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Psoriatic arthritis (PsA) develops in up to one-third of patients with psoriasis (PsC), yet increas-
ing attention is now focused on a putative subclinical phase preceding overt arthritis. Several
conceptual frameworks describe the PsC—PsA transition, including the pragmatic definition pro-
posed by the European Alliance of Associations for Rheumatology, which defines subclinical
PsA as arthralgia and/or imaging abnormalities in the absence of clinical synovitis. However,
the absence of validated serological biomarkers, the marked clinical heterogeneity of PsA, the
frequent occurrence of nonspecific musculoskeletal symptoms, and the limited specificity of
imaging findings complicate risk stratification and may lead to misclassification and overtreat-
ment. Lessons from rheumatoid arthritis highlight both the potential and the pitfalls of applying
prevention paradigms to subclinical disease. This viewpoint critically appraises current defini-
tions of subclinical PsA, discusses therapeutic and trial-design implications, and outlines key
research priorities, including longitudinal PsC cohorts, advanced and molecular imaging, and
multiomic biomarker discovery. Future progress depends on developing robust risk-stratification
models that capture the full spectrum of psoriatic disease and enable targeted prevention strate-
gies while minimising unnecessary intervention. At the same time, caution is warranted against
broad expansion of the ‘subclinical’ disease state concept, as it may dilute disease definitions,
increase overdiagnosis, and divert attention from improving early and accurate identification of
clinically meaningful PsA.

INTRODUCTION

Psoriatic arthritis (PsA) is a chronic inflammatory disease
that develops in up to one-third of individuals with psoriasis
(PsC) [1]. The clinical diagnosis is typically made once overt
musculoskeletal inflammation, such as arthritis, enthesitis,

dactylitis, or axial disease, becomes apparent [1,2]. Recently,
attention has been directed to a so-called ‘subclinical’ phase of
PsA [3-5], motivated by observations that many patients with
PsC experience musculoskeletal symptoms or demonstrate imag-
ing abnormalities before PsA becomes clinically evident [4,6,7].
Beyond musculoskeletal symptoms and imaging findings,
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several clinical and demographic factors have been associated
with increased risk of progression from PsC to PsA, including
severe skin disease, nail involvement, obesity, family history,
and genetic susceptibility, although their predictive value at the
individual level remains limited [1,3,8,9].

The concept of subclinical PsA presents potential opportuni-
ties but also poses a dilemma for modern rheumatology. Early
identification may enable interventions that prevent progression
to established PsA, thus preserving function and quality of life
[1,4]. At the same time, the lack of a clear definition risks mis-
classification and overtreatment and may divert attention from
efforts to improve the early and accurate recognition of clini-
cally meaningful PsA. This viewpoint critically appraises the
current understanding of subclinical PsA and potential avenues
for future research to enhance clinical care.

THE CURRENT CONCEPT AND DEFINITIONS

Several working groups have proposed frameworks to study
the PsC—PsA transition, each using distinct terminology and
thresholds for ‘subclinical disease’ [3,8,9]. The Scher model [8]
describes a 5-stage process: (1) PsC with risk factors such as
human leukocyte antigen B*27 (HLA-B*27) genotype, obesity,
or severe skin disease; (2) preclinical PsA with immune activa-
tion; (3) asymptomatic subclinical PsA with imaging abnormali-
ties; (4) prodromal PsA with arthralgia and fatigue; and (5)
clinically diagnosed PsA [8]. This model remains conceptual, as
the immune, radiologic, and molecular subclinical events that
precede PsA onset have yet to be fully characterised. The Pre-
venting Arthritis in a Multicenter Psoriasis At-Risk (PAMPA)
consensus (2021) proposed an alternative framework for the
PsC—PsA transition, classifying PsC patients into 3 groups: those
with risk factors, those with asymptomatic synovio-entheseal
imaging abnormalities, and those with unexplained musculo-
skeletal symptoms [9]. This represents a more pragmatic
approach that emphasises ‘synovio-entheseal inflammation’ as a
hallmark of PsA, although its operational definitions remain to
be explored.

The European Alliance of Associations for Rheumatology
(EULAR) task force (2023) offered the most pragmatic definition
of subclinical PsA, primarily for use in clinical trials: arthralgia
and/or imaging abnormalities in the absence of clinical synovi-
tis [3]. In its framework for the PsC—PsA transition, the task
force distinguished long-term risk factors (e.g., PsC severity,
obesity, family history) from short-term factors (eg, arthralgia,
imaging changes) [3]. Clinical synovitis was considered the hall-
mark of transition to established PsA, while arthralgia and imag-
ing findings served as early warning signs [3]. This approach
helps clarify disease evolution, as the absence of reliable bio-
markers makes it challenging to detect underlying immune
abnormalities in the preclinical stage, unlike in rheumatoid
arthritis (RA) [10,111].

Although overlapping, these frameworks diverge on what
constitutes the threshold of PsA versus ‘preclinical’ or
‘subclinical’ disease, with important consequences for research
and clinical decision-making. Furthermore, terms such as
‘preclinical,” ‘prodromal,” and ‘subclinical’ PsA are often used
interchangeably [3,8,9], further complicating clarity in trial
design and clinical practice.

LESSONS FROM PRECLINICAL RA

In RA, a preclinical phase is recognised in individuals with
serological autoimmunity (anti-citrullinated protein antibodies
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[ACPA] or rheumatoid factor), arthralgia, and subclinical syno-
vitis detectable by ultrasound or magnetic resonance imaging
(MRI) but without clinically detectable swollen joints [11,12].
EULAR/American College of Rheumatology risk-stratification
criteria define such at-risk cohorts, reporting progression rates
of ~12% within 1 year and ~21% within 2 years [11]. MRI
markedly enhances predictive accuracy (area under the curve ~
0.93), whereas ultrasound adds little when layered onto opti-
mised clinical and serological models [11]. Importantly, these
criteria are intended to standardise the identification of research
cohorts, not to serve as clinical guidelines for initiating treat-
ment [11].

Prevention trials in RA suggest that while complete preven-
tion remains challenging, interventions can delay disease pro-
gression or improve symptoms and imaging [13—17]. Two
major challenges underlie these variable results: (1) phenotypic
noise: arthralgia and imaging abnormalities are often nonspe-
cific, reflecting osteoarthritis or mechanical changes; and (2)
some individuals may already have clinically silent RA, meaning
that interventions may treat very early disease rather than truly
prevent its onset.

These experiences caution against uncritical expansion of
pre-disease concepts, particularly in PsA, where the absence of
validated biomarkers, marked clinical heterogeneity, and fre-
quent comorbidities together amplify the risks of misclassifica-
tion and inappropriate intervention.

IMPLICATIONS FOR PSC—PSA TRANSITION

The same challenges apply to psoriatic disease, with addi-
tional complexity. PsA lacks validated serological markers anal-
ogous to ACPA and features broader clinical heterogeneity:
peripheral enthesitis and axial involvement may occur without
synovitis [1]. Moreover, musculoskeletal symptoms in PsC are
common, often nonspecific, and frequently influenced by comor-
bidities, such as osteoarthritis and obesity [1,6,8,18]. Imaging
modalities, including ultrasound and MRI, can detect early
inflammatory changes, although their predictive value remains
incompletely defined. Indeed, they detect synovio-entheseal
inflammation in over 45% of PsC patients [5,19,20], yet a signif-
icantly smaller proportion progress to PsA [1]. This underscores
the potentially limited specificity of imaging, as detected abnor-
malities may reflect mechanical or degenerative changes rather
than true inflammation. Although imaging is valuable for identi-
fying inflammatory changes, its predictive role across various
modalities in asymptomatic or minimally symptomatic patients
remains uncertain [21].

The EULAR framework defined clinically evident synovitis as
the hallmark of transition to PsA [3]. However, several limita-
tions challenge this definition: (1) clinical joint examination has
limited reliability, particularly in mild disease, risking under-
detection in the absence of imaging [22]; (2) the marked hetero-
geneity of PsA means that peripheral enthesitis or axial involve-
ment may occur without overt synovitis, and current synovitis-
centred definitions therefore overlook entheseal and axial dis-
ease, failing to capture the full clinical spectrum of PsA [1,23
—25]; and (3) patients with arthralgia and imaging abnormali-
ties may have already developed PsA, challenging the concept
of truly ‘subclinical’ disease. Furthermore, some at-risk individ-
uals may progress rapidly to clinically apparent PsA after trig-
gers such as trauma, without a discernible transition phase [3].
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THERAPEUTIC IMPLICATIONS

The central question is whether and how to intervene in the
subclinical phase. This challenge aligns with the emerging con-
cept of disease interception, which seeks to modify disease tra-
jectory through intervention at subclinical or at-risk stages
before the onset of clinically manifest inflammatory arthritis
[5]. In psoriatic disease, observational data and prevention-ori-
ented initiatives, including PAMPA-related efforts, reflect grow-
ing interest in interception strategies, although methodological
limitations continue to constrain the strength and clinical appli-
cability of available evidence [26—30].

Some patients with PsC and arthralgia may already have true
subclinical inflammatory disease. Early intervention in these
individuals could potentially prevent progression to established
PsA, thereby reducing joint damage and preserving quality of
life. However, questions remain as to whether musculoskeletal
symptoms in a patient with PsC can truly be considered
‘subclinical,” and, more importantly, whether this stage may
already be too advanced to prevent transition to clinically appar-
ent arthritis. Conversely, expanding treatment to all patients
with arthralgia and/or imaging abnormalities risks overtreat-
ment. Thus, the challenge lies in distinguishing patients with
true subclinical inflammation, or, ideally, those at risk of devel-
oping it who could benefit from early intervention, from individ-
uals with nonspecific findings (eg, degenerative changes), to
balance the potential benefits of prevention against the risks of
unnecessary therapy. Given current limitations in prediction, a
pragmatic priority is to improve early and accurate identifica-
tion of clinically relevant PsA and to define reliable predictors of
progression within PsC, rather than further expanding poorly
defined pre-disease categories.

RETHINKING SUBCLINICAL PSA: TOWARDS
CLEAR DEFINITIONS

Clinical trials evaluating the impact of disease-modifying
antirheumatic drugs on PsA risk in PsC patients require clear,
validated, and reliable definitions of patient groups before enrol-
ment. EULAR’s definition of subclinical PsA provides a reference
[3], but broad inclusion risks enrolling heterogeneous cohorts
and diluting the predictive value of such trials. As in RA, impre-
cisely defined ‘at-risk’ PsA cohorts may encompass:
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1. Patients with early PsA lacking overt synovitis;

2. Patients with musculoskeletal symptoms due to degenera-
tive or mechanical causes; and

3. Patients truly transitioning towards PsA (Figure).

Without appropriate stratification, this heterogeneity may
obscure treatment effects and increase the risk of trial failure. A
practical study design might enrol PsC patients without muscu-
loskeletal complaints at baseline, then enrich the cohort using
risk markers such as nail disease, obesity, or severe skin involve-
ment, explicitly excluding symptomatic patients.

In clinical practice, the population transitioning from subclin-
ical disease to clinically manifest PsA appears to be limited in
size and challenging to identify prospectively, given the often
narrow time window before overt PsA develops. Clearer descrip-
tive terminology is required to differentiate clinically and prog-
nostically distinct patient groups, with explicit incorporation of
imaging findings, such as:

1. PsC with nonspecific musculoskeletal symptoms (arthral-
gia without objectively detectable inflammation).

2. PsC with imaging abnormalities alone.

3. PsC with both arthralgia and imaging abnormalities—this
group likely includes patients who have already transi-
tioned to PsA.

This approach avoids premature disease labelling while still
acknowledging risk and guiding monitoring strategies based on
the patient’s current clinical profile.

Future frameworks for the PsC—PsA transition must capture
the full disease spectrum, including enthesitis and axial disease,
using imaging capable of detecting inflammation across these
domains. Parallel translational research should prioritise bio-
marker discovery and validation to enable robust risk stratifica-
tion, analogous to ACPA in RA. Ultimately, the goal is not
additional terminology, but a conceptual and methodological
framework that minimises misclassification, accounts for hetero-
geneity, and targets intervention to those most likely to benefit.

IMPLICATIONS FOR RESEARCH

Key priorities for future research include improved under-
standing and identification of early markers of PsA development
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Figure. Illustration of the subgroups comprising the spectrum of psoriatic disease, including the current ‘subclinical PsA’ definition. MSK, musculo-

skeletal; PsA, psoriatic arthritis.
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in patients with PsC, enabling individualised risk stratification.
This will likely require the development of longitudinal incep-
tion cohorts of patients with recent-onset PsC, integrating
detailed clinical phenotyping with advanced imaging modali-
ties, such as MRI. In parallel, comprehensive molecular risk pro-
filing should be pursued, encompassing soluble biomarkers,
genetic susceptibility factors, transcriptomic signatures, metabo-
lomic profiles, and other emerging molecular readouts relevant
to PsA pathogenesis. In addition to conventional imaging,
molecular imaging using tracers targeting key immunopatho-
logical pathways may offer the opportunity to visualise immuno-
logically driven inflammation and thereby improve early and
accurate diagnosis of PsA, which remains a major unmet need in
the field. Finally, PsA prevention trials should carefully exclude
individuals with established imaging abnormalities or overt
musculoskeletal symptoms, to avoid conflating early treatment
with true disease prevention and to focus on individuals who
are genuinely at risk of developing clinically manifest PsA.

CONCLUSIONS

The notion of subclinical PsA has received increased atten-
tion, but the concept of early disease remains ambiguous. Some
‘subclinical’ patients may already meet PsA criteria; others may
never progress, as their symptoms may be unrelated to psoriatic
disease. Restricting the diagnosis to synovitis oversimplifies a
heterogeneous disease, whereas inaccurate interpretation of
symptoms or imaging can lead to overdiagnosis. Continued
expansion of loosely defined preclinical categories risks diluting
disease definitions and exposing patients to unnecessary investi-
gation or treatment without clear clinical benefit.

For trials, the EULAR framework provides a pragmatic yet
imperfect foundation that requires development. In practice,
descriptive terminology based on risk factors, symptoms, and
imaging better captures uncertainty while avoiding premature
labelling.

Progress will depend on improving early and accurate diag-
nosis of clinically meaningful PsA and on developing robust
risk-stratification models within PsC cohorts to identify those
truly at risk of progression. Rather than further expanding
broadly defined pre-disease categories, future efforts should pri-
oritise diagnostic precision and clinically meaningful risk pre-
diction to ensure that earlier identification of PsA improves
patient outcomes without increasing overdiagnosis or unneces-
sary treatment.
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ARTICLE INTFO ABSTRACT

Article history: Objectives: This study determines the phenotypic and functional characteristics that define dis-
ﬁiii:gj ilfr]zjicsfgl;sx(f;arch 2026 tinct fibroblast-like synoviocyte (FLS) populations in rheumatoid arthritis (RA) vs psoriatic
Accepted 11 March 2026 arthritis (PsA).

Methods: Single-cell RNA sequencing and multiparametric flow cytometry analysis (21 markers)
were performed on RA and PsA synovial cell suspensions to determine FLS phenotype/function.
Podoplanin (PDPN)* FLS and sorted THY1" FLS vs THY1~ FLS function in RA vs PsA was
assessed by flow cytometry, enzyme-linked immunosorbent assay (ELISA), quantitative real
-time quantitative polymerase chain reaction (qQPCR), and metabolic analysis ex vivo, in vitro,
and in the presence of verteporfin (Hippo signalling blockade).

Results: Flow analysis of PDPN* FLS demonstrated significant increases in human leukocyte
antigen (HLA)-DR ", yes-associated protein (YAP)*, cadherin 11 (Cad11)™, and phosphorylated
protein S6* FLS in RA (all P < .05), while CD55 was increased in PsA-FLS (P < .001). Polyfunc-
tionality demonstrated enhanced coexpression of Cad11*CD44 "HLA-DR *ICAM-1* FLS (P <
.01) and CD44"HLA-DR *ICAM-1*VCAM-1" FLS (P < .05) in RA, whereas PsA-FLS exhibited
increased coexpression of pAKT "pmTOR™* (P < .01). THY1" FLS populations were dominant in
RA (P < .05), while THY1~ FLS were dominant in PsA (P < .05), with differential angiogenic,
chemokine, and matrix metalloproteinase expression observed. THY1 *FAP™* FLS correlated
with disease activity score (DAS28) (r = 0.55, P < .05) and synovitis (r = 0.54, P < .05). Further
flow analysis identified 6 main distinct FLS populations, with enrichment of
THY1*CD34-CD55"FAP* FLS and THY1*CD34*CD55 FAP* FLS in RA (P < .05), while PsA
displayed enrichment of THY1* CD34 CD55 *FAP* FLS (P < .05) and THY1 CD34"CD55 *FAP*
FLS (P < .001). Immune/adhesive markers were significantly higher in RA subpopulations,
whereas metabolic/osteogenic markers were higher in PsA subpopulations. ScRNA-seq
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identified 16 distinct FLS clusters, with 3 sublining clusters enriched in RA compared with PsA,
including THY1"POSTN™*, THY1"CXCL12*CHI3L2", and THY1"CXCL12*APOE*. Pathway
enrichment analysis identified heightened Hippo signalling in RA THYI1"POSTN™ FLS, and
blockade of this signalling inhibited FLS pathogenic function.

Conclusions: RA and PsA possess distinct FLS populations with unique functional and metabolic prop-
erties, which may facilitate improved understanding of disease pathogenesis and therapeutic response.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Previous global single-cell RNA sequencing analysis identified
the existence of 11 clusters of FLS in RA and PsA synovial tissue
with differential dominance of these clusters between both dis-
ease pathotypes.

« THY1"FAP* FLS clusters are enriched in RA while THY1 FAP’
FLS clusters are enriched in PsA.

WHAT THIS STUDY ADDS

* For the first time, distinct clusters of synovial fibroblasts (FLS),
exhibiting differential functional dominance, were identified in
RA vs PsA.

In-depth flow cytometric analysis, alongside ex vivo analysis,
identified enrichment of THY1* FLS subsets in RA with these
FLS exhibiting potent immune and angiogenic roles while
THY1  FLS subsets were dominant in PsA, demonstrating
greater invasive and metabolic capacity.

Single-cell RNA sequencing of RA and PsA synovial cells identi-
fied 16 transcriptionally distinct FLS clusters, with enrichment
of three sub-lining clusters in RA compared to PsA: THY1"™
POSTN®, THYI™CXCL12*CHI3L2", and THYI™CXCL12*
APOE™.

RA FLS of the THYI"POSTN™* cluster demonstrated enrichment
of several metabolic/inflammatory pathways including Hippo
signalling, blockade of which led to a reduction in FLS pathoge-
nicity.

.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Importantly, identifying these distinct FLS signatures that differ
between RA and PsA may provide a unique opportunity to bet-
ter understand divergent pathogenic mechanisms, with impor-
tant implications for therapeutic response and targeted
intervention.

INTRODUCTION

Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) are 2
of the most prevalent forms of inflammatory arthritis (IA), char-
acterised by synovial inflammation and subsequent cartilage
destruction and bone erosion [1—4]. While the 2 arthropathies
share common inflammatory features, distinct differences exist
at the clinical, molecular, cellular, immunological, and genetic
levels [1—3]. The most distinct differences include the pres-
ence/absence of autoantibodies, patterns of synovial vascularity,
immune cell infiltrates, joint involvement, and differential ther-
apeutic responses, highlighting the disparity between the 2 dis-
eases [1,3]. Moreover, suboptimal responses and failure to
achieve disease remission are frequently observed in both
patient cohorts, emphasising the need to better understand the
differential cellular predominance and subsequent interactions
that underpin these 2 distinct forms of IA.

Fibroblast-like synoviocytes (FLS) are a critical resident stro-
mal cell type that assume key roles in homeostatic joint
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maintenance related to both structural and functional aspects
[5,6]. However, the transformation of FLS into a pathogenic
phenotype is a hallmark characteristic of IA. Once activated, FLS
secrete a plethora of proinflammatory cytokines, chemokines,
matrix metalloproteinases (MMPs), and bone-destructive fac-
tors, which facilitate the regulation of pathogenic immune cell
responses and the invasive phenotype of FLS [7—10]. This is fur-
ther exacerbated by FLS’s adoption of a defective metabolic
state and their capacity to rapidly expand and proliferate, con-
structing stromal networks while simultaneously resisting apo-
ptosis, all disease-related properties that enable them to fulfil
their role as facilitators of chronic inflammation and joint dam-
age [11-16].

Contrary to previous views that considered FLS to be predom-
inantly homogeneous in phenotype and function, significant
emphasis in recent years has been placed on stratifying discrete
populations of FLS using the key markers THY1, CD55, proteo-
glycan 4 (PRG4), and CD34, alongside epigenetic patterns,
which have identified distinct FLS clusters within the synovium
[9,17—24]. In particular, THY1" expression is associated with
sublining (SL) FLS, while THY1", along with CD55" expression,
is associated with lining layer (LL) FLS [19]. Additional studies
have defined CD34 THY1™" FLS as perivascular FLS due to their
close proximity to the underlying vasculature and their role in
immune cell recruitment [9,20]. Moreover, an elegant study by
Croft et al [21] identified fibroblast activation protein (FAP)-
a*THY1*' immune-effector FLS in the synovial SL and FAPa ™"
THY1~ bone and cartilage destructive fibroblasts restricted to
the synovial LL. However, to date, the majority of studies have
focused on delineating FLS subpopulations and their contribu-
tion to RA pathogenesis, with a stark absence of studies examin-
ing the role that FLS subsets play in perpetuating PsA disease
development and progression. Moreover, differences in the FLS
transcriptional profile and their impact on distinct disease mech-
anisms in RA vs PsA remain unexplored.

The influence of neighbouring cells and environmental cues
in promoting and maintaining distinct FLS phenotypes is
increasingly recognised [22,24,25]. Micheroli et al [22]
extended this concept by linking defined FLS clusters to specific
RA pathotypes (fibroid, myeloid, and lymphoid), with a domi-
nant stromal/fibroblast signature (fibroid/pauci-immune) asso-
ciated with treatment resistance, underscoring the need to
better understand FLS heterogeneity [22,26]. This was further
supported by comprehensive synovial profiling, which stratified
RA tissue into 6 cell-type abundance phenotypes [24]. Further-
more, Wei et al [25] eloquently demonstrated that endothelial
cells (ECs) drive FLS to adopt a THY1" phenotype through
NOTCH signalling, an effect lost upon removal from the joint
microenvironment. Moreover, FLS gene expression patterns and
proliferative capacity can be affected by repeated culturing pro-
cesses, supporting the notion that environmental cues are essen-
tial for phenotypic maintenance [20,27,28].

Given the pivotal role of FLS in joint destruction, this study
combined multiparametric flow cytometry and single-cell RNA
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Figure 1. Podoplanin (PDPN)* fibroblast-like synoviocyte (FLS)
expression in rheumatoid arthritis (RA) and psoriatic arthritis
(PsA) synovial tissue. A, Representative haematoxylin and eosin
staining of RA and PsA synovium showing intact tissue morphol-
ogy and cell—cell contact with the lining layer (red arrows), blood
vessels (black arrows), lymphoid aggregates (blue arrow), and
synovial infiltrate clearly visible at 10 X magnification. Represen-
tative whiskers and box plots quantifying the indicated features in
RA (n = 9) and PsA (n = 9) synovial biopsies. All data are pre-
sented as median (IQR) using the Mann-Whitney U test; *P < .05.
B, Representative macroscopic images showing RA and PsA syno-
vial tissue. Representative bar graphs comparing disease activity
score (DAS28), C-reactive protein (CRP) level, synovitis score,
and vascularity score in RA (n = 11) and PsA (n = 10) individu-
als. Representative flow cytometry plots and accompanying fre-
quency (of live cells) bar graph quantification showing the
expression of (C) CD45 and (D) PDPN in RA vs PsA synovial tissue
(n = 10-11). FSC, forward scatter.
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sequencing (scRNA-seq) to define phenotypic and functional dif-
ferences between RA and PsA-FLS subsets. Ex vivo functional
assays further demonstrate the transient nature of these pheno-
types and clarify their distinct contributions to disease patho-
genesis.

METHODS

All methodology, statistical analysis, and demographics for
the patients used are included in Supplementary Methods 1-13
and Supplementary Tables S1-S9.

PsA
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RESULTS

Histopathological differences in RA and PsA synovial tissue
correspond with differences in immune and FLS population

frequency

Representative haematoxylin and eosin staining of RA and
PsA tissue demonstrated that cellular infiltration was signifi-
cantly higher in RA than in PsA (P < .05), with increased lym-
phoid aggregates in RA (P < .056) (Fig 1A). Increased
vascularity scores, with a trend towards increased LL thickness,
were observed in PsA compared with RA (Fig 1A). Importantly,
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Figure 2. Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) podoplanin (PDPN) ™ fibroblast-like synoviocytes (FLS) exhibit different functional
capacities. A, Multiparametric flow cytometry data of PDPN* FLS subjected to the t-distributed stochastic neighbour embedding (t-SNE) algorithm fol-
lowing data concatenation of 1 RA and 1 PsA synovial tissue. Data concatenation and relative expression of the indicated parameters are shown. B, Bar
graphs and accompanying heatmap quantifying differences in the frequency of the indicated markers in RA (n = 11) and PsA (n = 10) synovial tissue.
Visual representation of multidimensional flow cytometry data. Simplified Presentation of Incredibly Complex Evaluations (SPICE) analysis was per-
formed to identify polyfunctionality of PDPN* FLS in synovial tissue from RA (n = 11) and PsA (n = 10). Each pie segment indicates the different
combinations of (C) immune and (D) metabolic/invasive marker expression, as denoted in the legends of Supplementary Figures S3 and S4. The sur-
rounding pie arcs indicate the specific markers expressed in each pie segment. Representative bar graphs depict the quantification of coexpressed
markers that differ between RA and PsA-FLS. Data are presented as mean + SEM using the Mann-Whitney U test; *P < .05, **P < .01, ***P < .001.
Cadl1, cadherin 11; HLA, human leukocyte antigen; ICAM-1, intercellular adhesion molecule-1; pAKT, phospho-protein kinase B; PDGFR, platelet-
derived growth factor receptor; pmTOR, phosphorylated mechanistic target of rapamycin; pS6, phosphorylated protein S6; VCAM-1, vascular cell
adhesion molecule-1; YAP, yes-associated protein.

no significant differences in clinical parameters, disease activity RA-FLS and PsA-FLS phenotypes and functions ex vivo. The flow
score (DAS28), C-reactive protein (CRP), macroscopic synovitis, cytometry gating strategy to identify PDPN* FLS populations is
macroscopic vascularity, gender (male vs female), age, treat- shown in Supplementary Figure S2. Initially, we conducted an
ment, or disease duration were observed between RA and PsA unbiased, unsupervised analysis using t-distributed stochastic
(Fig 1B and Supplementary Fig S1). Representative flow cytome- neighbour embedding (t-SNE) following pregating on PDPN ™"
try plots of the percentage frequency of CD45 "/~ cells and podo- FLS [21,22]. Total PDPN " FLS were subjected to the t-SNE algo-
planin (PDPN)*/~ cells in RA vs PsA synovial tissue cell rithm following data concatenation (Fig 2A). Analysis identified
suspensions are shown in Figure 1C. A significantly higher fre- higher expression of THY1, human leukocyte antigen (HLA)-DR,
quency of CD45* cells in RA than in PsA was observed (P < cadherin 11 (Cadl1), platelet-derived growth factor receptor
.01), which parallels the pattern observed in the analysis of his- (PDGFR)-a, and yes-associated protein (YAP) in RA-FLS, while
tological cellular infiltrates (Fig 1A,C). Consistent with this, the higher expression of CD55 and phospho-protein kinase B
frequency of PDPN ™ cells was significantly higher in PsA than (pAKT) was observed in PsA-FLS (Fig 2A). Quantification dem-
in RA (P <.001) (Fig 1D). onstrated a significantly higher percentage frequency of HLA-
DR (P < .01), Cadll (P < .01), YAP (P < .05), and phosphory-

Differential phenotype and function of PDPN " FLS within the RA  lated protein $6 (pS6) (P < .05) in RA-FLS, and a significantly
and PsA synovium higher frequency of CD55 (P < .001) in PsA-FLS (Fig 2B). More-
over, examination of the functional capacity of THY1 CD55"
Although FLS are known to be central instigators of joint LL-FLS vs THY1*CD55" SL-FLS in general revealed a signifi-
damage, no study to date has directly examined and compared cantly higher frequency of Cadll, HLA-DR, and YAP (all P <

1453
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Figure 3. Differential frequency of THY1 fibroblast activation protein (FAP)-a fibroblast-like synoviocyte (FLS) populations in rheumatoid arthritis
(RA) vs psoriatic arthritis (PsA). A, Representative flow cytometry dot plots, bar graphs, and relative histograms demonstrating quantification of the
percentage frequency of THY1 FAP«a FLS populations in RA (n = 11) and PsA (n = 9) synovial tissue. Bar graphs showing the (B) percentage fre-
quency of THY1 *FAPa* FLS and (C) the percentage frequency of CD55" FLS in inflammatory arthritis (IA) mild vs active vs very active disease
(n = 20). Mild disease: disease activity score (DAS) > 3.2; active disease: DAS = 3.2 to 5.1; very active disease: DAS > 5.1. Data are presented as
mean + SEM using the Mann-Whitney U test; *P < .05. D, Spearman pairwise correlation plot and representative flow dot plots of THY1 " FAPa™ and
THY1 FAPa* FLS frequency in high vs low disease activity in IA (n = 20) synovial tissue. E, Spearman pairwise correlation plot and representative
macroscopic images showing the relationship between THY1 "FAPa™ and THY1 FAPa™ FLS frequency and the extent of synovitis in IA (n = 20)
synovial tissue. F, Clustered heatmap displaying the scaled expression of chemotactic factors measured by meso scale discovery (MSD) analysis in the
supernatants of sorted THY1 " vs THY1~ FLS in RA and PsA synovial tissue (n = 6) collected after 48 h. G, Clustered heatmap and accompanying bar
graphs representing the secretion of angiogenic mediators from the sorted synovial tissue of THY1 " vs THY1~ FLS, as measured by MSD assay
(n = 6). H, Bar graphs representing quantification of matrix metalloproteinases (MMPs) excreted from sorted THY1" vs THY1"~ FLS, as measured by
MSD assay (n = 6). RA donors are depicted as blue dots, and PsA donors as red dots. All data are presented as mean + SEM using the Wilcoxon
signed-rank test; *P < .05. bFGF, basic fibroblast growth factor; Flt, fms-like tyrosine kinase; IL, interleukin; IP, interferon-gamma-induced protein;
MCP, monocyte chemoattractant protein; MDC, macrophage-derived chemokine; MIP, macropahge inflammatory protein; PIGF, placental growth fac-
tor; TARC, thymus and activation-regulated chemokine; VEGF, vascular endothelial growth factor.

