its zonal structure.4 By two months of
age, when articular cartilage normally matures, the thickness
of the mutant articular cartilage had increased even further, reach-
ing 1.9 times that of the control group (Figure 1D and E). Thus, the
loss of ZBTB20 leads to progressive thickening of the articular
cartilage during juvenile-adolescent development.

Zonal analysis revealed that at P28, only the calcified zone
was significantly thicker in Agc1-ZB20KO cartilage compared
with controls (Figure 1D and F). To further confirm this finding,

we examined the expression patterns of zonal molecular markers
at P28, including Prg4 (a marker for the superficial and transitional
zones),17 Col2a1 (a marker more abundantly expressed by deep
layer chondrocytes),18 and ColX (a marker for calcified layer chon-
drocytes).19 In situ hybridization (ISH) revealed a significant
expansion of ColX mRNA expression in the mutant proximal tibia
compared with WT controls, whereas the expression domains of
Prg4 and Col2a1 remained similar between the two groups
(Figure 1G), which is consistent with the histologic observations.

By two months of age, both the deep and calcified zones
showed significant increases in thickness in the mutant group,
whereas the thicknesses of the superficial and transitional layers
remained similar between the two groups at both time points
(Figure 1D and F). Furthermore, the tidemark appeared less dis-
tinct and discontinuous in six of eight mutant samples, compared
with the clear and continuous tidemark observed in all WT con-
trols (Figure 1D). Additionally, Agc1-ZB20KO mice exhibited a
decreased SOC area and delayed ossification of the growth plate
at P28 or two months (Supplementary Figure 3), which is consis-
tent with our previous report.9 Collectively, these findings indicate
that ZBTB20 negatively regulates the growth of articular cartilage
thickness, particularly the deep and calcified zones, during
juvenile-adolescent development.

Postnatal deletion of Zbtb20 in articular cartilage
leads to early-onset spontaneous cartilage damage. The
articular defects observed in young Agc1-ZB20KO mice
prompted us to investigate whether these defects persist and
lead to articular cartilage degeneration in adults. To examine this,
we conducted a histologic analysis of knee joints from both
genotypic groups at six months of age, focusing on male mice
to control for potential TAM-related effects. Safranin O/Fast
Green-stained semiserial coronal sections revealed a 1.9–fold
increase in overall articular cartilage thickness in Agc1-ZB20KO
proximal tibia compared with WT controls (Figure 2A and B), con-
firming that articular cartilage thickening defects persist into adult-
hood in the mutant.

Indeed, Agc1-ZB20KO mice displayed significant early-
onset articular cartilage degeneration at six months, particularly
in the medial tibial plateau. This degeneration was marked by pro-
teoglycan loss, as evidenced by reduced Safranin O staining that

Figure 1. Deletion of Zbtb20 leads to progressively increased articular cartilage thickness: Immunofluorescence staining of Zbtb20 (red) coun-
terstained with DAPI (turquoise) in tibial articular (Ac) and meniscus (Me) chondrocytes from WT (A) or Agc1-ZB20KO mice at indicated ages (B).
n = 3/stage. (C) Real-time qRT-PCR showing significantly down-regulated Zbtb20mRNA in Agc1-ZB20KO articular cartilage at P22. n = 8/group.
(D) Representative hematoxylin and eosin–stained knee sections showing increased thickness of articular cartilages from Agc1-ZB20KO mice at
the indicated ages. The low panels are magnified views of respective boxed regions in the upper panels. Yellow arrows indicate tidemarks. n =
8/group for each stage. Bar graph showing the averaged thickness of overall tissue (E) or each zone (F) from the two groups at indicated ages.
(G) ISH showing expression domains of Prg4, Col2a1, and ColX mRNA in articular cartilage at P28. n = 3/group. All values are presented as
mean ± SD. Scale bar: 20 μm for (A), 100 μm for (B), 200 μm for (D _up panels), 50 μm for (D _low panels and G). See also Supplementary
Figures 1–3 and Supplementary Tables 4–7. Ca, calcified zones; De, deep; ns, not significant; ISH, in situ hybridization; P28, postnatal day 28;
mRNA, messenger RNA; qRT-PCR, quantitative reverse transcription polymerase chain reaction; S/T, superficial/transitional; WT, wild type.
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extended to more than 75% of the articular surface, and addi-
tional features included surface fibrillations, vertical clefts that
extended into the deep or calcified layers, chondrocyte depletion
and horizontal clefts within the deep zone, and cartilage over-
growth that was observed at the inner margin (Figure 2A).
Accordingly, the mutant mice displayed significantly higher
summed Osteoarthritis Research Society International (OARSI)
scores compared with WT controls (Figure 2C). No notable histo-
logic changes were observed in the intra-joint ligaments, articular
capsule, or meniscus of six-month-old Agc1-ZB20KO mice
(Figure 2A). These findings underscore the critical role of ZBTB20
in proper joint development, with its disruption resulting in joint
instability that contributes to the early onset of cartilage
degeneration.

Deletion of Zbtb20 leads to increased chondrocyte
proliferation and cell death in postnatal articular cartilage.
The articular cartilage thickening defects observed in
Agc1-ZB20KO mice suggest potential dysregulation in chondro-
cyte proliferation and/or cell death. To investigate chondrocyte
proliferation, we employed a seven-day consecutive 5-ethynyl-
2’-deoxyuridine (EdU) labeling strategy (twice-daily injections
from P21 to P27) because articular chondrocytes show minimal
proliferation after the second postnatal week.4 The mutant mice
displayed a significant increase in EdU-positive chondrocytes
within the tibial articular cartilage compared with controls. These
proliferating cells were primarily localized in the mutant transitional
zone, with a higher abundance in the peripheral regions
(Figure 2D–E), indicating excessive proliferation resulting from
Zbtb20 deletion.

Next, we assessed cell death in the articular cartilage of knee
joints at P28 using the TUNEL assay. Few apoptotic cells were
detected at this stage, with no significant difference between the
mutant and control mice (Supplementary Figure 4). However, by
two months of age, mutant tibial articular cartilage exhibited a sig-
nificant increase in TUNEL-positive cells compared with WT con-
trols (Figure 2F–G). These apoptotic cells were predominantly
localized in the deep and calcified layers. These findings suggest
early-onset chondrocyte degeneration following Zbtb20 deletion,

which is in line with the articular cartilage damage observed in
six-month-old Agc1-ZB20KO knees.

Postnatal deletion of Zbtb20 disrupts ECM
homeostasis and articular chondrocyte differentiation.
To gain insights into the molecular mechanisms of ZBTB20 action
and identify potential downstream targets, we performed RNA-
seq on articular cartilage from Agc1-ZB20KO and WT control
femoral heads at P22. We conducted six biologic replicates per
group and identified 195 significantly differentially expressed
genes (DEGs) with a fold change of ≥2 and Q value ≤0.05, filtering
out genes with fragments per kilobase per million mapped reads
(FPKM) <2. Among these, 109 genes were significantly up-
regulated, whereas 86 genes were down-regulated (Figure 3A,
Supplementary File 1). We validated 11 selected DEGs using
real-time qRT-PCR (Supplementary Figure 5A and B) based on
their high fold changes or potential relevance to articular cartilage
biology.

We then performed gene ontology (GO) analysis to analyze
the pathways and biologic functions of the DEGs. Figure 3B
shows the top 10 enriched biologic processes, with the ECM
organization term being the most significant by Q value. ECM-
related terms are also mostly enriched in the cellular component
category (Supplementary Figure 5C). Within the
29 ECM-associated DEGs, 15 were up-regulated, and 14 were
down-regulated (Figure 3C). It is well established that matrix
metalloproteinases (MMPs) and their inhibitors (TIMPs) are pivotal
regulators of ECM composition and turnover.20,21 In
Agc1-ZB20KO articular cartilage, Mmp-2 and Mmp-16 were up-
regulated, whereas Mmp-3, Timp3, and Timp4 were significantly
down-regulated, suggesting an imbalanced expression of MMPs
and TIMPs. We also noticed Lox (lysyl oxidase), encoding a key
enzyme catalyzing the covalent cross-linking of ECM proteins,22

was significantly down-regulated in Agc1-ZB20KO articular carti-
lage (Figure 3C).

We also observed dysregulated expression of several abun-
dant noncollagenous ECM components, including the downregu-
lation of Ibsp (integrin-binding sialoprotein), a marker for
hypertrophic chondrocytes,23 and the upregulation of Epyc (epi-
phycan) and Tnc (tenascin C) (Figure 3C), which are two

Figure 2. Deletion of Zbtb20 leads to early-onset degeneration, increased chondrocyte proliferation, and cell death in articular cartilage. Safranin
O/Fast Green-stained coronal knee sections of WT control and Agc1-ZB20KO mice at six months (A). The lower panels show magnified views of
boxed regions in the Mtp articular cartilage. The arrowhead indicates a vertical cleft, whereas the arrow points to a chondrocyte-depleted area in
Agc1-ZB20KO cartilage. Bar graphs show significantly increased tibial articular cartilage thickness (Ac) (B) and summed OARSI scores (C) in
Agc1-ZB20KO knees (n = 7 mice/group). Increased EdU+ (magenta) chondrocytes, counterstained with DAPI (blue), in Agc1-ZB20KO tibial artic-
ular cartilage at P28. The right panels are magnified views of boxed regions. EdU was administered twice daily from P21 to P27 (n = 8/group).
(E) shows histomorphometry analysis of (D). Increased TUNEL+ cells (red, arrows) counterstained with DAPI (turquoise) in Agc1-ZB20KO cartilage
at two months (n = 8/group). (G) shows histomorphometry analysis of (F). Values are mean ± SD ([B], [E], [G]) or medians with 25–75% IQR ([C]).
Scale bars are shown in each panel. See also Supplementary Figure 4 and Supplementary Tables 8–11. AC, articular; EdU, 5-ethynyl-2’-deoxyur-
idine; IQR, interquartile range; Mfc, medial femoral condyle; Mtp, medial tibial; OARSI, Osteoarthritis Research Society International; P28, postnatal
day 28; TUNEL, terminal deoxynucleotidyl transferase dUTP nick-end labeling; WT, wild-type. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43393/abstract.
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proteoglycans typically expressed by neonatal articular chondro-
cytes but significantly down-regulated in juvenile articular chon-
drocytes.24,25 The dysregulation of these genes suggests
disruptions in ECM architecture and remodeling in Zbtb20-
deficient articular cartilage.

The observed alterations in the mRNA expression of ECM-
related genes also suggest differential defects in articular chon-
drocytes following ZBTB20 loss. We therefore performed ISH to
examine the spatial expression patterns of several abundant
DEGs and determine which zone might be most affected at P22.
We found that Ibsp, Lox, and Timp3 mRNA were predominantly
expressed in the deep and calcified zones of WT control articular
cartilage but were significantly down-regulated in the Zbtb20-
deleted counterparts. In contrast, robust expression of Epyc

mRNA was ectopically detected in the deep and calcified zones
of Zbtb20-deleted articular cartilage (Figure 3D). These data sug-
gest that the loss of ZBTB20 leads to differential defects in chon-
drocytes within the deep and calcified zones, which may
contribute to the progressive thickening of these zones observed
in Zbtb20-deficient articular cartilage.

Postnatal deletion of Zbtb20 upregulates an
imprinted gene network in juvenile-adolescent
articular cartilage. To explore potential regulatory networks,
we performed a protein-protein interaction (PPI) analysis on DEGs
using the Search Tool for the Retrieval of Interacting Genes/
Proteins database (https://string-db.org/). To increase the confi-
dence of the interactions, we filtered out DEGs with low

Figure 3. Postnatal deletion of Zbtb20 disrupts ECM homeostasis and articular chondrocyte differentiation. (A) Volcano plot showing DEGs in
Agc1-ZB20KO articular cartilage at P22, as detected by RNA-seq analysis (n = 6 pairs, fold change ≥2, Q value ≤0.05). (B) GO analysis of DEGs
revealing the top 10 overrepresented biologic process terms. (C) Heatmap of ECM-related DEGs in Agc1-ZB20KO (KO) vs WT control articular
cartilage. (D) ISH analysis confirmed dysregulation of ECM-related DEGs in the mutant tibial articular cartilage at P28 (indicated by red arrow-
heads). Zones shown: S/T, D, and C. n = 3 pairs. Scale bar: 50 μm. See also Supplementary Figure 5 and Supplementary Table 12–13. C, calci-
fied; DEGs, differentially expressed genes; D, deep; ECM, extracellular matrix; FPKM, fragments per kilobase per million mapped reads; GO, gene
ontology; ISH, in situ hybridization; P28, postnatal day 28; RNA-seq, RNA-sequencing; S/T, superficial/transitional; WT, wild type. Color figure can
be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43393/abstract.
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expression levels (FPKM < 10) and set the minimum interaction
score to 0.4. This analysis identified 41 nodes that were clustered
into 12 distinct groups using the Markov cluster algorithm tool
(Figure 4A). Among these, five small clusters were associated with

ECM, which is consistent with the aforementioned enriched GO
terms. The largest cluster contained 10 genes, with 4 up-
regulated (Jun, Foxo4, Cdkn1a, and Esr1) and 6 down-regulated
(Dkk1, Mycl, Lox, Gpx3, Tgm2, and Stc2) (Figure 4A and B).

Figure 4. Postnatal deletion of Zbtb20 upregulates an imprinted gene network in juvenile-adolescent articular cartilage. (A) PPI analysis identified
protein interaction networks and functional clusters, including an imprinted gene network, among DEGs in Agc1-ZB20KO articular cartilage at
P22. Heatmaps showing the largest (B) and second-largest (C) DEG clusters identified by PPI analysis. (D) Real-time qRT-PCR validation of up-
regulated imprinted genes in articular cartilage at P28. n = 8 pairs. Data are presented as individual dot plots with mean ± SD. (E) ISH analysis con-
firmed the upregulation of imprinted genes in mutant cartilage (indicated by red arrows) at P28. The blue, green, and magenta double-headed
arrows denote the approximate thickness of the superficial/transitional, deep, and calcified zones, respectively. n = 3 pairs. Scale bar: 50 μm (left
panel), 100 μm (right panel). See also Supplementary Figure 6 and Supplementary Table 14. Ac, articular cartilage; DEGs, differentially expressed
genes; FPKM, fragments per kilobase per million mapped reads; Gp, growth plate; ISH, in situ hybridization; mRNA, messenger RNA; P22, post-
natal day 22; PPI, protein-protein interaction; qRT-PCR, quantitative reverse transcription polymerase chain reaction; SOC, second ossification
center. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43393/abstract.
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These genes are primarily involved in chondrocyte differentiation
or survival.26–30

The second-largest cluster consisted of seven imprinted
genes, all of which were up-regulated in Agc1-ZB20KO chondro-
cytes. These genes—Peg3, Zim1, Plagl1/Zac1, Dlk1, Mest, Igf2,
and Peg10 (Figure 4A and C)—are known to form a coregulated
imprinted gene network that regulates embryonic and postnatal
growth.31,32 Downregulation of this network is linked to growth
deceleration in various tissues, including cartilage.31–33 Real-time
qRT-PCR confirmed the upregulation of these imprinted genes
in Agc1-ZB20KO articular cartilage at P28 (Figure 4D).

We further used ISH to assess the spatial distribution of
these genes in knee joints at P28. Although Peg10was not tested
because of low expression levels, and Mest failed to yield consis-
tent staining, the other imprinted genes showed significantly
stronger signals in the mutant articular cartilage compared with
controls (Figure 4E). Specifically, Peg3 and Zim1 were predomi-
nantly expressed in the mutant deep zone, Plagl1 was broadly
distributed across the mutant transitional and deep zones, and
Dlk1 was found in the mutant transitional and upper deep zones
of the femora and to a lesser extent in the tibiae (Supplementary
Figure 6). Increased Igf2 expression was detected in the periph-
eral articular cartilage and in the growth plates of the mutants,
and higher signals for Peg3, Zim1, and Plagl1 were also observed
(Supplementary Figure 6). Together, PPI analysis shows that
ZBTB20 regulates a large set of genes associated with chondro-
cyte differentiation or survival and negatively controls the growth-
promoting imprinted gene network in juvenile-adolescent
cartilage.

ZBTB20 directly regulates a significant subset of
genes critical for cartilage development and ECM
homeostasis. To identify potential direct targets of ZBTB20,
we performed CUT&Tag analysis34 to map its genome-wide bind-
ing sites in articular cartilage. To obtain a sufficient quantity of pri-
mary chondrocytes, femoral heads from rats (aged at P22–P25)
were used instead of mice. Two biologic replicates identified a
total of 16,359 common ZBTB20-binding peaks after filtering
out regions overlapping with IgG-negative controls using the
SEARC (sparse enrichment analysis for cleavage under targets
and release using nuclease) program (Supplementary File 2).35

The binding peaks were predominantly located in intergenic
regions (39.47%) and promoter regions (38.04%, defined as
±3 kb surrounding transcription start sites [TSSs]), followed by
intronic regions (15.63%) (Figure 5A), suggesting ZBTB20 regu-
lates gene transcription through either proximal and/or distal reg-
ulatory elements.

To further characterize ZBTB20 binding features, we con-
ducted parallel CUT&Tag analyses for two histone modification
markers—H3K27AC and H3K4ME1—using the same chondro-
cyte samples. These histone modifications are known to coloca-
lize at enhancer regions and are recognized as chromatin

signatures for enhancer identification.36–38 Additionally, high
levels of H3K27AC signals are detected at promoters of active
genes, whereas H3K4ME1 marks both active and poised pro-
moters.39 Our integrative analysis revealed that 34.6% (5,665 of
16,359) of ZBTB20 peaks overlapped with both H3K27AC and
H3K4ME1 peaks, marking enhancer regions, whereas 37.3%
(6,094 of 16,359) colocalized with H3K27AC peaks alone, indi-
cating active promoters. A smaller proportion of 5.5% (900 of
16,359) overlapped with H3K4ME1 peaks only, suggesting
poised regulatory elements (Figure 5B). Further analysis of read
distribution around the TSS showed that ZBTB20 and
H3K27AC signals were centered on the TSS, whereas
H3K4ME1 signals extended more broadly downstream
(Figure 5C). These results indicate that ZBTB20 is enriched at
both enhancer and promoter regions, implicating its role in regu-
lating gene expression across multiple regulatory landscapes.

To link binding events to transcriptional changes, we inte-
grated CUT&Tag data with the aforementioned DEGs identified
by RNA-seq. Of the 195 DEGs, 43% (84 of 195) were found to
have ZBTB20-binding sites (Figure 5D, Supplementary File 3),
suggesting that ZBTB20 directly regulates a significant subset of
DEGs. Among the up-regulated DEGs with ZBTB20-binding
sites, five growth-promoting imprinted genes (Zim1, Dlk1, Peg3,
Igf2, and Plagl1) were identified, along with other genes involved
in chondrocyte differentiation, such as Cdkn1a, Jun, and Tnc
(Figure 5D and E, Supplementary File 3). The down-regulated
DEGs with ZBTB20-binding sites included several ECM-related
genes, such as Mmp3, Ibsp, Timp3, and Clu (Figure 5D and E).
These findings suggest that ZBTB20 directly regulates a broad
set of genes critical for cartilage growth, chondrocyte differentia-
tion, and ECM homeostasis.

Inducible deletion of Zbtb20 in mature cartilage
causes severe spontaneous OA with excessive
osteophytes. Because ZBTB20 is also expressed in adult artic-
ular cartilage, we next asked if ZBTB20 is necessary for maintain-
ing articular cartilage homeostasis in adulthood. To test this, we
induced Zbtb20 inactivation in Agc1-ZB20KO male mice through
a 10-day consecutive TAM administration starting at two-and-a-
half months of age. The specificity and efficiency of the Cre-
mediated recombination were validated through immunostaining
of ZBTB20 (Supplementary Figure 7).

To assess the joint health of Agc1-ZB20KO mice, we con-
ducted microcomputed tomography (micro-CT) analysis followed
by histologic analysis on their knees at one year of age, which is a
stage considered to be middle-aged for mice. The micro-CT
revealed extensive ectopic ossification and osteophytes in the
mutant knee joints (Figure 6A–E). Consistently, histologic analysis
revealed that the mutant mice exhibited extensive ectopic chon-
drogenesis and ossification in the synovium-capsule and cruciate
ligaments, and large chondro-osteophytes in the outer or inner
joint margins. This was accompanied by severe destruction of
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articular cartilage and synovial inflammation in the knee joints.
Subchondral bone changes, including sclerosis and cysts, were
occasionally observed along with severe cartilage lesions in some
mutant joints. In contrast, WT control knee joints showed only
mild cartilage damage (Figure 6F–G). Consequently, the mutant
mice demonstrated significantly higher OARSI scores and grades
of chondro-osteophyte formation compared with the control
group (Figure 6H–J).

To investigate whether ZBTB20 expression alters during
age-related cartilage degeneration, we examined histologic
changes and ZBTB20 levels in knee articular cartilage from WT
C57BL/6J mice at three months and two years. Histologic

analysis and OARSI scoring revealed mild OA in two-year-old
mice (Supplementary Figure 8). Immunostaining showed a 43%
reduction in ZBTB20 immunofluorescence intensity in the articular
cartilage of aged mice compared with younger controls
(Figure 6K–L), supporting the link between ZBTB20 downregula-
tion and age-related OA.

To explore similar changes in human OA, we analyzed pub-
licly available datasets, including bulk RNA-seq dataset
GSE168505 and two independent single-cell RNA-seq (scRNA-
seq) datasets, GSE169454 and GSE255460.40,41 GSE168505
and GSE169454 contained expression profiles of femoral con-
dyle cartilage from three non-OA controls and four patients with

Figure 5. ZBTB20 directly regulates a significant subset of genes critical for cartilage development and ECM homeostasis. (A) Pie chart showing
the distribution of ZBTB20-binding peaks across the genome, identified by CUT&Tag analysis in articular chondrocytes from rat femoral heads
around P25 (two biologic replicates). (B) Venn diagram depicting common binding peaks among ZBTB20, H3K27AC, and H3K4ME1.
(C) Heatmap of reads distribution of ZBTB20, H3K27AC, and H3K4ME1 within the −3 to +3 kb region flanking the TSS. (D) Venn diagram showing
DEGs with ZBTB20-binding sites. (E) Integrative Genomics Viewer tracks showing ZBTB20-binding peaks (highlighted by magenta boxes) in the
cis-regulatory regions of representative DEGs. Tracks for Control IgG (blue); for anti-ZBTB20 IgG (red). Source data are provided in
Supplementary Datasets 2 and 3. CUT&Tag, cleavage under targets and tagmentation; DEGs, differentially expressed genes; ECM, extracellular
matrix; P25, postnatal day 25; TSS, transcription start site. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43393/abstract.
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Figure 6. Legend on next page.
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OA.40 Bulk RNA-seq analysis revealed a modest downregulation
of ZBTB20 mRNA in OA cartilage compared with non-OA carti-
lage (log2FC = −0.6, Q value = 0.029) (Figure 6M and N). Consis-
tently, scRNA-seq data showed ZBTB20 downregulation across
six chondrocyte clusters in OA cartilage (Figure 6O).

To minimize bias from interpatient variability, we also ana-
lyzed GSE255460, an additional scRNA-seq dataset from femo-
ral condyle cartilage of three non-OA controls (mean age 51.67
± 4.9 years) and eight patients with OA (mean age 64.33
± 7.6 years).41 This analysis revealed significant downregulation
of ZBTB20 mRNA in inflammatory chondrocytes (InfC) from OA
samples, with unchanged expression in other chondrocyte clus-
ters (Figure 6P). The InfC cluster, enriched in OA samples, is
believed to play a role in OA pathogenesis.41 Furthermore,
another scRNA-seq analysis comparing knee articular cartilage
from healthy individuals (n = 6, mean age 35 ± 9 years) and those
with OA (n = 6, mean age 71 ± 6 years) revealed significant down-
regulation of ZBTB20mRNA in a senescent pathogenic chondro-
cyte population.42 Together, these results suggest that ZBTB20
plays a crucial role in maintaining joint integrity, and its downregu-
lation is associated with age-related OA in both mice and
humans.

DISCUSSION

This study reveals a novel role for ZBTB20 in postnatal artic-
ular cartilage development and homeostasis. We demonstrate
that ZBTB20 regulates genes essential for articular development
and ECM organization, particularly by suppressing the expression
of a growth-promoting imprinted gene network during
juvenile-adolescent stages. Loss of ZBTB20 leads to progressive
thickening of the deep and calcified zones and early-onset articu-
lar cartilage damage. Furthermore, ZBTB20 plays a protective
role in the progression of age-related OA.

A prominent phenotype observed in Agc1-ZB20KO mice
was the abnormal thickening of articular cartilage, with a 1.9–fold
increase in thickness at two months. Normally, cartilage thickness
peaks around P28 and decreases by two months in mice,4,43 but
ZBTB20 loss disrupts this process. We propose that this is due to

altered chondrocyte proliferation, differentiation, ECM architec-
ture, and ossification.

Chondrocyte overproliferation was mainly observed in the
mutant articular transitional zone, rather than the superficial zone.
Transitional chondrocytes typically have a higher proliferation rate
than superficial cells during postnatal life,44,45 highlighting the
importance of regulating proliferation in this zone for proper carti-
lage development. Increased proliferation alone, however, may
not fully explain the thickening in the deep and calcified zones.
This is more likely due to defects in chondrocyte differentiation
and maturation. Previous studies suggest that articular chondro-
cytes undergo an endochondral ossification-like process during
postnatal development, in which newly generated chondrocytes
from the superficial/transitional zone differentiate into mature
chondrocytes in the deep/calcified zone. These mature chondro-
cytes then undergo apoptosis or transdifferentiation at the
chondro-osseous junction, contributing to the endochondral
growth of underlying epiphyseal bones.44,45 In Zbtb20-deficient
knees, disrupted chondrocyte differentiation may delay this pro-
cess, leading to articular thickening, and may partially contribute
to a reduced SOC area. This is supported by the downregulation
of hypertrophic markers (Ibsp and Timp3)23,46 and upregulation
of immature markers (Epyc, Jun, and Tnc).24,25,47

Alterations in ECM architecture and turnover may further
contribute to this thickening. Future studies using zone-specific
Cre lines could provide further insights into ZBTB20’s role in carti-
lage zonal development and homeostasis.

We also observed upregulation of eight imprinted genes in
Zbtb20-deficient articular cartilage, five of which (Zim1, Dlk1,
Peg3, Igf2, and Plagl1) contain ZBTB20-binding sites in their cis-
regulatory elements, suggesting direct transcriptional inhibition
by ZBTB20. These genes, known to promote early growth, are
down-regulated in cartilage around weaning.31–33 Our findings
imply that ZBTB20 coordinates the downregulation of these
genes, which may be essential for cartilage maturation.

Induced deletion of Zbtb20 in postnatal immature cartilage
resulted in early-onset OA-like changes, likely due to develop-
mental defects, including altered chondrocyte differentiation,
increased apoptosis, and ECM abnormalities. In adult cartilage,

Figure 6. Inducible deletion of Zbtb20 in mature cartilage causes severe spontaneous OA-like changes. Micro-CT analysis reveals exacerbated
ectopic ossification and osteophyte formation (red arrowheads) in one-year-old Agc1-ZB20KO knees ([B], [D]) compared with WT controls ([A],
[C]). (E) Bar graph showing significantly increased osteophyte volumes in the mutant compared to WT. Representative Safranin O/Fast Green-
stained knee sections show severe cartilage destruction in Agc1-ZB20KO (G) compared to WT (F). Arrows indicate erosion, arrowheads indicate
ectopic chondrogenesis/ossification, and the dotted circle indicates a subchondral bone cyst and microfracture. Graphs show significantly
increased maximal (H) and summed OARSI scores (I), chondro-osteophyte formation (J) in Agc1-ZB20KO knees. n = 6 mice/group. Data are pre-
sented as median with 25–75% IQR. Representative immunofluorescence images (K) and a corresponding graph (L) show decreased ZBTB20
immunofluorescence intensity (indicated by arrowheads) in tibial articular cartilage of two-year-old WT mice. Nuclei were counterstained with DAPI
(turquoise). Volcano plot (M) and heatmap (N) illustrating reduced expression of ZBTB20mRNA in human OA cartilage (GSE168505). (O, P) Violin
plots show decreased ZBTB20 expression in specific chondrocyte subsets (highlighted in magenta) from human OA knee cartilage (scRNA-seq
datasets: GSE169454 and GSE255460). See also Supplementary Figures 7–8 and Supplementary Tables 15–20. IQR, interquartile range; MM,
medial meniscus; micro-CT, microcomputed tomography; mRNA, messenger RNA; OA, osteoarthritis; OARSI, Osteoarthritis Research Society
International; scRNA-seq, single-cell RNA sequencing; WT, wild-type. Color figure can be viewed in the online issue, which is available at http://
onlinelibrary.wiley.com/doi/10.1002/art.43393/abstract.
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Zbtb20 deletion led to extensive ectopic chondrogenesis and
ossification in the synovium-capsule and cruciate ligaments of
mid-aged mice. No recombination activity was detected in cells
within these regions, suggesting that these defects originate from
Zbtb20-deleted chondrocytes. Our scRNA analysis, along with
previous studies,41,42 revealed that ZBTB20 is down-regulated
in inflammatory and senescent pathogenic chondrocytes in
human OA cartilage. Because inflammation is widely recognized
as a key trigger for ectopic ossification,48 we hypothesize that
ZBTB20 loss induces cellular senescence and chronic inflamma-
tion in aging cartilage, promoting OA progression and ectopic
ossification.

Our results are consistent with skeletal phenotypes observed
in Primrose syndrome, which include epiphyseal abnormalities
and articular destruction.12–14 However, they contrast with a
recent study showing that Zbtb20 knockout in 10-week-old
Col2a1-CreERT2 mice attenuated destabilization of medial
meniscus–induced OA.49 This suggests that ZBTB20 may have
opposing effects in the progression of post-traumatic OA in
young adults versus spontaneous OA in aging mice, indicating
distinct molecular mechanisms in these models.50 Further investi-
gation is needed to clarify ZBTB20’s context-dependent role in
OA progression.

In conclusion, our study highlights ZBTB20 as essential for
postnatal joint development and homeostasis. Along with our
previous findings on its role in endochondral ossification and long
bone growth,9 these findings underscore its multifaceted roles in
skeletal development and cartilage homeostasis.
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The Influence of Race, Ethnicity and Historical Redlining
on Psoriatic Disease Burden and Clinical Outcomes

Sharon Dowell,1 Brittany Banbury,2 Christopher Jenkins,3,4,5 Emily E. Holladay,6 Fenglong Xie,6,7

Jingyi Zhang,6 Grace C. Wright,8 Jeffrey R. Curtis,6,7 and Gail S. Kerr3,4,9

Objective. The study objective was to evaluate the association of neighborhood deprivation and structural barriers
with disease burden in racial and ethnic subsets of patients with psoriatic arthritis (PsA).

Methods. Patients with PsA in the Rheumatology Informatics System for Effectiveness registry of the American
College of Rheumatology with reported race, region, and three or more years of follow-up were evaluated.
Demographic factors, disease activity measures, social deprivation defined by the area deprivation index, and
therapeutic agents were stratified by race. Subgroup analyses were conducted to examine demographic and clinical
characteristics across residential areas graded by the Home Owners’ Loan Corporation (HOLC), from “best” (HOLC
1—predominantly White residents) to “hazardous” (HOLC 4 or redlined—predominantly Black residents) based on
investment risk.

Results. The cohort included 21,429 predominantly female (57.7%) and obese (56.1% body mass index >30)
patients with PsA, with median age of 55 (12.8) years. High social deprivation was prevalent among Black patients
(25.7 % vs 2.3% Asian, 12.5% White, and 17.3% other), as was high disease activity (HDA; 40.2% vs 25.8% Asian,
29.6%White, and 33.5% other). Approximately 7% of patients with PsA lived in HOLC-graded districts. Smoking, obe-
sity, high social deprivation, federal insurance, and HDA were more prevalent in patients in HOLC 4 areas compared to
HOLC 1 areas. HOLC 4 patients also had longer median [interquartile range] periods of HDA (105.0 [0–690] person-
days) and fewer days in remission (1.0 [0–5,457] person-days).

Conclusion. In the United States, Black patients with PsA have prevalent HDA and high social deprivation. Addi-
tionally, the enduring effects of structural racism appear to negatively influence PsA disease characteristics of patients
living in historically redlined areas.

INTRODUCTION

Asian, Black, multiracial, and Hispanic White patients with

psoriatic disease (PD) have greater comorbidity, more extensive

skin disease, and higher disease activity with more frequent axial

involvement.1–4 Compared to their White counterparts, these eth-

nic minority individuals more often have diagnostic delays and a

longer time to initiation of disease-modifying antirheumatic drugs

(DMARDs) along with less use of biologic medications and worse

clinical outcomes.2,5 Both socioeconomic status (SES) and

neighborhood social deprivation contribute to these health dis-

parities in PD, although there are conflicting findings regarding

the high prevalence of psoriatic arthritis (PsA) in both high6 and

low7 socioeconomic groups. SES is influenced by a complex

interplay of several factors, which range from the individual level

(education, occupation, and income) to the broader structural

and policy environment (housing, health care, and social security

policies) in which people live and work. Neighborhood-level fac-

tors such as housing quality, public services, environmental con-

ditions, and social cohesion further influence individual outcomes
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by either amplifying or mitigating disadvantage.8 Although multi-
ple social factors may contribute to PsA outcomes, the associa-
tion of neighborhood-level deprivation on disease expression in
PsA has not been studied.

In the United States, the spectrum of bias and prejudices
based on race is intertwined with legislation that has affected
health and patient care. Furthermore, practices established by
the federal Home Owners’ Loan Corporation (HOLC) in the
1930s to promote affordable homeownership disproportionately
disadvantaged minority populations9,10 with the sequelae of lim-
ited education and employment opportunities and enduring low
SES. Private banks adopted directives from the HOLC that exam-
ined the racial and ethnic makeup of neighborhoods and income
data to determine risk for mortgage lending.11,12 Areas that had
predominantly Black residents and low income often were
deemed at high risk for mortgage lending and shaded red on the
HOLC maps, in a practice referred to as “redlining.” These red-
lined neighborhoods, today home to more than 8 million
people,13 remain financially disadvantaged11 and, by extension,
have compromised access to health care and a lack of expanded
health care support.14,15 The toll of these policies in these affected
areas is underscored by the higher rates of chronic diseases such
as heart disease, diabetes, and asthma, and more frequent
adverse clinical outcomes.16,17 This is an added contributor to
the overall area deprivation and the sequela of health care
disparity.

A recent report delineates the impact of historical redlining on
increased health care resource utilization.18 Literature describing
the impact of neighborhood deprivation and structural barriers in
the United States on PD characteristics and disease-specific out-
comes is limited. In this study, we aimed to evaluate the associa-
tion of neighborhood social deprivation, captured by the area
deprivation index (ADI) and HOLC historical redlining maps,10,19

with PsA disease burden and treatment among racial and ethnic
subsets of patients with PsA. We hypothesized that ethnic minor-
ity individuals had greater PsA disease burden, less biologic
DMARD (bDMARD) use, higher social vulnerability as measured
by the ADI, and a greater likelihood to live in a HOLC-identified
high risk area. We further evaluated the impact of residence in his-
torically redlined areas on PsA disease burden.

METHODS

Study population. A retrospective cohort analysis of the
Rheumatology Informatics System for Effectiveness (RISE) regis-
try data20 was performed. Patients >18 years of age, with docu-
mented race and region of residence, two or more rheumatology
provider visits between October 01, 2016, and September
30, 2020 (the PsA case ascertainment period), and at least three
years of follow-up receiving care at active RISE sites were
included, with an analysis cutoff date of September 30, 2023.
PsA diagnosis was confirmed by the presence of two or more

International Classification of Diseases, Ninth (ICD-9) or Tenth
Revision, Clinical Modification (ICD-10-CM) codes (ICD-9 696.0
and/or ICD-10-CM L40.5*) separated by at least 28 days and
occurring within 365 days, with current or previous use of PsA-
related medication prescriptions or procedures (injection or infu-
sion of PsA medications) up to 12 months before the index date.
The index date was defined as the second ambulatory visit with
a PsA diagnosis code in the case ascertainment period. Case
identification algorithms requiring two or more ICD PsA diagnosis
codes from rheumatology providers and prescription of disease-
specific therapy have been shown to have high positive predictive
values for PsA.21,22 PsA medications included methotrexate and
other conventional synthetic DMARD agents; bDMARD agents
(tumor necrosis factor alpha inhibitors, a costimulation modulator,
interleukin-17 inhibitors, interleukin-12/23 inhibitors); and tar-
geted synthetic DMARD (tsDMARD) agents including a phospho-
diesterase 4 inhibitor, apremilast, and Janus kinase inhibitors
(tofacitinib and upadacitinib). Patients with ICD-10-CM codes for
rheumatoid arthritis, ankylosing spondylitis, systemic lupus ery-
thematosus, systemic vasculitis, or gout at any time before the
index date were excluded.

Variables. Specific variables included self-reported race
and ethnicity, neighborhood SES,19 age at index date, body mass
index (BMI; >30 indicates obesity), comorbidities, tobacco use,
PsA disease characteristics (Multidimensional Health Assess-
ment Questionnaire, pain, physician global assessment,
patient global assessment, Routine Assessment of Patient
Index Data 3 [RAPID3],23 erythrocyte sedimentation rate,
c-reactive protein), insurance coverage and type (government
[Medicare, Medicaid], private/commercial), and medication
use including glucocorticoids (lower-dose steroid <10 mg,
higher-dose ≥10 mg of daily prednisone or equivalent), nonste-
roidal anti-inflammatory drugs, and opioids. Sociodemographics,
PsA disease status, and medications were extracted at index.
Medication use, including baseline therapy and initiation of ther-
apy during follow-up, were recorded and used to assess burden
of disease and provider adherence to treatment guidelines for
active PsA.24,25 High disease activity (HDA) was defined as a
RAPID3 score of >12 (0–30). We used RAPID3 scores and the
trapezoid rule to estimate the amount of time spent in disease
activity categories during follow-up. Comorbidity was assessed
using the RxRisk Comorbidity Index, a validated pharmacy-based
measure of comorbidity that uses documented prescription med-
icines to estimate the number of conditions treated out of 46 dis-
ease entities.26 High comorbidity was further defined as an
RxRisk Comorbidity Index above the 90th percentile. Distance to
care was defined as the median distance between the centroid
of the patients’ home address zip code and practice site zip code.

Social deprivation and HOLC. Socioeconomic depriva-
tion experienced according to neighborhood was assessed using
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the ADI, with vulnerable patients defined by an ADI ≥80 (the most
disadvantaged 20% of neighborhoods). The ADI is a validated
neighborhood level score of socioeconomic disadvantage based
on several census-derived variables (from income, education,
housing, and employment domains) and ranges from 1 to
100, with an ADI ≥80 (ie, the 80th percentile) reflecting a previ-
ously established indicator of high social deprivation.19

Characteristics of patients with PsA were stratified by HOLC
score. We converted nine-digit zip codes to census tract five-digit
Federal Information Processing Series codes to use the University
of Michigan’s 2020 census tract HOLC redlining scores.27 HOLC
scores were reported from 1 to 4, with 1 denoting an A grade or
best and 4 denoting a D grade or hazardous residence (redlined).
Redlining scores were then used to stratify PsA clinical characteris-
tics to evaluate associations with geographic areas that have expe-
rienced structural racism. Historically, only approximately 16% of all
2020 USCensus Tracts received these scores.28,29 The proportion
of US census tracts does not account for population sizes.

Statistical analyses. Hypothesis 1: Ethnic minority
patients have more severe PsA disease activity (Hypothesis 1a)
and less use of b/tsDMARDs for PsA (Hypothesis 1b).

Demographics, disease activity, social deprivation defined by high
ADI (≥80), and use of biologic and tsDMARD PsA treatments were
examined overall and stratified by race. Ordinal alternating logistic
regression was used to evaluate the association between demo-
graphic variables and both baseline use of PsA medications and
follow-up (over 36 months) initiation of new PsA medications.
The dependent variable in these models was the categorical num-
ber of new PsA medications used and classified during baseline
as three or more, exactly two, or exactly one PsA medication,
and during the three-year follow-up, it was classified as two or
more, exactly one, and no (0) new PsA medications newly initi-
ated. Ordinal regression was used and controlled for the cluster-
ing of patients within physician practice. We controlled for other
potentially confounding factors including age, sex, and (for the
longitudinal model) the number of baseline PsA medications. We
then used ordinary least squares regression and generalized esti-
mating equations to evaluate the association between race and
ethnicity and the proportion of days (as a percentage) spent in
HDA during the three years of follow-up. We evaluated crude
models evaluating only race and ethnicity that accounted for the
effect of clustering of patients with PsA within physician practice.
We then sequentially adjusted for potentially confounding factors
to identify which factors were most influential in the race and eth-
nicity associations. These additional factors included insurance
type (government [Medicare, Medicaid], private/commercial),
geographic region, and sex. We additionally evaluated the bivari-
ate association with each potential confounder (sex, comorbidity,
insurance type, geographic region) to evaluate which factors most
strongly influenced the effect estimate with race observed.

Hypothesis 2: Living in a historically “hazardous” (HOLC 4)

area is associated with Black and Hispanic White race and
ethnicity and associated with higher disease activity than living in
a historically “best” (HOLC 1) area. A subgroup analysis assess-
ing demographic and clinical characteristics of patients with PsA
stratified by historical residential security grades was also con-
ducted. Although the legacy of HOLC neighborhood grading per-
sists, its effects are most pronounced in HOLC 1 (best) and HOLC
4 (hazardous) areas,30 which we selected for comparison in this
study. Patients who lived in areas without an HOLC score were
excluded from the analysis. For disease activity, the analysis was
further restricted to those patients with RAPID3 at baseline and
at least three distinct RAPID3 measurements in the disease activ-
ity category during the follow-up period. We assessed the
descriptive statistics (ie, mean ± SD andmean [interquartile range;
IQR]) for medications used, visits with a rheumatologist, PsA
medications per visit, and person-days in disease activity cate-
gory stratified by HOLC category. P values were provided using
Kruskal-Wallis rank sum and Pearson’s χ2 tests.

RESULTS

The cohort comprised 21,429 patients with PsA (Supplemental
Table 1—Attrition Table). The median (IQR) age was 56 (47–65)
years, with 57.7% of female sex, 52.2% in Southern residence, and
56.1% characterized as obese (BMI >30) (Table 1). Of the total par-
ticipants, 595 individuals (3.2%) identified as Hispanic, representing
25% of the “other” group. Black patients with PsA constituted a
small minority of the cohort (n = 388, 1.8%), were predominantly
female (73.5%), resided in the South (77.1%), and had obesity
(73.2%) compared to other ethnic groups. Black patients with PsA
also had a greater prevalence of HDA (40.2% vs Asian: 25.8%,
other: 33.5%, White: 29.6%), high comorbidity burden (mean ± SD
RxRisk 8.7 ± 4.1 vs Asian: 5.9 ± 3.5, other: 7.1 ± 3.9, and White
patients: 7.9 ± 4.2), and high social deprivation (ADI ≥80th percentile)
(25.7% vs Asian: 2.3%, other 17.3%, White patients 12.5%). With
regard to PsA therapies, Black patients had greater use of oral
(12.6% vs Asian: 9.8%, other: 7.7%, and White patients: 10.2%)
and injectable glucocorticoids (30.9% vs Asian: 19.0%, other:
21.2% and White patients: 20.7%) and less use of bDMARDs
(54.9% vs Asian: 59.9%, other: 57.8%, and White patients: 60.4%).

Over three years of follow-up, patients with PsA had a
median (IQR) of 8.0 (6.0–10.0) visits with their rheumatologist
and a median (IQR) of 25 (0.0–599.5) person-days in HDA and
147 (0.0–513.5) person-days in moderate disease activity
(Table 2). Black and other patients with PsA spent a greater pro-
portion of time in HDA (Black: 37.5%, other: 32.1%) compared
to White (27.1%) or Asian (26.3%) patients with PsA (P <
0.0001). Of patients with a RAPID3 measurement at the index
date and three or more during follow-up (n = 5,999), the median
number of new PsA medications in the three years following the
index date was 1.0 (0.0–2.0). Most patients (67.4%) with HDA
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Table 1. Baseline characteristics of patients with PsA in the RISE registry, by race*

Characteristic Overall, n = 21,429 Asian, n = 327 Black, n = 388 Other, n = 987 White, n = 19,727 P valuea

Age, median (IQR), y 56.0 (47.0–65.0) 52.0 (41.0–61.0) 57.0 (48.0–65.0) 53.0 (43.0–61.0) 57.0 (47.0–65.0) 0.00
Female 12,354 (57.7) 168 (51.4) 285 (73.5) 559 (56.6) 11,342 (57.5) 0.00
Region 0.00
Midwest 5,059 (23.6) 37 (11.3) 60 (15.5) 315 (31.9) 4,647 (23.6)
Northeast 3,138 (14.6) 30 (9.2) 20 (5.2) 71 (7.2) 3,017 (15.3)
South 11,195 (52.2) 153 (46.8) 299 (77.1) 458 (46.4) 10,285 (52.1)
West 2,037 (9.5) 107 (32.7) 9 (2.3) 143 (14.5) 1,778 (9.0)

Ethnicity 0.00
Hispanic 595 (3.2) 4 (1.6) 5 (1.5) 206 (25.0) 380 (2.2)
Non-Hispanic 18,105 (96.8) 254 (98.4) 334 (98.5) 618 (75.0) 16,899 (97.8)
Unknown 2,729 69 49 163 2,448

Insurance 0.00
Medicaid 737 (3.6) 6 (1.9) 34 (9.0) 52 (6.0) 645 (3.4)
Medicare 8,124 (39.6) 63 (20.3) 160 (42.6) 257 (29.7) 7,644 (40.3)
Private 10,989 (53.6) 209 (67.4) 175 (46.5) 533 (61.5) 10,072 (53.2)
Other insurance 648 (3.2) 32 (10.3) 7 (1.9) 24 (2.8) 585 (3.1)
Unknown 931 17 12 121 781

Ever smoker 6,196 (32.6) 65 (20.8) 122 (33.9) 255 (30.1) 5,754 (32.9) 0.00
Unknown 2,419 14 28 139 2,238

BMI category 0.00
Underweight, <18.5 259 (1.6) 11 (4.2) 1 (0.3) 11 (1.5) 236 (1.6)
Healthy, 18.5–25 2,189 (13.3) 68 (25.7) 26 (8.7) 81 (11.2) 2,014 (13.3)
Overweight, 25–30 4,747 (28.9) 115 (43.4) 53 (17.8) 213 (29.3) 4,366 (28.9)
Obesity, ≥30 9,211 (56.1) 71 (26.8) 218 (73.2) 421 (58.0) 8,501 (56.2)
Unknown 5,023 62 90 261 4,610

RAPID3 (last on or before index date)b 0.03
Remission 2,239 (26.6) 46 (34.8) 33 (20.1) 96 (23.0) 2,064 (26.8)
Low 1,485 (17.6) 21 (15.9) 25 (15.2) 76 (18.2) 1,363 (17.7)
Moderate 2,171 (25.8) 31 (23.5) 40 (24.4) 106 (25.4) 1,994 (25.9)
High (≥12) 2,519 (29.9) 34 (25.8) 66 (40.2) 140 (33.5) 2,279 (29.6)
Unknown 13,015 195 224 569 12,027

csDMARDc 11,600 (54.1) 178 (54.4) 225 (58.0) 527 (53.4) 10,670 (54.1) 0.46
tsDMARDc 3,134 (14.6) 48 (14.7) 67 (17.3) 180 (18.2) 2,839 (14.4) 0.00
bDMARDc 14,085 (65.7) 218 (66.7) 233 (60.1) 635 (64.3) 12,999 (65.9) 0.08
bDMARD or JAKc,d 14,227 (66.4) 223 (68.2) 238 (61.3) 642 (65.0) 13,124 (66.5) 0.12
DMARD hierarchyc,e 0.01
tsDMARDs 3,134 (14.6) 48 (14.7) 67 (17.3) 180 (18.2) 2,839 (14.4)
bDMARDs 12,903 (60.2) 196 (59.9) 213 (54.9) 570 (57.8) 11,924 (60.4)
cDMARDs 5,392 (25.2) 83 (25.4) 108 (27.8) 237 (24.0) 4,964 (25.2)

Opioidc 1,851 (8.6) 10 (3.1) 36 (9.3) 101 (10.2) 1,704 (8.6) 0.00
NSAIDc 10,228 (47.7) 133 (40.7) 191 (49.2) 467 (47.3) 9,437 (47.8) 0.07
Oral steroidc 2,171 (10.1) 32 (9.8) 49 (12.6) 76 (7.7) 2,014 (10.2) 0.03
Injectable glucocorticoidsc 4,466 (20.8) 62 (19.0) 120 (30.9) 209 (21.2) 4,075 (20.7) 0.00
RxRiskf 0.00
Mean ± SD 7.8 ± 4.1 5.9 ± 3.5 8.7 ± 4.1 7.1 ± 3.9 7.9 ± 4.2
Median (IQR) 7.0 (5.0–11.0) 5.0 (3.0–8.0) 8.0 (5.0–12.0) 7.0 (4.0–10.0) 7.0 (5.0–11.0)

ADI ≥80 2,585 (12.8) 7 (2.3) 92 (25.7) 158 (17.3) 2,328 (12.5) 0.00
Unknown 1,220 20 30 75 1,095

HOLC 0.02
1 (best) 270 (12.1) 0 (0.0) 8 (11.0) 10 (7.4) 252 (12.6)
2 380 (17.0) 4 (12.1) 12 (16.4) 17 (12.5) 347 (17.4)
3 558 (24.9) 12 (36.4) 19 (26.0) 27 (19.9) 500 (25.1)
4 (most hazardous) 1,029 (46.0) 17 (51.5) 34 (46.6) 82 (60.3) 896 (44.9)
HOLC not classified 19,192 294 315 851 17,732

* Values are n (%) unless otherwise indicated. csDMARDs include cyclosporine, leflunomide, methotrexate, and sulfasalazine. tsDMARDs
include apremilast, baricitinib, tofacitinib, upadacitinib, and deucravacitinib. bDMARDs include abatacept, adalimumab, brodalumab, certoliz-
umab, etanercept, golimumab, guselkumab, infliximab, ixekizumab, risankizumab, secukinumab, ustekinumab, bimekizumab, and tildrakizu-
mab. ADI, area deprivation index; bDMARD, biologic DMARD; BMI, body mass index; csDMARD, conventional synthetic DMARD; DMARD,
disease-modifying antirheumatic drug; HOLC, Home Owners’ Loan Corporation; IQR, interquartile range; NSAID, nonsteroidal anti-
inflammatory drug; PsA, psoriatic arthritis; RAPID3, routine assessment of patient index data 3; RISE, Rheumatology Informatics System for
Effectiveness; tsDMARD, targeted synthetic DMARD.
a Kruskal-Wallis rank sum test; Pearson’s χ2 test.
b Remission: RAPID3 0–3; low: 3–6; moderate: 6–12; high: 12–30.
c Baseline: 0–12 months before index date.
d Includes bDMARDs, upadacitinib, tofacitinib, and baricitinib.
e Hierarchy: tsDMARD > bDMARD > csDMARD.
f History: on or before index date using all available data. Highest RxRisk quartile: history/baseline RxRisk >90th percentile, RxRisk ≥11.
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did not have a change in PsA medication in the subsequent
12 months, irrespective of race.

Hypothesis 1a: association between race and
ethnicity and disease activity over three years. Black
patients were more likely to spend a greater proportion of days
in the three-year follow-up in HDA (Table 2). In unadjusted results,

they spent 10.4% (95% confidence interval [CI] 1.3–19.6) more of
those three years in HDA (P = 0.03). After adjusting for potential
confounding factors, race no longer had a significant impact on
the proportion of follow-up time in HDA. The factors that were
most strongly associated with effect (based upon point estimates)
were insurance type (28.0%), sex (9.6%), and ethnicity (Hispanic:
6.9%) (Supplemental Table 2a).

Table 2. Health care utilization and PsA medication changes and over 36 months in patients with PsA with baseline patient-reported outcome
data (n = 5,599)*

Characteristic Overall, n = 5,599 Asian, n = 85 Black, n = 114 Other, n = 293a White, n = 5,107 P valueb

Time in various disease activity
states (hypothesis 1a)
Person-days in high disease
activity

0.00

Mean ± SD 302.0 ± 411.2 287.6 ± 406.8 410.9 ± 454.7 351.9 ± 406.6 297.0 ± 410.1
Median (IQR) 25.0 (0.0–599.5) 25.0 (0.0–482.0) 204.0 (0.0–934.2) 151.0 (0.0–698.0) 18.0 (0.0–578.0)

Time in high disease activity, % 27.58 26.30 37.50 32.10 27.10
Unique patients contributing to
high disease activity, n (%)

2,968 (53.0) 45 (52.9) 69 (60.5) 186 (63.5) 2,668 (52.2) 0.00

Person-days in moderate
disease activity

0.05

Mean ± SD 287.1 ± 332.2 214.2 ± 294.0 268.1 ± 301.8 303.9 ± 298.6 287.8 ± 335.1
Median (IQR) 147.0 (0.0–513.5) 77.0 (0.0–348.0) 157.5 (0.0–446.2) 259.0 (0.0–501.0) 143.0 (0.0–517.0)

Time in moderate disease
activity, %

26.22 19.60 24.50 27.70 26.30

Unique patients contributing to
moderate disease activity,
n (%)

3,738 (66.8) 51 (60.0) 82 (71.9) 215 (73.4) 3,390 (66.4) 0.03

Person-days in low disease
activity

0.88

Mean ± SD 216.3 ± 292.4 154.3 ± 209.5 199.1 ± 262.6 197.2 ± 270.6 218.8 ± 295.3
Median (IQR) 70.0 (0.0–347.5) 82.0 (0.0–224.0) 78.5 (0.0–309.8) 59.0 (0.0–312.0) 70.0 (0.0–351.0)

Time in low disease activity, % 19.75 14.10 18.20 18.00 20.00
Unique patients contributing to
low disease activity, n (%)

3,416 (61.0) 58 (68.2) 73 (64.0) 179 (61.1) 3,106 (60.8) 0.50

Person-days in remission 0.01
Mean ± SD 289.5 ± 405.8 439.0 ± 460.1 216.8 ± 335.0 242.0 ± 373.2 291.4 ± 407.4
Median (IQR) 1.0 (0.0–587.5) 270.0 (0.0–932.0) 2.5 (0.0–326.0) 1.0 (0.0–386.0) 1.0 (0.0–595.5)

Time in remission, % 26.44 40.10 19.80 22.10 26.60
Unique patients contribute to
remission disease activity,
n (%)

2,859 (51.1) 54 (63.5) 59 (51.8) 147 (50.2) 2,599 (50.9) 0.14

Total days, mean ± SD 1,095 ± 0 1,095 ± 0 1,095 ± 0 1,095 ± 0 1,095 ± 0 0.99
Initiation of PsA medications (Hypothesis 1a)

No. new PsA medications 0.03
Mean ± SD 1.02 ± 1.33 0.96 ± 1.31 1.00 ± 1.22 1.18 ± 1.32 1.01 ± 1.33
Median (IQR) 1.0 (0.0–2.0) 0.0 (0.0–1.0) 1.0 (0.0–2.0) 1.0 (0.0–2.0) 1.0 (0.0–2.0)

No. PsA visits 0.00
Mean ± SD 8.42 ± 3.7 8.12 ± 3.7 9.05 ± 4.8 7.07 ± 3.7 8.49 ± 3.6
Median (IQR) 8.00 (6.0–10.0) 8.00 (5.0–10.0) 9.00 (6.2–11.0) 7.00 (5.0–9.0) 8.00 (6.0–11.0)

No. new PsA medications per
office visit

0.00

Mean ± SD 0.1 ± 0.2 0.1 ± 0.2 0.1 ± 0.2 0.2 ± 0.3 0.1 ± 0.2
Median (IQR) 0.1 (0.0–0.2) 0.0 (0.0–0.2) 0.1 (0.0–0.2) 0.1 (0.0–0.3) 0.1 (0.0–0.2)
Undefined 18 0 1 0 17

* Number of PsA visits was defined as Current Procedural Terminology 99XXX codes occurring after index. Patients who only had a visit >1,095
days after index are categorized as undefined for the assessment of medications per visit. Number of new PsA medications over 36 months
was defined as the number of new PsA medications used during the 36-month follow-up. A new medication is defined as one that was never
used during baseline. Subgroup of Table 1 patients with PsA, baseline RAPID3, and 3 distinct RAPID3 scores during the follow-up period by time
in disease activity category. IQR, interquartile range; PsA, psoriatic arthritis.
a Other race includes American Indian or Alaska Native, multiracial, Native Hawaiian or other Pacific Islander, no determined Office of Manage-
ment and Budget race classification.
b Kruskal-Wallis rank sum test.
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Multivariable adjustment to identify potential explanatory fac-
tors revealed that patients insured by Medicaid or Medicare had
greater odds of baseline HDA compared to commercially insured
patients at baseline (adjusted odds ratio [aOR] 4.30, 95% CI:
2.80–6.58 and aOR 1.88, 95% CI: 1.51–2.34, respectively) and
spent a greater proportion of time in HDA during follow-up
(27.55%, 95% CI: 19.88–35.21 and 8.64%, 95% CI: 4.23–
13.05), controlling for baseline RAPID3 and RxRisk. In the final
model, ADI was added to assess social deprivation and time in
HDA. Patients with an ADI ≥80th percentile spent approximately
10% more time in HDA (9.60%, 95% CI: 5.34–13.85) compared
to those with an ADI <80th percentile. An interaction term was
added between ADI and race. The interaction was not statistically
significant (Type III P = 0.61), suggesting that the association
between ADI and HDA does not vary across racial groups (results
not shown in table).

Hypothesis 1b: association between race and
ethnicity and PsA medication use. In multivariable-adjusted
results (Supplemental Table 2a and 2b), Black patients were
21% less likely to have been prescribed more PsA medications
during the baseline period (aOR: 0.79, 95% CI: 0.64–0.97) com-
pared to White patients, and Hispanic patients were 16% less
likely compared to non-Hispanic patients (aOR: 0.84, 95% CI:
0.71–1.00). After controlling for these baseline differences includ-
ing RxRisk comorbidity score, the odds of initiating a new PsA
medication over the three-year follow-up period were not different
for Black and Hispanic patients relative to their White and non-
Hispanic counterparts (aOR: 1.01, 95% CI: 0.85–1.20 and aOR:
1.14, 95% CI: 0.97–1.35, respectively). However, Black patients,
along with those classified as other, had more use of apremilast
and opioids (Table 1).

Medicaid- and Medicare-insured patients had greater odds
of using more PsA medications during baseline, referent to those
with commercial insurance (aOR 1.19, 95% CI: 1.02–1.38 and
aOR 1.19, 95% CI: 1.11–1.28), and Medicaid coverage was
associated with a 19% greater likelihood of new PsA medication
use during follow-up (aOR: 1.19, 95% CI: 1.02–1.40) compared
to commercially insured patients, controlling for baseline number
of PsA medications. When adjusting for baseline RxRisk and
number of medications used during the baseline period, this result
was no longer significant.