.05) in SL-FLS compared with the LL-FLS (Supplementary Fig RA vs PsA, flow cytometry analysis was performed ex vivo using
S3). Next, to more accurately recapitulate their in vivo state, the gating strategy outlined in Supplementary Figures S6 and
PDPN™* FLS polyfunctionality was analysed using the Simplified S7. For the first time, a significantly higher frequency of
Presentation of Incredibly Complex Evaluations (SPICE) algo- THY1*FAPat FLS was observed in RA (P < .05), while
rithm, which allows multiple parameters to be visualised con- THY1 FAPa™ FLS were significantly higher in PsA (P < .05)
currently (Supplementary Figs S4 and S5). RA patients (Fig 3A). Conversely, the THY1*FAPa~ FLS and THY1 FAPa~
demonstrated a significantly enhanced coexpression of several FLS populations exhibited similar frequencies in both RA and
immune and adhesive markers, including Cad11*CD44"HLA-  PsA (Fig 3A). The percentage frequency of THY1 "FAPa™ FLS
DRYICAM-1" (P < .01), CD44"HLA-DR*ICAM-1*VCAM-17, was associated with increased DAS28 in IA (P < .05), whereas
and CD44"HLA-DR*ICAM-1* (P < .05) (Fig 2C). Moreover, that of CD55" FLS showed an inverse relationship with DAS28
PsA patients demonstrated enhanced dual coexpression of meta- (P < .05), findings that were mirrored when stratified by disease
bolic/invasive markers, including phosphorylated mechanistic status (Fig 3B,C, and Supplementary Fig S8). A significant posi-
target of rapamycin (pmTOR) " pAKT " (P < .01) and YAP* pm- tive correlation was observed between the percentage frequency
TOR™ (Fig 2D). These results suggest that both RA-FLS and PsA-  of THY1 "FAPa™ FLS and DAS28 (P < .05), and macroscopic
FLS differ in their polyfunctional capacity in terms of immune synovitis (P < .05), suggesting a more potent role for THY1*

and metabolic function. FLS in driving IA inflammation (Fig 3D,E). Interestingly, when

stratified by disease status, there appeared to be a stronger cor-
The dominance of THY1 ™" FLS differs between RA and PsA relation between the percentage frequency of RA THY1 *FAPa ™
synovium FLS and both DAS28 and synovitis than with PsA, although these

results were limited by the number of patients (Supplementary

THY1 expression has been used in the literature to delineate Fig S8). Next, THY1" FLS and THY1~ FLS were sorted from
FLS into LL and SL subsets, each with characteristic immune- synovial biopsies (n = 6) and cultured, and the spontaneous
related and bone-degradative functions [21]. Therefore, to iden- release of several proinflammatory, angiogenic, and invasive
tify potential differences in the dominance of LL- vs SL-FLS in mediators was assessed in the cultured supernatants.
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Figure 4. Differential expression of THY1-CD34-CD55-fibroblast activation protein (FAP)-a—expressing fibroblast-like synoviocyte (FLS) clusters in
rheumatoid arthritis (RA) vs psoriatic arthritis (PsA). A, Bar graph demonstrating differences in the percentage frequency of populations identified by
flow cytometry analysis in inflammatory arthritis (IA) synovial tissue (n = 15). B, Bar graphs and accompanying heatmap of the frequency of each of
the FLS populations when separated by disease status, RA (n = 7), and PsA (n = 8). All data are presented as mean + SEM using Friedman’s test; *P <
.05, **P < .01. C, Representative flow cytometry dot plots and accompanying bar graphs demonstrating quantification of the frequency of THY1-
CD34-CD55-FAP« FLS populations in RA (n = 7) and PsA (n = 8) synovial tissue. Data are presented as mean + SEM using the Mann-Whitney U test;
*P < .05, ***P < .001. D, Hierarchical clustered heatmap and (E) bar graphs quantifying differences in the average expression of the indicated func-
tional, metabolic, and immune markers in IA synovial tissue (n = 15). RA is indicated by blue dots and PsA by red dots. Data are presented as mean +
SEM using Friedman’s test; *P < .05, **P < .01, ***P < .001, ****P < .0001. Cad11, cadherin 11; HLA, human leukocyte antigen; ICAM-1, intercellular
adhesion molecule-1; pAKT, phospho-protein kinase B; PDGFR, platelet-derived growth factor receptor; pmTOR, phosphorylated mechanistic target of
rapamycin; pS6, phosphorylated protein S6; VCAM-1, vascular cell adhesion molecule-1; YAP, yes-associated protein.

Interestingly, while chemokine levels were highly donor-spe-
cific, as depicted in Figure 3F and Supplementary Figure S9,
THY1™" FLS in both disease states exhibited greater expression
of monocyte chemotactic protein (MCP)-1, MCP-4, eotaxin,
eotaxin-3, interferon-gamma-induced protein (IP)-10, macro-
phage inflammatory protein (MIP)-1a, MIP-1/, thymus and acti-
vation-regulated chemokine (TARC), and macrophage-derived
chemokine (MDC) compared with THY1~ FLS, supporting the
hypothesis that they assume a more immune-mediating role.
Furthermore, angiogenic mediators, including vascular endothe-
lial growth factor (VEGF)-A, VEGF-C, and Flt1, were signifi-
cantly higher in THY1™ FLS than in THY1~ FLS (all P < .05)
(Fig 3G). In contrast, although the extent varied across individ-
ual donors, higher expression of MMP-1, MMP-3, and MMP-9 in
the THY1™ FLS than in the THY1" FLS subset was observed,
with this difference more pronounced in PsA THY1~ FLS
(Fig 3H). Collectively, these data imply stronger chemotactic/
angiogenic functions of the THY1" FLS population, while
THY1" FLS, associated with PsA, exhibit greater invasive MMP
expression.

Differential expression of THY1, CD34, CD55, and FAPa-
expressing FLS clusters in RA vs PsA, with distinct pathogenic
function

To further expand on differences in dominant FLS subsets
between RA and PsA, the markers CD55 and CD34 were incor-
porated alongside THY1 and FAPa to provide more detailed
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analyses of distinct FLS populations in RA vs PsA. The gating
strategy implemented is shown in Supplementary Figures S6
and S7, yielding 6 distinct FLS subsets (Fig 4A). Enrichment in
THY1"CD34*CD55FAPa™ FLS (P < .05) and
THY1*CD34"CD55 FAPa™ FLS was demonstrated in RA, while
PsA displayed enrichment in THY1"CD34 CD55*FAPa ™ FLS (P
<.001) and, unexpectedly, a THY1 * intermediate (INT) popula-
tion, THY1 " CD34-CD55*FAPa™ FLS (P < .05) (Fig 4B,C). The
THY1*CD34"CD55"FAPa™ FLS and
THY1°CD34"CD55"FAPa* FLS populations were relatively
similar between RA and PsA and had lower frequencies, leading
to their exclusion from further analysis (Fig 4B). A higher per-
centage frequency of pS6, VCAM-1, pAKT, and Ki67 was
observed in the 2 PsA-dominant populations, whereas PDGFRa,
YAP, HLA-DR, and Cadll were markedly higher in the 2 RA-
dominant populations (Fig 4D). Interestingly, the frequency of
markers expressed by the THY1 CD34 CD55"FAPa™ PsA-
enriched subset (purple) was nearly the inverse of the 2 RA-
enriched THY1* subsets (pink and orange), with high-frequency
expression in the THY1" subset and low-frequency expression in
the 2 RA-enriched THY1™" subsets, and vice versa (Fig 4D).
However, as shown in the heatmap in Figure 4D, the PsA-
enriched THY1"CD34'CD55*FAPa™ FLS population (green)
exhibited expression levels of specific markers that overlapped
with those of the other 3 populations, suggesting it may possess
greater INT functionality. Both YAP and Cadll were signifi-
cantly higher in the RA-dominant populations, particularly
THY1*CD34"CD55 FAPa* FLS (Fig 4E). Conversely, pAKT
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was  significantly  higher in  PsA-FLS,  specifically
THY1 " CD34 CD55 FAPa™ (Fig 4E). Collectively, these data
indicate the presence of 6 distinct FLS populations based on
expression of the surface markers THY1, CD34, CD55, and
FAPq, with THY1 CD55" LL-FLS dominant in PsA and THY1*
SL-FLS dominant in RA. Importantly, the expression of specific
markers differed across clusters, further defining the function of
each cluster across disease states, with these clusters being dif-
ferentially enriched for RA vs PsA.

RA- and PsA-FLS at passage 0 exhibit differential functional
characteristics, with FLS expansion resulting in the loss/gain of
specific markers

To determine whether the identified unique phenotypic pro-
files of FLS are retained following removal from the joint micro-
environment, ex vivo experiments were performed on passage 0
(PO) FLS. While MMP-1 and MMP-3 levels were higher in the
synovial fluid than in the serum of patients with RA and PsA, no
differences in MMP-1 and MMP-3 levels were observed in either
compartment between RA and PsA donors (Supplementary Fig
$10), possibly due to the cumulative production from other cell
types within the joint microenvironment. However, significantly
higher levels of MMP-1 and MMP-3 messenger RNA were
observed specifically in PsA-FLS compared with RA-FLS (P <
.05), mirroring the single-cell data (Fig 5A). Although highly
donor-dependent, angiogenic mediators were comparable
between the 2 arthropathies, except for basic fibroblast growth
factor (bFGF) in PsA (P < .01) (Fig 5B and Supplementary Fig
S11A). Interestingly, interleukin (IL)-8 and eotaxin-3 demon-
strated a trend towards increased levels in PsA, whereas IP-10
was higher in RA (Fig 5C and Supplementary Fig S11B). These
data suggest that both RA-FLS and PsA-FLS have the capacity to
differentially recruit peripheral immune cells in response to che-
mokine gradients. Furthermore, metabolic analysis indicated a
slightly greater preference for glycolysis in PSA-FLS compared
with RA-FLS at PO (Fig 5D). Additionally, trends towards
increased levels of several glycolytic mediators in PO-FLS were
observed, including hypoxia inducible factor (HIF)-1a, hexoki-
nase 2 (HK2), pyruvate kinase M2 (PKM2), glucose transporter
type 1 (GLUT-1), and glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH) (Fig 5E). However, the addition of IL-1/ resulted
in greater glycolytic metabolic capacity (extracellular acidifica-
tion rate) in RA-FLS compared with PsA-FLS (P < .001), with
the energy map clearly depicting a greater shift towards an ener-
getic profile in RA-FLS than in PsA-FLS (Fig 5F). In order to
determine whether the FLS phenotype is affected by repeated
culturing, flow cytometry analysis was performed on FLS across
3 consecutive passages (PO, P1, P2). Representative flow plots of
fluorescence minus one controls used to determine boundaries
are shown in Supplementary Figure S12. The percentage fre-
quency and median fluorescent intensity (MFI) of HLA-DR and
CD55 decreased across consecutive passages (Fig 5G,H), with a
comparable reduction observed in both disease states. Further-
more, CD34 and intercellular adhesion molecule 1 (ICAM-1) dis-
played opposite trends, with increases in the percentage
frequency and MFI for both markers across passages (Fig 5LJ).
Cumulatively, these results indicate that both RA-FLS and PsA-
FLS alter their phenotypic profiles across passages, with a loss/
gain of markers once removed from inflammatory influences
within the joint microenvironment. Moreover, after culturing
sorted THY1 * and THY1" FLS for 7 days, there was a significant
reduction in the amount of THY1~ FLS that remained negative
for this marker in both disease states, suggesting that FLS
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phenotype is indeed transient, with convergence towards a com-
mon THY1™" phenotype upon removal from the influence of the
synovial joint (Supplementary Fig S13). However, as shown in
Figure 5, even with this loss of FLS diversity in expanded FLS,
they still retain imprinted functions that differ between the 2
diseases.

ScRNA-seq analysis of FLS populations in RA and PsA synovium

Using a previously published global scRNA-seq synovial tis-
sue dataset comparing RA and PsA [23], we reanalysed it, focus-
ing only on FLS, and provided a unique atlas of FLS subsets
across both disease states. This targeted reanalysis enabled
higher-resolution clustering, improved detection of cellular het-
erogeneity and transitional states, and greater sensitivity in
identifying condition-specific gene expression and pathway
activity. By minimising background noise from unrelated cell
types in the global analysis, this approach provided a more in-
depth analysis of the distinct FLS cell populations in the syno-
vium and their contributions to disease. Nonlinear stochastic
uniform manifold approximation and projection analysis identi-
fied 16 distinct FLS subclusters in the IA synovium (Fig 6A). FLS
clusters were further characterised using gene expression analy-
sis of the top differentially expressed genes (DEGs) per cluster,
alongside hierarchical clustering analysis (Fig 6B,C, and Supple-
mentary Fig S14). Using these various methods of analysis, FLS
clusters were further classified into distinct subgroups, with an
initial delineation into 3 primary categories: SL with high THY1
expression, LL with high PRG4 and CD55 expression, and INT
(Fig 6C,D, and Supplementary Fig S15).

The SL population contained 2 subclusters: THY1"CxCL12™*
and THY1"POSTN ™ (cluster 3), with the latter possessing a clus-
ter marker gene signature indicative of a central role in cytoskel-
etal and extracellular matrix (ECM) regulation, as denoted by
high collagen gene expression. Furthermore, the THYI-
hicXCL12* subcluster was further segregated based on distinct
DEGs into VCAN™* (cluster 1), IER2™" (cluster 8), CHI3L2* (clus-
ter 9), APOE* (cluster 10), and CCL2™" (cluster 12), all with
gene signatures implicated in distinct functions related to ECM
regulation, inflammatory responses, signalling, and lipid metab-
olism (Supplementary Fig S16) [29—32]. Moreover, the LL pop-
ulation was further subdivided into 3 predominant phenotypes
based on cluster marker genes: an MMP group, a homeostatic
group, and an inflammatory group (Fig 6D and Supplementary
Fig S17). The MMP group exhibited upregulated expression of
genes involved in ECM turnover and tissue remodelling, classi-
fied into the PRG4"MMP1 ™" (cluster 5), PRG4"MMP3™* (cluster
6), and PRG4"TIMP1™* (cluster 13) subclusters. Two homeo-
static clusters were identified, with high expression of genes
related to homeostasis maintenance: PRG4™CLIC5* (cluster 0),
containing high expression of classical LL markers, including
PRG4 and CD55, and PRG4™MTIG* (cluster 11), characterised
by an abundance of genes related to heavy metal detoxification,
which have been shown to assist in immunosuppression in RA
mouse models [33]. Finally, the remaining LL subgroup con-
sisted of clusters associated with inflammatory gene signatures
and was subdivided into a PRG4™CXCL8* group (cluster 2)
with high chemoattractant gene expression; a PRG4"INHBA*
group (cluster 7), which has been associated with a ‘pain-associ-
ated FLS’ phenotype; and a CSN1S1* group (cluster 15), which
was grouped with cluster 0 [34,35]. The remaining FLS clusters
were defined as INT due to their similarities to both SL and LL
gene expression of THY1, CD55, and PRG4 (Supplementary Fig
$18). For the first cluster, high expression of genes implicated in
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Figure 5. Rheumatoid arthritis (RA) and psoriatic arthritis (PsA) fibroblast-like synoviocytes (FLS) at passage 0 (P0) exhibit distinct functional capaci-
ties ex vivo, converging towards common phenotypes upon expansion. A, Bar graphs showing messenger RNA (mRNA) expression of matrix metallo-
proteinase (MMP)-1 and MMP-3 in unstimulated PO RA (n = 8) and PsA (n = 6) FLS, and single-cell RNA sequencing (scRNA-seq) uniform manifold
approximation and projections (UMAPs) and violin plot representations depicting gene expression of MMP-1 and MMP-3 in PsA vs RA-FLS. Normalisa-
tion to the housekeeping gene RPLP0O was used to generate ACT values. Data are presented as mean + SEM using the Mann-Whitney U test; *P < .05
significantly different from each other. Clustered heatmaps depicting the scaled expression of (B) angiogenic factors and (C) chemokines in the super-
natants of PO RA-FLS and PsA-FLS (n = 6 each), as determined by meso scale discovery (MSD) analysis. D, Representative energy map and accompa-
nying bar graphs showing baseline extracellular acidification rate (ECAR), baseline oxygen consumption rate (OCR), and the ECAR:OCR ratio in RA
(n = 8) and PsA (n = 7) PO FLS under basal conditions, as determined by Seahorse metabolic analysis, before and after injections of oligomycin, car-
bonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), and antimycin A/rotenone. E, Bar graphs and representative heatmap showing quantifica-
tion of gene mRNA expression of hypoxia-inducible factor 1-alpha (HIF-1a), hexokinase 2 (HK2), pyruvate kinase M2 (PKM2), glucose transporter
type 1 (GLUT-1), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) in RA (n = 7) and PsA (n = 6) FLS under baseline conditions. Data are
presented as ACT, normalised to the housekeeping control RPLPO. F, Average ECAR profile, representative energy map, and bar graphs quantifying
baseline OCR, ECAR, and the ECAR:OCR ratio of RA and PsA-FLS (n = 6-8) at baseline and following 24-hour interleukin (IL)-14 (1 ng/mL) stimula-
tion, as determined by Seahorse metabolic analysis. Significance was determined by two-way analysis of variance (ANOVA) with Tukey’s multiple
comparisons test; *P < .05, **P < .01, ***P < .001. Bar graphs depicting the changes in frequency expression, representative histograms, and bar
graphs showing median fluorescent intensity (MFI) of the markers (G) human leukocyte antigen (HLA)-DR, (H) CD55, (I) CD34, and (J) intercellular
adhesion molecule-1 (ICAM-1) across passages 0 to 2 (PO, P1, and P2) in RA vs PsA-FLS (n = 3 each). RA is indicated by blue dots, and PsA is indicated
by red dots. Data are presented as mean + SEM using Friedman’s test (*) or the Wilcoxon signed-rank test (#) as appropriate; *#P < .05, **##)p <
.01. bFGF, basic fibroblast growth factor; Flt, fms-like tyrosine kinase; IP, interferon-gamma-induced protein; MCP, monocyte chemoattractant protein;
MDC, macrophage-derived chemokine; MIP, macropahge inflammatory protein; PIGF, placental growth factor; TARC, thymus and activation-regulated
chemokine; VEGF, vascular endothelial growth factor.

immune response regulation and antigen processing, including ~ THY1"CXCL12*CHI3L2* (cluster 9), and THY1"CXCL12"A-
HLA-DR and CD74, resulted in its designation as HLA-DR™ (clus- POE™* (cluster 10) in RA; importantly, all were SL clusters, thus
ter 4). The final cluster was defined as TM4SF1* (cluster 14), mirroring the RA THY1 " dominance identified by flow cytome-
with a gene signature associated with epithelial-mesenchymal try (Fig 6E,F, and Supplementary Fig S19). Conversely, consis-
transition [36]. tent with the flow cytometry analysis, the LL clusters

Subsequent analysis demonstrated significant enrichment (all PRG4"™CLIC5* and PRG4"MMP3" were enriched for PsA, along
P < .05) of the clusters THYI™POSTN™ (cluster 3), with the INT cluster denoted as HLA-DRA™ (Fig 6F). The
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Figure 6. Single-cell RNA sequencing (scRNA-seq) analysis showing fibroblast-like synoviocyte (FLS) heterogeneity in synovial tissue from rheuma-
toid arthritis (RA) and psoriatic arthritis (PsA). A, Uniform manifold approximation and projection (UMAP) representation of 16 synovial tissue FLS
clusters in RA (n = 4) and PsA (n = 5), identified by high-dimensionality scRNA-seq analysis. B, Dot plot showing the top differentially expressed
genes (DEGs) per identified cluster. C, Proposed classification and (D) hierarchical clustering of human synovial tissue FLS. E, Proportional cluster
abundance and (F) representative whiskers and box plot depicting differences in the frequency of the specific clusters between patients with RA
(n = 4) and those with PsA (n = 5). Two-way analysis of variance (ANOVA) with Sidak’s multiple comparisons test (*) and the Mann-Whitney U test
(*) were used to determine significance; *#p < 05, **F#Fp < 01, ***P < 001, ****P < .0001. G, Dot plot and UMAP illustrating THY1MPOSTN *
messenger RNA (mRNA) expression in synovial tissue from RA and PsA-FLS. H, Analysis of pathways enriched in THY1™POSTN* FLSinRA (n = 4)
and PsA (n = 5) synovial tissue; colour intensity represents significance, and dot size denotes the number of genes within each pathway that are differ-
entially expressed. I, Violin plots representing the expression scores of gene modules related to the indicated pathways in the THY1"POSTN™ cluster
in RA vs PsA. J, Term plot of the indicated pathways with significant enrichment in RA compared with PsA-FLS. Blue indicates upregulation of specific
genes, and red indicates downregulation within the pathway in RA compared with PsA. Dot size represents the statistical significance of the change.
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remaining clusters showed comparable expression levels
between RA and PsA (Fig 6F).

Differential function of the THY1"™POSTN* FLS cluster between
RA and PsA

Further analysis focused specifically on the RA-enriched SL
THYI™POSTN™ cluster to further characterise its function and
determine whether RA-FLS and PsA-FLS within this cluster
exhibit different functional properties (Fig 6G and Supplemen-
tary Fig S20). Pathway enrichment analysis identified several
pathogenic pathways enriched in the RA THY1™POSTN™ cluster
compared with PsA, including oxidative phosphorylation,
Hippo-YAP signalling, and MAPK signalling (Fig 6H). Bioinfor-
matic characterisation of gene modules based on the Kyoto
Encyclopedia of Genes and Genomes (KEGG) metabolic refer-
ence pathways revealed enhanced levels of oxidative phosphor-
ylation, glycolysis, and focal adhesions in the THY1"POSTN™*
RA-FLS cluster compared with PsA-FLS (Fig 6I). Conversely,
osteoclast differentiation genes were higher in the PsA THY1"
POSTN™ FLS cluster, implying a more bone-degradative role in
PsA. Differential expression of specific members of the nuclear
factor (NF)-xB, VEGF, and Hippo-YAP signalling pathways, as
well as focal adhesions in RA vs PsA THY1™POSTN™ FLS, is
shown in Figure 6J. Furthermore, Figure 6K demonstrates
increased expression of several key mediators involved in the
Hippo-YAP pathway in RA THY1"POSTN™* FLS compared with
PsA, including YAP1, salvador family WW domain containing
protein 1 (SAV1), and transcriptional enhanced associate
domain (TEAD), as well as mediators involved in focal adhesion,
NF-kB, and VEGF signalling. To further assess the involvement
of the Hippo-YAP pathway in driving the pathogenic behaviour
of the THY1"POSTN™* FLS cluster in RA, FLS were treated with
verteporfin in the presence/absence of IL-1/. Verteporfin signifi-
cantly inhibited IL-1$—induced IL-6 at both the gene and protein
levels (P < .05), as well as MMP-1 and MMP-3 (P < .05) (Fig 6L).
Cumulatively, these results suggest that at a highly specific clus-
ter scale, differences in frequency, in addition to differences in
FLS functionality within the same cluster, can be detected
between RA and PsA disease states, thereby introducing differ-
ential pathways to target preferentially.

DISCUSSION

While FLS heterogeneity is increasingly recognised, most
studies focus on RA-FLS, with little known about PsA-FLS.
THY1" FLS were enriched in RA, while THY1~ FLS predomi-
nated in PsA, with distinct functional profiles: THY1" FLS
showed higher angiogenic and chemokine activity, whereas
THY1" FLS had elevated MMPs. Flow cytometry identified 6 FLS
subsets, with specific populations enriched in RA
(THY1*CD34*CD55FAPa* and THY1*CD34 CD55 FAPa*)
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vs PsA (THY1~CD34°CD55 "FAPa™ and
THY1*CD34 CD55*FAPa™). Ex vivo studies showed that RA-
dominant populations drive immune responses, while PsA popu-
lations have higher matrix-degradative activity. Phenotypic fea-
tures were maintained at PO but diminished by P2. SCRNA-seq
identified 16 FLS clusters, with 3 SL clusters enriched in RA
(THY1"POSTN™, THYI1"CXCL12"CHI3L2*, and THY1"CX-
CL12" APOE™). Bioinformatics indicated that Hippo-YAP signal-
ling was enriched in THYI™POSTN® RA-FLS and that its
blockade inhibited their pathogenicity.

Interestingly, although the proportion of CD45* immune
cells was higher in RA, a significantly higher frequency of
PDPN™ FLS was detected in PsA. Furthermore, significantly
higher expression of the markers HLA-DR, Cad11, YAP, and pS6
was observed on PDPN* RA-FLS, whereas PsA-FLS were
enriched for CD55. Consistent with this, previous studies have
demonstrated that HLA-DR is a characteristic marker of THY1*
RA-FLS and that elevated levels of Cad11 have been previously
associated with RA-FLS invasive behaviour [9,17,20]. Moreover,
higher levels of YAP, a protein with diverse functions, including
regulation of cell motility, growth, proliferation, and differentia-
tion, have been demonstrated in the RA synovium [37,38]. Con-
versely, the higher CD55 expression in PsA-FLS implies an
enrichment of LL-FLS in PsA compared with RA. Furthermore,
in the context of biological relevance, greater coexpression of
immune-related markers was observed on RA-FLS, whereas PsA-
FLS showed greater coexpression of metabolic and invasive
markers, indicating differences in FLS pathogenic functionality
across disease states.

Analysis of THY1 expression on PDPN " FLS revealed enrich-
ment of THY1" FLS in RA, while THY1~ FLS were enriched in
PsA. Consistent with the observed enrichment of THY1* FLS in
RA, Croft et al [21] also identified an expanded population of
PDPN*FAPa*THY1" immune-effector FLS in RA compared
with osteoarthritis (OA). At a functional level, higher expression
of MCP-1, MCP-4, eotaxin, eotaxin-3, IP-10, MIP-1a, MIP-14,
and TARC was observed in THY1" FLS than in THY1™ FLS.
THY1™" FLS are strongly associated with immune-effector func-
tions and increased secretion of proinflammatory mediators,
and positively correlate with the proportion of infiltrated leuko-
cytes [20,21,39]. THY1 *FAPa* FLS were positively correlated
with DAS28 and synovitis, corroborating their central role in
perpetuating synovial inflammation. Moreover, a higher angio-
genic propensity of THY1 " FLS was observed, consistent with
previous studies that have shown a direct positive correlation
between the number of THY1* mesenchymal stem cells and the
extent of angiogenesis [40]. Additionally, studies of human and
collagen-induced arthritis mouse models suggest that THY1"™ LL-
FLS exhibit a greater propensity to mediate structural bone and
cartilage damage, consistent with the higher expression of
MMP-1, MMP-3, and MMP-9 observed in THY1~ FLS [20,21].
Therefore, the ECM-degradative role of THY1~ FLS (enriched in

K, Dot plots showing important mediators involved in focal adhesion and nuclear factor (NF)-«B, VEGF, and Hippo signalling pathways. L, Line
graphs showing the mRNA and protein expression of interleukin (IL)-6, and the mRNA expression of matrix metalloproteinase (MMP)-1 and MMP-3,
as determined by real-time polymerase chain reaction (QPCR) and enzyme-linked immunosorbent assay (ELISA), respectively, in RA-FLS (n = 7) cul-
tured with the inhibitor verteporfin (VERT) (50 nM) and IL-1/ (1 ng/mL). Data are presented as mean + SEM using the Wilcoxon signed-rank test; *P
< .05. APOE, apolipoprotein E; CCL, C-C motif chemokine ligand; CHI3L2, chitinase-3-like protein 2; CSN1S1, casein alpha S1; CLIC5, chloride intra-
cellular channel 5; CXCL, chemokine (C-X-C motif) ligand; HLA, human leukocyte antigen; HIF-1, hypoxia inducible factor-1; ICAM-1, intercellular
adhesion molecule-1; IER2, immediate early response 2; INHBA, inhibin subunit beta A; INT, intermediate; LL, lining layer; MT1G, metallothionein
1G; POSTN, periostin; SL, sublining; SAV1, salvador family WW domain containing protein 1; TEAD1, TEA domain transcription factor 1; TIMP1, tis-
sue inhibitor of metalloproteinases 1; TM4SF1, transmembrane 4 L six family member 1; YAP, yes-associated protein; VEGF; vascular endothelial

growth factor; VCAM-1, vascular cell adhesion molecule-1; VCAN, versican.