Hypothesis 2 associations between residence in
historically redlined area, race and ethnicity, and HDA.
Although a majority of study individuals did not reside in areas
defined by HOLC zoning, among those who did (6.7%, n =
1,433), racial distribution varied significantly between HOLC
scores 1 and 4 (Table 3). Hispanic and other patients had a
greater proportion of residence in HOLC 4 compared to HOLC
1 (6.3% vs 1.2% and 12.0% vs 3.7%, respectively). Conversely,
White patients comprised a lesser proportion of residency in

HOLC 4 (80.4%) compared to HOLC 1 (93.3%). Black patients
had the greatest prevalence of living in HOLC 4 areas compared
to all areas cross classified by race (3.4% vs White: 0.9%, other:
2.7%, and Asian: 1.2%, results not shown), and a similar trend
was seen for Hispanic patients (2.2% vs Non-Hispanic: 1.1%).
Compared to HOLC 1, smoking (39.6% vs 28.0), obese BMI
(49.4% vs 45.8%), ADI ≥80th percentile (35.2% vs 4.1%), and
HDA (34.7% vs 14.4%) were more prevalent in HOLC 4 patients.
tsDMARDs (predominantly apremilast) were used more frequently
in HOLC 4 compared to HOLC 1 (13.3% vs 9.6%), but the oppo-
site was true for bDMARDs (61.3% vs 63.3%). HOLC 4 patients
traveled a mean ± SD of 39.4 ± 208.2 miles for their health care
commutes, nearly four times longer than the 10.3 ± 58.2 miles
traveled by HOLC 1 patients. Finally, the median (IQR) number of
patients per provider was statistically greater in HOLC 4 com-
pared to HOLC 1 (2,442.0 [1,586.0–2,882.3] vs 2,046.7
[1,528.2–2,501.3]), respectively.

Follow-up periods for disease activity were absent for more
than 50% of patients in each HOLC category. Available data on
376 patients indicated that patients living in HOLC 4 regions
spent more person-days in HDA compared to HOLC 1 (median
[IQR]: 105.0 [0.0–689.8] vs 0.0 [0.0–172.5]) and fewer
person-days in remission (median [IQR]: 1.0 [0.0–456.5] vs
139.0 [0.0–839.5]) (Supplemental Table 3).

DISCUSSION

Our findings demonstrate that the health care disparities
observed in other rheumatic diseases are also present in PsA.
Black patients with PsA had a higher burden of comorbidity
(including obesity), the greatest proportion of social deprivation,
and, over the three years of follow-up, spent more time in HDA
than other race groups. They also had more frequent use of Medi-
care and Medicaid, less use of bDMARDs, and, with those classi-
fied as other, more use of apremilast and opioids. Additionally, our
analysis is one of the first to report the residual impact of historical
redlining on regional health outcomes for diverse patients with
PD. Patients residing in historically redlined areas spent more time
in HDA and had the highest prevalence of social deprivation. The
present-day sequela of historical redlining influences the health
disparity for Black, other race, and Hispanic patients who reside
in these areas.

Obesity, a well-established contributor to the inflammatory
pathogenesis of PD,31,32 was more prevalent in Black patients
and individuals living in historically redlined (HOLC 4) neighbor-
hoods. The co-occurrence of increased disease risk factors and
adverse social determinants of health creates a vulnerability for
increased disease incidence and poor health outcomes.33,34

Poor walkability, fewer recreational facilities, and less access to
safe green spaces for exercise is a shared template for HOLC
4 areas, which, in addition to fewer options for healthy food, con-
tribute to higher rates of obesity and other comorbid disease.35–37
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Table 3. Characteristics of patients with PsA included in the RISE registry by residential HOLC score 1–4 at index*

Characteristic Overall, n = 1,433
HOLC 1 (best),

n = 270a
HOLC 2,
n = 380 HOLC 3, n = 558

HOLC 4
(most hazardous),

n = 225 P valuea

Age, median (IQR), y 55.0 (45.0–64.0) 57.0 (47.0–65.8) 55.0 (44.8–64.0) 56.0 (45.0–64.0) 54.0 (42.0–62.0) 0.02
Female 766 (53.5) 135 (50.0) 209 (55.0) 310 (55.6) 112 (49.8) 0.28
Race 0.00
Asian 20 (1.4) 0 (0.0) 4 (1.1) 12 (2.2) 4 (1.8)
Black 52 (3.6) 8 (3.0) 12 (3.2) 19 (3.4) 13 (5.8)
Otherb 81 (5.7) 10 (3.7) 17 (4.5) 27 (4.8) 27 (12.0)
White 1,280 (89.3) 252 (93.3) 347 (91.3) 500 (89.6) 181 (80.4)

Ethnicity 0.03
Hispanic 53 (4.1) 3 (1.2) 12 (3.6) 25 (4.9) 13 (6.3)
Non-Hispanic 1,242 (95.9) 243 (98.8) 325 (96.4) 481 (95.1) 193 (93.7)
Unknown 138 24 43 52 19

Insurance 0.05
Medicaid 77 (5.6) 5 (1.9) 15 (4.1) 40 (7.5) 17 (8.1)
Medicare 480 (35.1) 102 (39.2) 128 (35.4) 181 (34.0) 69 (32.7)
Private 745 (54.5) 142 (54.6) 202 (55.8) 283 (53.1) 118 (55.9)
Other insurance 64 (4.7) 11 (4.2) 17 (4.7) 29 (5.4) 7 (3.3)
Unknown 67 10 18 25 14

Ever smoker 450 (35.3) 68 (28.0) 115 (33.7) 191 (38.2) 76 (39.6) 0.02
Unknown 157 27 39 58 33

BMI 0.07
Underweight, <18.5 19 (1.8) 3 (1.6) 3 (1.0) 12 (2.8) 1 (0.6)
Healthy, 18.5–25 168 (15.5) 37 (19.3) 42 (14.4) 63 (14.9) 26 (14.8)
Overweight, 25–30 333 (30.8) 64 (33.3) 97 (33.3) 110 (26.0) 62 (35.2)
Obesity, ≥30 562 (51.9) 88 (45.8) 149 (51.2) 238 (56.3) 87 (49.4)
Unknown 351 78 89 135 49

RAPID3 (last on or
before index date)c

0.06

Remission 158 (30.7) 38 (34.2) 33 (28.0) 59 (31.1) 28 (29.5)
Low 81 (15.8) 20 (18.0) 23 (19.5) 27 (14.2) 11 (11.6)
Moderate 132 (25.7) 37 (33.3) 27 (22.9) 45 (23.7) 23 (24.2)
High (≥12) 143 (27.8) 16 (14.4) 35 (29.7) 59 (31.1) 33 (34.7)
Unknown 919 159 262 368 130

csDMARDd 768 (53.6) 146 (54.1) 216 (56.8) 289 (51.8) 117 (52.0) 0.46
tsDMARDd 195 (13.6) 26 (9.6) 48 (12.6) 91 (16.3) 30 (13.3) 0.06
bDMARDd 925 (64.5) 180 (66.7) 245 (64.5) 351 (62.9) 149 (66.2) 0.69
bDMARD or JAKid 933 (65.1) 181 (67.0) 248 (65.3) 355 (63.6) 149 (66.2) 0.77
DMARD Hierarchyd,e 0.26
tsDMARDs 195 (13.6) 26 (9.6) 48 (12.6) 91 (16.3) 30 (13.3)
bDMARDs 864 (60.3) 171 (63.3) 228 (60.0) 327 (58.6) 138 (61.3)
cDMARDs 374 (26.1) 73 (27.0) 104 (27.4) 140 (25.1) 57 (25.3)

Opioidd 113 (7.9) 16 (5.9) 31 (8.2) 49 (8.8) 17 (7.6) 0.55
NSAIDd 662 (46.2) 125 (46.3) 178 (46.8) 254 (45.5) 105 (46.7) 0.98
Oral steroidd 134 (9.4) 28 (10.4) 39 (10.3) 46 (8.2) 21 (9.3) 0.68
Injectable glucocorticoidsd 290 (20.2) 53 (19.6) 84 (22.1) 102 (18.3) 51 (22.7) 0.39
RxRisk comorbidity scoref 0.05
Mean ± SD 7.3 ± 4.1 7.2 ± 3.9 7.3 ± 4.1 7.7 ± 4.3 6.7 ± 3.8
Median (IQR) 7.0 (4.0–10.0) 6.0 (4.0–10.0) 7.0 (4.0–10.0) 7.0 (4.0–11.0) 7.0 (4.0–9.0)

No. patients per provider,
median (IQR)

2,046.7
(1,502.2–2,592.7)

2,046.7
(1,528.2–2,501.3)

2,046.7
(1,528.2–2,441.0)

2,046.7
(1,221.7–2,592.7)

2,442.0
(1,586.0–2,882.3)

0.00

Driving distance 0.00
Mean ± SD 21.5 ± 140.9 10.3 ± 58.2 27.7 ± 193.5 15.3 ± 79.3 39.4 ± 208.2
Median (IQR) 6.2 (3.5–10.3) 4.3 (2.9–7.7) 6.1 (3.4–9.9) 6.9 (3.9–10.6) 8.1 (4.5–16.7)

ADI ≥80 258 (18.3) 11 (4.1) 34 (9.0) 136 (24.7) 77 (35.2) 0.00
Unknowng 21 3 4 8 6

* Values are shown as n (%) unless otherwise specified. ADI, area deprivation index; bDMARD, biologic DMARD; BMI, body mass index;
csDMARD, conventional synthetic DMARD; DMARD, disease-modifying antirheumatic drug; HOLC, HomeOwners’ Loan Corporation; IQR, inter-
quartile range; NSAID, nonsteroidal anti-inflammatory drug; PsA, psoriatic arthritis; RAPID3, routine assessment of patient index data 3; RISE,
Rheumatology Informatics System for Effectiveness; tsDMARD, targeted synthetic DMARD.
a Kruskal-Wallis rank sum test; Pearson’s χ2 test.
b Race “other” includes American Indian or Alaska Native, multiracial, Native Hawaiian or other Pacific, no determinate Office of Management
and Budget race classification.
c Remission: RAPID3 0–3, low: 3–6; moderate: 6–12; high: 12–30.
d Baseline: 0–12 months before index date.
e Hierarchy: tsDMARD > bDMARD > csDMARD.
f History: on or before index date using all available data.
g Unknown ADI due to no ADI for 9-digit zip code.
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HOLC 4 residents also experience increased exposure to envi-
ronmental stressors such as gun violence, home instability,
employment uncertainty, and pollutant exposure, which may con-
tribute to documented stress-related exacerbations of autoim-
mune disease states38 and mental health disorders (frequently
seen in PD).32 These exposures could lead to increased pain per-
ception and prevalent HDA states.17 Additional studies have
demonstrated higher odds of late-stage cancer diagnosis,
chronic kidney disease, asthma, and diabetes in redlined
neighborhoods,17,39,40 potentially affecting the response to ther-
apy, initiation, and continuation of DMARD therapy in patients
with rheumatic disease. Obesity has been associated with a lower
probability of achieving sustained remission, or even minimal dis-
ease activity states in PD, irrespective of therapy used.31 Whereas
obesity may already exacerbate disease and impair DMARD effi-
cacy, prevalent comorbidity negatively influences use of
bDMARDs in PD, with both factors playing a potential role in the
observed high PsA disease activity,4 as was observed in our
study.

Additional factors are implicated, as living in neighborhoods
with concentrated disadvantages limits opportunities for upward
mobility, such as education and stable employment options.41

Low-income Black patients with chronic disease are more often
unemployed and receive Medicaid, or are uninsured, compared
to their middle income counterparts who have stable employment
with private insurance.42 Attaining financial stability facilitates
access to health care and health-promoting behaviors. Black
and Hispanic patients in our study were more often in HDA but
without PsA medications at baseline, suggesting delayed diagno-
sis and delays in starting targeted therapy, which ultimately
affects treatment outcomes. Poor health care infrastructure in his-
torically redlined neighborhoods affects delivery of equitable care.
Because “safety net” facilities and community health centers
often lack adequate resources and suffer from poor retention of
health care providers,14 patients may have to travel further for
rheumatology care. Additionally, pharmacies in historically red-
lined neighborhoods are often scarce,43,44 and those that are
present may lack the ability to dispense or coordinate specialized
medications, compared to pharmacies in less segregated
areas.14 Home delivery may improve access but is limited by lack
of a supportive delivery infrastructure, safety concerns, and digital
access gaps in these neighborhoods.

Although some historically redlined districts have undergone
selective redevelopment, many individuals residing in these neigh-
borhoods continue to live in poorly maintained housing.11,45 It is
possible that these poor conditions may limit the ability to refriger-
ate and store biologic medications, influence treatment options,
and explain the higher use of tsDMARDs (apremilast) over
bDMARDs among RISE patients living in historically redlined
areas.46,47 Apremilast is not considered first-line therapy in cur-
rent professional treatment guidelines for PsA and is generally
reserved for oligoarticular, mild PsA or existing contraindications

to bDMARD therapy,48,49 limited variables to evaluate in our
study. Consequently, predominant use of tsDMARDs such as
apremilast and less frequent use of bDMARDs50 may prevent
the achievement of remission.

An unexpected finding of our study was the relatively infre-
quent PsA medication change for all patients over three years of
follow-up, regardless of geographic location, race, or ethnicity,
and even for those with persistent HDA, suggesting a gap in qual-
ity of care. The greater odds of starting a new PsA medication for
Medicaid patients but higher proportion of time spent in HDA dur-
ing follow-up may reflect refractory and more severe disease in
this patient population or, as mentioned previously, limited
options or patient acceptance for preferred medications. These
factors may explain the greater use of opioids in Black patients,
regardless of residence. Hence, there is the need for greater sup-
port and use of appropriate DMARD therapies.

Our study is limited by its cross-sectional view, a high level of
missingness for longitudinal data, and with a very small portion
of the cohort living in redlined areas. Furthermore, because the
RISE registry is largely subscribed from community-based, non-
academic practices and lacks individual patient socioeconomic
data, its findings may have limited generalizability. The reliance
on zip code–level data to calculate distance to care may not accu-
rately reflect precise travel distances or capture patient mobility
among zip codes during the study period. The concepts of ADI
and HOLC 4 are interlinked; hence residence in HOLC 4 region
may more reflect the impact of SES than geography. Further
studies would need to assess HOLC 4 patients’ access, distance
traveled, and number of rheumatology visits related to disease
activity states to preferred rheumatology care, as well as the role
of patient preference on type and recommended therapy.

Strengths of this report include it being one of the first to
report the association between structural racism and the charac-
teristics and outcomes of a rheumatic disease. These findings
provide new perspectives for identifying areas for intervention,
investment, and development. Our study is also one of the first
to show the association between historically redlined areas and
worse health outcomes for all ethnicities with PD, emphasizing
the need for policies focused on enhancing health infrastructure
in these areas, and for all ethnic groups.

The effects of systemic racism may be another contributing
component to ethnic and racial variation in severity and manage-
ment of PD. Our study highlights that geographic location—
further defined by structural racism—may have a significant effect
on patient characteristics, outcomes, and quality of life. There is
much yet to be done to rectify the enduring and multifaceted
health consequences of residing in historically redlined areas.
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Glucagon-Like Peptide 1 Receptor Agonists, Sodium-Glucose
Cotransporter 2 Inhibitors, and Risk of Autoimmune
Rheumatic Diseases

Derin Karacabeyli, MD,1,2,3 Diane Lacaille, MD, MHSc,1,2,3 Na Lu, MPH,3 Hui Xie, PhD,3,4

and J. Antonio Aviña-Zubieta, MD, PhD1,2,3

Objective. Glucagon-like peptide 1 receptor agonists (GLP-1RAs) and sodium-glucose cotransporter 2 inhibitors
(SGLT2i) facilitate weight loss and exhibit immunomodulatory effects, but their impact on the risk of developing autoim-
mune rheumatic diseases (ARDs) is unclear. We compared ARD incidence following initiation of GLP-1RAs or SGLT2i
versus a weight-neutral comparator (dipeptidyl peptidase 4 inhibitors [DPP4i]).

Methods. We performed a population-based cohort study using administrative health data from a Canadian prov-
ince with universal health care. We included adults with type 2 diabetes (T2D) and no prior ARD initiating a GLP-1RA,
SGLT2i, or DPP4i between January 1, 2014, and December 31, 2022. Incident ARD cases, including rheumatoid arthri-
tis, psoriatic disease, axial spondyloarthritis, and systemic ARDs (SARDs; systemic lupus erythematosus, systemic
sclerosis, Sjögren disease, idiopathic inflammatory myopathies, and systemic vasculitides), were identified using vali-
dated algorithms. Propensity score (PS) weighting was used to balance cohorts at treatment initiation. Then hazard
ratios (HRs) were estimated using Cox regression.

Results. Among 229,300 adults, 49,514 initiated GLP-1RAs, 101,925 initiated SGLT2i, and 77,861 initiated DPP4i. After
PS weighting, ARD incidence per 10,000 person-years was 29.1 (95% confidence interval [CI] 23.5–35.5) with GLP-1RAs,
24.4 (95% CI 19.8–29.7) with SGLT2i, and 27.3 (95% CI 22.1–33.4) with DPP4i. Mean follow-up was 1.3 to 1.6 years. Rela-
tive to DPP4i, adjusted HRs (aHRs) of ARD were 1.04 (95%CI 0.81–1.33) with GLP-1RAs and 0.93 (95%CI 0.75–1.16) with
SGLT2i. Risk of SARDs, but not other diseases, was lower with SGLT2i versus DPP4i (aHR 0.51 [95% CI 0.31–0.84]).

Conclusion. Neither GLP-1RA nor SGLT2i treatmentwas associatedwith increased or decreasedARD risk versusDPP4i
in adults with T2D; however, SGLT2i use was associated with significantly lower risk of SARDs, warranting further study.

INTRODUCTION

Over 500 million adults worldwide have diabetes mellitus,

and type 2 diabetes (T2D) accounts for >90% of cases.1 Although

developed as antidiabetic medications, glucagon-like peptide

1 receptor agonists (GLP-1RAs) and sodium-glucose cotran-

sporter 2 inhibitors (SGLT2i) have become increasingly used fol-

lowing discoveries of various pleiotropic effects.2 Both drug
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classes promote weight loss, lower the risk of major adverse car-
diovascular and renal events, and improve survival.3–5 Random-
ized controlled trials have reported placebo-subtracted weight
loss of 3% to 18% with GLP-1RAs, and 2% with SGLT2i.6,7

Beyond their established benefits, GLP-1RAs and SGLT2i
have demonstrated positive immunomodulatory effects in pre-
clinical studies.6,7 However, the clinical implications of these
effects remain uncertain. Excess adiposity is a known risk fac-
tor for autoimmune rheumatic diseases (ARDs) such as rheu-
matoid arthritis (RA), psoriatic arthritis (PsA), and axial
spondyloarthritis (axSpA).8–10 Based on this, we hypothesized
that GLP-1RAs and SGLT2i may reduce risk of developing
ARDs through weight loss–dependent and independent immu-
nomodulatory mechanisms.

To date, studies have yielded conflicting results. A retrospec-
tive cohort study observed lower risk of certain systemic ARDs
(SARDs) among users of GLP-1RAs; however, the study lacked
an active comparator and did not adjust for key confounders,
including comorbidities and health care use.11 In contrast, two
cases of new RA-like syndromes after GLP-1RA exposure, with
symptom resolution after drug discontinuation, have been
reported.12,13 Evidence regarding SGLT2i and autoimmune dis-
ease risk is also limited and inconsistent. Three cohort studies
investigating the association between SGLT2i and psoriasis
reported discordant findings: two reported no difference in psori-
asis risk with SGLT2i exposure, whereas one observed an 8%
increased risk relative to dipeptidyl peptidase 4 inhibitors
(DPP4i).14–16

In light of existing uncertainty, we conducted a population-
based cohort study with separate analyses comparing incidence
of ARDs following treatment initiation with GLP-1RAs, or SGLT2i
versus DPP4i. DPP4i served as an active comparator given their
similar indication as second-line therapy for T2D, their weight-
neutral profile, and their lack of known association with increased
ARD risk.17–21

PATIENTS AND METHODS

Study design. We performed a propensity score (PS)–
weighted, population-based new-user cohort study using admin-
istrative health data from British Columbia (BC), Canada, a prov-
ince with a universal health care system. The objective was to
compare the incidence of ARDs following initiation of GLP-1RAs
or SGLT2i relative to DPP4i in adults with T2D.

Data sources and population. The source population
included all residents of BC between January 1, 2014, and
December 31, 2022 (population range: �4.7–5.4 million).22

Health data were obtained through Population Data BC, which
provides individual-level linkage across several administrative
databases, including physician billing claims (one diagnostic code
per visit) and hospital admissions and discharges (up to

25 diagnostic codes) since 1990,23,24 emergency department
visits since 2011,25 vital statistics,26 and all pharmacy-dispensed
medications regardless of source of funding (including dose, date,
and quantity dispensed) since 1996.27

Cohort definition.We identified adults (≥18 years old) with
T2D and no ARD diagnosis in the previous 10 years who initiated
a new treatment course of a GLP-1RA, SGLT2i, or DPP4i
between January 1, 2014, and December 31, 2022, and
observed them until December 31, 2023 (Supplementary
Figure S1). The index date was the date of drug initiation. Drugs
included are listed in Supplementary Table S1. People initiating a
new treatment course were required to have a 12-month washout
from all three drug classes; otherwise, they were excluded.
Patients with fewer than two years of continuous health plan
enrollment before the index date were excluded to ensure that
no prevalent users moving into the province were included. Diag-
noses of T2D and ARDs, including RA, psoriatic disease, axSpA,
and SARDs (including systemic lupus erythematosus [SLE], sys-
temic sclerosis [SSc], Sjögren disease, idiopathic inflammatory
myopathies, giant cell arteritis, antineutrophil cytoplasmic
antibody–associated vasculitis, Takayasu arteritis, and polyarteri-
tis nodosa) were ascertained using validated International
Classification of Diseases, Ninth or Tenth Revision (ICD-9 or
ICD-10)–based algorithms28–33 (Supplementary Table S2). These
algorithms have specificities >90% and positive predictive values
between 78% and 98% in validation studies.28–33

The unit of analysis was a treatment course. Patients were
observed from the index date (ie, beginning of the treatment
course) until first ARD diagnosis, medication discontinuation,
switch/add-on of a comparator drug, death, loss of health plan
enrollment (for people moving out of the province), or December
31, 2023, whichever occurred first. The exposure medication
was considered discontinued if 60 days elapsed after the expira-
tion date of the last prescription’s supply without a refill. A patient
could contribute more than one treatment course but only after a
>12-month washout period of all three drug classes.

Outcomes. The primary outcome was incidence of ARDs
(composite of RA, psoriatic disease, axSpA, and SARDs). Sec-
ondary outcomes included each ARD subtype individually. Psori-
atic disease included both psoriasis and PsA, as BC’s
administrative data do not allow for distinguishing the two.

Covariates. Baseline covariates were selected based on
their potential to influence treatment selection or ARD diagnosis
(Table 1). These included sociodemographic factors, comorbidi-
ties (including overall comorbidity burden using the Romanomod-
ification of the Charlson Comorbidity Index for administrative
data),34 immunomodulatory and autoimmune disease–triggering
medications, and health care use patterns. Diabetes complica-
tions and duration, prior use of antihyperglycemic agents, prior
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Table 1. Baseline characteristics among patients with type 2 diabetes initiating GLP-1RAs, SGLT2i, or DPP4i*

Variable list

Before matching weights After matching weightsa

GLP-1RA
(n = 49,514)

SGLT2i
(n = 101,925)

DPP4i
(n = 77,861) SMD

GLP-1RA
(n = 24,560.4)

SGLT2i
(n = 24,648.1)

DPP4i
(n = 24,495.3) SMD

Demographics
Age, mean (SD), y 56.0 (12.7) 61.7 (12.2) 64.4 (13.0) 0.44 59.9 (11.7) 59.9 (12.0) 59.3 (13.0) 0.03
Male, n (%) or %a 18,239 (36.8) 62,814 (61.6) 45,147 (58.0) 0.34 48.0 46.9 48.4 0.019
Neighborhood income
quintile, n (%) or %a

0.163 0.008

1 = lowest 9,197 (18.6) 23,380 (22.9) 19,253 (24.7) 20.6 20.5 20.4
2 9,483 (19.2) 22,777 (22.3) 18,276 (23.5) 20.6 20.8 20.7
3 9,875 (19.9) 20,703 (20.3) 15,445 (19.8) 20.4 20.4 20.4
4 10,189 (20.6) 18,201 (17.9) 12,853 (16.5) 19.0 19.0 19.2
5 = highest 10,203 (20.6) 15,826 (15.5) 11,138 (14.3) 17.9 17.8 17.9
Unknown 567 (1.1) 1,038 (1.0) 896 (1.2) 1.5 1.4 1.5

Health region, n (%) or %a 0.101 0.017
Interior 6,285 (12.7) 14,172 (13.9) 9,902 (12.7) 12.9 12.4 12.7
Fraser 22,532 (45.5) 45,894 (45.0) 36,291 (46.6) 46.6 47.0 47.0
Vancouver Coastal 10,147 (20.5) 21,643 (21.2) 18,726 (24.1) 21.8 22.4 21.8
Vancouver Island 7,654 (15.5) 14,123 (13.9) 8,924 (11.5) 13.4 13 13.2
Northern 2,668 (5.4) 5,696 (5.6) 3,619 (4.6) 4.7 4.6 4.7
Unknown 228 (0.5) 397 (0.4) 399 (0.5) 0.6 0.6 0.6

Mean Charlson
Comorbidity Index (SD)

1.8 (2.6) 1.8 (2.6) 1.9 (2.8) 0.014 1.6 (2.6) 1.6 (2.5) 1.5 (2.5) 0.022

Comorbidities, n (%) or %a

Obesityb 10,396 (21.0) 5,859 (5.7) 2,638 (3.4) 0.377 6.9 6.8 6.9 0.004
MIb 2,577 (5.2) 9,811 (9.6) 5,864 (7.5) 0.113 5.8 5.5 5.4 0.011
Stroke or TIAb 3,865 (7.8) 9,610 (9.4) 8,182 (10.5) 0.063 7.8 7.6 7.4 0.011
VTEb 1,286 (2.6) 2,171 (2.1) 1,592 (2.0) 0.024 2.3 2.2 2.1 0.009
Cancerb 8,446 (17.1) 15,050 (14.8) 11,306 (14.5) 0.046 13.8 13.6 13.4 0.009
Hypertensionc 12,347 (24.9) 25,059 (24.6) 17,203 (22.1) 0.045 21.4 21.4 20.2 0.021
CHFc 1,672 (3.4) 7,518 (7.4) 4,258 (5.5) 0.119 3.5 4.4 3.8 0.031
IHDc 3,896 (7.9) 12,421 (12.2) 7,042 (9.0) 0.096 7.9 8.6 7.4 0.031
CKDc 4,197 (8.5) 10,192 (10.0) 9,787 (12.6) 0.089 9.6 9.2 8.8 0.019
Chronic liver diseasec 508 (1.0) 452 (0.4) 283 (0.4) 0.054 0.6 0.4 0.5 0.014
IBDc 126 (0.3) 200 (0.2) 161 (0.2) 0.008 0.2 0.2 0.3 0.008
Thyroid diseasec 2,706 (5.5) 2,696 (2.6) 1903 (2.4) 0.104 3.2 2.9 2.8 0.018
Infectionc 14,831 (30.0) 24,855 (24.4) 21,266 (27.3) 0.084 29.1 26.5 27.0 0.039
COPDc 4,247 (8.6) 7,164 (7.0) 5,125 (6.6) 0.05 7.1 6.5 6.2 0.025

Mean diabetes duration
(SD), y

10.7 (8.6) 12.2 (7.9) 12.5 (7.6) 0.147 11.8 (8.3) 11.6 (7.9) 11.4 (7.8) 0.034

No. of unique oral
diabetes drugs per
patient (SD)c

1.0 (0.9) 1.5 (0.8) 1.5 (0.8) 0.378 1.2 (0.9) 1.3 (0.8) 1.3 (0.8) 0.092

Diabetic complications,b

n (%) or %a

Diabetic nephropathy 2,681 (5.4) 5,598 (5.5) 7,803 (10.0) 0.116 7.0 6.5 6.3 0.019
Diabetic retinopathy 6,917 (14.0) 20,909 (20.5) 16,982 (21.8) 0.137 18.3 17.5 16.9 0.024
Diabetic neuropathy 9,591 (19.4) 15,776 (15.5) 10,806 (13.9) 0.099 17.4 17.0 16.5 0.015

Medications,c n (%) or %a

Any diabetes drug 30,753 (62.1) 89,762 (88.1) 69,454 (89.2) 0.443 83.0 85.6 84.9 0.012
Insulin 11,255 (22.7) 22,782 (22.4) 11,991 (15.4) 0.125 24.8 22.5 21.8 0.048
Metformin 26,337 (53.2) 80,609 (79.1) 61,847 (79.4) 0.385 76.0 77.1 76.0 0.011
Sulfonylurea 10,987 (22.2) 43,905 (43.1) 39,545 (50.8) 0.411 30.2 29.2 30.0 0.014
TZD 315 (0.6) 927 (0.9) 1,181 (1.5) 0.057 1.0 0.8 0.7 0.019
Statin 1,562 (3.2) 4,412 (4.3) 4,251 (5.5) 0.076 4.1 4.1 4.1 0.001
Glucocorticoid 2,778 (5.6) 4,230 (4.2) 3,526 (4.5) 0.045 4.4 4.3 4.3 0.004
NSAID 3,392 (6.9) 5,487 (5.4) 4,312 (5.5) 0.041 5.1 5.1 5.2 0.005
PPI 14,609 (29.5) 24,848 (24.4) 18,939 (24.3) 0.078 27.2 26.8 26.3 0.014
Loop diuretic 3,727 (7.5) 8,596 (8.4) 6,915 (8.9) 0.033 8.3 7.7 7.4 0.021
Thiazide diuretic 9,670 (19.5) 20,682 (20.3) 16,044 (20.6) 0.018 20.6 20.4 20.0 0.01
Hydralazine 428 (0.9) 1,002 (1.0) 1,414 (1.8) 0.055 1.0 0.9 1.5 0.035
Procainamide 0 0 0 <0.001 0 0 0 <0.001

(Continued)
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vascular events, malignancy, and other autoimmune or
inflammatory conditions were also included. These covariates
were measured in the 12 months before the index date, except
for select chronic conditions, which were captured from
enrollment onward. We also controlled for secular trends in pre-
scribing patterns by including calendar year of treatment initiation
in the multivariable logistic regression model for calculating PS.

Statistical analysis. We used matching weights (MW), a
PS-based approach, to balance baseline covariates across treat-
ment groups.35 This approach is an extension of inverse probabil-
ity of treatment weighting (IPTW). Unlike IPTW, individuals are
down-weighted to achieve balance in baseline characteristics,
avoiding the risk of inflating weights for a small number of patients
with good PS overlap. Unlike PS matching, MW retains all
patients; outliers are down-weighted rather than excluded. This
approach has demonstrated robust performance in settings char-
acterized by rare outcomes, limited covariate overlap, or unequal
exposure distributions.35 Standardized mean differences (SMDs)

were calculated before and after MW were applied to assess bal-
ance in baseline characteristics.

We calculated incidence rates (IRs) of ARD for each treatment
group before and after applying MW.We then fitted Cox proportional
hazards models in unweighted and matching-weighted cohorts to
estimate hazard ratios (HRs) and corresponding 95% confidence
intervals (CIs) that were unadjusted and adjusted for baseline covari-
ates, respectively. We accounted for the competing risk of death
using the Fine–Gray subdistribution hazardsmodel, which can inform
the direction and size of effects of medication exposures on ARD
cumulative incidence (ie, the absolute risk of ARD in the presence of
competing risk).36 Treatment courses were treated as independent
in MW and Cox regression models. Because patients could contrib-
ute multiple treatment courses, we applied robust SEs clustered by
individual. After identifying incident cases of RA, psoriatic disease,
axSpA, and SARDs, we calculated frequencies of disease-modifying
antirheumatic drug (DMARD) use and DMARD or systemic glucocor-
ticoid use in the 12 months following these diagnoses.

We performed three sensitivity analyses. The first extended
the grace period for prescription refills by 30 days (ie, a gap of

Table 1. (Cont’d)

Variable list

Before matching weights After matching weightsa

GLP-1RA
(n = 49,514)

SGLT2i
(n = 101,925)

DPP4i
(n = 77,861) SMD

GLP-1RA
(n = 24,560.4)

SGLT2i
(n = 24,648.1)

DPP4i
(n = 24,495.3) SMD

Minocycline 293 (0.6) 330 (0.3) 217 (0.3) 0.032 0.5 0.4 0.3 0.027
Phenytoin 34 (0.1) 153 (0.2) 165 (0.2) 0.026 0.1 0.1 0.1 0.011
Propylthiouracil <10 (0.0) 14 (0.0) <10 (0.0) 0.002 0 0 0 0.006
Methimazole 96 (0.2) 227 (0.2) 158 (0.2) 0.004 0.1 0.3 0.2 0.019

Mean health care use
(SD)c

MSP claims/visits 23.0 (17.1) 20.9 (16.0) 22.2 (20.9) 0.077 22.0 (16.2) 21.3 (17.3) 21.1 (20.6) 0.034
Hospitalizations 0.4 (1.0) 0.4 (0.9) 0.5 (1.1) 0.063 0.4 (1.1) 0.4 (0.9) 0.4 (0.9) 0.02
Hospitalizations due to
diabetes

0.4 (0.5) 0.6 (0.5) 0.6 (0.5) 0.268 0.5 (0.5) 0.5 (0.5) 0.5 (0.5) 0.033

Emergency
department visits

0.5 (1.6) 0.5 (1.3) 0.6 (1.6) 0.034 0.5 (1.7) 0.5 (1.4) 0.5 (1.3) 0.011

* CHF, congestive heart failure; CKD, chronic kidney disease; COPD, chronic obstructive pulmonary disease; DPP4i, dipeptidyl peptidase 4 inhib-
itor; GLP-1RA, glucagon-like peptide 1 receptor agonist; IBD, inflammatory bowel disease; IHD, ischemic heart disease; MI, myocardial infarc-
tion; MSP, Medical Services Plan; NSAID, nonsteroidal anti-inflammatory drug; PPI, proton pump inhibitor; SGLT2i, sodium-glucose
cotransporter 2 inhibitor; SMD, standardized mean difference; TIA, transient ischemic attack; TZD, thiazolidinedione; VTE, venous
thromboembolism.
a n represents weighted samples sizes and is therefore fractional. Distribution of categorical covariates in weighted cohorts are presented as
percentages alone for clarity.
b Measured since 1990 or enrollment.
c Measured over one year before index date.

Table 2. Incidence of ARDs following initiation of GLP-1RAs or SGLT2i vs DPP4i*

ARD incidence GLP-1RA (n = 49,514) SGLT2i (n = 101,925) DPP4i (n = 77,861)

Incident cases, n 225 355 267
Mean follow-up, y 1.27 1.64 1.81
Unadjusted IR, per 10,000 PY 35.9 21.2 18.9
Matching-weighted IR, per 10,000 PY 29.1 24.4 27.3
Unadjusted HR (95% CI) 1.55 (1.30–1.86) 1.05 (0.89–1.23) 1.0 (ref)
Matching-weighted HR (95% CI) 1.04 (0.81–1.33) 0.93 (0.75–1.16) 1.0 (ref )

* ARD, autoimmune rheumatic disease; CI, confidence interval; DPP4i, dipeptidyl peptidase 4 inhibitor; GLP-1RA,
glucagon-like peptide 1 receptor agonist; HR, hazard ratio; IR, incidence rate; PY, person-years; SGLT2i, sodium-
glucose cotransporter 2 inhibitor.
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up to 90 days between prescriptions was allowed before the
exposure medication was considered discontinued). The second
continued follow-up for two years after the index date, regardless
of whether the medication was continued, to mimic an intention-
to-treat analysis. In the third, instead of using MW, we performed
1:1 PS matching to balance baseline covariates between groups.
In separate analyses, we matched GLP-1RA initiators to DPP4i
initiators and SGLT2i initiators to DPP4i initiators and then esti-
mated risk of ARD with GLP-1RAs or SGLT2i versus DPP4i.

All P values were two sided, and P < 0.05 was considered
significant for all tests. All statistical analyses were performed with
SAS software, version 9.4 (SAS Institute, Inc).

Ethical considerations. No patient partners were involved
in the design or conduct of this study. All procedures were performed

in compliance with relevant laws and institutional guidelines and have
been approved by the University of British Columbia’s Behavioral
Research Ethics Board (H15-00887). This study exclusively used dei-
dentified administrative data, so the need for informed consent was
waived by the ethics committee. All data were fully anonymized
before the study team accessed them. This study followed recom-
mendations of the STrengthening the Reporting of OBservational
studies in Epidemiology initiative for reporting cohort studies.

RESULTS

The study population included 229,300 adults initiating a
new treatment course of either a GLP-1RA (n = 49,514), an
SGLT2i (n = 101,925), or a DPP4i (n = 77,861). Of all treatment
courses observed, 20% (n = 45,298) were from individuals who

Figure 1. Cumulative incidence of autoimmune rheumatic diseases. DPP4i, dipeptidyl peptidase 4 inhibitor; GLP-1RA, glucagon-like peptide
1 receptor agonist; SGLT2i, sodium-glucose cotransporter 2 inhibitor.
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were re-exposed after a >12-month washout period of all three
drug classes. Baseline characteristics are summarized in
Table 1. Before MW, groups differed in many baseline charac-
teristics. The GLP-1RA cohort, for example, was younger and
had a greater proportion of female patients, individuals living
in high-income neighborhoods, and people with obesity. After
applying MW, covariates were well balanced across all groups
(all SMDs < 0.1). The weighted cohorts had mean ages ranging
from 59.3 to 59.9 years, and between 46.9% and 48.4% were
male. After weighting, mean follow-up duration was 1.3 years
for GLP-1RA users, 1.6 years for SGLT2i users, and 1.4 years
for DPP4i users.

Overall incidence of ARD. Associations between medi-
cation exposures and ARD incidence are presented in Table 2.
Among GLP-1RA users, 225 incident cases were identified
(unadjusted IR 35.9 per 10,000 person-years), compared with
267 cases among DPP4i users (unadjusted IR 18.9 per 10,000
person-years). The unadjusted HR for ARD risk with GLP-1RA
versus DPP4i was 1.55 (95% CI 1.30–1.86); however, after bal-
ancing baseline covariates by applying MW, the association was
no longer significant (HR 1.04, 95% CI 0.81–1.33).

Among SGLT2i users, 355 incident ARD diagnoses were
observed, yielding an unadjusted IR of 21.2 cases per 10,000
person-years. The risk of developing an ARD was not significantly
different between SGLT2i and DPP4i users in either unadjusted
(HR 1.05, 95% CI 0.89–1.23) or adjusted analyses (HR 0.93,
95% CI 0.75–1.16). Figure 1 illustrates cumulative incidence of
ARDs with each exposure.

Results of sensitivity analyses were consistent with the pri-
mary findings. Relative to DPP4i, no significant difference in ARD
risk was observed with GLP-1RAs or SGLT2i when the exposure
window was extended by 30 days (Supplementary Table S3),
when follow-up was extended to two years post index date to
mimic an intention-to-treat approach (Supplementary Table S4),
and when 1:1 PS matching was used instead of MW
(Supplementary Tables S5 and S6).

Incidence of individual ARD subtypes. Psoriatic

disease, RA, and axSpA. Unadjusted and matching-weighted
IRs and HRs for psoriatic disease, RA, and axSpA are presented
in Table 3. In unadjusted analyses, psoriatic disease risk was sig-
nificantly higher with both GLP-1RAs (HR 1.93, 95% CI 1.40–
2.65) and SGLT2i (HR 1.45, 95% CI 1.09–1.91) relative to DPP4i.

Table 3. Incidence of RA, psoriatic disease, SARDs, and axSpA following initiation of GLP-1RAs or SGLT2i vs
DPP4i*

GLP-1RA (n = 49,514) SGLT2i (n = 101,925) DPP4i (n = 77,861)

Psoriatic disease incidence
Incident cases, n 79 142 80
Mean follow-up, y 1.27 1.64a 1.82
Unadjusted IR, per 10,000 PY 12.5 8.4 5.6
Matching-weighted IR, per 10,000 PY 11.1 9.8 8.8
Unadjusted HR (95% CI) 1.93 (1.40–2.65) 1.45 (1.09–1.91) 1.0 (ref)
Matching-weighted HR (95% CI) 1.18 (0.77–1.82) 1.21 (0.84–1.75) 1.0 (ref)

RA incidence
Incident cases, n 89 139 120
Mean follow-up, y 1.27 1.64a 1.82
Unadjusted IR, per 10,000 PY 14.1 8.2 8.4
Matching-weighted IR, per 10,000 PY 11.1 9.1 11.3
Unadjusted HR (95% CI) 1.39 (1.05–1.83) 0.92 (0.72–1.18) 1.0 (ref)
Matching-weighted HR (95% CI) 1.02 (0.69–1.51) 0.76 (0.55–1.05) 1.0 (ref)

SARD incidence
Incident cases, n 44 51 58
Mean follow-up, years 1.27 1.65a 1.82
Unadjusted IR, per 10,000 PY 7.0 3.0 4.0
Matching-weighted IR, per 10,000 PY 5.5 3.1 6.2
Unadjusted HR (95% CI) 1.31 (0.89–1.94) 0.68 (0.47–0.99) 1.0 (ref)
Matching-weighted HR (95% CI) 0.85 (0.49–1.48) 0.51 (0.31–0.84) 1.0 (ref)

axSpA incidence
Incident cases, n 14 24 14
Mean follow-up, y 1.27 1.65a 1.82
Unadjusted IR, per 10,000 PY 2.2 1.4 1.0
Matching-weighted IR, per 10,000 PY 1.8 2.1 1.1
Unadjusted HR (95% CI) 1.77 (0.85–3.71) 1.33 (0.69–2.59) 1.0 (ref)
Matching-weighted HR (95% CI) 1.42 (0.55–3.69) 2.11 (0.82–5.66) 1.0 (ref)

* axSpA, axial spondyloarthritis; CI, confidence interval; DPP4i, dipeptidyl peptidase 4 inhibitor; GLP-1RA, glucagon-
like peptide 1 receptor agonist; HR, hazard ratio; IR, incidence rate; PY, person-years; RA, rheumatoid arthritis;
SARD, systemic autoimmune rheumatic disease; SGLT2i, sodium-glucose cotransporter 2 inhibitor.
a Slight differences in mean follow-up time reflect outcome-specific censoring.
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Significant differences were no longer present after balancing
baseline covariates with MW. Cumulative incidence functions for
RA and psoriatic disease, stratified by drug class, are presented
in Supplementary Figures S2 and S3, respectively. In the
12 months following their diagnosis, 55% of people with RA,
32% of people with psoriatic disease, and 21% of people with
axSpA received conventional synthetic, biologic, or targeted syn-
thetic DMARDs (Supplementary Table S7).

SARDs. We identified 153 incident SARDs, and 60 (39%)
met the case definition with consecutive 710 ICD-9 codes.
Because this three-digit code represents the category of diffuse
connective tissue diseases (including SLE, SSc, Sjögren disease,
idiopathic inflammatory myopathies, mixed connective tissue dis-
ease, and undifferentiated connective tissue disease), a specific

SARD was not identifiable in these cases. Supplementary
Table S8 summarizes the frequencies of specified SARDs based
on ICD-10 and/or four-digit ICD-9 codes. Among individuals
newly diagnosed with SARDs, 103 (67%) received DMARDs or
glucocorticoids in the 12 months following their diagnosis
(Supplementary Table S7).

There were 44, 51, and 58 incident cases of SARDs among
new users of GLP-1RAs, SGLT2i, and DPP4i, respectively, corre-
sponding to unadjusted IRs of 7.0, 3.0, and 4.0 per 10,000
person-years (Table 3). After weighting, IRs were 5.5, 3.1, and
6.2 per 10,000 person-years, respectively. Cumulative incidence
of SARDs with SGLT2i, GLP-1RAs, and DPP4i is displayed in
Figure 2. Weighted analysis showed a significantly lower risk of
SARDs with SGLT2i relative to DPP4i exposure (HR 0.51, 95%

Figure 2. Cumulative incidence of systemic autoimmune rheumatic diseases. DPP4i, dipeptidyl peptidase 4 inhibitor; GLP-1RA, glucagon-like
peptide 1 receptor agonist; SGLT2i, sodium-glucose cotransporter-2 inhibitor. Color figure can be viewed in the online issue, which is available
at http://onlinelibrary.wiley.com/doi/10.1002/art.70044/abstract.
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CI 0.31–0.84). No significant difference was observed between
GLP-1RA and DPP4i users. The risk difference between SGLT2i
and DPP4i exposure was −3.0 cases per 10,000 person-years
(95% CI −10.3 to 4.3).

DISCUSSION

In this large population-based cohort study of over 200,000
adults with T2D, we observed no difference in the risk of develop-
ing psoriatic disease, RA, axSpA, or ARDs overall among those
newly treated with GLP-1RAs or SGLT2i relative to DPP4i. How-
ever, initiating SGLT2i was associated with a nearly 50% lower
risk of incident SARDs relative to DPP4i. Although unadjusted
analyses suggested an increased risk of psoriatic disease, RA,
and ARDs overall with GLP-1RA exposure, these associations
were no longer evident after controlling for baseline imbalances
by applying MW, suggesting that the initial differences were attrib-
utable to confounding.

These findings contribute to a limited but growing body of lit-
erature evaluating ARD risk following GLP-1RA or SGLT2i initia-
tion. To our knowledge, this is the first study using an active
comparator design to examine the association between GLP-
1RA use and incident ARDs. Prior work, including a retrospective
cohort study using TriNetX data, compared GLP-1RA users to
PS-matched controls without GLP-1RA exposure.11 The study
reported reduced risks of SLE, SSc, and RA in individuals with
obesity treated with GLP-1RAs, as well as reduced SLE and
SSc (but not RA) risk in GLP-1RA–treated patients with T2D.
However, the absence of an active comparator and new-user
design raises concerns for immortal time bias. Because the index
date was defined as the time an individual first met inclusion cri-
teria, the period between the index date and GLP-1RA initiation
was “immortal” time. An ARD diagnosis in this time could not
occur for members of the GLP-1RA cohort because cohort entry
required remaining ARD-free until receipt of a GLP-1RA. Addition-
ally, key confounders, including comorbidities, concomitant med-
ications, and health care use were not accounted for in the PS
estimation.

Our study addressed these methodologic limitations through
a new-user design with an active comparator and application of
MW to ensure balance across groups at treatment initiation. We
built on work by Nassar et al11 by calculating incidence density
(accounting for time taking treatment) as opposed to incidence
proportions, considering competing risk of death, including a
10-year look-back window to exclude prevalent ARD cases, and
using validated ARD case definitions. Considering the age
and elevated ARD risk in our cohort, the IRs we observed are con-
sistent with previously reported estimates using rigorous case
ascertainment methods.37–41

The absence of a protective association between GLP-1RAs
and ARDs in our study may reflect differences in study population
and follow-up time. Our sample was older, we did not restrict to

individuals with obesity, and mean follow-up on treatment was
less than two years. Evidence from Mendelian randomization
studies and meta-analyses supports a causal link between ele-
vated body mass index and increased risk of RA and psoriatic dis-
ease.8–10,42 Because many ARDs have long preclinical phases
and ourmean follow-up periodwas relatively short (1.3–1.6 years),
a Type II error is possible. A longer duration of GLP-1RA exposure
may be needed to observe risk modification, particularly among
patients with obesity. Nonetheless, our findings are reassuring in
demonstrating no increased ARD risk associated with GLP-1RA
use in individuals with T2D. If GLP-1RAs or SGLT2i triggered
ARD development, we would have expected to see this within
one year of exposure based on prior case reports.12,13

In contrast, we found that SGLT2i exposure was associated
with significantly reduced risk of developing SARDs. To our
knowledge, this is the first study to report a potential protective
association between SGLT2i and SARD incidence. Previous
observational studies have evaluated the risk of psoriasis with
SGLT2i use, with two studies finding no association and one
reporting an 8% increased risk compared to DPP4i.14–16 Our find-
ings align with two of three studies. We found no prior studies
assessing the incidence of other ARDs following SGLT2i initiation.

Biologic plausibility of the association observed is suggested
by emerging clinical data supporting therapeutic benefits of
SGLT2i in SLE43,44 and preclinical experiments providing mecha-
nistic evidence of immunomodulatory effects.45 In lupus-prone
mice, empagliflozin treatment led to (1) decreased anti–
double-stranded DNA levels and expression of the NLRP3 inflam-
masome; (2) down-regulated gene sets related to complement
activation, inflammation, and oxidative damage; and (3) reduced
mechanistic target of rapamycin complex 1 activity, enhancing
autophagy and reducing podocyte injury.45 SGLT2i have also
been shown to modulate macrophage polarization from proin-
flammatory (M1) to anti-inflammatory (M2) phenotypes and
reduce release of key proinflammatory cytokines (eg, interleukin-
1β [IL-1β], IL-6, tumor necrosis factor) through inhibition of the
NF-κB pathway and down-regulation of toll-like receptor 4.46,47

The immunomodulatory effects of SGLT2i may explain the lower
risk of SARDs observed in our study. Although we observed a
49% reduction in risk of SARDs with SGLT2i, because SARDs
are relatively rare diagnoses, the absolute risk difference was
small, and the number needed to treat was 3,334. Furthermore,
population-level data were obtained from an ethnically diverse
Canadian province with universal health care. The clinical implica-
tions of our findings should be considered with these factors in
mind, and further research is needed to explore possible preven-
tive effects in different populations, including in high-risk groups
with greater potential for benefit, and across settings with different
patient characteristics and prescribing patterns.

This study has limitations. Short follow-up duration may have
limited our ability to detect reductions in risk, especially for condi-
tions such as RA or psoriatic disease. Additionally, the relatively
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low number of axSpA cases, likely due to the older age of our
cohort, limited our ability to assess this outcome and resulted in
imprecise estimates. Despite careful adjustment using MW to bal-
ance baseline covariates across treatment groups, residual and
unmeasured confounding remains possible. For instance,
obesity might have been underreported because ICD codes for
obesity have low sensitivity.48 Any bias from this would likely be
conservative, given the greater likelihood of GLP-1RA or SGLT2i
prescription in patients with obesity. We did not have access to
data on body mass index. Whether excess adiposity modifies
the effects of GLP-1RAs and SGLT2i on ARD risk is an important
question that requires further investigation. Smoking status, a risk
factor for several ARDs, was not reliably captured in our data. We
used chronic obstructive pulmonary disease (COPD) as a proxy,
and COPD status did not significantly differ between groups
before or after adjustment. Before MW, COPD was numerically
most common in new users of GLP-1RAs. Whether smoking
was also more common in this group is unknown. This, like
underreporting obesity, would bias against detecting a protective
effect of GLP-1RAs if one truly existed.

ARD misclassification cannot be fully excluded, though we
relied on strict, validated case definitions with high specificity
and moderate-to-high positive predictive value.29–33 We
assumed that a person who filled a prescription took the med-
ication that was dispensed, and this may overestimate true
exposure duration in some patients. However, we suspect that
most overestimates would be small because we defined expo-
sure duration using the course of the medication dispensed
rather than the course prescribed. This is a strength, as repeat-
edly filling prescriptions and paying dispensing fees increases
the likelihood that a person is taking the medication that was
prescribed to them.

It is also possible that DPP4i reduce ARD risk relative to no
treatment, which could bias estimates toward the null hypothesis.
Some observational studies, conducted before the widespread
use of GLP-1RAs and SGLT2i in T2D, have reported protective
associations between DPP4i use and various ARDs.18,19,49 How-
ever, these findings have not been consistently replicated.17,20,50

Given the conflicting evidence, we adopted a conservative inter-
pretation of a neutral effect of DPP4i.

Strengths of our study include the new-user design, with an
active comparator, as well as the use of MW to account for differ-
ences in baseline characteristics affecting ARD risk and modeling
to account for exposure time and competing risk of death.
Together, these reduce risk of bias. The population-based sam-
ple increases generalizability, and the results of prespecified sen-
sitivity analyses enhance the robustness of our findings.

In conclusion, among adults with T2D, treatment with GLP-
1RAs or SGLT2i was not associated with increased risk of devel-
oping ARDs relative to DPP4i. Notably, SGLT2i use was associ-
ated with a nearly 50% lower risk of SARDs relative to DPP4i
use. These findings support the safety of these agents with

respect to ARD development. Additional studies are needed to
reproduce these findings and further explore potential disease-
modifying mechanisms of SGLT2i in SARDs.
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B R I E F R E P O R T

Glucagon-Like Peptide-1 Receptor Agonist Use and the Risk
of Adverse Cardiac and Kidney Outcomes Among Patients
With Systemic Lupus Erythematosus and Lupus Nephritis

April Jorge,1,2 Aakash V. Patel,1,2 Baijun Zhou,1 Lingxiao Zhang,1 and Hyon Choi1,2

Objective. Glucagon-like peptide-1 receptor agonists (GLP-1RAs) have cardioprotective and kidney-protective
benefits among patients with type 2 diabetes (T2D). We sought to determine whether GLP-1RA use improves cardio-
vascular (CV) and kidney outcomes among patients with systemic lupus erythematosus (SLE) and lupus nephri-
tis (LN).

Methods. We emulated a pragmatic target trial to evaluate the impact of GLP-1RA versus comparator hypoglyce-
mic agents, dipeptidyl peptidase 4 inhibitors (DPP4i), on CV and kidney outcomes among patients with SLE and T2D
using a large, US multicenter electronic health record database. We used propensity score overlap weighting to emu-
late randomization among treatment groups. Outcomes included major adverse CV events, venous thromboembolism
(VTE), kidney disease progression (estimated glomerular filtration rate decline ≥ 30% or new onset end-stage kidney
disease), and all-cause mortality. We used Cox regression to compare hazard ratios (HR) based on the weighted popu-
lations. In a secondary analysis, we only included patients with LN.

Results. There were 910 and 1,004 initiators of GLP-1RA and DPP4i, respectively, including 267 and 324 patients
with LN, respectively. Baseline covariates were balanced after propensity score overlap weighting. The risks of major
adverse cardiac events (MACEs; hazard ratio [HR] 0.66, 95% confidence interval [CI] 0.48–0.91), VTE (HR 0.49, 95%
CI 0.24–0.97), kidney disease progression (HR 0.77, 95% CI 0.60–0.98), and all-cause mortality (HR 0.26, 95% CI
0.10–0.68) were lower with GLP-1RA versus DPP4i use. GLP-1RA use was similarly associated with lower risks of
MACE and kidney disease progression among patients with LN.

Conclusion. We found lower risks of adverse CV and kidney outcomes and mortality with GLP-1RA use compared
with DPP4i use among patients with lupus and T2D.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a heterogenous auto-

immune disease that disproportionately impacts women of child-

bearing age and racial and ethnic minority groups, and it is

associated with serious morbidity and premature mortality.1

Lupus nephritis (LN) is a severe manifestation of SLE that occurs

in up to 50% of patients, placing them at significantly increased

risk for chronic kidney disease (CKD) and cardiometabolic

disease.1,2 Despite recent advances in treatment, patients with

LN have a 10% to 30% risk of developing end-stage kidney

disease (ESKD). Furthermore, atherosclerotic cardiovascular

(CV) disease is the most common cause of death among patients

with SLE, who have over a two-fold higher incidence of myocar-

dial infarction and cerebrovascular accidents than those without

SLE. These adverse outcomes are driven by a combination of

uncontrolled lupus disease activity and chronic tissue damage

including proteinuric nephropathy and treatment-related
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glucocorticoid toxicity, which exacerbates conventional CV risk fac-
tors. Additional strategies are needed to mitigate the profound mor-
bidity associated with CV disease and kidney disease progression.

Glucagon-like peptide-1 receptor agonists (GLP-1RAs) are a
class of antiobesity and hypoglycemic agents that have been
found to prevent major adverse cardiac events (MACEs) in
patients with overweight or obesity and type 2 diabetes (T2D)
and to reduce CKD progression in patients with diabetic
nephropathy.3–5 The emerging evidence of nephroprotective
benefits has demonstrated proteinuria reduction and a reduction
in estimated glomerular filtration rate (eGFR) decline with GLP-
1RA use.5,6 We postulated that GLP-1RAs may have similar car-
dioprotective and nephroprotective effects among patients with
SLE and LN.

We used a large, multicenter US electronic health records
(EHRs) database to emulate a pragmatic target trial7 to evaluate
whether GLP-1RAs improve kidney and CV outcomes in patients
with SLE and T2D, compared with dipeptidyl peptidase 4 inhibi-
tors (DPP4i), a comparator class of hypoglycemic agents. DPP4i
have been found to have a neutral impact on the risk of CV events
and have not demonstrated nephroprotective benefits.8

PATIENTS AND METHODS

Data source and study design. We identified patients
≥18 years of age who met administrative definition criteria for
SLE and T2D in TriNetX, a federated EHR database consisting
of patients from academic medical centers, community hospitals,
and outpatient clinics in the United States. This database includes
demographics, biometrics, medications, laboratory tests, proce-
dures, clinical encounters, diagnostic and procedure codes, and
vital status, as previously described.9 Patients were identified as
having SLE based on the presence of at least two corresponding
International Classification of Diseases Ninth Revision (ICD-9) or
International Classification of Diseases Tenth Revision (ICD-10)
codes (ICD-9 710.9 or ICD-10 M32.* excluding M32.0) at least
30 days, but no more than two years, apart. Patients with SLE
were further characterized as having LN if they had one or more
ICD-10 code for LN (M32.14 or M32.15) or two or
more nephritis-related codes (ICD-9 580–586 and 791.0; ICD-
10 N00, N03, N04, N05, N17, N18, and R80.9). We specified
and emulated the protocol of a pragmatic target trial to compare
the impact of GLP-1RA and DPP4i use on CV and kidney out-
comes among patients with SLE and T2D and among patients
with LN and T2D (Supplementary Table 1).7 This study was
approved by the Mass General Brigham Institutional Review
Board, and informed consent was waived.

Eligibility criteria and treatment assignment. We
identified patients with SLE who initiated a GLP-1RA or DPP4i
between October 2006, when the first DPP4i was approved,
and August 2021, the end of available follow-up data. GLP-

1RAs included exenatide, albiglutide, dulaglutide, liraglutide,
and semaglutide, and DPP4is included sitagliptin, saxagliptin,
linagliptin, and alogliptin. Of note, the GLP-1RA albiglutide was
discontinued in 2017, and tirzepatide, a glucose-dependent insu-
linotropic polypeptide and GLP-1RA, was not included because it
was approved by the US Food and Drug Administration in 2022.
During this study period, GLP-1RAs or DPP4is were only
approved by the US Food and Drug Administration for the treat-
ment of T2D, and we excluded patients without a diagnosis of
T2D. Patients were excluded from the study if they used the com-
parator medication or a sodium-glucose cotransporter-2 inhibitor
in the year before the index date of treatment initiation, had a diag-
nosis of ESKD or type 1 diabetes before the index date, or had
missing covariate data, except for hemoglobin A1C (HgA1C),
which was imputed.

We classified individuals into treatment groups, initiation of
GLP-1RA or DPP4i, according to the strategy that their data were
compatible with at baseline. We used propensity score overlap
weighting to emulate randomization of treatment assignment
and balance potential confounders.

Covariates. Covariates were assessed in the 12 months
before the index date and included demographics; geographic
region; comorbidities including CKD, heart failure, CV disease,
tobacco use, obesity, and the Charlson comorbidity index10;
medications for SLE and T2D; and health care use, including out-
patient visits and emergency room or inpatient encounters. We
also assessed the presence of LN, SLE severity assessed using
a severity index modified from an administrative algorithm based
on ICD codes and medication use,9,11 diabetic complications,
and HgA1C. We used multiple imputations for missing values of
HgA1C.

Outcomes.Our primary outcomes included MACE and kid-
ney disease progression. MACE was defined as a composite of
ischemic stroke, myocardial infarction, heart failure, and CV
death. MACE were identified by ICD codes occurring during inpa-
tient encounters. The definition of CV death was adapted from a
validated claims-based algorithm and included death in the
month of an inpatient encounter for CV disease as well as out of
hospital death without a diagnosis of cancer in the 365 days
before and including the date of death and without diagnoses
of infection or trauma in the 45 days before and including the date
of death.12 Kidney disease progression was defined as a
decrease in eGFR by >30% or new onset ESKD. We also
assessed the individual components of MACE, venous thrombo-
embolism (VTE, including pulmonary embolism or deep vein
thrombosis), all-cause death, and a control outcome of genital
infection, which was expected to be null.

Statistical analysis. Descriptive statistics of baseline char-
acteristics between the two treatment groups were performed
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before and after propensity score overlap weighting and compared
using standardized mean differences. We conducted a primary
as treated analysis in which patients were observed from the
index date of treatment initiation until the outcome of interest,

disenrollment from the database, death, discontinuation of
assigned treatment, initiation of the comparator treatment, or
the end of the study period (August 2021). We conducted a sec-
ondary intention-to-treat analysis, in which patients were

Table 1. Baseline characteristics of GLP-1RA and DPP4i initiators with SLE and diabetes*

Before propensity score overlap
weighting

After propensity score overlap
weighting

GLP-1RA DPP4i Std. Diff. GLP-1RA DPP4i Std. Diff.

N 910 1,004
Age, mean (SD) 53.0 (11.3) 58.2 (12.0) 0.45 55.0 55.0 <0.01
Female, n (%) 841 (92.4) 918 (91.4) 0.04 92.3 92.3 <0.01
Race and ethnicity, n (%) 0.12 <0.01

Asian 6 (0.7) 19 (1.9) 0.9 0.9
Hispanic 71 (7.8) 104 (10.4) 9.0 9.0
Black 332 (36.5) 335 (33.4) 34.7 34.7
Other 63 (6.9) 67 (6.7) 7.2 7.2
White, non-Hispanic 438 (48.1) 479 (47.7) 48.2 48.2

Geographic region, n (%) 0.08 <0.01
East 202 (22.2) 200 (19.9) 20.7 20.7
Midwest 168 (18.5) 159 (15.8) 17.0 17.0
South 461 (50.7) 546 (54.4) 53.5 53.5
West 79 (8.7) 99 (9.9) 8.9 8.9

Lupus nephritis, n (%) 267 (29.3) 324 (32.3) 0.06 29.3 29.3 <0.01
SLE severity index, n (%) 0.03 <0.01
Mild 317 (34.8) 343 (34.2) 35.8 35.8
Moderate 375 (41.2) 415 (41.3) 40.4 40.4
Severe 218 (24.0) 246 (24.5) 23.9 23.9

Charlson comorbidity index, mean (SD) 1.5 (1.4) 1.8 (1.8) 0.18 1.6 1.6 <0.01
Comorbidities, n (%)

CKD stage ≥3 293 (32.2) 366 (36.5) 0.09 32.7 32.7 <0.01
Heart failure 118 (13.0) 181 (18.0) 0.14 14.9 14.9 <0.01
CVD 212 (23.3) 238 (23.7) 0.01 23.1 23.1 <0.01
Obesity 416 (45.7) 275 (27.4) 0.39 35.4 35.4 <0.01

Diabetic complications
Diabetic nephropathy 134 (14.7) 154 (15.3) 0.02 13.7 13.7 <0.01
Diabetic retinopathy 90 (9.9) 61 (6.1) 0.14 7.4 7.4 <0.01
Diabetic neuropathy 246 (27.0) 199 (19.8) 0.17 21.8 21.8 <0.01
Diabetic vascular disease 61 (6.7) 53 (5.3) 0.06 5.1 5.1 <0.01

Tobacco use, n (%) 246 (27.0) 246 (24.5) 0.06 24.8 24.8 <0.01
SLE medication use, n (%)
Glucocorticoids 468 (51.4) 498 (49.6) 0.04 49.4 49.4 <0.01
Hydroxychloroquine 366 (40.2) 351 (35.0) 0.11 38.3 38.3 <0.01
Azathioprine 65 (7.1) 60 (6.0) 0.05 6.1 6.1 <0.01
Methotrexate 85 (9.3) 80 (8.0) 0.05 8.6 8.6 <0.01
Mycophenolate 93 (10.2) 112 (11.2) 0.0303 10.6 10.6 <0.01
Belimumab 32 (3.5) 14 (1.4) 0.1374 2.1 2.1 <0.01
Other immunosuppressant 80 (8.8) 79 (7.9) 0.0334 8.6 8.6 <0.01

Other medications, n (%) <0.01
ACEi or ARB 366 (40.2) 407 (40.5) 0.0065 38.4 38.4 <0.01
Insulin use 356 (39.1) 324 (32.3) 0.1433 32.9 32.9 <0.01
Metformin use 356 (39.1) 368 (36.7) 0.0509 35.2 35.2 <0.01
Sulfonylurea use 109 (12.0) 170 (16.9) 0.1412 13.0 13.0 <0.01
Other hypoglycemic medication 28 (3.1) 40 (4.0) 0.0492 3.0 3.0 <0.01

eGFR, mean (SD) 81.5 (27.0) 74.7 (28.6) 0.2416 79.0 79.0 <0.01
Health care use
Outpatient visits, median (IQR) 9 (2–17) 7 (1–17) 0.1010 7 (2–17) 7 (2–17) <0.01
ER/inpatient visits, n (%) 332 (36.5) 415 (41.3) 0.0996 37.8 37.8 <0.01

Hemoglobin A1c (%) 7.8 (2.5) 7.7 (3.0) 0.0310 7.6 7.6 <0.01

* ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CKD, chronic kidney disease; CVD,
cardiovascular disease; DPP4i, dipeptidyl peptidase 4 inhibitors; eGFR, estimated glomerular filtration rate; ER, emer-
gency room; GLP-1RA, glucagon-like peptide-1 receptor agonist; IQR, interquartile range; SLE, systemic lupus erythe-
matosus; Std. Diff., standardized difference.
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observed until the earliest of the outcome, death, or end of the
study period.

We conducted survival analyses with Cox proportional haz-
ard regression to compare incidence rates for each outcome
and assess hazard ratios with 95% confidence intervals (CIs) for
the weighted populations. We also performed a secondary analy-
sis restricted to patients with LN at baseline. We had full data
access, and all analyses were conducted using suite of analytics
software 9.4 (SAS Institute Inc.).

RESULTS

Baseline characteristics. There were 910 initiators of
GLP-1RA and 1,004 initiators of DPP4i with SLE and T2D,
of which 267 and 324 patients had LN, respectively (Table 1).
After propensity score overlap weighting, the treatment groups
were balanced across all covariates. Patients were mostly
women (92%), with a mean age of 55 years. Nearly one-half
of patients were non-Hispanic White, and 35% were Black.
Nearly one-half used glucocorticoids, and 38% used an
angiotensin-converting enzyme inhibitor or angiotensin

receptor blocker. Additionally, 33% of patients had CKD stage
≥ 3, 15% had heart failure, and 35% were obese. The average
HgA1C was 7.6%.

Outcomes in all patients with SLE. In the primary per-
protocol analysis, GLP-1RA initiators with SLE had lower risks of
MACE (adjusted hazard ratio [aHR] 0.66, 95% CI 0.48–0.91)
and kidney disease progression (aHR 0.77, 95% CI 0.60–0.98)
compared with initiators of DPP4i (Table 2). There was no signifi-
cant difference in the aHR for individual components of myocar-
dial infarction, ischemic stroke, or heart failure hospitalization,
but the incidence of myocardial infarction and heart failure tended
to be lower with GLP-1RA use. The risk of VTE was lower with
GLP-1RA than DPP4i initiation (aHR 0.49, 95% CI 0.24–0.97),
as was the risk of all-cause death during the study period. (aHR
0.26, 95% CI 0.10–0.68). There was no difference in the risk of
the control outcome of genital infection among the treatment
groups, as expected.

Outcomes in patients with LN. In the secondary analy-
sis of patients with LN, GLP-1RA initiation compared with DPP4i

Table 2. Cardiovascular and kidney outcomes associated with GLP-1RA versus DPP4i use in systemic lupus
erythematosus*

Events, n Follow-up time, y

Incidence rate
(per 1,000 person

years)

GLP-1RA DPP4i GLP-1RA DPP4i GLP-1RA DPP4i
Hazard ratio
(95% CI)

Per-protocol
Cardiovascular outcomes
MACE 32 42 1.3 1.2 61.1 92.9 0.66 (0.48–0.91)
Myocardial infarction 3 6 1.4 1.3 5.6 12.8 0.43 (0.16–1.14)
Stroke 8 6 1.4 1.3 13.9 12.5 1.08 (0.51–2.31)
Heart failure 23 26 1.4 1.2 44.1 55.7 0.78 (0.53–1.15)
VTE 7 13 1.4 1.2 12.6 26.5 0.49 (0.24–0.97)

Kidney outcome
eGFR decline by ≥30% or
new ESKD

58 68 1.3 1.1 117.5 158.1 0.77 (0.60–0.98)

All-cause death 3 11 1.4 1.3 5.6 21.6 0.26 (0.10–0.68)
Control outcome
Genital infection 27 24 1.3 1.2 52.2 52.4 1.02 (0.69–1.50)

Intention-to-treat
Cardiovascular outcomes
MACE 54 63 2.7 2.5 51.3 64.7 0.80 (0.62–1.03)
Myocardial infarction 10 11 3.0 2.8 8.5 10.3 0.81 (0.44–1.47)
Stroke 13 13 3.0 2.8 11.1 11.6 0.99 (0.57–1.72)
Heart failure 40 41 2.8 2.7 36.9 40.0 0.93 (0.69–1.26)
VTE 10 19 3.0 2.8 8.9 17.5 0.53 (0.30–0.94)

Kidney outcome
eGFR decline by ≥30% or
new ESKD

92 108 2.5 2.2 95.2 124.3 0.79 (0.65–0.96)

All-cause death 10 22 3.0 2.9 8.4 19.5 0.42 (0.25–0.73)
Control outcome
Genital infection 46 44 2.7 2.6 42.8 43.8 1.01 (0.75–1.36)

* MACE includes myocardial infarction, ischemic stroke, or heart failure hospitalization. CI, confidence interval; DPP4i,
dipeptidyl peptidase 4 inhibitors; eGFR, estimated glomerular filtration rate; ESKD, end-stage kidney disease; GLP-1RA,
glucagon-like peptide-1 receptor agonist; MACE, major adverse cardiac events; VTE, venous thromboembolism.

JORGE ET AL668



use was similarly associated with lower risks of MACE (aHR 0.64,
95% CI 0.41–0.98) and kidney disease progression (aHR 0.70,
95% CI 0.49–1.00; Table 3). The effect sizes for VTE and all-
cause death did not reach statistical significance in the LN
subgroup.

In the intention-to-treat analyses, the direction of effect of
GLP-1RA use was similar across outcomes with some attenua-
tion, with lower risks of kidney disease progression and all-cause
death with GLP-1RA initiation compared with DPP4i initiation for
all patients with SLE (progression of kidney disease aHR 0.79,
95% CI 0.65–0.96; all-cause death aHR 0.42, 95% CI 0.25–
0.73) and patients with LN (progression of kidney disease aHR
0.63, 95% CI 0.47–0.85; all-cause death aHR 0.32, 95% CI
0.13–0.79]).

DISCUSSION

This emulated target trial using observational data demon-
strated that GLP-1RA use was associated with a lower risk of
MACE, kidney disease progression, VTE, and all-cause death,
compared with DPP4i use among patients with SLE and comor-
bid T2D. Similar benefits were also demonstrated among patients

with LN. This is the first observational study, to our knowledge,
demonstrating the potential cardioprotective, nephroprotective,
and mortality benefits of GLP-1RAs for patients with SLE and
LN, who have been largely excluded from participating in random-
ized clinical trials for GLP-1RAs.3,5

It is widely established that GLP-1RAs reduce CV risk and
attenuate progression of kidney disease among those with
T2D3,5,13,14; however, recent studies suggest GLP-1RAs also
confer similar benefits to other populations with elevated risks of
CV events and/or progressive CKD.4,6 In the Semaglutide Effects
on Cardiovascular Outcomes in People with Overweight or Obe-
sity trial, which included patients with CV disease, a body mass
index of ≥27, and no prior diagnosis of diabetes, the use of the
GLP-1RA semaglutide, compared with placebo, reduced the inci-
dence of death fromCV disease, nonfatal myocardial infarction, or
nonfatal stroke.4 Many patients with SLE have traditional CV risk
factors, in addition to the elevated CV risk related to SLE itself,
so many patients will now have indications for GLP-1RA use and
may have considerable potential benefit. Although our emulated
trial could not isolate the effect of GLP-1RA on patients with SLE
and without T2D, we followed substantial reductions in the risk
of MACE for patients with both conditions. Additionally, the

Table 3. Cardiovascular and kidney outcomes associated with GLP-1RA versus DPP4i use in lupus nephritis*

Outcomes

Events, n Follow-up time, y

Incidence rate
(per 1,000 person

years)

GLP-1RA DPP4i GLP-1RA DPP4i GLP-1RA DPP4i
Hazard ratio
(95% CI)

Per-protocol
Cardiovascular outcomes
MACE 18 23 1.2 1.0 122.2 193.0 0.64 (0.41–0.98)
Myocardial infarction 2 5 1.4 1.2 11.0 32.7 0.34 (0.10–1.09)
Stroke 2 4 1.4 1.2 14.7 25.3 0.58 (0.18–1.85)
Heart failure 15 16 1.2 1.1 98.5 124.9 0.78 (0.48–1.28)
VTE 4 5 1.3 1.2 24.9 38.3 0.62 (0.25–1.56)

Kidney outcome
eGFR decline by ≥30% or
new ESKD

28 35 1.1 0.9 213.3 325.2 0.70 (0.49–1.00)

All-cause death 3 5 1.4 1.2 16.2 36.5 0.46 (0.16–1.37)
Control outcome
Genital infection 9 8 1.3 1.1 56.6 62.9 0.90 (0.48–1.68)

Intention-to-treat
Cardiovascular outcomes
MACE 25 30 2.1 1.9 97.7 132.7 0.75 (0.52–1.09)
Myocardial infarction 3 8 2.5 2.3 11.1 29.0 0.39 (0.17–0.91)
Stroke 4 5 2.5 2.3 12.9 18.8 0.70 (0.28–1.73)
Heart failure 20 23 2.2 2.0 79.2 93.7 0.85 (0.56–1.29)
VTE 5 7 2.4 2.3 16.3 25.5 0.66 (0.29–1.51)

Kidney outcomes
eGFR decline by ≥30% or
new ESKD

38 52 1.9 1.5 171.8 285.0 0.63 (0.47–0.85)

All-cause death 4 11 2.5 2.4 12.2 39.3 0.32 (0.13–0.79)
Control outcome
Genital infection 10 12 2.3 2.2 36.6 48.8 0.78 (0.44–1.39)

* MACE outcome includes combinedmyocardial infarction, ischemic stroke, or heart failure hospitalization. Heart failure
outcome includes heart failure hospitalization. CI, confidence interval; DPP4i, dipeptidyl peptidase 4 inhibitor; eGFR, esti-
mated glomerular filtration rate; ESKD, end-stage kidney disease; GLP-1RA, glucagon-like peptide-1 receptor agonist;
MACE, major adverse cardiac events; VTE, venous thromboembolism.
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kidney-protective effects of GLP-1RA are likely to extend beyond
treatment of patients with diabetic nephropathy. SeMaglutide and
Albuminuria Reduction Trial in Obese Individuals Without Diabe-
tes recently demonstrated that weekly administration of semaglu-
tide led to appreciable reduction in albuminuria in a cohort of
patients with nondiabetic CKD, including 25 patients with chronic
glomerulonephritis.6 Persistent proteinuria is a major risk factor for
progressive CKD in LN; therefore, reducing proteinuria is a poten-
tial mechanism of benefit for GLP-1RA for patients with LN. We
found a reduction in eGFR decline or new onset ESKD in patients
with LN and T2D. Future studies are needed to determine the
impact of GLP-1RA on CV events, proteinuria, and kidney dis-
ease progression among patients with SLE without T2D. Further-
more, future studies should assess the impact GLP-1RA use for
patients undergoing standard immunosuppression treatment
for LN.

Although research is ongoing to further identify specific
mechanisms contributing to the cardio- and kidney-protective
properties of GLP1-RAs aside from glucose-lowering and hemo-
dynamic effects, studies in murine models and humans suggest
these agents potentially possess immunomodulatory proper-
ties.15 GLP1-RAs have been shown in murine models to regulate
lymphocyte proliferation and maintenance of regulatory T cells,
and studies in humans have demonstrated that GLP-1RAs
decrease production of inflammatory cytokines and oxidative
stress biomarkers.15,16 It remains unclear to what extent these
mechanisms are mediated through weight reduction or separate,
direct processes. However, these posited immune mechanisms
of GLP-1RAs warrant further investigation in patients with SLE
and LN.

This study is strengthened by the employment of the emu-
lated target trial framework to assess causal associations from
observational data, with the specific use of propensity score over-
lap weighting to mitigate confounding. Limitations of our study
include the relatively small sample size and the potential for mis-
classification that is inherent to observational EHR data. This
may include misclassification of medication exposure because
we lacked pharmacy dispensing records and could not assess
medication adherence to prescribed treatment. Lastly, we note
that the inability to investigate the efficacy of GLP-1RA among
patients with SLE and without T2D serves as another limitation.

To conclude, our findings suggest that GLP-1RAs confer
substantial cardioprotective and kidney-protective benefits to
patients with SLE and LN with comorbid T2D, who are inherently
predisposed to a markedly disproportionate risk of atheroscle-
rotic CV disease and CKD. These support a potential role for
GLP1-RAs in the management and treatment of patients with
SLE and LN, although additional studies are needed to assess
the safety of GLP-1RAs in this population. Furthermore, patients
with SLE should be included in future randomized trials involving
GLP-1RAs, and future studies should evaluate the efficacy of
GLP-1RA use among patients with SLE and LN without

concomitant diabetes. Potential barriers to accessing these med-
ications, including cost, should also be addressed to avoid exac-
erbating health care disparities. Lastly, basic science and
translational studies are needed to help provide mechanistic
insight for these findings, which may elucidate novel indications
and benefits.
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Podocyte Interleukin-23 Receptor Signaling in the
Pathogenesis of Lupus Nephritis

Rong Fu,1 Afroditi Boulougoura,1 Shuilian Yu,1 Hao Li,1 Wenliang Pan,1 Yushiro Endo,1 Rhea Bhargava,1

Abhiyan Satyam,1 Vivek Kasinath,2 Jarrat Jordan,3 Nandan Padmanabha,4 Maria G. Tsokos,1 Reza Abdi,2

and George C. Tsokos1

Objective. Up-regulation of interleukin-23 (IL-23) in the serum and kidneys of patients with lupus nephritis (LN) has
been demonstrated, but its effect on podocytes remains unknown. We hypothesized that IL-23 contributes to podo-
cyte injury and that targeted deletion of IL-23 receptor (IL-23R) in podocytes of lupus-prone mice can prevent the
development of glomerulonephritis.

Methods. Kidney biopsies were immunostained for IL-23R. In vitro experiments were conducted using a human
podocyte cell line and primary murine podocytes. Human podocytes stimulated with IL-23 underwent bulk RNA
sequencing. The expression of IL-23R and structure and motility of podocytes were assessed. Podocytes isolated
from B6 wild-type mice injected with a minicircle (MC) encoding IL-23 were studied. To assess the role of IL-23R in
the development of nephritis, we generated MRL/lpr mice deficient in podocyte-specific Il23r who were lupus prone.

Results. IL-23R was highly expressed in the glomeruli of patients with LN. IL-23R expression was also up-
regulated in human podocytes and primary podocytes isolated from B6mice after IL-23 stimulation. Human podocytes
stimulated with IL-23 showed decreased expression of synaptopodin and remodeling of the actin cytoskeleton. Mice
who were administered with IL-23 MC mice exhibited a significant increase in the expression of IL-23R and phosphor-
ylated STAT3 in podocytes. Finally, MRL/lpr.Podo-Cre+ Il23rfl/fl mice showed decreased clinical and histologic fea-
tures of LN.

Conclusion. IL-23R expression is increased in podocytes from mice and humans with systemic lupus erythemato-
sus. IL-23 signaling disrupts the cytoskeleton in podocytes and increases their mobility, leading to the development of
glomerulonephritis. Podocyte-specific deletion of Il23r in lupus-prone mice abrogates the development of LN.

INTRODUCTION

The deposition of immune complexes (ICs), activation of

complement, and infiltration of the kidney by cells of the adaptive

and innate immune systems have long been considered responsi-

ble for the development of kidney damage in lupus nephritis (LN).1

However, recent findings have also highlighted the contribution of

kidney-resident immune cells and immune molecules expressed

by kidney parenchymal cells to disease pathogenesis.2 Podo-

cytes are highly specialized, terminally differentiated epithelial cells

in the glomeruli of kidneys, and they are vulnerable to a variety of

stimuli, resulting in a series of morphologic and physiologic

changes such as cytoskeletal rearrangement, slit diaphragm pro-

tein dysregulation, mitochondria dysfunction, and increased

motility.3 The injury and/or dysfunction of podocytes play a critical

role in the pathogenesis of proteinuria in the vast majority of glo-

merulonephritis (GN), including anti–glomerular basement mem-

brane GN and lupus GN (III and IV).4 Dynamic regulation of the

podocyte actin cytoskeleton is vital to the normal kidney filter

function, and mutations lead to the rearrangement of the actin

cytoskeleton and subsequent proteinuria.5 Because podocytes

have limited ability to repair and/or regenerate, the extent of podo-

cyte injury is considered as a major prognostic determinant in

end-stage renal disease.3 Indeed, the actin cytoskeleton of
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podocytes is a direct target of the antiproteinuric effect of cyclo-
sporine and rituximab.6,7 Any intervention that can stabilize the
podocyte actin cytoskeleton or promote podocyte recovery
and/or repair should have therapeutic potential in proteinuric
states.

Interleukin-23 (IL-23) is a heterodimeric cytokine with a wide
range of effects on the immune response.8,9 The pivotal role of
IL-23/IL-23 receptor (IL-23R)/STAT3 signaling axis has been
studied in systemic lupus erythematosus (SLE), with IL-23R pri-
marily expressed on various hematopoietic cells, including lym-
phocytes and macrophages.10,11 However, recent evidence
suggests that IL-23 may also act directly on kidney-resident
cells.12 We have previously demonstrated that global IL-23R defi-
ciency prevents the development of LN in both C57BL/6 (B6) lpr/
lpr and MRL/lpr mice.13,14 Moreover, renal pathology was limited
in the mice with nephritic IL-23p19−/−.15,16 Another interesting
finding from our group is that the anti-IL-23 antibody ameliorated
albuminuria in mice who were lupus prone without affecting the
production of anti–double-stranded DNA (dsDNA) antibodies,17

which gave us a hint that IL-23 could directly act on glomeruli
independently of systemic inflammation. The signal transducer
and activator of STAT3 is the major downstream effector of the
IL-23 signaling pathway, which promotes directional cell migra-
tion and reducing the formation of actin stress.18,19 Podocyte
STAT3 activation is critical for the development of crescentic
GN.20 Meanwhile, inhibition of the STAT3 pathway partially
diminishes the suppression of synaptopodin in HIV or Nef-
infected podocytes and nephrotoxic serum-induced crescentic
nephritis.20–22 Here, we report that IL-23 acts directly on podo-
cytes, up-regulates IL-23R expression on their surface, promotes
STAT3 phosphorylation, and induces podocyte injury character-
ized by enhanced cell motility and disrupted cytoskeletal dynam-
ics. Most importantly, targeted Il23r deletion in podocytes of
lupus-prone mice ameliorates the development of GN and pre-
serves podocyte structure.

METHODS

Podocyte culture. Immortalized human podocytes23

were cultured as previously described.24 Podocytes were grown
in RPMI 1640 medium supplemented with 10% fetal bovine
serum (FBS) and 1% insulin–transferrin–selenium at 33�C and
differentiated into mature podocytes after transfer to 37�C for
7 to 10 days due to the presence of the temperature-sensitive
SV40-T gene. Mature podocytes were stimulated with
phosphate buffered saline (PBS) or 10 ng/mL recombinant
human IL-23 (1290-IL; R&D) for the indicated times. Five micro-
moles of phosphorylated STAT3 (pSTAT3) inhibitor (Stattic,
HY-13818; MedChemExpress) was added one hour before
stimulation. Primary murine podocytes were isolated from
eight-week-old B6 mice as described.25,26 Briefly, mice were
perfused with Dynabead M450 beads (14011; Thermo Fisher),

kidneys were collected and digested, and glomeruli were
enriched using a magnet. The isolated glomeruli were cultured
in RPMI 1640 medium supplemented with 10% FBS for four to
seven days and stimulated with PBS or 10 ng/mL recombinant
mouse IL-23 (11269-ML; R&D) for 24 hours.

Mice. MRL/lpr and B6. Nphs2cre+ (strain 008205) mice were
obtained from the Jackson Laboratory. B6. Il23rfl/fl mice
were generated as described previously.12,27 Podocyte-specific
Il23r conditional knockout (CKO) mice on an MRL/lpr background
were generated using the Cre–loxP (locus of X-over P1) recombina-
tion system. Briefly, B6. Il23rfl/fl and B6. Nphs2cre+ mice were back-
crossed onto the MRL/lpr background for 11 generations to
generate MRL/lpr.Il23fl/fl and MRL/lpr.Nphs2cre+ mice. MRL/lpr.
Il23fl/fl mice were then crossed with MRL/lpr.Nphs2cre+ mice to gen-
erate MRL/lpr.Nphs2cre+Il23fl/fl (MRL/lpr.Podo-cre+Il23r fl/fl, CKO)
mice. Female CKO and control mice were used in three independent
experiments andwere euthanized between 18 and 23weeks of age.
Sera, urine, and kidneys were collected. Mice were maintained
under specific pathogen-free conditions at Beth Israel Deaconess
Medical Center (BIDMC). All animal procedures were approved by
the Institutional Animal Care and Use Committee of BIDMC.

Human kidney tissues. All kidney samples were obtained
from the Department of Pathology, BIDMC, Harvard Medical
School (Institutional Review Board number 2006P000298). The
studied cases included renal tissue from 11 patients with LN
(International Society of Nephrology/Renal Pathology Society
classes III–V) and uninvolved renal tissue from three individuals
who underwent nephrectomies for primary renal neoplasms,
who were used as controls.

Immunofluorescence. Human or murine kidney frozen
sections (5 μm) were fixed in ice-cold acetone for 15 minutes,
blocked with 5% bovine serum albumin (BSA) for one hour, and
stained overnight with primary antibodies, including anti-IL-23R
(NB600-1147; Novus), anti-pSTAT3 (612542; BD Biosciences),
anti-synaptopodin Alexa Fluor 647 (sc-515842; Santa Cruz), and
antinephrin (GP-N2; Progen). Next, sections were incubated for
one hour with Alexa Fluor 488– or 555–conjugated secondary
antibodies. Nuclei were counterstained with DAPI or Hoechst.
Finally, sections were mounted using antifade mounting medium.
For immunofluorescence staining of cultured podocytes, cells
grown on coverslips were fixed with 4% paraformaldehyde
for 15 minutes at room temperature, permeabilized with 0.1%
Triton X-100 for 10 minutes, and blocked with 5% BSA for one
hour. Cells were then incubated with primary antibodies including
Alexa Fluor 488–conjugated or Alexa Fluor 594–conjugated
phalloidin (A12379; Thermo Fisher), anti-IL-23R (NB600-1147;
Novus), Alexa Fluor 647–conjugated anti-synaptopodin antibody
(sc-515842; Santa Cruz), and anti-pSTAT3 (612542; BD Biosci-
ences). After washing, cells were incubated with appropriate
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fluorescence-conjugated secondary antibodies and mounted
with antifade mounting medium containing DAPI. Images were
acquired using a Zeiss LSM 880 confocal microscope or Keyence
BZ-X fluorescence microscope. Fluorescence intensities were
measured using ImageJ software.

Histopathology analysis. Kidney sections were fixed in
10% neutral buffered formalin and embedded in paraffin. Four-
micrometer sections were cut and stained with hematoxylin and
eosin. Glomeruli were evaluated microscopically in a blindedman-
ner and scored as previously described.28 In addition, renal corti-
cal tissue from two CKO mice and one MRL/lpr control mouse
was processed for electron microscopy and examined ultrastruc-
turally as previously described.29

Preparation and in vivo administration of IL-23
minicircle DNA constructs. IL-23 minicircle (MC) DNA con-
structs were generated as previously described.7 Briefly, a single
isolated colony from a fresh plate was cultured for eight hours
in Luria–Bertani broth with ampicillin and expanded in terrific
brothfor 17 additional hours. Subsequently, the culture medium
was replaced with fresh Luria–Bertani broth containing 1%
L-arabinose. After the addition of one-half volume of fresh low-salt
Luria–Bertani broth (pH 8.0) containing 1% L-arabinose, the incu-
bation temperature was increased to 37�C, and the incubation
continued for two additional hours. Episomal DNA MCs were pre-
pared from bacteria using QIAGEN Endo free Mega preparation
plasmid purification kits. Hydrodynamic delivery of 8 μg IL-23
MC DNA per mouse was performed via tail vein injection in a total
volume of approximately 10% of the mouse body weight within a
period of five to seven seconds in all experiments. Mice injected
with an equal volume of PBS served as controls (n = 4 per group).
Eight-week-old wild-type B6 mice were used, and kidney sam-
ples were collected 48 hours after injection.

Enzyme-linked immunosorbent assay. The concentra-
tion of IL-23 in the sera of IL-23 MC–treated and control mice was
measured using a commercially available enzyme-linked immuno-
sorbent assay (ELISA) kit (M2300; R&D) according to the manu-
facturer’s instructions. Anti-dsDNA levels in the sera of MRL/lpr
CKO and control mice were measured as described previously.12

Western blot. Podocyteswere lysedwith radioimmunopre-
cipitation assaybuffer containingphosphatase andprotease inhib-
itors at 4�C for 30minutes. Lysateswerecentrifuged, supernatants
were collected, and equal amounts of protein from each superna-
tant were loaded onto NuPAGE 4% to 12% Bis-Tris gels
(NP0336; Thermo Fisher). Proteins were transferred to a PVDF
membrane, which was subsequently blocked for one hour and
incubated overnight at 4�C with rabbit anti-IL-23R (NB600-1147;
Novus), rabbit anti-Jak2 (3230T; Cell Signaling Technology), rabbit
anti-Tyk2 (14193; Cell Signaling Technology), rabbit anti-STAT3

(ab68153; Abcam), rabbit anti-pSTAT3 (612542; BDBiosciences),
mouse anti-synaptopodin (sc-515842; Santa Cruz), mouse anti-
nephrin (sc-376522; Santa Cruz), and rabbit anti-GAPDH
(97166; Cell Signaling Technology) antibodies. The membrane
waswashedwith Tris buffered saline–Tween and then incubated
with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibodies. Signal detection was performed
using Clarity Western ECL Substrate (Bio-Rad). Band intensities
were quantified using ImageJ and normalized to GAPDH.

Wound-healing assay. Podocytes were seeded in six-well
plates and cultured overnight. Each well was scratched with a
sterile 200-μL pipette tip and washed with PBS. Podocytes were
then stimulated with PBS, 10 ng/mL IL-23, or 10 ng/mL IL-23
plus pSTAT3 inhibitor. The wound closure was observed after
eight hours by phase-contrast microscopy. Each condition was
examined in triplicate.

Kidney function analysis. Spot urine samples were col-
lected. Urinary proteins were determined with BCA kit (Thermo
Fisher), and creatinine levels were quantified using ELISA kit
(R&D Systems). Urine protein-to-creatinine ratios (UPCRs) were
calculated to assess severity of proteinuria.

Transcriptome analysis (bulk RNA sequencing of
human podocytes). Total RNA was isolated from podocytes
stimulated with IL-23 or PBS for two hours using the QIAGEN
RNeasy Micro Kit (QIAGEN). RNA quality and concentration were
assessed using NanoDrop (Thermo Fisher Scientific). Sequencing
libraries were constructed with the KAPA HyperPrep Kit (Roche)
and assessed on Tapestation (High sensitivity D1000 Screen
Tape; Agilent). Sequencing was performed using the Illumina
NovaSeq 6000 platform. Differentially expressed genes were
identified by Limma. Pathway enrichment analysis was performed
using ClusterProfiler.

Statistics. All results were shown as the mean ± SEM.
Statistical significance was determined by t-test (two-tailed) for
two groups or by one-way analysis of variance with Bonferroni’s
multiple-comparison test for three or more groups. P values
<0.05 were considered significant.

RESULTS

Increased expression of IL-23R in glomeruli of
patients and mice with LN. The expression of IL23R on
podocytes has not been established. We therefore examined the
expression of IL-23R in podocytes using biopsy sections from
patients with LN. The clinical information of the patients is pre-
sented in Supplementary Table 1. Confocal immunofluorescence
images showed increased IL-23R expression in the glomeruli
of patients with LN compared to controls (Figure 1A and B).
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The expression levels of IL-23R correlated inversely with serum
complement 3 (C3) levels (Figure 1C). There was no significant
correlation with serum C4 levels or UPCR (Figure 1D and E). Next,
we examined the expression of IL-23R in kidney podocytes from
MRL/lpr mice before (4 and 12 weeks) and after (20 weeks) the
establishment of LN. Similar to findings in human LN, we followed
increased expression of IL-23R in podocytes from the 12- and
20-week-old mice, but not the 4-week-old mice (Figure 1F
and G). The expression levels of IL-23R correlated positively
with UPCR, which suggests that the function of podocytes is
compromised (Figure 1H).

Up-regulation of IL-23R in podocytes by IL-23 in vitro
and in vivo. Previously, we demonstrated that IL-23 alone can
induce renal inflammation by suppressing the production of
arginine by tubular epithelial cells (TECs).12 However, it remains
unknown whether the phenotype of podocytes changes, includ-
ing its expression of IL-23R in response to IL-23 directly.
To address this question, human podocytes were cultured
in vitro,24 and after proliferation and differentiation, they were
stimulated with IL-23 or PBS for 24 hours. The immunofluores-
cence images (Figure 2A) and Western blot results (Figure 2B)
revealed that stimulation with IL-23 increased the expression of
IL-23R in podocytes. IL-23 also elevated Jak2 expression, but
not Tyk2 (Figure 2B). Next, primary podocytes were isolated
from naive B6 mouse kidneys (Figure 2C) and stimulated with
IL-23. Although the expression of IL-23R in murine podocytes
is low under normal conditions, it increased significantly after
24 hours of IL-23 stimulation by immunofluorescence
(Figure 2D). To validate this observation in vivo, an MC comple-
mentary DNA construct encoding IL-23p19 and IL-12/23p40
(IL-23 MC) was administered intravenously to eight-week-old
wild-type B6 mice, resulting in highly elevated and sustained
IL-23 levels in the serum of animals who were treated
(Figure 2E). Immunofluorescence images confirmed the induc-
tion of IL-23R on synaptopodin+ podocytes after the administra-
tion of IL-23 MC (Figure 2F).

IL-23 and the structure and function of human
podocytes. To further characterize phenotypic changes in
podocytes responding to IL-23, bulk RNA sequencing was per-
formed on human podocytes stimulated with IL-23 or PBS. Path-
way enrichment analysis revealed pathways related to synapse/
cell adhesion assembly and organization and cell motility and
migration as the top pathways altered by IL-23 stimulation
(Figure 3A). Podocytes have a complex cellular architecture
maintained by a well-organized actin cytoskeleton. To determine
whether IL-23 disrupts the structure of actin fibers leading to
cytoskeletal damage in podocytes, we stained IL-23-treated
podocytes with phalloidin, a selective F-actin marker. Immuno-
fluorescent imaging revealed that IL-23 stimulation led to
F-actin disassembly, indicating cytoskeletal disruption

(Figure 3B). Next, we asked whether IL-23 down-regulates the
expression of nephrin and synaptopodin in podocytes, which
could explain their increased mobility. Western blot analysis
revealed a reduction in synaptopodin, but not nephrin, 24 hours
after IL-23 stimulation (Figure 3C). To evaluate whether IL-23
promotes podocyte motility, a wound-healing assay was con-
ducted on cultured human podocytes stimulated with IL-23
(10 ng/mL) for 24 hours. IL-23 significantly increased podocyte
migration into the wound area, indicating enhanced motility
(Figure 3D).

Induction of rapid STAT3 activation in podocytes
by IL-23. In T cells, it has been shown that IL-23 signals

through STAT3; inhibition of STAT3 impairs IL-23-driven Th17
polarization.30–32 Having demonstrated that IL-23R can be
induced on podocytes, we explored the IL-23 signaling path-
way in podocytes. As expected, immunofluorescence analysis
confirmed increased expression of pSTAT3 in synaptopodin+

podocytes in the kidneys of B6 mice 48 hours after IL-23 MC
administration (Figure 4A). Consistently, Western blot
(Figure 4B) and immunofluorescence staining (Figure 4C) dem-
onstrated that stimulation with IL-23 induced phosphorylation
and nuclear localization of STAT3 in cultured human podo-
cytes, which is indicative of STAT3 activation. Stattic, a spe-
cific STAT3 inhibitor, reverted IL-23-induced phosphorylation
of STAT3. Moreover, Stattic reversed IL-23-mediated F-actin
disassembly and reduced podocyte hypermotility by F-actin
staining and wound-healing assay (Figure 4D and E). Collec-
tively, our data indicate that IL-23 activates STAT3 in podo-
cytes, promoting cytoskeletal disorganization and increased
motility.

Amelioration of LN by podocyte-specific deletion of
Il23r in MRL/lprmice. Having demonstrated that IL-23 up-reg-
ulates IL-23R in podocytes and disrupts their structure and motil-
ity, and given that serum IL-23 levels are elevated in patients with
SLE,33 we investigated the importance of IL-23R in the pathogen-
esis of LN in vivo. To this end, we generated MRL/lpr CKO mice
who lacked Il23r only in podocytes (MRL/lpr.Podo-cre+Il23rfl/fl;
Figure 5A) and studied them in parallel with MRL/lpr. Il23fl/f, or
wild-type MRL/lpr control, mice between 18 and 23 weeks of
age. CKO mice had less proteinuria (Figure 5B) and demon-
strated significantly reduced glomerular pathology compared to
controls (Figure 5C). Notably, electron microscopy showed
decreased IC deposition and preserved podocyte structure with
reduced foot process effacement (Figure 5D). Interestingly, the
levels of serum dsDNA antibodies were comparable between
CKO and control mice (Figure 5E). Collectively, these findings
demonstrate that podocyte-specific Il23r deletion ameliorates
LN without affecting systemic autoimmunity.
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Figure 1. Increased expression of interleukin-23 receptor (IL-23R) in the glomeruli of patients and mice with lupus nephritis (LN).
(A) Representative images of human kidney biopsies from patients with LN and controls, stained for IL-23R (red), nephrin (green), and Hoechst
(blue). Scale, 20 μm. (B) Quantification plot of IL-23R staining intensity in glomeruli from patients with LN (n = 11) and controls (n = 3). Correlation
coefficients between glomerular IL-23R staining intensity and (C) serum complement 3 (C3) levels, (D) serum C4 levels, and (E) urine protein-
to-creatinine ratio (UPCR) in patients with LN. Data represent the mean ± SEM. (F) Representative images of kidney sections from 4-week-old
(4W), 12W, and 20W female MRL/lpr mice stained for IL-23R (green), synaptopodin (red), and DAPI (blue). The white dotted outline delineates
the glomerulus. Scale, 20 μm. (G) Quantification plot of IL-23R expression in the glomeruli of MRL/lpr mice at different ages (n = 4 per group).
(H) Correlation coefficients between glomerular IL-23R staining intensity and UPCR.
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Figure 2. Interleukin-23 receptor (IL-23R) expression in human podocytes after stimulation with IL-23. Human immortalized podocytes were
stimulated with phosphate buffered saline (PBS) or recombinant human IL-23 (10 ng/mL) for 24 hours (24 h). (A) Representative immunofluores-
cence images of IL-23 (red) and quantification plot of staining intensity. Nuclei were counterstained with DAPI (blue). Scale, 20 μm.
(B) Representative Western blot and densitometric quantification plot of IL-23R, Jak2, and Tyk2 expression. (C) Primary podocytes were isolated
from B6 mice and cultured in vitro for four days. Scale, 50 μm. (D) Representative immunofluorescence images and quantification plot of IL-23R
staining intensity in mouse primary podocytes stimulated with PBS or recombinant mouse IL-23 (10 ng/mL) for 24 h. IL-23R (red), synaptopodin
(green), and DAPI (blue) are shown. Scale, 20 μm. IL-23 minicircle (MC) was administered to wild-type B6 mice at eight weeks of age via hydrody-
namic tail vein injection. (E) Serum IL-23 levels measured by enzyme-linked immunosorbent assay. (F) Representative immunofluorescence
images and quantification plot of IL-23R expression in glomeruli from mice injected with IL-23 MC or PBS (n = 4 per group). IL-23R (green), synap-
topodin (red), and DAPI (blue) are shown. The white dotted outline delineates the glomerulus. Scale, 20 μm. Color figure can be viewed in the online
issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43395/abstract.
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Figure 3. Interleukin-23 (IL-23) compromises the structure and function of human podocytes. (A) Heatmap of differentially expressed transcripts
and enriched pathway analysis of bulk RNA sequencing data from human podocytes stimulated with recombinant human IL-23 or phosphate buff-
ered saline (PBS) for two hours. (B–D) Human immortalized podocytes were stimulated with recombinant human IL-23 (10 ng/mL) for 24 or
8 hours. (B) Representative phalloidin staining and quantification plot of mean actin intensity. Scale, 20 μm. (C) Western blot and quantification
plots of nephrin and synaptopodin. (D) Representative images and quantification plots of wound-healing assay showing the area of migration in
human podocytes stimulated with PBS or recombinant human IL-23 (10 ng/mL) for eight hours after wounding. Red dashed lines indicate the
wound edges. Scale, 50 μm. FDR, false discovery rate; N., number; Reg., regulation. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43395/abstract.
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Figure 4. Legend on next page.
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DISCUSSION

The expression of immune molecules on podocytes and
their role in their demise have been poorly studied.2 In this study,
we demonstrate that IL-23R expression is increased in podo-
cytes from patients with LN and lupus-prone mice and that IL-
23 acts directly on podocytes, causing injury. IL-23 firstly
induces expression of IL-23R on the surface membrane of
podocytes and subsequently activates its downstream signaling
partner, pSTAT3, leading to enhanced motility and actin cyto-
skeleton rearrangement. More importantly, we demonstrate that
podocyte-specific deficiency of Il23r in lupus-prone mice amelio-
rates GN.

Podocytes have a complex cellular architecture that is
maintained by a well-organized actin cytoskeleton.34,35 Actin
dynamics in podocytes are regulated by various signaling recep-
tors and integrators.36 Synaptopodin is a cytoskeletal protein that
interacts with α-actinin to bundle and elongate actin filaments,
and its degradation results in the rearrangement or disruption of
the actin cytoskeleton.37,38 It is essential for the function and
structure of podocytes and is down-regulated in podocytes in
GN.6,39 Here, we show that IL-23 disrupts actin fibers and leads
to cytoskeletal damage in podocytes by suppressing synaptopo-
din expression. Podocytes are central to glomerular filtration and
remain static and quiescent under physiologic conditions but
become motile following injury.29,40,41 The precise molecular
mechanisms by which IL-23 influences the cytoskeletal dynamics
in podocytes remain incompletely understood. Although our data
suggest IL-23/IL-23R signaling is involved in podocyte actin
remodeling, potentially via downstream pathways such as
STAT3, further investigations are needed to delineate the involve-
ment of other regulatory components. For instance, small
GTPases of the Rho family (eg, RhoA, Rac1, and Cdc42), which
are key regulators of cytoskeletal organization,42 may play a role
in mediating IL-23-induced structural changes. Future studies
using specific inhibitors or genetic models targeting these small
GTPases would help to clarify this mechanism and strengthen
the therapeutic potential of IL-23-targeted strategies. Our obser-
vations provide rationale for further studies to explore whether
pharmacological inhibition of the IL-23/IL-23R pathway can pre-
serve podocyte structure and avert GN.

A central pathologic feature of GN is podocyte foot process
effacement, a dynamic process that involves redistribution

of the actin cytoskeleton.40 Of interest is our observation that
Il23r deficiency in mice who were lupus prone abrogated IC depo-
sition and, more importantly, decreased podocyte foot process
effacement, which is critical for maintaining glomerular filtration
barrier integrity. Interestingly, despite high levels of circulating
anti-dsDNA antibodies, glomerular IC deposition was markedly
reduced in mice deficient in IL-23R. This observation suggests
that IL-23 signaling in podocytes may play a crucial role in regulat-
ing the local environment necessary for IC deposition. One poten-
tial mechanism is that IL-23R deficiency may alter the activation
status of podocytes, leading to reduced expression of adhesion
molecules or receptors involved in IC trapping and clearance.
Additionally, IL-23 signaling can modulate the local production of
cytokines or chemokines by podocytes, thereby shaping immune
cell recruitment or inflammatory cascades within the glomerulus.
Another possibility is that the absence of IL-23 signaling influ-
ences the glomerular microenvironment in a manner that pro-
motes more efficient clearance of deposited ICs, either through
changes in mesangial cell behavior, matrix composition, or
podocyte-matrix interactions. These hypotheses highlight an
underexplored role of IL-23 in glomerular IC dynamics and war-
rant further mechanistic investigation. Recently, we demonstrated
that genetic deficiency of CaMK4 in the podocytes of lupus-prone
mice suppresses the deposition of ICs in the glomeruli, but it
increases their deposition in the liver, suggesting that if ICs are
not deposited in the kidney, they find their way to other organs.43

Recent studies have highlighted the immune phenotype of
kidney-resident cells, demonstrating that selective deletion
of important molecules in podocytes mitigates autoimmune kid-
ney disease.2,12,29,43,44 These findings led to further investigation
of the interactions between immune cells and kidney-resident
cells in patients with LN. Recent data of single-cell spatial tran-
scriptomic profiling from childhood-onset LN showed activation
of resident glomerular cell subsets leading to the secretion of pro-
inflammatory chemokines, cytokines, and fibrotic molecules.45 In
our current study, we observed no significant changes in periglo-
merular or peritubular immune cell infiltration upon podocyte-
specific Il23r deletion. Our previous study12 demonstrated that
IL-23 directly activates renal TECs, leading to enhanced glycolysis
and CaMK4 up-regulation, which suppresses ARG1 expression
and promotes local inflammation. TEC-specific deletion of Il23r
or Camk4 attenuated renal inflammation, highlighting the proin-
flammatory role of IL-23 signaling in TECs and the distinct, cell

Figure 4. Interleukin-23 (IL-23) induces rapid STAT3 activation and nuclear translocation in podocytes. (A) Representative immunofluorescence
images and quantification plot of the expression of phosphorylated STAT3 (pSTAT3) in the glomeruli from mice injected IL-23 minicircle (MC) or
phosphate buffered saline (PBS; n = 4 per group). Synaptopodin (red), pSTAT3 (green), and DAPI (blue) are shown. Scale, 50 μm. (B–E) Human
immortalized podocytes were stimulated with PBS or recombinant human IL-23 (10 ng/mL) or IL-23 plus pSTAT3 inhibitor. (B) Western blots
and quantification plots of pSTAT3 and STAT3 after stimulation for one hour (1h). (C) Representative immunofluorescence images and quantifica-
tion plot of intranuclear pSTAT3 expression (green) after stimulation for 1h. Scale, 20 μm. (D) Representative phalloidin staining images and quan-
tification plot of mean actin intensity after stimulation for 24h. Scale, 10 μm. (E) Representative images of wound-healing assay and quantification
plot of the area of podocyte migration after stimulation for 8h. Red dashed lines indicate the wound edges. Scale, 50 μm. inh, inhibitor.
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Figure 5. Podocyte-specific deletion of Il23r in mice who were lupus prone ameliorates lupus nephritis. MRL/lpr mice deficient in podocyte-
specific Il23r (conditional knockout [CKO]) were euthanized at the ages of 18 to 23 weeks. Age-matched MRL/lpr Il23fl/fl or wild-type MRL/lpr mice
were used as controls. (A) Representative immunofluorescence images and quantification of the expression of interleukin-23 receptor (IL-23R) in
glomeruli from CKO and control mice (n = 4 per group). The white dotted outline delineates the glomerulus. Scale, 20 μm. (B) Urine was collected,
and the urine protein-to-creatinine ratio (UPCR) was measured in both groups of mice (n = 4 per group; three independent experiments).
(C) Representative images of hematoxylin and eosin staining of kidney sections and cumulative glomerular scores of two independent cohorts of
mice aged 18 to 20 weeks and 22 to 23 weeks (n = 11 control mice and n = 16 CKOmice). Scale, 20 μm. (D) Representative electron micrographs
of glomeruli from CKO and control mice (scale, 2 μm), with enlarged views of the boxed areas shown below. (E) Serum anti–double-stranded DNA
(dsDNA) levels in CKO and control mice (n= 4 per group; three independent experiments). Ab, antibody; OD450, optic density 450 nm. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43395/abstract.
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type–specific effects of IL-23 in kidney pathology. In contrast, the
current study focused on podocyte-specific Il23r deletion, which
revealed a distinct role for IL-23R in modulating glomerular injury
and IC deposition. Taken together, IL-23 signaling exerts cell
type–specific effects in the kidney: in TECs, it contributes to inter-
stitial inflammation, whereas in podocytes, it modulates glomeru-
lar immune responses and structural integrity.

Immunosuppressive agents are the cornerstone in the treat-
ment of GN but are associated with a high risk of side effects,
especially infections.46–48 Our study presents evidence that cor-
roborates a previous report from our laboratory that podocyte
injury and GNmay occur independently of systemic inflammation.29

Thus, targeting IL-23 with specific inhibitors could be of value in the
treatment of GN and may represent a safer alternative, with fewer
side effects compared to the commonly used cytotoxic drugs.49

Podocyte-specific delivery of drugs or biologics should offer thera-
peutic approaches devoid of systemic side effects.

Clinical trials targeting the IL-12/IL-23 axis have failed to
show clinical benefit in patients with SLE. Guselkumab, an
IL-23p19-subunit inhibitor, did not demonstrate superiority com-
pared to standard-of-care therapy in patients of a phase 2 study
(ORCHID-LN) with active LN, although the trial was terminated
due to enrollment challenges.50 A phase 3 clinical study (LOTUS)
evaluating the efficacy of ustekinumab, an IL-12/23p40-subunit
inhibitor, in patients with active SLE was also discontinued due
to lack of expected efficacy following planned futility analysis,
despite the promising data of its preceding phase 2 study.51,52

One possible explanation for the failed clinical trials is that IL-23
is not the central pathogenic driver in all patients with SLE or
LN. Our data indicate that IL-23R up-regulation is central for the
development of podocyte and kidney injury, implying that patients
with SLΕ who do not up-regulate IL-23R in podocytes may not
develop LN. Because it is quite possible that LN may develop
through multiple molecular pathways, only patients with elevated
IL-23R expression may be the ideal candidates for therapies
modulating the IL-23/IL23R axis. Given the molecular heteroge-
neity of LN, future studies should aim to stratify patients based
on podocyte IL-23R expression to identify those most likely to
benefit from targeted therapy. New therapeutic agents in devel-
opment directly targeting IL-23R may also improve the ability to
more effectively antagonize this pathway and potentially reveal
novel IL-23R-dependent biology.53
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Efficacy of Telitacicept in Childhood-Onset Systemic Lupus
Erythematosus: A Prospective Multicenter Cohort Study
With Inverse Probability of Treatment Weighting–Adjusted
Comparison to a Historical Control Group Treated
With Belimumab

Chong Luo,1,2 Shu Su,3 Jingyue Liu,4 Junyu Lin,5 Jin Song,6 Zongwen Chen,7 Yuanyuan Peng,8 Lijun Jiang,9

Meng Jia,3 Li Wang,1,2 Xinhui Jiang,6 Wei Zhang,8 Zanhua Rong,9 Bo Zhao,5 Yajun Wang,4 and Xuemei Tang1,2

Objective. The therapeutic effects of telitacicept combined with standard of care (SoC) in childhood-onset sys-
temic lupus erythematosus (cSLE) remain unclear. This study aims to evaluate its efficacy in comparison with belimu-
mab combined with SoC.

Methods. We performed a prospective cohort study across seven tertiary hospitals in China, enrolling patients
aged 5 to 18 years with cSLE. Primary endpoints included the proportions of patients attaining Lupus Low Disease
Activity State (LLDAS) and Definition of Remission in SLE (DORIS) at 3, 6, and 12 months after treatment, complemen-
ted by relapse rates and steroid tapering metrics. Propensity score–based inverse probability of treatment weighting
(IPTW) was employed to address baseline imbalances between the telitacicept group (n = 60) and the historical control
group treated with belimumab (n = 67).

Results. Among 60 enrolled patients (median follow-up 12 [interquartile range 6–12] months), LLDAS and DORIS
achievement rates progressively increased from 19.6% and 7.8% at 6 months to 65.7% and 37.1% at 12months. Flare
rates remained low (3 months: 1.7%; 6 months: 11.8%; 12 months: 14.3%). Notably, 74.3% of patients achieved pred-
nisone doses ≤7.5 mg/day by 12months (vs baseline 13.3%, P < 0.0001). IPTW-adjusted analyses demonstrated com-
parable efficacy between the telitacicept and belimumab groups across all endpoints in terms of LLDAS and DORIS
attainment, steroid reduction, and immunologic normalization (all P > 0.05).

Conclusion. Telitacicept combined with SoC exhibited significant improvements in disease activity, steroid reduc-
tion, and immunologic markers, with therapeutic outcomes comparable to belimumab in cSLE management.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic, multisystem
autoimmune disorder marked by recurrent episodes of remission
and exacerbation, often resulting in progressive organ damage.
Childhood-onset SLE (cSLE), defined as disease onset before
18 years of age, has a reported global prevalence of approximately
1.89 to 25.70 per 100,000 children.1,2 An estimated 60,000 chil-
dren in China are affected. Clinically, cSLE demonstrates more
aggressive disease course than adult-onset SLE (aSLE), character-
ized by rapid disease progression, greater severity, and a higher
frequency of renal and neuropsychiatric involvement.

The management of cSLE is complicated by the vulnerability
of children undergoing critical phases of growth and develop-
ment. Traditional treatments, such as steroids and immunosup-
pressants, may have adverse effects on bone development,
body image, and growth potential. Prolonged glucocorticoid
exposure in children further increases the risk of complications
such as metabolic syndrome and cataract formation. These limi-
tations underscore the urgent need for therapeutic strategies that
are both effective and better tolerated. In recent years, biologics
agents have expanded the treatment landscape, offering promis-
ing alternatives for aSLE and the potential to mitigate treatment-
related toxicity in children with cSLE.3

Telitacicept is a novel recombinant fusion protein that com-
prises the extracellular domain of the B cell activating factor recep-
tor, transmembrane activator, and CAML interactor (TACI) with an
Fc fragment. TACI receptor exhibits high affinity for B lymphocyte
stimulator (BLyS) and a proliferation-inducing ligand (APRIL). Telita-
cicept can competitively bind these two cytokines and block their
interaction with B cell membrane receptors (eg, BCMA, BR3,
TACI), inhibiting the development and survival of mature B cells
and plasma cells, there at achieving dual-target treatment for
SLE.4 Several clinical studies have demonstrated the safety and
efficacy of telitacicept in the treatment of aSLE.5–7 Its subcutane-
ous route of administration offers practical advantages for children
with SLE by reducing the need for hospital visits and admissions,
thereby facilitating reintegration into school and life. This multicen-
ter, prospective study aims to evaluate the efficacy of telitacicept
in children with cSLE, with comparisons made against a historical
cohort treated with belimumab which those centers took part in.8

MATERIALS AND METHODS

Study population. This multicenter, observational, pro-
spective cohort study (MR-50-23-016168) was conducted
between January 2022 and October 2024 across seven hospitals
in China, including four children’s hospitals and three pediatric
departments of general hospital. Eligible participants were patients
aged 5 to 18 years with a confirmed diagnosis of cSLE, receiving
telitacicept in combination with standard of care (SoC), including
glucocorticoids and immunosuppressive agents such as

cyclophosphamide, mycophenolate mofetil, and tacrolimus. Telita-
cicept was administered subcutaneously once weekly at a dose of
80 mg for patients with a baseline bodyweight <50 kg and 160 mg
for those ≥50 kg. Follow-up assessments were conducted at 3, 6,
and 12 months during the study period. The study aimed to ana-
lyze the clinical data of telitacicept combined with SoC in treating
cSLE to determine the efficacy of telitacicept and its impact on ste-
roid reduction. Glucocorticoid tapering regimen in this study rec-
ommended that the prednisone dose was tapered by 2.5 to
5 mg/day every two to four weeks during the tapering phase. The
tapering regimen for each patient was still be made by the treating
physician. Participating physicians did not receive any financial
incentives. All patient data were anonymized and kept confidential.

Inclusion and exclusion criteria. Eligible participants
were pediatric patients meeting all of the following inclusion criteria:
(1) aged 5 to 18 years; (2) fulfilled the diagnostic criteria for SLE
based on the 1997 American College of Rheumatology (ACR) cri-
teria and/or the 2019 EULAR/ACR classification criteria;9,10

(3) had not achieved low disease activity with SoC alone; and (4) ini-
tiated subcutaneous telitacicept therapy as an adjunct to ongoing
SoC regimen, based on rheumatologist’s assessment for either
disease activity control or glucocorticoid-sparing purposes. The
exclusion criteria were as follows: (1) patients who had achieved
Lupus Low Disease Activity State (LLDAS) or Definition of Remis-
sion in SLE (DORIS) with SoC therapy at baseline; (2) treatment
duration with telitacicept of less than three months; (3) insufficient
follow-up data (less than three months); or (4) prior exposure to B
cell biologics within three months before enrollment.

Data collection. We collected demographic information,
disease duration at enrollment, SLE-related manifestations, and
organ involvement for each patient. Additionally, data on the Sys-
temic Lupus Erythematosus Disease Activity Index 2000
(SLEDAI-2K),11 Patient Global Assessment (PGA; scale 0–3),12

and disease flares were collected at each visit. Medication records
included detailed information on glucocorticoid regimens (con-
verted to prednisone equivalent doses), hydroxychloroquine use,
and immunosuppressant prescriptions, capturing both usage pat-
terns and dosage adjustments. Laboratory evaluations encom-
passed: complete blood counts, hepatic and renal function,
urinalysis or 24-hour urine protein measurements, lymphocyte sub-
set analyses, Ig levels (IgG, IgM), complement components (C3,
C4), and autoantibody profiles. Baseline was defined as the first
enrollment in the cohort, and there were two to five days for further
assessment before telitacicept initiation. Missing or unclear data
were verified with the treating physician based on the patient’s
medical records, and any missing data were documented.

Ethical considerations. This study was conducted in
accordance with the Helsinki Declaration, and informed consent
was obtained from all participants. The study protocol was
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approved by the ethics committee of the Children’s Hospital of
Chongqing Medical University (approval number: 2022/02). Writ-
ten informed consent was obtained from the legal guardians of
all participating children.

Endpoints. The primary endpoints were the proportions of
patients with cSLE achieving LLDAS and DORIS at 3, 6, and
12 months after treatment with telitacicept combined with SoC.
LLDAS was defined as meeting the following five criteria: (1) SLEDAI-
2K ≤4, with no evidence of active disease in any major organ; (2) no
new disease activity features compared to the previous assessment;
(3)PGA≤1; (4) dailyprednisoneequivalentdose≤7.5mg;and (5) stan-
dardmaintenance doses of immunosuppressants and approved bio-
logicswere allowed.13 DORISwas defined using the following criteria:
(1) clinical SLEDAI-2K = 0 (not including serological markers anti–
double stranded DNA (dsDNA) and complement C3); (2) PGA < 0.5;
(3) daily prednisone equivalent dose ≤5mg; and (4) standardmainte-
nance doses of immunosuppressants and biologicswere allowed.14

The secondary endpoints were as follows: (1) improvement
in SLEDAI-2K categorized as mild (≤6), moderate (7–12), or
severe (>12) disease activity; (2) PGA and SLEDAI-2K at each
timepoint, along with the flare index, stratified into mild/moderate
or severe flares15; and (3) evaluation of prednisone equivalent glu-
cocorticoid doses, serological markers, and immunoglobulin
levels. All adverse events were systematically recorded and
reported throughout the study.