PsA) suggests that THY1~ FLS may play a more prominent role in
PsA.

Subsequent in-depth characterisation of FLS subsets, focusing
on the markers THY1, CD34, CD55, and FAPa, identified 6 dis-
tinct FLS subsets, with 2 of these, both notably THY1 " CD55",
enriched in the RA cohorts, further corroborating the enrich-
ment of SL-FLS in RA [9,19—-22]. Moreover, one of these popula-
tions was CD34~, which correlated with the RA-enriched
CD34°THY1" ‘perivascular’ subset, named for its location sur-
rounding the deep SL capillary structures [9,20]. In alignment
with this more ‘immune-regulatory’ role of the THY1" SL-FLS
clusters, matched histological sections demonstrated signifi-
cantly higher immune cell infiltration and lymphoid aggregate
presence in RA compared with PsA, thus reinforcing the domi-
nance of more immune-related SL-FLS in RA [41,42]. Con-
versely, PsA was enriched for THY1"CD34"CD55 "FAPa™ and,
interestingly, a THY1 ™" population THY1*CD34 CD55*FAPa ™.
Previous studies identified THY1 CD55* FLS as the classic LL
phenotype, supporting the observed increase in LL thickness in
PsA synovium at the histological level [19,20,22]. However, the
THY1*CD55" FLS subset enriched in PsA was of particular
interest due to its ‘intermediate’ characteristics, a finding that
validates the notion that FLS phenotypes can exist along a
dynamic gradient [25].

While the ex vivo flow cytometry analysis demonstrated dif-
ferences in FLS function between RA and PsA, we next examined
whether these differences are maintained in FLS expanded in
vitro. To address this, experiments were conducted on FLS at PO
to recapitulate their behaviour within the joint as closely as pos-
sible. While differences in the expression of chemokines and
angiogenic factors were highly patient- and, indeed, mediator-
specific, significantly higher expression of MMP-1 and MMP-3
was observed in PsA-FLS, consistent with scRNA-seq data and
previous studies [43,44]. Interestingly, increased glycolysis in
PsA-FLS compared with RA-FLS was observed, along with a
trend towards increased HIF-1@, HK2, and GLUT-1, indicating a
PsA preferential skew towards glycolysis that could be related to
the higher pAKT identified in PsA-dominant subsets. However,
following IL-14 stimulation, RA-FLS exhibited a more robust gly-
colytic response. This differential metabolic response to stimula-
tion has been shown previously, albeit in the context of different
disease states, with platelet-derived growth factor inducing a
significantly lower glycolytic response in OA-FLS than in RA-
FLS [45].

Although we have shown differences in enriched FLS pop-
ulations between RA and PsA, with functional differences
retained ex vivo at PO, thereby reinforcing the influence of
the ‘imprinted-aggressor’ phenotype, the ability of these dif-
ferences to be sustained through further expansion remains
unanswered [46]. Therefore, the expression of several sur-
face markers on expanded RA-FLS and PsA-FLS across conse-
cutive passages (PO-P2) was characterised, demonstrating a
gradual elevation in CD34 and ICAM-1 expression, while FLS
expression of CD55 and HLA-DR showed a stepwise decrease
across increasing passages. These results support studies
demonstrating that cell removal from the cues/stimuli sur-
rounding them in the joint microenvironment can directly
impact their phenotypic profile and corresponding functional
behaviour [25,27,28]. Indeed, previous research has shown
that once removed from the innate positional cues of neigh-
bouring ECs, the transcriptional profiles of the LL/SL-FLS
converge and they lose their proximity to specific poles, a
finding mirrored in this data, with a gradual convergence
across passages towards a common phenotype [25].
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Furthermore, scRNA-seq analysis demonstrated diversity
across FLS subsets in the RA and PsA synovium, with 16 distinct
clusters identified. Consistent with previous single-cell analyses,
demarcation into clear LL vs SL subsets was performed based on
THY1, PRG4, and CD55 [9,19—-22,24,47]. Interestingly, all RA-
dominant populations were of SL origin, aligning with the flow
cytometry data. Enrichment of 2 CXCL12" subsets in RA sup-
ports previous studies identifying a CXCL12* HLA-DR™ subset in
RA-SL, which expresses genes related to collagen and immune
regulation [9,22,39]. In our study, specific enrichment of the
CXCL12*APOE™ and CXCL12*CHI3L2™" subsets was observed;
the latter was previously identified in scRNA-seq analysis of
healthy homeostatic FLS clusters and exhibited significant
enrichment in the disease state, thereby reinforcing its patho-
genic role [47]. Moreover, the RA-enriched THY1"POSTN™*
cluster was of particular interest due to its higher frequency in
the tissue. The POSTN gene is strongly associated with RA path-
ogenesis, with recent studies suggesting that POSTN is a central
gene with high abundance in the RA synovium, where it is asso-
ciated with blood vessels and macrophage expansion [48]. Anal-
ysis of this specific cluster in RA compared with PsA identified
enrichment of several pathways, including focal adhesion/adhe-
rens junctions, which are fundamental for facilitating cell migra-
tion, as well as oxidative phosphorylation, Hippo-YAP
signalling, and MAPK signalling. Indeed, blockade of Hippo-
YAP signalling resulted in suppression of FLS proinflammatory
responses, suggesting that the THYI™POSTN* cluster is not
only more abundant in RA but also has a pathogenic function.
This introduces the notion that at a very specific cluster level,
FLS within the same cluster may exhibit slightly different func-
tionality depending on the disease state.

Moreover, although our findings are supported by comple-
mentary single-cell and functional assays, additional studies
incorporating spatial transcriptomics will be important for vali-
dating and extending these findings in the native tissue context.
However, previous eloquent studies examining the anatomical
location of these 2 FLS subtypes have demonstrated that THY1™
FLS are anatomically localised in the synovial SL, whereas
THY1~ FLS are localised in the LL, further supporting our data
[18,25].

In summary, distinct FLS clusters differ between RA and PsA
and exhibit unique transcriptomic and functional properties that
shape disease pathogenesis. However, once removed from their
native in vivo environment, FLS gradually undergo phenotypic
changes, converging towards a common phenotype in both dis-
eases. Further study of FLS subsets may reveal disease-specific
mechanisms and enable more precise therapeutic strategies.
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Results: Across RA, PsA, and PsO, we identified a common methylation signature enriched in
enhancers and immune regulatory pathways, implicating transcription factors such as interferon
regulatory factors, signal transducer and activator of transcription proteins, Kriippel-like factors,
and CCAAT/enhancer-binding proteins. PsA exhibited a dual epigenomic profile, sharing fea-
tures with both RA and PsO, including Major histocompatibility complex (MHC) class II-related
loci and fibroblast growth factor receptor signalling. The dual disease activity component of PsA
correlated with methylation changes linked to inflammasome components, on the one hand,
and cytokine signalling (interleukin [IL]-23/IL-17, IL-7, IL-2), on the other. Single-cell transcrip-
tomic analysis confirmed convergent alterations in antigen presentation, interferon responses,
nuclear factor kappa B (NF-xB) signalling, and fibroblast-associated genes, while highlighting
PsA-specific transcriptional signatures.

Conclusions: Monocyte epigenomes reveal shared inflammatory programmes across RA, PsA, and
PsO, with PsA occupying a dual molecular state with joint and skin autoimmunity. Integration
with single-cell transcriptomes underscores common and distinct pathogenic pathways in PsA,

providing insights into underlying disease mechanisms and classification.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Rheumatoid arthritis (RA), psoriatic arthritis (PsA) and psoria-
sis (PsO) share genetic and inflammatory pathways, complicat-
ing disease classification.

* PsA shows overlapping clinical features with RA and PsO, but
its molecular basis remains poorly defined.

« Epigenetic changes in immune cells, including monocytes, con-
tribute to Immune-mediated inflammatory diseases (IMID)
pathogenesis.

WHAT THIS STUDY ADDS

* Identifies a shared monocyte DNA methylation signature across
RA, PsA and PsO, enriched in immune regulatory pathways.

* Demonstrates that PsA exhibits a dual epigenomic and tran-
scriptomic profile bridging RA and PsO.

» Reveals coordinated dysregulation of key transcription factor
networks and inflammatory pathways.

* Links joint-based and skin-based disease activity to distinct
methylation programmes.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Supports refined molecular classification of IMIDs, particularly
PsA.

* Provides a basis for epigenetic biomarkers to stratify patients
and identify PsO individuals at risk of PsA.

* Highlights circulating monocytes as accessible indicators of sys-
temic inflammatory states.

* Identifies candidate pathways for therapeutic targeting across
IMIDs.

INTRODUCTION

Immune-mediated inflammatory diseases (IMIDs) represent a
major challenge due to the striking overlap in their clinical man-
ifestations and underlying genetic susceptibilities. Diseases such
as rheumatoid arthritis (RA), psoriatic arthritis (PsA), and psori-
asis (PsO) may affect different organs, yet they share genetic
risk factors, networks of immune dysregulation, and inflamma-
tory pathways that blur traditional diagnostic boundaries.

Chronic inflammatory arthritis is a group of disorders that
primarily affect the joints and substantially impact patients’
quality of life. Early stages of arthritis, including the so-called
undifferentiated arthritis (UA), can last for years before pro-
gressing into RA or PsA, among others.
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RA is a chronic systemic inflammatory disorder that primarily
affects diarthrodial joints, leading to inflammation and tissue dam-
age [1], which is characterised by immune cell infiltration, syno-
vial lining hyperplasia, pannus formation, and destruction of
cartilage and bone. Overall, the genetic factor is the most contrib-
uting risk for RA. Genetic variants in the human leukocyte antigen
(HLA)-DR locus are associated with an increased risk of RA
through citrullinated peptide presentation to CD4+ T cells, result-
ing in T-cell activation and proinflammatory cytokine production.

On the other hand, PsO is a chronic inflammatory disease of
the skin, recognisable by whitish erythematous or red scaly
patches and excessive skin exfoliation due to increased keratino-
cyte proliferation [2]. Its prevalence is 2% to 3% in the general
population. PsO is characterised by interleukin-17 (IL-17)-domi-
nant abnormal innate and acquired immunity, with hyperprolif-
eration and aberrant differentiation of epidermal keratinocytes.
Over 100 genetic loci have been associated with PsO susceptibil-
ity, of which HLA-C*06:02, IL12B, IL23A, and IL17RA are
among the most well-studied [3].

PsA offers a key example of how conditions within this spec-
trum can associate seemingly distinct diseases, linking the joint-
centred pathology of RA with the skin manifestations of PsO.
Like RA, PsA potentially causes chronic synovial inflammation,
joint damage, and disability; however, it lacks typical RA auto-
antibodies and often presents with asymmetric joint involve-
ment, dactylitis, enthesitis, and spondylitis. Its close association
with PsO reflects shared genetic and immunologic drivers,
including dysregulation of the IL-23/IL-17 axis, differentiating it
from the predominantly autoantibody-driven processes of RA.
In addition, approximately 30% of patients with PsO develop
PsA [4]. Many PsA cases are misdiagnosed as UA or RA because
of overlapping clinical patterns, particularly in the early stages.

Autoimmunity occurs when immune tolerance is disrupted
due to alterations in the immune system that cause proliferation
of autoreactive T and B lymphocyte populations in response to
autoantigens. The abnormal function of the adaptive immune
system is triggered by the innate immune response. In this
regard, cells of the mononuclear phagocyte system also play cru-
cial roles in autoimmunity progression. Monocytes are early
effectors and responders of inflammation and differentiate into
macrophages or dendritic cells after travelling through the blood
to the tissues. Many studies show that different monocyte sub-
sets can also contribute to the pathogenesis of IMIDs.

In addition to genetic determinants, epigenetic alterations,
including DNA methylation in cell types involved in autoim-
mune pathogenesis, such as monocytes, provide valuable infor-
mation about underlying pathogenic mechanisms, help identify
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specific markers, enable earlier detection of pathology, and
reveal therapeutic targets.

In this study, we examined shared and disease-specific epige-
netic features in monocytes across the RA-PsA-PsO spectrum,
focusing on distinctive DNA methylation traits of PsA. We fur-
ther identified genes and pathways associated with these
changes and integrated public single-cell RNA sequencing
(scRNA-seq) data to validate and extend the findings at the tran-
scriptional level.

METHODS

Details of the patient cohorts included in this study, a
description of the experimental methods, including DNA meth-
ylation and scRNA-seq analyses, as well as the statistical analy-
ses applied, are provided in the online supplementary material.

RESULTS

A common DNA methylation signature in the RA-PsA-PsO
spectrum

To investigate common features in the DNA methylation sig-
natures of monocytes from RA, PsA, and PsO, as well as their
relationship to those in UA, we first performed a differential
analysis comparing the entire patient group with healthy donor
(HD) monocytes. For this analysis, all patient entities were con-
sidered together as a single group of patients with IMID, and
only samples from individuals with moderate or high disease
activity were included (Fig 1A,B and Supplementary Table S1).
We identified 92 differentially methylated positions (DMPs)
with an adjusted P value of <0.05 and a differential beta-value
of >0.1. Unsupervised clustering led to the segregation of these
DMPs into 2 clusters: cluster 1 (36 hypomethylated DMPs in the
4 IMID groups compared with HD) and cluster 2 (56 hyperme-
thylated DMPs in the 4 IMID groups compared with HD)
(Fig 1C,D and Supplementary Table S2.1). Although this analy-
sis considered all pathological conditions as a single entity,
unique patterns emerged across diseases. UA samples showed
the most distinct profile relative to HD, whereas PsA and PsO
displayed subtler differences and were highly similar to each
other.

In addition to this analysis, we performed the same compari-
son including patients with low activity and remission (Supple-
mentary Figure S1A,B and Supplementary Table S2.2). In this
case, a total of 39 DMPs were identified, supporting that most
differences arise when comparing patient samples with active
disease. When we conducted a contrast comparing only low dis-
ease activity/remission vs HD, we identified only 1 DMP, sup-
porting the interpretation that the vast majority of the
methylation changes observed are associated with high disease
activity. Furthermore, to assess how many differences were asso-
ciated with disease state independently of activity, we designed
a model that included activity as an additional covariate, yield-
ing 23 DMPs (P value < 0.05) (Supplementary Fig S1C,D and
Supplementary Table S2.3). Some interesting genes annotated
to these DMPs include SLC40A1 in cluster 1 and IGLL5 in cluster
2 (Supplementary Fig S1E). SLC40A1 encodes ferroportin-1
(FPN1), involved in cellular iron efflux. Its expression decreases
in response to IL-6, increases intracellular iron, and potentially
enhances the proliferation of RA synovial fibroblasts [5]. The
IGLL5 gene encodes a member of the immunoglobulin
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superfamily, a key component of the B cell receptor signalling
pathway that plays an important role in immune regulation.
It is upregulated in RA and is likely involved in its pathogen-
esis [6].

For the initial DNA methylation analysis, which included
only samples with moderate to high activity, we examined the
distribution of DMPs in relation to gene bodies and cytosine
—phosphate—guanine (CpG) islands (Fig 1E). Most DMPs were
located outside CpG islands (CGIs) in both clusters 1 and 2. In
addition, the majority were found in distal intergenic and
intronic regions. ChromHMM analysis further associated these
DMPs with specific chromatin states (Fig 1F). The only regions
significantly enriched for our CpGs were enhancers.

We then performed transcription factor (TF) binding motif
enrichment analysis using Hypergeometric Optimization of
Motif EnRichment (HOMER) in the regions comprising these
DMPs to identify potential TFs that may contribute to the
observed DNA methylation changes (Fig 1G and Supplemen-
tary Table S3.1). Among the hypomethylated DMPs (cluster 1),
we found significant enrichment of consensus binding sequen-
ces for several factors, including nuclear factor interleukin 3
regulated (NFIL3) and CCAAT/enhancer-binding proteins
(CEBPs). Notably, NFIL3 has been linked to inflammatory con-
ditions such as RA [7], and several CEBP family members are
critical for myeloid cell development and activation [8]. In the
hypermethylated DMP cluster (cluster 2), TF binding motif
enrichment analysis revealed a strong involvement of inter-
feron-related factors (IRFs), particularly IRF8, which has been
associated with inflammatory diseases in response to proin-
flammatory stimuli [9].

We also performed gene ontology (GO) analysis of the genes
closest to the identified DMPs (Fig 1H and Supplementary Table
S4) to identify functionally relevant gene categories. We
observed important differences in the pathways enriched in
each cluster. Although both clusters showed significant enrich-
ment for functions related to T-cell regulation and activation,
they differed in the specific interleukin pathways represented.
Cluster 1 DMPs were associated with negative regulation of IL-
12 and IL-10 secretion, as well as with the response to IL-1. IL-
12 is a proinflammatory cytokine secreted by myeloid lineage
cells such as monocytes, macrophages, and dendritic cells,
which induces a Thl response in T cells and promotes inter-
feron-gamma (IFN-y) production [10]. In contrast, IL-10 is an
anti-inflammatory cytokine with an autoregulatory role when
secreted by monocytes. The pathways enriched among cluster 2
DMPs involved interleukins such as IL-7 and IL-2. Elevated con-
centrations of IL-7 have been reported in RA, where it promotes
the differentiation of monocytes into macrophages and osteo-
clasts, thereby contributing to proinflammatory bone-damaging
functions [11] Similarly, the proinflammatory cytokine IL-2 pro-
motes T-cell proliferation and contributes to cartilage and joint
damage [12].

Cluster 1 DMPs were annotated to genes such as Kriippel-like
factor (KLF)2, transmembrane 4 L six family member 20
(TM4SF20), LRIG1, and FAM20A (Fig 1I). The TF KLF2 is
expressed in basal monocytes but is downregulated upon activa-
tion or differentiation, thereby modulating these processes [13].
KLF2 has also been hypothesised to attenuate arthritis by epige-
netically regulating the nuclear factor kappa B (NF-«xB) pathway
[14]. In addition, LRIG1 expression has been shown to regulate
the suppressive properties of T cells, thereby preventing autoim-
munity [15]. In cluster 2, several significant DMPs were
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Figure 1. Differential methylation analysis between HD and all diseases. (A) Scheme summarising the number of patients in each cohort, including
the total number of samples and the samples in disease cohorts after selecting only the active (‘Moderate’ and ‘High’). (B) Table of the classification
criteria for both activity indexes, DAS28 and BSA, and the number of samples for each level of activity: ‘Remission’, ‘Low’, ‘Moderate’, ‘High’. (C)
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annotated to genes such as signal transducer and activator of
transcription (STAT)5A, CD5, TAB2, and SART3.

PsA shares disease-specific methylation features with both RA
and PsO

We next performed a pairwise comparison of RA, PsA, and
PsO monocyte DNA methylation profiles, identifying 566 DMPs
(P value < 0.01 and |Af| > 0.1), which grouped into 4 clusters.
Examination of the heatmap and the violin plots (Fig 2A,B and
Supplementary Table S2.4) revealed that DNA methylation lev-
els in PsA and PsO samples within cluster 1 (312 CpGs) and clus-
ter 3 (163 CpGs) are very similar, with the former being
hypermethylated and the latter hypomethylated. In contrast, in
cluster 2 (33 CpGs), the methylation levels of RA and PsA sam-
ples were more similar to each other than to those of PsO.

Enrichment analysis of TF binding motifs across the 4
clusters revealed the potential involvement of several rele-
vant TF. For example, cluster 1 showed binding motifs for
STAT4 and SMAD family member 4 (SMAD4) (Fig 2C and
Supplementary Table S3.2), with STAT4 reported to be dys-
regulated in several autoimmune diseases.

Inspection of the genes annotated to DMPs from the 4 clusters
revealed several important candidates. Figure 2D shows 2 repre-
sentative genes from each cluster, which are described below. In
cluster 1, where both PsA and PsO are hypermethylated com-
pared with RA, FGF12 (fibroblast growth factor 12) encodes a
member of the FGF family involved in diverse biological pro-
cesses, including cell growth and tumour progression. RLF enco-
des a zinc finger—containing protein implicated in
transcriptional activation and epigenetic modification [16]. In
cluster 2, where RA and PsA are hypomethylated compared
with PsO, we identified SLC50A1, which encodes a glucoside
transmembrane transporter. This cluster also included a DMP
annotated to HLA-DRBI. Several SNPs in HLA-DRBI1 have been
associated with PsO risk, and hypomethylation of this gene has
been implicated in PsO pathogenesis [17]. HLA-DRB1 hypome-
thylation has been associated with increased expression and PsO
severity. In cluster 3, where both PsA and PsO are hypomethy-
lated compared with RA, we identified genes like FGFR2 and
PRDM1, which regulate natural killer T cell memory differentia-
tion and effector function [18]. Finally, in cluster 4, hyperme-
thylated in PsA, we identified PCDH9-AS2, a PCDH9 Antisense
RNA 2, and METRNL.

GO analysis (Fig 2E and Supplementary Table S5) of clusters
1 and 3 showed enrichment in the HLA region, one of the most
genetically diverse regions of the genome. Interestingly, we also
found enrichment of the fibroblast growth factor receptor
(FGFR) signalling pathway, whose membrane-bound receptors
are activated by fibroblast growth factors.

We then performed a new pairwise comparison including RA,
PsA, and, in this case, UA to explore the potential relationship
between untreated UA cases and 2 distinct forms of chronic
inflammatory arthritis. Supplementary Figure S2 summarises
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these results, where we obtained 1081 DMPs (FDR < 0.05 and
|Ap| > 0.1) (Supplementary Table S2.5) grouped into 4 distinct
clusters, all of which indicated that UA displays more extreme
methylation values. HOMER analysis (Supplementary Fig S2C
and Supplementary Table S3.3) revealed, in cluster 1, the pres-
ence of several IRF proteins, including IRF2, which negatively
regulates type I IFN signalling and stimulates inflammatory reac-
tive oxygen species production and the expression of tumour
necrosis factor (TNF), IL-14, and IL-6 [19]. Moreover, IRF2 has
been reported to promote RANKL-induced osteoclast differentia-
tion by modulating the NF-xB-NFATc1 signalling pathway [20].
Other examples include several members of the transcriptional
enhancer factor family (TEAD), TEAD4, in cluster 3, which is
typically expressed in skeletal muscle.

The pathways enriched across the 4 clusters were all related
to immune system activation and cytokine production (Supple-
mentary Table S6). In cluster 3, IL-3 was identified, an important
mediator of haematopoiesis that also inhibits TNF-a-induced
bone resorption and prevents inflammatory arthritis in mice
[21].

The dual disease activity component of PsA is reflected in the
monocyte DNA methylomes

We also investigated the relationship between DNA methyla-
tion and disease activity, measured by the disease activity score
in 28 joints (DAS28) for RA and PsA, and by body surface area
(BSA) for PsO and PsA (Supplementary Methods). This analysis
allowed us to explore the impact of distinct components of dis-
ease activity arising from joint and skin lesions, which are
potentially reflected when analysing peripheral monocytes in
PsA. Figure 3 shows the results of the Spearman’s correlation
analysis between sample methylation patterns and disease activ-
ity indices (DAS28 or BSA). Significant CpGs were classified as
hypermethylated or hypomethylated based on their methylation
values, in relation to DAS28 and BSA (Fig 3A,D). From these
CpGs, we further investigated the associated TF and pathways.

In the GO analysis of the Spearman’s test for DAS28
(RA + PsA) (Fig 3B and Supplementary Table S7), the hyperme-
thylated DMPs were primarily enriched for immune system acti-
vation and regulation functions, as well as cytokine signalling
pathways. We also observed enrichment for IFN-y production
and natural killer activation, among others. GO analysis of hypo-
methylated DMPs mainly highlighted an involvement of the
nucleotide-binding domain and Leucine-rich Repeat containing
(NLR) family pyrin domain containing 1 (NLRP1) inflamma-
some complex. Inflammasomes are cytoplasmic protein assem-
blies that drive inflammation as part of host defence.
Disruptions in the NLRP1 pathway have been associated with
both PsA [22] and RA [23]. In addition, the Janus kinase—signal
transducer and activator of transcription (JAK-STAT) pathway
emerged as crucial in IMID pathogenesis due to its central role
in the downstream signalling that regulates inflammatory

statistically with a genomic region for each cluster. (G) Significantly enriched TF motifs for the selected DMPs were identified by HOMER. (H) GO sig-
nificant pathways obtained with GREAT. (I) Boxplots showing the significant genes associated with the CpGs from each cluster. BSA, body surface
area; bZIP, basic leucine zipper; CDX4, caudal type homeobox 4; CEBP, CCAAT/enhancer-bindng proteins; CpG, cytosine—phosphate—guanine (dinu-
cleotide); CTF, CCCTC-binding transcription factor; CGI, CpG island; DMP, differentially methylated position; DAS28, disease activity score using 28
joints; ETS, E26 transformation-specific (family of transcription factors); FC, fold change; FDR, false discovery rate; GO, gene ontology; GREAT, Geno-
mic Regions Enrichment of Annotations Tool; HD, healthy donor; HIF, hypoxia-inducible factor; HLH, helix—loop—helix; HOMER, Hypergeometric
Optimization of Motif EnRichment; IRF, interferon regulatory factor; ISRE, interferon-stimulated response element; KLF, Kriippel-like factor; MADS,
MCM1, AGAMOUS, DEFICIENS, SRF (transcription factor family); MAPK, mitogen-activated protein kinase; NFIL3, nuclear factor, interleukin 3 regu-
lated; OR, odds ratio; PsA, psoriatic arthritis; PsO, psoriasis; RA, rheumatoid arthritis; TF, transcription factor; TSS, transcription start site; UA, undif-

ferentiated arthritis; UTR, untranslated region.
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Figure 2. Differential methylation analysis between RA, PsA, and PsO. (A) Heatmap representing 566 CpGs (P value < 0.01, |Af| > 0.1) between RA

(n = 18), PsA (n = 25) and PsO (n

20), with only active samples filtered. (B) Violin plots representing, for the 4 selected clusters, the beta values for

each cohort. (C) Representation for the significantly enriched TF from the first 3 clusters. (D) Selection of the most significant genes associated with CpGs
from each cluster. (E) GO-enriched pathways for each cluster, analysed by GREAT. bZIP, basic leucine zipper (domain); CpG, cytosine—phosphate—guanine
(dinucleotide); FC, fold change; FGFR, fibroblast growth factor receptor; GO, gene ontology; GREAT, Genomic Regions Enrichment of Annotations Tool;
HLA, human leukocyte antigen; HMG, High Mobility Group (protein family/domain); MAD, MAX dimerization protein, METRNL, meteorin-like protein;
MHC, major histocompatibility complex; PCDH9, protocadherin 9; PsA, psoriatic arthritis; PSE, proximal sequence element; PsO, psoriasis; PRDM1, PR/SET
domain 1; RLF, rearranged L-myc fusion gene; RA, rheumatoid arthritis; SLC, solute carrier (family of membrane transporters); SNAPc, small nuclear RNA
activating protein complex; STAT4, signal transducer and activator of transcription 4; TF, transcription factor; TCFL2, transcription factor 7 like 2.
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Figure 3. Correlation analysis of DNA methylation and activity indexes (DAS28 and BSA). (A) Two scatter plots of the correlation between the activity
index, DAS28 in this case, and the beta values of the statistically significant CpGs, for the hypermethylated ones (628 CpGs) and for hypomethylated
(170 CpGs). CpGs significantly correlated with disease activity were selected using a nominal P value threshold (P value < 0.001) without multiple
testing correction and were used for downstream functional enrichment analyses (see Methods). (B) The enriched GO pathways resulted from GREAT
for each cluster. (C) The significant TF analysed by HOMER. (D) Two scatter plots of the correlation between the activity index, BSA in this case, and
the beta values of the statistically significant CpGs, for the hypermethylated ones (258 CpGs) and for hypomethylated (277 CpGs). (E) The enriched
GO pathways resulted from GREAT for each cluster. (F) The significant TF analysed by HOMER. bHLH, basic helix—loop—helix; BSA, body surface
area; bZIP, basic leucine zipper; CpG, cytosine—phosphate—guanine; DAS28, disease activity score using 28 joints; ETS, E26 transformation-specific;
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responses, and JAK inhibitors have been approved for the treat-
ment of these diseases [24].