Historical control population treated with
belimumab. Full details of the belimumab study from January
2021 to January 2024 have been reported.8 The telitacicept group
wascomparedwith thedataof theabovecenters (Children’sHospital
of Chongqing Medical University and The First People’s Hospital of
Yunnan Province) from the historical belimumab study (Supplemen-
tary Figure1).Baseline clinical characteristicsof 67patientswith cSLE
from the historical belimumab study are presented in Table 1.
SLEDAI-2K scores of the 67 patients with cSLE from the historical
belimumabgroupwereevaluatedand included in thecurrentanalysis.

Statistical analysis. Descriptive methods were used to
analyze baseline measurements (age and sex) and clinical mani-
festations. Continuous variables with normal distribution were
expressed as mean ± SD, and comparisons between groups
were made using the independent samples t-test. Nonnormally
distributed data were expressed as median (interquartile range
[IQR]) and analyzed using rank-sum tests. Categorical variables
were described using percentages and analyzed using the chi-
square test, corrected chi-square test, or Fisher’s exact test.

Missing data were imputed using random forest prediction
models, with error rates calculated using the out-of-bag method.
Propensity score–based inverse probability of treatment weight-
ing (IPTW) was then applied to construct a weighted cohort of
patients treated with telitacicept or belimumab. To calculate the

inverse probability of treatment weights, each patient’s propensity
to receive telitacicept or belimumab was estimated using a logistic
regression model that included baseline confounding variables.
These variables were partially merged to improve the fit of

Table 1. Clinical characteristics of patients with cSLE in the telitaci-
cept and belimumab groups at baseline*

Variables Telitacicept Belimumab

N 60 67
Age, mean ± SD, y 13.00 ± 2.76 11.43 ± 2.88
Female, n (%) 52 (86.7) 62 (92.5)
Age at onset, mean ± SD, y 10.81 ± 2.58 9.85 ± 3.14
Disease duration, median
(IQR), m

17 (1.75–31.25) 6.25 (2–24)

Weight, median (IQR), kg 40.75
(33.38–51.13)

37.5
(26.5–44.75)

Clinical manifestations,
n (%)

Fever 11 (18.3) 19 (28.4)
Mucocutaneous 31 (51.7) 34 (50.7)
Renal16 35 (58.3) 37 (55.2)
Massive proteinuria 13 (21.7) 6 (9.0)
Musculoskeletal 12 (20.0) 16 (23.9)
Neurologic 7 (11.7) 12 (17.9)
Cardiopulmonary 16 (26.7) 22 (32.8)
Hematologic 22 (36.7) 25 (37.3)
Leukopenia 14 (23.3) 15 (22.4)
Thrombocytopenia 5 (8.3) 12 (17.9)
Hemolytic anemia 5 (8.3) 7 (10.4)
Elevated ALT/AST 5 (8.3)/3 (5.0) 10 (14.9)/10 (14.9)
Elevated BUN/creatine 13 (21.7)/8 (13.3) 8 (11.9)/4 (6.0)

Serologic test, n (%)
Positive ANA 57 (95.0) 66 (98.5)
Positive anti-dsDNA 40 (66.7) 43 (64.2)
Hypocomplementemia3 47 (78.3) 57 (85.1)
Hypocomplementemia4 30 (50.0) 44 (65.7)

SLE severity, n (%)
SLEDAI-2K, median (IQR) 12 (7, 16) 10 (6, 13)

≤6 (mild activity), n (%) 14 (23.3) 19 (28.4)
7–12 (moderate
activity), n (%)

12 (20.0) 29 (43.3)

>12 (severe activity),
n (%)

34 (56.7) 19 (28.4)

≥10, n (%) 38 (63.3) 39 (58.2)
PGA, median (IQR) 2 (1.5–2.5) 2 (1.5–2.5)

Treatment, n (%)
Steroids 60 (100.0) 67 (100.0)
Dosage, mean ±

SD, mg/d
31.5 ± 19.5 30.2 ± 15.3

Hydroxychloroquine 58 (96.7) 60 (89.6)
Cyclophosphamide 17 (28.3) 15 (22.4)
Mycophenolate mofetil 37 (61.7) 39 (58.2)
Tacrolimus 11 (18.3) 2 (3.0)
MTX 2 (3.3) 1 (1.5)
CSA 1 (1.6) 3 (4.5)
Telitacicept treatment,

80 mg per week/160
mg per week

44 (73.3)/16 (26.7) –

* Renal means pediatric lupus nephritis.16 ALT/AST, alanine trans-
aminase/aspartate transaminase; ANA, antinuclear antibodies;
BUN, blood urea nitrogen; CSA, cyclosporine; cSLE, childhood-onset
SLE; dsDNA, double-stranded DNA; IQR, interquartile range; MTX,
methotrexate, PGA, Patient Global Assessment; SLE, systemic lupus
erythematosus; SLEDAI-2K, Systemic Lupus Erythematosus Disease
Activity Index 2000.
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the analytical models. Patients who received telitacicept were
assigned a weight of 1/(propensity score), whereas those who
received belimumab were assigned a weight of 1/(1 − propensity
score). Weights were stabilized and trimmed at the 0.25th and
99.75th percentiles to reduce variability in the estimates. Balance
among covariates was assessed at the standardized mean differ-
ence (SMD), with a difference of 0.1 or less considered to indicate
good balance. The adjusted generalized SE inflation factor was
calculated to test for multicollinearity among covariates. Covari-
ates with residual imbalance after IPTW (SMD > 0.1) were con-
trolled by including them as covariates in the Cox model. In the
final analyses, multiple outcomes for comparing treatment effects
between telitacicept and belimumab were assessed using regres-
sion analyses. The association between binary outcome variables
and drug use were evaluated using Cox proportional hazards
model to calculate hazard ratios and corresponding 95% confi-
dence intervals (CIs). Continuous outcome variables were ana-
lyzed using linear mixed-effects mode to calculate the regression
coefficient and corresponding 95% CI. Potential confounding fac-
tors were adjusted for in subsequent multivariate analyses to
identify independent risk factors. R version 4.5.0 (R Project for
Statistical Computing) software was used for statistical analysis.

RESULTS

Patient characteristics. The enrollment flow chart is pre-
sented in Supplementary Figure 2. In the prospective telitacicept
study cohort, a total of 60 patients with cSLE with 195 visits were
enrolled between March 2022 and October 2024. As shown in
Table 1, the cohort had amean ± SD age of 13 ± 2.76 years at enroll-
ment, with a median disease duration of 17 months (IQR 1.75–
31.25). The median follow-up duration was 12 months (IQR 6–12),
and 35 patients completed 12 months of telitacicept treatment. All
participants were receiving concomitant steroid therapy at baseline,
with a mean ± SD prednisone equivalent dose of 30 ±19.5 mg/day.

Treatment outcomes with telitacicept combined
with SoC. Treatment efficacy. Median SLEDAI-2K score signifi-
cantly declined over time, from 12 (IQR 7–16) at baseline to 4 (IQR
2–6) at 3 months (P < 0.001) and 3 (IQR 0–4) at 12 months (P <
0.001). Proportion of patients with mild diseases activity (SLEDAI-
2K ≤ 6) significantly increased from 23.3% at baseline to 82.9% at
12 months (P < 0.001), whereas those with severe disease activity
(SLEDAI-2K > 12) significantly declined from 46.7% to 5.7% (P <
0.001; Figure 1A). Similarly, the median PGA declined from 2 (IQR
1.5–2.5) at baseline to 0.9 (IQR 0–1) at 6 months (P < 0.001) and
0 (IQR 0–0.875) at 12 months (P < 0.001). By 6 and 12 months,
19.6% and 65.7% of patients achieved LLDAS, whereas 7.8%
and 37.1% attained DORIS, respectively (Supplementary Figure 3).
During follow-up, five mild and seven severe relapses occurred.
The flare risks were 1.7% (1 of 60) at 3 months, 11.8% (6 of 51) at
6 months, and 14.3% (5 of 35) at 12 months.

Improvement in clinical manifestation and immunologic

markers. Of the nine patients presenting with thrombocytope-
nia and/or anemia at baseline, all achieved normalized platelet
counts by three months. Hemoglobin levels progressively
improved, surpassing 90 g/L by six months and remained sta-
ble within the 100–120 g/L range thereafter. Among the seven
patients presenting with neurologic involvement, clinical mani-
festations comprised headache in five individuals (two of whom
also experienced blurred vision), convulsions accompanied by
impaired consciousness in one patient, and hand numbness
in one patient. All patients achieved complete neurologic
recovery within three months of treatment. At baseline,
26 patients exhibited 24-hour urine protein levels >500
mg. By 12 months, 58.8% of patients achieved a >50% reduc-
tion in proteinuria, with levels below 500 mg/day. During the
12-month follow-up period, all patients with baseline renal dys-
function demonstrated complete functional recovery, main-
taining normal renal parameters throughout the 12-month
follow-up period.

The proportion of patients with positive anti-dsDNA declined
from 66.7% at baseline to 44.1% at 12 months (P < 0.05). C3 nor-
malization rates increased from 21.7% at baseline to 54.9% by
6 months, stabilizing at 57.1% at 12 months (P < 0.001). C4 nor-
malization increased from 50% at baseline to 74.5% at 6 months,
further improving 80% by 12 months (P < 0.01). Both IgG and
IgM levels declined significantly from baseline to three months
(P < 0.001). Notably, IgG levels exhibited a modest but statistically
significant rebound between 6 months and 12 months (P < 0.05;
Supplementary Figure 4).

Steroid reduction. The median prednisone equivalent dose
deceased significantly from 30.0 mg/day (IQR 13.8–45.0) at
baseline to 20.0 mg/day (IQR 10.0–30.0) at 3 months (P < 0.01),
10.0 mg/day (IQR 5.68–17.5) at 6 months (P < 0.001), and 5.0
mg/day (IQR 3.75–8.75) at 12 months (P < 0.001). By 12 months,
74.3% of patients maintained doses ≤7.5 mg/day, a significant
increase from the baseline rate of 13.3% (P < 0.0001;
Figure 1B). Additionally, the proportion of patients achieving
>50% steroid dose reduction from baseline increased significantly
from 11.6% at 3 months to 62.9% at 12 months (P < 0.0001;
Figure 1C).

Comparison of telitacicept combined with SoC and
historical belimumab control. Baseline characteristics.

Both groups received similar SoC regimens, primarily consisting
of glucocorticoids and hydroxychloroquine, combined with either
cyclophosphamide or mycophenolate mofetil. In the telitacicept
group, the proportions were 27.6% (16 of 58) and 60.3%
(35 of 58), respectively, whereas in the belimumab group, they
were 21.7% (13 of 60) and 58.3% (35 of 60). Before IPTW, base-
line imbalances were observed between groups for several covar-
iates, including sex, age, age at onset, disease duration, massive
proteinuria, and neurologic and cardiopulmonary involvement
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(Table 2). After applying IPTW, the model demonstrated good
predictive ability (area under the curve = 0.720, Supplementary
Figure 5A), and six confounding covariates were well balanced
with SMD <0.1 (Supplementary Figure 5B–D). However, neuro-
logic involvement remained imbalanced (SMD = 0.121), as seen
in Supplementary Figure 5C. To minimize potential residual con-
founding, we adjusted for this variable in our subsequent regres-
sion analysis.

Treatment efficacy after propensity score–based IPTW

adjustment. After IPTW, the baseline characteristics were well
balanced. Although the telitacicept group had numerically higher
median SLEDAI-2K scores compared to the belimumab control
group, the difference was not statistically significant (P > 0.05).
Both groups demonstrated rapid and significant reductions in
median SLEDAI-2K and PGA by three months (P < 0.001). How-
ever, the belimumab group exhibited lower SLEDAI-2K scores at
three and six months and a lower PGA at three months compared
to the telitacicept group (P < 0.05). By 12 months, no significant

differences in SLEDAI-2K or PGA scores were observed between
the two groups (P > 0.05; Figure 2A and B). Steroid doses signif-
icantly declined in both groups after treatment (P < 0.01), with no
significant differences in daily doses at each time point (P > 0.05)
(Figure 2C). Unweighted data are also presented in the chart for
observation. During follow-up, eight patients in the telitacicept
group and one patient in the belimumab control group success-
fully discontinued steroids. One patient in the telitacicept group
experienced disease relapse three months after steroid
cessation.

Immunologic markers after IPTW adjustment. Both groups
exhibited increasing proportions of patients achieving negative
anti-dsDNA and normalized C3 levels over time. There were no
significant differences of negative anti-dsDNA and normalized
C3 levels at each time point between the two groups (P > 0.05;
Figure 3A and B). Serum IgG levels declined significantly from
baseline to three months in both groups (P < 0.05), with no differ-
ences between the two groups at each time point (P > 0.05)

Figure 1. Proportions of patients from the telitacicept group with (A) different disease activities, (B) different daily prednisone equivalent doses,
and (C) steroid reduction compared with baseline. SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43417/abstract.
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(Figure 3C). Baseline CD19 levels were low in both groups and
further decreased after treatment (P < 0.05). The telitacicept
group had lower CD19 levels at 3 months but slightly higher levels
than the belimumab group by 12 months (P < 0.05; Figure 3D).
The CD4/CD8 ratio remained stable in both groups throughout
follow-up, consistently near the lower limit of the normal reference
range, with no significant differences between the two groups
(P > 0.05; Supplementary Figure 6).

Achievement of LLDAS and DORIS after IPTW. No signifi-
cant differences were observed in the proportions of patients
achieving LLDAS or DORIS between the two treatment groups
at any assessed time point (P > 0.05; Figure 3E and F). Regard-
ing disease flares, 12 relapses were recorded in 135 subse-
quent visits in the telitacicept group, compared to 9 relapses
in 173 visits in the belimumab group, with no statistically signif-
icant difference (P > 0.05). In terms of safety, one case of fungal
infection occurred in each group at three-month follow-up,
leading to discontinuation of telitacicept or belimumab,
respectively. No other severe adverse events were reported
during the study period.

Multivariate regression analysis following IPTW adjustment.
Multivariate Cox regression analysis showed no significant
association between the treatment group and any clinical
outcomes after adjusting for residual confounding due to
neurologic involvement (all P values > 0.05). Using the
belimumab group as the reference, the telitacicept group
showed the adjusted hazard ratios of 0.898 (95% CI 0.578–
1.395) for LLDAS achievement, 0.750 (95% CI 0.370–1.520)
for DORIS achievement, 0.938 (95% CI 0.616–1.426) for
anti-dsDNA negativity, and 0.873 (95% CI 0.662–1.152) for
C3 normalization. Similarly, linear mixed-effects modeling
revealed that, compared with the belimumab group, the
telitacicept group showed no significant difference in in steroid
dose (β = −0.149, 95% CI −0.680 to 0.378) and SLEDAI-2K

(β = −0.104, 95% CI −0.370 to 0.161) over the follow-up
period.

DISCUSSION

Clinical remission (CR) and LLDAS are recommended as
ideal treatment targets for SLE, given their strong associations
with reduced organ damage, fewer disease flares, and successful
glucocorticoid tapering.12,17 In recent years, these treat-to-
targets strategies have also been proposed for cSLE.18,19 Com-
pared to aSLE, cSLE often exhibits more extensive multi-organ
involvement and severer disease activity. Persistent disease
activity and prolonged steroid use increase the risk of organ dam-
age and growth retardation in cSLE. The concept of disease
modification—emphasizing long-term outcomes—has thus
gained prominence in SLE management.20 This approach advo-
cates for early, targeted, and sustained interventions that address
fundamental drivers of disease, such as immune dysregulation
and B cell hyperactivity. By modifying the natural disease course,
the goal is to achieve sustained low disease activity with the low-
est possible drug toxicity, ultimately preventing or delaying organ
damage while improving quality of life. However, achieving treat-
ment targets and glucocorticoids tapering in patients with cSLE
under SoC remains slower and less successful than in adults.21

The EULAR 2023 guidelines and Chinese pediatric SLE guidelines
both highlight the importance of early use of biologic therapies to
facilitate disease modification, particularly in children with high dis-
ease activity or refractory disease.22,23

Belimumab, a BLyS-specific inhibitor, acts by blocking solu-
ble BLyS from binding to B cell receptors. In contrast, telitacicept
is a novel fusion protein that targets the TACI receptor on B cells.
By competitively binding to both APRIL and BLyS in circulation,
telitacicept effectively suppresses the maturation and survival of
B cells and plasma cells, thereby achieving dual-target inhibition

Table 2. Baseline characteristics of patients with cSLE treated with telitacicept and belimumab before and after IPTW*

Unmatched IPTW

Telitacicept
group

Belimumab
group P SMD

Telitacicept
group Belimumab group P SMD

n 60 67 61.9a 65.1a

Female sex, n (%) 52 (86.7) 62 (92.5) 0.426 0.193 57.3 (92.6) 59.6 (91.6) 0.824 0.037
Age, mean ± SD, y 13.00 ± 2.76 11.43 ± 2.88 0.002 0.557 12.14 ± 2.82 11.92 ± 3.17 0.750 0.071
Age at onset, mean ± SD, y 10.81 ± 2.58 9.85 ± 3.1 0.064 0.335 10.32 ± 3.00 10.21 ± 2.78 0.851 0.039
Duration, mean ± SD, m 26.30 ± 30.34 17.15 ± 22.27 0.053 0.344 20.95 ± 24.38 20.51 ± 26.25 0.926 0.018
Mucocutaneous, n (%) 31 (51.7) 34 (50.7) 1.000 0.018 31.3 (50.6) 30.7 (47.1) 0.725 0.071
Renal, n (%) 35 (58.3) 37 (55.2) 0.862 0.063 35.2 (56.9) 37.1 (57.0) 0.990 0.002
Massive proteinuria, n (%) 13 (21.7) 6 (9.0) 0.079 0.359 9.7 (15.7) 9.4 (14.5) 0.873 0.033
Neurologic, n (%) 7 (11.7) 12 (17.9) 0.462 0.177 10.2 (16.4) 13.8 (21.1) 0.597 0.121
Cardiopulmonary, n (%) 16 (26.7) 22 (32.8) 0.573 0.135 19.9 (32.2) 20.2 (31.0) 0.903 0.025
Hematologic, n (%) 22 (36.7) 25 (37.3) 1.000 0.013 20.7 (33.4) 19.4 (29.7) 0.664 0.080
Leukopenia, n (%) 14 (23.3) 15 (22.4) 1.000 0.023 13.0 (20.9) 12.2 (18.8) 0.765 0.053

* cSLE, childhood-onset systemic lupus erythematosus; IPTW, inverse probability of treatment weighting; SMD, standardized
mean difference.
a The counts in the weighted cohort may not sum to expected totals owing to rounding.
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in SLE. Both biologics exert therapeutic effects through B cell
modulation. A prior multicenter study led by our center demon-
strated that belimumab, when combined with SoC, made LLDAS
and steroid reduction attainable targets for cSLE.8 This
prospective real-world study on telitacicept in cSLE further
reveals that telitacicept in combination with SoC not only mark-
edly improves major organ manifestations but also enhances the
attainment of LLDAS and CR in cSLE.

Previous Chinese studies demonstrated that only 20.7%
and 10.4% of patients with SLE receiving SoC achieved
LLDAS and CR, respectively,24 substantially lower than those
observed in our study. Although the study by Jin et al in adult
SLE reported telitacicept with SoC achieved LLDAS rates of
26.39% at 3 months and 34.72% at 6 months,25 higher than

the rates in our cohort at the same time points, our cohort
demonstrated superior outcomes by 12 months with a 65.7%
LLDAS attainment rate versus 47.62% in adults, despite the
adult cohort having lower baseline disease activity (median
SLEDAI-2K < 10).

By three months, the median SLEDAI-2K scores decreased
from 12 to 4, with only 10% of patients maintaining severe dis-
ease activity (SLEDAI-2K > 12). The findings corroborate previous
reports of telitacicept’s efficacy in hematologic and renal
manifestations.26–28 Immunologically, anti-dsDNA seroconver-
sion rates progressively increased, whereas C3 and C4 levels
normalized in 54.9% and 74.5% of patients by six months
(exceeding aSLE results of 48.61% and 58.33%, respectively).28

Consistent with other telitacicept studies, IgG and IgM levels

Figure 2. Treatment efficacy comparison between the belimumab group and the telitacicept group after and before adjustment using propensity
score–based IPTW. (A) Weighted and unweighted SLEDAI-2K scores, (B) weighted and unweighted PGA, and (C) weighted and unweighted ste-
roid doses. P values were calculated using rank-sum tests due to the nonnormal distribution of the variables. *P < 0.05, **P < 0.01, ***P < 0.001,
ns: P > 0.05, telitacicept vs belimumab. IPTW, inverse probability of treatment weighting; ns, not significant; PGA, Patient Global Assessment;
SLEDAI-2K, Systemic Lupus Erythematosus Disease Activity Index 2000. Color figure can be viewed in the online issue, which is available at
http://onlinelibrary.wiley.com/doi/10.1002/art.43417/abstract.
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Figure 3. Comparison of immunologic markers and LLDAS/Doris between the belimumab and the telitacicept group after and before adjust-
ment using propensity score–based IPTW. Proportions of patients with (A) negative anti-dsDNA antibodies, (B) normal C3 levels, (C) IgG levels,
(D) Percentage of CD19+ cells, (E) proportions of LLDAS, and (F) proportions of Doris. P values were calculated using rank-sum tests due to the
nonnormal distribution of the variables. *P < 0.05, **P < 0.01, ***P < 0.001, ns: P > 0.05, telitacicept vs belimumab. Doris, Definition of Remission
in SLE; dsDNA, double-stranded DNA; IPTW, inverse probability of treatment weighting; LLDAS, Lupus Low Disease Activity State. Color figure
can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43417/abstract.
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declined by 3 months and remained low through 12 months.7,25

The safety profile remained favorable despite most patients not
receiving prophylactic Ig support. The single serious infection
(fungal pneumonia) occurred in a newly diagnosed patient receiv-
ing concurrent high-dose steroids (55 mg/day), hydroxychloro-
quine, cyclophosphamide, and telitacicept. The patient’s CD19+
B cells plummeted from 11.39% to 0.97% at three months, sug-
gesting the infection risk stemmed from cumulative immuno-
suppression rather than telitacicept monotherapy. Therefore,
proactive measures such as Ig support or accelerated glucocorti-
coid tapering should be considered when initiating telitacicept
alongside high-dose steroids and potent immunosuppressants.

The median baseline weight in this study was 40.75 kg, with
33.3% of patients receiving steroids >40 mg/day. The steroid
tapering pattern revealed an initial increase in proportion of
patients receiving 20 to 40 mg/day before subsequent reduction,
demonstrating successful dose optimization over time. Notably,
patients with cSLE typically require higher glucocorticoid doses
than adults, posing unique challenges in achieving recommended
tapering targets—≤7.5 mg/day as per EULAR guidelines and ≤5
mg/day according to the Chinese Guidelines for Childhood-Onset
SLE—within six months of treatment initiation.22 Despite combi-
nation therapy with biologics, our cohort’s median steroid dose
reduced from 30 mg/day at baseline to 10 mg/day at six
months—a significant improvement, though still above the ideal
target. These findings align with aSLE studies of patients receiving
telitacicept combined with SoC, including significant reduction in
SLEDAI-2K scores, effective correction of hypocomplementemia,
and facilitation of steroid tapering.6,29

Current studies demonstrate that belimumab combined with
SoC is effective and safe for cSLE, highlighting the therapeutic
role of biologics in disease control and steroid tapering.3,8

Although limited aSLE data show comparable performance
between belimumab and telitacicept in achieving treatment tar-
gets (including LLDAS, PGA scores, and steroid tapering),30,31

direct comparisons evidence in cSLE remains scarce. This study
represents the largest prospective cohort study of telitacicept-
treated patients with cSLE to date and is the first to compare the
effectiveness of these two biologics in cSLE. To address potential
confounding from nonconcurrent study periods, we employed
IPTW to adjust baseline characteristics. Although the belimumab
group achieved a lower median SLEDAI-2K at three and six
months, baseline SLEDAI-2K in the telitacicept group was slightly
higher. Both groups showed comparable LLDAS and DORIS
remission at all time points, with DORIS rates exceeding those
reported in a previous single-center study of belimumab
(15.4%).32 These results provide robust evidence supporting the
comparable clinical effectiveness of both biologics in cSLE man-
agement when combined with SoC.

Our study demonstrated a higher rate of complete steroid dis-
continuation in the telitacicept group compared with belimumab-
treated patients. This observation contrasts with previous reports

of successful steroid withdrawal within one year in belimumab-
treated cohorts.32,33 These collective findings suggest that, with
careful monitoring of disease activity and immunologic markers,
steroid tapering can be accelerated in some patients.

Median CD19+ cell levels were low in both groups at baseline
and further declined with B cell inhibitor therapy, reflecting the
suppressive effects of glucocorticoids and immunosuppressants
on B cells in addition to biologics. The CD4/CD8 ratio remained
near the lower limit of normal, consistent with lupus-related CD4
depletion or CD8 expansion.34,35 The underlying mechanisms
remain unclear, and treatment with B cell inhibitors did not appear
to normalize this immunologic imbalance.

Several limitations should be noted in this study. First, the
LLDAS criteria were used in place of the recently developed
childhood-specific LLDAS (cLLDAS) criteria, which incorporate
weight-adjusted glucocorticoid thresholds (prednisone ≤0.15
mg/kg/day or ≤7.5 mg/day, whichever is lower) and are thus
more appropriate for pediatric populations.36 Although the
median weight of participants (40.75 kg) approximated adult
values—potentially minimizing the impact of this limitation—the
cLLDAS criteria were not available at the time of study initiation
in 2022, as they were published in 2023. Future studies will incor-
porate cLLDAS to better reflect pediatric-specific treatment tar-
gets. Second, the prospective cohort design employed historical
controls rather than randomized assignment. Although IPTW
adjusted for baseline characteristics, the study periods for the
two cohorts were different, and residual confounding result may
also arise from secular trends (particularly in diagnosis and man-
agement approaches) in addition to differences in patient charac-
teristics. Nevertheless, this real-world comparison of a large cSLE
cohort provides valuable clinical insights given the current evi-
dence gap in pediatric lupus study. Third, the median follow-up
duration of 12 months was insufficient to assess long-term treat-
ment outcomes, including cumulative organ damage, infection
risk, and impacts on growth and development. These longer-term
outcomes are currently being addressed in an ongoing longitudi-
nal cohort study.

In summary, telitacicept combined with SoC provides com-
prehensive therapeutic benefits for cSLE, including effective clini-
cal symptom remission, improvement in immunologic markers,
successful steroid reduction, and high rates of LLDAS achieve-
ment. These findings support the role of telitacicept as a valuable
addition to the therapeutic arsenal for pediatric SLE, particularly in
patients requiring rapid disease control and steroid minimization.
The comparable effectiveness between these two biologics pro-
vides clinicians with expanded options for personalized treatment
approaches in pediatric lupus management.
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The Effect of Benralizumab and Mepolizumab on Use of Oral
Glucocorticoids in Patients With Eosinophilic
Granulomatosis With Polyangiitis

Parameswaran K. Nair,1 Bernhard Hellmich,2 Arnaud Bourdin,3 David R. W. Jayne,4 Florence Roufosse,5

Nader Khalidi,1 Lena Börjesson Sjö,6 Ying Fan,7 Christopher McCrae,8 Sofia Necander,6 Eva Rodríguez-Su�arez,9

Anat Shavit,10 Claire Walton,11 Peter A. Merkel,12 and Michael E. Wechsler13

Objective. The phase 3 MANDARA study demonstrated noninferiority of benralizumab versus mepolizumab for
remission in patients with eosinophilic granulomatosis with polyangiitis (EGPA). More benralizumab-treated patients
achieved complete withdrawal of oral glucocorticoids (OGCs). The objectives of this post hoc analyses are to further
elucidate the efficacy of benralizumab and mepolizumab in facilitating reductions in OGCs through investigating tim-
ings and sustainability of reducing OGCs as well as the cumulative use of OGCs.

Methods. Adults with EGPA requiring ≥7.5 mg/day OGC with or without immunosuppressive therapy were ran-
domized to benralizumab 30 mg (n = 70) or mepolizumab 300 mg (n = 70) subcutaneously every 4 weeks for 52 weeks.
Investigators tapered OGCs for patients with stable EGPA based on clinical judgment. Reductions in OGC use
(to ≤4 mg/day, by ≥50%, or complete withdrawal) were considered sustained if achieved by week 40 and maintained
through week 52.

Results. The 12-month cumulative dose of OGC was approximately 1,800 mg in both groups. At weeks 49 to
52, the median OGC dose was 1.16 (minimum–maximum 0.0–16.6) and 3.00 (minimum–maximum 0.0–25.7) mg/day
for benralizumab and mepolizumab, respectively. Time to first or sustained OGC reduction to ≤4 mg/day or by ≥50%
and accrued OGC-free duration were similar between groups. More benralizumab- than mepolizumab-treated patients
completely withdrew OGCs (33 of 70 vs 20 of 70; hazard ratio [HR] for the time to the first complete withdrawal 1.84
[95% confidence interval [CI] 1.06–3.27]; unstratified log-rank test P = 0.0291) and sustained complete withdrawal
(17 of 70 vs 7 of 70; HR for time to reduction 2.97 [95% CI 1.26–7.77]; unstratified log-rank test P = 0.0268). In both
groups, complete OGC withdrawal was similar across patient subgroups, including by antineutrophilic cytoplasmic
antibody status and immunosuppressive use.

Conclusion. Targeting the interleukin-5 receptor with benralizumab or circulating interleukin-5 with mepolizumab
are effective OGC-sparing strategies in patients with EGPA.

INTRODUCTION

Eosinophilic granulomatosis with polyangiitis (EGPA) is

a rare, progressive disease characterized by eosinophilic

inflammation, necrotizing small- to medium-vessel vasculitis, and

the presence of asthma.1,2 Standard treatment for EGPA includes

oral glucocorticoids (OGCs) and other immunosuppressive thera-

pies that control symptoms, reduce eosinophilic inflammation,
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control vasculitis, and prolong survival.3,4 However, patients with

EGPA typically require long-term use of such therapies, which is

associated with significant toxicity.3,5 Glucocorticoid-related side

effects are frequent, and the risk of metabolic (eg, adrenal insuffi-

ciency, glucose intolerance, and dyslipidemia) and other long-

term toxicities increases even with low daily doses.6

The most frequent adverse events in a study focusing on
patients with antineutrophilic cytoplasmic antibody (ANCA)–
associated vasculitis included skin atrophy, osteoporosis, and
myopathy with a cumulative dose of prednisone (or equivalent)
≥935 mg leading to an 80% increased likelihood of a clinically
meaningful change in the Glucocorticoid Toxicity Index.6 This risk
may be lessened by tapering OGCs, but many patients with
EGPA are unable to taper or fully discontinue OGCs because of
disease relapses or adrenal insufficiency.5,7,8 The considerable
negative effects of OGC-related toxicity on health-related quality
of life (HRQoL) in patients with chronic diseases has been well
characterized in the literature,5,9,10 including in a recent large,
real-world study in patients with EGPA demonstrating that
patients receiving ≥7.5 mg/day had worse HRQoL than patients
receiving lower daily doses when assessed using two different
validated questionnaires.11 Taken together this evidence sup-
ports the clinical importance of therapies that facilitate the reduc-
tion, or elimination, of OGCs without affecting EGPA disease
control.

Targeting eosinophilic inflammation is a well-recognized
treatment strategy for patients with EGPA.3,12,13 Both benralizu-
mab and mepolizumab are subcutaneously administered biologic
therapies that target eosinophils via different mechanisms of
action. Benralizumab is a monoclonal antibody that targets the
interleukin-5 receptor α subunit, leading to rapid eosinophil deple-
tion via interleukin-5 blockade and antibody-dependent cellular
cytotoxicity.14 Benralizumab is an approved therapy for severe
eosinophilic asthma and was recently approved for EGPA in the
US and the European Union based on the results of the Phase
3 MANDARA trial.15,16 Mepolizumab is a monoclonal antibody
that targets circulating interleukin-5 and was the first approved
biologic therapy for EGPA,17 based on the results of the Phase
3 MIRRA trial.18 Mepolizumab is also an approved therapy for
severe eosinophilic asthma.19

The head-to-head MANDARA study demonstrated noninfer-
iority of benralizumab to mepolizumab for achieving remission in
patients with relapsing or refractory EGPA receiving one of these
eosinophil-targeting therapies in addition to prednisolone
(≥7.5 mg/day) with or without immunosuppressive therapy over
52 weeks.12 Both agents were shown to allow for the reduction
of OGC dosing, thereby adding data supporting the previously
reported OGC-sparing effects of mepolizumab18,20 and

benralizumab21–24 in patients with EGPA. The effect of treatment
on OGC use during weeks 48 to 52 was a prespecified secondary
endpoint of the MANDARA study, and it was shown that 41% of
benralizumab- versus 26% of mepolizumab-treated patients were
able to completely withdraw OGCs during this time period.12

These post hoc exploratory analyses further examine the OGC-
sparing effect of benralizumab and mepolizumab treatment in
patients with EGPA.

PATIENTS AND METHODS

Study design. MANDARA was a Phase 3, randomized,
double-blind, 52-week, noninferiority, head-to-head study
(NCT04157348) that evaluated the efficacy and safety of benrali-
zumab versus mepolizumab in adults with relapsing or refractory
EGPA. The design and main results of the study have been
described previously.12

Briefly, adults aged ≥18 years with EGPA (based on asthma
and blood eosinophilia requiring stable OGCs [≥7.5 mg/day]) with
or without stable immunosuppressive therapy for ≥4 weeks
before randomization were recruited in the study. An Interactive
Response Technology/Randomization and Trial Supply
Management (IRT/RTSM) was used to centrally assign patients
to randomized (1:1) treatment with benralizumab 30 mg or
mepolizumab 300 mg subcutaneously every 4 weeks. Random-
ization was stratified by region (North America, Japan, and
Western Europe); the IRT/RTSM assigned each patient a unique
code (assigned sequentially in each stratum) from a list prepared
by a computerized system. During the double-blind period,
investigators were encouraged to taper OGCs after 4 weeks
of treatment for patients with no active EGPA symptoms
(Birmingham Vasculitis Activity Score [BVAS] of 0) based on clin-
ical judgment. Currently, there are no guidelines that provide an
algorithm on how to taper OGC use in EGPA.4

Endpoints. The analyses reported here include the time to
first reduction of OGCs (≤4 mg/day, ≥50% reduction, and com-
plete withdrawal, defined as the date of randomization to the first
4-week period meeting the reduction threshold); time to sus-
tained reduction of OGCs (≤4 mg/day, ≥50% reduction, and
complete withdrawal, defined as achieving reduction by week
40 and maintaining reduction until week 52); the average daily
dose and cumulative dose of OGCs; complete OGC withdrawal
during weeks 48 to 52 by patient baseline subgroups (assessed
by demographic [sex, age, race, geographic region, and body
mass index] and clinical characteristics at baseline [blood eosino-
phil count, OGC use, time since diagnosis, immunosuppressive
therapy, Vasculitis Damage Index score, ANCA status, and
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number of relapses over past 2 years]); the accrued duration of
OGC 0 mg/day; and the correlation of clinical outcomes (including
forced expiratory volume in 1 second [FEV1], the 6-item Asthma
Control Questionnaire [ACQ-6] score, weight, fasting glucose,
total cholesterol, and triglyceride levels) with accrued duration of
OGC 0 mg/day.

The rationale for using the ≤4 mg/day OGC dose threshold
was to align with the definition of remission used for the primary
endpoint of the study, as recommended by regulatory authorities
for registrational approval. A 12-week period of no active disease
with OGC reduction was considered an appropriate definition of
“sustained” remission, consistent with clinical decision-making.
Accordingly, working backwards from week 52, week 40 was
selected. Relapse assessment was conducted in a blinded man-
ner, and was defined as active vasculitis (BVAS >0); OR active
asthma symptoms and/or signs with a corresponding worsening
in ACQ-6 score; OR active nasal and/or sinus disease, with a
corresponding worsening in at least one of the questions on
the Sino-nasal Symptoms Questionnaire AND warranting an
increased total daily dose of OGC therapy to >4 mg/day; OR
an increased dose or addition of immunosuppressive therapy;
OR hospitalization related to worsening of EGPA.

Statistical analysis. For the purposes of analysis, all
doses of OGCs were converted to their prednisone/prednisolone
equivalent (in milligrams). Endpoints were analyzed using the
median time to reduction threshold by the Kaplan–Meier method,
P values from the unstratified log-rank test and hazard ratio
(HR) from a Cox proportional hazards model (time to first OGC
reduction and time to sustained OGC reduction); proportional
odds models (average daily OGC dose during weeks 48–52 and
accrued duration of OGC 0 mg/day); the marginal standardization
method in logistic regression (OGC dose reduction during weeks
48–52); and Spearman rank correlation coefficient with loess
(clinical outcomes). All models were adjusted for treatment group,
baseline OGCs, baseline BVAS, and region. Baseline OGCs and
baseline BVAS were expected to influence the endpoints; without
adjustment, any imbalances between treatment groups would
make it difficult to assess the relationship between treatment
and endpoint. “Region” was a stratification variable in the design
of the study; adjusting for stratification variables produces a more
precise estimate of the treatment effect and reduces bias. For
subgroup analyses, the covariate “region” was not included in
the model when the subgroup was “geographical region” or
“race,” to avoid confounding. The endpoints in these post hoc
analyses were not multiplicity-protected; therefore, all reported
P values are nominal.

Research ethics. The trial was conducted in accordance
with the ethical principles of the Declaration of Helsinki and is
consistent with the International Council for Harmonisation
Good Clinical Practice guidelines, the applicable regulatory

requirements, and the AstraZeneca policy on bioethics. All
patients provided written informed consent.12

RESULTS

Patient demographics and characteristics. In total,
140 patients were randomized to benralizumab (n = 70) or mepo-
lizumab (n = 70), with a mean ± SD age of 52.3 ± 14.1 years;
60.0% were women. Baseline demographics were comparable
between the two groups, as previously described.12

Patient clinical characteristics and disease manifestations at
baseline are reported for those receiving an OGC dose of
≥12 mg/day (benralizumab n = 18 and mepolizumab n = 14)
and < 12 mg/day at baseline (benralizumab n = 52 and mepolizu-
mab n = 56), as some disease manifestations of EGPA, such as
cardiomyopathy, alveolar hemorrhage, or glomerulonephritis,
may require higher doses of OGCs (Supplementary Table S1).
Patient demographics and clinical characteristics according to
whether complete withdrawal of OGCs was achieved (benralizu-
mab n = 29 and mepolizumab n = 18) or not achieved
(benralizumab n = 41 and mepolizumab n = 52) at weeks 48 to
52 are shown in Supplementary Table S2. Patients with relapsing
disease, male patients, and those receiving OGCs ≥12 mg/day
were less likely to achieve complete withdrawal of OGCs. It
should be noted that at baseline a higher proportion of male ver-
sus female patients were receiving OGC ≥12 mg/day (38% vs
13% of patients, respectively).

At baseline, the median OGC daily dose was 10 (minimum–

maximum 5–30) mg/day and 10 (minimum–maximum 7.5–40)
mg/day in benralizumab and mepolizumab recipients, respec-
tively (Supplementary Table S3); whereas at weeks 49 to 52, it
was 1.16 (minimum–maximum 0.0–16.6) mg/day versus 3.00
(minimum–maximum 0.0–25.7) mg/day, respectively.

Time to thefirst reduction of OGCs. The median time to
the first reduction of OGC dosing to ≤4 mg/day was similar
between benralizumab (median 24.14; 95% confidence interval
[CI] 20.14–28.14 weeks) and mepolizumab (median 28.14; 95%
CI 24.14–32.14 weeks), with an HR of 1.26 (95% CI 0.87–1.84;
unstratified log-rank test P = 0.3954) (Figure 1A and Supplemen-
tary Table S4). The median time to the first ≥50% reduction of
OGC was also similar (unstratified log-rank test P = 0.1962)
between benralizumab (median 20.14; 95% CI 16.14–
24.14 weeks) and mepolizumab (median 20.14; 95% CI 20.14–
24.14 weeks), with an HR of 1.28 (95% CI 0.89–1.83) (Figure 1B
and Supplementary Table S4). The median time to the first com-
plete withdrawal of OGCs could not be estimated as <50% of
patients achieved this outcome (33 of 70 [47.1%] in the benralizu-
mab group vs 20 of 70 [28.6%] in the mepolizumab group). The
HR for the time to the first complete withdrawal of OGCs was
1.84 (95% CI 1.06–3.27), with more patients in the benralizumab
than the mepolizumab group able to completely withdraw OGCs
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during the double-blind phase (unstratified log-rank test
P = 0.0291) (Figure 1C and Supplementary Table S4).

Time to sustained reduction of OGCs. The median time
to the first sustained reduction of OGC to ≤4 mg/day was similar
between groups (unstratified log-rank test P = 0.6255): 36.14
(95% CI 24.14 to not estimable) weeks for the benralizumab
group and 32.14 (95% CI 28.14 to not estimable) weeks for the
mepolizumab group, with an HR of 0.97 (95% CI 0.62–1.52)
(Figure 2A and Supplementary Table S4). The median time to
the first sustained ≥50% reduction of OGCs was also similar
(unstratified log-rank test P = 0.4683) between benralizumab
(median 24.14; 95% CI 24.14–32.14 weeks) and mepolizumab
(median 28.14; 95% CI 20.14–32.14 weeks), with an HR of 1.14
(95% CI 0.77–1.69) (Figure 2B and Supplementary Table S4).
The median time to sustained complete withdrawal of OGCs
was not estimable as <50% of patients achieved this (17 of
70 [24.3%] in the benralizumab group vs 7 of 70 [10.0%] in the

mepolizumab group). The HR for the time to sustained complete
withdrawal of OGCs was 2.97 (95% CI 1.26–7.77), with more
patients in the benralizumab than the mepolizumab group able
to sustain complete withdrawal of OGCs (unstratified log-rank
test P = 0.0268) (Figure 2C and Supplementary Table S4).

Average daily dose and cumulative use of OGCs. A
heatmap of patient-level, 4-week average daily dose of OGC indi-
cated that benralizumab-treated patients tapered faster, and
more patients were able to eliminate and maintain withdrawal
from OGCs during the study, than mepolizumab-treated patients
(Figure 3; a color vision-deficiency friendly version is shown in
Supplementary Figure S1). Relapses during the double-blind
period are denoted by “R” on the heatmap.

During the 52-week double-blind period, the median cumu-
lative use of OGC was 1,813 (minimum–maximum 486–5,674)
mg vs 1,846 (minimum–maximum 573–7,999) mg for benralizu-
mab and mepolizumab recipients, respectively. Eighteen (25.7%)

Figure 1. Time to first (A) OGC reduction to ≤4 mg/day, (B) ≥50%OGC reduction, and (C) complete OGCwithdrawal. Time to first reduction was
defined as the date of randomization to the first 4-week period meeting the OGC reduction threshold. The HR (benralizumab vs mepolizumab) and
95% CI were estimated using a Cox regression model with the Efron method to control for ties. The covariates in the model included treatment
arm, baseline dose of prednisone, baseline Birmingham Vasculitis Activity Score, and region. An HR of >1 favored benralizumab. P values were
derived from an unstratified log-rank test. CI, confidence interval; HR, hazard ratio; OGC, oral glucocorticoid.
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benralizumab and 11 (15.7%) mepolizumab recipients had a
cumulative dose of <1,000 mg (Supplementary Table S5).

OGCwithdrawal across subgroups. Subgroup analyses
of the proportion of patients in both treatment groups achieving
complete withdrawal of OGCs during the last 4 weeks of the
double-blind period are shown in Figure 4. More patients who
were receiving a baseline OGC dose <12 mg/day achieved com-
plete OGC withdrawal (26 of 52 [50.0%] benralizumab and 15 of
56 [26.8%] mepolizumab patients; difference 22.27 [95% CI
4.56–39.99]) compared with patients receiving a baseline OGC
dose ≥12 mg/day (3 of 18 [16.7%] benralizumab and 3 of
14 [21.4%] mepolizumab patients; difference: −2.85 [95% CI
−28.97 to 23.26]). ANCA status (at baseline/historic) did not
impact patients’ ability to withdraw OGCs. Of those who were
receiving non-OGC immunosuppressive therapy at baseline,
10 of 26 (38.5%) benralizumab and 7 of 24 (29.2%) mepolizumab
recipients were able to withdraw OGCs (difference 8.00; 95%

CI –16.72 to 32.72). Findings were comparable for benralizumab
and mepolizumab, regardless of the type of immunosuppressive
therapy (methotrexate, azathioprine, or mycophenolate). In
patients who were not using non-OGC immunosuppressive
drugs at baseline, 19 of 44 (43.2%) benralizumab and 11 of
46 (23.9%) mepolizumab recipients were able to withdraw OGCs
(difference 19.94; 95% CI 1.03–38.86).

Accrued OGC-free duration. There was no statistically
significant difference in total accrued duration of OGC-free status
between treatment groups (odds ratio 1.62; 95% CI 0.86–3.07;
P = 0.1389) (Supplementary Figure S2 and Supplementary
Table S6).

Correlation of accrued OGC-free and clinical
outcomes duration. Correlations of accrued duration of OGC
dose of 0 mg/day and asthma control (ACQ-6), lung function
(as assessed by FEV1), weight, fasting glucose, cholesterol, and

Figure 2. Time to sustained (A) OGC reduction to ≤4 mg/day, (B) ≥50% OGC reduction, and (C) complete OGC withdrawal. Time to sustained
reduction was defined as achieving OGC ≤4 mg/day, ≥50% OGC reduction, or complete OGC withdrawal by week 40 and maintaining reduction
through to week 52. The HR (benralizumab vs mepolizumab) and 95% CI were estimated using a Cox regression model with the Efron method to
control for ties. The covariates in the model included treatment arm, baseline dose of prednisone, baseline Birmingham Vasculitis Activity Score,
and region. An HR of >1 favored benralizumab. P values were derived from an unstratified log-rank test. CI, confidence interval; HR, hazard ratio;
OGC, oral glucocorticoid.
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triglycerides were assessed. There was no loss of asthma control
and no deterioration in lung function in either treatment group
despite complete withdrawal of OGCs (Supplementary
Figure S3A and B). A weak positive correlation between accrued
duration of complete withdrawal of OGCs and (improved) lung
function was found in the benralizumab-treated group
(Spearman rank correlation 0.280; P = 0.0250) but not in the
mepolizumab-treated group (Spearman rank correlation −0.004;
P = 0.9743).

Weight, fasting glucose, cholesterol, and triglycerides were
investigated to determine if there was an effect of OGC tapering,
as these parameters can be adversely affected by OGC use.
A weak negative correlation between accrued duration of complete
OGC withdrawal and weight was observed in the mepolizumab-
treated group (Spearman rank correlation −0.271; P = 0.0264)
but not in the benralizumab-treated group (Spearman rank correla-
tion −0.195; P = 0.1130) (Supplementary Figure S4A). There was
no correlation between accrued duration of complete withdrawal

of OGCs and fasting glucose level (Spearman rank correlation for
benralizumab −0.079; P = 0.5308; and mepolizumab −0.061;
P = 0.6305; Supplementary Figure S4B), total cholesterol
(Spearman rank correlation for benralizumab −0.142; P = 0.2539;
and mepolizumab −0.112; P = 0.3734; Supplementary
Figure S4C), or triglyceride levels (Spearman rank correlation for
benralizumab 0.034; P = 0.7901; and mepolizumab −0.226;
P = 0.0977; Supplementary Figure S4D).

DISCUSSION

Standard of care for EGPA often requires long-term use of
OGCs. OGCs have nonspecific, anti-inflammatory effects, inhibit-
ing pro-inflammatory cell recruitment and cytokines. Long-term
use of OGCs is associated with toxicity and a high risk of signifi-
cant adverse effects even with low daily doses.3,6,25,26 Analyses
of responses from patient interviews suggest that stopping or

Figure 3. Heatmap of the average daily dose of OGCs throughout the double-blind period. Each row represents a single patient’s OGC use over
time during the study. Decreasing OGC doses are represented by a gradient from red to orange and yellow to green, with dark green and “0”
denoting 0 mg/day OGC. OGC, oral glucocorticoid; R, relapse.
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reducing the dose of OGCs is the number one priority for patients
with EGPA and for clinicians.27 Guidelines recommend adding
conventional immunosuppressives to taper OGCs, although there
is currently no specific guidance on how to taper OGC use in
EGPA.3,4 Furthermore, relapses (mainly airway-related manifesta-
tions) are common during OGC tapering.28

Eosinophilic inflammation is a key feature of EGPA. There-
fore, agents that specifically target eosinophils as a primary
source of inflammation can have OGC-sparing effects in
EGPA.12,18,20–22 This post hoc analysis of the MANDARA study
of patients with EGPA, in which treatment with either benralizu-
mab or mepolizumab was associated with the ability to reduce

OGC use, extends understanding of the OGC-sparing effects of
such treatments.

Large reductions were observed in the median daily dose of
OGCs to a similar extent in both treatment groups, demonstrating
the efficacy of targeting eosinophils in EGPA. The reductions from
baseline to week 52 were much larger than in the placebo-
controlled MIRRA study that evaluated efficacy of mepolizumab
versus placebo in patients with EGPA.18 In contrast to the MIRRA
study, MANDARA was a head-to-head trial, and all patients had
active systemic therapy while tapering OGC. This is likely to have
facilitated decisions to taper OGC more quickly, as the perceived
risk of harm to patients was lower, and investigators were aware

Figure 4. A subgroup analysis of the proportion of patients achieving complete OGCwithdrawal during weeks 48 through 52. Rates and the dif-
ference (benralizumab −mepolizumab) were estimated using the marginal standardization method in a logistic regression model. The covariates in
the model included treatment arm, subgroup, and interaction between treatment arm and the subgroup (treatment arm × subgroup). The P value
for each interaction term was estimated from logistic regression without using the marginal standardization method. ANCA, antineutrophilic cyto-
plasmic antibody; CI, confidence interval; EGPA, eosinophilic granulomatosis with polyangiitis; NA, not applicable; OGC, oral glucocorticoid; VDI,
Vasculitis Damage Index.
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of the benefits of eosinophil-targeting therapy following US Food
and Drug Administration approval of mepolizumab for treatment
of EGPA.17

Studies in both vasculitis6 and asthma29 have shown that
cumulative exposure to OGC was significantly correlated with
OGC-related toxicity, which underscores the importance of OGC
sparing in patients with EGPA. The median cumulative dose of
OGCs during the double-blind period of the MANDARA study
was similar in both treatment groups, approximately 1,800 mg.
Long-term data from the open-label extension of MANDARA will
provide additional insights on whether patients are able to further
taper and/or sustain reductions in OGCs with longer treatment
duration, specifically with respect to decreasing below the
935 mg threshold reportedly linked to a risk of OGC-related
toxicity.6 It is notable that the cumulative dose from MANDARA
was lower than in other studies with standard-of-care regimens
for vasculitis,30,31 although these other studies included patients
with severe disease requiring higher OGC doses at baseline,
which may account for this difference.

The time to the first reduction of OGCs, the time to sustained
reduction of OGCs, and accrued duration of OGC-free status
were similar between the benralizumab and mepolizumab groups
in the present analysis. During weeks 48 to 52, however,
benralizumab-treated patients were more likely to fully eliminate
the use of OGCs and achieved a greater depletion of blood eosin-
ophils.12 These results may be because of differences in the
mechanism of action between mepolizumab and benralizumab;
whereas mepolizumab targets interleukin-5 only, benralizumab’s
antibody-dependent cellular cytotoxicity mechanism leads to the
rapid depletion of blood eosinophils to near-zero levels.14,17,32,33

Although this mechanism reduces eosinophilic inflammation, a
direct link between eosinophil counts in the blood or tissues and
OGC use has yet to be elucidated.

The ability to achieve complete OGC withdrawal was not
affected by baseline/historic ANCA status or concomitant non-
OGC immunosuppressive use, suggesting that patients who are
ANCA positive or who are considered to have more severe or diffi-
cult to control disease and are treated with non-OGC immunosup-
pressive therapy can still benefit from the addition of eosinophil-
targeting therapies. The length of accrued duration of complete
OGCwithdrawal was not associated with deterioration in lung func-
tion or a loss of asthma control (with a low relapse rate in both treat-
ment groups), suggesting that OGCs may be tapered in patients
with EGPA receiving eosinophil-targeting therapies without affect-
ing these parameters. Taken together, the primary results from
both the MIRRA and MANDARA studies, in addition to the post
hoc analyses presented here, should provide clinicians with reas-
surance that targeting interleukin-5/interleukin-5 receptors can not
only control disease but also facilitate OGC reductions or discontin-
uation without any deleterious effect on treatment efficacy.

These analyses carry some limitations. First, because
patients starting at a baseline OGC dose of <12 mg/day were

more able to completely withdraw OGCs than those starting at
higher dosages, it is possible that, with a longer study duration,
some patients receiving higher doses might have been able to
reduce their use of OGC further. Second, the possibility of reduc-
ing the dose/discontinuing concomitant non-OGC immunosup-
pressive therapies was not specified in the study protocol for the
double-blind period and was not assessed herein. Third, following
advice from regulatory authorities to align the MANDARA protocol
with that of the MIRRA study and thereby allow clinicians leeway
in prescribing, the tapering of OGCs was not standardized during
this study. Although a recommended schedule was distributed
with the study protocol, ultimately the rate of OGC tapering was
a matter of clinical judgment by the investigator and standard
practice. Additionally, data on OGC-related toxicity (the items on
the Glucocorticoid Toxicity Index) were not assessed specifically
as study endpoints, and as such any differences between groups
as a result of treatment is not known. Fourth, adrenal function was
not evaluated robustly in this study; some analyses from asthma
studies have shown that this may play a role in preventing some
patients from further reducing OGC use.34 Fifth, because an eval-
uation of airway eosinophilia was not possible with the MANDARA
data, the present analysis cannot assess to what extent this
affected OGC tapering in this study. Finally, all the data described
here were post hoc exploratory analyses in a small clinical trial
patient population, without active severe manifestations, and
none of the analyses were multiplicity-protected. The clinical
implications of these findings require further investigation in real-
world settings.

In summary, the MANDARA study showed that a significant
reduction in OGC exposure was possible with use of the
eosinophil-targeting therapies benralizumab and mepolizumab
while maintaining disease control, suggesting these biologics
may help reduce the burden and toxicity of prolonged treatment
with OGCs. Although updated guidance on treatment strategies
and guidelines for management of EGPA is awaited, these data
support that complete withdrawal of OGCs is possible and should
become a new treatment goal for patients with EGPA.
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Distinct Cancer Risk Profiles in Patients With Systemic
Sclerosis With Autoantibody Stratification

Arjun Mahajan,1 Maria Vazquez-Machado,2 Nikki Zangenah,3 Jeffrey A. Sparks,1 and Avery H. LaChance1

Objective. Patients with systemic sclerosis (SSc) face increased cancer risk compared to the general population,
yet current evidence on specific cancer patterns and their relationship to autoantibody status remain poorly character-
ized. This study seeks to evaluate cancer risk patterns in patients with SSc and investigate associations between spe-
cific autoantibodies and cancer development.

Methods. This multicenter cohort study analyzed five-year cancer incidences in 66,637 adults with SSc versus
matched controls with seborrheic keratosis using electronic medical records from 128 health care organizations (from
2014 to 2024). Patients were stratified by autoantibody status (RNA polymerase III, anticentromere, or anti-Scl-70)
when available. Primary outcomes included five-year incidences of hematologic and solid-organ cancers, with hazard
ratios (HRs) calculated via Cox proportional hazards regression.

Results. Patients with SSc demonstrated elevated five-year all-type cancer risk (HR 1.17, 95% confidence interval
[CI] 1.11–1.23). Hematologic cancer risk was significantly increased (HR 1.68, 95% CI 1.50–1.88), particularly for
multiple myeloma (HR 2.13, 95% CI 1.61–2.81) and myelodysplastic syndromes (HR 2.03, 95% CI 1.49–2.77). For
solid-organ cancers (HR 1.23, 95% CI 1.16–1.31), esophageal cancer showed the highest risk (HR 3.96, 95% CI
2.36–6.65), followed by lung cancer (HR 2.32, 95% CI 2.00–2.69). Among autoantibody subgroups, patients with
anti-Scl-70 positivity showed increased overall cancer risk (HR 1.40, 95% CI 1.03–1.92) and patients with RNA poly-
merase III positivity had higher rates of hematologic cancers (HR 2.20, 95% CI 1.10–4.28), whereas patients with anti-
centromere positivity demonstrated no increased cancer risks.

Conclusion. Patients with SSc demonstrate significantly increased risks for both hematologic and solid-organ
cancers, with risk profiles varying by autoantibody status. These findings suggest the need for targeted cancer screen-
ing strategies in SSc and further research to confirm the generalizability of these findings.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic autoimmune disease

characterized by multisystem fibrosis affecting the skin and inter-

nal organs.1 Elevated cancer risk in patients with SSc compared

to the general population has been well described, with reported

rates as high as 11.4% and cancer accounting for approximately

9% of overall mortality rates in patients with SSc.2,3 However, risk

profiles for individual cancers remain poorly characterized, with

current evidence limited to case series and smaller cross-

sectional studies.1–3 The lack of large cohort with SSc cancer

data and relative rarity of SSc have historically constrained the

development of robust, evidence-based guidelines for cancer

screening and management in this population.1,2 The relationship

between autoantibody status and cancer risk in SSc also pre-

sents a critical knowledge gap. Although some studies have
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suggested increased cancer risk in patients with anti–RNA poly-

merase III, anti-RNPC-3, or anti-Scl-70 antibodies, the sparse

and inconsistent evidence impedes precise oncologic risk stratifi-

cation at the individual patient level.4–6 To address these limita-

tions, we conducted a federated analysis using the TriNetX

research network to analyze cancer risk across a large-scale,

international cohort of patients with SSc, further stratified by auto-

antibody status. Through synthesis of longitudinal clinical and

serologic data, we aim to help establish a real-world evidence

base for risk stratification and early detection of cancer for

patients with SSc.

METHODS

Study design and data acquisition. The dataset for this
retrospective cohort study was obtained from the TriNetX plat-
form, a Health Insurance Portability and Accountability Act and

General Data Protection Regulation–compliant federated net-
work, which provides analytic access to deidentified electronic
health records from more than 150 million individuals across
member health care organizations in over 20 countries. Data
were accessed through the Global Collaborative Network
(with natural language processing) subset, encompassing
144 health care organizations. Due to the deidentified nature
of the data, the study was deemed exempt by the Mass Gen-
eral Brigham Institutional Review Board. This study adhered
to the Strengthening the Reporting of Observational Studies
in Epidemiology (STROBE) reporting guidelines.

Participant selection. Eligible participants with SSc were
at least 18 years of age and diagnosed with SSc from January
1, 2016, to December 22, 2024, identified using validated
International Statistical Classification of Diseases and Related
Health Problems, Tenth Revision (ICD-10) code-based

Table 1. Baseline patient characteristics in cohort with SSc and seborrheic keratosis control cohort*

Characteristic

Before PSM, n (%) After PSM, n (%)

SSc (n = 74,279),
mean (±SD)

Control
(n = 2,110,168),
mean (±SD) SMD

SSc (n = 66,939),
mean (±SD)

Control (n = 66,939),
mean (±SD) SMD

Age at index, y 55.5 (±16.2) 61.6 (±13.8) 0.408 55.8 (±16.2) 56.5 (±15.8) 0.047
Sex
Female 55,715 (±81.4) 1,126,913 (±55.6) 0.578 54,269 (±81.1) 54,656 (±81.7) 0.015
Male 11,165 (±16.3) 811,559 (±40.0) 0.547 11,090 (±16.6) 10,626 (±15.9) 0.019
Unknown sex 1,583 (±2.3) 88,527 (±4.4) 0.115 1,580 (±2.4) 1,657 (±2.5) 0.007

Race
American Indian/Alaska Native 467 (±0.7) 6,262 (±0.3) 0.053 446 (±0.7) 475 (±0.7) 0.005
Asian 3,420 (±5.0) 49,911 (±2.5) 0.134 3,266 (±4.9) 3,204 (±4.8) 0.004
Black or African American 8,165 (±11.9) 52,146 (±2.6) 0.367 7,393 (±11.0) 7,464 (±11.2) 0.003
Native Hawaiian/Pacific Islander 371 (±0.5) 25,026 (±1.2) 0.074 366 (±0.5) 381 (±0.6) 0.003
Other race 2,621 (±3.8) 42,856 (±2.1) 0.101 2,550 (±3.8) 2,376 (±3.5) 0.014
White 40,280 (±58.8) 1,578,514 (±77.9) 0.418 39,935 (±59.7) 40,140 (±60.0) 0.006
Unknown race 13,139 (±19.2) 272,284 (±13.4) 0.156 12,983 (±19.4) 12,899 (±19.3) 0.003

Comorbidities
Chronic kidney disease 3,339 (±4.9) 106,364 (±5.2) 0.017 3,085 (±4.6) 3,590 (±5.4) 0.035
Diabetes mellitus 5,123 (±7.5) 235,521 (±11.6) 0.141 4,948 (±7.4) 5,429 (±8.1) 0.027
Hypertension 13,222 (±19.3) 696,758 (±34.4) 0.345 12,695 (±19.0) 13,297 (±19.9) 0.023
Nicotine dependence 3,065 (±4.5) 156,499 (±7.7) 0.136 2,969 (±4.4) 3,289 (±4.9) 0.023
Hyperlipidemia 9,909 (±14.5) 769,677 (±38.0) 0.554 9,736 (±14.5) 10,281 (±15.4) 0.023
Sjögren disease 2,464 (±3.6) 11,679 (±0.6) 0.213 2,153 (±3.2) 2,697 (±4.0) 0.044
Rheumatoid arthritis 3,852 (±5.6) 38,011 (±1.9) 0.198 3,399 (±5.1) 4,070 (±6.1) 0.044
Systemic lupus erythematosus 4,439 (±6.5) 8,740 (±0.4) 0.336 3,341 (±5.0) 3,447 (±5.1) 0.007
Overweight and obesity 5,081 (±7.4) 289,422 (±14.3) 0.222 4,902 (±7.3) 5,128 (±7.7) 0.013
Chronic viral hepatitis B with delta-agent 10 (±0.0) 137 (±0.0) 0.008 10 (±0.0) 10 (±0.0) <0.001
Chronic viral hepatitis B without delta-agent 76 (±0.1) 3,117 (±0.2) 0.012 70 (±0.1) 80 (±0.1) 0.004
Chronic viral hepatitis C 326 (±0.5) 10,797 (±0.5) 0.008 312 (±0.5) 357 (±0.5) 0.010
Human immunodeficiency virus disease 79 (±0.1) 6,478 (±0.3) 0.044 78 (±0.1) 74 (±0.1) 0.002
Dermatomyositis 944 (±1.4) 1,953 (±0.1) 0.150 662 (±1.0) 618 (±0.9) 0.007

Neoplasms 8,356 (±12.2) 937,449 (±46.2) 0.807 8,239 (±12.3) 8,573 (±12.8) 0.015
Medications
Methotrexate 2,700 (±3.9) 22,602 (±1.1) 0.181 2,354 (±3.5) 2,839 (±4.2) 0.038
Mycophenolate mofetil 3,297 (±4.8) 13,222 (±0.7) 0.257 2,508 (±3.7) 2,467 (±3.7) 0.003
Cyclophosphamide 319 (±0.5) 7,253 (±0.4) 0.017 245 (±0.4) 237 (±0.4) 0.002
Tacrolimus 869 (±1.3) 28,390 (±1.4) 0.011 822 (±1.2) 1,133 (±1.7) 0.039
Azathioprine 1,330 (±1.9) 8,454 (±0.4) 0.142 1,062 (±1.6) 1,180 (±1.8) 0.014

* PSM, propensity score matching; SMD, standardized mean difference; SSc, systemic sclerosis.
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approaches previously demonstrated to have a positive pre-
dictive value of ≥84% to 93%.7,8 Subgroup analyses were per-
formed by further stratifying the total cohort with SSc into three
groups based on the presence of RNA polymerase III, anticen-
tromere, or anti-Scl-70 antibodies, when available. A control
cohort was selected, consisting of patients with seborrheic
keratosis ICD-10 codes, which was chosen due to its preva-
lence and lack of known significant associations with cancer
risk.9

Exclusion criteria included individuals diagnosed with any
cancer before or on the index day of SSc diagnosis. These
included malignancies of the lip, oral cavity and pharynx, diges-
tive organs, respiratory and intrathoracic organs, bone and
articular cartilage, melanoma, mesothelial and soft tissue,
breast, female genital organs, male genital organs, urinary
tract, eye, brain and other parts of central nervous system, thy-
roid and other endocrine glands, lymphoid, hematopoietic and
related tissue, and neuroendocrine tumors. Follow-up for all
cohorts extended until the onset of cancer, withdrawal from
the TriNetX database, death, or the study’s conclusion on
December 22, 2024.

To facilitate comparative analysis, propensity score matching
(1:1 using a greedy nearest neighbor algorithm) was performed
on the two cohorts to balance characteristics like age, sex, race
and ethnicity, and comorbidities such as hypertension, hyperlipid-
emia, diabetes mellitus, chronic kidney disease, and autoimmune
diseases such as rheumatoid arthritis and Sjögren disease (full list
in Table 1). Further details on cohort creation and definitions are
provided in Supplementary Table 1.

Statistical analysis. Primary outcomes were five-year inci-
dences of hematologic and solid-organ cancers. The follow-up
period was selected based on the availability of follow-up data to
ensure reliability and minimize potential bias in outcome analysis.
Varicose vein and trauma (laceration of the head) were selected
as negative control outcomes. A landmark was set at one year
to preclude outcomes occurring before one year after the index
event to lower the potential for reverse causation in which evalua-
tion for suspected cancer may have resulted in diagnosis of SSc.
A sensitivity analysis was also performed without this landmark
restriction (Supplementary Tables 1 and 2). Outcomes and
comorbidities were identified using ICD-10 codes that have been

Table 2. Occurrence and risk of malignancies in patients with SSc versus seborrheic keratosis controls in a propen-
sity score–matched analysis*

Outcome

Outcome
events of cohort

with SSc, n (n = 66,939)

Outcome events of
control cohort, n

(n = 66,939) Hazard ratio (95% CI)

All-type cancer 2,896 2,573 1.17 (1.11–1.23)
Hematologic malignancies 800 498 1.68 (1.50–1.88)
Hodgkin lymphoma 36 24 1.56 (0.93–2.62)
Non-Hodgkin lymphoma 145 80 1.89 (1.44–2.49)
Lymphoma 317 177 1.87 (1.55–2.24)
Leukemia 207 153 1.41 (1.14–1.74)
Myelodysplastic syndromes 116 60 2.03 (1.49–2.77)
Multiple myeloma 151 74 2.13 (1.61–2.81)

Solid-organ malignancies 2,142 1,810 1.23 (1.16–1.31)
Malignancy of digestive tract 477 350 1.43 (1.24–1.64)
Esophageal cancer 69 18 3.96 (2.36–6.65)
Colon cancer 159 145 1.15 (0.92–1.44)
Pancreatic cancer 82 57 1.51 (1.08–2.11)
Liver cancer 107 71 1.58 (1.17–2.13)
Malignancy of lip, oral cavity,
and pharynx

123 82 1.56 (1.18–2.06)

Nasopharynx cancer 10 13 0.72 (0.31–1.69)
Breast cancer 577 739 0.81 (0.73–0.90)
Lung cancer 557 252 2.32 (2.00–2.69)
Kidney cancer 96 93 1.08 (0.81–1.43)
Bladder cancer 82 94 0.91 (0.68–1.23)
Ovarian cancer 74 74 1.04 (0.75–1.44)
Malignancy of female genital organs 233 246 0.99 (0.83–1.18)
Thyroid cancer 111 107 1.08 (0.83–1.41)
Brain cancer 54 39 1.44 (0.96–2.18)
Melanoma 133 438 0.31 (0.26–0.38)

Negative controls
Varicose veins 342 326 1.10 (0.94–1.28)
Laceration of the head 149 191 0.82 (0.66–1.02)

* CI, confidence interval; SSc, systemic sclerosis.
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validated in prior research.10–15 Relative risks, risk difference, and
hazard ratios (HRs) and their 95% confidence intervals (CIs) were
calculated, the lattermost estimated using Cox proportional haz-
ards regression. Statistical analyses were conducted within the
TriNetX platform using Python version 3.7 (Python Software
Foundation).

RESULTS

Demographics. Before matching, patients in the cohort
with SSc were younger (mean age [±SD], 55.5 [±16.2] vs 61.6
[±13.8] years), less likely to be of White race (58.8% vs 77.9%),
and more likely to be female (81.4% vs 55.6%). The prematched
cohort with SSc had higher baseline rates of autoimmune comor-
bidities such as systemic lupus erythematosus (6.5% vs 0.4%)
and Sjögren disease (3.6% vs 0.6%) but lower rates of nicotine
dependence (4.5% vs 7.7%) and cardiovascular risk factors such
as hypertension (19.3% vs 34.4%) and hyperlipidemia (14.5% vs
38.0%). After propensity score matching, 66,939 patients were
included in each cohort, with no statistically significant differences
in baseline demographics and covariates between the treatment
and control groups. Median follow-up time for both matched
cohorts was 1,171 days for SSc and 1,826 days for the control
group.

All-type cancer risk in overall cohort with SSc.
Patients with SSc had an increased overall five-year risk of
cancer (Table 2) compared to controls (HR 1.17, 95% CI
1.11–1.23). For the negative control outcomes (varicose veins
and trauma diagnoses), there were no clinically relevant differ-
ences between groups, in both overall and individual autoanti-
body cohorts.

Hematologic cancer risk in overall cohort with SSc.
We identified an increased five-year risk of hematologic cancers
(Table 2) in patients with SSc compared to controls (HR 1.68,
95% CI 1.50–1.88), including non-Hodgkin lymphoma (HR 1.89,
95% CI 1.44–2.49), lymphoma (HR 1.87, 95% CI 1.55–2.24), leu-
kemia (HR 1.41, 95% CI 1.14–1.74), myelodysplastic syndromes
(HR 2.03, 95% CI 1.49–2.77), and multiple myeloma (HR 2.13,
95% CI 1.61–2.81). In a sensitivity analysis without the one-year
landmark period requirement, the statistical significance of all pre-
viously reported outcomes was unchanged, though Hodgkin lym-
phoma additionally reached significance (HR 1.52, 95% CI
1.08–2.08).

Solid-organ cancer risk in overall cohort with SSc.
Patients with SSc demonstrated a higher five-year risk of solid-
organ cancers (Table 2) compared to controls (HR 1.23, 95% CI

Table 3. Occurrence and risk of malignancies in patients with SSc with anti-Scl-70 antibody positivity versus sebor-
rheic keratosis controls in a propensity score–matched analysis*

Outcome
SSc (anti-Scl-70)

events, n (n = 1,246)
Control events, n

(n = 1,246) Hazard ratio (95% CI)

All-type cancer 74 49 1.40 (1.03–1.92)
Hematologic malignancies 25 ≤10 2.81 (1.37–5.80)
Hodgkin lymphoma ≤10 ≤10 6.21 (0.76–50.47)
Non-Hodgkin lymphoma 14 ≤10 6.30 (1.18–38.12)
Lymphoma 19 ≤10 3.44 (1.27–11.76)
Leukemia ≤10 ≤10 3.14 (1.01–9.77)
Myelodysplastic syndromes ≤10 ≤10 0.90 (0.12–6.75)
Multiple myeloma 16 ≤10 7.26 (1.26–41.92)

Solid-organ malignancies 53 36 1.37 (1.02–1.94)
Malignancy of digestive tract 11 ≤10 1.12 (0.46–2.75)
Esophageal cancer ≤10 ≤10 1.82 (0.16–21.28)
Colon cancer ≤10 ≤10 1.20 (0.26–5.51)
Pancreatic cancer ≤10 ≤10 2.74 (0.11–70.88)
Liver cancer ≤10 ≤10 0.54 (0.07–4.21)
Malignancy of lip, oral cavity, and pharynx ≤10 ≤10 1.52 (0.19–12.08)
Nasopharynx cancer ≤10 0 –

Breast cancer 18 16 1.01 (0.51–2.00)
Lung cancer 21 ≤10 2.23 (1.21–4.81)
Kidney cancer ≤10 ≤10 2.06 (0.37–11.33)
Bladder cancer ≤10 ≤10 0.90 (0.15–5.38)
Ovarian cancer ≤10 ≤10 0.31 (0.01–8.48)
Malignancy of female genital organs ≤10 ≤10 1.83 (0.39–8.58)
Thyroid cancer ≤10 ≤10 2.23 (0.42–11.89)
Brain cancer ≤10 ≤10 0.90 (0.09, 9.10)
Melanoma ≤10 ≤10 0.35 (0.13–1.82)

Negative controls
Varicose veins 13 11 1.42 (0.59–3.40)
Laceration of the head ≤10 ≤10 1.40 (0.36–5.50)

* CI, confidence interval; SSc, systemic sclerosis.
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1.16–1.31), including cancers of the digestive tract (HR 1.43,
95% CI 1.24–1.64); esophageal cancer (HR 3.96, 95% CI
2.36–6.65); pancreatic cancer (HR 1.51, 95% CI 1.08–2.11); liver
cancer (HR 1.58, 95% CI 1.17–2.13); malignancy of lip, oral cav-
ity, and pharynx (HR 1.56, 95% CI 1.18–2.06); and lung cancer
(HR 2.32, 95% CI 2.00–2.69). Patients with SSc had a decreased
risk of breast cancer (HR 0.81, 95% CI 0.73–0.90) and melanoma
(HR 0.31, 95% CI 0.26–0.38).

Cancer risk in cohort with anti-Scl-70 antibody
positivity. After matching, 1,246 patients were included in both
the group with SSc with anti-Scl-70 autoantibody positivity and
control group. Patients with anti-Scl-70 antibodies showed higher
rates of cancer overall (HR 1.40, 95% CI 1.03–1.92) and hemato-
logic cancers (HR 2.81, 95% CI 1.37–5.80; Table 3). Among
hematologic cancers, there were significantly increased risks of
non-Hodgkin lymphoma (HR 6.30, 95% CI 1.18–38.12), lym-
phoma (HR 3.44, 95% CI 1.27–11.76), leukemia (HR 3.14, 95%
CI 1.01–9.77), and multiple myeloma (HR 7.26, 95% CI 1.26–
41.92). For solid-organ cancers, both overall (HR 1.37, 95% CI
1.02–1.94) and lung cancer (HR 2.23, 95% CI 1.21–4.81) risks
were increased.

Cancer risk in cohort with RNA polymerase III
antibody positivity. After matching, 592 patients were

included in both the group with SSc with RNA polymerase III pos-
itivity and control group. Patients with RNA polymerase III anti-
bodies showed significantly higher rates of hematologic cancers
(HR 2.20, 95% CI 1.10–4.28) and thyroid cancer (HR 8.32, 95%
CI 1.04–66.53; Table 4). In a sensitivity analysis excluding the
landmark period requirement, patients with RNA polymerase III
positivity demonstrated elevated rates of breast cancer com-
pared to controls (HR 1.20, 95% CI 1.02–2.55; Supplementary
Table 2). All other cancers showed no statistically significant dif-
ferences between the groups.

Cancer risk in cohort with anticentromere antibody
positivity. After matching, 1,032 patients were included in both
the group with SSc with anticentromere autoantibody positivity
and control group. Among all hematologic and solid-organ can-
cers, melanoma was the only cancer type that demonstrated a
statistically significant difference (HR 0.26, 95% CI 0.08–0.87;
Table 5).

DISCUSSION

This study offers a comprehensive and longitudinal analysis
of individual hematologic and solid-organ cancer risks in patients
with SSc, offering real-world evidence for risk stratification and
may provide a framework for targeted screening and evaluation

Table 4. Occurrence and risk of malignancies in patients with SSc with RNA polymerase III antibody positivity versus
seborrheic keratosis controls in a propensity score–matched analysis*

Outcome
SSc (RNA polymerase III)

events, n (n = 592)
Control events,
n (n = 592) Hazard ratio (95% CI)

All-type cancer 43 30 1.25 (0.74–2.12)
Hematologic malignancies 22 ≤10 2.20 (1.10–4.28)
Hodgkin lymphoma ≤10 ≤10 1.10 (0.02–60.24)
Non-Hodgkin lymphoma ≤10 ≤10 2.90 (0.29–29.20)
Lymphoma ≤10 ≤10 0.60 (0.08–4.72)
Leukemia ≤10 ≤10 1.52 (0.12–20.11)
Myelodysplastic syndromes ≤10 ≤10 3.04 (0.30–30.62)
Multiple myeloma ≤10 ≤10 4.86 (0.22–107.90)

Solid-organ malignancies 21 18 1.18 (0.63–2.23)
Malignancy of digestive tract ≤10 ≤10 1.27 (0.33–4.85)
Esophageal cancer 0 ≤10 –

Colon cancer ≤10 ≤10 1.45 (0.73–2.89)
Pancreatic cancer ≤10 ≤10 0.52 (0.19–1.46)
Liver cancer ≤10 ≤10 2.14 (0.56–8.18)
Malignancy of lip, oral cavity, and pharynx ≤10 ≤10 0.74 (0.17–3.32)
Lung cancer ≤10 ≤10 1.61 (0.32–8.08)
Breast cancer ≤10 ≤10 0.50 (0.16–1.59)
Kidney cancer ≤10 ≤10 3.88 (0.16–91.78)
Bladder cancer ≤10 ≤10 1.01 (0.06–17.17)
Ovarian cancer ≤10 0 –

Thyroid cancer ≤10 ≤10 8.32 (1.04–66.53)
Malignancy of female genital organs ≤10 ≤10 1.42 (0.41–7.56)
Melanoma ≤10 ≤10 0.22 (0.05–1.01)

Negative controls
Varicose veins ≤10 ≤10 2.51 (0.24–26.79)
Laceration of the head ≤10 ≤10 2.06 (0.06–65.93)

* CI, confidence interval; SSc, systemic sclerosis.
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of cancer. Patients with SSc had a significantly increased risk of
developing any cancer compared to controls within five years of
diagnosis, consistent with evidence from prior smaller cohort
studies.2,16,17 The risk of esophageal cancer was particularly ele-
vated in the group with SSc, potentially exceeding what has been
reported in several prior studies.16,18 Cancer risk varied by SSc-
related autoantibody, with the highest hematologic cancer risk
for those with anti-Scl-70 positivity as well as RNA polymerase III
positivity. Overall, these findings underscore the need for height-
ened clinical awareness of cancer risk in patients with SSc and
support further research into the potential role of targeted cancer
screening for select patient subgroups.

Within hematologic cancers, we observed notable increases
in multiple myeloma, myelodysplastic syndromes, and non-
Hodgkin lymphoma risk and more modest increases in leukemia
but no increased risk of Hodgkin lymphoma in the primary analy-
sis. In patients with SSc, chronic immune dysfunction, sustained
B cell activation, and epigenetic alterations may contribute to the
generation of lymphoproliferative disorders, consistent with
the observed increased risk of myeloid malignancies.4,19 The lack
of observed increased risk in Hodgkin lymphoma may reflect a
distinct pathogenesis and/or the relatively low event rates.20 Prior
reports have identified an increased association with hematologic
neoplasms overall in patients with SSc compared to average

population rates, supporting our findings; however, few have ana-
lyzed sufficient cohort sizes to identify risks of individual hemato-
logic cancers.16,17

Within solid-organ cancers, we observed markedly elevated
risks for lung and esophageal cancers, with more modest but sig-
nificant increases in liver cancer, pancreatic cancer, and cancers
of the oral cavity and pharynx. These findings are consistent with
prior meta-analyses and registry studies demonstrating increased
risks in these organ systems, particularly for lung and esophageal
cancer.5,17,21 In contrast, we found reduced risks of breast can-
cer and melanoma, with no significant risk differences for remain-
ing solid-organ cancers. The elevated risk of cancers in organs
commonly affected by inflammation and fibrosis in SSc—
particularly the lungs and esophagus—suggests that chronic
inflammation, tissue damage, and fibrotic remodeling may create
a permissive environment for malignant transformation.22,23 The
decreased risk of melanoma may be attributable to the increased
dermatologic surveillance rate in the control group (seborrheic
keratosis), resulting in higher rates of melanoma diagnosis in this
group. The reduced breast cancer risk in patients with SSc may
reflect competing death risks, inherent disease pathogenesis
and risk profile, and/or differential health care use patterns among
cohorts. However, other studies have observed increased breast
cancer risk in patients with SSc, whereas two meta-analyses did

Table 5. Occurrence and risk of malignancies in patients with SSc with anticentromere antibody positivity versus
seborrheic keratosis controls in a propensity score–matched analysis*

Outcome
SSc (anticentromere)
events, n (n = 1,032)

Control events, n
(n = 1,032) Hazard ratio (95% CI)

All-type cancer 42 48 0.89 (0.59–1.35)
Hematologic malignancies 12 11 1.21 (0.51–2.89)
Hodgkin lymphoma 0 0 –

Non-Hodgkin lymphoma ≤10 ≤10 2.96 (0.31–28.46)
Lymphoma ≤10 ≤10 0.86 (0.19–4.03)
Leukemia ≤10 ≤10 1.30 (0.29–5.80)
Myelodysplastic syndromes ≤10 ≤10 1.99 (0.18–21.89)
Multiple myeloma ≤10 ≤10 2.95 (0.31–28.31)

Solid-organ malignancies 33 34 0.97 (0.60–1.57)
Malignancy of digestive tract 12 ≤10 1.43 (0.58–3.53)
Esophageal cancer ≤10 ≤10 2.92 (0.12–71.59)
Colon cancer ≤10 ≤10 1.98 (0.36–10.79)
Pancreatic cancer ≤10 ≤10 0.66 (0.05–8.32)
Liver cancer ≤10 ≤10 1.73 (0.31–9.83)
Malignancy of lip, oral cavity, and pharynx ≤10 ≤10 0.74 (0.08–6.17)
Nasopharynx cancer 0 0 –

Breast cancer 11 15 0.69 (0.31–1.51)
Lung cancer ≤10 ≤10 1.20 (0.35–4.18)
Kidney cancer ≤10 ≤10 1.61 (0.21–12.18)
Bladder cancer ≤10 ≤10 0.98 (0.14–6.93)
Ovarian cancer ≤10 ≤10 1.96 (0.07–58.36)
Malignancy of female genital organs ≤10 ≤10 0.98 (0.17–5.71)
Thyroid cancer ≤10 ≤10 1.95 (0.18–21.48)
Brain cancer ≤10 ≤10 1.48 (0.19–18.63)
Melanoma ≤10 19 0.26 (0.08, 0.87)

Negative controls
Varicose veins 19 20 0.94 (0.39–2.27)
Laceration of the head ≤10 ≤10 1.39 (0.28–7.08)

* CI, confidence interval; SSc, systemic sclerosis.
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not find a significant relationship.17,24–26 Thus, additional research
is needed to further understand the potential correlation between
SSc and breast cancer risk. The lack of elevated risk in several
solid-organ cancers should also be interpreted in the context of
potential methodologic considerations, such as insufficient
follow-up time for slow-developing solid-organ cancers to
develop and potential survival bias given competing death risks
in patients with SSc.

Though limited by sample size, analysis of autoantibody pro-
files in SSc demonstrated differing patterns of cancer risk.
Patients with anti-Scl-70 positivity demonstrated the most exten-
sive risk profile, with increased risks of both hematologic cancers
(particularly lymphomas, leukemia, and multiple myeloma) and
solid-organ cancers, particularly lung cancer. However, it is
important to contextualize these findings because several cohort
studies have not observed a consistent association between
anti-Scl-70 positivity and overall cancer risk, whereas others have
identified anti-Scl-70 positivity as a risk factor for lung cancer
development.21,27,28 The broad cancer risk observed in our study
may reflect a severe inflammatory response and extensive tissue
damage characteristic of the diffuse SSc phenotype often associ-
ated with anti-Scl-70 antibodies.29 Patients with RNA polymerase
III antibody positivity, though representing the smallest cohort, still
demonstrated elevated risks of hematologic cancers and thyroid
cancer, the latter of which has not been extensively documented
in prior studies.28,30,31 Multiple studies have demonstrated that
patients with SSc with anti–RNA polymerase III antibodies have
higher risks of incident cancer, with a temporal clustering
between cancer and SSc onset.30,31 In our sensitivity analysis
without a landmark period exclusion, breast cancer emerged as
an elevated risk, consistent with evidence from several prior stud-
ies.25,31 In contrast, patients with anticentromere antibody posi-
tivity showed no increased cancer risks; this may reflect milder
disease severity often associated with limited cutaneous SSc
and/or sample size limitations, which may have masked the pres-
ence of a positive association.32 To our knowledge, case series
and smaller observational studies have reported either limited
association between anticentromere antibody positivity and can-
cer risk or decreased cancer rates compared to those seen in
patients with anti–RNA polymerase III positivity, though data on
site-specific cancer risks remain limited.28,30,32 Although
autoantibody-specific subgroup sizes reflect the constraints of
disease rarity, this study represents one of the largest retrospec-
tive studies to date on SSc, enabling more granular risk assess-
ment than previously possible.

Collectively, these findings suggest that clinicians should
maintain heightened awareness of cancer risk in patients with
SSc. Based on our findings, pragmatic cancer surveillance con-
siderations may include the following: ensuring adherence to
age-appropriate standard cancer screenings; thorough symptom
assessment at each clinical encounter, particularly for the specific
cancers occurring at significantly higher rates in patients with SSc

in our analysis; lower threshold for diagnostic evaluation of con-
cerning symptoms; and consideration of additional targeted
screening based on specific antibody profiles (ie, RNA polymer-
ase III with anti-Scl-70) and risk factors. Prospective studies are
needed to determine the optimal intervals, modalities, and
risk-benefit tradeoffs of specific cancer screening practices for
patients with SSc.

This study’s strengths include its substantial cohort size
spanning multiple institutions and continents internationally to
enhance statistical power and generalizability, extensive covari-
ate matching to mitigate bias from confounding variables, land-
mark analysis to reduce reverse confounding, and negative
control analysis to support the validity of our findings. However,
several limitations warrant careful consideration, including
potential unmeasured confounders, inherent observational
experiment-related selection biases, and cohort and outcome
misclassification risk from structured clinical data and ICD-10
codes. The incomplete autoantibody data in our study popula-
tion may influence study findings because documented anticen-
tromere, anti-Scl-70, and anti–RNA polymerase III status were
available in a smaller proportion of patients than may be
expected based on their estimated prevalence in SSc.1,27 Addi-
tionally, the variability in autoantibody testing methods across
contributing health care organizations may introduce measure-
ment heterogeneity and potential misclassification, compared
to specialized cohort studies with standardized autoantibody
assessment protocols. Our definition of RNA polymerase III pos-
itivity as requiring either RP11 or RP155 antibodies, rather than
both, may impact specificity, though this approach was chosen
to align with clinical practice patterns and maintain adequate
cohort size for meaningful analysis.30,31 Our analysis is also lim-
ited by a lack of data on SSc subtypes, which prior literature
has identified as potentially relevant factors for cancer risk strat-
ification, as well as other relevant disease-specific factors that
may influence cancer risk in this population.5,16 The TriNetX plat-
form used primarily comprises electronic health record data
without comprehensive linkage to claims databases, potentially
leading to missed cancer outcomes when patients receive care
across multiple unaffiliated health care systems. Finally, factors
occurring after baseline such as immunosuppressant use, dis-
ease activity from inflammation/fibrosis, or organ damage from
SSc may have mediated associations and should be investi-
gated in future studies.

Leveraging data from a large multi-institutional cohort, our
study identified increased longitudinal risks of solid-organ and
hematologic cancers in patients with SSc, further stratified by
autoantibody profile. In identifying the risk of individual cancers
as well as their corresponding autoantibody patterns, our
research may enable clinicians to be more proactive and targeted
in implementing strategies for early detection, management, and
prevention of significant cancer-associated morbidity and mortal-
ity rates for patients with SSc.
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Identification of Risk Factors for Incident Left Ventricular
Systolic Dysfunction and Predictors of Cardiac Recovery
in Patients With Systemic Sclerosis

Ji Soo Kim,1,2 Rachel S. Wallwork,1 Carrie L. Richardson,3 AdrianneWoods,1 Monica Mukherjee,4 Steven Hsu,4

Julie J. Paik,1 Christopher A. Mecoli,1 Laura K. Hummers,1 Fredrick M. Wigley,1 Scott L. Zeger,2

and Ami A. Shah1

Objective. Cardiac involvement in systemic sclerosis (SSc) is a leading cause of death. We sought to investigate
predictors of incident left ventricular systolic dysfunction (LVSD) and cardiac recovery in SSc.

Methods. In total, 2,303 patients in the Johns Hopkins Scleroderma Center Research Registry and 13,209 echocar-
diograms were analyzed. We identified predictors associated with incident LVSD defined by transitions in left ventricu-
lar ejection fraction (EF) states (EF ≥50% declining to <50% and EF >35% dropping to ≤35% [severe LVSD]) by fitting
multivariate logistic regression models with time-varying and invariant variables. Variables associated with cardiac
recovery were identified by fitting multivariate logistic regression models using important variables identified from ran-
dom forest analysis.

Results. Male sex, Black race, diffuse skin disease, higher modified Rodnan skin score (mRSS), echocardiographic
evidence of pulmonary hypertension (PH), kidney disease, and atrial fibrillation (AFib) were associated with increased
odds of incident LVSD (EF < 50%), whereas anticentromere and anti–topoisomerase-1 were protective. Male sex,
higher mRSS, PH, skeletal myopathy, kidney disease, AFib, and anti-Ku antibodies were associated with higher odds
of incident severe LVSD (EF ≤ 35%). For previous EF <50%, tendon friction rubs were associated with lower odds of
cardiac recovery and anti-RNA polymerase III (anti–RNAP III) was associated with higher odds. For previous EF
≤35%, diabetes was associated with lower odds of recovering to EF >35%.

Conclusion. Distinct demographic SSc-specific and cardiac characteristics are associated with increased risk of
incident LVSD in SSc, with skeletal myopathy and anti-Ku antibodies being important risk factors for severe disease.
Some patients improved, which was more likely in anti–RNAP III positive patients.

INTRODUCTION

Cardiovascular involvement is the third-most common
cause of systemic sclerosis (SSc; scleroderma)–related death
after pulmonary arterial hypertension (PAH) and interstitial lung
disease (ILD), accounting for 12% to 30% of SSc-related
death.1–3 Left ventricular (LV) dysfunction, across various
ranges of systolic dysfunction, significantly contributes to

morbidity and mortality in patients with SSc and may be an
underrecognized cause of adverse clinical outcomes. Patients
with severely reduced LV ejection fraction (LVEF ≤ 35%) may
particularly benefit from automatic implantable cardioverter-
defibrillator (placement) or other goal-directed medical thera-
pies.4,5 However, identifying patients at the highest risk of
developing cardiac involvement is a key clinical challenge.
Despite the clinical importance, there are no large prospective
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studies exploring risk of incident LV systolic dysfunction (LVSD)
or factors associated with cardiac recovery in SSc.

Prior studies report varying rates of cardiac involvement and
associated risk factors in SSc, ranging from clinically evident heart
failure to abnormalities detected on cardiac magnetic resonance
imaging (MRI), including LVEF values that are considered within
the normal range per the American Society of Echocardiography
(ASE)/European Association Cardiovascular Imaging (EACVI)
guidelines.4–8 These studies have variably identified age, sex,
SSc disease duration, the extent of skin thickening on physical
examination, the presence of ischemic digital ulcers, and myositis
as risk factors for cardiac disease in SSc.4,5,9,10 These findings
suggest that clinical manifestations may accurately identify
patients with SSc at increased risk of cardiac complications. Of
note, none of these studies used time-varying risk factors, which
may change over the course of a patient’s disease or as patients
age, nor did they include other important cardiac risk factors,
such as atrial fibrillation (AFib) or coronary artery disease (CAD).

The primary objective of this study was to use data-driven
approaches to identify demographic, SSc-specific, and cardiac
risk factors for incident LVSD (LVEF < 50%) and severe LVSD
(EF ≤ 35%) in SSc.8 By using time-varying predictors, we aimed
to better understand the risk factors most proximally associated
with LVSD. Additionally, we explored factors associated with car-
diac recovery in a large well-phenotyped, longitudinal SSc cohort.

PATIENTS AND METHODS

Study population and key variables. All patients
enrolled in the Johns Hopkins Scleroderma Center (JHSC)
Research Registry from October 1980 to July 2017 with at least
two echocardiograms were included in this study. All included
patients had SSc defined by 1980 or 2013 American College of
Rheumatology (ACR)/EULAR classification criteria, at least three
of five CREST (calcinosis, Raynaud phenomenon, esophageal
dysmotility, sclerodactyly, telangiectasia) syndrome criteria, or
definite Raynaud phenomenon, abnormal nailfold capillaries, and
a SSc-specific autoantibody.11,12 Demographics, disease onset,
phenotypic characteristics, and modified Medsger organ-specific
severity scores were collected at baseline and longitudinally in the
context of routine clinical care for patients who consented to
enroll in the JHSC Registry. Autoantibody data and serial internally
and externally performed pulmonary function tests and echocar-
diograms were also collected. Given the risk of cardiopulmonary
involvement in SSc, it is the JHSC practice to obtain annual echo-
cardiograms on all patients.

A complete list of candidate variables is in the Supplement.
Age at SSc onset was defined as the age at the patient’s first
non-Raynaud symptom. Patient-reported smoking status was
defined as any history of smoking versus no history of smoking
at baseline. Race was self-reported. Skin involvement was
defined as limited cutaneous SSc if skin thickening was present

only distal to the elbows or knees with or without facial involve-
ment and was defined as diffuse cutaneous SSc if skin thickening
was ever present proximal to the elbows or knees or involved the
trunk.13

Disease duration was defined as the time from first non-
Raynaud symptom until the date of each echocardiogram. LVEF
was determined based on echocardiogrammeasurements. If EF
was reported as a range, the midpoint of the range was chosen.
Myopathy was defined by the presence of at least one abnormal
muscle enzyme, MRI, electromyography, or muscle biopsy.14

Organ-specific modified Medsger severity scores were dichoto-
mized into absent–mild (score 0–1) versus moderate–severe
(score ≥2).14 Moderate–severe Raynaud included digital pits,
ulceration, or gangrene. Moderate–severe gastrointestinal (GI)
involvement included high-dose acid reflux medications, antibi-
otics for bacterial overgrowth, malabsorption syndrome, epi-
sodes of pseudo-obstruction, or total parental nutrition
requirement. Moderate–severe kidney involvement included
serum creatinine ≥1.7 mg/dL or at least 2+ urine protein. To
investigate whether using a less inclusive definition of severity
scores affects the coefficient estimate, we repeated analyses
using any Raynaud phenomenon, kidney, and GI involvement,
defined by absent (score 0) versus mild-to-severe (score ≥1). A
restrictive ventilatory defect suggestive of ILD was defined by a
forced vital capacity (FVC) ≤70% predicted, and echocardio-
graphic evidence of pulmonary hypertension (PH) was defined
as right ventricular systolic pressure (RVSP) ≥45 mm Hg.15,16

Comorbidities were ascertained at routine clinical visits using
prespecified criteria. Peripheral artery disease was defined as
an abnormal ankle-brachial index (<0.9) or clinically based on
claudication, lower extremity ulcers, or amputation. Suspicion
of CAD was defined as angina, an abnormal exercise or pharma-
cologic stress test, abnormal coronary angiogram, and/or his-
tory of revascularization.17 Hypertension was defined as a
systolic blood pressure >140 mm Hg or diastolic blood pressure
>90 mm Hg in two or more clinical visits, a diagnosis of hyper-
tension by a primary care doctor, or antihypertensive use (not
for Raynaud).18

Autoantibody status was obtained through routine clinical
care in various internal and external laboratories and through
research Euroimmun and enzyme-linked immunosorbent assay
(ELISA) when sera were available. The autoantibody components
of the Euroimmun panel included the following: centromere A and
B (anticentromere antibodies [ACA]), topoisomerase 1 (Scl70),
RP11 and RP155 (RNA polymerase III [RNAP III]), fibrillarin
(U3RNP), Nor90, Th/To, PM75 and PM100 (PM/Scl), Ku, PDGFR,
and Ro52. Positive results were defined following the manufac-
turer’s instructions (EUROLINE Systemic Sclerosis Profile, Euro-
immun), with the additional requirement that patients be positive
for both subunits of multicomponent complexes (ACA, RNAP III,
PM/Scl).19 Anti-U1 RNP antibodies were assayed using an ELISA
(Inova Diagnostics), and a threshold of >20 units was used to
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define positivity. Patients were considered positive if ever positive
by clinical or research autoantibody assays.

Statistical analysis.Modeling EF transitions.We chose to
build statistical models that estimated the association of predic-
tors and EF transitioning from one state to another. An alternative
is to model an individual’s smooth EF trajectory as a function of
predictors and study the relationship between predictors and
the estimated latent EF trajectory. However, unlike FVC or diffus-
ing capacity for carbon monoxide (DLCO), EF tends to remain sta-
ble but can change abruptly from one visit to the next with a high
degree of fluctuation. To investigate factors that are associated
with the sudden drops in EF and cardiac recovery without the risk
of them being considered random measurement errors, we built
models using interval-level data to identify variables at the current
visit that are most likely to predict patients’ EF state at the next
visit.

Our method relied on first-order Markov assumption, that is,
current EF state depends only on immediate previous EF state
and not on full history of the past EF states. Given the previous
EF state, the EF pairs from the same or different patient were
assumed to be independent intervals. This approach allowed us
to build simpler and computationally efficient models that could
easily generate future risk estimates given the current EF state.

For modeling, all time-varying variables were assigned to EF
intervals defined by consecutive EF observations (from the time
of previous EF up until the current EF). These time bins were
designed to capture a patient’s most recent health state before
the documented change in EF. Time-varying variables, including
disease duration at each echocardiogram, modified Rodnan skin
score (mRSS), ILD (FVC ≤70% predicted), DLCO <60% predicted,
PH (RVSP ≥ 45 mm Hg), myopathy, organ-specific severity
scores, and comorbid conditions, were captured longitudinally.
For all longitudinal variables, the observation closest to the current
EF in time was used. Time-independent variables included sex,
race, age at onset, diffuse versus limited skin involvement, and
autoantibodies. We excluded EF intervals in which the time
between two EF observations was greater than five years, which
represented 2.2% of all echocardiogram pairs.

Missing predictors were imputed by multiple imputations
using Factorial Analysis of Mixed Data (R package “missMDA”).20

We performed sensitivity analysis by comparing results from
regression models using other imputation methods including ran-
dom forest (R package “missForest”) and multivariate imputation
by chained equations (MICE; R package “mice”).21,22 A separate
sensitivity analysis was performed only including patients who
met 1980 or 2013 ACR criteria.

Regression models. Multivariable logistic regression models
were used to identify risk factors for the development of LVSD
after SSc onset. The first model estimated the probability of EF
declining to <50% from a previous EF ≥50%. A cutoff of <50%
was chosen as this corresponds to the definition of mildly

reduced EF.23 The second model focused on severe LVSD and
estimated the probability of EF ≤35% from previous EF >35%.
This value was chosen as it corresponds to when implantable
cardioverter-defibrillators are recommended.23 To evaluate the
models’ performance in predicting LVSD, we calculated
the cross-validated area under the receiver operating characteris-
tic curve (CV-AUC) from five-fold cross-validation. We recognize
that subtle changes in LVEF may be secondary to noise in the
measurement rather than reflecting a true clinical change. In a
non-SSc population, the 95% confidence interval (CI) for a single
EF measurement was ±2 percentage points for EF <53% and
>60% and ±2.5 percentage points for EF 53% to 60%.24 Based
on these results, we performed a sensitivity analysis to investigate
the robustness of the results after removing echo transitions that
can potentially be created by measurement errors and requiring
changes in LVEF be at least 5%.

Two additional multivariable logistic regression models were
built to study the factors associated with cardiac recovery, as
defined by improvement in LVEF. The probability of transitioning
to EF >35% from previous EF ≤35% was modeled in the first
model, and the probability of transitioning to EF ≥50 from previous
EF <50% was modeled in the second model.23 As the number of
recoveries was anticipated to be small, a set of candidate predic-
tors was selected for each outcome using a data-driven
approach. We used random forest classification algorithm to
identify the variables that are useful in classifying recovery status
using multiple bootstrap data samples.25 Each predictor was
ranked based on mean decrease accuracy and mean decrease
Gini score. The 10 variables with the highest sum of rankings
based on the two metrics were chosen as candidate variables.

We also manually reviewed the medical records of patients
with EF<=35% (n = 138) to better characterize the cause(s) of
the severe LVSD. All statistical analyses were performed using R
Statistical Software (v4.3.2; R Core Team 2021).

RESULTS

There were 2,303 patients representative of 13,209 echocar-
diograms included in this analysis. Most patients were female
(82.6%) and White (76.2%). A substantial number had a smoking
history (n = 984 [44.5%]). The mean age at SSc onset, at first non-
Raynaud symptom, and at first echocardiogram were 42.8, 46.1,
and 51.9 years. Patients had a mean of 5.7 echocardiograms per-
formed. Additional clinical characteristics are provided in Table 1.

Table 2 describes all EF transitions from a previous to the
current echocardiogram and the number of patients who experi-
enced transitions. Of the 10,086 instances in which the previous
echocardiogram demonstrated a normal EF (≥50%), 9,806
(97%) remained normal, whereas 280 (3%) transitioned to EF
<50% on the subsequent echocardiogram. Of the 10,429
instances with previous EF >35%, 127 (1%) transitioned to EF
≤35%. Of the 236 instances of previous EF ≤35%, 100 (42%)
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transitioned to EF >35%, and of the 579 instances of previous EF
<50%, 235 (41%) transitioned to EF ≥50%.

Among the 2,303 patients who had more than two echocar-
diograms separated by less than five years, 248 patients (11%)
developed LVSD (EF <50%), and 114 (5%) developed severe
LVSD (EF ≤35%). Most of these patients experienced cardiac
recovery: 208 (66%) patients experienced recovery from LVSD,
and 91 (82%) experienced improvement from severe LVSD. These
percentages are higher than the probabilities of transitioning into
recovery or improvement, indicating that patients take multiple
visits to finally recover from LVSD or improve from severe LVSD.
The median durations from SSc onset to first LVSD and first severe
LVSDwere 3.7 (interquartile range [IQR] 2–8.2) and 3.1 (IQR 1–7.2)
years. The median durations for first recovery from LVSD and
severe LVSD were 0.7 (IQR 0.2–1.5) and 0.4 (IQR 0.1–1.1) years.

Most predictors used in the regression models had missing-
ness less than 15%, but higher missingness was observed for
less frequently captured comorbid conditions, including diabetes
mellitus (15.1%), CAD (24.6%), hypertension (32.1%), and AFib
(31.0%) (see Supplemental Table 1). The missing values were
imputed using multiple imputation of mixed data, which we used
to generate all results from the analyses in this manuscript. We
repeated all analyses using data imputed using random forest
and MICE and verified that there were no meaningful differences
in the estimated odds ratios (ORs; results not shown).

Demographic, disease-specific, and cardiac risk
factors associated with increased risk of LVSD. The first
multivariable logistic regression modeling the probability of EF

Table 1. Characteristics of patients (N = 2,303) with at least two
echocardiograms*

Clinical feature Mean (SD) or n (%)a

Age at systemic sclerosis onset, yb 42.8 (14.8), n = 2,299
Age at first non-Raynaud symptom, y 46.1 (14.0), n = 2,273
Follow-up duration, yc 9.1 (10.9), n = 2,299
Age at baseline echocardiogram, y 51.9 (13.3)
Number of echocardiograms per patient 5.7 (4.1)
Years from first to last echocardiogram 6.2 (5.2)
Female sex 1908 (82.8)
Self-identified race
Black/African American 397 (17.2)
White 1,756 (76.2)
Other 150 (6.6)

Baseline modified Rodnan skin thickness
score

9.5 (10.9), n = 2,182

Skin type
Limited 1,298 (56.4)
Diffuse 906 (39.3)

Baseline FVC % predicted 84.5 (20.0), n = 2,210
Baseline FVC <70% predicted 511 (23.1), n = 2,210
Baseline DLCO % predicted 70.6 (24.0), n = 2,210
Baseline DLCO <60% predicted 713 (32.3), n = 2,210
Baseline RVSP ≥45 mm Hg 261 (11.3)d

Baseline moderate–severe Raynaud
phenomenone

801 (36.2), n = 2,212

Baseline moderate–severe gastrointestinal
involvementd

400 (18.1), n = 2,212

Baseline moderate–severe kidney diseasef 73 (3.3), n = 2,215
Baseline Medsger cardiac severity scoreg 200 (9.0), n = 2,215
Myopathyh 405 (18.3), n = 2,211
Autoantibodies
Anticentromere 584 (26.4), n = 2,213
Anti-Scl70 446 (22.1), n = 2,022
Anti–RNAP III 339 (17.5), n = 1933
Anti-PM/Scl 38 (2.0), n = 1,861
Anti-Th/To 164 (8.8), n = 1,861
Anti-Nor90 81 (4.4), n = 1,861
Anti-Ku 80 (4.3), n = 1,861
Anti-Fibrillarin 125 (6.8), n = 1,861
Anti-Ro52 527 (28.3), n = 1,861
Anti-U1 RNP 228 (12.5), n = 1,823

Comorbidities (ever present)
Cancer 458 (19.9)
Ever smoker 1,010 (44.2), n = 2,284
Coronary artery disease 154 (10.5), n = 1,472
Peripheral arterial disease 74 (5.1), n = 1,443
Diabetes mellitus 137 (7.9), n = 1,735
Hypertension 699 (46.8), n = 1,494

Immunosuppressive and cardiac
medication exposures (ever use)

Hydroxychloroquine 438 (21.5), n = 2,035
Methotrexate 368 (18.1), n = 2,035
Mycophenolate mofetil 568 (27.9), n = 2,035
Azathioprine 116 (5.7), n = 2,035
Cyclophosphamide 199 (9.8), n = 2,035
IVIG 116 (5.7), n = 2,035
Rituximab 19 (0.9), n = 2,035
Calcium channel blocker 1,360 (66.8), n = 2,035
Beta blocker 393 (19.3), n = 2,035
Nitrate 178 (8.7), n = 2,035
ACE-inhibitor/angiotensin receptor
blockers

854 (42.0), n = 2,035

Aspirin 1,001 (49.2), n = 2,035

(Continued)

Table 1. (Cont’d)

Clinical feature Mean (SD) or n (%)a

Diuretic 750 (36.9), n = 2,035
Statin 650 (31.9), n = 2,035
Antiplatelet 105 (5.2), n = 2,035

* ACE, angiotensin-converting enzyme; DLCO, diffusing capacity for
carbon monoxide; EKG, electrocardiogram; FVC, forced vital capac-
ity; GERD, gastroesophageal reflux disease; IVIG, intravenous immu-
noglobulin; MRI, magnetic resonance imaging; RNAP III, RNA
polymerase III; RVSP, right ventricular systolic pressure.
a N = 2,303 unless otherwise noted.
b Date of systemic sclerosis onset is defined as the earlier date of
Raynaud and non-Raynaud symptom onset.
c Follow-up duration defined as onset to first echocardiogram.
d Baseline moderate–severe gastrointestinal involvement defined
as high dose GERD medications, antibiotics for bacterial over-
growth, malabsorption syndrome, episodes of pseudo-obstruction,
or total parental nutrition requirement.
e Baseline moderate–severe Raynaud disease defined as Raynaud
with digital pits, ulceration, or gangrene.
f Baseline moderate–severe kidney disease defined as serum creat-
inine ≥1 � 6 mg/dL, 3–4+ proteinuria, and/or history of scleroderma
renal crisis.
g Baseline Medsger cardiac severity score is defined as clinically sig-
nificant EKG conduction defect, sustained clinically important
arrhythmia, or arrhythmia requiring treatment.
h Myopathy was defined based on the presence of one of the follow-
ing: abnormal creatine kinase and/or aldolase levels, MRI findings,
electromyography findings, and muscle biopsy findings.
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≥50% dropping to EF <50% demonstrated male sex (OR = 2.08
[95% CI 1.57–2.74], P < 0.001), Black race (OR = 1.79 [95% CI
1.32–2.43], P < 0.001), diffuse cutaneous type (OR = 1.49 [95%
CI 1.10–2.01], P = 0.010), higher mRSS (OR = 1.02 [95% CI
1.00–1.03], P = 0.039), RVSP ≥45 mm Hg (OR = 1.64 [95%
CI 1.25–2.15], P < 0.001), moderate–severe kidney disease
(OR = 2.00 [95% CI 1.45–2.77], P < 0.001), and AFib (OR =
2.39 [95% CI 1.38–4.15], P = 0.002) were associated with higher
odds of LVSD adjusting for other variables (Table 3). Anticentro-
mere (OR = 0.49 [95% CI 0.32–0.75], P = 0.001) and anti-Scl70
(OR = 0.67 [95% CI 0.48–0.93], P = 0.018) were associated with
lower odds. The model’s CV-AUC was 0.70.

The second multivariate logistic regression, which mod-
eled the probability of EF ≤35% from EF >35%, found male
sex (OR = 1.73 [95% CI 1.15–2.61], P = 0.009), higher
mRSS (OR = 1.03 [95% CI 1.01–1.05], P = 0.005), RVSP
≥45 mm Hg (OR = 1.74 [95% CI 1.17–2.60], P = 0.006),
myopathy (OR = 2.26 [95% CI 1.36–3.76], P = 0.002),
moderate–severe kidney disease (OR = 2.54 [95% CI 1.62–
4.00], P < 0.001), AFib (OR = 2.41 [95% CI 1.13–5.13], P =
0.023), and anti-Ku (OR = 2.38 [95% CI 1.19–4.78], P = 0.015)
were associated with higher odds of severe LVSD adjusting for
other variables (Table 3). The model’s CV-AUC was 0.70.

Given that previous research using the large EULAR Sclero-
derma Trial and Research group (EUSTAR) database found an
association between digital ulcers and LVEF <55%, we per-
formed a sensitivity analysis to examine whether digital ulcers
and/or gangrene were associated with LVSD in our patients.5

We did not find a statistically significant association between
digital ulcers and/or gangrene and LVSD (OR = 1.29 [95% CI
0.91–1.83], P = 0.145) or severe LVSD (OR = 1.30 [95% CI

0.81–2.11], P = 0.280). The findings did not change meaningfully
when a less inclusive definition of severity scores was used for
kidney and GI involvement (result not shown). Our findings
remained similar when restricting patient population to those
who met 1980 or 2013 ACR criteria, requiring changes in LVEF
be at least 5%, and adjusting for hydroxychloroquine exposure,
respectively (see Supplement).

Unique factors may influence the likelihood of
cardiac recovery. As shown in Table 2, a subset of patients
may have had cardiac recovery or improvement. To investigate
factors associated with recovery, we fit two multivariate logistic
regression models. For each model, the 10 variables that were
selected as the most important variables from a random forest
classification model were used as predictors (Table 4). Tendon
friction rubs (OR = 0.38 [95% CI 0.22–0.66], P = 0.001) were
associated with lower odds of recovering to EF ≥50%, and anti–
RNAP III (OR = 1.76 [95% CI 1.10–2.80], P = 0.018) was associ-
ated with higher odds. Diabetes history (OR = 0.18 [95% CI
0.04–0.83], P = 0.028) was associated with lower odds of
improving to EF >35%. Findings were similar when restricting
patients to those who meet 1980 or 2013 ACR criteria (see
Supplement).

Common scleroderma-related causes of severe
LVSD include arrhythmia, myocarditis, fibrosis, PH, and
renal crisis. We reviewed the medical records of the
138 patients whose EF was ever ≤35% to further characterize
the etiology of the severe LVSD as determined by the treating
rheumatologist or cardiologist. These patients consisted of
113 patients whose EF dropped from >35% to ≤35% as well as

Table 2. Total EF transitions and numbers of patients who experienced EF transitions*

Total EF transitions

Current EF

EF ≥ 50% 35% < EF < 50% EF ≤ 35% Total

Previous EF EF ≥ 50% 9806 202 78 10,086
35% < EF < 50% 182 112 49 343
EF ≤ 35% 53 47 136 236
Total 10,041 361 263 10,665

Numbers of patients who experienced EF transitions
Current EF
EF ≥ 50% 35% < EF < 50% EF ≤ 35% Any

Previous EF EF ≥ 50% 2189 175 73 2230
35% < EF < 50% 158 63 41 203
EF ≤ 35% 50 41 57 111
Any 2226 214 121

* Numbers of EFs transitioning from one of the three previous state categories (EF ≥ 50%, 35% < EF < 50%, or EF ≤ 35%)
to current state categories (EF ≥ 50%, 35% < EF < 50%, or EF ≤ 35%) are shown in the top half of the table. Numbers of
unique patients who experienced EF transitioning from one of the three previous state categories to current state
categories are shown in the bottom half of the table. The last row (any for previous EF) indicates numbers of unique
patients who transitioned into three current EF states regardless of their previous EF values, and the last column
(any for current EF) shows numbers of unique patients whose previous EF belonged to each of the three categories
regardless of current EF value. A patient can contribute to more than one cell in this table. Echocardiogram transi-
tions observed between two echocardiograms separated by more than five years are excluded from calculations,
and only patients who have more than two echocardiograms are included. EF, ejection fraction.
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25 whose first EF was ≤35%. The most common associations
with EF ≤35% identified through medical record review were
ischemic, conduction- or arrhythmia-related, fibrosis, myocardi-
tis, right heart failure from PH, infection, and renal crisis (Table 5).
Of the 25 patients with arrhythmia, 16 (68%) had an additional
identified etiology for their severe LVSD such as ischemia (n = 2),
infection (n = 3), myocarditis (n = 3), or biopsy-proven fibrosis
(n = 4). Among those with arrhythmia as the only identifiable etiol-
ogy (n = 9), five had full recovery with rate control or pacemakers,
whereas four had ongoing severe LVSD. Of the 18 with myocardi-
tis, 10 demonstrated some degree of improvement with treat-
ment, mainly immunosuppression or immunomodulation with
intravenous immunoglobulin (see Supplement). Of the 25 patients
who had histologic evaluation of the myocardium, 19 (76%) had

fibrosis. Six with biopsy-proven fibrosis underwent cardiac MRI.
Four had delayed gadolinium enhancement indicative of fibrosis,
and the remaining two had normal cardiac MRIs. Only 3 of the
19 patients with fibrosis on myocardial biopsy had full recovery;
one developed severe LVSD post-partum in the setting of renal
crisis; the second had concomitant myopathy and arrhythmia,
which improved with amiodarone, a pacemaker, and immuno-
suppression; and the third was also thought to have cardiac Ray-
naud (wall motion abnormalities with normal cardiac
catheterization). Of the eight with severe LVSD in the setting of
renal crisis, six (75%) fully recovered and one improved (final EF
45%) with management of renal crisis. The patient who did not
improve also had ischemic heart disease requiring a stent, PAH,
and aortic stenosis. Figure 1 illustrates sample EF trajectories of

Table 3. Multiple logistic regression analyses examining risk factors for incident LV systolic dysfunction*

Variable

EF ≥ 50% to EF < 50% EF > 35% to EF ≤ 35%

Adjusted OR (95% CI) P value Adjusted OR (95% CI) P value

Disease duration, y 1.01 (0.99, 1.03) 0.512 1.00 (0.97, 1.02) 0.754
Male vs female sex 2.08 (1.57, 2.74) <0.001 1.73 (1.15, 2.61) 0.009
Black/African American race vs all others 1.79 (1.32, 2.43) <0.001 1.53 (0.97, 2.40) 0.065
Age at onset, y 1.01 (1.00, 1.02) 0.061 1.01 (0.99, 1.02) 0.333
Diffuse vs limited 1.49 (1.10, 2.01) 0.010 1.42 (0.90, 2.24) 0.133
mRSS 1.02 (1.00, 1.03) 0.039 1.03 (1.01, 1.05) 0.005
ILD 1.26 (0.94, 1.70) 0.122 1.22 (0.79, 1.90) 0.362
DLCO < 60% predicted 1.14 (0.85, 1.52) 0.387 1.34 (0.87, 2.07) 0.187
RVSP ≥ 45 mm Hg 1.64 (1.25, 2.15) <0.001 1.74 (1.17, 2.60) 0.006
Telangiectasia 0.93 (0.64, 1.34) 0.683 1.06 (0.61, 1.84) 0.830
Myopathy 1.45 (0.98, 2.14) 0.066 2.26 (1.36, 3.76) 0.002
Moderate–severe gastrointestinal involvementa 1.14 (0.87, 1.48) 0.348 0.96 (0.66, 1.42) 0.856
Moderate–severe Raynaud phenomenonb 1.04 (0.79, 1.36) 0.782 1.07 (0.73, 1.58) 0.731
Moderate–severe kidney diseasec 2.00 (1.45, 2.77) <0.001 2.54 (1.62, 4.00) <0.001
Ever smoker 0.92 (0.55, 1.56) 0.757 1.33 (0.68, 2.61) 0.409
Diabetes mellitus 0.64 (0.31, 1.33) 0.229 0.54 (0.17, 1.75) 0.307
Coronary artery disease 0.81 (0.24, 2.74) 0.733 1.67 (0.46, 5.98) 0.433
Hypertension 0.93 (0.66, 1.32) 0.699 1.19 (0.73, 1.92) 0.490
Tendon friction rubs 0.89 (0.59, 1.35) 0.576 1.08 (0.61, 1.92) 0.792
Calcinosis 1.22 (0.88, 1.69) 0.225 1.16 (0.72, 1.88) 0.538
Atrial fibrillation 2.39 (1.38, 4.15) 0.002 2.41 (1.13, 5.13) 0.023
Anticentromere 0.49 (0.32, 0.75) 0.001 0.83 (0.46, 1.51) 0.550
Anti-Fibrillarin 0.99 (0.63, 1.55) 0.955 0.92 (0.46, 1.84) 0.822
Anti-Ku 1.33 (0.75, 2.37) 0.329 2.38 (1.19, 4.78) 0.015
Anti-Nor90 0.94 (0.50, 1.76) 0.841 1.29 (0.58, 2.87) 0.528
Anti-RNA polymerase III 0.82 (0.57, 1.17) 0.280 0.65 (0.37, 1.15) 0.143
Anti-Ro52 0.99 (0.74, 1.33) 0.947 1.03 (0.68, 1.58) 0.879
Anti-Scl70 0.67 (0.48, 0.93) 0.018 0.87 (0.54, 1.40) 0.558
Anti-Th/To 0.89 (0.54, 1.47) 0.660 1.01 (0.50, 2.07) 0.971
Anti-PM/Scl 1.05 (0.41, 2.69) 0.920 2.20 (0.73, 6.62) 0.160
Anti-U1 RNP 1.19 (0.84, 1.69) 0.330 1.59 (0.97, 2.60) 0.065

* Adjusted ORs, 95% CIs, and P values of each variable from two multiple logistic regressions are shown. The first
regressionmodels the probability of transitioning to EF <50% from EF ≥50%, and the secondmodels the probability
of transitioning to EF ≤35% from EF >35%. Statistically significant ORs using the threshold of P value <0.05 are
shown in bold. CI, confidence interval; DLCO, diffusing capacity for carbon monoxide; EF, ejection fraction; GERD,
gastroesophageal reflux disease; ILD, interstitial lung disease; LV, left ventricular; mRSS, modified Rodnan skin
score; OR, odds ratio; RVSP, right ventricular systolic pressure.
a Baselinemoderate–severe gastrointestinal involvement defined as high dose GERDmeds, antibiotics for bacterial
overgrowth, malabsorption syndrome, episodes of pseudo-obstruction, or total parental nutrition requirement.
b Baseline moderate–severe Raynaud disease defined as Raynaud with digital pits, ulceration, or gangrene.
c Baseline moderate–severe kidney disease defined as serum creatinine ≥1 � 6 mg/dL, 3–4+ proteinuria, and/or his-
tory of scleroderma renal crisis.
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selected patients for the five most common scleroderma-
associated causes of EF ≤35%.