Enrichment analysis of TF binding motifs across the hyper-
methylated and hypomethylated clusters in relation to DAS28
revealed highly relevant TFs (Fig 3C and Supplementary Table
S3.4). In the hypermethylated cluster, TF binding motifs
included members of the IRF and E26 transformation-specific
(ETS) families. In the hypomethylated cluster, p53 was enriched.
An immunopathologic study of p53 expression in synovial tissue
from patients with RA and PsA has demonstrated its association
with bone erosion in RA, but not in PsA [25].

Spearman’s correlation with BSA, the skin-related disease activ-
ity score in PsA and PsO also revealed interesting pathways. In this
case, GO analysis highlighted several pathways related to immune
system activation specific for these conditions (Fig 3E,F, also Sup-
plementary Tables S3.5 and S8). In particular, the hypomethylated
cluster in relation to BSA was enriched for IL-23 production and
response to IL-17 (Fig 3E). These 2 cytokines are critical in chronic
inflammatory pathways, both in the synovium and skin lesions of
patients with PsA. IL-23 promotes the survival and expansion of
Th17 cells through its receptor IL23R, and the Th17-mediated
inflammatory response involves the signalling adaptor TRAF3
interacting protein 2 (TRAF3IP2). The IL23/IL-17 axis also induces
abnormal proliferation of keratinocytes, causing skin PsO [26].

Finally, we inspected the genes to which the CpGs identified
by Spearman’s correlation with DAS28 and BSA were annotated
(Supplementary Fig S3A). For RA and PsA samples stratified by
DAS28, we identified both hypermethylated and hypomethy-
lated genes. Among them, WNT8A, encoding a regulator of the
Wnt signalling pathway, was hypermethylated in RA. Dysregula-
tion of this pathway has been implicated in fibroblast-like syno-
viocyte activation, synovial hyperplasia, and joint destruction,
underscoring its contribution to RA pathogenesis [27]. We also
observed differential methylation in CD5, consistent with previ-
ous evidence showing that CD5* B cells are increased in RA and
display distinctive features, including spontaneous upregulation
of CD5 expression in vitro, which is specifically downregulated
by IL-4 [28]. In addition, methylation of STAT5A was detected;
this TF plays a unique role in CD4* T cells, where its knockdown
specifically downregulates the survival factor Bcl-X, distinguish-
ing it from STATS5B [29]. IL-7-driven arthritis is characterised
by an increase in IL-7R + macrophages, which contribute to dis-
ease severity by promoting the differentiation of inflammatory
M1 macrophages and bone-eroding osteoclasts [30].

For PsA and PsO samples, correlating with activity through
the BSA index, we identified additional genes of interest (Sup-
plementary Fig S3B). As previously described, IRF8 showed dis-
ease-related alterations. We also found evidence of
dysregulation of IL-13, which has been shown to have variable
activity in PsO, with stronger genetic and receptor associations
in PsA, highlighting its role in patient heterogeneity [31]. On
the other hand, IL-13 can also be dysregulated in RA [32].

SCRNA-seq analysis in the RA-PsA-PsO spectrum reveals specific
features in different monocyte subsets

Finally, we compared the transcriptome profiles of RA, PsA,
and PsO to investigate their dysregulation across different
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monocyte subsets. To this end, we integrated 2 scRNA-seq data-
sets [33,34] comprising a total of 20 RA, 28 PsA, 24 PsO, and 33
HD samples. The integrated Seurat object was then filtered for
monocyte populations defined by the markers FUT4~, ITGAM",
and CD33" (Fig 4A), equivalent to their respective encoded
genes using for the sorting of the patient samples used for the
DNA methylation study. Supplementary Figure S4A displays the
same uniform manifold approximation and projection (UMAP)
separated by condition (HD, RA, PsA, and PsO) to illustrate the
groupwise distribution of cells. The identified clusters were
annotated as distinct monocyte subtypes based on canonical
markers such as CD14 and CD16, along with additional subtype-
defining markers (Fig 4B). Supplementary Figure S4B quantifies
these distributions, showing the relative proportions of each
monocyte subtype across the 4 groups.

In parallel with the DNA methylation analyses, we first per-
formed a differential expression analysis for each monocyte clus-
ter, comparing HDs with all disease groups combined (RA, PsA,
and PsO) using the integrated scRNA-seq data (Fig 4C and Sup-
plementary Table S9.1). An overlap of differentially expressed
genes (DEGs) across clusters was observed, comprising 5204
upregulated genes and 5339 downregulated genes (Supplemen-
tary Fig S4C).

The results of this analysis are shown in Figure 4C as volcano
plots of the DEGs identified in this comparison (Supplementary
Table S9.1), highlighting both upregulated and downregulated
genes across monocyte clusters for RA, PsA, and PsO. A consid-
erable proportion of these genes belong to the KLF family,
including KLF4, previously associated with PsO [35]. While
increased KLF4 expression in psoriatic skin has been interpreted
as a compensatory response to abnormal keratinocyte behav-
iour, in our data, KLF4 was consistently downregulated in dis-
ease groups (RA, PsA, and PsO) across all clusters. Finally,
CD68, a macrophage marker expressed in synovial tissue, has
been proposed as a biomarker for evaluating treatment effective-
ness in RA [36].

In contrast, the upregulation of STAT4 observed in several clus-
ters may represent a functional consequence of risk-associated
STAT4 haplotypes, linking genetic predisposition with enhanced
inflammatory signalling in RA [37]. Moreover, KLF12 has been
identified as a susceptibility gene in RA genome-wide association
studies [38], and its upregulation in our dataset further supports a
potential role in disease pathogenesis. In the classical 1 and inter-
mediate monocyte clusters, chemokine-like factor (CKLF) was
detected, in line with reports showing significantly elevated CKLF1
levels in patients with RA, osteoarthritis, and axial spondylarthritis
compared with controls [39]. In addition, CD247, encoding the T-
cell receptor zeta chain, was upregulated in all clusters except the
intermediate subset, in line with previous genome-wide evidence
linking CD247 polymorphisms to RA risk [40].

We then performed GO analysis on the upregulated DEGs from
the comparison of RA+PsA+PsO vs HD, where we observed
enrichment for immune-related processes such as antigen presen-
tation, T-cell activation, phagocytosis, interferon activity, and NF-
kB signalling, with different trends across clusters for the upregu-
lated genes (Fig 4D (top) and Supplementary Table S10). These
categories were differentially enriched in different monocyte sub-
sets (Fig 4D, top). The major histocompatibility (MHC) complex

FC, fold change; GO, gene ontology; GREAT, Genomic Regions Enrichment of Annotations Tool; HOMER, Hypergeometric Optimization of Motif
EnRichment; HRE, hypoxia response element; HSF, heat shock factor; HTH, helix—turn—helix; IRF, interferon regulatory factor; JAK, Janus Kinase;
MADS, MCM1, AGAMOUS, DEFICIENS, SRF; NFIL3, nuclear factor, interleukin 3 regulated; NLRP1, NLR family pyrin domain containing 1; OCT,
octamer-binding transcription factor; POU, pit-oct-unc (domain family); PsA, psoriatic arthritis; RA, rheumatoid arthritis; STAT, signal transducer and

activator of transcription; TF, transcription factor.
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was significantly enriched across the monocyte clusters, strongly
associated with RA, particularly through HLA-DRB1 [41]. Interme-
diate monocyte populations showed enrichment for NF-xB signal-
ling and Toll-like receptor (TLR) signalling. TLRs are expressed in
the inflamed joints of patients with RA and are also contributors
to chronic inflammatory skin diseases such as PsO [42].

TF enrichment analysis of the upregulated DEGs (Fig 4D and
Supplementary Table S11) identified IRFs (IRF9, IRF5, IRF2),
KLF family members (KLF1, KLF3, KLF2), CEBPA, and hypoxia-
inducible factor 3 alpha (HIF3A). Aligning with the GO analysis,
this analysis showed some differences among monocyte subsets.
IRF9 contributes to RA progression by regulating macrophage
polarisation through proteasome subunit alpha type 5 (PSMAS5)
[43]. IRF5 promotes inflammatory arthritis by driving proin-
flammatory cytokine production downstream of the RNA-sens-
ing receptors TLR7 and TLR3, implicating endogenous RNA
ligands in RA pathogenesis [44]. Another study suggested that
HIF3A may act as a negative regulator of chondrocyte hypertro-
phy and thus play a protective role in joint homeostasis [45].
Finally, KLF3, which is essential for epidermal differentiation
and barrier formation through enhancer activation, may be par-
ticularly relevant in PsO, where impaired keratinocyte differen-
tiation is a defining pathogenic feature [46].

In addition, we examined the downregulated DEGs from the
HD vs RA +PsA+PsO comparison (Supplementary Fig S4D and
Supplementary Table S10), which revealed enrichment for pro-
cesses including monocyte activity, regulation of apoptosis,
MHC class I and II protein activity, TNF signalling, phagocytosis,
antigen presentation, T-cell and leukocyte activity, interferon
responses, NF-kB and p38 mitogen-activated protein kinase
(MAPK) signalling, and TLR and neutrophil functions.

Along these downregulated pathways, we also examined the
TF sets associated with the regulation of these genes (Supple-
mentary Fig S4D and Supplementary Table S10). Notably, NF-
kB is a central regulator in RA and PsA, not only driving inflam-
mation but also influencing Th1 responses, synovial fibroblast
activation, and osteoclast-mediated bone resorption, with ani-
mal models supporting NF-xB inhibition as a therapeutic target
[47]. It is also a key mediator in PsO, by driving both keratino-
cyte dysfunction and immune cell-mediated inflammation. Simi-
larly, hypoxia-inducible factor-1 (HIF-1) is aberrantly expressed
in RA and PsA joints [48]. In PsO, elevated HIF-1a in keratino-
cytes and serum promotes angiogenesis, keratinocyte hyperpro-
liferation, and immune dysregulation [49]. Finally, enhanced
nuclear localisation of C/EBP/ in synovial fibroblasts and mac-
rophages from RA tissue, particularly within the synovial lining,
suggests that its activation contributes to chronic inflammation
and highlights C/EBPf as a potential therapeutic target [50].

To further investigate disease-specific transcriptional signa-
tures, we performed a pairwise comparison of RA, PsA, and PsO
within the Classical Mono 1 cluster, identifying 50 DEGs with
significant expression differences. Figure 4E presents a heatmap
of z-score values for these DEGs (Supplementary Table $9.2),
showing the average expression in each group (RA, PsA, PsO, in
this order). Unlike previous analyses that compared HDs with

Ann Rheum Dis 85 (2026) 1463—1476

disease groups, this analysis focuses on differences across the 3
diseases. The heatmap reveals that RA exhibits the most distinct
expression profile, characterised by widespread downregula-
tion. PsA shows a dual pattern: some clusters mirror the downre-
gulation observed in RA, whereas others align more closely with
the upregulation seen in PsO. PsO, in contrast, generally main-
tains upregulated expression for many genes that are downregu-
lated in RA.

A principal component analysis (PCA) of the 50 DEGs from
the Classical Mono 1 cluster revealed a distinct separation of RA
samples, whereas PsO and PsA samples cluster together (Fig 4F),
providing a clear visual representation of the expression patterns
observed in the heatmap. In the corresponding PCAs for the
remaining monocyte clusters (Classical Mono 2, Non-Classical 1,
Non-Classical 2, and Intermediate) (Supplementary Fig S4E),
the pattern mirrors that of Classical Mono 1, with RA separating
distinctly from PsA and PsO. Notably, in the Intermediate clus-
ter, RA samples are positioned closer to PsA and PsO, diverging
from the separation pattern observed in other clusters.

We selected relevant genes from the Classical Mono 1 cluster
that displayed expression patterns potentially explaining the
behaviour of PsA in relation to RA or PsO (Fig 4G). Actin beta
(ACTB), which encodes f-actin, a key cytoskeletal component,
shows a PsA expression pattern more similar to RA. Its altered
regulation may contribute to the actin rearrangements that drive
synovial fibroblast activation in TNF-mediated arthritis, promot-
ing proliferation, migration, and resistance to apoptosis [51].
Poly(rC)-binding protein 1 (PCBP1), a canonical RNA-binding
protein and potential biomarker of RA, exhibits a PsA pattern
closer to PsO and may contribute to disease development [52].
Polymorphisms in tumour necrosis factor alpha-induced protein
3 (TNFAIP3) are associated with increased susceptibility to
IMIDs such as RA, PsA, and PsO, with the PsO risk haplotype
being distinct from that of other IMIDs [53].

Finally, analysis of the Non-Classical Mono 1 cluster revealed
that IFITM3, an interferon-inducible transmembrane protein,
shows haplotype-specific associations with RA susceptibility
and exhibits a similar expression pattern in PsA and PsO, while
RA remains distinct, supporting a potential role for IFITM3 in
RA pathogenesis (Supplementary Fig S4F) [54].

DISCUSSION

In this study, we studied the monocyte DNA methylome and
transcriptome profiles from several related IMIDs—RA, PsA, and
PsO—together with UA and HD, to investigate both shared and
disease-specific molecular traits. Our analysis revealed that all
groups share common alterations in the monocyte DNA methyl-
omes. Most importantly, differences emerged between disease
groups, particularly when we stratified by the DAS28 and BSA
datasets. Of particular interest is the exploration of distinct hall-
marks that set PsA apart from RA and PsO.

PsA remains an understudied IMID and is often misdiagnosed
as seronegative RA or UA, or even as noninflammatory arthritis.
Clinical evaluation relies not only on physical examination and

Mono 1 of the pairwise comparison from RA, PsA, and PsO. (G) Boxplots showing log-normalised expression of selected genes across RA, PsA, and PsO
groups. ACTB, actin beta; BP, biological process; CEBPA, CCAAT/enhancer-binding protein alpha; DEG, differentially expressed gene; FDR, false dis-
covery rate; GO, gene ontology; HD, healthy donor; HIF, hypoxia-inducible factor; IRF, interferon regulatory factor; KLF, Kriippel-like factor; logFC,
log fold change; MHC, major histocompatibility complex; NF, nuclear factor; PCA, principal component analysis; PsA, psoriatic arthritis; PsO, psoriasis;
PCBP1, poly(rC)-binding protein 1; RA, rheumatoid arthritis; scRNA-seq, single-cell RNA sequencing; STAT4, signal transducer and activator of tran-
scription 4; TF, transcription factor; TNF, tumour necrosis factor; TNFAIP3, tumour necrosis factor alpha-induced protein 3; Treg, regulatory T cell;

UMAP, uniform manifold approximation and project.



patient history but also on established classification criteria
[551, which helps clinicians recognise the characteristic features
unique to PsA. Several studies have also identified genetic risk
factors specific to PsA, including amino acid variants within
HLA-B and polymorphisms in the IL23R gene [56].

The IL-23/IL-17 axis plays a central role in PsA and PsO;
however, gene expression patterns in PsA skin and synovium are
clearly distinct. Skin displays a stronger IL-17 gene signature,
whereas both tissues show comparable TNF and IFN-y signa-
tures. These findings align with clinical trial data demonstrating
that IL-17 and IL-23 inhibitors yield better results in PsA skin
than in PsA joints [57].

RA and PsA also display a substantial overlap, although there
are ongoing efforts to delineate their differences. A clinical study
identified several serum cytokines as markers for both diseases:
PsA was associated with elevated levels of IL-14, IL-6, IL-17, IL-
22, IL-23, IFN-y, and TNF-a, whereas RA showed elevated levels
of IL-1, IL-6, IL-22, IL-33, TNF-a, chemokine ligand 11, and che-
mokine C-X-C motif ligand 13 [58].

Our DNA methylation and scRNA-seq analyses revealed con-
sistent alterations in key TF families (Kriippel-like factors, signal
transducer and activator of transcription proteins, IRFs, and
CEBPs) and immune pathways in the HD vs all comparison. For
instance, KLF2 was hypomethylated, while KLF2, KLF4, and
KLF6 were downregulated, suggesting that these normally pro-
tective factors lose their anti-inflammatory function in disease.
In contrast, genes such as KLF12 and STAT4 were upregulated,
indicating potential proinflammatory roles. IRFs and CEBPs like-
wise showed coordinated changes across both molecular layers,
pointing to enhanced interferon signalling, monocyte differenti-
ation, and inflammatory cytokine regulation. At the pathway
level, both datasets highlighted NF-xB activity, antigen presenta-
tion, cytokine responses, and T-cell activation, with MHC class II
(HLA-DRB1) consistently implicated. Together, these findings
suggest that the HD vs all comparison captures a shared inflam-
matory signature across RA, PsA, and PsO: downregulated or
hypomethylated genes likely represent protective mechanisms
lost in disease, while upregulated or hypermethylated genes
reflect disease-promoting activity.

In the RA vs PsA vs PsO comparison, both analyses revealed
that PsA shares molecular features with RA and PsO, often dis-
playing a dual profile. Convergence was observed in pathways
related to fibroblast function, MHC antigen presentation, and
interferon signalling. In the methylation data, FGF12 and FGFR-
related pathways were enriched, indicating dysregulation of
fibroblast growth and signalling that may drive synovial tissue
inflammation and remodelling. Consistently, scRNA-seq identi-
fied DEGs such as ACTB and PCBP1, which modulate cytoskele-
tal dynamics and gene expression in fibroblasts, supporting
disease-specific fibroblast activation. For the MHC complex,
methylation analysis showed hypomethylation of HLA-DRBI1
and enrichment of MHC-related pathways, while scRNA-seq
data revealed differential expression of antigen-processing and
presentation genes across disease groups, reinforcing the role of
MHC-mediated immune activation in RA, PsA, and PsO. Nota-
bly, several loci associated with DMPs identified in this study
fall within genomic regions previously implicated by GWAS in
RA, PsA, and PsO (eg, HLA-DRB1 and IL-23/IL-17-related path-
ways), supporting consistency between the epigenetic altera-
tions observed here and known genetic susceptibility
mechanisms. Finally, interferon-related pathways were
highlighted in both datasets: methylation analyses showed
enrichment for IRF family members, key regulators of type I
interferon responses, and inflammatory signalling, while
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scRNA-seq confirmed altered interferon activity through differ-
ential expression of IFITM3, an interferon-inducible gene. An
important question is whether the observed methylation
changes reflect disease-specific regulatory programmes or differ-
ences in monocyte activation associated with disease activity.
Correlation analyses with DAS28 and BSA indicate that part of
the methylation variation relates to general inflammatory acti-
vation, as CpGs were enriched in pathways linked to interferon
signalling, NF-«xB responses, cytokine signalling, and inflamma-
some components. However, pairwise disease comparisons and
integration with scRNA-seq data revealed disease-specific regu-
latory patterns and monocyte transcriptional programmes, with
PsA displaying a dual profile bridging RA and PsO. Together,
these findings suggest that monocyte methylation patterns
reflect both shared activation-dependent inflammation and dis-
ease-specific regulatory alterations.

Our integrative analyses highlight the pivotal role of mono-
cyte subsets in shaping disease-specific features across RA, PsA,
and PsO. In RA, classical monocytes were linked to osteoclasto-
genic and joint-destructive programmes, whereas PsO-associ-
ated monocytes emphasised keratinocyte-driven inflammatory
circuits. PsA exhibited a distinctive dual profile, with contribu-
tions from both classical and nonclassical subsets converging on
fibroblast growth factor signalling, antigen presentation, and
interferon-related pathways. This molecular duality may under-
lie PsA’s heterogeneous clinical spectrum and persistent diag-
nostic ambiguity, reinforcing its identity as a true bridge
disease. By delineating subset-specific epigenomic and transcrip-
tional signatures, our work establishes a framework for refining
disease classification and identifying therapeutic targets
uniquely relevant to PsA. Although direct gene-level concor-
dance between DMP-associated genes and DEGs was limited,
both datasets showed consistent alterations in key TF families
(KLF, STAT, IRF, CEBP) and immune pathways, indicating con-
vergence at the regulatory network level rather than a simple
CpG-gene relationship.

An important clinical challenge relates to the interception
and prevention of PsA in patients with PsO, as PsA typically
manifests several years after the onset of PsO. This delay has
spurred efforts to identify biomarkers that could guide early
therapeutic intervention, including timely use of biologics,
before irreversible joint damage occurs. However, robust predic-
tive markers for PsA development are currently lacking. Our
data, which highlight dual hybrid monocyte epigenomic traits
in PsA bridging RA and PsO, raise the possibility that such
molecular signatures may help refine risk stratification in
patients with PsO who are at increased risk of progression to
PsA. Although our present study was not designed to address
prediction directly, and patients with established PsA were ana-
lysed separately from PsO, the identification of PsA-specific
pathways (eg, FGFR signalling, MHC class II-related loci, inter-
feron-driven programmes) may provide a framework for future
longitudinal studies aimed at defining epigenomic or transcrip-
tomic biomarkers of PsA transition. Together, these findings
highlight systemic monocyte epigenomic programmes that dif-
ferentiate RA, PsA, and PsO while also revealing shared inflam-
matory mechanisms across these conditions.

An important consideration is that DNA methylation pro-
filing was performed in circulating monocytes rather than in
tissue-resident cells within inflamed synovium or psoriatic
skin. Although this approach cannot fully capture tissue-spe-
cific epigenetic imprinting that may arise after monocyte
infiltration and differentiation within local inflammatory
niches, the study was designed to investigate systemic
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immune programming across RA, PsA, and PsO using a clini-
cally accessible compartment. Circulating monocytes there-
fore provide a valuable window into shared and disease-
specific inflammatory pathways operating at the systemic
level. Accordingly, the epigenetic signatures identified here
should be interpreted as reflecting systemic monocyte states
rather than tissue-specific regulatory programmes. Future
studies integrating matched blood and tissue epigenomic pro-
filing will help clarify how these systemic programmes relate
to local inflammatory microenvironments.
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ARTICLE INFO ABSTRACT

Article history: Objectives: In our previously reported trial of intra-articular tolerogenic dendritic cells (tolDC) as
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RO a treatment to restore immune tolerance in autoimmune arthritis, high doses of cells appeared
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Accepted 5 January 2026 to stabilise knee symptoms, although no systemic clinical or immunomodulatory effects were
observed. We therefore sought to understand how tolDC affected the local synovial immune
landscape.

Methods: Synovial biopsies were taken at baseline and 14 days after intra-articular injection of
tolDC or, as a control, saline washout. Histopathological analyses (Krenn evaluation and patho-
type) and multiparametric imaging mass cytometry (IMC) were performed on paired synovial
tissues from 7 participants (5 tolDC-treated and 2 controls), selected based on tissue availability
at both time points. The IMC panel included 27 antibodies defining lymphoid, myeloid, and stro-
mal cells.

Results: We observed no changes in the histopathology or the overall distribution of broadly clas-
sified cell populations (myeloid, lymphoid, and stromal) before and after tolDC administration.
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Furthermore, the proportions of CD4* and CD8* T cells were not altered, with no indication
that tolDC had induced regulatory T cells within the synovium. However, we found a significant
increase in a subset of myeloid cells expressing high levels of the inflammation resolution
marker Mer tyrosine kinase (MerTK8%), which positively correlated with tolDC dose. More-
over, the percentages of total MerTK ™ myeloid cells inversely correlated with arthroscopic syno-
vitis scores at both time points.

Conclusions: The tolDC-induced increase in synovial Myeloid MerTK™ " cells may have local
immune modulatory effects and provide promising evidence for an effect of tolDC treatment on
the synovial immune landscape.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* In our phase I safety study of intra-articular tolerogenic den-
dritic cell (tolDC) therapy for autoimmune arthritis, no changes
were documented in the overall disease activity of systemic
immunological parameters. However, there was a trend for
improved knee symptoms in those receiving the highest dose.
A follow-on study with *!'Indium-labelled tolDC showed that
these cells remain in the joint, possibly explaining the local
rather than systemic effects of this cell therapy.

WHAT THIS STUDY ADDS

* Utilising high-parameter mass cytometry imaging on synovial
biopsies taken before and 14 days after tolDC therapy, we show
a tolDC dose-dependent increase in a subset of myeloid cells
that express high levels of the inflammation resolution marker
Mer tyrosine kinase (MerTK). Furthermore, we show that the
number of MerTK™ myeloid cells inversely correlates with the
arthroscopic synovitis score.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Our study underlines the importance of defining changes in the
immune landscape both locally and systemically to provide a
better understanding of how advanced therapies, such as tol-
erogenic cell therapies, exert their immunomodulatory effects.
The study also gives further credence to MerTK* myeloid cells
playing a role in the resolution of synovial inflammation.

INTRODUCTION

The last 2 decades have seen major improvements in the clin-
ical management of rheumatoid arthritis (RA), with earlier diag-
nosis and advancements in disease-modifying antirheumatic
drugs leading to milder disease courses [1]. Despite remission
being an achievable state, current treatments do not robustly
reinstate immune tolerance, and patients often flare after treat-
ment cessation. Thus, novel treatments that aim to restore
immune tolerance are currently under development, including
tolerogenic dendritic cell (tolDC) therapy, classified as an
advanced therapy investigational medicinal product (ATIMP).
Pathfinder trials have proved the safety of tolDC therapies for
RA and other autoimmune diseases, such as type 1 diabetes,
Crohn’s disease, and multiple sclerosis [2—10]. tolDCs are
thought to exert their immunoregulatory actions mainly through
the modulation of T cells, eg, by inducing anti-inflammatory
cytokine profiles and the promotion of regulatory T cells [11
—20]. We have confirmed the feasibility and safety of tolDC
intra-articular injection in the inflamed knee of patients with
autoimmune arthritis, in the Autologous Tolerogenic Dendritic
Cells for Rheumatoid and Inflammatory Arthritis (AuToDeCRA)
phase I safety trial [10]. Although there was a trend for sus-
tained resolution of synovitis in patients receiving the highest
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dose of tolDC (10 million cells), we could not detect any changes
in systemic immunological parameters or overall disease activ-
ity. A follow-on study with '''Indium-labelled tolDC injected
intra-articularly showed that these cells remain in the joint, pos-
sibly explaining the local rather than systemic effects of this cell
therapy [21]. Ongoing efficacy trials by our and other groups
are now addressing optimal tolDC dosage and route of adminis-
tration ([17,22] and trial ISRCTN14999554). As a consequence,
the immunoregulatory mechanisms exerted by tolDC after in
vivo administration are a critical area for investigation—moni-
toring changes in local and systemic immune biomarkers,
including local tissue changes at the site of disease, will provide
the most robust evidence for efficacy [23]. The recent develop-
ment of spatial technologies and improvements in analysis pipe-
lines have increased the understanding of cellular landscapes
and interactions in health and disease. In this study, we used
imaging mass cytometry (IMC) to evaluate the cellular synovial
landscape following tolDC treatment.

METHODS
Participants, synovial biopsies, and histopathology

This study forms part of the AuToDeCRA clinical trial
(NCT01352858 and [10]), which included a total of 13 partici-
pants (10 receiving tolDC and 3 controls). The trial protocol was
approved by the Medicines and Healthcare products Regulatory
Agency and by the National Research Ethics Committee North
East (Sunderland) (EudraCT number: 2011-001582-41). The
trial was conducted according to the International Council for
Harmonisation of Technical Requirements for Pharmaceuticals
for Human Use Good Clinical Practice and the Declaration of
Helsinki. Participant inclusion and exclusion -criteria are
detailed in the original study [10]. Briefly, participants had
inflammatory arthritis, including an inflamed knee joint with an
effusion. tolDC treatment was added to stable disease-modifying
anti-rheumatic drug therapies, and glucocorticoid injections
were not permitted for at least 6 weeks prior to baseline. The
study started in February 2012 with the first participant receiv-
ing tolDC treatment in July 2012 and the last participant being
treated in May 2014; clinical follow-up of participants was 3
months. Autologous tolDC, loaded with autologous synovial
fluid as the source of autoantigen, were administered via intra-
articular injection into an inflamed knee joint, following saline
washout. Participants received a single injection of 1 X 105,
3 % 105, or 10 x 10° viable tolDC; control participants received
a joint washout with saline but were not treated with tolDC.
Synovial biopsies were obtained via arthroscopic examination,
before tolDC injection (baseline) and 14 days after (day 14), and
further processed for formalin fixation and paraffin embedding
(FFPE) preservation. FFPE blocks were stored at room tempera-
ture in a low-humidity environment and away from direct light.
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Haematoxylin and eosin (H&E) staining was carried out by the
National Health Service (NHS) histopathology service, and images
of slides were archived. Histopathological analysis was performed
according to the Krenn grading system and the pathotype scoring
method previously described [24—26]. Of the 13 trial partici-
pants, 7 had good quality synovial tissue samples (5 tolDC-
treated, 2 controls) available at both time points and were there-
fore included in the IMC analysis. These samples were distributed
across all 4 treatment groups. Patient demographics of Au-
ToDeCRA participants included in the IMC study are shown in
Supplementary Table S1.