DISCUSSION

In this large prospective cohort study of SSc adults, we iden-
tified incident LVSD (EF < 50%) in 247 patients (11%) and severe
LVSD (EF ≤ 35%) in 114 (5%). We investigated baseline and
time-varying factors that were associated with incident LVSD
and found that male sex, higher mRSS, PH (defined by RVSP
≥45 mm Hg on echocardiogram), moderate–severe kidney dis-
ease, and AFib were associated with increased odds of develop-
ing both LVSD and severe LVSD (EF >35% but <50% and EF
≤35%, respectively). Black race, older age at SSc onset, and dif-
fuse cutaneous disease increased the odds, whereas anticentro-
mere and anti-Scl70 decreased the odds of LVSD but not
severe LVSD. Myopathy and anti-Ku were uniquely associated
with a higher risk of severe LVSD. Anti–RNAP III was
associated with cardiac recovery for previous EF <50%. To our
knowledge, this study provides the most detailed analysis of
scleroderma-specific and cardiac risk factors associated with
varying degrees of incident LVSD in SSc using time-varying pre-
dictors and is the only study to explore factors associated with
cardiac recovery.

To better understand the factors associated with severe
LVSD, we reviewed the medical records of 138 patients who ever
had EF ≤35%. The most common nonscleroderma-related
drivers of severe LVSD included ischemic CAD and infection.
The ischemic CAD may at least partially account for the associa-
tion between male sex and LVSD identified in multivariate logistic
regression. Several scleroderma-related complications were
identified as drivers of severe LVSD including fibrosis,

myocarditis, PH, and renal crisis. The PH association identified in
the multivariate logistic regression was particularly important to
confirm due to the use of RVSP >45 mm Hg as a surrogate
marker because RVSP can be elevated secondary to left heart
disease and LV dysfunction. Arrhythmias were also identified as
a potential risk factor for LVSD. Through medical record review,
we identified decompensated PH (excluding PH from left heart
failure) as one of the top five scleroderma-related contributors to
severe LVSD in our patients. In these patients, decompensated,
severe PH with right-sided heart failure may have caused low EF
through ventricular interdependence.26

Medical record review also suggests a possible reason for
the association between anti–RNAP III and cardiac recovery.
Patients with renal crisis, who are more likely to be anti–RNAP III
positive, may develop acute LVSD in a high-afterload state, and
these patients demonstrated high rates of eventual cardiac recov-
ery or improvement (7 of 8, 88%) with successful blood pressure
control. The one patient with renal crisis whose EF did not
improve also had concomitant ischemic LVSD, PAH, and aortic
stenosis. The high rate of recovery or improvement among
patients with renal crisis has important management implications,
suggesting these patients may not require an implantable
defibrillator.

Although no study has explored LVSD in SSc using the same
methods and definition, our findings are consistent with published
studies. A study of 1,095 patients with SSc found an association
between myopathy and clinically evident congestive heart failure.4

We, too, found a significant association between myopathy and
severe LVSD. Moreover, a multiple regression analysis of data
from the EUSTAR database identified age, male sex, diffuse cuta-
neous disease, disease duration, digital ulcers, and renal and
muscle involvement to be associated with LVSD, defined as EF

Table 4. Multiple logistic regression analyses examining factors that are associated with cardiac recovery*

Variable

EF < 50% to EF ≥ 50% EF ≤ 35% to EF > 35%

Adjusted OR (95% CI) P value Adjusted OR (95% CI) P value

Age at onset, y 1.01 (0.99, 1.02) 0.445 1.01 (0.99, 1.04) 0.305
Disease duration, y 0.99 (0.97, 1.02) 0.561 0.98 (0.95, 1.02) 0.299
DLCO < 60 1.22 (0.84, 1.78) 0.285 1.39 (0.74, 2.61) 0.303
mRSS 1.01 (0.99, 1.03) 0.349 0.98 (0.96, 1.01) 0.248
Anti-RNA polymerase III 1.76 (1.10, 2.80) 0.018 1.71 (0.75, 3.89) 0.202
Moderate–severe kidney disease 1.48 (0.96, 2.29) 0.076 1.96 (0.96, 4.01) 0.066
Anti-Ro52 0.83 (0.55, 1.25) 0.368 1.32 (0.67, 2.59) 0.424
Diffuse 0.70 (0.45, 1.09) 0.117 – –

Tendon friction rubs 0.38 (0.22, 0.66) 0.001 – –

RVSP ≥ 45 0.76 (0.52, 1.10) 0.144 – –

ILD – – 1.14 (0.59, 2.21) 0.691
Diabetes mellitus – – 0.18 (0.04, 0.83) 0.028
Raynaud phenomenon – – 1.32 (0.71, 2.25) 0.420

* Adjusted ORs, 95% CIs, and P values of two sets of 10 selected variables estimated by twomultiple logistic regres-
sions are shown. The first regressionmodels the probability of recovering to EF ≥50% from EF <50%, and the second
models the probability of improving to EF >35% from EF ≤35%. For each regression model, the 10 most important
variables selected from a random forest classification model are used as predictors. Statistically significant ORs
using the threshold of P value <0.05 are shown in bold. CI, confidence interval; DLCO, diffusing capacity for carbon
monoxide, EF, ejection fraction; ILD, interstitial lung disease; mRSS, modified Rodnan skin score; OR, odds ratio;
RVSP, right ventricular systolic pressure.
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<55%, in SSc.5 Despite using more stringent EF thresholds that
excluded patients with low–normal cardiac function, we also iden-
tified onset age, male sex, diffuse cutaneous disease, renal dis-
ease, and muscle involvement as SSc-specific risk factors
associated with increased odds of LVSD. Severe Raynaud
phenomenon, defined by digital ulceration or gangrene, was not
statistically significantly associated with LVSD in our study. We
also identified an increased risk of LVSD in patients with SSc with
self-identified Black race. Although Black patients with SSc have
more severe disease than self-identifiedWhite patients, it is possi-
ble that non-SSc factors, such as a higher prevalence of cardio-
vascular disease or social determinants of health, may contribute
to this increased risk.27 We identified an association between
anti-Ku and increased odds of severe LVSD. The literature
regarding the association between anti-Ku and cardiac involve-
ment in SSc is mixed. One study of 60 patients with SSc, 6 of
whom were anti-Ku positive, found that patients with anti-Ku
had significantly higher odds of cardiac disease, defined as EF
<45%, pericarditis, arrhythmia requiring treatment, or conduction
defect (OR 12.50 [95% CI 1.88–83.3]).28 In particular, those with

scleroderma and myositis who are anti-Ku positive may have a
higher risk of severe arrhythmias.29 Two other studies, with similar
sample sizes and definition of cardiac involvement, found no
association between cardiac involvement and anti-Ku in patients
with SSc.30,31 All three of these studies had small sample sizes
and used broad definitions of cardiac involvement, encompassing
evidence of diastolic dysfunction, arrhythmia, and pericarditis.
Future research should take a more nuanced approach, exploring
the association between anti-Ku and specific types of cardiac
involvement in SSc.

Our study has several strengths, including the use of a large,
well-phenotyped, prospective SSc cohort with long-term follow-
up. Our modeling approach, using time-varying variables, was
designed to identify dynamic predictors associated with incident
LVSD and cardiac recovery. Instead of modeling progression or
recovery regardless of patients’ past cardiac state, we modeled
the transition to LVSD from a past normal state or transition to
recovery from past LVSD. This approach, while facilitating our
understanding of population-level risk factors for LVSD, lays the
foundation for future work to develop an individualized, dynamic

Table 5. Causes of severe LV systolic dysfunction in patients with SSc based on chart review*

Categorya
Total (N = 138),

n (%)
No improvement,b

n (%)
Improvement,b

n (%)
Full recovery,b

n (%)

Ischemic 25 (18) 15 (60) 4 (16) 6 (24)
Arrhythmia/conduction 25 (18) 11 (44) 5 (20) 9 (36)
Fibrosis on endomyocardial biopsyc 19 (14) 13 (68) 3 (16) 3 (16)
Myocarditisd 18 (13) 8 (44) 3 (17) 7 (39)
PHTNe 14 (10) 6 (43) 3 (21) 5 (36)
Infection 13 (9) 6 (46) 1 (8) 6 (46)
Renal crisis 8 (6) 1 (13) 1 (13) 6 (75)
Valvular disease 6 (4) 3 (50) 0 (0) 3 (50)
Hypertension 5 (4) 3 (60) 0 (0) 2 (40)
Bleed/anemiaf 5 (4) 3 (60) 0 (0) 2 (40)
Medication induced 5 (4) 4 (80) 0 (0) 1 (20)
Postpartum 4 (3) 2 (50) 0 (0) 2 (50)
Pulmonary embolism 3 (2) 2 (67) 0 (0) 1 (33)
Renal disease (non-SSc) 3 (2) 1 (33) 0 (0) 2 (67)
Postoperativeg 2 (1) 0 (0) 0 (0) 2 (100)
Microvascular diseaseh 2 (1) 1 (50) 0 (0) 1 (50)
Familial 2 (1) 0 (0) 1 (50) 1 (50)
Stress cardiomyopathy 2 (1) 0 (0) 0 (0) 2 (100)
Alcohol 1 (<1) 1 (100) 0 (0) 0 (0)
Myasthenia gravis flare 1 (<1) 1 (100) 0 (0) 0 (0)
Unknown 24 (17) 10 (42) 3 (13) 11 (46)

* CK, creatine kinase; CKMB, CK myocardial band; EF, ejection fraction; GI, gastrointestinal; LVSD, left ventricular
systolic dysfunction; MRI, magnetic resonance imaging; PHTN, pulmonary hypertension; SSc, systemic sclerosis;
TNF, tumor necrosis factor.
a Patients with multiple etiologies for severe LVSD were included in each relevant category.
b No improvement is defined as a final EF of 35% or below; partial improvement is defined as a final EF of 36%–49%;
full recovery is defined as EF ≥50%.
c One patient with biopsy-proven fibrosis was on a TNF-inhibitor at the time of developing LVSD.
d Myocarditis defined by elevated CK with high CKMB, EF fluctuation with peripheral myositis, and patchy delayed
enhancement on MRI (2 patients).
e Excluding PHTN secondary to left heart failure.
f In one patient, the bleed was both GI and massive hemoptysis; three patients had GI bleed, and one patient had
significant anemia requiring transfusion of unclear etiology (upper endoscopy and colonoscopy were normal).
g Aortic valve replacement (1 patient), lung cancer resection (1 patient).
h Microvascular disease was suspected due to an abnormal stress test or significant regional wall motion abnor-
malities on echocardiogram with a subsequent normal left heart catheterization.
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cardiac risk stratification tool for patients with SSc. Rather than
relying on baseline variables, which might not accurately reflect a
patient’s current health status, such dynamic risk calculations
could provide risk estimates at any time during a patient’s disease
course. Additional work is required to improve model perfor-
mance, including adding relevant laboratory and echocardio-
graphic biomarkers as predictors.

Fewer samples were available for our two recovery out-
comes, and random forest models were used to select the most
relevant variables to be included as predictors. By performing
data-driven variable selections, we avoided relying heavily on a
priori judgments about the importance of individual variables. This
approach can be reproduced in other cohorts.

Our study has some limitations. Data on cardiac comorbidi-
ties were not systematically collected for the entire study period.
We attempted to limit missingness by comprehensive medical
record review for data before 2010. Further, there is inherent var-
iability and subjectivity in assessment of LVEF by echocardio-
gram. We attempted to manage this “noise” by examining
optimal cut points for reliable EFs that are clinically meaningful
and relevant for rheumatologists receiving echocardiographic
reports. Although we could have used a technique that smooths
over the random measurement errors to obtain a smooth trajec-
tory of EF, such a technique would limit our ability to directly inves-
tigate factors that are associated with sudden changes in EF as
these changes could be interpreted as noise. To test the robust-
ness of our findings, we performed a sensitivity analysis requiring

changes in LVEF be at least 5%; our findings were qualitatively
similar although some parameters were no longer statistically sig-
nificant. We also did not have data on whether patients had clini-
cal signs and symptoms of heart failure or whether LVSD was
treated, such as with goal-directed medical therapy. Additionally,
we likely underestimated the number of patients with cardiac
fibrosis as most patients do not undergo cardiac biopsy. We also
did not have systematic creatine phosphokinase, troponin, pro–
brain natriuretic peptide, electrocardiogram, and cardiac MRI
data captured in this study population. This limited our ability to
fully assess for primary cardiac involvement attributable to SSc
that may have affected the myocardium, vasculature, valves, peri-
cardium, and conduction system, possibly due to microvascular
dysfunction, inflammation, and fibrosis among other mecha-
nisms. Given the long period under study and changes in practice
patterns over time, right heart catheterization was not performed
in all patients with echocardiographic evidence of PH to confirm
the diagnosis with gold standard methods. Lastly, we were
unable to investigate the role of an overlapping diagnosis of an idi-
opathic inflammatory myopathy, autoimmune thyroid disease,
HIV status, and other factors that may contribute to LVSD.

In conclusion, timely intervention for SSc myocardial disease
has been hindered by the lack of tools for predicting the develop-
ment and course of LVSD. Our study demonstrates that LVSD is a
common complication in SSc, with an incidence of 11%. We
identified distinct risk factors, including unique immune response
(anti-Ku), associated with the development of LVSD. With early

Figure 1. Sample ejection fraction trajectories of patients with ejection fraction ≤35% due to cardiac fibrosis (top left), myopathy (top center),
renal crisis (top right), pulmonary arterial hypertension (bottom left), and arrhythmia/complete heart block (bottom center). RP, Raynaud
phenomenon.
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identification, patients at risk for LVSD may be candidates for
close monitoring and treatment of arrhythmias or inflammatory
myocarditis. Additionally, our study found the important prognos-
tic value of anti–RNAP III regarding the likelihood of cardiac recov-
ery once LVSD has developed.
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Longitudinal Changes in Serum Urate Levels From
Premenopause Through Postmenopause: Interrupted
Time-Series Analyses

Shreya Billa,1 Sho Fukui,1,2,3 Misti L. Paudel,1 Takahiro Suzuki,4 Ryosuke Imai,5 Yuntae Kim,6

Takehiro Nakai,2 Hiromichi Tamaki,2 Mitsumasa Kishimoto,2,7 Hilde S. Ørbo,1 Sara K. Tedeschi,1

Hyon K. Choi,8 Masato Okada,2 and Daniel H. Solomon1

Objective. Hyperuricemia (HU) and gout are common in postmenopausal women. We aimed to identify the longitu-
dinal changes in serum urate (SU) levels during and after the menopausal transition and its interaction with coexisting
SU-modifying conditions.

Methods. This longitudinal study included Japanese women who underwent annual medical examinations from
April 2004 to September 2024 and had at least one visit before and after self-reported menopause. Menopausal tran-
sition stages were categorized into premenopause, perimenopause (5 years before and up to the menopause), and
postmenopause. Longitudinal changes in SU and HU (SU ≥6.8 mg/dL or taking medications for gout or HU) were
examined by interrupted time-series analyses and evaluated across stratified subgroups.

Results. We analyzed 8,169 eligible participants with 93,511 visits over a median follow-up of 13.8 years. SU levels
gradually increased during premenopause, rose sharply over perimenopause, and stabilized in postmenopause. Com-
pared to premenopause, the mean SU level was 0.41 mg/dL (95% confidence interval: 0.38–0.43) higher in postmeno-
pause. HU prevalence increased from <1.0% during premenopause to 4% to 5% during postmenopause. Compared
to premenopause, the associations of a low estimated glomerular filtration rate (<60 mL/min per 1.73 m2) and a high
bodymass index (≥25) with HUwere greater in postmenopause; HUwas observed in approximately 18% of overweight
or obese women at menopause.

Conclusion. SU levels rapidly increase during perimenopause and are already elevated by the time of menopause.
Maintaining a normal body weight and preserving kidney function before menopause may decrease postmenopausal
HU and potentially prevent subsequent gout in women.

INTRODUCTION

Gout is the most common inflammatory arthritis caused by a

deposition of monosodium urate crystals.1,2 Gout has been

increasing worldwide1–5 and poses substantial health and finan-

cial burden,5,6 necessitating strategies for prevention. Given that

hyperuricemia (HU) is a strong determinant of developing

gout,7–9 a clear understanding of the longitudinal serum urate

(SU) levels throughout the life course is essential for gout

prevention.
Menopause has been considered an inflection point in gout

risk for women. Gout is uncommon in young women,3 but its

incidence markedly increases in older postmenopausal

women.3,8,10–12 Although SU levels may increase with aging,13

cross-sectional studies have shown an independent association

between HU and menopause.14,15 Estrogen is known to promote
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renal excretion of SU, and the decreased SU excretion postmen-
opause may partially explain HU in this group of women.16 Other
conditions that are common during or after the menopausal tran-
sition, such as obesity and kidney dysfunction, may also contrib-
ute to postmenopausal HU and gout.17–20

However, the precise timing of increases in SU across the
menopausal transition are not fully understood, limiting the ability
to develop evidence-based prevention strategies. The trend in
HU prevalence and specific time when HU becomes more com-
mon during a woman’s midlife is not well-known. Previous studies
have primarily used cross-sectional analyses, with one study of
7,662 women in the United States finding that menopause is
independently associated with higher SU levels. Another study of
58,870 Korean women found that increased prevalence of HU
occurred during the late menopausal transition stage.14,15,21

However, as these studies did not follow the same patients, it is
difficult to understand how aging, menopause, and other relevant
clinical risk factors impact SU over time, creating the need for
more longitudinal studies.

We studied a longitudinal dataset from a large sample of
women in Japan to examine the temporal changes in SU levels
and the prevalence of HU throughout the menopausal transition
and the postmenopause stages. Furthermore, we sought to eluci-
date how changes in SU levels are related to other contributing
factors, such as body mass index (BMI) and kidney function, over
the midlife of women.

METHODS

Study design, setting, and participants. This longitudi-
nal study is conducted as part of the St. Luke’s Initiative on Men-
opause and Women’s Health Study, which investigates the
impact of menopause on various health outcomes using longitu-
dinal data from annual health checkups in Japan. This study used
St. Luke’s Health Checkup Database (SLHCD) from April 2004 to
September 2024. SLHCD is a database of a large annual medical
examination program at St. Luke’s International Hospital, a ter-
tiary care center in Tokyo, Japan. The details have been
described previously.22–27 The annual health checkup is a
health-promotion program that serves all Japanese citizens. All
full-time employees are mandated to undergo annual medical
examinations, and other people can voluntarily participate in the
examination. Because the program takes place in central Tokyo,
the study cohort primarily consists of local residents and people
working in the area, including hospital staff from the institution.
SLHCD systematically collected data about participant demo-
graphics, medical histories, patient questionnaires, and examina-
tion results. This set of analyses included female participants who
reported the occurrence of menopause during the follow-up; par-
ticipants were required to have at least one visit both before and
after the menopause. We excluded patients whose menopause
timing was not determined and those who refused to use their

data for research, received hormonal therapy, and underwent
surgical procedures that may relate to surgical menopause (ie,
total or extensive hysterectomy and ovarian resection).

This study was conducted following the Declaration of Hel-
sinki and relevant ethical guidelines for medical research in
Japan. Informed consent was obtained by offering opt-out
options to the participants. This study was approved by the
St. Luke’s International University Institutional Review Board
(24-R124). The study followed the Strengthening the Reporting
of Observational Studies in Epidemiology reporting guideline.28

Exposure of interest and outcomes. The exposure of
interest was menopause. At every visit of the annual medical
examination, female participants were asked whether they under-
went menopause or not in the questionnaire. We assumed that
the patient had undergone menopause when the answer
changed from “no” to “yes” for the first time. If a patient answered
“yes” at one visit but later answered “no” at a subsequent visit,
the timing of menopause was considered undetermined. For sta-
tistical analyses, the median date between the two consecutive
visits before and after menopause occurrence was considered
the date of menopause.

The primary outcome of this study was SU level (mg/dL) and
the secondary outcome was HU (SU ≥6.8 mg/dL or taking medi-
cations for HU/gout). In the annual medical examination, SU was
routinely measured at every visit by the uricase oxidization
method (Clinical Chemistry Analyzers, JCA-BM2250/6070, JEOL
Ltd). In SLHCD, information on gout and HU was collected as a
single category, and thus gout could not be distinguished from
HU. In Japan, asymptomatic HU is routinely monitored in many
annual health checkup programs and occasionally treated in cer-
tain high-risk individuals, such as those at risk for gout or comor-
bid conditions, in accordance with national guidelines.29

Covariates. We collected both time-fixed and time-varying
covariates for this study. The time-fixed covariates were age at
menopause. The time-varying covariates included BMI, estimated
glomerular filtration rate (eGFR) based on a Japanese-specific
formula,30 smoking status (current, previous, or never), and alco-
hol intake (drink per day). One drink of alcohol was defined as a
drink that included 10 g of ethanol, and the ethanol amount was
calculated as previously described.22,23,27 Given medications that
can affect SU levels,31,32 we extracted time-varying medication
use status for hypertension, diabetes, dyslipidemia, cerebrovas-
cular disease, ischemic heart disease, kidney dysfunction, and
mycobacterium infections (yes or no). The database only contains
information on treatment status for each condition, such as
whether the patient is “receiving pharmacological treatment”; it
does not include data on the details of medications. The results
of the dietary frequency questionnaire became available in
October 2012 and included information on the intake of carbohy-
drates, meat and eggs, seafood, soy, milk and dairy products,

MENOPAUSE AND SERUM URATE 725



vegetables, fruits, and sweets. In the sensitivity analyses, the life-
style questionnaire results, including dietary information, were
used as categorical time-varying covariates.

Statistical analyses. Participant characteristics at the first
visit of the study period and the first visit after menopause were
described using numbers of women (%) and median values (inter-
quartile range; IQR). To visualize a longitudinal trend, SU level was
summarized as the mean with 95% confidence intervals (CI) for
each integer year relative to the menopause. Similarly, HU was
summarized as the prevalence with 95% CI computed using the
Wald method for binomial data. The trend of eGFR was also
depicted because eGFR declines with aging and is influential on
SU levels. In addition, we supplementally described the SU trend
in male participants matched on the age at the first visit and the
total number of visits, to understand the difference in SU trends
between men and women.

Based on the observed trends, we defined three stages
based on menopause: stage 1 (premenopause) was defined as
more than five years before menopause; stage 2 (perimenopause)
was defined as the window from five years before up until meno-
pause (year 0); and Stage 3 (postmenopause) was defined as
the window after menopause. With these three stages, we per-
formed interrupted time-series analyses to determine their rela-
tionship with SU levels. Because the study dataset contained
repeated annual measurements for a given woman, the analyses
were nested in a mixed-effect linear model with random intercepts
and random slopes to account for intrapersonal correlations.

Three sets of models were considered with increasing
adjustment. Model 1 included continuous time (years from meno-
pause), categorical menopause stages, and their product term
(equation is described in Supplemental Methods). Model
2 included additional covariates, such as age at menopause,
BMI, eGFR, smoking status, alcohol intake, and medication use
for hypertension, diabetes, and dyslipidemia. Model 3 additionally
considered product (interaction) terms of menopausal stages with
BMI and with eGFR; these variables are major contributors to SU
levels. This allowed us to evaluate whether the association of
eGFR or BMI with SU differed according to menopause stage.
We conducted three sensitivity analyses based on model 2. First,
we included only women who had at least two visits in each of
three menopause stages. Second, we included dietary frequency
questionnaire results in the model. We used data at visits after
October 2012, and the participants were limited to those who
underwent menopause after October 2012. Third, we excluded
patients who were receiving medications for the aforementioned
conditions to minimize their potential effect on SU levels. More-
over, we performed an additional analysis in which time from
menopause was replaced with age in model 2.

Next, we examined the association between categorical
menopause stages and HU by modified Poisson regression with
participant-clustered robust variance.33 Crude models included

only menopause stages. Multivariable analyses included the
same covariates as model 2, except for continuous time and its
product term with menopause stages.

Stratified subgroup analyses were also pursued: the trends
in SU and HU were visualized according to the subgroups strati-
fied by median menopausal age, kidney function (eGFR <60 or
≥60 mL/min per 1.73 m2), BMI (<25 or ≥25), and alcohol intake
(drinkers or nondrinkers) at the first visit after menopause. For
the SU trend, subgroup results based on model 1 were pre-
sented. For HU, we examined both additive and multiplicative
effect modification by these subgroups on the association
between menopausal stage and HU, adjusting for the same
covariates as in the primary HU analysis. Specifically, for additive
effect modification, we estimated relative excess risk due to

Table 1. Characteristics of participants at the first visits during
follow-up and after menopause*

First visit
during

follow-up
(n = 8,169)

First visit
after

menopause
(n = 8,169)

Age, y 45.0 (41.0–49.0) 52.0 (51.0–54.0)
Body mass index 20.5 (19.0–22.4) 20.8 (19.2–23.0)
Body mass index

category, n (%)
<18.5 (underweight) 1,371 (16.8) 1,338 (16.4)
18.5–25 (normal weight) 6,040 (73.9) 5,810 (71.1)
25–30 (overweight) 631 (7.7) 829 (10.1)
≥30 (obese) 127 (1.6) 192 (2.4)

Time from menopause, y −5.9 (−10.4 to −2.5) 0.5 (0.5 to 0.8)
Menopausal category, n (%)
Premenopause 4,632 (56.7) 0 (0)
Perimenopause 3,537 (43.3) 0 (0)
Postmenopause 0 (0) 8,169 (100)

Serum urate, mg/dL 4.2 (3.7–4.8) 4.8 (4.2–5.4)
Hyperuricemia
(≥6.8 mg/dL), n (%)

81 (1.0) 328 (4.0)

eGFR, mL/min per 1.73 m2 83.1 (74.0–93.3) 73.1 (65.7–81.7)
Smoking status, n (%)
Never 6,663 (81.6) 6,770 (82.9)
Previous 874 (10.7) 969 (11.9)
Current 632 (7.7) 430 (5.3)

Regular alcohol drinker 4,263 (52.2) 4,113 (50.3)
Alcohol intake

among drinkers,
drink per day

1.0 (0.4–2.0) 1.0 (0.4–2.1)

Diagnosis of gout and/or
hyperuricemia, n (%)

4 (0.0) 9 (0.1)

Medication use for
conditions, n (%)

Hyperuricemia/gout 3 (0.0) 9 (0.1)
Hypertension 165 (2.0) 572 (7.0)
Diabetes 22 (0.3) 89 (1.1)
Dyslipidemia 68 (0.8) 404 (4.9)
Cerebrovascular disease 10 (0.1) 24 (0.3)
Ischemic heart disease 5 (0.1) 17 (0.2)
Kidney disease 4 (0.0) 7 (0.1)
Tuberculosis

or NTM infection
0 (0.0) 6 (0.1)

* eGFR, estimated glomerular filtration rate; NTM, nontuberculous
mycobacteria.
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interaction (RERI) by creating the joint categories of menopausal
stage and each subgroup, and then estimating prevalence ratios
for HU using modified Poisson regression. For the multiplicative
effect modification, the model additionally included a product
term of menopausal stages and each subgroup variable.

We performed complete case analyses because only 16 par-
ticipants (<1.0%) had missing values. Point estimates and 95%CI
were reported without P values, considering the observational
nature of this study. We conducted all statistical analyses with
Stata (Version 18.0, Stata Corp LLC).

Availability of data and material. Data are not publicly
available due to our institution’s regulations. The scripts for Stata

software (version 18.0, StataCorp, College Station) in this study
are available upon reasonable request to the corresponding
author (SF).

RESULTS

Participant characteristics at first visit and
menopause visit. We identified 8,169 eligible participants with
93,511 visits for the analyses (Supplemental Figure 1). The partic-
ipants had a median of 12 visits (IQR 6–16), with a median follow-
up of 13.8 years (IQR 8.3–17.9). The median number of visits per
participant was one (IQR 0–4) in premenopause, four (IQR 2–5) in
perimenopause, and four (IQR 2–8) in postmenopause. The first

Figure 1. Longitudinal trends in serum urate and hyperuricemia. Mean serum urate levels (A) and the proportion of hyperuricemia (B) with a 95%
CI were described. The date of menopause was defined as the median date between the two consecutive visits immediately before and after the
self-reported menopause occurrence. The time from menopause was calculated for each visit. Participant data were then summarized by years
from menopause. CI, confidence interval; eGFR, estimated glomerular filtration rate. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43406/abstract.
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visits occurred 5.9 years (IQR 2.5–10.4) before menopause. The
participants’ median age at the first visit was 45.0 years, and
median BMI was 20.5. At the first visit, 4,632 (56.7%) were pre-
menopausal and 3,537 (43.3%) were perimenopausal. The
median SU level was 4.2mg/dL (IQR 3.7–4.8), and 81 participants
(1.0%) had HU (Table 1). At the first visit after menopause
(+0.5 years [IQR 0.5–0.8] from menopause), the median age
was 52 years, with a median BMI of 20.8. The median SU level
increased to 4.8 mg/dL (IQR 4.2–5.4), and the proportion of those
with HU increased to 328 participants (4.0%) (Table 1). Partici-
pants characteristics at the first visit within each menopausal
stage were described in Supplemental Table 1. Characteristics
of the subpopulation with dietary questionnaire results were simi-
lar to the primary study population (Supplemental Result and
Supplemental Table 2).

Trends in SU levels and HU across menopause.Mean
SU levels gradually increased during the premenopausal stage,
followed by a rapid rise during perimenopause. Thereafter, the
mean SU level remained stable throughout the postmenopausal
stage, although eGFR steadily decreased over time (Figure 1A;
Supplemental Table 3). The proportion of HU was between
0.5% to 1.0% during premenopause and began to increase
approximately two to three years before menopause. In the
postmenopausal stage, 4% to 5% of total female participants
had HU (Figure 1B; Supplemental Table 3). This trend was spe-
cific to women compared to matched male controls.
(Supplemental Figure 2).

Results of interrupted time-series analyses for SU
level and HU. Compared to premenopause, model 1 (crude
model) showed the mean SU level was higher by 0.286 mg/dL
(95% CI: 0.261–0.310) in perimenopause and 0.410 mg/dL (95%
CI: 0.387–0.433) in postmenopause. In terms of slopes (annual
SU change), SU increased by 0.033 mg/dL per year (95% CI:
0.030–0.035) during premenopause. The slope then changed to
0.095 mg/dL (change from premenopause: +0.062 mg/dL; 95%
CI: 0.057–0.067) during perimenopause, and 0.016 mg/dL
(change from premenopause: –0.017 mg/dL; 95% CI: –0.021 to
–0.014) in postmenopause. Model 2 (adjusted model) showed
similar results. Models 2 and 3 showed that the slope of SU in
the postmenopausal stage was close to 0, based on β coeffi-
cients for time and its product term with menopause stages
(Table 2). These model-based estimates are visualized in Figure 2.

As shown in model 3 results, the association between SU and
eGFR or SU and BMI became larger during perimenopause and
postmenopause compared with premenopause (Table 2). For
instance, a one-unit increase in BMI was associated with an
increase of 0.076 mg/dL (95%CI: 0.072–0.080) in SU levels during
the premenopausal stage; the association became 0.089 mg/dL
(95% CI: 0.085–0.092) in the postmenopausal stage (Table 2).

The first sensitivity analysis included 2,878 participants with
45,430 visits who had at least two visits for each of the menopause
stages. The results in this population did not differ from the primary
analysis. Another sensitivity analysis using the lifestyle questionnaire
results was broadly similar to the results of the main analyses. The
results were similar after we excluded patients who were receiving
medications for the aforementioned conditions. (Supplemental

Table 2. Result of interrupted time-series analyses for serum urate levels*

Model 1, β coefficient
(95%CI)

Model 2, β coefficient
(95%CI)

Model 3, β coefficient
(95%CI)

Mean SU level difference by the menopausal stages
Premenopause 0 (Reference) 0 (Reference) 0 (Reference)
Perimenopause 0.286 (0.261–0.310) 0.261 (0.238–0.285) 0.334 (0.242–0.426)
Postmenopause 0.410 (0.387–0.433) 0.387 (0.365–0.409) 0.369 (0.267–0.471)

SU slope in premenopausal stage (annual SU change) 0.033 (0.030–0.035) 0.020 (0.017–0.023) 0.022 (0.019–0.025)
Additional slope change
Premenopause 0 (Reference) 0 (Reference) 0 (Reference)
Perimenopause 0.062 (0.057–0.067) 0.055 (0.051–0.060) 0.053 (0.049–0.058)
Postmenopause −0.017 (−0.021 to −0.014) −0.019 (−0.022 to −0.015) −0.022 (−0.025 to −0.019)

eGFR, per mL/min per 1.73 m2 −0.013 (−0.014 to −0.013) −0.011 (−0.012 to −0.011)
Product term of eGFR and menopause stages
Premenopause 0 (Reference)
Perimenopause −0.002 (−0.003 to −0.002)
Postmenopause −0.003 (−0.004 to −0.003)

BMI 0.084 (0.081–0.087) 0.076 (0.072–0.080)
Product term of BMI and menopause stages
Premenopause 0 (Reference)
Perimenopause 0.005 (0.001–0.008)
Postmenopause 0.013 (0.009–0.017)

* Model 1 included time frommenopause +menopause stage + time frommenopause*menopause stage. Model 2 includedmodel 1 variables
+ age at menopause + BMI + eGFR + smoking status + alcohol intake + medication use for hypertension, diabetes, and dyslipidemia. Model 3
includedmodel 2 variables + eGFR*menopause stage + BMI*menopause stage. CI, confidence interval; BMI, bodymass index; eGFR, estimated
glomerular filtration rate; SU, serum urate.
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Figure 2. Longitudinal trends in SU by subgroups. Mean SU levels (A, C, E, G) and the proportions of hyperuricemia (B, D, F, H) with a 95% CI
were described by stratified subgroups of menopausal age (A, B), eGFR (C, D), BMI (E, F), and alcohol intake (G, H). The date of menopause was
defined as the median date between the two consecutive visits immediately before and after the self-reported menopause occurrence. The time
from menopause was calculated for each visit. Participant data were then summarized by years from menopause. The information at the first visit
after menopause was used for stratification. CI, confidence interval; BMI, body mass index; eGFR, estimated glomerular filtration rate; SU, serum
urate.
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Table 4). The results of the analysis that replaced time from meno-
pause with age are presented in Supplemental Figure 3.

Compared to premenopause, both perimenopause and
postmenopause stages were positively associated with
HU. With premenopause as a reference, the relative risk of post-
menopause for HU was 4.27 (95% CI: 3.33–5.47) in the univari-
able model and 2.32 (95% CI: 1.79–3.00) in the multivariable
model (Supplemental Table 5).

Trends in SU levels and HU by subgroups. Longitudinal
trends in eGFR, BMI, and alcohol intake across subgroups are
presented in Supplemental Table 6. The trends in SU and HU
did not substantially differ between the subgroups stratified by
median menopausal age or alcohol intake at the first visit after
menopause. However, participants with a lower eGFR (<60
mL/min per 1.73 m2) and those who were overweight or had obe-
sity (BMI ≥25) at menopause had more frequent HU during the
postmenopausal stage (Figure 3; Supplemental Table 7). HU
was observed in 3% of participants with a BMI <25 at the first visit
after menopause; in contrast, 18% of female participants with a
BMI ≥25 had HU (Figure 3). With an increase in BMI quartile, SU
levels and HU prevalence also increased (Supplemental
Figure 4). Positive RERI values indicated that the association of
postmenopause (vs premenopause) with HU was stronger in

women with kidney dysfunction and in those who were over-
weight or obese (Table 3).

DISCUSSION

This longitudinal study examined temporal trends in SU levels
and HU prevalence across the midlife of women. The same women
of varying ages were observed from the pre- or perimenopausal
stage to the postmenopausal stage. We identified unique patterns
in SU and HU specific to women in relation to the menopausal tran-
sition. SU levels gradually increased during premenopause, had a
sharp rise during perimenopause, and became stable in the post-
menopausal stage. Compared to premenopause, the mean SU
level was 0.41 mg/dL higher in postmenopause. HU prevalence
increased from <1% during premenopause to 4% to 5% during
postmenopause. Overweight or obese women and those with kid-
ney dysfunction had much higher SU levels over the menopausal
transition. HU was much more commonly observed in these partic-
ipants in the postmenopausal stage.

The present study found SU levels increase over the meno-
pausal transition with a rapid rise in perimenopause. Other factors
associated with SU levels, such as BMI, kidney function, and life-
style factors, may also change during a women’s midlife. How-
ever, the association between menopausal stages and SU levels

Figure 3. Predicted serum urate level by the different models. Mean serum urate levels and 95% confidence intervals were estimated using
mixed-effect models (model 1–3). The date of menopause was defined as the median date between the two consecutive visits immediately before
and after the self-reported menopause occurrence. The time from menopause was calculated for each visit. Model 1 included continuous time
(years from menopause), categorical menopause stages, and their product term. Model 2 included additional covariates, such as age at meno-
pause, BMI, eGFR, smoking status, alcohol intake, and medication use for hypertension, diabetes, and dyslipidemia. Model 3 additionally adjusted
for product terms of menopause stages with BMI and with eGFR. In this analysis, we assumed a hypothetical patient who was a nonsmoker and
received no medications. For continuous covariates (menopausal age, body mass index, alcohol intake, and estimated glomerular filtration rate),
we set each value to the population mean. BMI, body mass index; eGFR, estimated glomerular filtration rate. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43406/abstract.
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was maintained after adjusting for these factors, suggesting a
direct influence of menopause on SU levels. Based on the
observed temporal trends, SU is expected to be influenced by
changes occurring years before menopause. The effects of estro-
gen and progesterone on renal urate elimination may partially
explain the SU rise before menopause. In a murine model, estro-
gen suppresses the protein expression of Urat1, Glut9, and
Abcg2; as well, progesterone suppresses levels of Smct1; these
are all renal urate transporters.34 Approximately 70% of uric acid
is excreted through the kidneys, with 30% excreted through the
gastrointestinal tract.35,36 Estrogen levels fluctuate during the first
half of perimenopause and begin to decline one to two years
before menopause, with the decline being substantial in post-
menopause.37,38 A study in 259 premenopausal women
observed endogenous estrogen and progesterone having an
inverse association with SU, whereas follicle-stimulating hormone
(FSH) was positively associated with SU levels.39 In the Study of
Women’s Health Across the Nation, FSH started to increase
6.1 years before the menopause,40 and the 2011 Stages of
Reproductive Aging Workshop (STRAW + 10) noted that FSH
gradually increased two to three years before the menopause.41

In addition to estrogen and progesterone, biologic studies on
FSH effects on SU during premenopause or early perimenopause
may potentially help provide the mechanism behind the present
study’s observation that SU begins to rise approximately five
years before the menopause.

In contrast to previous cross-sectional studies,14,15,21 the
current study followed the same participants longitudinally and
therefore is able to detect the timing of HU onset more precisely.
In this study, the prevalence of HU started to increase in the two

to three years before menopause and was elevated by the time
of menopause. This result is consistent with a Korean study that
showed the highest prevalence of HU during the late menopausal
transition.15 The current study findings suggest that the risk of
gout may already be elevated by the time of menopause. Indeed,
previous research reported that the incidence rate of gout in
women in their 50s is already more than twice as high as in those
under 45 years of age.10 Gout risk may further increase in women
in their 70s.3,10 However, this increase could be influenced by
other factors such as medications that affect SU levels as well as
increased comorbidities, including kidney dysfunction.

The current study examined the coexisting conditions asso-
ciated with SU levels over the menopausal transition. Although
age at menopause and alcohol intake did not yield clinically rele-
vant differences, we found that BMI and eGFR play an important
role in the relationship between menopause and SU. Of note,
the associations of SU or HU with BMI and eGFR become greater
in postmenopause compared to premenopause. It is biologically
plausible that menopause interacts with other factors impacting
SU. Menopause, obesity, and kidney dysfunction are all associ-
ated with decreased renal urate elimination.42–44 Subgroup analy-
ses revealed that SU levels and HU prevalence in postmenopause
were markedly higher in overweight or obese women and those
with a lower eGFR. These findings suggest that maintaining a
healthy body weight and preserving kidney function before meno-
pause may help reduce postmenopausal HU, potentially lowering
the subsequent risk of gout.

The present study has limitations. First, the quasi-
experimental nature of this study may limit the ability to establish
a causal relationship between menopause and SU increases.

Table 3. Hyperuricemia by menopausal stage across subgroups: prevalence ratios and effect modification*

Prevalence ratio
for hyperuricemia (95% CI)

Additive effect modification (RERI),
β coefficient (95% CI)

Multiplicative effect
modification,

β coefficient (95% CI)

Subgroup 1: age at menopause, y ≤51.5 >51.5
Premenopause 1 (Reference) 0.67 (0.41, 1.08) 0 (Reference) 0 (Reference)
Perimenopause 1.19 (0.88–1.62) 1.35 (0.92–1.98) 0.49 (0.18–0.79) 0.52 (0.11–0.94)
Postmenopause 1.94 (1.35–2.79) 1.74 (1.19–2.56) 0.13 (−0.33 to 0.59) 0.29 (−0.20 to 0.78)

Subgroup 2: eGFR at menopause,
mL/min per 1.73m2

≥60 <60

Premenopause 1 (Reference) 2.60 (1.57–4.29) 0 (Reference) 0 (Reference)
Perimenopause 2.06 (1.59–2.67) 4.76 (3.20–7.09) 1.10 (−0.13 to 2.34) −0.12 (−0.56 to 0.33)
Postmenopause 4.06 (3.00–5.48) 8.83 (6.10–12.79) 3.18 (0.92–5.45) −0.18 (−0.71 to 0.36)

Subgroup 3: BMI at menopause <25 ≥25
Premenopause 1 (Reference) 5.73 (3.53–9.32) 0 (Reference) 0 (Reference)
Perimenopause 1.92 (1.47–2.51) 9.46 (6.50–13.77) 2.80 (0.57–5.03) −0.15 (−0.57 to 0.27)
Postmenopause 3.02 (2.20–4.16) 11.54 (7.96–16.73) 3.78 (0.74–6.82) −0.41 (−0.90 to 0.09)

Subgroup 4: Alcohol intake
at menopause

Nonregular drinkers Regular drinkers

Premenopause 1 (Reference) 1.75 (1.08–2.85) 0 (Reference) 0 (Reference)
Perimenopause 1.77 (1.27–2.46) 2.76 (1.84–4.14) 0.24 (−0.35 to 0.83) −0.11 (−0.54 to 0.31)
Postmenopause 2.58 (1.75–3.81) 3.77 (2.53–5.63) 0.44 (−0.32 to 1.20) −0.18 (−0.67 to 0.31)

* Modified Poisson regression with patient-clustered robust variance were used for the analysis. Adjusted for age at menopause, BMI, eGFR,
smoking status, alcohol intake, and medication use for hypertension, diabetes, and dyslipidemia; the covariate used for making subgroup
was removed from each analysis. CI, confidence interval; BMI, bodymass index; eGFR, estimated glomerular filtration rate; RERI, relative excess
risk due to interaction.
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However, results were consistent after adjusting for relevant con-
founders and across multiple sensitivity analyses. Biologic mech-
anisms also support the observed association between
menopause and SU levels. Second, hormone levels were not
measured in the annual medical examinations. Menopausal
stages were determined based on self-reported menopause and
observed SU trend in this study, although staging based on the
2011 STRAW +10 is recommended for reproductive aging.41

Nevertheless, the STRAW+10 criteria also define menopause pri-
marily based on the absence of menstruation, with hormonal
measurements serving only as supporting information. Prior stud-
ies have demonstrated high reproducibility of self-reported meno-
pausal status.45 Moreover, the median age at menopause in this
study was similar to that from the Study of Women’s Health
Across the Nation, in which the median age at menopause was
52.5.46 Third, the SLHCD did not contain detailed information on
medications. However, our results remained consistent after
excluding participants who received medications for relevant
comorbidities. We were unable to conduct certain subgroup anal-
yses, such as among users of hormone replacement therapy or
urate-lowering therapy, because individuals using hormone ther-
apy were excluded from the study, and the number of participants
receiving treatment for gout or HU was limited. Finally, the inclu-
sion of only Japanese women who participated in annual medical
examinations presents a cohort that may not translate globally,
including differences in socioeconomic status and education
levels. In this study, only a limited proportion of participants
(approximately 10%) had comorbidities treated with medications
at the time of menopause. In comparison, more than 30% of
women in the United States use cardiovascular medications,
such as antihypertensives and lipid-lowering therapies, during
menopause.47 Based on the results of subgroup analyses, the
impact of menopause on SU might be more pronounced in
the United States and in other countries where obesity is more
frequent.

In conclusion, this longitudinal study found that the rise in SU
levels and the prevalence of HU begins several years before men-
opause, with the largest increase occurring during perimeno-
pause. These changes are more pronounced in overweight or
obese women and those with a lower eGFR. Maintaining a healthy
body weight and preserving kidney function in the early stages
before menopause may help prevent postmenopausal HU and
potentially reduce the risk of developing gout. Further longitudinal
and biologic studies will help elucidate how changing biologic fac-
tors during the midlife of women impact SU.
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Diagnostic Implications and Correlates of Plasma Adenosine
Deaminase 2 Activity and ADA2 Variants
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Objective. Deficiency of adenosine deaminase 2 (DADA2) is a monogenic autoinflammatory disease manifested as
polyarteritis nodosa, stroke, and bone marrow failure. Leveraging an international cohort of 200 DADA2 cases, we
aimed to characterize the diagnostic utility of a plasma ADA2 enzyme activity assay and understand the implications
of residual ADA2 activity.

Methods. Data were collected from individuals who underwent ADA2 testing from 2018 to 2025. Plasma ADA2
activity was determined using an established spectrophotometric assay. ADA2 variants were analyzed in transfected
cells by enzyme assay and western blotting.

Results. We determined that plasma ADA2 activity is 99.0% and 96.0% sensitive and 99.7% and 98.8% spe-
cific in distinguishing genetically confirmed DADA2 cases from controls and carriers, respectively. Eighteen indi-
viduals with DADA2 (9%) possessed detectable ADA2 activity, including several cases with levels seen in
carriers. Residual ADA2 activity was associated with the vasculitis/inflammatory phenotype but not with disease
severity. Genotype analysis revealed that 14 of 18 cases with residual plasma activity possessed at least one
hypomorphic missense variant with greater than 20% residual ADA2 function when overexpressed in 293T cells,
often occurring in trans with a more deleterious variant. In vitro analysis revealed that missense ADA2 variants
exert variable dominant-negative effects by forming large intracellular protein aggregates via disulfide bond forma-
tion at a cysteine residue (Cys408).

Conclusion. We confirmed the utility of plasma ADA2 activity as a diagnostic assay and showed that the inflamma-
tory phenotype of DADA2 occurred in cases with residual activity. In vitro findings illustrate potential interactions of
ADA2 variants to synergistically disrupt protein function.
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INTRODUCTION

Deficiency of adenosine deaminase 2 (DADA2), due to bialle-
lic pathogenic variants in ADA2, is a monogenic disease with
pleiotropic phenotypes including systemic vasculitis and bone
marrow failure.1–3 Since the discovery of DADA2 in 2014, over
600 cases have been described in the literature, and the carrier
frequency of pathogenic ADA2 variants is estimated to be around
1 of 236 individuals, which ranks DADA2 among the more com-
mon monogenic autoinflammatory syndromes.4–6 However, an
understanding of the physiologic function of ADA2 remains
incomplete, and how impaired production of ADA2 incites heter-
ogenous pathology has not been fully elucidated.

ADA2 catalyzes the conversion of free adenosine and
2’deoxyadenosine to inosine and 2’deoxyinosine, respectively.7

Accurate measurement of ADA2 enzymatic activity requires both
the use of saturating concentration of substrate and concomitant
selective inhibition of ADA1, which has log-fold higher substrate
affinity.8,9 ADA2 may also act as a lysosomal protein that deami-
nates deoxyadenosine in DNA.10

Although a deaminase function of ADA2 remains to be con-
firmed in vivo, plasma ADA2 activity is accepted as a diagnostic
assay for DADA2.5,11–13 Different ADA2 enzymatic assays have
been described, and near-absent activity is generally considered
confirmatory for DADA2.14 The utility of plasma ADA2 activity in
distinguishing DADA2 cases from carriers and controls has been
demonstrated in a number of publications, but this selectivity
has not been systematically established because of the relatively
small sample size of cohort studies and differences in methodol-
ogy among laboratories.

In this study, we establish the utility of plasma ADA2 activity
for diagnosis with an international cohort of 200 DADA2 cases.

We describe a subgroup of DADA2 patients with measurable
plasma ADA2 activity, including cases with activity in the range
for carriers. We explore the relationships among residual plasma
ADA2 activity, disease phenotype, disease severity, and causal
ADA2 variants. We further examine synergistic effects of ADA2
variants in disrupting ADA2 protein expression.

MATERIALS AND METHODS

Study design and participants. We conducted a retro-
spective analysis of ADA2 plasma activity measured from individuals
with DADA2, carriers, and healthy controls between January 2018
and May 2025. This study was approved by the Boston Children’s
Hospital Institutional Review Board (IRB-A00045581). The geo-
graphic distribution of DADA2 cases is shown in Figure 1A.

ADA2 enzymatic activity assay. ADA2 activity was
determined in human plasma and culture media using an estab-
lished spectrophotometric assay (see Supplemental Methods for
details).5,6,15,16 Plasma samples were assayed in duplicate.
For evaluation of ADA2 variants, enzyme activity in the superna-
tant of transfected 293T cells was measured 48 hours after trans-
fection. Each variant was assessed by at least three independent
experiments.

Analysis of ADA2 variants. Construction of expression
plasmids for wildtype and mutant ADA2 using pcDNA3.1-Myc/
His(−) vector was described previously.6,17 Plasmids were pre-
pared using Monarch Plasmid Miniprep Kit (NEB) and transfected
into HEK293T cells using Fugene 6 reagent (Promega). Western
blotting of ADA2 was performed as described.18 Additional
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details of these experiments are provided in the Supplemental
Methods. Predicted splice-site variants and large insertions/
deletions were not analyzed because of the unknown impact at
the complementary DNA level.

Statistics. Differences between groups were analyzed by
the unpaired Student’s t-test. All tests were two-sided, and
P value <0.05 was considered significant. Receiver operating
characteristics (ROC) curve was used to analyze the utility of
ADA2 testing. Area-under-curve (AUC) was calculated, and opti-
mized cut-off was determined using the Youden’s index. Prism
10.0 software (GraphPad Software) was used for statistical analy-
ses and graphical illustrations.

RESULTS

Characterization of ADA2 enzymatic activity as a
diagnostic test. From 2018 to 2025, we measured plasma
ADA2 activity in 200 individuals with DADA2 from different parts

of the world using a validated coupled enzymatic assay that mea-
sures adenosine-derived ammonia spectrophotometrically
(Figure 1A). This assay was cross-validated by re-analysis of a
subset of samples (n = 73) in a Clinical Laboratory Improvement
Amendment (CLIA)-certified laboratory using the same spectro-
photometric assay protocol as well as using an independent high
performance liquid chromatography-based ADA2 assay that
measures inosine production (Supplemental Figure 1A and B).

The average age of disease onset was 6.7 years. At least
110 of these cases, including the first cases in Peru and
Singapore, have not been described in previous cohort studies.
We also analyzed plasma ADA2 activity from 324 healthy controls
and 164 carriers that included parents of DADA2 cases as well as
siblings of DADA2 cases and unrelated individuals confirmed to
have a heterozygous deleterious ADA2 variant (Figure 1B).

Based on the recent International Consensus Statement, a
diagnosis of DADA2 can be established by near-absent plasma
ADA2 activity and/or genetic studies demonstrating biallelic dele-
terious ADA2 variants.14 Genetic confirmation was available from

Figure 1. Plasma ADA2 activity as a diagnostic test for DADA2. (A) Geographic distribution of DADA2 cases included in the current study. Image was
generated using BioRender. (B) Plasma ADA2 activity from DADA2 cases (n = 200), healthy controls (n = 324), and carriers with a heterozygous patho-
genic ADA2 variant (n = 164). *P < 1.0 × 10−10 by Student’s t-test. ROC curve depicting the utility of plasma ADA2 activity in discriminating carriers vs
DADA2 cases (C), controls vs DADA2 cases (D), and controls vs carriers (E). AUC, P value, and optimized cut-off as determined by Youden’s method
are displayed. AUC, area-under-the-curve; DADA2, deficiency of adenosine deaminase 2; ROC, receiver operating characteristics. Color figure can be
viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43412/abstract.
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169 cases (84.5%); undetectable ADA2 activity alone was con-
sidered diagnostic for the remaining cases, for which genetic test-
ing is pending or not available. Although undetectable ADA2
activity (below the lower limit of quantification of 1 U/L for our
spectrophotometric assay) was observed in greater than 90% of
individuals with DADA2, 18 cases among those with genetic con-
firmation (10.7%) exhibited detectable activity, including several
with levels found in the range for carriers (Figure 1B). The highest level
of activity detected in this subgroup was 5.3 U/L, near the median of
the carrier group (5.5 U/L). As described previously,5,19 higher levels
of plasma ADA2 were observed in pediatric controls compared with
adult controls (Supplemental Figure 2A). However, we did not find
age-associated differences in ADA2 levels among carriers or in indi-
viduals with DADA2 (Supplemental Figure 2B and C).

The ROC curve showed that plasma ADA2 activity is effec-
tive in discriminating DADA2 cases from healthy controls (AUC
0.999) and carriers (AUC 0.991) (Figure 1C and D). Using the
detection limit (1.0 U/L) as cut-off, this test delineated DADA2
cases from healthy controls and carriers with 88.5% sensitivity
and 100% specificity. Using an optimized cut-off of 2 U/L, plasma
ADA2 activity was able to distinguish DADA2 cases from carriers
with 96.0% sensitivity and 98.8% specificity (Figure 1C). Six
DADA2 cases possessed plasma ADA2 activity above 2 U/L,
whereas three carriers displayed activity below this level. These
data indicate that DADA2 cases can possess residual ADA2
activity, and genetic studies are necessary to distinguish individ-
uals with detectable ADA2 activity from carriers. ADA2 activity
was also less effective in separating carriers from controls (AUC
0.952; 91.2% sensitivity and 86.4% specificity based on an opti-
mized cut-off of 7.9 U/L) (Figure 1E).

DADA2 cases with residual ADA2 activity. The pre-
dominant disease phenotypes of DADA2 include vasculitis/
inflammation and severe hematologic involvement (pure red cell
aplasia and bone marrow failure) and immunodeficiency.14 Infor-
mation on disease phenotypewas available from 192 participants:
145 cases (75.5%) exhibited vasculitis/inflammation as the pre-
dominant phenotype, 16 cases (8.4%) had predominantly hema-
tologic impairment, and 19 cases (10.0%) displayed overlapping
disease phenotype. Presymptomatic siblings (n = 13; 6.8%) were
found by family screening of confirmed cases. Residual plasma
ADA2 activity was associated with the vasculitis/inflammation
phenotype of DADA2 (Figure 2A). Patients with other disease
phenotypes did not exhibit ADA2 activity above the detection
threshold. All presymptomatic cases in this cohort also exhibited
undetectable activity (Figure 2A), suggesting that disease activity
is not explained by the level of plasma ADA2 activity.

The subset of DADA2 cases with residual ADA2 plasma
activity included both pediatric and adult cases (Table 1). Clinical
features of this subgroup were classic manifestations of DADA2,
including peripheral vasculitis, ischemic stroke, abdominal aneu-
rysms, and intestinal hemorrhage (Figure 2B–D and Table 1).

The presence of residual activity was not an indicator of milder
disease, as highlighted by a three-year-old patient with carrier
level activity (3.4 U/L) who exhibited diffuse abdominal aneurysms
and died of bowel ischemia and hemorrhage (Figure 2D).

Correlations between genetic variants and residual
ADA2 activity. Analysis of DADA2 cases with genetic confirma-
tion (n = 173) in the current study revealed 87 unique ADA2 vari-
ants (Figure 2E and Supplemental Table 1). Two missense
variants, p.G47R and p.R169Q, were the most common
disease-associated variants in the cohort (Figure 2F). These rep-
resent the identified founder mutations in South Asian and North-
ern European populations.12,20,21 Most of these pathogenic
variants were functionally confirmed by our previous studies.6,17

Impaired production of ADA2 by 12 novel missense variants and
loss-of-function variants in the current study was confirmed by
expression in 293T cells (Figure 2G). Integration of functional data
from all missense and null variants revealed an enrichment of var-
iants with greater residual activity in DADA2 cases with detectable
plasma ADA2 activity (Figure 2H and I and Supplemental Table 1).
Moreover, 14 of 18 cases with detectable ADA2 activity pos-
sessed a hypomorphic variant with greater than 20% residual
activity, which was typically in trans with a more detrimental vari-
ant (Figure 2J). These data suggest that residual plasma ADA2
activity is associated with the vasculitis/inflammatory phenotype
and the presence of hypomorphic ADA2 variants.

Interactions of ADA2 variants in vitro. Because ADA2
is produced as a dimer,7 we investigated whether interactions
between ADA2 mutants may explain the pathogenicity of hypo-
morphic variants. For cases with residual ADA2 activity and com-
pound heterozygous missense variants, we expressed the
variants individually and in tandem, then measured ADA2 activity
in the supernatant. We found that co-transfection of pathogenic
variants with at least 80% loss of function (ie, p.P251L and
p.V458D; highlighted in red) further reduced the residual function
of the hypomorphic variants (ie, p.P344S and p.G25C;
highlighted in blue), suggesting a potential synergistic effect of
select ADA2 variants (Figure 3A and B and Supplemental
Figure 3A).

Next, we co-transfected each variant with wildtype ADA2 to
assess a potential dominant-negative effect of individual variants.
To increase generalizability, we also analyzed the p.R169Q and
p.Y453C variants (most common missense variants after
p.G47R).1,17 We found that co-expression of these and other
ADA2 mutants with significant loss of function (≥80%; highlighted
in red) partially disrupted the production of wildtype ADA2, as
measured by a reduction in secreted ADA2 activity in a dose-
dependent manner (Figure 3C and Supplemental Figure 3B).

Most missense ADA2 variants cause protein misfolding and
retention in the endoplasmic reticulum.18 Western blotting under
nonreducing conditions revealed that most ADA2 mutants
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formed large protein aggregates (Figure 3D). Mutant protein
aggregation required disulfide bonding and was eliminated with
the addition of 2-mercaptoethanol (Figure 3D). The propensity to
form aggregates correlated inversely with the residual enzymatic
activity of these ADA2mutants (Figure 3E). Co-expression studies
further showed that mutant ADA2 (Myc-tagged) aggregated with
wildtype ADA2 (HA-tagged), providing a mechanistic explanation
for the dominant-negative impact observed earlier (Figure 4A).

To further investigate how disulfide bonding results in
aggregate formation, we tested the requirement of the four highly
conserved cysteine residues present on ADA2 (Supplemental

Figure 4A). Three cysteine residues (at amino acid positions
134, 137, and 159) are located within the putative receptor bind-
ing domain, whereas Cys408 is found adjacent to the zinc coordi-
nate site (Supplemental Figure 4B and C). Structural analysis of
ADA2 suggests the existence of a disulfide bond between
Cys137 and Cys159.22 Experimentally, all four residues were
required for the enzymatic function of ADA2 (Supplemental
Figure 4D). Replacement of Cys134, Cys137, or Cys159 with ser-
ine led to significant protein aggregation, whereas substitution of
Cys408 resulted in minimal aggregation (Supplemental
Figure 4E). Unlike most pathogenic missense variants associated

Figure 2. Residual plasma ADA2 activity in patients with DADA2. (A) Plasma ADA2 levels in individuals with DADA2 arranged according to dis-
ease phenotype. Vasculitis/ inflammation, n = 144; hematologic phenotype, n = 16; mixed phenotype, n = 19; presymptomatic cases, n =
3. (B) Images of cutaneous vasculitis and livedo racemosa in a three-year-old boy with DADA2. (C) Vertebral artery vasculitis (arrow) in a
49-year-old woman with DADA2 (MRI). (D) Multiple arterial aneurysms in a three-year-old boy with DADA2 who later died because of intestinal
hemorrhage and shock (CT). (E) Classification of disease-associated ADA2 variants. The number of unique variants among each group is provided
in parentheses. (F) Allelic count of the most common pathogenic ADA2 variants in the current cohort. (G) ADA2 activity of novel ADA2 variants was
determined in the supernatant of transfected 293T cells. (H) ADA2 activity of all missense and loss-of-function ADA2 variants in the current cohort
and (I) comparison of variants from cases with or without residual plasma ADA2 activity. (J) ADA2 activity of paired disease-associated variants
from DADA2 cases with residual plasma ADA2 activity. For each variant, the enzymatic activity in the supernatant relative to wildtype ADA2 is pro-
vided. Data displayed in (G)–(J) represent the average from three independent experiments. CT, computed tomography; DADA2, deficiency of
adenosine deaminase 2; MRI, magnetic resonance imaging; WT, wild type.
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with DADA2, Cys408S did not exhibit significant aggregation or
dominant-negative effects (Figure 3C–E).