IMC

A panel of 27 markers was designed to investigate the cellu-
lar diversity of the synovial tissue environment, and to include
major lineage subsets, such as myeloid, lymphoid, and stromal
cells. All antibodies were optimised individually by standard
immunofluorescence microscopy, using 4-um-thick FFPE tonsil
and synovium sections (data not shown). Validated antibodies
were conjugated to lanthanide metals using MaxPar Conjugation
kits (Standard BioTools), according to the manufacturer’s
instructions. Final IMC panel details can be found in Supplemen-
tary Table S2. Freshly sliced 4-um-thick FFPE synovium sections
were dewaxed in xylene and rehydrated through graded alco-
hols (100%, 90%, 70%, 50%). Antigen retrieval was performed
for 20 minutes in a microwavable pressure cooker pot with Tris-
EDTA, at pH 9. Nonspecific binding was blocked with 3% bovine
serum albumin, followed by an overnight incubation with the
IMC antibody panel, as well as iridium to identify nuclei.
Selected regions of interest (ROIs) ranging between 0.2 and 1
mm? were ablated on the Hyperion imaging mass cytometer.
One slide was prepared per patient, containing the paired base-
line and day 14 synovial tissues. A maximum of 2 ROIs were
selected per tissue sample. ROI selection was performed by a sin-
gle trained operator for each slide to ensure consistency in the
selection process. Ablation energy was set at 2 dB with a laser
frequency of 200 Hz. Signal of pulverised tissue containing the
spatial coordinates of each antibody was used to generate sin-
gle-channel images, which were exported as MCD files.

IMC data analysis

Data analysis was performed according to the OPTimised
Imaging Mass cytometry AnaLysis (OPTIMAL) framework [27], a
method for IMC analysis developed on tonsil tissue, with a 27-
marker panel and also used successfully to analyse the cellular
landscape of postmortem COVID-19 lung biopsies [28]. Files in
MCD format were exported as multichannel 16-bit TIFF images
for each ROI and processed for segmentation and transformation
into single-cell data. Information on the number of ROIs, cell
counts, and total imaged area are provided in Supplementary
Table S3. Segmentation was carried out with CXCR3 as a mem-
brane marker, and Iridium-193 signal for nuclei detection, follow-
ing processing using a custom Ilastik model to enhance the
separation of nuclei in dense regions. Single-cell converted data
were arcsin (co-factor of 1) and Z-scale transformed. Single-cell
data from each ROI were converted into individual FCS files,
which were further analysed in FCSExpress (DeNovo Software). A
total of 75,934 events (single cells) were subject to FlowSOM clus-
tering, in combination with the pairwise controlled manifold
approximation projection (PACMAP) dimensionality reduction
approach, to project clusters in reduced dimensions for pheno-
typic exploration. Clusters representing the cell subsets in the
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synovium were annotated based on marker expression and
merged based on similarity. As an additional quality control step,
a plot with centroid x on the x-axis and centroid y on the y-axis
(location of each cell in the tissue slide) was generated. Each clus-
ter was highlighted on the ROI, and the raw IMC signal from the
strongest marker was viewed to confirm whether the annotated
clusters matched the marker expression at the same location on
the tissue. The relative percentages of clusters were calculated
based on the total number of cells within each ROL A Wilcoxon
matched-pairs signed rank test was used to test differences in cell
abundance between time points. Pearson tests were performed to
measure linear correlations between variables. Statistical signifi-
cance was calculated in Graphpad Prism. Spatial analysis was car-
ried out as elaborated in the OPTIMAL framework, to create
interaction heatmaps [27]. A disk pixel expansion was performed
using an expansion of 5 pixels to identify the area for cellular
neighbourhood analysis. Next, a Monte Carlo simulation was
applied to generate cellular interaction heatmaps and to compare
defined cellular organisation to randomised alternatives.

RESULTS

tolDC treatment does not change the synovial tissue
histopathological score

We previously reported that intra-articular injection with
autologous tolDC did not lead to detectable changes in systemic
clinical or immunomodulatory parameters [10]. However, clinical
arthroscopic assessment before biopsy collection (synovitis,
hypertrophy, vascularity) at day 14 had shown a reduced synovi-
tis score in 2 participants who had received 10 x 10° tolDC, and a
third participant treated with the same tolDC dose declined
arthroscopy due to improvement of symptoms. We therefore
addressed the question of whether tolDC treatment had changed
the immune landscape locally, within the synovial tissues of the
injected knee joints. We first performed histopathological analy-
ses of archived H&E images of synovial tissue biopsies taken at
baseline and day 14 of the tolDC trial. Overall, we found no con-
sistent differences in the Krenn scores or pathotypes before and
after tolDC administration (Table), with immune cell infiltrates
remaining present within the 14-day period after tolDC injection.
However, these data provide no information on the identity and
functional status of synovial immune cells.

tolDC administration does not modify global synovial tissue cell
type composition at the 14-day time point

To investigate whether tolDC treatment affected synovial cell
composition, we performed IMC on 7 paired (baseline and day
14) synovial samples, including samples from all treatment
groups (Table). Following cell segmentation and single-cell
transformation (Fig 1A-D), 75,934 cells underwent dimensional-
ity reduction and cluster annotation. We identified 14 clusters
in 51,382 events, with main synovial cell clusters including stro-
mal, lymphoid and myeloid. The remaining events were anno-
tated as unclassified due to insufficient expression of markers
included in the panel. Figure 1E,F shows the PACMAP projection
representing all annotated clusters, as well as the heatmap with
Z-score marker values for each individual cluster. The majority
of the annotated clusters were of myeloid lineage in all treat-
ment groups (Fig 1G). Global percentages of cells classified as
myeloid did not change significantly between baseline and day
14 within individual paired biopsies. Percentages of lympho-
cytes (CD4* T cells, CD8" T cells and B cells; Fig 1H), and
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Table

Histopathological analysis of AuToDeCRA participants included in the IMC study

Ann Rheum Dis 85 (2026) 1477—1485

Participant no. tolDC treatment Arthroscopic Arthroscopic Krenn baseline Krenn day 14 Pathotype baseline Pathotype
synovitis (baseline) synovitis (day 14) day 14

3 1x10° 37 3 High-grade synovitis High-grade synovitis Lymphoid Lymphoid

5 3x10° 2 3 High-grade synovitis High-grade synovitis Lymphoid Lymphoid

6 Untreated” 2 2 No synovitis Low-grade synovitis Pauci-immune Lymphoid

7 3x10° 4 3 Low-grade synovitis No synovitis Diffuse Pauci-immune

9 3x10° 1 2 High-grade synovitis High-grade synovitis Lymphoid Lymphoid

11 Untreated 3 3 Low-grade synovitis Low-grade synovitis Pauci-immune Pauci-immune

12 10 x 10° 3 1 High-grade synovitis High-grade synovitis Pauci-immune Diffuse

AuToDeCRA, Autologous Tolerogenic Dendritic Cells for Rheumatoid and Inflammatory Arthritis; IMC, imaging mass cytometry; tolDC, tolerogenic dendritic cell.
Arthroscopic synovitis was assessed on a 5-point scale (0-4, with 0 representing no synovial activity and 4 representing maximum synovial activity).
@ Arthroscopic synovitis score was completed during the arthroscopic procedure before the collection of the synovial biopsy.

" Untreated: participants receiving a joint washout only.

nonimmune cells (stromal, endothelial, and CXCR3% cells;
Fig 1I) varied across biopsies, but no discernible pattern
emerged in terms of how tolDC treatment affected the presence
of these broadly classified cell types.

MerTK ™ myeloid cell phenotype is increased at day 14 and
inversely correlates with arthroscopic synovitis

We next investigated whether specific phenotypes (clusters)
within the major cell subsets (myeloid, lymphoid, and stromal)
were affected by tolDC treatment. Percentages of annotated clus-
ters were compared between the 2 time points for all individual
donors. No significant changes in activated CD4", CD4*, or
CD8™" T cell percentages were detected between baseline and
day 14 (Fig 2A-C). A significant decrease in podoplanin™ fibro-
blasts and in a myeloid population positive for CCR2 (myeloid
CCR2%) was consistently observed at day 14 for all treatment
groups, including the 2 participants who had received a washout
only (Fig 2D,E), suggesting the effect may have been due to the
joint irrigation procedure. The variations in percentage for the
other annotated cell clusters are detailed in the Supplemental
material (Supplementary Fig S1).

Because Mer tyrosine kinase (MerTK)-expressing synovial
macrophages have been shown to be associated with remission
in RA [29], we included this marker in the IMC panel. The pro-
portion of overall MerTK-positive myeloid cells did not signifi-
cantly change from baseline to day 14 (data not shown).
However, we identified a significant increase in a cluster of mye-
loid cells expressing high levels of MerTK (Myeloid MerTK'!igh)
at day 14 in the 2 higher dose groups (3 x 10° and 10 x 10°
tolDC), with the highest increase observed in participant 12,
treated with 10 x 10° tolDC (Fig 2F). Interestingly, percentages
of all MerTK* myeloid cells (including MerTK™&" and MerT-
K™") inversely correlated with the arthroscopic synovitis score
(Fig 2G). Similarly, ratios of Myeloid MerTK™€" to Myeloid
MerTK™" percentages were significantly higher at day 14, and
this ‘shift’ from MerTK™®" to MerTK™&" expressing myeloid
cells was more prominent at the higher tolDC doses (Fig 2H),
suggesting the possibility that the observed shift in MerTK
expression was not due to joint irrigation per se. Furthermore,
the difference (A) in MerTK™ 8" normalised absolute numbers,
between day 14 and baseline, positively correlated with the
tolDC dose (Fig 2I).

We next looked at the spatial distribution of MerTK-express-
ing myeloid cells within the synovium, as this may provide fur-
ther insight into how these cells act. By plotting the annotated
clusters on a centroid x and y graph (as in Fig 1D), we observed
that localisation of myeloid cells expressing MerTK was varied
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(Supplementary Fig S2). In some biopsies, these cells were found
nearby potential lymphatic vessels, as evidenced by colocalisa-
tion of MerTK with lymphatic vessel endothelial hyaluronan
receptor 1 (LYVE-1; raw signal, Supplementary Fig S2A), while
other biopsies showed a prevalence in the lining layer (Supple-
mentary Fig S2B) or dispersed throughout the synovium (Sup-
plementary Fig S2C).

The spatial interactions between the Myeloid MerTK™8" clus-
ter and other annotated clusters were generated in the form of
an interaction heatmap (Supplementary Fig S2D). Biopsies from
all 5 tolDC-treated participants were grouped and compared
with biopsies from the 2 untreated participants. No differences
were seen in the Myeloid MerTK™8" cluster interactions
between the 2 groups, with increased endothelial cell interac-
tions seen at day 14 for both groups. In addition, Myeloid MerT-
K& cluster interactions with CD4 ™ T cells were seen at both
time points for the tolDC-treated group.

Because tolDC are characterised by expression of MerTK
(Supplementary Fig S3A-C), we considered the possibility that
they have the capacity to (1) enhance the expression of this
marker by myeloid cells in a contact-dependent manner (eg,
through intercellular membrane exchange or release of MerTK-
enhancing mediators), and/or (2) survive for 14 days. Coculturing
of tolDC with autologous CD14* monocytes did not enhance cell-
surface expression of MerTK by the monocytes (Supplementary
Fig S3D,E). However, interestingly, we found that a large portion
of tolDC (40%—60%) survived for 14 days and retained expres-
sion of MerTK in culture medium that was devoid of the typical
dendritic cell-survival factor GM-CSF (Supplementary Fig S3F-H).
Addition of inflammatory arthritis synovial fluid during tolDC cul-
ture did not affect tolDC survival nor MerTK expression (Supple-
mentary Fig S3F-H). Given that tolDC, in addition to MerTK, also
has other markers in common with the Myeloid MerTK!® cluster
(incl. CD1c and CD32; Fig 1F and data not shown), these data are
supportive of the possibility that the observed enhancement of
MerTK™8" myeloid cells after intra-articular injection represents,
at least partly, surviving tolDC.

DISCUSSION

This study investigated whether intra-articular tolDC admin-
istration affected the synovial immune landscape and whether
this could shed light on the immunoregulatory actions that these
cells may exert locally, within the synovium. We could not find
any evidence of changes in the adaptive immune subsets, but,
interestingly, we found that the myeloid compartment con-
tained an increased proportion of cells expressing high levels of
MerTK after higher tolDC doses (Myeloid MerTKHi8M),
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Figure 1. Phenotyping of synovial cell subsets before and after tolDC intra-articular administration. (A) IMC raw signal for selected markers on a rep-
resentative synovial region. (B) Segmentation mask with identified cells based on a membrane marker and nuclei. (C) Spatial rendering of selected
annotated subsets with spatial location added on centroid x and y coordinates. (D) Mask with all annotated subsets on the original tissue region. (E)
PACMAP projection of all 15 annotated subsets. (F) Heatmap representing annotated subsets and Z-score of relative IMC marker expression. (G-I) Rela-
tive percentages of myeloid, lymphoid, and stromal/nonimmune cells for all treatment groups, at baseline and day 14 after tolDC treatment. Baseline:
synovial biopsy collected before tolDC administration. Day 14: synovial biopsy collected 14 days after tolDC administration. Untreated: washout-only
procedure. 1 x 10° tolDC: Washout and tolDC injected at 1 x 10° dose; 3 x 10° tolDC: Washout and tolDC injected at 3 x 10° dose; 10 x 10° tolDC:
Washout and tolDC injected at 10 x 10° dose. IFN, interferon; IMC, imaging mass cytometry; LYVE-1, lymphatic vessel endothelial hyaluronan recep-
tor 1; MerTK, Mer tyrosine kinase; PACMAP, pairwise controlled manifold approximation projection; PD-1, programmed cell death protein 1; PDPN,

podoplanin; tolDC, tolerogenic dendritic cell.

MerTK has been described as playing a role in resolving
inflammation, eg, through efferocytosis of dead cells, production
of proresolving mediators, and inhibition of T cell activation [30
—32]. Alivernini et al [29] previously demonstrated that high
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proportions of MerTK™ synovial macrophages were associated
with remission in RA and that these cells were particularly
enriched for negative regulators of inflammation. Notably, they
also found that a low proportion of MerTK" synovial
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Figure 2. Quantitative analysis of annotated cellular subsets in synovial biopsies. (A-F) Changes in percentages of selected annotated subsets after
tolDC treatment. *Denotes study participant 9 (received an intra-articular injection with steroids at day 7) in plot F. (G) Pearson correlation of arthro-
scopic synovitis score against the percentage of total MerTK * myeloid cells. (H) Ratios of percentages of Myeloid MerTK™€" cells on Myeloid MerT-
K" cells, at baseline and day 14. (I) Pearson correlation of difference (day 14—baseline) of MerTK"€"/MerTK"*" ratios. MerTK, Mer tyrosine

kinase; PDPN, podoplanin; tolDC, tolerogenic dendritic cell.

macrophages in remission patients was associated with an
enhanced risk of the disease flaring after termination of treat-
ment. Our observation that the number of MerTK* synovial mye-
loid cells inversely correlated with the arthroscopic synovitis
score of study participants in the AuToDeCRA trial, who were all
selected for having knee effusions, adds to the notion that these
cells may be important in regulating synovial inflammation.

The shift from MerTK*" to MerTK™8® myeloid cells was
most evident in participants receiving the higher doses of tolDC.
Of the 2 washout-only participants, 1 showed a similar shift,
suggesting that this procedure may have contributed to the
observation in tolDC recipients. Additionally, participant 9
received intra-articular glucocorticoids (a known driver of
MerTK expression) on day 7 after tolDC injection as their synovi-
tis had not settled after washout and tolDC administration, com-
plicating the interpretation of this participant’s data.

The possibility that the Myeloid MerTK™€" cluster may (par-
tially) represent surviving tolDC is an interesting notion that
may explain why the increase in absolute numbers of this cluster
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was proportionate to the injected tolDC dose, although it cannot
explain their appearance in a control (washout only) participant.
The possibility that these administered cells migrated into the
synovial membrane is encouraging, particularly in the context
of data from others that MerTK' 8" synovial myeloid cells associ-
ate with drug-free remission, which is the ultimate hope for a
tolerogenic therapy such as tolDC [29]. Nevertheless, this notion
will need to be validated by further clinical trials, eg, by compar-
ing the transcriptional profiles of our therapeutic tolDC with this
cluster and/or by tracking migration/location of the injected
tolDC by magnetic resonance imaging of '°F-labelled tolDC or
by reporter gene-based molecular imaging [17,21]. Regardless
of their origin, it is encouraging that intra-articular tolDC treat-
ment may increase the presence of a myeloid cell type associated
with inflammation resolution.

We have previously shown that tolDC act through modula-
tion of CD4 ™ T cell responses, including induction of T regula-
tory type 1 (Trl) cells in vitro [11,33] and in vivo, in the
collagen-induced arthritis mouse model [14]. Our initial focus



was, therefore, to investigate whether tolDC treatment modu-
lated the number and/or functional features of CD4 ™" T cells. All
identified CD4™ T cells expressed programmed cell death pro-
tein 1 (PD-1), whereas increased expression of HLA-DR, inter-
feron (IFN)-y, CXCR3, and CD11c was seen in a small proportion
of CD4* T cells, annotated as activated CD4 " T cells. This clus-
ter also exhibited FoxP3 expression, indicating the presence of
more phenotypically diverse cell populations within the same
cluster. However, no discernible patterns were observed
between the different treatment groups. In addition, the marker
LAG-3, which had been included as a marker for Trl cells, was
not detected on any of the T cell clusters, suggesting that tolDC
treatment did not support Trl induction in the synovium. It is
possible that T cell modulatory effects by tolDC occur more effi-
ciently in secondary lymphoid tissues, rather than the inflamed
synovium, in which T cells are terminally differentiated and
refractory to modulation [34]. For the ongoing AuToDeCRA 2
trial, we are therefore comparing different routes of tolDC injec-
tion, ie, intranodal (into an inguinal lymph node), intradermal,
or intra-articular, and performing lymph node aspirates before
and after therapy.

Histopathological assessments of cell infiltrate and inflamma-
tory aggregates are useful indicators of the general extent of
immune cell abundances. We noted, however, that histopathol-
ogy scores did not always align with the synovitis score during
arthroscopic evaluation (eg, participants 7 and 12). The arthro-
scopic score was based on the evaluation of overall synovitis in
the knee, whereas the histopathology analysis scored biopsies col-
lected from selected areas with visibly increased synovitis, con-
tributing to the incongruence between both assessments. Since
the biopsy site typically does not correspond to the area examined
during the arthroscopic procedure, data interpretation is more
challenging. Mussawy et al [35] demonstrated that synovitis can
vary across different regions of joint topography, which may help
explain this observation. Expanding the size of the tissue biopsy
and/or the collection of multiple biopsies should provide a more
robust understanding of cell dynamics at a spatial level.

A limitation of this study is that paired biopsies were only
available from a limited number of trial participants, with differ-
ing background therapies. Within this context, however, it is
perhaps more remarkable that we have documented a possible
dose-response relationship in the number of synovial MerTK!!&h
myeloid cells and an inverse correlation with arthroscopic syno-
vitis. Small sample numbers and heterogeneity could, however,
have contributed to the lack of consistency in localisation and
intercellular interactions of the Myeloid MerTK'i8" subset.

A major strength of this study comes from analysing the histo-
pathology of synovial tissues derived from a unique experimental
medicine study testing a novel cell therapy; because of the com-
plexity of these types of studies, sample sizes are inherently small.
Nonetheless, our study was carefully conducted and incorporated
paired synovial biopsies taken pre- and post-tolDC treatment, as
well as paired biopsies from control participants who had received
a joint washout only. Another strength comes from applying a
high-parametric spatial imaging technology that enabled an in-
depth analysis of immune cell subsets in situ, thereby providing a
novel and unexpected insight into how autologous tolDC treatment
modifies the synovial immune cell landscape.

In conclusion, this study shows, for the first time, that intra-
articular injection of autologous tolDC is associated with an
increase in a synovial myeloid subset that expresses high levels
of the inflammation resolution molecule MerTK. Our study
underlines the importance of defining changes in the immune
landscape both locally and systemically to provide a better
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understanding of how ATIMPs, such as tolerogenic cell thera-
pies, exert their immunomodulatory effects. The study also gives
further credence to the role of MerTK* myeloid cells in resolv-
ing synovial inflammation.
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ARTICLE INFO ABSTRACT

Article history: Objectives: The period between symptom onset and the development of rheumatoid arthritis
ﬁece?‘md 15 September 2025 (RA) is a putative window for disease modification. It is insufficiently known whether anticitrul-
eceived in revised form 25 February 2026
Accepted 25 April 2026 linated protein antibody (ACPA)-positive and ACPA-negative disease develop similarly in this
symptomatic pre-RA period. We therefore studied this trajectory in developing ACPA-positive
and ACPA-negative RA and compared timelines and inflammation-related markers.
Methods: We studied 173 (n = 87 ACPA-negative and n = 86 ACPA-positive) patients with clini-
cally suspected arthralgia (CSA) who all developed RA. Time from symptom onset to presenta-
tion with CSA, and from CSA presentation to RA development were compared. Longitudinal
inflammatory trajectories were assessed by studying clinical measures (morning stiffness and
tender joints), laboratory (C-reactive protein [CRP]), and imaging (hand/foot-magnetic reso-
nance imaging) markers.
Results: ACPA-positive patients had a longer time between symptom onset and presentation with
CSA, but a shorter time from CSA presentation until RA development (p = 0.006 and p =
0.014, respectively). ACPA-negative patients had more morning stiffness at symptom onset (p =
0.024), at CSA presentation (p = 0.006) and until RA development (p = 0.017). Likewise,
ACPA-negative patients had more hand pain at symptom onset, more tender hand joints at CSA
presentation (p < 0.001) and until RA development (p < 0.001). In contrast, ACPA-positive
patients showed a faster increase in CRP level (p = 0.006) and subclinical joint inflammation
the year before developing RA, which was due to a significantly greater increase in forefoot
inflammation (p = 0.043).
Conclusions: From symptom onset to RA development, ACPA-negative and ACPA-positive disease
differ in timelines, morning stiffness severity, and location of inflammation in hands/feet. These
differences may reflect differences in underlying inflammatory mechanisms and may suggest
that different preventive strategies are required to intervene in the development of ACPA-posi-
tive and ACPA-negative RA.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Rheumatoid arthritis (RA) has 2 subgroups: anticitrullinated
protein antibody (ACPA)-positive and ACPA-negative RA.
These 2 groups have different environmental and genetic risk
factors.

* It is known that both forms of RA have a symptomatic predis-
ease phase, but it is unknown whether there are differences in
inflammatory markers and progression to RA between ACPA-
positive and ACPA-negative disease.

WHAT THIS STUDY ADDS

» This study adds to the understanding of differences in the
symptomatic pre-RA phase of ACPA-positive and ACPA-nega-
tive disease. Symptoms of ACPA-negative RA include more
severe morning stiffness and increased symptoms and tender-
ness in the hand joints. ACPA-negative RA has a longer time
between the onset of clinically suspect arthralgia (CSA) and
progression to RA.

On the other hand, ACPA-positive patients develop RA more
rapidly after presentation with CSA; they also have a more
rapid increase in C-reactive protein and subclinical joint
inflammation (particularly in the feet) during this period.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These differences point to differences in biological processes in
the symptomatic pre-RA phase that may warrant further inves-
tigation.

* Moreover, the presence of pathophysiological differences sug-
gests that secondary prevention may be differentially effective in
patients with developing ACPA-positive and ACPA-negative RA.

INTRODUCTION

The pathophysiology of the development of rheumatoid
arthritis (RA) is still incompletely understood. It is known that
most patients have a symptomatic at-risk phase preceding RA
development that can last for a long time [1—3]. In developing
anticitrullinated protein antibody (ACPA)-positive RA, autoanti-
bodies can appear approximately 10 years before diagnosis;
subsequent maturation of the autoantibody response occurs
approximately 5 years before diagnosis, which is followed by a
rise in cytokines in the systemic circulation [4]. Most patients
are then still asymptomatic. Symptoms occur more shortly
before diagnosis. During this symptomatic pre-RA phase, sub-
clinical joint inflammation may occur, which may subsequently
progress to clinical arthritis and diagnosis of RA. The pathophys-
iology of ACPA-negative RA is even less well understood. Also,
there is a preceding phase of systemic inflammation, which is
followed by local subclinical joint inflammation [4,5]. Insight
into the pathophysiological trajectory of the development of RA
and the timing of processes within it is crucial for designing
interventions aimed at influencing the course of developing RA.

There is increasing evidence that ACPA-positive and ACPA-
negative RA are different. Differences in the severity of the
course of classified RA, in terms of radiological progression,
chance of achieving disease-modifying antirheumatic drugs
(DMARD)-free remission [6], and response to treatment, have
long been known. Although the overall clinical phenotype at RA
diagnosis is similar [7], studies using sensitive imaging techni-
ques have revealed subtle differences at diagnosis, with ACPA-
positive RA more likely to have foot involvement, including
intermetatarsal bursitis [8]. Furthermore, risk factors differ,
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with smoking and the human leukocyte antigen (HLA)-shared
epitope being known risk factors for ACPA-positive RA [9,10].
Fewer genetic and environmental risk factors are known for
ACPA-negative RA, but lifelong exposure to oestrogens and/or
the decline in oestrogen levels after menopause may play a role
in its pathophysiology [11—13]. There are therefore differences
between the 2 RA entities in terms of risk factors for the devel-
opment and progression of the disease.

It is so far unknown whether there are also differences in the
symptomatic stage of arthralgia that precedes RA. This symp-
tomatic stage is important because it is presumed to be a win-
dow for disease interception or disease modification. Therefore,
it is important to understand the inflammatory processes occur-
ring in this pre-RA period. Based on the observed differences
at RA diagnosis and in the course after RA diagnosis, we
hypothesise that ACPA-positive and ACPA-negative RA also dif-
fer in the symptomatic pre-RA period. To investigate this, we
conducted an in-depth longitudinal study of the trajectory from
symptom onset to RA development, comparing timelines and
inflammation-related markers (obtained from physical examina-
tion, laboratory measurements, and joint imaging) during the
development of ACPA-positive and ACPA-negative RA.

METHODS
Patients

We studied all patients who developed clinically apparent
inflammatory arthritis (IA) and were included in the observa-
tional Leiden clinically suspect arthralgia (CSA)-cohort between
April 2012 and December 2024 and in the placebo arm of the
TREAT Early Arthralgia to Reverse or Limit Impending Exacer-
bation to Rheumatoid arthritis (TREAT EARLIER) trial [14]. The
CSA cohort is an inception cohort including patients older than
18 with arthralgia of the small joints for less than 1 year, which
is considered suspicious of progression to RA based on the clini-
cal judgement of the rheumatologist and without any prior
knowledge of the autoantibody status. Patients were excluded if
they had clinically apparent arthritis or if another reason for the
arthralgia was more likely (eg, fibromyalgia and osteoarthritis)
[15]. The TREAT EARLIER trial is a randomised, double-blind,
placebo-controlled clinical trial that included patients with CSA
with subclinical joint inflammation on magnetic resonance
imaging (MRI). Patients in both datasets were recruited from
rheumatology outpatient clinics. Consecutive patients with CSA
presenting to the Leiden rheumatology outpatient clinic were
included in the observational CSA cohort. Identification of CSA
was done at the first visit, when the results of additional investi-
gations (laboratory and imaging) were not yet known. More-
over, autoantibody status was generally unknown at this first
visit because Dutch primary care guidelines explicitly discour-
age ordering these tests (https://www.nhg.org/standaarden/vol
ledig/nhg-standaard-artritis).

Likewise, following a regional educational campaign, general
practitioners were advised to refer patients based on clinical sus-
picion of arthritis, without prior laboratory testing [16]. Hence,
patients with CSA were referred to the rheumatology outpatient
clinic and identified as CSA by rheumatologists without knowl-
edge of ACPA status. The same applied to the patients with CSA
included in the TREAT EARLIER trial. The fact that referral was
not based on or influenced by ACPA allowed us to compare the
pre-RA period of both ACPA-positive or ACPA-negative disease.
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In both studies, ACPA was determined at inclusion, and positiv-
ity was defined as a level of > 7 IU/mL (EliA CCP, Phadia).

In the CSA cohort, patients were followed after 4, 12, and 24
months according to protocolised visits; thereafter, visits were
left to the treating rheumatologists. In the TREAT EARLIER trial,
participants were followed with visits every 4 months for up to
24 months and then, according to the treating rheumatologist,
with data collected for up to 5 years after treatment. In both
studies, patients were seen between these protocolised visits if
they reported any signs of IA development. In both datasets,
patients were not treated with DMARDs and corticosteroids
before clinically apparent IA developed.

From both datasets with consecutively included patients with
CSA, we studied only the patients who progressed to clinically
apparent IA over time. IA was defined as the presence of swollen
joint count (SJC66) > 1 on physical examination by the rheuma-
tologist. In sensitivity analysis, the development of RA was stud-
ied, defined as IA plus fulfilment of the 2010- or 1987-
classification criteria for RA.

Research protocols for the Leiden CSA cohort and the TREAT
EARLIER trial were approved by the local Medical Ethics Com-
mittee of the Leiden University Medical Center. The TREAT
EARLIER trial was also registered with EudraCT (2014-004472-
35) and the Netherlands Trial Register (NTR4853-trial-
NL4599). Written informed consent was also signed by all the
patients before participation.

We studied the period from CSA onset to the development of
RA. Data collection was similar at inclusion in the CSA cohort and
the TREAT EARLIER trial. At inclusion, patients filled out a ques-
tionnaire about symptom onset, which comprised information
about calendar dates, as well as the location and type of symptoms
at symptom onset. In addition, data were collected at inclusion,
after which patients were longitudinally followed until IA/RA
development. Timelines were assessed by subtracting calendar
dates and 2 time periods were defined: from symptom duration to
first presentation with CSA (date of inclusion minus date of symp-
tom onset), and from CSA presentation to IA development.

At the initial presentation with CSA, patients completed a
questionnaire about the onset of symptoms, including the loca-
tion and type of initial symptoms (as mentioned above). In addi-
tion, several markers related to inflammation were studied at
presentation with CSA and during follow-up; these were
obtained from patients themselves (morning stiffness), through
physical examination of the joints (tender joints), laboratory
measurements (C-reactive protein [CRP]), and MRI scans of the
joints (subclinical joint inflammation). We studied all these
patients in the mentioned datasets for 2 years after inclusion.

During all study visits, the following question was asked
about morning stiffness: ‘How was the stiffness in your joints
when you woke up yesterday?’ the answers were expressed on a
Visual Analogue Scale (VAS), and assessed by having the patient
mark a point on a line representing a range of stiffness, from
‘none’ to ‘very severe’ (range 0-10). The distance of the mark
from the ‘none’ end of the line was then measured, in centi-
metres, and the value represented the severity of the morning
stiffness.
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The tender joint count (TJC) based on 68 joints (TJC68) was
assessed by physical examination. The TJC68 was studied as a
whole, and for more in-depth analyses, we compared groups of
joints, grouping them as hand joints (including metacarpopha-
langeal joints [MCP] 1-5, proximal interphalangeal joints 1-5,
distal interphalangeal joints 2-5, and the wrists), foot joints
(including metatarsophalangeal joints [MTP] 1-5, and large
joints (including shoulders, elbows, hips, knees, and ankles).

CRP levels were measured at each study visit and reported in
milligrams per litre (mg/L).

Subclinical joint inflammation was assessed using unilateral
contrast-enhanced 1.5 T MRI scans of hands and feet. The scans
were made at inclusion, at IA/RA development in the CSA
cohort and TREAT EARLIER trial, and also after 4- and 12-month
follow-up in the TREAT EARLIER trial (if IA was still absent).
Wrist, MCP (2-5), and MTP (1-5) joints were scored according to
Rheumatoid Arthritis Magnetic Resonance Imaging Score (RAM-
RIS) for osteitis, synovitis, and tenosynovitis [17]. The same
scanner, scan protocol, and scoring methodology were used in
both studies. Inter- and intrareader interclass correlation coeffi-
cients were high (> 0.90) (Supplementary S1 and S2).

Comparisons between ACPA-positive and ACPA-negative
groups at a single time point were done with the Mann-Whitney
U test and Chi-square tests as appropriate. For a longitudinal
analysis, a negative binomial model was used for TJCs and CRP,
due to overdispersion (ie, variance larger than the mean). To
assess the course of morning stiffness over time, a linear mixed
model was applied as the outcome was normally distributed and
after checking the assumptions by examining residuals using a
Q-Q plot and a histogram with a normal curve. For the course of
subclinical joint inflammation (count data), a Poisson regression
model was used. As MRI-detected joint inflammation is known
to increase with age [18], the analyses for MRI-detected subclin-
ical inflammation were corrected for age; the other analyses
were uncorrected. The described models were selected based on
graphical inspection of the raw data and comparison of Akaike’s
Information Criterion and Bayesian Information Criterion. In all
described models, the time of IA development was set as zero,
with the negative time points indicating assessments in the pre-
disease period. A random intercept was included to account for
repeated measures within individuals. We also used an unstruc-
tured covariance matrix to flexibly account for the relationships
between repeated measurements within the same person. The
results from both the Poisson and negative binomial models are
presented as incidence rate ratios (IRRs) and are interpreted on
a multiplicative scale. An IRR > 1 indicates an increased rate of
the outcome associated with the predictor, whereas an IRR < 1
shows a decreased rate.

Two sensitivity analyses were performed. First, analyses were
repeated in the subgroup of patients who fulfilled the classifica-
tion criteria for RA (presence of joint swelling on physical exam-
ination by the rheumatologist plus fulfilment of the 2010 or
1987 criteria). Second, analyses were repeated for autoantibody
positivity rather than ACPA positivity. Here, autoantibody nega-
tivity was defined as negativity for both ACPA and rheumatoid
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factor (RF), and autoantibody-positive patients had either one of
these or both autoantibodies.

Statistical analyses were performed using IBM SPSS Statistics
version 29.0.0.0 (Build 241) and Stata/SE 16.1 for Windows. A
2-tailed p-value of < 0.05 was considered statistically signifi-
cant.

RESULTS
Patient characteristics

In total, 173 patients presented with CSA and progressed to
clinically apparent IA; all these patients were studied. Of these,
142 were included in the observational CSA cohort and 31 in
the placebo arm of the TREAT EARLIER trial. In total, 102 of the
140 patients (73%) with complete data for the European Alli-
ance of Associations for Rheumatology (EULAR) CSA criteria
fulfilled > 3 criteria. In addition, 87 were ACPA negative and 86
ACPA positive at presentation with CSA. All remained ACPA
negative and ACPA positive, respectively, until clinical arthritis
development. Proportions of ACPA-negative and ACPA-positive
patients who did not progress to clinical arthritis are shown in
Supplementary S3. In both ACPA groups, 72% of the patients
were female. The mean age at inclusion was 46 years (SD 13)
for ACPA-negative patients and 49 years (SD 13) for ACPA-posi-
tive patients. Further baseline characteristics of the patients are
provided in Table 1.

Assessment of timelines

ACPA-positive RA had a longer time between symptom onset
and presentation with CSA; the median period was 24 weeks
(IQR: 13-52) compared with 16 weeks (IQR: 7-28) in ACPA-neg-
ative RA (p 0.006). Conversely, ACPA-positive RA had a
shorter time between CSA presentation and development of IA;
the median period was 12 weeks (IQR 4-55) compared with 21
weeks (IQR 9-69) in ACPA-negative RA (p = 0.014) (Fig 1). The
total time between symptom onset and IA development in ACPA
negative and positive CSA was 62 weeks (IQR: 25-120) and
56 (IQR: 26-111) (p = 0.77), respectively. This indicates that
although the total symptomatic pre-RA period was not signifi-
cantly different in length, it takes longer in ACPA-positive
RA before patients present to rheumatological care with a CSA
phenotype, but shorter to progress to clinically apparent IA.

Assessment of inflammatory markers

Inflammatory symptoms

At symptom onset in ACPA-negative RA, symptoms started
significantly more often in the small joints (79% vs 62% in
ACPA positive) and tended to present more often in the upper
extremities (69% vs 52% in ACPA positive). Together, this sug-
gests that symptoms more often started in the hand joints in
ACPA-negative RA. Furthermore, in ACPA-negative disease,
patients had more often morning stiffness (70%, vs 54% in
ACPA-positive disease, p = 0.024) at symptom onset. At presen-
tation with CSA, ACPA-negative patients also had more severe
morning stiffness (mean VAS 6 vs 5 [on a 0-10 range], p =
0.006). Longitudinal analysis to and including IA development
showed that ACPA-negative disease remained to have more
severe morning stiffness than ACPA-positive disease (p
0.017) (Fig 2).
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Table 1
Patient characteristics at symptom onset and at presentation with CSA

ACPA-negative ACPA-positive  p-value
(n = 87) (n = 86)
Age (mean + SD) 46 +13 49+13 0.23
Female n % 72 72 0.96
Characteristics at symptom onset
Symptom started with (%):
* Pain 95 97 1.00
* Loss of function 38 36 0.80
* Stiffness 70 54 0.024
Localisation at symptom
onset (%): 79 62 0.045
 Small joints (hand/foot) 9 14
* Large joints 12 23
* Both
Localisation at symptom
onset” (%): 69 52 0.073
 Upper extremities 12 13
» Lower extremities 16 29
* Both
Patients’ characteristics at presentation with CSA
VAS morning stiffness 6(2.4) 5(2.7) 0.006
(mean,SD)
TJC 68 (median,IQR) 5(3-10) 3(1-6) <0.001
« Hand joints (incl wrist) 3(1-6) 1(0-3) <0.001
* Foot joints 0(0-3) 0(0-2) 0.28
* Large joints” 0 (0-2) 0(0-1) 0.018
‘Positive rheumatoid factor 18 92 <0.001
(RF) %
CRP (median, IQR) 3(3-8) 4(3-8) 0.52
MRI total inflammation 5(2-10) 6(3-13) 0.35

(median, IQR)

ACPA, anticitrullinated protein antibodies; CRP, C-reactive protein; CSA, clini-
cally suspect arthralgia; MRI, magnetic resonance imaging; TJC, tender joint
count; VAS, Visual Analogue Scale.

@ Totals may not equal 100% because of missing values.

b Large joints are shoulder, elbow, hip, knee, and ankle.

¢ Positive RF is defined as > 3.5 IU/mL.

Tender joints
At physical examination at presentation with CSA, ACPA-
negative patients had more tender joints; the median was 5
(IQR: 3-10), compared with 3 (IQR: 1-6; P < .001), and a differ-
ence remained over time (P = .001, Fig 3A). Separating this for
the different joint regions (hands/feet/large joints) revealed
that this difference was based on a greater number of tender
hand joints in ACPA-negative disease than ACPA-positive dis-
ease, median 3 (IQR: 1-6) vs 1 (IQR: 0-3), respectively, at CSA
presentation (p < 0.001) and over time (p < 0.001, Fig 3B).
Hence, in line with the results at symptom onset, ACPA-negative
P= 0.006* P=0.014

= ACPA +
= ACPA -

T T T T T 1
=30 -20 -10 0 10 20 30

Before CSA inclusion (weeks) After CSA inclusion (weeks)

Figure 1. Time between symptom onset and presentation with CSA, and
between CSA presentation until development of clinical arthritis, strati-
fied by ACPA. Bars represent median values; statistically significant dif-
ferences were observed both before (p 0.006*) and after CSA
inclusion (p = 0.014*) between ACPA+ and ACPA— groups. ACPA,
anticitrullinated protein antibodies; CSA, clinically suspect arthralgia.
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Figure 2. Course of morning stiffness until the development of clinical
arthritis. The data presented were collected at presentation with CSA up
to the development of clinically apparent inflammatory arthritis. For
comparability, the time of clinical arthritis development was set as time
zero. Morning stiffness was measured using a VAS scale ranging from 0
to 10. ACPA-negative patients had significantly more severe morning
stiffness: —0.96; 95% CI, —1.76 to —0.17; p = 0.017. ACPA, anticitrulli-
nated protein antibodies; CSA, clinically suspect arthralgia; IA, inflam-
matory arthritis; VAS, Visual Analogue Scale.

disease had more involved hand joints in the predisease period
than ACPA-positive disease. Although tender large joints were
infrequent, they occurred slightly more often in ACPA-negative
disease over time (p = 0.001), whereas there was no signifi-
cance in the number of tender foot joints over time (Supplemen-
tary S4).

CRP

The CRP levels at presentation with CSA were not signifi-
cantly different between the ACPA groups (Table 1). However,
longitudinal analysis with time of clinical arthritis development
set as zero time showed that the CRP level increased more rap-
idly in the months before diagnosis in ACPA-positive disease
compared with the ACPA-negative disease (p = 0.006; Fig 4).

Subclinical joint inflammation

Finally, we studied the course of subclinical joint inflamma-
tion from presentation with CSA to and including clinical arthri-
tis development. As with CRP, the severity of subclinical joint
inflammation was not statistically significantly different at
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Figure 4. Course of CRP over time until the development of clinical
arthritis. The data presented were collected at the presentation with
CSA to the development of clinically apparent inflammatory arthritis.
For comparability, the time of clinical arthritis development was set as
time zero. ACPA-positive patients had a faster increase before clinical
arthritis development: (IRR: 1.05; 95% CI: 1.01-1.08; p = 0.006). ACPA,
anticitrullinated protein antibodies; CRP, C-reactive protein; CSA, clini-
cally suspect arthralgia; IA, inflammatory arthritis; IRR, incidence rate
ratio.

presentation with CSA (Table 1). However, longitudinal analy-
ses with clinical arthritis development set as zero time demon-
strated that ACPA-positive patients showed a trend towards
faster increase in the total level of subclinical joint inflammation
(Fig 5A, p = 0.062); a difference which was statistically signifi-
cantly different when studying subclinical joint inflammation in
the foot only (Fig 5B, p = 0.043). The course of subclinical
inflammation in the hands was not statistically significant (Sup-
plementary S5).

Sensitivity analysis

Two sensitivity analyses were performed. As ACPA-negative
patients can be RF positive, the longitudinal analyses from CSA
onset to clinical arthritis development were repeated in the
patients who were autoantibody positive and autoantibody neg-
ative (102 vs 71, respectively), whereby autoantibody negativity
was defined as RF negative and ACPA negative. The results were
similar, although the statistical significance for CRP level over
time was lost, whereas the difference in total subclinical
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Figure 3. Course of the total tender joints (A) and tender hand joints (B) until development of clinical arthritis. The data presented were collected at
the presentation with CSA until the development of clinically apparent inflammatory arthritis. For comparability, the time of clinical development
was set as time zero. In (A), the total TJC68 was studied (IRR: 0.61; 95% CI: 0.45-0.82; P = 0.001). In B, the TJC of the hand joints (metacarpophalan-
geal joints [MCP] 1-5, proximal interphalangeal joints [PIP] 1-5, distal interphalangeal joints [DIP] 2-5, and the wrists) was studied, which was also
significantly higher in ACPA-negative patients (IRR: 0.52; 95% CI: 0.37-0.72; p < 0.001). ACPA, anticitrullinated protein antibodies; CSA, clinically
suspect arthralgia; IA, inflammatory arthritis; IRR, incidence rate ratio; TJC, tender joint count.
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Figure 5. Course of subclinical joint inflammation until development of clinical arthritis, presented for total inflammation (A), and for the feet only
(B). The data presented were collected at the presentation with CSA until the development of clinically apparent inflammatory arthritis. For compara-
bility, the time of clinical arthritis development was set as time zero. The models are corrected for age at inclusion. An interaction term was added for
time and ACPA status in all the models. In (A), the total MRI inflammation score (sum of synovitis, tenosynovitis, and BME) was studied (IRR: 1.04;
95% CIL: 1.00-1.08; p = 0.062). In (B), subclinical inflammation in the feet is presented, which was significantly higher in ACPA-positive patients
(IRR: 1.08; 95% CI: 1.00-1.16; p = 0.043). The scores in hands did not differ significantly between ACPA-positive and ACPA-negative patients over
time (IRR: 1.03; 95% CI: 0.98-1.08; p = 0.28). ACPA, anticitrullinated protein antibodies; BME, Bone marrow oedema; CSA, clinically suspect arthral-
gia; IA, inflammatory arthritis; IRR, incidence rate ratio; MRI, magnetic resonance imaging.

inflammation on MRI became statistically significantly higher in
seropositive patients. (Supplementary S6).

Analyses were repeated in patients who progressed to RA
(defined as IA plus fulfilment of classification criteria at clinical
arthritis development or the first year thereafter). At IA develop-
ment, 85 patients had ACPA-positive RA and 50 had ACPA-nega-
tive RA. During follow-up, an additional 11 ACPA-negative
patients fulfilled RA criteria, resulting in 146 patients (84%)
classified as RA. The results of the analysis were similar (Supple-
mentary S7).

Among the remaining patients with IA, 22 (13%) were classi-
fied as undifferentiated arthritis, and 5 received alternative
diagnoses (4 psoriatic arthritis and 1 gout).

DISCUSSION

The pathophysiological trajectory leading to RA is not fully
understood. Although insights have been gained by studying the
autoantibody response in developing ACPA-positive RA, the
pathophysiology of ACPA-negative RA remains elusive. Further-
more, for both subgroups of RA, the timelines and sequence of
inflammatory events from symptom onset to development of RA
are not known. The current study is one of the largest to date
that has studied patients from the symptomatic risk stage
through to the development of clinical arthritis. We demon-
strated that ACPA-positive RA has a longer period from symp-
tom onset to presentation with a CSA phenotype, but a shorter
symptom duration to clinical arthritis development. In contrast,
ACPA-negative RA more often started with morning stiffness
and experienced more hand symptoms and hand joint tender-
ness throughout the symptomatic course until clinical arthritis
developed. Altogether, these findings show that the progression
patterns and inflammatory trajectories differ between the 2 RA
entities.

Previous studies have demonstrated that the autoantibody
response matures in the asymptomatic stage and that several
autoantibody characteristics seem to be stable during the transi-
tion from CSA to clinical arthritis/RA [11,19—-23]. This study
has increased the knowledge about the development of ACPA-
positive RA by showing that subclinical inflammation had a
sharper increase in the 6 to 12 months before diagnosis than in
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ACPA-negative RA. It was also observed that the time between
CSA and RA development is shorter in ACPA-positive subgroups.
The time interval and the increase in inflammation may be
related, as the steepness may be greater when the time to the
development of RA is shorter. However, this is not the only rea-
son, because subclinical inflammation in the feet increased
more in the ACPA-positive group, whereas this was not the case
for subclinical inflammation in the hands. The higher frequency
of foot involvement in developing ACPA-positive disease is in
line with results from a study with MRI at RA diagnosis, which
showed that ACPA-positive patients had more MRI-detected
inflammation in the feet, including more inflamed intermetatar-
sal bursae [8].

In ACPA-negative RA, the onset of symptoms before pre-
sentation with CSA tended to be somewhat shorter; however,
the time to progression to RA was longer. This suggests that a
potential symptomatic window for intervention in ACPA-neg-
ative CSA is longer. It is striking that ACPA-negative RA dif-
fered in 2 aspects from the onset of the symptoms: more
severe morning stiffness and more hand involvement. We
found this both in retrospectively asking about the onset of
the symptoms and in the prospective observation until clinical
arthritis development. ACPA-negative RA had more tender
joints at the time of diagnosis. This result aligns with results
reported in early RA, showing that ACPA-negative RA had
higher swollen and TJCs [8,24]. It has sometimes been sug-
gested that this was due to the 2010 classification criteria,
which require more inflamed joints to be present to achieve 6
points [25—27]. Our data suggest that this is not the only
explanation; the difference in TJC is present throughout the
symptomatic predisease phase and also at the presentation
with clinical arthritis/IA, even without the 2010 criteria
being applied. Therefore, it appears to be a difference not due
to the criteria but rather intrinsic to the ACPA-negative RA
entity.

Misclassification in ACPA-negative RA is often mentioned as
a threat to ACPA-negative disease. We tried to prevent this prob-
lem at the inclusion level by not including the patients who were
likely to have other diagnoses (eg, signs of osteoarthritis, fibro-
myalgia, and psoriasis). In addition, we were careful in defining
the endpoint; we studied not only patients who developed IA,
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but also RA according to the classification criteria, which
yielded similar results. As a result, we believe that misclassifica-
tion of developing ACPA-negative RA in this study is unlikely to
be a problem.

ACPA-negative RA remained ACPA negative in the whole
trajectory. We performed a sensitivity analysis in evolving sero-
negative RA, which showed similar results. It is sometimes ques-
tioned if evolving ACPA-negative RF-negative patients
carry other autoantibodies such as anticarbamylated and antia-
cetylated protein antibodies. However, these antibodies are rare
in ACPA-negative RF-negative at-risk individuals [28,29].

Our study convincingly showed differences in timelines
between CSA onset and RA development. This supports a previ-
ous analysis from our group [30], but now in a larger dataset,
and strengthened by more in-depth clinical and imaging data
over time. Interestingly, a study on proteomics of evolving RA
showed differences between ACPA-positive and ACPA-negative
RA. These differences in markers from the systemic circulation
were already present 1 or 2 decades before the diagnosis; for
example, APCA-positive RA had an increase in interleukin-10
almost 2 decades before diagnosis [31]. Taken together, the
data from others and ours support the proposition that ACPA-
positive and ACPA-negative RA are distinct diseases with differ-
ences in development.

A question that arises is why the course of the TJC in the feet
does not differ significantly between the ACPA-positive and
ACPA-negative groups, even though the ACPA-positive group
shows significantly higher foot involvement on MRI. It may well
be that MRI is a much more sensitive measure for foot inflamma-
tion than physical evaluation of tender joints. Consequently, the
increase in MRI may have been more difficult to detect at physi-
cal examination when evaluating joint tenderness. Another
explanation could be that the TJC is also influenced by nonin-
flammatory mechanisms. Comorbid pain or central sensitisation
may be present in a pre-RA phase and could amplify pain per-
ception, whereas it is not compatible with imaging findings
[32]. This would mean that such pain trajectories are more often
present in the foot of ACPA-negative patients, hence diminishing
the difference of inflammation-related pain in the forefoot. A
previous study did indeed reveal that patients with ACPA-nega-
tive RA experience a higher disease burden at the group level,
which is not explained by local subclinical joint inflammation
[33]. Whether this explanation is valid, is subject to further
research.

A limitation of our study was that the number of serial
MRIs differed between the 2 datasets; 2 per patient in the
CSA cohort and more in the TREAT EARLIER trial, according
to differences in the study protocols. Differences in the num-
ber of MRIs were not associated with ACPA status. Conse-
quently, it is unlikely to have significantly impacted the
observed differences between ACPA groups over time.
Another limitation is that symptom duration before CSA pre-
sentation was patient reported and may be subject to recall
bias. However, this bias is unlikely to be largely influenced
by ACPA status and is unlikely to provide a major influence
on the findings. Finally, we studied largely clinical and
imaging measures of inflammation. Regarding markers of
systemic inflammation, we only studied CRP. More inflam-
matory markers were not yet available in our data. There-
fore, further studies on systemic markers (eg, such as the
study reporting differences in IL-10 in predisease stage
ACPA-positive and ACPA-negative RA) [31] may provide
more insight into the differences between the development
of ACPA-positive and ACPA-negative RA.
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A strength of this study is the inclusion of regional incident
patients with CSA. The distribution of ACPA positivity was simi-
lar to that observed in several early arthritis cohorts, where half
of the population was also ACPA positive. This argues against a
relevant selection bias [34]. In addition, our study, to the best of
our knowledge, is one of the largest longitudinal investigations
in the CSA stage, with data available from symptom onset to the
development of IA/RA, comparing the ACPA-positive and
ACPA-negative trajectories.

This study deepens our knowledge about the symptomatic
phase that precedes RA. The differences observed may point
towards yet unresolved differences in autoimmune and inflam-
matory molecular processes. The presence of differences in path-
ophysiology would also imply that patients with evolving ACPA-
positive and ACPA-negative RA may respond differently to inter-
ventions in this stage. Indeed, the long-term effects of metho-
trexate in the TREAT EARLIER study showed differential
treatment effectiveness for interventions during the develop-
ment of ACPA-positive and ACPA-negative disease, with the
highest durable effectiveness in the ACPA-negative group
[35,36]. Further translational studies are needed to unravel the
molecular differences between the 2 groups and determine the
differences that are important for establishing the chronicity of
the disease in both groups.

In conclusion, we have shown that the development of ACPA-
negative and ACPA-positive RA differs in timelines, severity of
morning stiffness, and location of inflammation in the hands/
feet during the symptomatic pre-RA phase. These differences
may reflect differences in underlying inflammatory mechanisms
and suggest that different preventive strategies are needed to
intervene in the development of ACPA-positive and ACPA-nega-
tive RA.
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ARTICLE INTFO ABSTRACT

Article history: Objectives: Rheumatoid arthritis, a prototypic autoimmune disease, is characterised by the pres-
E:E:ZZ? f:rii?;ﬂozﬁgo March 2026 ence of anticitrullinated protein antibodies (ACPAs). Unlike responses to recall antigens, ACPA-
Accepted 31 March 2026 expressing B cells display a continuous phenotype of recent activation, even in patients with sus-
tained clinical remission, indicating that these cells are continuously activated over long periods
without ‘dying out’ or acquiring a resting or anergic phenotype. To elucidate whether this per-
sistent activation reflects ongoing stimulation of the same B cell clones or recruitment of new
cells, we longitudinally analysed ACPA B cell dynamics.

Methods: ACPA-expressing B cells were isolated using tetramer-based flow cytometry. One thou-
sand five hundred eighty-one B cell receptor sequences were determined by Smart-Seq2-based
immunoglobulin-gene amplification and paired heavy/light-chain Sanger sequencing. Antigen
reactivity was validated by producing and testing 414 monoclonal antibodies.

Results: The data obtained show that ACPA repertoires are polyclonal with oligoclonal expan-
sions and skewed variable gene usage, increased lambda-to-kappa ratios, and extensive somatic
mutations. Clonal phylogenetic analysis revealed the presence of highly mutated clones persist-
ing over time, coexisting with newly appearing, lowly mutated expanded families. Remarkably,
multiple clonal families could be traced over a period of 8 years.

Conclusions: These observations demonstrate that the ACPA-expressing B cell population
includes persistent and newly recruited cells that together fuel this ongoing autoimmune
response. These data provide insights into B cell autoreactivity and its seemingly exhaustless
persistence in a prominent human autoimmune disease by indicating that human autoreactive B
cell populations are not static but continuously reshape under chronic antigen stimulation.

INTRODUCTION modified by citrullination. The clinical success of B cell
depleting therapies such as rituximab firmly established B
Rheumatoid arthritis (RA) is a chronic autoimmune dis- cells as critical mediators of disease [1]. However, the intri-

ease characterised by the presence of autoantibodies directed cacies of disease onset and chronicity remain incompletely
against (self-)proteins that have been post-translationally understood.

*Correspondence to Renee van de Wetering, Department of Rheumatology, Leiden University Medical Center, Leiden, The Netherlands.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» The anticitrullinated protein antibodies (ACPAs)-expressing B
cell response in Rheumatoid arthritis (RA) is highly active and
proliferative, seemingly without becoming quiescent or
exhausted, also in patients that are in clinical remission.

* ACPA B cells participate in ongoing autoimmune responses in
RA, but the mechanisms sustaining their persistence are unclear.

WHAT THIS STUDY ADDS

» The ACPA B cell population includes both long-lived clones per-
sisting for years and newly recruited B cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* It demonstrates that human autoreactive B cell responses are not
static, supporting research into mechanisms sustaining chronic
autoimmunity.

* Identifying persistent autoreactive clones and their antigenic
drivers may inform the sites involved in their activation and
strategies for targeted B cell therapy in RA.

The adaptive immune system generates antibody diversity
through assembly of immunoglobulin heavy (IGH) and light-
chain (LC) (IGK and IGL) variable (V), diversity (D) and joining
(J) genes in the process of V(D)J recombination during B cell
development, creating a vast primary, naive repertoire esti-
mated to comprise up to 3 x 10"° potential B cell receptors
(BCRs) [2]. Upon antigen encounter, activated B cells typically
undergo somatic hypermutation (SHM) and affinity maturation
in germinal centres (GCs), further diversifying the antibody rep-
ertoire while selecting for high-affinity variants. In the case of
RA, anticitrullinated protein antibodies (ACPAs) are the hall-
mark antibody response. ACPA-expressing memory B cells
express markers indicating proliferation, such as Ki-67, and cos-
timulatory molecules, also in patients with longstanding disease
[3—5]. Their BCRs harbour extensive SHM indicative of selec-
tion [6]. These findings, together with the variable presence of
ACPA-secreting plasmablasts, indicate that the ACPA-expressing
B cell response is continuously activated [7]. Remarkably,
despite the presumed continuous presence of autoantigen, these
B cell responses do not seem to become anergic or extinguish
over time. This contrasts with T cell responses under chronic
antigen exposure in infection or malignancy, which often
become exhausted and functionally anergic, although there is
little information on exhaustion of (antigen-specific) autoreac-
tive T cells in RA [8]. At present, the cellular dynamics underly-
ing the persistently activated phenotype of the ACPA-expressing
B cell response, or of any autoimmune B cell response exposed
to constant antigenic stimulation, remains elusive. In principle,
one could expect these responses to stabilise or resolve over
time, rather than persist in an active state. Understanding reper-
toire dynamics could reveal whether RA pathogenesis is driven
by the continuous recruitment and activation of new autoreac-
tive B cell clones, or by the persistent expansion and mainte-
nance of established autoreactive clones.