Cys408 is not implicated to form any intramolecular disulfide
bond, making it theoretically accessible for intermolecular interac-
tions. Therefore, we hypothesized that Cys408 is required for the
formation of mutant ADA2 aggregates. Indeed, the replacement
of Cys408 with serine in cis with the common ADA2mutants less-
ened the degree of aggregate formation and partially reversed the
dominant-negative effect of these variants on wildtype ADA2
(Figure 4B and C). Taken together, these studies illustrate that
mutant ADA2 protein can impose dominant-negative effects and
may explain how mutants with significant residual function can
act in synergy with more detrimental variants.

DISCUSSION

Quantification of ADA2 enzymatic activity is a rapid and cost-
effective method used to evaluate DADA2.6,11,12,14,23,24 The utility
of ADA2 activity as a diagnostic test has not been thoroughly eval-
uated because of differences among laboratories in ADA2 assay
conditions and limitations in patient sample size. In this study,
we employed a validated ADA2 assay that has been used

extensively for diagnostic purposes in a CLIA certified laboratory.
Leveraging the recruitment of 200 DADA2 cases through interna-
tional collaborations, we assessed the ability of plasma ADA2
activity determined with this assay to discriminate DADA2 cases
from carriers and carriers from controls. Although ADA2 activity
is highly sensitive and specific in distinguishing DADA2 from other
groups, a subset of DADA2 cases exhibited residual activity that
extends into the carrier range. These findings indicate that genetic
evaluation is necessary for suspected cases with low but detect-
able plasma ADA2 activity, especially for those with activity below
the mean value of the carrier group. Similarly, given the overlap in
ADA2 activity in carriers compared with both DADA2 cases and
healthy controls, carrier status should be determined genetically.

Our previous analysis of ADA2 variants in vitro projected that
the vasculitis/inflammatory phenotype of DADA2 is associated
with missense variants that possess greater residual function,
whereas the hematologic phenotype is linked to null variants and
missense variants with minimal residual activity.17 The association
of vasculitis/inflammatory phenotype with residual plasma ADA2
activity in the current study provides further support of the pro-
posed genotype-phenotype association, although generalizability
is limited by fewer patients with predominantly hematologic

Table 1. DADA2 cases with residual plasma ADA2 activity*

Case ID ADA2 variants ADA2 activity, U/L Age at onset, y Clinical features

R1 p.F355L c.1442+2T>C 5.3 8 Fever and recurrent oral ulcers
R2 p.L188V p.L188V 5 7 PAN, subarachnoid hemorrhage, mononeuritis

multiplex, GI hemorrhage
R3 p.P344S p.P251L 3.4 4 Livedo racemosa, seizures, encephalomyelitis,

cutaneous nodules, renal infraction, abdominal
aneurysms, intestinal perforation (deceased)

R4 p.F355L Exon 6 del 3.3 0.5 Fever, abdominal pain, diarrhea, elevated markers of
inflammation

R5 p.G47R p.L188V 2.9 7 Cutaneous PAN, recurrent leg ulcerations, livedo
racemosa

R6 p.G47R p.L188V 2.8 23 Cutaneous PAN, arthralgia, brain aneurysm, hearing
loss

R7a p.F355L p.C408S 2 20 Livedo racemosa, amaurosis fugax, leg ulcers
R8 p.F355L p.E328K 1.7 2 Livedo racemosa, recurrent fever, polyarthralgia,

erythema nodosum, abdominal arterial aneurysms,
renal infarction

R9a p.F355L p.C408S 1.6 12 Livedo racemosa, leg ulcers, digital ulcers, ischemic
strokes, vertebral artery vasculitis, labyrinthitis

R10a p.D336G p.F80Sfs*23 1.6 12 Cutaneous PAN, Raynaud phenomenon, oral ulcers,
liver nodules

R11 p.G47R p.G47R 1.6 12 Livedo reticularis, skin ulcers and necrosis, renal
infract, peripheral neuropathy

R12a p.D336G p.F80Sfs*23 1.5 11 Cutaneous PAN, Raynaud phenomenon, oral ulcers
R13 p.G47A Exon 7 del 1.4 3 Cutaneous PAN confirmed on biopsy
R14 p.G47R p.G47R 1.3 19 Recurrent stroke, hearing loss
R15 p.P344S p.L182P 1.2 13 Livedo reticularis, ischemic stroke, hypertension,

elevated markers of inflammation
R16 p.V458D p.G25C 1.2 15 PAN, recurrent ischemic stroke
R17 p.G47A p.M436T 1.2 3 Cutaneous PAN confirmed on biopsy, recurrent fever,

arthritis
R18 p.G47R p.P435A 1.2 14 Livedo racemosa, recurrent ischemic strokes

* DADA2, deficiency of adenosine deaminase 2; ID, identification; GI, gastrointestinal; PAN, polyarteritis nodosa.
a Sibling cases.
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phenotype. A similar trend was observed in a recent study from
the Dutch cohort.25

Residual plasma ADA2 activity aligns with the presence of
hypomorphic ADA2 variants. In most cases, the hypomorphic
allele is present in trans with a variant that profoundly disrupted
ADA2 function. We demonstrate here that some ADA2 variants
exert a dominant-negative impact when co-expressed in 293T
cells, which is an effect explained mechanistically by the genera-
tion of large mutant protein aggregates due to intermolecular
disulfide bond formation at a specific cysteine residue. Although
replacement of Cys408 can partially abrogate the dominant-
negative effect and aggregate formation, this strategy cannot

correct the function of mutant ADA2 proteins because the
Cys408 mutant is a pathogenic mutation associated with DADA2,
and all four cysteine residues are intrinsically required for ADA2
function.

A dominant-negative effect of ADA2 mutants on the wildtype
protein raises the question of whether carriers can also develop
the pathology of DADA2. This concept of symptomatic carrier
secondary to dominant-negative ADA2 variants was suggested
by a recent study.26 In our collective clinical experience, however,
carriers (including siblings, parents, and other relatives of DADA2
cases) are healthy and do not manifest clinical features associated
with DADA2. Several carriers with very low plasma ADA2 activity

Figure 3. Interactions between pathogenic ADA2 variants. (A) ADA2 activity in the supernatant of 293T cells transfected with wildtype and
mutant ADA2 plasmids. Dotted line indicates the projected level (calculated by adding the mean levels from each mutant ADA2 pair).
(B) Projected and actual ADA2 activity from co-transfection of paired ADA2 variants from patients with residual plasma ADA2 activity. (C) ADA2
activity in the supernatant of 293T cells co-transfected with WT ADA2 and the indicated ADA2 variant. Dotted line indicates ADA2 activity from
co-transfection of WT ADA2 plasmid with empty vector. A reduction of ADA2 activity levels suggests a dominant-negative effect of the pathogenic
variant on WT ADA2. Data in (A)–(C) are combined from three independent experiments. (D) Western blot of whole cell lysates from 293T cells
transfected with missense ADA2 variants. Blots with or without 2-mercaptoethanol are displayed. Results are representative of three independent
experiments. (E) Correlation between in vitro ADA2 activity and formation of large mutant protein aggregates in transfected cells. Aggregation index
represents the ratio of ADA2 aggregate to monomers as quantified by densitometry analysis using ImageJ software. In all panels, red and blue text
indicate variants with <20% or ≥20% residual activity, respectively. ADA2, adenosine deaminase 2; EV, empty vector; WT, wildtype.
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(<3 U/L) in the current study were healthy individuals. A more sys-
tematic comparison of health status, medical history, laboratory
findings, and immune parameters in carriers and matched con-
trols is needed to better understand the impact of heterozygous
ADA2 variants. The possibility of unbalanced allelic expression
and regulation by noncoding regions should also be considered
in future studies.27

Our work is limited by an incomplete understanding of the
physiologic function of ADA2. Although plasma ADA2 activity
serves as an excellent diagnostic biomarker, this activity level
does not correlate well with disease activity. Severe vasculitis
was noted in patients with residual activity, whereas undetectable
activity was found in presymptomatic individuals. These observa-
tions, along with the low affinity of ADA2 for adenosine and deox-
yadenosine and other considerations, argue against the
deaminase function of ADA2 in the peripheral blood as the main
determinant of disease.8 Recent studies suggest a role of ADA2
as a lysosomal enzyme that binds to DNA and deaminates deox-
yadenosine nucleotides, but the connection to the pathogenesis
of DADA2 has not been elucidated.10,28

Another limitation of the study cohort is predominance of
DADA2 cases with vasculitis/ inflammation compared with other
phenotypes, which is in part attributable to referral bias as well
as variable awareness of DADA2 among subspecialities. Data
from DADA2 cases were collected from one timepoint; the rela-
tionship between residual ADA2 levels and long-term outcome is
not clear. Moreover, our analysis of ADA2 variants and inference
of their interactions are based on an overexpression system in
cells that do not endogenously express ADA2. Further studies
using primary cells are needed to validate these observations.

In conclusion, our study provides a comprehensive evalua-
tion of plasma ADA2 activity as a diagnostic assay. We

demonstrate that DADA2 remains possible in cases with some
residual activity and illustrate a potential mechanism on how
ADA2 variants interact to synergistically disrupt protein function.
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Effect of Time to Start of Biologic Therapy on Treatment
Response in Childhood Arthritis: Results From the
UCAN CAN-DU Cohort

Jelleke B. de Jonge,1,2,3 Sytze de Roock,1,2 Dieneke Schonenberg-Meinema,4 J. Merlijn van den Berg,4

Deborah A. Marshall,5,6 Sebastiaan J. Vastert,1,2,3 Rae S. M. Yeung,7 Joost F. Swart,1,2

and Susanne M. Benseler,6,8,9 on behalf of the UCAN CAN-DU and UCAN CURE consortia

Objective. To estimate the effect of time from symptom onset to start of biologic treatment on achieving inactive
arthritis within six months in a cohort of patients with juvenile idiopathic arthritis (JIA).

Methods. The international UCAN CAN-DU study prospectively enrolled patients with JIA across Canada and the
Netherlands. A nested cohort study was performed and biologic-naive patients with nonsystemic JIA were included
at the start of biologic therapy. The primary outcome was inactive arthritis at six months. Demographics, disease-
related parameters, and treatment response were compared using (non)parametric tests among early (time symptom
onset to biologic start: 0–6 months), intermediate (7–12 months), and late (13–24 months) treatment groups. A logistic
regression model analyzed the effect of time to biologic start on the response at six months, adjusting for active joint
count and physician global assessment. A graphical representation of the model was created.

Results. One hundred and thirty children with JIA were included (early: n = 35; intermediate: n = 46; late: n = 49),
66%were female, and the median age at symptom onset was 11.0 years. The proportion of patients that reach inactive
arthritis in the early starters (83%) was significantly higher than in late starters (57%). For each month of delay to the
start of biologic treatment, the adjusted odds of having active arthritis after six months of therapy was 1.09 (interquartile
range: 1.02–1.17, P = 0.009).

Conclusion. Early start of biologic therapies in patients with JIA was associated with a higher proportion of patients
reaching inactive arthritis within six months, suggesting a window of opportunity to control disease activity.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is the most common chronic

rheumatic disease in children and a significant cause of short- and

long-term disability.1 For the majority of patients, JIA will persist

into adulthood, leading to a diminished quality of life.2 By defini-

tion, arthritis needs to persist for more than six weeks before the

diagnosis can be made.3 The diagnostic delay is usually much

longer with a median interval of 20 weeks from symptom onset

to first assessment by a pediatric rheumatology team.4 Another
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barrier to fast effective therapy are the current JIA treatment
guidelines that are anchored in a “step-up approach.”5

JIA therapy commonly follows the sequence of nonsteroidal
anti-inflammatory drugs, intra-articular steroid injections, conven-
tional synthetic disease-modifying antirheumatic drugs
(csDMARDs), and, as a final step, biologic therapies. Since their
introduction more than 25 years ago, the dogma prevailed that
biologic treatment is to be started only after the patient failed to
respond to csDMARD, an approach mainly driven by a difference
in drug costs. Methotrexate (MTX) is the most frequently used
csDMARD and controls arthritis and induces inactive disease in
only around 30% of patients with JIA at two years.6 More impor-
tantly, MTX is poorly tolerated. Up to 50% of patients receiving
MTX mention nausea and discomfort,7 amplifying the suffering of
children living with arthritis.

This mandatory step-up approach causes a long trial-
and-error period between the diagnosis of JIA and the start of
biologics, which is the most effective therapy for the majority
of patients with JIA. Exposure to biologic agents is relatively
uncommon in the first year of follow-up; however, a consistent
increase is found at both the three- and five-year time points in
both cumulative exposure and point prevalence use, such that
at five years, 42% of the cohort had been exposed to a biologic.8

Previous studies have focused on the start time of biologic ther-
apy by comparing a cohort of patients following different treat-
ment strategies, such as the step-up approach and immediate
biologic start.9–11 These studies showed that an early start of bio-
logic therapy after diagnosis can alter the disease trajectory com-
pared to patients with JIA starting on csDMARDs.9–11 From a
biologic perspective, the time between inflammation with subse-
quent symptom onset and the initiation of biologic therapy might
be more relevant than the time between diagnosis and biologic
therapy.

There are convincing data that there is a window of oppor-
tunity in the systemic form of JIA, in which an early start of a
biologic leads to successful discontinuation of therapy in the
majority of patients.12 The hypothesis that there is a limited
period since onset in which biologic therapy can be most suc-
cessful has been postulated for nonsystemic JIA as well.13 This
hypothesis is that the inflammation increases progressively in a
step-wise manner, reflecting the accumulation of joints that
have acquired durable changes, placing them at a higher risk
of subsequent flare or persistent active disease. Effective treat-
ment should arrest this step-wise escalation of risk, providing a
rolling window of opportunity to prevent further joint accumula-
tion. Proof for this hypothesis has not yet been delivered but is
only anecdotal.

Optimal timing of effective treatment is beneficial for clinical
outcomes, patients’ quality of life, and patient and societal bur-
den in the short- and long-term. Therefore, the hypothesis that
a longer time between symptom onset and initiation of biologic
therapy negatively affects the probability of reaching inactive

arthritis is formally tested here in an international, prospectively
observed cohort of patients with JIA. The aims of the study
were (1) to describe a cohort of patients with nonsystemic JIA
starting with biologic treatment, (2) to compare the proportion
of patients that reach inactive arthritis in early, intermediate,
and late biologic treatment groups, and (3) to analyze the
impact of time from symptom onset to start of biologic treat-
ment on early outcome.

METHODS

The international multicenter UCAN CAN-DU study prospec-
tively enrolled children with arthritis across Canada and the
Netherlands (see Appendix A for a list of UCAN CAN-DU and
UCAN CURE consortia members). All patients participating in
the UCAN CAN-DU study provided informed consent to partici-
pate in the study. Between April 2019 and November 2024, a
nested cohort study was performed within the UCAN CAN-DU
cohort, which included patients from eight centers in Canada
and six centers in the Netherlands. Patients with JIA were
included in this nested study if they (1) started biologic treatment
for arthritis (active joint count [AJC] > 0) within 24 months after
symptom onset, (2) were biologic-naive at the start of biologic
therapy, and (3) had a six-month follow-up visit after the start of
biologic treatment (six-month follow-up visits are defined as a
follow-up visit within four to eight months by the UCAN CAN-DU
study protocol). Patients with systemic JIA (sJIA) were excluded
from this study. Patients with a six-month follow-up visit were
compared to those not included in the study because their
follow-up visit was outside of the defined timeframe. Patients
were comparable regarding the disease status at the start of bio-
logic therapy (Supplementary Table 1). Physician- and patient/
family-derived data were prospectively captured in the desig-
nated UCAN eHealth platform. The study was approved by the
Institutional Research Ethical Board of the University Medical
Center Utrecht (no. 18-474) for the Netherlands and by the Con-
joint Health Research Ethics Board, University of Calgary for
Canada (REB17-1563).

Demographic, clinical data, and global measures.
Demographic characteristics included age at symptom onset,
biologic sex, and country of residence. International League of
Associations for Rheumatology JIA subtypes were reported by
the treating physicians as diagnostic criteria. In the analysis,
extended oligoarticular JIA and polyarticular JIA were collectively
referred to as polyarticular course JIA, whereas (persistent) oli-
goarticular JIA were referred to as oligoarticular course JIA. Clini-
cal variables included JIA-related articular and extra-articular
manifestations, including the number and distribution of affected
joints and enthesitis and overall AJC. Active joints were assessed
in 83 joints (carpometacarpal I joints [2×], distal interphalangeal
joints in the foot [8×], and sacroiliac joints [2×]) in addition to the
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clinical Juvenile Arthritis Disease Activity Score (cJADAS)
71 joints,14 and a joint was considered active if it was swollen or
had both signs of tenderness and limited range of motion. In case
of doubt (limitation and/or pain), imaging was performed on the
joints under supervision of the treating physician. All global mea-
sures were captured on digital visual analog scales ranging from
0 to 10 with 0.5-point increments, including Physician Global
Assessment (PhGA) of disease activity and Patient/Parent Global
Assessment (PPGA). cJADAS10 scores were calculated based
on the AJC, PhGA, and PPGA. Variables were collected, and
assessments were performed at all visits.

Biologic therapy and stratification. Treatment data
included the medication type, dose and route, and start and
stop date of all therapies, including biologic and conventional
JIA treatments. Time to biologic treatment was defined as
time from symptom onset to the start date of the first biologic
treatment. Based on this, patients were stratified into three
different treatment groups: (1) early treatment group, in which
the time from symptom onset to biologic therapy was 0 to
6 months, (2) intermediate treatment group (7–12 months),
and (3) late treatment group (13–24 months) (Supplementary
Figure 1).

Outcome. The outcome of biologic therapy was inactive
arthritis defined as no evidence of active joints (AJC = 0) at six
months after the start of biologic treatment. An AJC of zero was
chosen as an outcome measurement, as this frequently guides
decisions around effectiveness in real life. To account for extra-
articular manifestations, an AJC + PhGA score of <1 was used
as a secondary outcome measurement.

Analysis. Descriptive statistics summarize the patient char-
acteristics. Comparisons were made using parametric and non-
parametric tests as appropriate, including Pearson’s chi-square
test, Fisher’s exact test, and Kruskal–Wallis rank sum test. To test
whether patients were comparable when treatment was initiated
during their first hospital visit, comparisons were made using clin-
ical data from available diagnosis visits in which patients were still
treatment-naive. Moreover, to show that patients had a compara-
ble chance of starting a biologic early or later, the baseline charac-
teristics age at symptom onset, AJC, and PhGA were modeled to
predict the time to biologic treatment start, and the predicted and
observed time to biologic treatment start were compared. Next, a
logistic regression model was constructed to assess the effect of
time between symptom onset and biologic start on the primary
outcome, adjusted for other variables. Variables, measured at
the start of biologic therapy, with a statistically relevant (P < 0.05)
effect on the primary outcome were included in the model, as well
as variables with clinical relevance (prior use of csDMARD). A
potential interaction between AJC and PhGA was examined to
account for their possible relationship given that PhGA is partially

dependent on AJC but also on the presence of enthesitis, uve-
itis, and other patient characteristics. cJADAS10 was not
included in the model because this composite score simply adds
the information from the variables PhGA, PPGA, and AJC that
are part of the univariate analysis. In addition, differences across
centers were not accounted for in the models, as these partially
underlie differences in treatment. A continuous variable for time
between symptom onset and biologic start was used. To identify
the optimal model, a backward step-wise selection of variables
was performed based on Akaike’s information criterion and var-
iance inflation factors were calculated to check for collinearity in
the model. Models were compared using the likelihood ratio
test. All analyses were performed in R version 4.4.1 software15

using the package tidyverse (version 2.0.0)16 and lme4
(version 1.1.35.3).17

RESULTS

A total of 130 children was included, 86 were female patients
(66%), and the median age at symptom onset was 11.0 years
(interquartile range [IQR]: 3.8–13.4). Of these patients,
35 (26.9%) were in the early treatment group, 46 (35.4%) in the
intermediate treatment group, and 49 (37.7%) in the late treat-
ment group. Overall, 98 (75%) of the patients were treated in
Dutch centers, with a significantly higher proportion of the
patients treated in Dutch centers in the early treatment group
(94%) compared to the intermediate (72%) and late (65%) treat-
ment groups. A total of 83 children (64%) used csDMARDs before
the start of biologic therapy, with a significantly lower proportion of
patients using csDMARDs in the early treatment group (37%)
compared to the intermediate (78%) and late (69%) treatment
groups (Pearson’s chi-square test, P < 0.001). The use of
csDMARDs during biologic treatment was comparable between
treatment groups. The predominantly targeted biologic pathway
was tumor necrosis factor α (97%) across all treatment groups;
other targeted biologic pathways were interleukin-6 (2%, tocilizu-
mab) and JAK (1%, tofacitinib). Moreover, age at symptom onset,
percentage of female patients, AJC, global assessment of both
physicians and patients/parents, cJADAS10, and JIA subtype
were consistent across the groups (Table 1). Complete data were
available in all 130 patients for all variables, except for PPGA and
cJADAS10, for which 68% was complete.

Sensitivity analysis at diagnosis visit. A total of 91 of
the 130 patients had an available diagnosis visit on which a suba-
nalysis was performed to check whether the early, intermediate,
and late treatment groups were comparable during the visits in
which treatment was initiated. This analysis showed that at diag-
nosis visits, in which all patients were still treatment-naive for
csDMARDs and biologics, the variables AJC, PhGA, PPGA, and
JIA subtype were all comparable across the three treatment
groups (Table 2). In addition, only weak correlation was found
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between the predicted “months to biologic start” (based on a lin-
ear model including the variables age at symptom onset, AJC,
and PhGA at first hospital visit) and the observed “months to bio-
logic start,” indicating that the variables of treatment-naive
patients could not predict when a biologic was initiated
(Supplementary Figure 2).

Effect of time to biologic treatment on reaching
inactive arthritis at six months. The early treatment group
received biologic treatment at a median of 4 months (IQR: 2.8–
5.1), the intermediate group at 8.6 months (IQR: 7.3–9.5), and
the late treatment group at 16.8 months (IQR: 14.7–19.0)
(Table 1). The proportion of patients reaching inactive arthritis at
six months after start of biologic treatment was the highest in the
early treatment group (83%) compared to the intermediate
(67%, Pearson’s chi-square test, P = 0.12) and late treatment
group (57%, Pearson’s chi-square test, P = 0.013, Figure 1). Of
the 88 patients with inactive arthritis, 4 still had active uveitis (phy-
sician reported) after six months of biologic treatment. To account
for extra-articular manifestations, the proportion of patients
reaching AJC + PhGA <1 was measured, resulting in comparable
results (83% of the patients reaching AJC + PhGA <1 in the early

treatment group, 57% in the intermediate treatment group, and
53% in the late treatment group; Supplementary Figure 3).

Multivariate logistic regression model for active
arthritis at six months. The time between symptom onset
and the start of biologic treatment had a significant effect on the
probability of reaching inactive arthritis at six months after treat-
ment start (Figure 1 and Table 3). To assess the corrected effect
of time between symptom onset and biologic start on the proba-
bility of reaching inactive arthritis six months after starting biologic
treatment, a multivariate logistic regression model was created.
Univariate analysis identified lower AJC and PhGA at the start of
biologic therapy as significantly associated with reaching inactive
arthritis (Wilcoxon rank sum test, P < 0.05, Table 3). Both were
included in the initial model with an interaction term between
these variables to account for nonindependence. Prior treatment
with csDMARDs, although not statistically significant in the univar-
iate analysis (Table 3), was also included in the initial multivariate
model because of its possible effect on subsequent treatment
response. After backward step-wise selection, the model
included AJC interacting with PhGA next to the time between
symptom onset and biologic start. Variance inflation factor

Table 1. Characteristics of children with JIA at the start of biologic treatment stratified by the timing of treatment since symptom onset in three
treatment groups*

Start of biologic treatment

Characteristic
Overall
n = 130

Early
(0–6 months)

n = 35

Intermediate
(7–12 months)

n = 46

Late
(13–24 months)

n = 49 P value

Age at onset 11.0 (3.8, 13.4) 10.2 (3.5, 14.2) 10.1 (3.5, 12.9) 11.4 (5.3, 13.5) 0.5c

Sex (female) 86 (66) 24 (69) 33 (72) 29 (59) 0.4d

Country of residence (the
Netherlands)

98 (75) 33 (94) 33 (72) 32 (65) 0.008a,d

AJC 4.0 (2.0, 7.0) 5.0 (2.0, 10.5) 4.5 (3.0, 8.0) 3.0 (2.0, 6.0) 0.12c

PhGA 3.4 (2.0, 5.0) 4.5 (2.0, 6.0) 3.0 (2.0, 4.9) 3.5 (2.5, 4.5) 0.3c

PPGAb 4.8 (2.4, 6.8) 5.5 (2.1, 7.0) 5.5 (3.2, 7.0) 4.0 (2.2, 6.0) 0.3c

cJADAS10b 12.5 (8.9, 17.0) 15.1 (9.5, 18.0) 14.0 (10.8, 18.0) 11.0 (7.3, 14.3) 0.058c

Months to biologic treatment 9.0 (5.9, 15.4) 4.0 (2.8, 5.1) 8.6 (7.3, 9.5) 16.8 (14.7, 19.0) <0.001a,c

csDMARDs use before biologics 83 (64) 13 (37) 36 (78) 34 (69) <0.001a,d

csDMARDs continued or started 95 (73) 24 (69) 36 (78) 35 (71) 0.6d

Biologic therapy >0.9e

TNFα inhibition 126 (97) 34 (97) 44 (96) 48 (98)
IL-6 inhibition 3 (2.3) 1 (2.9) 1 (2.2) 1 (2.0)
JAK inhibition 1 (0.8) 0 (0) 1 (2.2) 0 (0)

JIA subtype 0.6e

Enthesitis arthritis 31 (24) 6 (17) 11 (24) 14 (29)
Oligoarticular course JIA 43 (33) 14 (40) 11 (24) 18 (37)
Polyarticular course JIA 50 (38) 13 (37) 21 (46) 16 (33)
Psoriatic arthritis 3 (2) 1 (3) 2 (4) 0 (0)
Undifferentiated JIA 3 (2) 1 (3) 1 (2) 1 (2)

* Values presented asmedian (interquartile range) or n (%). AJC, Active Joint Count; cJADAS10, clinical Juvenile Arthritis Disease Activity Score 10
joints; csDMARD, conventional synthetic Disease-Modifying Antirheumatic Drug; IL-6, Interleukin-6; JIA, Juvenile Idiopathic Arthritis; PhGA, Phy-
sician Global Assessment; PPGA, Patient/Parent Global Assessment; TNFα, Tumor Necrosis Factor α.
a Statistically significant at P < 0.05.
b Data complete for 68% of the patients.
c Kruskal-Wallis rank sum test.
d Pearon’s chi-square test.
e Fisher’s exact test.
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calculations showed that collinearity was acceptable in the model
without the interaction term. Therefore, the final model included
AJC and PhGA next to time between symptom onset and biologic
start.

Although PPGA at the start of biologic treatment was not sig-
nificant in the univariate analysis, PPGA at the start of biologic
treatment tended to be lower for children reaching inactive arthri-
tis. For this reason, a separate model was tested with PPGA as an
extra variable next to AJC, PhGA, and time to biologic treatment.
In this analysis, only those patients for whom PPGA was available
were included (89 of 130 patients, 29 with active and 60 with inac-
tive arthritis, corresponding to 69% and 68% of all patients with
inactive and active arthritis, respectively). The inclusion of PPGA
next to AJC, PhGA, and time to biologic treatment did show sim-
ilar results compared to the model without PPGA.

Visualization of riskmodel. The model shows that active
arthritis at six months was associated with time between symp-
tom onset and biologic start after adjusting for AJC and PhGA
(adjusted odds ratio per month: 1.09 [confidence interval 1.02–
1.17]; Table 4). Odds ratios for AJC and PhGA at the start of treat-
ment are shown in Table 4. Similarly, in a separate model using
AJC and PhGA <1 as the outcome, comparable associations with
time between symptom onset and biologic start were observed
after adjusting for AJC and PhGA (Supplementary Table 2). To

Figure 1. Proportion of patients with JIA reaching inactive arthritis
(AJC = 0) after six months of early biologic treatment compared to
intermediate and late biologic treatment. Proportion of patients with
JIA reaching inactive arthritis after six months of biologic treatment
across three treatment groups: early treatment group (time from
symptom onset to biologic start: 0–6 months), intermediate treatment
group (7–12months), and late treatment group (13–24months). Inac-
tive arthritis was defined as having an AJC of zero at six months. The
statistical significance of the observed differences was tested with the
chi-square test. *Statistically significant at P < 0.05. AJC, Active Joint
Count; JIA, Juvenile Idiopathic Arthritis.

Table 2. Comparison of JIA patient- and disease-related factors at the treatment-naive diagnosis visit, stratified by timing of treat-
ment since symptom onset in three treatment groups*

Start of biologic treatment

Characteristic at
diagnosis visit

Overall
n = 91

Early
(0–6 months)

n = 27

Intermediate
(7–12 months)

n = 28

Late
(13–24 months)

n = 36 P value

Age at onset 11.4 (4.9, 13.4) 10.2 (3.6, 13.9) 10.9 (4.3, 12.9) 11.6 (9.0, 13.5) 0.7d

Sex (female) 56 (62) 18 (67) 17 (61) 21 (58) 0.8e

Country of residence (the
Netherlands)

72 (79) 26 (96) 24 (86) 22 (61) 0.002a,e

AJC 4.0 (2.0, 7.5) 4.0 (2.0, 11.0) 4.5 (2.0, 7.0) 2.5 (1.8, 4.3) 0.4d

PhGA 4.0 (3.0, 6.0) 3.5 (2.6, 6.8) 4.0 (2.8, 5.0) 3.8 (3.0, 5.3) >0.9d

PPGAb 5.0 (3.6, 7.0) 4.5 (1.8, 6.8) 5.5 (4.8, 6.7) 4.6 (3.9, 6.7) 0.6d

cJADAS10b 13.5 (9.4, 17.3) 15.0 (9.6, 17.5) 13.6 (11.0, 17.2) 11.5 (8.5, 16.8) 0.7d

JIA subtypec 0.4f

Enthesitis arthritis 20 (25) 3 (14) 7 (28) 10 (29)
Oligoarticular course JIA 29 (36) 6 (27) 8 (32) 15 (44)
Polyarticular course JIA 27 (33) 11 (50) 8 (32) 8 (24)
Psoriatic arthritis 2 (2) 1 (5) 1 (4) 0 (0)
Undifferentiated JIA 3 (4) 1 (5) 1 (4) 1 (3)

* Patient characteristics were measured at the diagnosis visit (first available hospital visit, treatment-naive for csDMARDs and bio-
logics). Values presented as median (interquartile range) or n (%). AJC, Active Joint Count; cJADAS10, clinical Juvenile Arthritis Disease
Activity Score 10 joints; csDMARD, conventional synthetic Disease-Modifying Antirheumatic Drug; JIA, Juvenile Idiopathic Arthritis;
PhGA, Physician Global Assessment; PPGA, Patient/Parent Global Assessment.
a Statistically significant at P < 0.05.
b Data complete for 58%.
c Data complete for 89% (formal JIA subtype yet unknown at first hospital visit).
d Kruskal-Wallis rank sum test.
e Pearson’s chi-square test.
f Fisher’s exact test.
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visualize the effect of time between symptom onset and biologic
start adjusted for AJC and PhGA, a graphical representation is
shown in Figure 2. The graphical representation of the model
shows how the chance of reaching inactive arthritis at six months
decreases with time for patients with more extreme values for
AJC and PhGA at the start of biologic treatment (Figure 2).

DISCUSSION

This study provides real-life evidence that the delay in bio-
logic treatment negatively impacts the treatment response in chil-
dren with nonsystemic JIA. The percentage of children with
inactive arthritis at six months after the start of biologics
decreased dramatically from 83% to 57% comparing early versus

late biologic treatment starters. Moreover, the regression model
revealed that for each month of delay to the start of biologic treat-
ment, the odds for still having active arthritis after six months of
treatment increases by factor 1.09. These results suggest a win-
dow of opportunity to control nonsystemic JIA in which the bio-
logic therapy is initiated early after symptom onset.

Biologic therapies are highly effective in JIA. This study dem-
onstrated that even in real-life settings, inactive arthritis can be
achieved in more than 80% of children across all nonsystemic dis-
ease subtypes. These findings mirror findings in patients with
sJIA, in whom early start of the interleukin-1 inhibitor anakinra
resulted in rapid and sustained control of disease activity.18 In
contrast, delayed starters of biologics in sJIA had an eight-fold
higher risk of being a nonresponder.18 Achieving these results

Table 3. Comparison of patient-, disease-, and treatment-related factors at the start of biologic treatment between
patients with inactive and active arthritis six months after biologic treatment in JIA*

Active arthritis
(AJC ≥ 1)
n = 42

Inactive arthritis
(AJC = 0)
n = 88 P value

Age at onset 11.4 (4.1, 13.7) 10.3 (3.7, 13.4) 0.3c

Sex (female) 28 (67) 58 (66) >0.9d

Country of residence (the Netherlands) 30 (71) 68 (77) 0.5d

AJC 6.0 (3.0, 9.0) 3.5 (2.0, 6.0) 0.013a,c

PhGA 4.00 (3.00, 5.58) 3.00 (2.00, 4.63) 0.018a,c

PPGAb 6.00 (4.00, 7.00) 4.00 (1.69, 6.43) 0.077c

Months to biologic start 11.7 (7.3, 16.6) 8.8 (5.2, 13.5) 0.034a,c

csDMARDs use before biologics 29 (69) 54 (61) 0.4d

csDMARDs continued or started 30 (71) 65 (74) 0.8d

Biologic therapy >0.9e

TNFa inhibition 41 (98) 85 (97)
IL-6 inhibition 1 (2.4) 2 (2.3)
JAK inhibition 0 (0) 1 (1.1)

JIA subtype 0.8e

Enthesitis arthritis 10 (24) 21 (24)
Oligoarticular course JIA 13 (31) 30 (34)
Polyarticular course JIA 16 (38) 34 (39)
Psoriatic arthritis 2 (4.8) 1 (1.1)
Undifferentiated JIA 1 (2.4) 2 (2.3)

* Patient characteristics were measured at the start of biologic treatment. Values presented as median (inter-
quartile range) and n (%). AJC, Active Joint Count; csDMARD, conventional synthetic Disease-Modifying Antirheu-
matic Drug; IL-6, Interleukin-6; JIA, Juvenile Idiopathic Arthritis; PhGA, Physician Global Assessment; PPGA, Patient/
Parent Global Assessment; TNFα, Tumor Necrosis Factor α.
a Statistically significant at P < 0.05.
b Data complete for 68% of the patients.
c Wilcoxon rank sum test.
d Pearson’s chi-square test.
e Fisher’s exact test.

Table 4. Coefficients table of the multivariate logistic regression model to estimate the effect of time to biologic start
in months on having active arthritis at six months of treatment in Juvenile Idiopathic Arthritis corrected for active joint
count and the physician global assessment*

Variables at the start of biologic therapy Crude/adjusted Estimate SE p-value OR CI (95%)

Time to biologic start (per month) Crude 0.069 0.032 0.032 1.07 1.01–1.14
Time to biologic start per month) Adjusted 0.090 0.035 0.0089 1.09 1.02–1.17
AJC Adjusted 0.021 0.027 0.438 1.02 0.97–1.08
PhGA Adjusted 0.185 0.109 0.089 1.20 0.97–1.49

* Odds ratio for failing to reach clinical inactive arthritis at six months after the start of biologic treatment.
Abbreviations: AJC, Active Joint Count; CI, Confidence Interval; OR, Odds Ratio; PhGA, Physician Global Assessment;
SE, Standard Error.
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required a paradigm change—a switch from step-up therapy
approaches from conventional nonsteroidal anti-inflammatory
drugs to csDMARDs to finally biologics for those with polyarticular
disease course of sJIA, commonly also viewed as trial-and-error
strategies—to the early use of biologic therapies for patients with
sJIA, the most severe subtype of JIA.

The potential existence of a window of opportunity in patients
with rheumatic arthritis has been described previously.13,19,20

According to this theory, the disease becomes more difficult to
treat when the disease duration is longer because the disease
progresses irreversibly. In adults with rheumatic arthritis, early
adalimumab start was more successful than the treatment of
patients with long disease duration.21 In a randomized controlled
trial in 85 patients with polyarticular JIA, the chance of reaching
clinically inactive disease at six months increased by 32% for each
month earlier that aggressive treatment (MTX with etanercept and
prednisolone) was started after disease onset.22 A three-arm,
single-blinded, treat-to-target study in patients with nonsystemic
JIA did not find different remission rates between the treatment
groups that started with etanercept directly after diagnosis com-
pared to the two groups starting on csDMARD with or without
prednisolone. However, the time from symptom onset to biologic

was not investigated. Moreover, this study showed that the
majority of patients in all three groups ended up with biologic
treatment during the 24-month study because the goal of inactive
disease was not reached without it.23 In addition, patients with
nonsystemic JIA with an early biologic treatment are more likely
to be in drug-free remission in adulthood compared to patients
with a late biologic treatment start (more than five years).24,25

Our findings support the theory of a window of opportunity in
patients with nonsystemic JIA as well, showing that for patients
who will start a biologic, an early start of the therapy is beneficial
for the patient’s treatment response at least in the first six months
after the start of biologic treatment. The study provides evidence
that the treatment of patients with nonsystemic JIA may need a
similar paradigm shift.

There are several limitations to the study. Our study (with
prospectively collected data) cannot rule out that the more severe
cases of JIA are overrepresented in the early biologic treatment
group. It is not unlikely that at the first outpatient clinic visit of a
patient with severe JIA, a physician decides to ignore csDMARDs
and start a biologic immediately, whereas less severe patients will
start on csDMARDs and will only receive a biologic after several
months. To test whether the patients differed at the moment of
first therapy choice, a subanalysis was conducted on patients
from whom a treatment-naive (both csDMARDs and biologics)
diagnosis visit was available. This analysis showed that the early,
intermediate, and late treatment groups were comparable in dis-
ease activity (AJC, PhGA, PPGA, and cJADAS10), JIA subtype,
age, and biologic sex when the first treatment was initiated at
the hospital. This suggests that patients in all three groups had a
comparable probability for early start of biologic treatment.

Secondly, we did correct for prior csDMARD use in our analy-
sis, but we did not consider the exact duration of csDMARD therapy
or the time between csDMARD therapy start and escalation to bio-
logic treatment. According to the theory regarding the window of
opportunity, early treatment with any anti-inflammatory agent is
important to prevent further disease progress. More research is
needed to further study the effect of prior csDMARD use on the effi-
cacy of biologic therapy in patients with nonsystemic JIA.

In conclusion, this study shows that the time from symptom
onset to biologic treatment negatively affects the treatment
response in patients with nonsystemic JIA. These findings sup-
port the theory of a window of opportunity for successful timing
of biologic treatment in patients with active JIA. The treatment of
patients with JIA will be improved when patients who are in need
of biologics could start early with biologic treatment without losing
time on other treatment strategies first.
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Figure 2. Visualization of the impact of AJC, PhGA at the start of
biologic therapy, and time from symptom onset to biologic start on
the probability of reaching inactive arthritis (AJC = 0) after six months
of biologic treatment for patients with JIA. Effect of time to biologic
start on the probability of reaching inactive arthritis in patients with
JIA after six months of biologic therapy. Values for AJC and PhGA at
the start of biologic therapy were based on the more extreme pheno-
types within the interquartile range of both groups. Values for AJC,
PhGA, and time were entered into the described model for visualiza-
tion of the effect of these variables on the probability of response.
The calculated probability of response is depicted. AJC, Active Joint
Count; JIA, Juvenile Idiopathic Arthritis; PhGA, Physician Global
Assessment.
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Tofacitinib for the Treatment of Juvenile Idiopathic Arthritis:
Patient-Reported Outcomes in a Phase 3, Randomized,
Double-Blind, Placebo-Controlled Withdrawal Trial

Hermine I. Brunner,1 Ekaterina Alexeeva,2 Marcia Bandeira,3 Ruy Carrasco,4 Jeffrey Chaitow,5

Peter Chiraseveenuprapund,6 Tracy V. Ting,1 Muferet Erguven,7 Beth Gottlieb,8 Sheila Knupp Oliveira,9

Pooja N. Patel,10 Seza Ozen,11 Claudia Saad Magalhaes,12 Inmaculada Calvo Penadés,13 David Gruben,14

Rebecca Germino,15 Holly B. Posner,15 Lori Stockert,16 Alberto Martini,17 Daniel J. Lovell,1

and Nicolino Ruperto,18,19 for the Paediatric Rheumatology International Trials Organisation (PRINTO) and
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Objective. Juvenile idiopathic arthritis (JIA) is associated with impaired overall health-related quality of life (HRQoL).
We evaluated the impact of tofacitinib on patient-reported outcomes (PROs) in patients with JIA.

Methods. This was a post hoc analysis of a phase 3, randomized, double-blind, placebo-controlled withdrawal trial
(NCT02592434) in patients with JIA. In the open-label phase (part 1; weeks 0–18), patients received body weight–
based doses of tofacitinib. During the double-blind phase (part 2; weeks 18–44), responders (per JIA-American College
of Rheumatology 30 response criteria) were randomized 1:1 to continue tofacitinib or switch to placebo for up to
26 weeks. Assessed PROs included the validated parent and/or legal guardian versions of the Childhood Health
Assessment Questionnaire for evaluation of disability, arthritis pain, overall well-being, and the Child Health Question-
naire (CHQ).

Results. Overall, 225 patients were enrolled and received open-label tofacitinib in part 1, and 173 patients were
randomized in part 2. During part 1, least-squares (LS) mean (SE) disability, arthritis pain, and overall well-being scores
numerically improved frommean 1.04 (SE 0.05), mean 5.53 (SE 0.20), and mean 5.07 (SE 0.20) at baseline to mean 0.57
(SE 0.05), mean 2.46 (SE 0.18), and mean 2.47 (SE 0.18) at week 18, respectively. LS mean (SE) CHQ physical summary
and psychological summary scores numerically improved from mean 29.51 (SE 1.15) and mean 47.24 (SE 0.85) at
baseline to mean 42.70 (SE 0.98) and mean 51.53 (SE 0.80) at week 18, respectively. Improvements were generally
maintained to week 44 in part 2.

Conclusion. Tofacitinib improved a range of PROs in patients with JIA, suggesting potential HRQoL benefits.

INTRODUCTION

Juvenile idiopathic arthritis (JIA) is associated with pain, poor

physical functioning, and considerable impairment of overall

health-related quality of life (HRQoL).1–12 Besides improvement

of articular involvement and other core measures of JIA, key goals

of treatment are the improvement of patient HRQoL, including

improving physical function, physical and psychological well-
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being, and reducing pain.13–15 Such outcomes are generally
referred to as patient-reported outcomes (PROs) and provide
unique information on the impact of a medical condition and its
treatment that are important to the patient.

In 1997, a core set of six JIA outcome variables was identi-
fied, which included two PROs (parent and patient assessment
of overall well-being and functional ability). From this core set, a
definition of clinically important improvement was derived with
the aim of promoting a single efficacy measure in JIA trials,14

which was later endorsed by the American College of Rheumatol-
ogy (ACR; JIA-ACR response criteria)14 and regulatory agencies.
In 2016, this definition was re-evaluated and updated with input
from patients and parents in which pain was added to the core
set.15 Encouraged by regulatory authorities,16 the inclusion of
PROs in clinical trials has increased over time,17 and assessment
of HRQoL and other PRO measures is considered essential to
fully assess the benefits of JIA treatments in both research and
routine clinical care.18,19 PROs in children and adolescents can
be collected from either the patient or the parent and/or legal
guardian (parent-proxy report).19,20

Tofacitinib is an oral JAK inhibitor for the treatment of patients
with polyarticular course JIA (pcJIA) and juvenile psoriatic arthritis
(jPsA)21,22 and is currently being investigated for systemic JIA
(sJIA).23 In this post hoc analysis, we report a comprehensive
assessment of the impact of tofacitinib on a range of PROs in a
phase 3, 44-week clinical trial conducted in patients with JIA.

PATIENTS AND METHODS

Trial design and patients. Key details of the trial design and
patient inclusion and exclusion criteria were reported previously.24

Briefly, this was a phase 3, randomized, double-blind, placebo-
controlled withdrawal trial (ClinicalTrials.gov NCT02592434). In the
open-label run-in phase (part 1; weeks 0–18), patients received
body weight–based doses of tofacitinib (5 mg tablets twice daily
or oral formulations as appropriate).24 During the double-blind
phase (part 2; weeks 18–44), patients meeting the JIA-ACR
30 response criteria were randomized 1:1 to continue tofacitinib
or switch to placebo for up to an additional 26 weeks. Patients
who experienced a JIA flare during the open-label or double-
blind phases were discontinued from the trial. Following comple-
tion of this trial (or discontinuation for reasons other than
treatment-related serious adverse events), patients could enroll
in a long-term extension (LTE) study of open-label tofacitinib
(NCT01500551).

Eligible patients were aged 2 to 18 years old, met the Interna-
tional League of Associations for Rheumatology JIA classification

criteria25 for any of the following JIA categories grouped under
the functional concept of pcJIA (≥5 active joints at enrollment):
extended oligoarthritis, rheumatoid factor (RF)+ or RF− polyarthri-
tis, sJIA without systemic features 6 months or more before
enrollment, jPsA or enthesitis-related arthritis (ERA; ≥3 active
joints at enrollment), and had an inadequate response to one or
more disease-modifying antirheumatic drug (DMARD; metho-
trexate [MTX], or biologic DMARDs [bDMARDs]). The study was
sponsored by Pfizer, which manufactures tofacitinib. The trial
was designed jointly by Paediatric Rheumatology International
Trials Organisation (PRINTO)/Pediatric Rheumatology Collabora-
tive Study Group (PRCSG) investigators and the sponsor, and
data were collected by the PRINTO/PRCSG investigators. Data
from this trial were used by the sponsor to support the marketing
approval of tofacitinib.

This trial was conducted in accordance with the International
Council on Harmonization Guidelines for Good Clinical Practice,
the Declaration of Helsinki, and local regulatory requirements
and laws. The final protocol, any amendments, and informed con-
sent documents were reviewed and approved by the institutional
review board or independent ethics committee at every center.
Parents, legal guardians, and patients provided written informed
consent and assent when required by local institutional review
boards and independent ethics committees before performing
any study-related activities.

Assessment of PROs. PRO assessments were completed
by the parent and/or legal guardian but could be completed
by the patient if they were aged ≥14 years and able to complete
the assessment correctly and consistently for the duration of
the study. Disability, arthritis pain, and patient overall well-being
were assessed as part of the Childhood Health Assessment
Questionnaire (CHAQ), administered at each visit (baseline and
weeks 2, 4, 8, 12, 18, 20, 24, 28, 32, 36, 40, and 44). Disability
was assessed by measuring physical function impairment using
the CHAQ-Disability Index (CHAQ-DI); scores could range from
0 to 3, with higher scores indicating more disability. Arthritis pain
(CHAQ-Discomfort Index) and patient overall well-being were
assessed on a 21-circle visual analog scale (VAS); scores could
range from 0 to 10, with higher scores indicating more arthritis
pain or worse well-being, as appropriate. Additionally, duration
of morning stiffness (minutes) was collected at each visit.
HRQoL was assessed at baseline and weeks 18 and 44 by the
Child Health Questionnaire (CHQ), which includes ratings for
15 CHQ health concepts that can be summarized in physical
summary (PhS) and psychosocial summary (PsS) scores; each
of the 15 health concept scores could range from 0 to 100
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(with the exception of change in health, ranging from 1–5), with
higher scores indicating better physical function or mental health,
as appropriate. CHQ PhS and PsS scores were standardized to
have a mean (SD) of 50 (±10) in a normative population of US
children.5,26 The cross-culturally adapted and validated national
language versions of the CHAQ (parent and/or legal guardian ver-
sion) and CHQ-parent form 50 were used.11 For patients with
ERA, overall back pain and nocturnal back pain were also mea-
sured at each visit.

Rates of patients achieving minimal clinically important differ-
ences (MCID) in CHAQ-DI (score reduction of ≥0.188),27 minimal
arthritis pain (CHAQ-Discomfort Index score of ≤0.35), or no dis-
ability status (CHAQ-DI = 0) were also assessed. Additional
details on the PROs assessed in this analysis are summarized in
the Supplementary Materials.

Physician-reported outcome assessments. In addition
to the assessment of PROs, Physician Global Assessment (PGA)
and the number of joints with active arthritis were also assessed
at each visit. PGA was assessed on a 10-cm VAS with scores
ranging from 0 (no disease activity) to 10 (maximum disease
activity). The number of joints with active arthritis was identified
using the JIA-ACR definition: any joint with swelling or, in the
absence of swelling, limitation of motion accompanied by either
pain on motion or tenderness not due to deformity (range 0–71).

Statistical analysis. Descriptive statistics are provided for
selected characteristics of the part 1 baseline values. Mixed-
effects linear models were fit using PROC MIXED in SAS version
9.4. For part 1 of the study, the model included the effects of the
week (postbaseline, at visits where the dependent variable was
measured), baseline C-reactive protein (categorized as normal or
above normal), patient population and/or group (overall, pcJIA,
jPsA, and ERA), and baseline value of the dependent variable;
patients were a random effect. Least-squares (LS) means for
each outcome were assessed at each timepoint and are
reported. For part 2 of the study, the model was the same as part
1, except with the addition of treatment group and an interaction
term of treatment with the effect of week. LS means were ana-
lyzed with a longitudinal mixed-effects model. P values for the dif-
ference between the treatment arms in part 2 at each timepoint
were provided for all PROs, except CHQ health concepts. The
rate of patients achieving MCID in CHAQ-DI, minimal arthritis pain,
or no disability status were analyzed by visit using the normal
approximation approach for binomial populations. A Kruskal-
Wallis test was performed by visit to assess whether distributions
of the data between treatment arms were significantly different
(medians, interquartile ranges, and P values for these tests are
reported in the Supplementary Materials). Because these are post
hoc analyses, P values were provided to indicate the strength in
the degree of change in the outcomes and are not for hypothesis
testing. Analyses of PROs were based on observed data without

imputation for missing values; patients who discontinued from
the study due to JIA flares or other reasons were not analyzed at
subsequent timepoints. The number of patients with available
data at each timepoint is reported for each PRO. Analyses
of PGA and the number of joints with active arthritis were
descriptive.

RESULTS

Patients. Overall, 225 patients were enrolled and received
open-label tofacitinib in part 1 (pcJIA, N = 184; jPsA, N = 20;
ERA, N = 21). A total of 173 patients who enrolled in part 1 were
subsequently randomized in part 2, including 142 patients with
pcJIA (tofacitinib, n = 72; placebo, n = 70), 15 patients with
jPsA (tofacitinib, n = 7; placebo, n = 8), and 16 patients with ERA
(tofacitinib, n = 9; placebo, n = 7).

The majority of patients enrolled in part 1 of the study were
girls (75.1%), aged 12 to 18 years (61.8%), White (87.1%), and
weighed ≥40 kg (62.7%). At baseline, the scores (25th percentile
[Q1], 75th percentile [Q3]) were median 0.9 (Q1 0.3, Q3 1.5) for
CHAQ-DI, median 6.0 (Q1 3.5, Q3 7.0) for arthritis pain, and
median 5.0 (Q1 3.0, Q3 7.0) for patient overall well-being
(Table 1).

Baseline scores of PROs for individual pcJIA, jPsA, and ERA
groups are reportedwithin Supplementary Table 1. Part 1 baseline
PRO scores for patients randomized to part 2, overall and by JIA
category, are summarized in Supplementary Table 2.

Changes in PROs during part 1.During part 1 in the over-
all population, continued improvements in patient disability, pain,
and overall well-being were observed through to week 18. LS
mean CHAQ-DI scores (Figure 1), arthritis pain scores (Figure 2),
and patient overall well-being scores (Figure 3) numerically
improved from baseline to week 18. At week 18, the rate of
achieving MCID in CHAQ-DI was 48.0% (SE 3.33; Supplementary
Figure 1). The proportion of patients with no disability (CHAQ-
DI = 0) generally increased over time from 12.9% (SE 2.2) at base-
line to 28.0% (SE 3.0) at week 18 (Supplementary Figure 2A). The
proportion of patients achieving minimal arthritis pain (CHAQ-
Discomfort Index score of ≤0.35) generally increased during part
1 from 4.4% (SE 1.4) at baseline to 15.6% (SE 2.4) at week
18 (Supplementary Figure 3A).

LS mean scores for patient disability, arthritis pain, and
overall well-being in pcJIA, jPsA, and ERA groups are shown in
Supplementary Figures 4 to 6. The rates of achieving MCID in
CHAQ-DI, proportion of patients achieving no disability, and pro-
portion of patients achieving minimal arthritis pain in the pcJIA,
jPsA, and ERA groups are reported in Supplementary Figures 1,
2B to 2D, and 3B to 3D, respectively.

In the overall population, numerical improvements from
baseline in both CHQ PhS and PsS scores were observed at
week 18 (Figure 4A). The greatest improvements were observed
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in CHQ PhS, which improved from approximately 2 SDs below
the standardized mean score of 50 for a normative population to
within the range of the normative population (Figure 4A); mean
PsS scores remained within the range of the normative population
at baseline and week 18. LS mean scores for CHQ PhS and PsS
for the pcJIA, jPsA, and ERA groups are shown in Supplementary
Figure 7.

The LS mean values of the 15 CHQ health concepts scores
at baseline and week 18 for the overall population are shown in
Figure 4B. At the end of part 1, numerical improvements from
baseline were generally observed with tofacitinib across all CHQ
health concepts. The greatest improvement was observed in
bodily pain, which improved from 40.05 at baseline to 70.54 at
week 18. Substantial improvements from baseline were also
observed in global health (baseline 47.32, week 18 68.09), phys-
ical function (baseline 58.33, week 18 79.30), and role and social
limitations–physical (baseline 62.75, week 18 83.44). LS mean
values of the 15 CHQ health concepts for pcJIA, jPsA, and ERA
groups are shown in Supplementary Figure 8A to 8C.

A numerical reduction in the duration of morning stiffness
was observed during part 1 in the overall population (Figure 5).
Changes in the duration of morning stiffness for pcJIA, jPsA, and
ERA groups, as well as changes in average back pain and noctur-
nal back pain in the ERA group, are reported in Supplementary
Figure 9 and Supplementary Figure 10, respectively.

Changes in PROs during part 2. In the overall population,
improvements in PROs achieved at the end of part 1 were gener-
ally maintained throughout part 2, although some differences
were observed between the two treatment arms. Disability scores
(LS mean) were generally maintained throughout part 2, consis-
tent with part 2 baseline (week 18) values for both treatment arms
(Figure 1). Throughout part 2, arthritis pain scores generally
remained stable and consistent with part 2 baseline values,
although patients receiving tofacitinib demonstrated lower
(P < 0.05) arthritis pain scores compared with patients receiving
placebo at week 28 (Figure 2). Patient overall well-being scores
remained consistent with part 2 baseline values throughout part
2 in patients receiving tofacitinib (Figure 3). Patients receiving tofa-
citinib generally demonstrated similar overall well-being scores
compared with those receiving placebo; however, scores were
lower (indicating greater well-being) in the tofacitinib group at
week 24 and week 32 (both P < 0.05).

In general, the proportion of patients achieving no disability
(CHAQ = 0) in the overall population numerically improved
throughout part 2 in patients receiving tofacitinib (week 18, pro-
portion 33.0%, SE 5.0; week 44, proportion 38.6%, SE 5.2) but
numerically declined in patients receiving placebo (week 18, pro-
portion 40.0%, SE 5.3; week 44, proportion 23.5%, SE 4.6;
Supplementary Figure 2A). A higher (P < 0.05) proportion of
patients receiving tofacitinib achieved no disability compared with
patients receiving placebo at week 36 (proportion 37.5%, SE 5.2
vs proportion 23.5%, SE 4.6) and week 44 (proportion 38.6%,
SE 5.2 vs proportion 23.5%, SE 4.6). The proportion of patients
with minimal arthritis pain generally remained stable throughout
part 2 in patients receiving tofacitinib, whereas a numerically
higher proportion of patients achieved minimal arthritis pain at
week 44 (proportion 26.1%, SE 4.7) compared with part 2 base-
line (proportion 20.5%, SE 4.3; Supplementary Figure 3A). The
proportion of patients receiving placebo and achieving minimal
arthritis pain generally declined during part 2 from 20.0%
(SE 4.3) at baseline to 11.8% (SE 3.5) at week 44 (Supplementary
Figure 3A). A higher proportion of patients achievedminimal arthri-
tis pain in the tofacitinib group than in the placebo group at week
28 (proportion 23.9, SE 4.5 vs proportion 8.2, SE 3.0; P < 0.01),
week 32 (proportion 22.7, SE 4.5 vs proportion 7.1, SE 2.8;
P < 0.01), week 40 (proportion 28.4, SE 4.8 vs proportion
12.9, SE 3.6; P < 0.05), and week 44 (proportion 26.1, SE 4.7 vs
proportion 11.8, SE 3.5; P < 0.05).

Improvements in CHQ PhS and PsS scores (LS means)
in the overall population were maintained at part 2 baseline

Table 1. Patient characteristics and baseline patient-reported out-
comes for patients with juvenile idiopathic arthritis receiving tofacitinib
in part 1 (overall population)*

Characteristics Overall (N = 225)

Patient characteristics
Female sex, n (%) 169 (75.1)
Age, median (Q1, Q3), years 13.0 (9.0, 15.0)
Disease duration, median (Q1, Q3), years 2.5 (1.0, 5.6)

Patient-reported outcomes, median (Q1, Q3)
CHAQ-DI score 0.9 (0.3, 1.5)
Arthritis pain 6.0 (3.5, 7.0)
Patient overall well-being 5.0 (3.0, 7.0)
CHQ physical summary score 30.6 (19.6, 42.6)
CHQ psychosocial summary score 48.2 (40.6, 56.6)
CHQ health concepts
Global health 60.0 (30.0, 60.0)
Physical function 66.7 (38.9, 88.9)
Social limitations–physical 66.7 (33.3, 100.0)
Social limitations–emotional 88.9 (44.4, 100.0)
Bodily pain 40.0 (20.0, 60.0)
Behavior 79.2 (64.2, 89.2)
Global behavior 85.0 (60.0, 85.0)
Mental health 70.0 (55.0, 80.0)
Self-esteem 75.0 (62.5, 87.5)
General health 51.7 (42.5, 60.0)
Change in health 3.0 (2.0, 4.0)
Parental emotional impact 58.3 (33.3, 75.0)
Parental time impact 77.8 (55.6, 100.0)
Family activity 79.2 (62.5, 95.8)
Family cohesion 85.0 (60.0, 85.0)
Duration of morning stiffness, minutes 30.0 (15.0, 60.0)

Physician-reported outcomes,
median (Q1, Q3)

PGA 6.0 (4.5, 7.5)
Number of joints with active arthritis 10.0 (6.0, 15.0)

* CHAQ-DI, Childhood Health Assessment Questionnaire-Disability
Index; CHQ, Child Health Questionnaire; PGA, Physician Global
Assessment of Overall Disease Activity; Q1, 25th percentile; Q3,
75th percentile.
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levels through to week 44 and were similar between patients
receiving tofacitinib and those receiving placebo (Figure 4).
At week 44, most CHQ health concept scores (LS means)
were either maintained at part 2 baseline values or showed
further numerical improvement regardless of treatment arm
(Figure 4B).