Previous analysis of the secreted ACPA-IgG revealed that the
autoreactive repertoire is highly diverse yet dominated by a few
abundant clones [9]. Here, we set out to characterise the stabil-
ity and dynamics of the cellular response by conducting a longi-
tudinal analysis of ACPA-BCR repertoires in established patients
with RA. Through paired heavy chain (HC) and LC BCR sequenc-
ing of single-cell sorted ACPA-expressing B cells from 10 indi-
viduals across 3 timepoints spanning 1 year, as well as
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previously collected data from several patients, we observed a
polyclonal repertoire with oligoclonal expansions and demon-
strated both clonal persistence and continuous recruitment of
ACPA-expressing B cells into the autoreactive repertoire.

METHODS

Primary material

Patient blood samples were obtained after obtaining written
informed consent from patients diagnosed with ACPA-positive
RA visiting the outpatient clinic of the Department of Rheuma-
tology at Leiden University Medical Center (LUMC), Leiden, The
Netherlands. Patients treated with B cell-modifying agents
were excluded. All patient information can be found in Supple-
mentary Table S1. This study was approved by the ethical
review board of the LUMC (protocol P17.151). Patients were
selected to represent both high and low circulating numbers of
ACPA-expressing B cells. Patients or the public were not
involved in the design of the study.

Cell sorting

Peripheral blood mononuclear cells (PBMCs) were isolated
from 45 mL of peripheral blood by Ficoll-Paque gradient centri-
fugation. Double-positive cyclic citrullinated peptide (CCP)2-tet-
ramer-binding B cells were isolated as single cells from PBMCs
using a fluorescence-activated cell sorter (FACS Aria, BD Bio-
sciences) using a 100-um nozzle. The antibody panel consisted
of a violet LIVE/DEAD cell stain kit (ThermoFisher Scientific),
anti-CD3 Pacific Blue (UCHT1, BD Biosciences), anti-CD14
Pacific Blue (M5E2, BD Biosciences), anti-CD19 APC-Cy7
(SJ25C1, BD Biosciences), anti-CD20 AF700 (2H7, Biolegend),
anti-CD27 PE-Cy7 (M-T271, BD Biosciences), anti-IgG BV510
(G18-145, BD Biosciences), anti-IgD FITC (IA6-2, BD Bioscien-
ces), and antigen-tetramers (CCP2-streptavidin-BV605, CCP2-
streptavidin-APC, CArgP2-extravidin-PE). All antibodies and
their used dilutions are listed in Supplementary Table S2.

BCR sequencing

For the workup from sorted cells to polymerase chain reac-
tion (PCR) products, the Smart-Seq2 protocol was used [10].
Single B cells were sorted into a PCR plate containing an mRNA
lysis mix consisting of Triton X-100 (0.2% vol/vol), recombinant
RNAse inhibitor (Takara Bio), dNTPs (2.5 mM, Thermo Scien-
tific), and oligo dT30VN primer (2.5 uM). After the sort, plates
were spun down before adding cDNA mix consisting of nucle-
ase-free water, SMARTScribe Reverse Transcriptase (Takara
Bio), RNAse inhibitor (Takara Bio), DTT (20 mM, Takara Bio),
5% First-Strand Buffer (Takara Bio), Betaine (1.8 M), and tem-
plate switching oligo primer (6 puM). cDNA was preamplified
using the KAPA HiFi HotSTart ReadyMix (KAPA Biosystems)
and an ISPCR oligo. Products were then purified using AMPure
XP beads (Beckman Coulter) at a 0.8:1 ratio before BCR-specific
amplification using the Anchoring Reverse Transcription of
Immunoglobulin Sequences and Amplification by Nested (ARTI-
SAN) PCR as described previously [11]. HC and LC PCR prod-
ucts were sequenced by Sanger sequencing using chain- and
sometimes leader-specific primers (provided in Supplementary
Table S3) on Applied Biosystems 96-capillary (ABI3730) sys-
tems (LGTC Facility; Macrogen). Productive, full-length sequen-
ces were processed with IMGT/(High)V-QUEST [12]. The
isotype of each BCR was determined by index sort analysis and/



or successful amplification with its respective chain-specific pri-
mers.

BCR sequences from ACPA-expressing B cells characterised in
our prior study were included in this analysis [13]. Briefly,
ACPA specificity was confirmed by culturing sorted single B cells
and testing culture supernatants for reactivity against citrulli-
nated antigens by ELISA. Although the protocol from cultured
cells to cDNA synthesis differed from that used for newly sorted
cells in this study, BCR amplification, sequencing, and data anal-
ysis were performed using the same approach.

B cell clones were defined as sequences containing the same
IGHV gene, IGHJ gene, and 80% nucleotide identity (based on
the Hamming distance determined in our dataset) in Ig HC
CDR3s of the same length using the Change-O Python package
[14]. Analyses were also performed using even more stringent
clone definitions with 85% and 90% nucleotide sequence simi-
larity, with no substantial differences observed. All further anal-
yses were performed in R (R version 4.4.3, http://www.r-
project.org).

Human monoclonal antibodies (mAbs) were either generated
using plasmid cloning (‘full-scale’) as described previously [15],
or with the Rapid Assembly, Transfection and Production of
Immunoglobulins (RATP-Ig) method [16]. For full-scale produc-
tions, full-length BCR sequences retrieved from the sequencing
of the ARTISAN PCR products were cloned into pcDNA3.1 (+)
expression vector and transfected into Freestyle 293-F cells
(Gibco) using Opti-MEM (Gibco) medium and 293Fectin
(Thermo Fisher). Supernatants were harvested 5 to 6 days after
transfection. For the RATP-Ig method, which entails the produc-
tion of recombinant HC and LC-expressing linear DNA cassettes
that are directly transfected into HEK cells, we adapted the origi-
nal plasmid cassettes kindly provided by Daniel Douek (National
Institutes of Health) to be compatible with our ARTISAN PCR
products. Amplicons of these adapted plasmids were first syn-
thesised by PCR using Phusion Flash High-Fidelity PCR Master
Mix (ThermoFisher), run on a 1% agarose gel and extracted
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-
Nagel). These products were digested with Dpnl (New England
Biolabs) and amplified further to create clean stocks for use in
the following assemblies. For all assemblies (IGHG1, IGHA1l/
IGHA2, IGHM, IGK, and IGL), we combined (i) a linear DNA
fragment containing a cytomegalovirus (CMV) promotor with
overlapping 3’ ends including the template switching oligo
sequence with (ii) our linear HC or LC ARTISAN PCR product,
and (iii) a linear DNA fragment containing the remainder of the
matching constant region and a poly-A tail sequence. These
ligated fragments were assembled into linear expression cas-
settes using NEBuilder HiFi DNA Assembly Mastermix (New
England BioLabs). If no gel extraction was described, PCR prod-
ucts were purified using AMPure XP Beads at a 1:1 ratio. Ampli-
fied HC and LC cassettes were cotransfected into HEK
FreestyleTM 293-F cells following a scaled-down protocol of our
full transfection conditions, in 6/12/24/28/96-well plates
depending on the specific experiment. Cells were cultured at
37°C and 8% CO,, with shaking (varying rotation speeds depend-
ing on the plate size) for 5 to 6 days before supernatants were
clarified by centrifugation and harvested. For mAb production,
representative members of each clonal family were prioritised,
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and multiple mAbs from the same clonotypes showed consistent
ELISA profiles, and thus specificity was inferred for all members
of that clonal family.

Total IgG, IgA, and IgM were assessed by enzyme-linked
immunosorbent assay (ELISA) (A80-100, 102, and 104, Bethyl
Laboratories). For the in-house peptide ELISAs, Corning 384
well microplates (3700, Sigma Aldrich) were coated overnight
with streptavidin (Invitrogen) and incubated with biotinylated
modified (Citrulline [Cit], Homocitrulline [HCit], and Acetylly-
sine [Ace]), or unmodified (Arginine [Arg], Lysine [Lys]) CXP2
(Patent EP2071335) synthesised at the LUMC facility, with X
being the modification, for example, CCP2 for cyclic citrulli-
nated peptide 2 and CArgP2 for its Arg control. The samples
(Freestyle 293 transfected supernatant) were preincubated for 1
h at a 1:1 dilution with an horseradish peroxidase (HRP)-conju-
gated Goat antihuman IgG+IgM+IgA HC and LC antibody
(DAKO) before addition to the plate. Subsequently, plates were
incubated overnight before detection with ABTS the following
morning (cross-linking ELISA). Samples with an optical density
(OD) value higher than 2 times the blank were considered posi-
tive. In cases where the total isotype ELISA was negative and the
antigen-specific cross-linking ELISA was positive (the latter
being more sensitive), the mAb was marked as positive for the
posttranslational modification (PTM).

ACPA (aU/mL) were measured in an in-house ELISA, in
which 384-well microplates were coated with streptavidin and
incubated with biotinylated CCP2 or its Arg control (CArgP2).
Serum samples were serially diluted (1:50, 1:200, 1:400, and
1:800) in phosphate buffered saline (PBS), 1% bovine serum
albumin (BSA), 0.05% Tween, along with a serially diluted in-
house serum control used for a standard curve, and incubated
for 1 hour at room temperature. After washing and an hour incu-
bation with Rabbit antihuman IgG-HRP (DAKO), samples were
incubated with ABTS substrate.

Rheumatoid Factor IU/mL were measured in an in-house
ELISA, where 384 well microplates were coated with antihuman
IgG (Jackson Immunoresearch) at 10 pug/mL at 4° overnight.
After blocking with PBS 1% BSA, samples were added at a 1:100
dilution in PBS with 1% BSA and 0.05% Tween, together with a
serial dilution of the N/T rheumatology control SL/2
(200 IU/mL Siemens) to create a standard curve. HRP-labelled
Goat antihuman IgM (Millipore AP114P, 10 mg/mL) was used
for the detection of the RF-IgM antibodies in combination with
ABTS substrate. As the highest value for the standard used is
200 IU/mL, samples at a similar or higher OD value than the
highest concentration of our standard are indicated with >200
in the patient characteristics in Supplementary Table S1.

Statistical analyses were performed using R. Where applica-
ble, details about the statistical tests used are indicated in the
figure legends. Given the limited sample size for some donors
and the varying sequence quality control success rates across
individuals (Supplementary Fig 1), we deemed our data unfit to
perform formal statistical analyses of repertoire diversity and
stability, such as Shannon or Gini-Simpson Diversity indexes.
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To assess the likelihood that certain clones were only
detected at 1 timepoint, we calculated the hypergeometric prob-
ability under the null hypothesis of random sampling across
timepoints:

PX 2n) = C(K, n) /| C(N, n)

Where,

N = total sequences analysed

K = total sequences at a specific timepoint

n = clone size

X = number of clone sequences found at that timepoint
RESULTS

Longitudinal isolation and sequencing of ACPA-expressing B cells

We collected peripheral blood from 14 individuals with
established, ACPA-positive RA at 3 sequential timepoints,
spaced 6 months apart (Supplementary Table S1). Patient selec-
tion excluded treatment with B cell-modifying therapies during
the study time. Four donors were lost to follow-up and excluded
from data analysis. Across the timepoints of the other 10 donors,
3559 single B cells were sorted using CCP2-tetramers, of which
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1581 yielded high-quality HC sequences suitable for down-
stream analysis (Supplementary Fig S1). Interpatient variability
in the number of cells sorted was substantial, ranging from 0 to
479 cells per donor per timepoint, reflecting the heterogeneous
nature of the circulating ACPA-expressing B cell response across
patients.

Clonal definitions and verification of ACPA-reactivity

To obtain first insights into temporal stability, we assessed
clonal relationships among sequences. B cell clonal lineages
were defined as sharing identical IGHV and IGHJ genes and hav-
ing equal CDR3 lengths with >80% nucleotide identity [14].
Sequences were categorised as following: (i) singleton, a unique
BCR sequence observed at a single timepoint, (ii) nonrecurring
clone, clonally related sequences detected at only 1 timepoint,
(iii) recurring clone, clonally related sequences observed at 2
timepoints, and (iv) persistent clone, clonally related sequences
detected at all 3 timepoints. Across all donors, at least 50% of
sequences were singletons (Fig 1A,B). However, persistent
clones were also detected, predominantly in patients from
whom higher cell numbers were isolated (Fig 1C,D). Most B cells
in the B cell population enriched for ACPA-expressing B cells
were IgG* (subclass distribution: IgG1 > IgG2 > IgG4 > IgG3)
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Figure 1. BCR sequences and clonal families of single-cell sorted CCP2-tetramer ™ * cells. (A-D) Numbers and proportions of sequences and BCR Vh
unique clones per patient, coloured according to their presence across timepoints. (E) CD27 FACS status, PCR-determined isotype, and sequencing sub-
class assignments for all verified ACPA-reactive sequences. ACPA, anticitrullinated protein antibodies; BCR, B cell receptor; CCP, cyclic citrullinated
peptide; IgG/A/M, immunoglobulin G, A or M; PCR, polymerase chain reaction; RA, rheumatoid arthritis; VH, heavy chain variable regio.
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and CD27 ™, consistent with a switched memory B cell pheno-
type (Fig 1E). We anticipated the possibility that not all B cells
in this population were citrullinated-antigen-reactive. There-
fore, we validated antigen specificity using a high-throughput
mAb production pipeline (RATP-Ig [16]). Out of 576 selected
sequences, 414 (72%) were successfully expressed as mAbs.
The majority of clonally related IgG and IgA sequences tested
positive on the citrullinated antigen ELISA (Supplementary Fig
S2). A large part of the IgM sequences, however, did not, with
one-third recognising streptavidin used to link the peptides and
fluorochromes in the tetrameric reagent. Based on these data,
further analyses were restricted to validated ACPA sequences
and their clonal families. To enable robust longitudinal analysis,
we also established a minimum threshold of sequences per
patient. Accordingly, subsequent analysis focused on the 4
patients from whom >15 ACPA-validated sequences were avail-
able at each of the 3 timepoints (Fig 2A).

General characteristics of ACPA-expressing BCRs

For downstream analyses focusing on repertoire features,
clonally related sequences were collapsed so that each clone
was represented once. In healthy repertoires, the average x/A
ratio is 2:1. As k LCs are rearranged before A chains during B cell
development, lambda skewing can suggest multiple rounds of
receptor editing to escape autoreactive x configurations [17].
Overall, ACPA-expressing B cells were enriched in 4 usage with
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a near equal «// distribution (Fig 2B, x 55.3% vs 4 44.7%) rather
than the 2:1 ratio observed in healthy repertoires, consistent
with our previous findings [13,18]. The average CDR3 length in
our dataset was 15.7 amino acids (Fig 2C), comparable with the
general human average CDR3 length of ~15 aa [17,19]. We
next analysed V-gene usage patterns, as skewed utilisation of
particular V-gene segments can reflect structural predispositions
for recognition of certain antigens [20]. These analyses revealed
enrichment of specific variable gene segments among BCRs of
ACPA-expressing B cells. More specifically, HC genes IGHV3-49,
IGHV4-39, and IGHV7-4-1 showed statistically significant over-
representation in this dataset (Fig 2D). LC usage was similarly
skewed, with overrepresentation of IGKV4-1, IGLV1-44, and
IGLV6-57 (Fig 2E). Together, these findings indicate that BCRs
of ACPA-expressing B cells are characterised by an increased
A-usage compared with average repertoires, and biased V-gene
segment selection, consistent with selective pressures shaping B
cell repertoires.

Temporal dynamics of clonal families over 1 year

We next focused on the temporal dynamics within clonal
families to obtain insight into the changes of the ACPA-express-
ing B cell repertoire over time. Patient 1 contributed the largest
dataset, with 992 sorted cells (686 analysed: 154 at T = 0, 200
at 6 months, and 332 at 1 year). In this patient, we found 14
clones present at each of the 3 timepoints (Fig 3A). Clonal tree
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Figure 2. General characteristics of BCRs of ACPA-expressing B cells. (A) Number of cells per patient per timepoint after quality assessment and verifi-
cation of ACPA-reactivity. (B) x and 4 light-chain usage across donors (Wilcoxon signed-rank test; P = .313). (C) Distribution of heavy chain CDR3
lengths across donors. (D,E) IGHV and IGHK/IGKL gene usage across donors, with statistically significant differences indicated by asterisks (Chi-

squared test with Bonferroni correction; P < .05).
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Figure 3. Continued.

reconstruction demonstrated nonlinear evolutionary patterns
within these clonal families, with sequences from earlier time-
points occasionally exhibiting greater mutational distances than
variants found at later timepoints (Fig 3B). Next to IgG, IgM and
IgA BCR sequences could be detected in multiple clades of size-
able clonal families (examples in Fig 3B). The average number
of somatic mutations per clone was 25.9 in this patient (Fig 3C).
Consistent with previous observations, numerous N-linked gly-
cosylation sites were identified in the HC BCRs of ACPA-express-
ing B cells (Fig 3D). Such sites are associated with disease
prognosis and modified BCR-signalling [21,22]. Intriguingly, 1
dominant clone in patient 1 was detected exclusively at time-
point 3. Given its representation by 58 sequences (8.5% of the
total), the likelihood that this family would have remained
undetected at earlier timepoints within the dataset is exceed-
ingly low (hypergeometric probability = 5 x 1079), suggesting
emergence between timepoints 2 and 3. In line with the notion
that this clone was recently expanded, phylogenetic tree analysis
revealed that this clone harboured fewer SHMs compared with
established persistent lineages (Fig 3B). This dominant clone
was also the main exception in terms of CD20-expression, as a
substantial proportion was CD20-negative (41%), suggesting the
presence of recently activated plasmablasts (Supplementary Fig
S3). Similarly, several other clones within this patient were only
detected at the third timepoint, pointing towards a broad new
recruitment of autoreactive B cells into the response.

To verify these observations, we analysed data from patients
5, 6, and 7 as these patients reached our cutoff of >15 verified
ACPA-reactive BCR sequences per timepoint. Also, in these
patients, evidence of clonal stability was observed within the
ACPA-expressing B cell population, with both persistent and
recurring clones detected in all 3 individuals. In general, the
average number of somatic mutations per clone in these 3
donors was higher than in patient 1 (52.0 vs 25.9 in patient 1,
Fig 3C), as was the average number of HC N-linked glycosylation
sites (0.99 vs 0.56 in patient 1, Fig 3D). These findings demon-
strate that while certain clonal lineages persist over extended
periods, new clones continue to emerge throughout the disease
course.

Long-term persistence of autoreactive B cell clones for years

Patients 5 and 7 also participated in a study analysing BCRs
of ACPA-expressing B cells ~6 years before the start of the cur-
rent study [13]. Remarkably, when analysing the datasets
together, we identified clonal families spanning the entire time-
span (Fig 4, Supplementary Fig S5A). Several IgG sequences
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recovered from these earlier samples of patients 5 and 7
revealed both clones that remained identical and others that
had accumulated further mutations (Supplementary Fig S5B),
indicating that certain autoreactive lineages can simultaneously
maintain stability and continue to evolve over time. Notably,
the largest persistent clone in patient 5 (clone 1387, 7 nt/5 aa
mutations in most members) was of the IgM isotype and mem-
bers of that same BCR clone were also detected in the earlier
sequencing data, demonstrating long-term persistence of these
clonal B cells. Together, these data reveal that ACPA-expressing
clonal families can persist and evolve over many years, whereas
new clones continue to arise throughout disease, highlighting
the dual dynamics of stability and renewal within the autoreac-
tive B cell repertoire.

DISCUSSION

The clinical response to B cell-targeting therapies highlights
the importance of B cells in many human autoimmune diseases.
This is also the case for ACPA* RA, a common autoimmune dis-
ease that harbours a continuously active, proliferative autoreac-
tive B cell response to a plethora of posttranslationally modified
(self-)antigens [3]. In this longitudinal study, we show that the
pool of ACPA-expressing B cells in the circulation of people with
RA is maintained through dual dynamics: the recruitment of
novel autoreactive B cell clones into the autoimmune response,
and the long-term persistence of established clonal families. To
our knowledge, our findings provide the first evidence that
autoreactive B cell responses in humans are not static but contin-
uously reshape by evolving longstanding, as well as newly
occurring, clonal families. A deeper understanding of these
dynamics may inform the development of next-generation thera-
pies, including antigen-specific B cell depletion strategies or
interventions targeting the metabolic fitness that sustains autor-
eactive clones.

We have previously described that ACPA-expressing B cell
responses exhibit a highly active and proliferative phenotype, as
ACPA-expressing B cells in blood abundantly display markers of
activation and proliferation [3—5]. The phenotype of ACPA-
expressing B cells is therefore reminiscent of pathogen-reactive
B cell responses shortly (7-28 days) after booster vaccination
and/or infection. However, following this initial response,
virus-reactive B cell responses typically adopt a quiescent phe-
notype as a consequence of a strong reduction of antigen expres-
sion due to antigen clearance. By analogy, we consider it most
likely that B cell responses to autoantigens occur under
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distinctive conditions, and that the persistent proliferative phe-
notype of ACPA-expressing B cells reflects a continuous encoun-
ter with citrullinated (self-)antigens. The observation that the
continuous proliferative phenotype of the ACPA B cell response
does not appear to lead to B cell exhaustion is intriguing. In fact,
we now show a striking persistence of multiple ACPA-expressing
B cell clones and clonal families, with some detected over a
timespan of up to 8 years. Our observation of persistent ACPA-
expressing clones suggests that, in established disease, these B
cells are not subjected to effective peripheral inhibitory check-
points and maintain an activated status. This contrasts with T
cells, where prolonged antigen exposure during chronic infec-
tion or malignancy frequently drives cells towards exhaustion
[23—26]. Importantly, contrary to T cells, no analogous exhaus-
tion phenotype for human B cells has been defined [27,28].
Inhibitory markers previously proposed to be indicators of B cell
exhaustion have since been reassigned as defining features of
the double negative 2 (DN2) B cell subset—a population also
expanded in autoimmune diseases and following SARS-CoV-2
infection, of which the exact function is yet unknown [29—-33].
Together, this implies that bona fide B cell exhaustion may not
occur in (autoreactive) B cell populations.

In RA, the anatomical sites and quantity of citrullinated anti-
gen exposure that shape ACPA-expressing B cell fate decisions
remain unclear. To the best of our knowledge, this is also not
known for other human autoimmune diseases, as no antigen-
specific autoreactive B cell responses have previously been stud-
ied for BCR repertoire dynamics in time. Nonetheless, the pre-
sumed persistent antigenic stimulation thought to be present in
RA creates an immunological environment that may not be
directly comparable to other biological contexts such as those
present after infection. Pathogen-specific B cell responses, both
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vaccine-induced and acute, have been extensively characterised
but often represent acute, local, and time-limited immune chal-
lenges that are fundamentally different from chronic autoim-
mune responses [34—36]. Likewise, most chronic viruses, such
as Epstein-Barr virus or Varicella Zoster Virus, ‘hide’ and anti-
gen persists within restricted cellular reservoirs and defined
locations after establishment. Nonetheless, although BCR reper-
toires from chronic infections may not provide a direct compara-
tor to the autoimmune disease setting, it would be informative
to analyse these responses antigen specifically, as such analyses
have seldom been performed [37-39]. This is particularly
important because the dynamics of antigen-specific responses
will likely be obscured within (longitudinal) total BCR reper-
toire studies, especially in the context of ongoing inflammation
in individuals with chronic infections or autoimmune diseases
[17,37—45].

Despite the fundamental differences in antigenic context,
findings from antigen-specific BCR repertoire studies of virus-
specific B cells, such as those directed against influenza and
SARS-CoV-2, appear unexpectedly similar to our observations.
Hemagglutinin-specific clones following influenza vaccination
can be repeatedly reactivated, with clonotype lineages remain-
ing detectable for months during the recall response, whereas
the repertoire continues to mutate and reshape to recognise
novel epitopes [31,46,47]. Some SARS-CoV-2-reactive B cells
also seem to remain active after infection and vaccination, with
members of shared progenitor clones continuing to diversify
over the course of months or even 1 year after infection, presum-
ably driven by sustained antigen retention within GCs [35,48
—51]. In addition, a study on vaccinia-specific B cells in the
spleen decades after vaccination suggested that affinity-driven
selection of the BCR repertoire can persist far beyond the acute
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Figure 4. Clones detected across years. The number of BCR Vh sequences in a clonal family detected at each timepoint across years, relative to the
start of the current study (T = 1 is 0 years). For patient 5 (blue), sequences were collected at 2 earlier timepoints (6.5 and 5.5 years before the start of
this study), and for patient 7 (red), there was 1 timepoint 5 years prior. For both patients, very few BCR sequences were obtained at the earlier time-

points.
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response [52]. Collectively, these observations indicate that
chronic (autoimmune) B cell responses share features with
‘acute’ pathogen-directed responses, as in both cases, evolving
clonal families can persist after repeated antigen exposure. In
‘acute’ pathogen-directed responses, this phenomenon has been
attributed to the persistence of small quantities of antigen, such
as antigen retained on follicular dendritic cells in GCs, which
appears sufficient to drive continuous BCR maturation [53,54].
Interestingly, this notion might also explain another feature
both responses have in common: the continued emergence of
new clonal families, which in viral infections is thought to result
from the recruitment of naive B cells into GCs in tissues or
lymph nodes [55]. By analogy, similar processes may contribute
to the ongoing diversification of the ACPA-expressing B cell
response, albeit potentially operating in distinct anatomical
sites, such as the synovial tissue [56].

Together, these observations raise the possibility that (other)
principles established for pathogen-specific recall responses
may also apply to autoreactive PTM-directed B cell responses.
ACPA-expressing B cells have previously been described as pro-
miscuous in antigen recognition and broadly cross-reactive
towards several PTMs, such as homocitrulline (HCit) and acetyl-
lysine (Ace), on a broad range of protein backbones [15,57,58].
Conceptually, this could parallel features of original antigenic
sin, in which early-imprinted B cell lineages dominate subse-
quent antigen-specific responses until new antigenic variants
diverge sufficiently to recruit additional naive or memory B cells
[47,59]. Translating this framework to autoimmunity, a primary
breach of tolerance to a single PTM on a specific protein back-
bone might seed long-lived progenitor lineages that persist and
expand, whereas newly arising clones may reflect recruitment in
response to distinct PTM-modified epitopes encountered over
time [60]. Consistent with this idea, we identified numerous
clones with exclusive citrullinated-antigen-reactivity, and larger
clonal families showed a trend towards reduced cross-reactivity
(Supplementary Fig S6A,B), suggesting that clonal expansion
may be associated with highly focused antigen recognition.
However, our assessment of PTM-antigen recognition was lim-
ited to 3 modifications expressed on the same peptide backbone,
and we cannot exclude the possibility that rare cross-reactive
branches within clonal families existed that were not captured
in our analysis, as reported in other studies [57,58,61]. In this
context, the persistence of IgM clone 1387 in patient 5 over mul-
tiple years without isotype switching may similarly indicate
early clonal expansion during disease onset, followed by its pro-
gressive outcompetition by higher-affinity ACPA-expressing B
cells and their secreted antibodies. Although this interpretation
is speculative given the current data, it would mimic pathways
thought to be operative in the prevention of Rhesus D antago-
nism in which Rhesus-negative women are given high-affinity
anti-D IgG to prevent the induction or propagation of anti-D B
cell responses.

Supporting the notion of ongoing recruitment of clones, we
detected both mutated and unmutated ACPA-expressing B cells,
including 3 naive (IgD*CD277) B cells expressing germline-
rearranged IgM sequences, 2 of which were cross-reactive with
HCit. This also demonstrates that B cells can have intrinsic cit-
rullinated-antigen-reactivity in the absence of somatic mutations
and potentially give rise to new clonal lineages. Alternatively,
new autoreactive lineages can emerge through epitope spread-
ing [62]. This is, however, difficult to show as we do not know
which (PTM-)proteins may have shaped the ACPA-reactive clo-
notypes. Together, our findings suggest that on the BCR level,
ACPA-expressing B cell responses share key features with
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pathogen-specific recall responses, including the coexistence of
persistent, continuously evolving clonal lineages alongside
ongoing recruitment of newly arising clones with potentially dis-
tinct specificities.