There was a small numerical increase in the duration of
morning stiffness during part 2 for patients receiving both
tofacitinib and placebo (Figure 5). Patients receiving tofacitinib
demonstrated a shorter duration of morning stiffness at week
28 compared with those receiving placebo (P < 0.05). Part 2 data
for pcJIA, jPsA, and ERA groups are presented within the Supple-
mentary Materials.

Physician-reported outcomes in parts 1 and 2. In the
overall population, both the PGA scores and the number of joints
with active arthritis demonstrated a similar pattern of improve-
ment to that observed with the PROs. During part 1, the mean
PGA score decreased from 6.18 (SD 1.88) at baseline to 1.68
(SD 1.66) at week 18 (Supplementary Figure 11A). Similarly, the
mean number of joints with active arthritis decreased from 12.23
(SD 8.11) at baseline to 1.94 (SD 3.73) at week 18 (Supplementary
Figure 12A).

During part 2 of the study, PGA scores and the number of
joints with active arthritis were similar between both treatment
arms and remained consistent with part 2 baseline values
throughout the observation period (Supplementary Figures 11A
and 12A). Data for pcJIA, jPsA, and ERA groups are presented
within Supplementary Figures 11B to 11D and 12B to 12D.

DISCUSSION

The efficacy of tofacitinib versus placebo to improve JIA
signs and symptoms has previously been demonstrated in a
phase 3 study in patients with JIA.24 HRQoL assessments high-
light aspects of disease that are important to the patient but may
not be captured by standard clinical assessments. In this post
hoc analysis, we observed improvements in a range of PROs
and two physician-reported effectiveness outcomes in patients
with JIA receiving open-label tofacitinib during part 1 of the study.

When patients were randomized to tofacitinib or placebo in
part 2, both treatment arms generally maintained these improve-
ments or showed further numerical improvements with tofacitinib
versus placebo across several PROs. Improvements in PROs
were also observed in all JIA subgroups studied. Although the
general trends of improvement observed in the jPsA and ERA
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Figure 1. LS mean (±SE) Childhood Health Assessment Questionnaire-Disability Index scores over time in patients with juvenile idiopathic arthri-
tis treated with tofacitinib in part 1 and tofacitinib or placebo in part 2 (overall population). Analyses were based on observed data; missing values
were not imputed. Horizontal dashed lines represent mean Childhood Health Assessment Questionnaire-Disability Index scores for patients with
mild, mild-to-moderate, and moderate disability, which have been previously reported.28 Vertical dashed line represents randomization (patients
meeting the juvenile idiopathic arthritis American College of Rheumatology 30 response criteria randomized 1:1 to continue tofacitinib or switch
to placebo for up to an additional 26 weeks). Median and interquartile range values for Childhood Health Assessment Questionnaire-Disability
Index are summarized in Supplementary Table 3; no significant differences in the distributions between the treatment arms were observed during
part 2. LS, least-squares.
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groups were typically consistent with those in the overall popula-
tion, which mostly consisted of patients with pcJIA, there were
fluctuations of improvement that were largely driven by the small
sample sizes of these two patient groups.

The observation that improvements at the end of part 1 with
tofacitinib (week 18) were generally maintained at week 44 in the
placebo group may suggest a prolonged biologic effect of tofaci-
tinib on patient-reported and perceived impacts of JIA that per-
sisted once treatment was switched to placebo. As previously
reported, more patients receiving placebo discontinued during
part 2 of the study compared with patients receiving tofacitinib
(55% vs 31%, respectively), with the majority of patients discon-
tinuing due to flares (52% vs 25%, respectively).24 Analysis of
long-term follow-up data could inform on whether any minimal
deterioration in PROs reported due to flare may later be reversed.

The functional limitation and disability resulting from JIA can
contribute to reduced HRQoL by restricting a patient’s mobility
and activities. Indeed, it has previously been observed that a
CHAQ score of >1 is the strongest determinant of poorer HRQoL
in CHQ PhS, indicating that functional impairment has a pro-
found impact on physical well-being.3 In the current study,

CHAQ scores improved from baseline during part 1, and these
improvements were generally maintained with scores between
0.5 to 0.6 wthrough to week 44, regardless of treatment arm.
Furthermore, we observed substantial improvements in “physical
function” and “role/social limitations–physical” CHQ health
concepts; improvement in physical function may therefore be
associated with improved physical well-being and allow patients
greater mobility to resume their daily activities.

Consistent with previous studies in patients with JIA, CHQ
PhS scores were considerably lower than CHQ PsS scores at
baseline4,5 and were approximately 2 SD below the standardized
mean score of a normative population (mean 50 ± SD 10).5

Substantial increases from baseline were observed in CHQ PhS
scores, which reached the normative population values at week
18 and were generally maintained at week 44 in both the tofaciti-
nib and the placebo groups. Although CHQ PsS scores demon-
strated slight numerical improvement from baseline at week
18, which was generally maintained at week 44, mean scores
were within normative population values throughout the study
irrespective of treatment group. Notably, the differences in scores
observed are unlikely to be clinically meaningful. Furthermore, the
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Figure 2. LS mean (±SE) arthritis pain (Childhood Health Assessment Questionnaire-Discomfort Index) scores over time in patients with juvenile
idiopathic arthritis treated with tofacitinib in part 1 and tofacitinib or placebo in part 2 (overall population). *P < 0.05 vs placebo. Analyses were
based on observed data; missing values were not imputed. Dashed line represents randomization (patients meeting the juvenile idiopathic arthritis
American College of Rheumatology 30 response criteria randomized 1:1 to continue tofacitinib or switch to placebo for up to an additional
26 weeks). Median and interquartile range values for arthritis pain (Childhood Health Assessment Questionnaire-Discomfort Index) scores are
summarized in Supplementary Table 3; significant differences (P < 0.05) in the distributions were observed between the treatment arms at week
32. LS, least-squares. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43428/
abstract.
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patterns observed with treatment in both the CHQ PhS and PsS
are consistent with those observed previously in patients with
JIA treated with abatacept5 or MTX.4

Duration of morning stiffness was substantially reduced dur-
ing part 1 with tofacitinib treatment. Although there was a slight
numerical increase in the duration of morning stiffness for both
treatment arms in part 2, patients receiving placebo demon-
strated numerically higher durations of stiffness throughout
compared with patients receiving tofacitinib. This trend in
improvement is generally similar to that observed in adults with
rheumatoid arthritis who received 12 months of tofacitinib mono-
therapy, although adult patients demonstrated longer durations
of morning stiffness versus the current population.29

The disease burden associated with JIA includes disability,
joint pain, and reduced HRQoL, as previously reported by
patients and their caregivers.7,30,31 Indeed, pain has previously
been identified as a core outcome by patients with JIA and their
caregivers when evaluating the effects of treatments, highlighting
it as an important outcome for those living with JIA.15 Pain can
contribute to impaired HRQoL; previous studies have observed
that persistence of poor physical well-being following treatment

with MTX was associated with several factors that included
greater disability and pain4 and that the intensity of a child’s pain
is a major predictor of poor psychosocial well-being.3 Additionally,
patients with JIA and higher levels of pain may experience more
problems with their physical, emotional, and social functioning.32

In the current analysis, tofacitinib improved arthritis pain during
part 1, and these improvements were generally maintained at
the end of part 2, regardless of treatment arm. Consistent with
this observation, the CHQ health concept of “bodily pain”
showed the largest improvement among the 15 CHQ health con-
cepts at the end of part 1, with further, although more modest,
improvement observed at the end of part 2 in patients receiving
tofacitinib. The proportion of patients achieving minimal pain
also generally increased during part 1 and was subsequently
maintained in part 2 in patients receiving tofacitinib. Such
improvements in pain may enable patients to resume day-to-day
activities and, in school-age children, minimize time they are away
from school, which can subsequently reduce stress placed on
parents and/or caregivers.33 Thus, alleviation of pain may contrib-
ute to a patient’s improved physical, mental, emotional, and social
functioning.
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Figure 3. LS mean (±SE) patient overall well-being scores over time in patients with juvenile idiopathic arthritis treated with tofacitinib in part
1 and tofacitinib or placebo in part 2 (overall population). *P < 0.05 vs placebo. Analyses were based on observed data; missing values were not
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patient overall well-being are summarized in Supplementary Table 3; no significant differences in the distributions were observed between the
treatment arms during part 2. LS, least-squares. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.
com/doi/10.1002/art.43428/abstract.
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Figure 4. Legend on next page.
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The effect of bDMARDs on pain, physical function, and
HRQoL in patients with JIA has been investigated previously.
Improvement in functional ability, pain, and well-being was obs-
erved over 104 weeks following biweekly intravenous infusion of
tocilizumab in patients with sJIA or every 4 weeks for patients with
pcJIA.7 Furthermore, in a phase 3 withdrawal trial in pcJIA, sub-
stantial improvements in all CHQ health concepts, PhS, and PsS
scores were observed during the four-month open-label period
in patients receiving abatacept, with further improvements versus
placebo in the six-month double-blind period.5 Similar trends
were observed for CHQ in a randomized trial with standard or
higher doses of MTX in JIA.4 Although comparisons between
these studies and the current post hoc analysis are limited due
to the different methodologies used, collectively, our observations

highlight that tofacitinib, an oral treatment,21,22 can improve
HRQoL in patients with JIA, akin to other advanced therapies that
are administered intravenously or subcutaneously.

There are a number of limitations to be considered when
interpreting the findings of this analysis. The phase 3 study was
powered for the analysis of the primary outcome, whereas the
current analysis was post hoc in nature and therefore insufficiently
powered for the assessment of additional outcomes. Because of
the large number of outcomes assessed, the study findings
should be interpreted with caution, given that correction for multi-
ple testing was not performed. Although data for individual patient
groups are provided in the Supplementary Materials, these data
should be interpreted within the context of the reduced sample
sizes, particularly for the jPsA or ERA groups. Additionally, per

Figure 4. (A) LS mean (±SE) Child Health Questionnaire physical summary and Child Health Questionnaire psychosocial summary scores and
(B) LS mean Child Health Questionnaire health concept scores at baseline and at the end of part 1 and part 2 in patients with juvenile idiopathic
arthritis treated with tofacitinib in part 1 and tofacitinib or placebo in part 2 (overall population). Analyses were based on observed data; missing
values were not imputed. Dashed line represents randomization (patients meeting the juvenile idiopathic arthritis American College of
Rheumatology 30 response criteria randomized 1:1 to continue tofacitinib or switch to placebo for up to an additional 26 weeks). Median and
interquartile range values for Child Health Questionnaire physical summary and psychosocial summary are summarized in Supplementary Table 3;
no significant differences in the distributions between the treatment arms was observed during part 2. N values, medians, and interquartile range
values for Child Health Questionnaire health concept scores are summarized in Supplementary Table 4. LS, least-squares; PhS, physical sum-
mary; PsS, psychosocial summary. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.
1002/art.43428/abstract.

Figure 5. LS mean (±SE) duration of morning stiffness (minutes) in patients with juvenile idiopathic arthritis treated with tofacitinib in part 1 and
tofacitinib or placebo in part 2 (overall population). *P < 0.05 vs placebo. Analyses were based on observed data; missing values were not imputed.
Dashed line represents randomization (patients meeting the juvenile idiopathic arthritis American College of Rheumatology 30 response criteria
randomized 1:1 to continue tofacitinib or switch to placebo for up to an additional 26 weeks). Median and interquartile range values for the duration
of morning stiffness are summarized in Supplementary Table 3; significant differences (P < 0.05) in the distributions were observed between the
treatment arms at weeks 28 and 40. LS, least-squares. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.
wiley.com/doi/10.1002/art.43428/abstract.
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the trial protocol, the CHAQ assessments were administered to
the patient’s parent and/or legal guardian at each visit. Patients
aged ≥14 years old could complete the assessment themselves;
however, the responses used in the analysis were from the
parent and/or legal guardian version of the CHAQ, rather than
the patient version. Finally, the results may be influenced by the
discontinuation of patients who experienced JIA flares, as per
the trial protocol (data for these patients were not imputed for
these post hoc analyses). It would be expected that JIA flare
would be accompanied by worsening of PROs, which would
not be captured at postdiscontinuation timepoints in our analy-
ses. Patients who discontinued due to JIA flares could enter
the LTE study (NCT01500551) and continue and/or reinitiate
treatment with open-label tofacitinib. Although it was beyond
the scope of this analysis to separately evaluate those patients
who restarted tofacitinib in the LTE study, an interim analysis of
the full LTE population found that improvements in CHAQ-DI
scores, arthritis pain, and well-being were generally sustained
through <48 months of open-label treatment with tofacitinib.34

In conclusion, among patients with pcJIA, jPsA, or ERA who
had inadequate response to one or more DMARD, tofacitinib use
was associated with sustained improvements in a range of PROs
that encompassed disability and/or physical function, arthritis
pain, well-being, and HRQoL up to approximately one year.
These benefits were often maintained even in patients random-
ized to placebo in the double-blind phase of the study after receiv-
ing open-label tofacitinib in part 1. Collectively, our findings
demonstrate that tofacitinib may provide substantial improvement
in HRQoL for patients with JIA.
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Clinical Images: Vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic syndrome presenting as aseptic pustular
dermatosis: A rare clinical manifestation

The patient, a 79-year-old man, presented with acute-onset fever, bilateral anterior nodular scleritis, and a pustular skin rash. He had been
diagnosed with vacuoles, E1 enzyme, X-linked, autoinflammatory, somatic syndrome (VEXAS) eight months earlier, with concomitant
myelodysplastic syndrome. He was initially treated with prednisone and tocilizumab, with ruxolitinib introduced five months prior. Lastly,
5-azacytidine was added two months before presentation because of uncontrolled inflammatory manifestations. (A and B) On clinical
examination, large, widespread, nonfollicular pustules were observed. (C, D, and E) Skin biopsies from two separate lesions revealed a
dense neutrophilic infiltrate in the superficial dermis containing poorly differentiated neutrophils similar to band neutrophils and prominent
leukocytoclasia, with no evidence of vasculitis. No cytopathic effect of the herpesvirus group was observed, and the immunohistochemical
staining result for herpes simplex virus was negative. Swab cultures from pustular lesions were sterile. Laboratory investigations showed
elevated C-reactive protein (69.0 mg/L; reference, <5 mg/L), anemia (8 g/dL; reference, 13–17 g/dL), thrombocytopenia (70 × 109/L; ref-
erence, 150–450 × 109/L), and monocytopenia (0.16 × 109/L; reference, 0.2–1 × 109/L). Because of negative infectious studies and con-
sistent histopathological findings, a diagnosis of VEXAS-associated pustular neutrophilic dermatosis was made. High-dose prednisone
and intravenous tocilizumab led to rapid resolution of systemic inflammation and cutaneous lesions. Neutrophilic dermatoses are a hall-
mark of VEXAS, being the most commonly reported histopathological patterns in VEXAS skin lesions.1 Aseptic pustules, uncommonman-
ifestations of neutrophilic dermatoses, have been described in 7% to 13% of VEXAS cases.2,3 Clinicians should consider underlying
VEXAS in patients presenting with atypical neutrophilic dermatosis, particularly when suggestive pathologic features are present.

1. Tan IJ, Ferrada MA, Ahmad S, et al. Skin manifestations of VEXAS syn-
drome and associated genotypes. JAMA Dermatol 2024;160(8):
822–829.

2. Zakine È, Papageorgiou L, Bourguiba R, et al; National French VEXAS
Study Group (NFVS). Clinical and pathological features of cutaneous
manifestations in VEXAS syndrome: A multicenter retrospective study
of 59 cases. J Am Acad Dermatol 2023;88(4):917–920.

3. Hines AS, Mohandesi NA, Lehman JS, et al. Cutaneous involvement in
VEXAS syndrome: Clinical and histopathologic findings. Int J Dermatol
2023;62(7):938–945.
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Clinical Images: Progressive calcinosis cutis universalis involving the intrapelvic muscles in
systemic lupus erythematosus

The patient, a 43-year-old woman with a 30-year history of systemic lupus erythematosus (SLE), presented with progressive
systemic calcification. She was diagnosed with SLE in 1994 after symptoms of fever, malar rash, photosensitivity, arthralgia, and
positive serologic markers, including antinuclear and anti–double-stranded DNA antibodies. (A and B) A pelvic radiograph and
computed tomography (CT) scan incidentally revealed subcutaneous calcifications in 2006. Subsequently, these calcifications
spread to the buttocks and lower extremities. (C and D) Additional calcifications were detected (indicated by arrows) in the iliacus
muscle in 2013. Despite immunosuppressive therapy, she had experienced six SLE flares by 2018, including neuropsychiatric SLE
and lupus panniculitis. Because of buttock pain, surgical excision of some subcutaneous calcifications was performed.
Subsequent histologic examination revealed fat necrosis with calcification. Serum calcium, phosphorus, parathyroid hormone,
and vitamin D levels were normal. No evidence of myositis or systemic sclerosis was detected. Calcinosis cutis universalis compli-
cated with SLE was diagnosed. (E and F) By 2024, the intrapelvic and subcutaneous calcifications (indicated by arrows) had further
progressed. Calcinosis cutis is typically associated with systemic sclerosis or myositis but is less associated with SLE.1 Although
calcinosis cutis universalis is extremely rare in patients with SLE, it can be associated with a history of chronic SLE activity.2 How-
ever, no cases of SLE and calcinosis cutis involving the intrapelvic muscles have been reported. Although plain radiographs are
effective in detecting calcinosis cutis,3 this case highlights that CT can precisely detect and monitor progressive calcification in
deeper tissues than on the skin and subcutaneous tissues. Currently, no established treatment exists for calcinosis cutis. No
new data were generated or analyzed in support of this research. We obtained written informed consent from the patient for
publication.

No specific funding was received from any bodies in the public, commercial, or not-for-profit sectors to carry out the work described in this article. The
author would like to thank Editage (www.editage.com) for English language editing.
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Concordance between ultrasound and physical
examination in enthesitis assessment: a call for further
investigation: comment on the article by Di
Matteo et al

To the Editor:
We read with great interest the article by Di Matteo et al titled

“Relationship Between Ultrasound and Physical Examination in
the Assessment of Enthesitis in Patients With Spondyloarthritis:
Results From the DEUS Multicenter Study.”1 This pioneering mul-
ticenter study provides crucial insights into the concordance
between physical examination and ultrasound for enthesitis evalu-
ation. However, some limitations warrant further discussion.

Firstly, implementing dual-observer assessment for both
physical examination and ultrasound evaluation of enthesitis, with
independent evaluations by two trained clinicians, could substan-
tially improve diagnostic precision. This approach would help to
minimize subjectivity and enhance the precision of the findings.
Regarding cross-center variability, centralized image interpreta-
tion using standardized scoring protocols might better mitigate
intersite discrepancies compared to web-based consensus exer-
cises alone.

Secondly, the article points out that more than two-thirds of
patients with spondyloarthritis (SpA) exhibit clinical signs of enthe-
sitis but do not show evidence of “active enthesitis” on ultra-
sound. Currently, the existing literature2 does not provide strong
evidence for a consistent correlation between magnetic reso-
nance imaging (MRI) and ultrasound in the evaluation of enthesitis,
primarily because of the limited research in this area. We propose
that further investigation using MRI in this specific patient sub-
group could be instrumental in definitively ruling out the presence
of active enthesitis.

Thirdly, enthesitis is a dynamic pathologic process, and the
correlation between physical examination and ultrasound findings
may vary over time. The cross-sectional design of the current
study restricts the ability to explore this temporal aspect. Future
research should prioritize longitudinal studies to assess whether
this consistency changes over time.

Lastly, the study possesses significant clinical implications,
as ultrasound examination of peripheral entheses in patients with
SpA is both convenient and readily integrated into routine clinical
practice for widespread screening. However, the study does not
address the assessment of axial entheses. Given the anatomic

complexity of the axial spine, it is plausible that the agreement

between ultrasound and physical examination for axial enthesitis

may be less robust. Therefore, future investigations should

aim to develop comprehensive assessment tools and further eval-

uate the consistency between imaging modalities and physical

examination.
In summary, this study enhances our understanding of the

consistency between physical examination and ultrasound in

assessing enthesitis. We advocate for further research to explore

this consistency.
Supported by Weifang Health Commission’s scientific research

program (grant WFWSJK-2023-222 and WFWSJK-2023-240) and the
Weifang Youth Medical Talent lift project.
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Reply

To the Editor:
We are grateful to Danxiang Shen et al for their interest in our

study and for providing valuable insights into assessing enthesitis in
patients with spondyloarthritis (SpA). In their letter, they clearly high-
light key areas for improvement and propose potential solutions. In
essence, they outline a research agenda with which we fully agree.

Increasing the number of clinicians to reduce subjective assess-
ment, centralizing image interpretation to mitigate intersite discrepan-
cies, incorporating magnetic resonance imaging as an independent
“third eye” alongside clinical and ultrasound evaluations, and using
longitudinal data to better interpret baseline findings are all essential
steps to enhance our clinical knowledge and performance.

We believe that all available tools (ie, clinical and imaging
examinations) that provide information on entheseal status should
be considered, and an index integrating the best aspects of each
tool should be developed. Although clinical examination cannot
visualize the different pathologies causing tenderness, imaging
cannot assess symptoms such as pain. In our study, the greatest
discrepancy between ultrasound and physical examination find-
ings was observed at the Achilles tendon.1 This tendon is tradi-
tionally a key site for evaluating enthesitis in SpA.2 Furthermore,
a recent study by our group identified the Achilles tendon enthesis
as crucial in distinguishing SpA-related inflammatory enthesitis
from mechanical enthesitis (ie, noninflammatory) via ultrasound.3

In conclusion, we appreciate the insights of Danxiang Shen
et al and fully support their research agenda. Further studies
should explore the relationship between physical examination
and ultrasound, particularly at the Achilles tendon. Developing a
comprehensive index that combines clinical and imaging findings
may improve enthesitis assessment.
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JAK inhibitors did not increase the risk ofmajor adverse
cardiovascular events in patients with rheumatoid
arthritis within the first two years of treatment:
comment on the article by Aymon et al

To the Editor:
We read with great interest the article by Aymon et al, a

multinational study that provides valuable real-world evidence
on the cardiovascular safety of JAK inhibitors (JAKi) compared
to biologic disease-modifying antirheumatic drugs to treat
rheumatoid arthritis (RA).1 Although the multinational cohort
design and robust data are commendable, several limitations
warrant discussion to guide future research and clinical prac-
tice; we would like to raise several critical points for further
discussion.

First, the study did not address the use of nonsteroidal anti-
inflammatory drugs (NSAIDs), which are widely prescribed for
pain management in RA. It was reported that all NSAIDs increase
the risk of cardiovascular diseases, and their cardiovascular risks
depend on the degree of inhibition of cyclooxygenase 1 (COX-1)
and COX-2: the smaller the degree of COX-1 inhibition, the
greater the degree of COX-2 inhibition, and the greater the cardio-
vascular risk.2 The study lacked granularity on NSAID classes,
dosing, or duration. Stratified analyses incorporating these vari-
ables could elucidate whether residual confounding explains
these results.

Second, although the study adjusts for prevalent comor-
bidities (eg, hypertension, diabetes, and hyperlipidemia), it
omits key contemporary therapies such as antihypertensive
drugs, glucagon-like peptide 1 (GLP1) receptor agonists,3 or
statins,4 which independently modify cardiovascular risk.
Propensity-score matching or adjustment for medication
adherence could mitigate this residual confounding. The study
only recorded the first event and did not consider the impact
of recurrent events or multiple events of major adverse
cardiovascular events, which may have underestimated the
long-term risk.

Lastly, the study population was predominantly European
(Switzerland, Germany, and Scandinavia) and Canadian, with no
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representation from Asia, Africa, or South America. Regional dis-
parities in health care access (eg, JAKi availability), genetic
susceptibility (eg, ethnic differences in drug metabolism), and car-
diovascular risk profiles may limit generalizability. Multiregional
collaborations, such as inclusion of Asian registries, are critical to
validate these findings globally.

In conclusion, this work underscores the short-term cardio-
vascular safety of JAKi in routine care. However, addressing these
limitations would strengthen the robustness and applicability of
future studies. We look forward to the authors’ feedback and their
efforts to enhance our understanding of this important topic.
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Reply

To the Editor:
We thank Hao Xing and Ya-Zhen Su for their interest in our

study1 and for the opportunity to clarify several methodologic
aspects. Regarding exposure to nonsteroidal anti-inflammatory
drugs (NSAIDs), we agree that these drugs may influence the car-
diovascular risk. However, NSAIDs are often obtained over the
counter, and their use is not consistently recorded, even when reg-
istries attempt to capture their use. As a result, routine capture of
NSAIDs, dosage, and frequency of use was incomplete across the

15 contributing registries, and thus adjustment was not feasible.
Importantly, because NSAID use in routine care is unrelated to the
choice of JAK inhibitor (JAKi) versus biologic disease-modifying
antirheumatic drug (bDMARD), any misclassification should be non-
differential, resulting in an attenuation of potential differences
between bDMARDs, rather than creating treatment differences.

Xing et al also raise the important issue of concomitant car-
dioprotective medications, such as statins, renin–angiotensin
system inhibitors, sodium-dependent d-glucose cotransporter
2 inhibitors, or glucagon-like peptide 1 receptor agonists.
Because our study relies on rheumatology-specific registries,
data on nonrheumatologic medications are often incomplete,
particularly in countries without linkage to nationwide prescrip-
tion databases. Only a minority of countries contributing to our
study have access to such comprehensive data. Therefore,
residual confounding is possible, but again, misclassification
should be nondifferential because their use is unlikely to be sys-
tematically associated with the choice of JAKi versus bDMARDs.
That said, a key strength of using rheumatoid arthritis–specific
registries is the availability of clinical data not typically present in
claims datasets, including measures of disease activity, disease
duration and severity, and lifestyle factors, such as smoking sta-
tus, all of which are important confounders for cardiovascular
outcomes.

With respect to recurrent major adverse cardiovascular
events (MACEs), all registries record event dates, allowing distinc-
tion between the first and subsequent MACEs. Only one patient
experienced a second event during follow-up in the combined
analysis (0.4% of 282 total MACEs). The scarcity of recurrences
within two years supports our focus on the first MACE.

We agree that inclusion of data from underrepresented
regions such as Asia, Africa, or South America would enhance
geographic generalizability. Although our study currently includes
predominantly European and one Canadian (Québec) registries,
this already entails considerable differences in health care sys-
tems, coding systems, and baseline patient demographics. One
of the major strengths of the JAK-pot collaboration is the use of
several methods to account for this heterogeneity. Extending the
collaboration to Asia, Africa, or South America would undoubtedly
enhance external validity and help contextualize the Oral Rheuma-
toid Arthritis Trial (ORAL) Surveillance signal but would also intro-
duce additional between-registry variability that must be handled
with care. Early real-world data from Japan,2 China,3 and Korea4

have also suggested no excess risk of MACE with baricitinib or
tofacitinib. We strongly encourage similar collaborative efforts in
these regions.

In conclusion, despite unavoidable limitations inherent to real-
world pharmacovigilance, the robustness of our findings, consis-
tent across two analytical frameworks and 15 health care systems
and after accounting for confounding, supports the cardiovascular
neutrality of JAKi as they are currently used in routine clinical care
in countries with universal health coverage during the first two years
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of treatment. Ongoing follow-up and broader geographic inclusion
will further refine long-term safety estimates.
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Trimethoprim-sulfamethoxazole prophylaxis in
antineutrophil cytoplasmic antibody-associated
vasculitis: watch out for pseudoacute kidney injury.
Comment on the article by Kim et al

To the Editor:
We read with great interest the article by Kim et al describing

the beneficial effect of trimethoprim-sulfamethoxazole (T/S) on the
prevention of infectious events in antineutrophil cytoplasmic
antibody-associated vasculitis (AAV).1 Cohen Tervaert com-
mented on this interesting multicenter cohort study,2 highlighting
the significant role of T/S use not only for the prevention of Pneu-
mocystis jirovecii and no-Pneumocystis jirovecii pneumonia infec-
tions, but also for the prevention of vasculitis relapses.3

Renal adverse effects of T/S treatment are also remarkable:
(1) hyperkalemia, which is caused by the amiloride-like inhibition
of renal outer medullary potassium channels, mediated by the S
component, leading to the inhibition of sodium absorption in the
distal tubule and the reduction of potassium tubular secretion;4

(2) acute interstitial nephritis, documented by biopsy and clinically
occurring with fever, malaise, eosinophilia, eosinophiluria,

leucocyte casts, and progressive renal tubular dysfunction;5

(3) nephrotoxicity, likely due to the S component when used at
high doses or at doses inappropriate for glomerular filtration rate
(GFR); and (4) pseudoacute kidney injury (pseudo-AKI), likely
due to the T component effect which, even at recommended
doses, competes with the organic cation transporter 2, inhibiting
tubular creatinine secretion, leading to a rapid but reversible
increase in serum creatinine independent from any changes in
GFR levels. The latter effect can cause a false GFR level underes-
timation when creatinine-based equations are used, potentially
precluding the use of therapies, currently not recommended for
GFR levels less than 15 mL/min (ie, avacopan).6 In fact, as
recently showed, the simultaneous use of creatinine and cystatin
C estimated GFR levels distinguishes between a true nephrotoxi-
city or a S/T related pseudo-AKI.7

Given these considerations and the latest Kidney Disease:
Improving Global Outcomes guidelines,8 we strongly recommend
for all patients affected by AAV receiving T/S prophylaxis to
closely monitor serum ions and urine dipstick and use both for-
mulas for the GFR equations (ie, cystatin C and creatinine-based
formulas), to estimate the renal function in order to promptly rec-
ognize and adequately manage the renal adverse effect of T/S
prophylaxis and to distinguish actual kidney involvement from
pseudo-AKI.
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Reply

To the Editor:
We appreciate the valuable comment by Capuano et al on our

recent article examining the time-dependent effect of prophylactic
trimethoprim-sulfamethoxazole (TMP-SMX) on the incidence of
serious infections in antineutrophil cytoplasmic antibody-associated
vasculitis (AAV).1 They also pointed out the potential renal adverse
effects of TMP-SMX and emphasized the clinical importance of
monitoring both cystatin C and creatinine.

We agree on the importance of close monitoring of renal
function and serum electrolyte levels to minimize the occurrence
of TMP-SMX-related renal adverse drug reactions. A metabolite
of sulfamethoxazole could be crystalized in acidic urine, which
leads to tubular damage. In addition, trimethoprim can impair
electrolyte transport and inhibit creatinine secretion in the renal
tubule.2,3 These effects are main mechanisms that cause
renal adverse reactions of TMP-SMX and are dose-dependent.
In fact, several previous studies have suggested that prophylactic
doses of TMP-SMX are associated with lower risk of renal toxic-
ities compared with therapeutic doses.4,5 A recent study from
our group also showed that incidences of hyperkalemia and azo-
temia directly related to prophylactic dose of TMP-SMX are
uncommon (1.2 and 2.0 per 100 person-years, respectively).6

Therefore, we emphasize that excessive concern about its rela-
tively benign renal safety profile may cause physicians to hesitate
in using it, which could potentially worsen patient outcomes.

Accumulating evidence suggests that cystatin C-based
glomerular filtration rate (GFR) estimation is more accurate than
creatinine-based methods. However, in many real-world settings,
the use of cystatin C testing is still low, and test availability may be
limited in some countries.7 Furthermore, although cystatin C
levels are less influenced by muscle mass, race and functional
status, they can be elevated by steroid use and inflammation,
potentially leading to underestimation of GFR in patients with
AAV receiving induction therapy.8–10 Therefore, we believe that
the accuracy of cystatin C-based GFR estimation in these
patients should be further validated in future studies.

Establishing an optimal prophylactic strategy requires accurate
risk-benefit assessment. Our study showed that prophylactic
TMP-SMXhas additional benefit beyond the prevention ofPneumo-
cystis jirovecii pneumonia (PJP) in patients with AAV. Vigilant moni-
toring for adverse drug reactions during the prophylaxis ensures a
more favorable safety profile. However, the optimal strategy for such
monitoring remains an important area for future research.
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“Negative” finding supports two-hit model: comment
on the article by Kroese et al

To the Editor:
The recent communication by Kroese et al1 was of great

interest. They report on a cohort of 50 individuals who were at risk
for rheumatoid arthritis (RA; defined as anticitrullinated peptide
antibody [ACPA] and/or rheumatoid factor [RF]-positive arthralgia)
and in whom they had previously shown differences in the com-
position of the oral microbiome when compared to healthy indi-
viduals.2 They now inform us that eight individuals out of this
group developed RA, and these were compared with the
33 who did not (for the remainder, follow-up was limited); in this
comparison, no differences in the oral microbiome were seen.

Although these results can be viewed as “negative,” it will
certainly not have escaped the investigators’ notice that these
results lend strong support to the “second hit” hypothesis of RA
pathogenesis3: the view that the development of autoimmunity
as reflected by ACPA and/or RF, which is strongly linked to the
shared epitope, is the result of a process at the mucosal surfaces,
whereas the development of the clinical disease—sometimes
years later—is dependent on a second hit, the nature of which
has been strikingly elusive. Having all but ruled out genetic,
epigenetic, bacterial, common viral, environmental, dietary, or
neuropsychological mechanisms for this second hit, one is left to
speculate that we are dealing with an unknown infectious trigger
or, perhaps least satisfactorily, a purely stochastic event.
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Reply

To the Editor:
We thank Ronald van Vollenhoven for bringing up the two-

hit model, that is, the notion that two separate events are nec-
essary to trigger the development of clinically apparent rheu-
matoid arthritis (RA). He states this hypothesis is supported
by our finding1 that the oral bacterial composition was not pre-
dictive of future RA development, even though we had previ-
ously shown that the bacterial composition in groups of
persons at risk of RA and of persons with early RA
was unfavorable compared to healthy controls.2 If we
understand the author of the letter correctly, the fact that oral
dysbiosis was present at presentation in the at-risk phase,
but was not predictive of progression to RA, would lend sup-
port to the idea that dysbiosis may be a necessary step but
not a sufficient one by itself to induce progression to clinically
apparent RA. Although this may be true, we feel that such a
conclusion cannot be drawn from the present data.

The main reason for this is that the group of persons at risk we
were able to follow was too small, which leaves the possibility open
that the presence of certain bacterial species may be associated
with the development of arthritis. At a more general level, the
second-hit hypothesis supposes a sequence of two events, in
which the first one is often thought of as the occurrence of autoan-
tibodies, regardless if induced at mucosal surfaces. A second hit
suggests a specific event such as an infection that would bring a
previously subclinical inflammation to the surface. Although there
are indications that (a range of) infections occur with increased fre-
quency in the year preceding the diagnosis of RA,3,4 the estab-
lished genetic and lifestyle risk factors for RA involve long-term
exposures, consistent with a gradually increasing subclinical
inflammation that eventually manifests as clinical RA.5

We agree with van Vollenhoven that a second hit has not yet
been specified. Although it is an attractive concept, the existing
evidence points more to a gradually increasing effect of a combi-
nation of multiple risk factors. As such, dysbiosis may well act as
an intermediate between the environment and the immunologic
disorder. Finally, we need more data before we can determine
whether bacterial compositions are predictive of RA.
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Minimal tofacitinib dose for maintenance in axial
spondyloarthritis: real-world data from a
resource-limited setting

To the Editor:
Over the past decade, numerous studies have investigated

the tapering of biologic disease-modifying antirheumatic drugs in
axial spondyloarthritis (AxSpA),1 and this is supported in

recent recommendations for AxSpA.2 After positive results in
trials,2 JAK inhibitors are being used as an alternative to
biologics, especially in resource-poor settings, considering
the lower cost of therapy. However, considering the risks
of infections, cardiovascular events, cancer, and venous
thromboembolism,3 we often attempt to maintain patients
with AxSpA on minimum possible doses of tofacitinib after
informed consent.

This retrospective study aimed to assess the risk of flares,
flare-free survival, and factors associated with flares on tapering
tofacitinib in AxSpA. It was a medical records review of pati-
ents with AxSpA (Assessment of SpondyloArthritis International
Society criteria)4 on tofacitinib in remission or low disease
activity (LDA) (Ankylosing Spondylitis Disease Activity Score with
C-reactive protein [ASDAS-CRP] <2.1) for at least 3 months and
were gradually tapered off tofacitinib. It was tapered at the treating
physician’s discretion (by 25%–50% of the weekly dose of 70 mg
at each visit), accompanied by an evaluation of the disease
activity. Tofacitinib was resumed at the previous effective dose in
case of flares, defined as an increase in ASDAS-CRP5 by 0.9.

In our cohort, among 240 patients with AxSpA who were on
tofacitinib,142 were in remission on stable doses of tofacitinib for
the previous 3 months. The 77 patients who met our inclusion
criteria had a median age of 38 years (interquartile range [IQR]
31–46), and 20 (28.6%) were women. They had a median disease
duration of 10 years (IQR 6–19). Radiographic sacroiliitis was
present in 61 patients (87%), HLA-B27 positivity in 45 patients
(58%), and uveitis in 11 patients (14.3%). Median ASDAS-CRP
was 2.9 (IQR 2.3–3.5) at initial presentation (Supplementary
Table 1). The tapering was started after they had received the
standard dose of tofacitinib (10 mg/day) for a median of
4.6 months.

During the median follow-up of 259 days (IQR 98–570) since
the start of tapering, out of 77 patients, 10 flared at a dose of
7.5 mg/day, another 16 flared at the dose of 5 mg/day, and
another seven flared at doses less than 5 mg/day (Figure 1). All
the patients who had flared reattained remission within 4 weeks
on hiking the dose of tofacitinib immediately to prior effective dose.
The median time to flare was 189 days (IQR 98–341). However,
44 patients (57%) remained in remission despite the tapering pro-
tocol. In univariate survival analysis, prior exposure to biologics
was associated with flares (log-rank test P = 0.035; Supplementary
Figure 1), whereas radiographic sacroiliitis (log-rank test P = 0.076;
Supplementary Figure 2) and the presence of HLA-B27 was not
(log-rank test P = 0.75; Supplementary Figure 3).

Tapering studies of JAK inhibitors in rheumatoid arthritis are
available with lower rates of LDA, remission, nonserious infection,
and higher relapse in the tapering group in a long-term extension
of baricitinib phase 3 trial. However, two-thirds of the patients
who lost response to the 2-mg dose regained LDA after dose
escalation to 4 mg.6 Similar results were obtained in a Japanese
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the tapering of biologic disease-modifying antirheumatic drugs in
axial spondyloarthritis (AxSpA),1 and this is supported in

recent recommendations for AxSpA.2 After positive results in
trials,2 JAK inhibitors are being used as an alternative to
biologics, especially in resource-poor settings, considering
the lower cost of therapy. However, considering the risks
of infections, cardiovascular events, cancer, and venous
thromboembolism,3 we often attempt to maintain patients
with AxSpA on minimum possible doses of tofacitinib after
informed consent.

This retrospective study aimed to assess the risk of flares,
flare-free survival, and factors associated with flares on tapering
tofacitinib in AxSpA. It was a medical records review of pati-
ents with AxSpA (Assessment of SpondyloArthritis International
Society criteria)4 on tofacitinib in remission or low disease
activity (LDA) (Ankylosing Spondylitis Disease Activity Score with
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were gradually tapered off tofacitinib. It was tapered at the treating
physician’s discretion (by 25%–50% of the weekly dose of 70 mg
at each visit), accompanied by an evaluation of the disease
activity. Tofacitinib was resumed at the previous effective dose in
case of flares, defined as an increase in ASDAS-CRP5 by 0.9.

In our cohort, among 240 patients with AxSpA who were on
tofacitinib,142 were in remission on stable doses of tofacitinib for
the previous 3 months. The 77 patients who met our inclusion
criteria had a median age of 38 years (interquartile range [IQR]
31–46), and 20 (28.6%) were women. They had a median disease
duration of 10 years (IQR 6–19). Radiographic sacroiliitis was
present in 61 patients (87%), HLA-B27 positivity in 45 patients
(58%), and uveitis in 11 patients (14.3%). Median ASDAS-CRP
was 2.9 (IQR 2.3–3.5) at initial presentation (Supplementary
Table 1). The tapering was started after they had received the
standard dose of tofacitinib (10 mg/day) for a median of
4.6 months.

During the median follow-up of 259 days (IQR 98–570) since
the start of tapering, out of 77 patients, 10 flared at a dose of
7.5 mg/day, another 16 flared at the dose of 5 mg/day, and
another seven flared at doses less than 5 mg/day (Figure 1). All
the patients who had flared reattained remission within 4 weeks
on hiking the dose of tofacitinib immediately to prior effective dose.
The median time to flare was 189 days (IQR 98–341). However,
44 patients (57%) remained in remission despite the tapering pro-
tocol. In univariate survival analysis, prior exposure to biologics
was associated with flares (log-rank test P = 0.035; Supplementary
Figure 1), whereas radiographic sacroiliitis (log-rank test P = 0.076;
Supplementary Figure 2) and the presence of HLA-B27 was not
(log-rank test P = 0.75; Supplementary Figure 3).

Tapering studies of JAK inhibitors in rheumatoid arthritis are
available with lower rates of LDA, remission, nonserious infection,
and higher relapse in the tapering group in a long-term extension
of baricitinib phase 3 trial. However, two-thirds of the patients
who lost response to the 2-mg dose regained LDA after dose
escalation to 4 mg.6 Similar results were obtained in a Japanese
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study with higher rates of relapse on immediate complete with-
drawal of tofacitinib compared with gradual dose reduction,
hence advocating the latter.7

This is the first-of-its-kind data on effectiveness of tofacitinib
tapering in AxSpA, proving that tofacitinib taper is viable for
patients with AxSpA in remission, minimizing drug exposure. All
patients who flared reattained remission after restoring the tofaci-
tinib to the previous effective dose, showing that this approach
does not lead to resistance to the effects of tofacitinib. The main
limitations are the retrospective study design and absence of a
control group. It sets the stage for larger clinical trials to explore
the effect of tapering on the rate of adverse effects (primarily infec-
tions and cardiovascular risk) and radiographic progression in
AxSpA.

Additional supplementary information cited in this article
can be found online in the Supporting Information
section (https://acrjournals.onlinelibrary.wiley.com/doi/10.1002/
art.43147).
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Figure 1. Study flowchart and summary. IQR, interquartile range; TOFA, tofacitinib.
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Secukinumab after tocilizumab failure in giant
cell arteritis

To the Editor:
Secukinumab has been shown to be of potential interest in the

management of patients with giant cell arteritis (GCA).1We report five
patients with GCA who relapsed during tocilizumab treatment and
were subsequently treated with secukinumab. These patients met
the American College of Rheumatology/EULAR diagnostic criteria
for GCA.2 Patients’ characteristics are shown in Table 1.

Before secukinumab treatment, all patients had received predni-
sone at 0.7 to 1 mg/kg/day, four patients had received methotrexate
at 0.3 mg/kg/wk for a period of 3 to 48 months, and all patients had
been treated with tocilizumab at 162 mg/wk subcutaneously for a
period of 6 to 21months. Secukinumabwas initiated with five subcu-
taneous injections at 300 mg weekly, then 300 mg monthly. Metho-
trexate was discontinued in all patients at introduction of tocilizumab
or secukinumab. Just before secukinumab therapy, all patients were
taking tocilizumab, and three were still being treated with prednisone.
Concomitantly to secukinumab initiation, prednisone was increased
to 20 mg/day for each patient, with progressive withdrawal in three
to six months.

Secukinumab was introduced for GCA relapse, with clinical
symptoms including polymyalgia rheumatica (PMR) in all patients
and recurrence of headache in three patients (one with halo sign
on sonography). Four patients had worsening vascular lesions
on positron emission tomography (PET).

At introduction of secukinumab, only one patient’s
C-reactive protein (CRP) level increased to 16 mg/L just after
stopping tocilizumab. The CRP level tended to rise for a few
weeks and then normalized.

All patients had a PET scan just before secukinumab initia-
tion. PET scans were performed during secukinumab treatment,
at 6 months for four patients, and at 12 months for two patients.
Evolution of PET in these patients is shown in Table 1.

At last follow-up, two patients were still in clinical and biologic
remission without glucocorticoids, one patient was in clinical and
biologic remission during prednisone treatment of 7.5 mg/day,
and two patients relapsed after 6 and 12 months of treatment
with secukinumab. These two patients were subsequently

switched to upadacitinib, with good clinical and biologic efficacy.
None of the patients had any infectious complications during the
secukinumab treatment period.

In these five cases of GCA with large vessel vasculitis
(LVV) refractory to tocilizumab, treatment with secukinumab
induced clinical and biologic remission in three patients. Only
two of these three patients achieved improvement of LVV or
PMR on PET.

Secukinumab appears to be an interesting treatment for
GCA, as interleukin-17 is strongly implicated in the pathogenesis
of this disease. Its mechanisms of action are different from those
of tocilizumab and methotrexate.3,4 In this case series, tocilizu-
mab failed to achieve sustained remission, and secukinumab
contributed to clinical and biologic remission. Only one patient
had a negative PET scan result after secukinumab initiation; how-
ever, vascular remission on imaging is difficult to achieve in these
patients with refractory disease. Although our experience sug-
gests the potential use of secukinumab for patients with refractory
GCA, that efficacy needs to be confirmed in larger randomized
controlled trials.
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10.1002/art.43352.
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Less is more: hematologic safety and sustained efficacy
of a modified low-dose etoposide regimen in
macrophage activation syndrome

To the Editor:

Macrophage activation syndrome (MAS), as a potentially fatal
complication of autoimmune inflammatory rheumatic diseases
and a subtype of secondary hemophagocytic lymphohistiocytosis
(HLH), is characterized by dysregulated immune activation culmi-
nating in cytokine storm.1 Patients typically present with persis-
tent high fever, cytopenia, hepatosplenomegaly, and multiorgan
dysfunction, with a high mortality rate.2,3 Because of the lack of
specific diagnostic criteria for MAS, HLH-2004 criteria and the
H-score system are commonly used for MAS recognition, with
reasonable diagnostic accuracy.4 Glucocorticoid pulse therapy
(adopted from pediatric regimens) is the first-line treatment for
MAS, yet approximately half of adults exhibit refractoriness.5

For patients with refractory MAS, severe organ involvement or
those failing first-line therapy, early initiation of an etoposide-
based protocol should be considered.6 However, given that
MAS is frequently associated with cytopenia and etoposide is a
known cause of severe myelosuppression, the combination of
these factors poses significant risk of severe infections, which
remain a significant clinical challenge and limit the application of
etoposide in MAS. We have previously reported, in a MAS case

report, that low-dose etoposide may reduce the risk of infection
while conferring therapeutic effects on uncontrolled inflamma-
tion.7 To compare the efficacy and safety of this optimized low-
dose etoposide regimen with conventional-dose etoposide treat-
ment, we retrospectively analyzed the outcomes of all patients
with MAS treated with low-dose etoposide in our hospital.
Twenty-two patients with MAS hospitalized in Tongji Hospital
between August 2015 and July 2024 were included, with 10 of
them receiving a modified low-dose etoposide regimen (100 mg,
twice weekly, for a total of three or four doses) and 12 patients
were treated with conventional-dose etoposide (twice weekly with
a dose of 165–200 mg, determined based on patient’s body sur-
face area and organ function8,9). Therapeutic responses, defined
as complete remission, partial remission, or no remission using
criteria established by Wang et al,10 were evaluated one month
after treatment initiation and again at the last follow-up. Safety
was assessed by monitoring hematologic toxicity, particularly
the degree of myelosuppression during treatment and within
seven days after the final dose.

We observed no significant differences in primary disease type,
baseline disease activity, and antirheumatic medications between
the conventional-dose therapy group and the modified therapy
group (P > 0.05) (Table 1). Throughout the follow-up period (median
follow-up duration: 16 [interquartile range (IQR) 3.5–29] vs 10 [IQR
6.75–14.5] months), no differences in treatment efficacy were
observed between the two groups, either in the short term (1 month)
or long term (up to the final follow-up: P > 0.05 for treatment
response at week four or last follow-up, H-score at week 4, and
recurrence). It is noteworthy that the modified treatment group dem-
onstrated improved hematologic safety. Compared to the
conventional-dose treatment group, the modified treatment group
exhibited a significantly higher minimum leukocyte count (2.38 [IQR
1.98–2.68] vs 1.43 [IQR 0.88–2.09], P < 0.05; Table 1 and Figure
1), a lower magnitude of leukocyte decline (0.11 [IQR -0.10 to 0.59]
vs 0.81 [IQR 0.72–0.88], P < 0.05; Table 1 and Figure 1), and shorter
duration required for leukocyte counts to return to normal (11 [IQR
7–13] vs 2 [IQR 2–4], P < 0.05; Table 1). Similar protective effects
were also observed for neutrophil subset, reflected by higher mini-
mum count (1.19 [IQR 1.16–1.44] vs 0.40 [IQR 0.14–0.75], P <

Figure 1. Comparison of leukocyte and neutriphil nadirs and declines between conventional-dose and low-dose etoposide.
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Table 1. Baseline characteristics, treatments, and clinical outcomes in patients with MAS treated with conventional-dose or low-dose
etoposide.

Variant
Conventional-dose
Etoposide (n = 12)1

Low-dose Etoposide
(n = 10)1 p

Baseline
characteristics

Gender (Male) 3 (25.00%) 1 (10.00%) 0.59
Age (years) 35 (27, 43) 40 (25, 57) 0.51
Etiology/trigger 0.82
Systemic Lupus Erythematosus (Yes) 3 (25.00%) 5 (50.00%)
Adult-Onset Still’s Disease (Yes) 6 (50.00%) 3 (30.00%)
Dermatomyositis (Yes) 1 (8.30%) 1 (10.00%)
Undifferentiated Connective Tissue
Disease (Yes)

1 (8.30%) 1 (10.00%)

Systemic Juvenile Idiopathic Arthritis (Yes) 1 (8.30%) 0 (0.00%)
Fever (%) 12 (100.00%) 10 (100.00%) 1.00
Hepatomegaly (Yes) 0 (0.00%) 0 (0.00%) 1.00
Splenomegaly (Yes) 1 (8.30%) 0 (0.00%) 1.00
Lymphadenopathy (Yes) 1 (8.30%) 2 (20.00%) 0.57
White cell count (109/L)† 7.18(5.27, 9.86) 4.08 (2.09, 7.55) 0.16
Neutrophil count (109/L)† 5.03 (4.13, 7.00) 2.92 (1.43, 6.54) 0.20
Haemoglobin (g/L)† 110 (100, 119) 98 (89, 110) 0.23
Platelet count (109/L)† 206 (152, 270) 128 (90, 191) 0.14
Alanine Aminotransferase (U/L)‡ 80 (27, 150) 50 (30, 58) 0.57
Aspartate transferase (U/L)‡ 87 (45, 213) 74 (43, 154) 0.87
Triglyceride (mmol/L)† 2.45 (1.99, 3.73) 2.83 (2.06, 3.12) 0.97
Fibrinogen (g/L)‡ 2.14 (1.59, 3.53) 2.81 (2.31, 3.08) 0.46
Albumin (g/L)‡ 31.15 (29.33 32.20) 29.85 (25.78, 35.80) 0.54
Serum creatinine (umol/L)‡ 49.50 (40.00, 70.00) 59.00 (42.50, 75.25) 0.82
Total bilirubin (umol/L)‡ 7.25 (6.60, 10.00) 8.05 (5.53, 13.55) 0.67
Prothrombin time (s)‡ 14.70 (12.80, 19.10) 14.50 (14.00, 18.60) 0.60
INR‡ 1.01 (0.97, 1.09) 1.11 (1.02, 1.18) 0.15
Ferritin (ng/mL)‡ 7383 (4559, 11467) 3222 (898, 14171) 0.16
Bone marrow haemophagocytosis (Yes) 9 (75.00%) 8 (80.00%) 1.00
Low NK cell activity (Yes) 11 (92.00%) 6 (75.00%) 0.54
Soluble CD25 (U/mL)‡ 1637 (1060, 2795) 2,875 (1493, 4734) 0.31
HLH-2004 criteria*,‡ 5.00 (5.00, 7.00) 6.00 (5.25, 6.00) 0.14
H score*,† 203 (177, 228) 183 (179, 194) 0.57
Follow-up (Months)‡ 16.00 (3.50, 29.00) 10.00 (6.75, 14.50) 0.17

Medications
used during
hospitalization

Etoposide
Dose per Administration (mg)† 200.00 (165.00, 200.00) 100.00 (100.00, 100.0) 0.00
Dose per Administration (mg/m2)† 122.70 (102.50, 146.30) 62.33 (56.86, 69.02) 0.00
Cumulative Inpatient Dose (mg)‡ 550.00 (305.00, 780.00) 300.00 (300.00, 400.00) 0.02
Cumulative Inpatient Dose (mg/m2)‡ 318.20 (191.50, 495.70) 189.80 (178.10, 238.60) 0.01
Other medications
Average Daily Dose, Prednisone
Equivalent (mg/kg/day)‡

1.56 (1.21, 2.47) 1.54 (1.01, 1.98) 0.55

Cyclosporine A (Yes) 9 (75.00%) 9 (90.00%) 0.59
Mycophenolate Mofetil (Yes) 1 (8.30%) 0 (0.00%) 1.00
Intravenous Immunoglobulin (Yes) 8 (67.00%) 3 (30.00%) 0.20
Cyclophosphamide (Yes) 3 (25.00%) 4 (60.00%) 0.19
Plasma Exchange (Yes) 4 (33.00%) 3 (30.00%) 1.00
Other Myelosuppressive drugs (Yes) 4 (33.00%) 6 (60.00%) 0.39

Efficacy and
hematologic safety

Patient’s response at 4 weeks
Complete response 10 (83.33%) 7 (70.00%) 0.62
Partial response 2 (16.67%) 3 (30.00%)
Patient’s response at last follow-up
Complete response 3 (25.00%) 6 (60.00%) 0.19
Partial response 9 (75.00%) 4 (40.00%)
H score* at 4 weeks† 54 (24, 104) 62 (44, 69) 0.99
Recurrence (Yes) 5 (42.00%) 1 (10.00%) 0.16
Leukopenia (< 4*109/L) (Yes) 10 (83.30%) 8 (80.00%) 1.00
Leukopenia (< 2*109/L) (Yes) 7 (58.30%) 3 (30.00%) 0.23
Lowest White Blood Cell Count (109/L)† 1.43 (0.88, 2.09) 2.38 (1.98, 2.68) < 0.05
Degree of White Blood Cell Decline (%)† 81 (72, 88) 11 (−10, 59) < 0.05
Neutropenia (< 1.5*109/L) (Yes) 9 (75.00%) 4 (40.00%) 0.19

(Continued)
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0.05) and reduced magnitude of decline (0.22 [IQR -0.03 to 0.77] vs
0.91 [IQR 0.90–0.97], P < 0.05; Table 1 and Figure 1). This
hematologic protection was accompanied by a trend of lower
frequency of granulocyte colony-stimulating factor (G-CSF)
(75.0% vs 40.0%, P = 0.12) and lower accumulative dose of
G-CSF (600 [IQR 100–2,100] vs 250 [IQR 100–900], P =
0.48) required for the treatment of leukopenia, although no sta-
tistical significance was observed (Table 1). It nevertheless
indicates less need for supportive care. No significant differ-
ences were found in frequencies of anemia and thrombocyto-
penia, minimum hemoglobin levels, and the magnitude of
hemoglobin decline (Table 1).

Overall, these data suggest that the modified low-dose eto-
poside regimen significantly reduces the severity of myelosup-
pression while maintaining therapeutic efficacy in MAS
treatment, particularly in terms of leukocyte and neutrophil sup-
pression. Although not first-line therapy, partially because of its
myelosuppressive toxicity, etoposide usage is increasingly preva-
lent in MAS, especially in glucocorticoid-refractory cases. Given
the retrospective nature of this research, future prospective stud-
ies are required to confirm its wider applicability and long-term
safety for treating MAS.
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Table 1. (Cont’d)

Variant
Conventional-dose
Etoposide (n = 12)1

Low-dose Etoposide
(n = 10)1 p

Neutropenia (< 0.5*109/L) (Yes) 5 (41.70%) 1 (10.00%) 0.16
Lowest Neutrophil Count (109/L)‡ 0.40 (0.14, 0.75) 1.19 (1.16, 1.44) < 0.05
Degree of Neutrophil Decline (%)‡ 91 (90, 97) 22 (−3, 77) < 0.05
Use of Granulocyte colony-stimulating
factor (Yes)

9 (75.00%) 4 (40.00%) 0.12

Frequency of Granulocyte colony-
stimulating factor Use (μg)†

600 (100, 2100) 250 (100, 900) 0.48

Anemia (Yes) 10 (83.00%) 10 (100.00%) 0.48
Lowest Hemoglobin Level (/L)† 88 (64, 97) 82 (65, 94) 0.69
Degree of Hemoglobin Decline (%)† 21 (12, 29) 19 (14, 24) 0.31
Thrombocytopenia (Yes) 9 (75.00%) 7 (70.00%) 1.00
Lowest Platelet Count (/L)† 46 (41, 76) 94 (47, 110) 0.48
Severity of Thrombocytopenia (%)† 72 (28, 85) 25 (8, 60) 0.11
Blood Recovery Time (day)‡ 11 (7, 13) 2 (2, 4) < 0.05

Note: Glucocoticoids were calculated as prednisone-equivalent using, dexamethasone x6, methylprednisolone x1.25, prednisone x1; Other
myelosuppressive drugs, including concomitant medications like cyclophosphamide and tacrolimus may contribute to hematologic toxicity.
Recurrence (Yes) was defined as readmission for macrophage activation syndrome; Since no bone marrow aspiration cytology was conducted
in any group at 4 weeks post-treatment, all data were recorded as 0.
* HLH criteria (at least five criteria should be met for MAS diagnosis): temperature ≥ 38.5�C for at least 7 days; splenomegaly; cytopenia in two
ormore cell lines (haemoglobin < 90 g/L, PLT < 100 × 109/L, or leukocyte < 4 × 109/L); hypertriglyceridaemia (> 3mmol/L) and/or hypofibrinogen-
aemia (< 150 mg/dL); ferritin ≥ 500 μg/L; increased sCD25; decreased or absent NK cell activity; haemophagocytic cells in bone marrow, spleen
or lymph nodes. HScore (http://saintantoine.aphp.fr/score/) estimates hemophagocytic syndrome risk.
† Welch Two Sample t-test.
‡ Wilcoxon rank sum exact test; Fisher’s exact test was used for categorical variables.
1 n (%); Median (Q1, Q3).
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Correction to “Novel Genetic Loci in Early-Onset Gout
Derived From Whole-Genome Sequencing of an
Adolescent Gout Cohort”

Ji A, Sui Y, Xuo X, et al. Novel Genetic Loci in Early-Onset Gout Derived FromWhole-Genome Sequencing of an Adolescent Gout Cohort.
Arthritis Rheumatol. 2025 Jan;77(1):107–115.

In the article noted above, the author name Xiapeng Ji is misspelled. The correct spelling is Xiaopeng Ji.

We apologize for this error.
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C O R R E C T I ON

Correction to “Povetacicept, an Enhanced Dual APRIL/BAFF
Antagonist That Modulates B Lymphocytes and Pathogenic
Autoantibodies for the Treatment of Lupus and Other
B Cell-Related Autoimmune Diseases”

Arthritis Rheumatol. 2023 Jul;75(7):1187-1202. doi: 10.1002/art.42462. Epub 2023 Apr 19.

In Figure 3A, the labels for the two WT TACI-Fc comparators on the y-axis were inverted. The 2nd bar from the top should have been
labeled “WT TACI 30-110 Ig” and the 3rd bar from the top should have been labeled “WT TACI 13-118 Ig.”

We apologize for this error.
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