Our study has several limitations. It was designed to reflect
the heterogeneity of the RA population by including both donors
with typically low ACPA-expressing B cell frequencies and
selected donors with abundant autoreactive B cells. The infre-
quency of ACPA-expressing B cells in most patients inherently
limits sequencing depth and complicates distinguishing biologi-
cal variation from potential sampling effects. The trend towards
greater clonal persistence in donors with higher cell numbers
(Fig 1C,D) may reflect the technical challenges in repertoire cov-
erage for donors with lower ACPA-expressing B cell frequencies
in blood [40,41,63]. Therefore, we included only patients with
>15 verified citrullinated-antigen-reactive BCR sequences per
timepoint in the longitudinal clonal analyses. Nonetheless,
when we studied the overall repertoire characteristics and
included sequences from all patients, this remained consistent
with those of the 4 individuals analysed in detail (Supplemen-
tary Fig S3). To maximise the number of antigen-specific B cells
per donor, we did not sequence total B cell repertoires as compa-
rators, precluding direct assessment of ACPA-specific repertoire
features against the broader polyclonal background. Our strin-
gent verification pipeline ensured that analysed sequences rep-
resent bona fide Cit-reactive clones, albeit at the cost of total
sequence yield. As 72% of selected sequences were successfully
expressed as mAb, expanded clones were more likely to yield
successful mAb production. Therefore, the dataset may be
biased towards larger families, and we refrained from direct
comparisons between singletons and expanded clones, although
investigating in detail why certain clones expand successfully
while others remain infrequent could reveal intrinsic features
that confer proliferative or survival advantages to specific autor-
eactive B cell lineages. Similarly, our analysis focused on circu-
lating PBMCs and excluded synovial or lymphoid tissue B cells,
where local ACPA-expressing populations may reside [9,56,64].
We also cannot exclude that a newly detected clone at a certain
timepoint was an established clone that egressed from a target
tissue before detection. In addition, our antigen-specific staining
approach omitted fixation and permeabilisation to preserve
mRNA integrity for sequencing, potentially limiting detection of
ACPA-producing plasmablasts or plasma cells with low surface
BCR expression [7].

In conclusion, by combining stringent validation of Cit speci-
ficity with longitudinal repertoire analysis, this study offers
novel insights into the clonal behaviour of ACPA-expressing B
cells in RA. Our data demonstrate that autoreactive B cell popu-
lations are not static as they continuously reshape under chronic
antigen stimulation. Autoreactive B cell populations not only
persist over time but also recruit new B cell clones that fuel the
response. These data provide insights into the biology of B cell
autoreactivity and its remarkable, seemingly exhaustless persis-
tence in a prominent human autoimmune disease.
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Accepted 15 April 2026 phocytic leukaemia with comorbid RA (T-LGLL/RA) as a model of CTL-linked RA.

Methods: We used blood samples and paired clinical data from patients with RA, T-LGLL/RA, T-LGLL
and healthy controls. Serological characterisation was performed using anti-cyclic citrullinated pep-
tide 3.1 (anti-CCP3.1) enzyme-linked immunosorbent assay, multiplex RA autoantigen array, and
radiolabelled peptidylarginine deiminase type III and IV (PAD4) immunoprecipitations. Genetic
characterisation was performed using PADI4 single nucleotide polymorphism TagMan genotyping
assays and droplet digital polymerase chain reaction for signal transducer and activator of transcrip-
tion 3 (STAT3) mutations. Multiparameter flow cytometry and pentamer binding assays were per-
formed to immunophenotype CTLs and characterise PAD4-specific CTLs, respectively.

Results: Patients with T-LGLL/RA had enhanced anticitrullinated protein antibody responses com-
pared with RA, and a strikingly higher frequency of anti-PAD4 antibodies (60% vs 27%, P < .0001).
Among patients with T-LGLL, PADI4 single nucleotide polymorphisms were associated with anti-
PAD4—positive RA (20% vs 3%, P = .02), and anti-PAD4 antibody levels were inversely correlated
with absolute neutrophil count (Spearman’s rho = —0.236; P = .02). Activating STAT3 mutations
were associated with anti-PAD4 antibodies in both T-LGLL/RA (90% vs 74%, P = .047) and RA
(39% vs 9%, P = .002). Flow cytometric characterisation of CTLs showed that anti-PAD4—positive
RA was enriched for CD57 +, CD7 low, T effector memory cells re-expressing CD45RA (TEMRA)
CTLs. Furthermore, PAD4-specific CTLs were detected in anti-PAD4+ patients with RA and
expressed elevated levels of CD69, CD57, and KLRG1, and a TEMRA phenotype.
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Conclusions: These data demonstrate a mechanistic link between autoimmunity to PAD4 and
CTL-associated disease in RA.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Previous studies have shown that CD8+ T cells infiltrate the
synovial joints in rheumatoid arthritis (RA). These cells have
evidence of clonal expansion and express an activated, chroni-
cally stimulated phenotype. Similar expansions of clonal CD8
+ T cells are observed in T-large granular lymphocytic leukae-
mia (T-LGLL), a disease in which RA occurs with high fre-
quency. Mechanistically, cytotoxic T lymphocytes (CTLs) have
been linked to autoantigen production and activation of effec-
tor pathways in RA.

WHAT THIS STUDY ADDS

¢ Here, we used T-LGLL with comorbid RA (T-LGLL/RA) as a
model of CTL-associated RA to understand the role of CTLs in
RA. Specifically, we identified anti-peptidylarginine deiminase
type IV (PAD4) antibodies, a marker associated with erosive
disease in the general RA population, as highly enriched in the
T-LGLL/RA population. Next, we studied the subset of patients
with RA with anti-PAD4 antibodies and found that they share
features of T-LGLL/RA, including increased frequency of acti-
vating signal transducer and activator of transcription 3
(STAT3) mutations and frequency of CD57 +, CD7 low and T
effector memory cells re-expressing CD45RA CD8+ T cells.
Finally, we identified PAD4 as a novel target of CD8+ T cells
in anti-PAD4 antibody—positive patients with RA, suggesting a
potential mechanism wherein CTLs may target PAD4-express-
ing cells in RA. In conclusion, this study suggests PAD4-
directed autoimmune responses as markers of CTL-associated
RA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* We identified anti-PAD4 antibodies as a biomarker of RA devel-
opment in the setting of T-LGLL, which may be used for screen-
ing purposes to identify patients with RA at risk for future T-
LGLL development. Our work opens the opportunity to further
research the precise effector mechanisms of CTLs in RA within
the distinct subset of patients with RA with anti-PAD4 antibod-
ies. Furthermore, our discovery that autoimmunity to PAD4 is
linked to features of CTL-associated RA highlights the potential
of anti-PAD4 antibodies as a serological biomarker to identify
patients who may benefit from treatments that antagonise the
STATS3 signalling pathway or CTL effector functions.

INTRODUCTION

Rheumatoid arthritis (RA) is a chronic autoimmune disease
targeting synovial joints, resulting in destruction of articular car-
tilage and bone [1]. Although the aetiology of RA is unknown,
there has been substantial progress, largely fuelled by the dis-
covery that citrullinated proteins are enriched in RA joints and
are major targets of autoantibodies, known as anticitrullinated
protein antibodies (ACPAs) in up to 80% of patients with RA [2
—6]. In addition to targeting citrullinated substrates, 23% to
45% of patients with RA harbour autoantibodies against pepti-
dylarginine deiminase type IV (PAD4) isoenzyme, which are
associated with destructive joint disease [7—10]. There is also
growing evidence for CD8+ cytotoxic T lymphocytes (CTLs) in
RA pathogenesis, both as generators of citrullination-associated
autoantigens and as autoimmune effectors [11—14].
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As generators of citrullination-associated antigens, the CTL
effector molecules, perforin and granzyme B, can induce the
production of RA autoantigens via their activity on target
cells 11,13]. Perforin-mediated neutrophil lysis induces hyper-
activation of peptidylarginine deiminases (PADs) and the pro-
duction of citrullinated autoantigens in a process known as
leukotoxic hypercitrullination (LTH) [11]. In addition, PAD4 is
a substrate of granzyme B, which enhances presentation of
immunogenic PAD4 peptides capable of stimulating PAD4-spe-
cific CD4 + T cells from patients with RA [12]. The complement
pathway, which can be activated by granzyme K released by
CTLs, can promote both tissue damage and the production of cit-
rullinated antigens [11,14].

Several studies have also shed light on the involvement of
CTLs in RA as autoimmune effectors. Activated and chroni-
cally stimulated T effector memory cells re-expressing
CD45RA (TEMRA) and effector memory CTLs have been
identified in the RA synovium [15,16], and there is evidence
of their oligoclonal expansion [17]. Levels of granzymes A,
B, and M are elevated in RA synovial fluid, which provide
evidence of CTL degranulation [18,19]. Furthermore, Moon
et al [20] demonstrated that in response to citrullinated
vimentin, CTLs in patients with ACPA-positive RA prolifer-
ate, upregulate CD69, and secrete granzyme B and interferon
gamma (IFNy).

Further evidence of the role of CTLs in RA is demonstrated
through the lymphoproliferative disorder T-large granular
lymphocytic leukaemia (T-LGLL), which is characterised by the
clonal expansion of morphologically distinct CTLs known as
large granular lymphocytes (LGLs) [21,22]. LGLs express a
terminal effector memory phenotype and high levels of FS-7-
associated surface antigen (Fas), indicative of chronic antigen
stimulation [23]. They commonly harbour activating somatic
mutations in the signal transducer and activator of transcription
3 (STAT3) gene that promote the expression of prosurvival
genes [24,25]. Neutropenia is a hallmark feature of T-LGLL, but
its aetiology remains uncertain [21]. Although RA occurs in
around 1% of the global population [26], it occurs in 17% to
36% of patients with T-LGLL [27] (hereafter T-LGLL with comor-
bid RA [T-LGLL/RA]). The high incidence of RA in T-LGLL sug-
gests that clonally expanded CTLs play a role in RA induction,
but the mechanistic link between T-LGLL and RA has not been
defined.

In this study, we studied T-LGLL/RA as a model of CTL-asso-
ciated RA to gain mechanistic insights into the role of CTLs in
RA. First, we probed whether common features of RA were pres-
ent in T-LGLL/RA and discovered that autoantibodies targeting
citrullination-associated antigens are enhanced in T-LGLL/RA.
Notably, we identified anti-PAD4 antibodies to be highly preva-
lent in the T-LGLL/RA population, suggesting seropositivity to
PAD4 as a marker of CTL-associated RA. We then investigated
whether the subset of patients with RA with anti-PAD4 antibod-
ies (anti-PAD4—positive RA) shared immunologic or haemato-
logic features of T-LGLL/RA. These studies revealed that
patients with anti-PAD4—positive RA harboured CTLs enriched
in the STAT3 activating mutations, with phenotypic similarities
to LGLs, and specific for PAD4 peptides. Together, our data sup-
port the hypothesis that anti-PAD4 autoimmunity is a mechanis-
tic marker of an endotype of RA linked to chronically activated
CTLs.



K. Ananth et al.
METHODS

This study used blood samples and paired clinical data from
patients with RA, T-LGLL/RA, T-LGLL, and healthy controls
(HGCs). Serological characterisation was performed using the
anti-cyclic citrullinated peptide 3.1 (anti-CCP3.1) enzyme-
linked immunosorbent assay, a multiplex RA autoantigen array
[28], and by immunoprecipitation of radiolabelled PAD3 and
PAD4 generated by in vitro coupled transcription/translation
immunoprecipitation (IVTT-IP) [8]. Genetic characterisation
was performed using PADI4 single nucleotide polymorphism
(SNP) genotyping, and droplet digital polymerase chain reaction
(ddPCR) of the STAT3 gene [29]. Flow cytometry was per-
formed to immunophenotype CTLs from each patient or control
group, and a pentamer binding assay was performed to detect
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and characterise PAD4-specific CTLs. Detailed methods can be
found in Supplemental Data S1.

RESULTS

ACPAs in patients with T-LGLL/RA have higher frequency, levels,
and antigenic diversity than RA

To define serological features of CTL-associated RA, we stud-
ied 2 cohorts of patients with RA (1 from the University of Vir-
ginia [UVA; n = 150] and 1 from Johns Hopkins University
[n = 230]) (characteristics in Supplemental Table S1) and com-
pared them to a cohort of patients with T-LGLL/RA (n = 94)
and a cohort of patients with T-LGLL (n = 95) as a control of
CTL-driven disease without RA (characteristics in Supplemental
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Figure. 1. Patients with T-LGLL/RA have higher frequency, antibody levels, and antigenic diversity of ACPAs compared with RA or T-LGLL. (A) Bar
graphs show the percentage of patients with anti-CCP3.1+ in each group, as measured by CCP3.1 ELISA, where the cutoff for positivity was 20 units.
RA (UVA cohort; n = 145), T-LGLL/RA (n = 94), and T-LGLL (n = 95). (B) Anti-CCP3.1 levels are shown for patients with anti-CCP3.1 positive. RA
(UVA cohort; n = 109), T-LGLL/RA (n = 81), and T-LGLL (n = 13). Results of the RA antigen multiplex array are shown in (C-F), and include RA
(JHU cohort; n = 26), T-LGLL/RA (n = 26), T-LGLL (n = 26), and HC (n = 17). (C) The number of citrullinated antigens and (D) the number of
native antigens recognised by each patient or control are shown. Recognition of each antigen was defined as greater than the 95th percentile of antigen
recognition score by HC sera. Bar graphs show the median with interquartile range. (E) A heatmap was generated to cluster patients or controls based
on reactivity to RA antigens and to cluster antigens based on recognition by sera. (F) A bar graph shows the percentage of patients or controls that com-
prise each cluster. *P < .05, ***P < .001, and ****P < .0001. ACPA; anti-citrullinated protein antibody; HC, healthy control; JHU, Johns Hopkins Uni-
versity; MFI, mean fluorescence intensity; RA, rheumatoid arthritis; T-LGLL, T-large granular lymphocytic leukaemia; UVA, University of Virginia.
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Table S2). Since perforin from cytotoxic granules can induce
LTH in neutrophils [11], and neutropenia is a common feature
of T-LGLL/RA [21], we hypothesised that patients with T-LGLL/
RA may have higher prevalence and levels of antibodies target-
ing citrullinated autoantigens. First, we analysed ACPAs using
the anti-CCP3.1 test, which evaluates immunoglobulin (Ig)G
and IgA, and found that these antibodies are more frequent in
T-LGLL/RA (86%) than in RA (75%, P = .049) or T-LGLL
(14%, P < .0001; Fig 1A). Strikingly, ACPA levels were
7 times higher in T-LGLL/RA (median [IQR], 2484 U [817.9-
5842 U]) compared with RA (338.8 U [89.12-772.1 U]), P <
.0001), and 100 times higher than in T-LGLL (24.99 U
[21.64-32.44 U], P < .0001) (Fig 1B), indicating an
enhanced humoral immune response to citrullinated autoan-
tigens in T-LGLL/RA.

The enhanced ACPA response in patients with T-LGLL/RA
could be driven either by high antibody levels targeting a
restricted set of antigens or by recognition of a wider breadth of
citrullinated proteins. To assess this, we characterised the fine
autoantibody specificities present in T-LGLL/RA, RA, T-LGLL, or
HCs against a multiplex antigen array of 51 common RA anti-
gens, including 25 citrullinated peptides, 13 native peptides,
6 citrullinated proteins, and 7 native proteins (Supplemental
Table S3). In this analysis, sera from patients with T-LGLL/RA
recognised a similar number of citrullinated antigens (median
[IQR], 7.5 [0.75-17]) as compared with RA alone (3.5 [0-8])
(P = .71). However, sera from patients with T-LGLL/RA did rec-
ognise a significantly greater number of citrullinated antigens
than T-LGLL (0 [0-0.25], P < .0001) and HC (0 [0-0.5],
P = .0004) (Fig 1C). There was no difference in the recognition
of native antigens between any of the 4 groups (Fig 1D). Hierar-
chical clustering based on reactivity of responders and recogni-
tion of antigens identified 3 main groups (Fig 1E). Cluster 3
represents patients with the highest reactivity to RA antigens,
which largely consists of patients with T-LGLL/RA (58.6%), fol-
lowed by patients with RA (37.9%), and HC (3.4%) (Fig 1E,F).
These data indicate that ACPAs in patients with T-LGLL/RA

A Fokokok B

sFeskkk

Aoodok

Kk .

% Anti-PAD4+
=
1
Anti-PAD4 AU

Ann Rheum Dis 85 (2026) 1507—1519

recognise a wide diversity of citrullinated antigens and are more
frequent and found at higher levels than in those with RA, dem-
onstrating that CTL-associated RA is associated with more
robust ACPA responses.

Patients with T-LGLL/RA have higher frequency and levels of
anti-PAD4 antibodies than patients with RA

The augmented ACPA response in T-LGLL/RA suggests that
these patients may generate immune responses to a wider array
of citrullination-associated autoantigens such as PAD4. Anti-
PAD4 antibodies are highly specific for RA [7,8,30,31] and asso-
ciate with ACPAs [30] and more severe and erosive joint disease
[32,33]. IVTT-IP demonstrated that anti-PAD4 antibodies were
twice as frequent in T-LGLL/RA than in RA (60% vs 27%,
P < .0001) (Fig 2A). Among patients with anti-PAD4 positive,
median anti-PAD4 levels in T-LGLL/RA were significantly
higher than in RA (0.84 [0.70-1.01] vs 0.59 [0.29-0.87], respec-
tively, P < .0001) (Fig 2B). Interestingly, anti-PAD4 antibodies
were strikingly more frequent in T-LGLL/RA than T-LGLL (60%
vs 2%, P < .0001), indicating that anti-PAD4 antibodies are
highly specific for RA in the setting of T-LGLL (Fig 2A) and may
be a unique serological marker of CTL-associated RA.

Anti-PAD4 antibodies are predominantly found in ACPA-pos-
itive RA [30]: in our cohorts, 97.7% of patients with anti-PAD4
—positive RA were anti-CCP3.1 positive, and 100% of anti-PAD4
—positive patients with T-LGLL/RA were anti-CCP3.1 positive
(Supplemental Table S4). Thus, we sought to determine whether
anti-PAD4 antibodies are overrepresented in patients with T-
LGLL/RA compared with patients with RA, independent of
ACPA positivity. Logistic regression analysis showed that even
after accounting for ACPA positivity, patients with T-LGLL/RA
were 3.69 times more likely to have anti-PAD4 antibodies than
patients with RA (Supplemental Table S5).

Similarly, anti-PAD4 antibodies are associated with RA dura-
tion [34,35], and in both our RA and T-LGLL/RA cohorts,
patients with anti-PAD4 positive had a significantly longer RA
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Figure. 2. Patients with T-LGLL/RA have higher frequency and levels of anti-PAD4 antibodies and have anti-PAD3/4 cross-reactive antibodies. (A)
Frequency of anti-PAD4 antibodies, as measured by IVTT-IP, where the cutoff for positivity was defined as 0.07 AU. RA (UVA and JHU cohorts;
n = 375), T-LGLL/RA (n = 94), and T-LGLL (n = 95). (B) Anti-PAD4 arbitrary units (AUs) in patients with anti-PAD4 + RA (UVA and JHU cohorts;
n = 100) and anti-PAD4 + T-LGLL/RA (n = 56). T-LGLL was omitted because n = 2. The dotted line representing 0.07 AU is the cutoff for anti-PAD4
positivity. (C) Frequency of anti-PAD3/4 cross-reactive antibodies out of patients with anti-PAD4 +, as measured by IVTT-IP, where the cutoff for posi-
tivity was defined as 0.065 AU. RA (UVA and JHU cohorts; n = 100), T-LGLL/RA (n = 56). T-LGLL was omitted because n = 2. (D) Anti-PAD3/4 AU
in anti-PAD3/4+ RA (UVA and JHU cohorts; n = 40) and anti-PAD3/4+ T-LGLL/RA (n = 30). The dotted line representing 0.065 is the cutoff for
anti-PAD3/4 positivity. Median with interquartile range is shown. ns = not significant, ***P <.001, and ****P < .0001. IVTT-IP, in vitro coupled tran-
scription/translation immunoprecipitation; JHU, Johns Hopkins University; PAD3, peptidylarginine deiminase type III; PAD4, peptidylarginine deimi-
nase type IV; RA, rheumatoid arthritis; T-LGLL, T-large granular lymphocytic leukaemia; UVA, University of Virginia.
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duration than patients with anti-PAD4 negative (Supplemental
Fig S1A,B). Since patients with T-LGLL/RA have longer RA dura-
tion than patients with sporadic RA (Supplemental Fig S1C), we
performed generalised linear models to probe whether T-LGLL/
RA have higher frequency and levels of anti-PAD4 antibodies
than RA, independent of RA duration. After accounting for RA
duration, patients with T-LGLL/RA were 2.66 times more likely
to be anti-PAD4 positive than patients with RA (Supplemental
Table S6), and anti-PAD4—positive T-LGLL/RA had 35% higher
levels of anti-PAD4 antibodies than anti-PAD4—positive RA
(Supplemental Table S7). Thus, higher frequency and levels of
anti-PAD4 antibodies are a feature of T-LGLL/RA, independent
of ACPA positivity and RA disease duration. Of note, anti-PAD4
antibodies were associated with an extended interval between
RA and T-LGLL diagnoses in the T-LGLL/RA group, with anti-
PAD4 antibody—positive individuals, being diagnosed with T-
LGLL an average of 17.41+10.27 years after their RA diagnosis
compared with 10.86+10.85 years in anti-PAD4 negative indi-
viduals (P = .013) (Supplemental Table S2). RA was diagnosed
before T-LGLL in the majority of cases, with only 18% (5/28) of
anti-PAD4 negative and 5% (2/42) of anti-PAD4—positive indi-
viduals receiving a diagnosis of T-LGLL before RA (Fisher’s exact
P = .10).

Given the profound enrichment of anti-PAD4 antibodies in
T-LGLL/RA, we next assessed the prevalence and function of
anti-PAD3/4 cross-reactive antibodies, a unique subset of anti-
PAD4 antibodies with the capacity to activate PAD4 enzymatic
function by reducing its calcium requirements [8]. Among
patients with anti-PAD4 positive, a similar percentage of
patients with T-LGLL/RA and RA had anti-PAD3/4 antibodies
(Fig 2C), and among patients with anti-PAD3/4 positive, levels
were comparable between patients with T-LGLL/RA and RA
(Fig 2D). In addition, in an in vitro histone H3 citrullination
assay, purified IgG from patients with anti-PAD3/4—positive
T-LGLL/RA activated PAD4 to a similar degree as IgG from
patients with anti-PAD3/4—positive RA, demonstrating that
anti-PAD3/4 antibodies possess the same functional capacity in
both diseases (Supplemental Fig S2). These data indicate that
humoral autoimmunity to PAD4 is a feature of T-LGLL/RA, sug-
gesting that T-LGLL/RA and anti-PAD4—positive RA may share
mechanistic features.

PADI4 SNPs are associated with the presence of anti-PAD4
antibodies in T-LGLL/RA

Three SNPs in the PADI4 gene, termed the ‘susceptible hap-
lotype’ [7,9,36], are strongly associated with RA development
and have been reported to associate with anti-PAD4 antibodies
in some RA populations [7,37,38]. We sought to determine
whether the susceptible haplotype is associated with anti-PAD4

Table 1
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antibodies in the setting of T-LGLL/RA. Patients with T-LGLL/
RA or RA were genotyped for the 3 SNPs (rs11203366 [A163G],
rs11203367 [C245T], and rs874881 [C335G]) that comprise
the susceptible haplotype (GTG) [7,36].

Patients with anti-PAD4—positive T-LGLL/RA  were
9.21 times more likely to be homozygous for the susceptible
haplotype than patients with anti-PAD4—negative T-LGLL/RA
(95% CI, 1.45-101.8; P = .02) (Table 1). A similar, though non-
significant, trend was observed when restricting the analysis to
Caucasians, the largest racial group in our cohorts, with anti-
PAD4 + T-LGLL/RA being 5.85 times as likely to be homozygous
for the susceptible haplotype as compared with patients with
anti-PAD4—negative T-LGLL/RA (95% CI, 0.82-66.40;
P = .087) (Supplemental Table S8). There was no association
between anti-PAD4 positivity and the susceptible haplotype in
the RA cohort as a whole or when restricting to Caucasians
(Table 1). In summary, homozygosity for the susceptible haplo-
type associates with anti-PAD4 antibodies in patients with T-
LGLL/RA, suggesting that PADI4 SNPs may predispose patients
with T-LGLL/RA to the breach of immune tolerance to PAD4.

Absolute neutrophil count negatively correlates with anti-PAD4
antibodies in T-LGLL/RA

Neutropenia is a hallmark feature of T-LGLL/RA, but its aeti-
ology remains uncertain [39]. Since neutrophils express PAD4
and can be a source of autoantigens in RA [11], we sought to
determine whether anti-PAD4 antibodies are associated with
neutropenia in T-LGLL/RA and RA. As expected, the T-LGLL and
T-LGLL/RA cohorts had a similar degree of neutropenia (median
[IQR] absolute neutrophil count [ANC] 1180 [675-2255] and
1200 [387-2350] neutrophils/mm?, respectively), defined as
ANC below 1500 neutrophils/mm?®, and the RA group had nor-
mal neutrophil levels (median [IQR] ANC 4176 [3150-5640]
neutrophils/mm?®) (Fig 3A).

The frequency of neutropenia was similar between anti-PAD4
—positive vs anti-PAD4 negative T-LGLL/RA (66.07% vs
52.63%, P = .20), and although severe neutropenia (defined as
ANC <500 neutrophils/mm®) was 2-fold more frequent in anti-
PAD4 positive than patients with anti-PAD4 negative T-LGLL/
RA, it did not achieve statistical significance (32.14% vs
15.79%, P = .09) (Supplemental Table S9). Similarly, median
ANC was comparable between patients with anti-PAD4—positive
and anti-PAD4—negative T-LGLL/RA (median [IQR] of 1005
[135-2298] and 1460 [605-2713] neutrophils/mm?>, respec-
tively, P = .14) (Fig 3B). However, when assessing the relation-
ship between anti-PAD4 antibodies and ANC as continuous
variables, we observed a modest yet statistically significant neg-
ative correlation between ANC and anti-PAD4 levels in T-LGLL/
RA (Spearman’sr = —0.2358, P = .02) (Fig 3C).

Homozygosity for PADI4 susceptible haplotype single nucleotide polymorphisms (SNPs) is associated with anti-PAD4 antibodies in T-LGLL/RA

Patient group Susceptible haplotype P OR 95% CI Homozygous for susceptible haplotype P OR 95% CI
T-LGLL/RA
Anti-PAD4+ (n = 54)  63% (34) 2 1.79 0.78-428 20% (11) *02 9.21 1.45-101.8
Anti-PAD4- (n = 37) 49% (18) 3% (1)
RA
Anti-PAD4+ (n = 57)  77% (44) 73 1.16  0.57-2.32  28% (16) .27 1.53  0.79-3.08
Anti-PAD4- (n = 172) 74% (128) 20% (35)

OR, odds ratio; PAD4, peptidylarginine deiminase type IV; PADI4, peptidylarginine deiminase type IV; RA, rheumatoid arthritis; T-LGLL, T-large granular

lymphocytic leukaemia.
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Figure. 3. ANC is negatively correlated with anti-PAD4 antibodies in T-LGLL/RA. (A) ANC is shown in RA (UVA and JHU cohorts; n = 359), T-LGLL/
RA (n = 94), and T-LGLL (n = 93). (B) ANC is shown for patients with anti-PAD4+ and anti-PAD4- T-LGLL/RA (left; anti-PAD4+ T-LGLL/RA
[n = 56], anti-PAD4- T-LGLL/RA [n = 38]) and patients with RA (right; anti-PAD4 + RA [n = 64], anti-PAD4- RA [n = 185]). Bar graphs show the
median with the interquartile range, and the dotted line at 1500 neutrophils/mm?® represents the cutoff for neutropenia. (C) Scatter plots show ANC vs
anti-PAD4 AU for patients with T-LGLL/RA (left; n = 94) or RA (right; UVA and JHU cohorts; n = 249). Only patients with RA for whom ANC was
measured within 30 days of collecting serum for PAD4 antibody testing were included in panel C. The solid line represents a best-fit line with simple
linear regression. Spearman’s r and P-values are shown. ****P < .0001. ANC, absolute neutrophil count; AU, arbitrary unit; IVTT-IP, in vitro coupled
transcription/translation immunoprecipitation; JHU, Johns Hopkins University; PAD4, peptidylarginine deiminase type IV; RA, rheumatoid arthritis;
T-LGLL, T-large granular lymphocytic leukaemia; UVA, University of Virginia.

In patients with RA, ANC was comparable between anti-PAD4 mutation was found in 83% of patients with T-LGLL/RA: 58%
—positive vs anti-PAD4—negative patients (median [IQR] of 4215 had the D661Y mutation and 70% had the Y640F mutation. The
[3008-5260] vs 4260 [3235-5895] neutrophils/mm?, respectively, frequency of STAT3 mutations was higher in anti-PAD4 positive
P = .25, Fig 3B), and there was no correlation between ANC and than patients with anti-PAD4—negative T-LGLL/RA (90% vs
anti-PAD4 levels (Spearman’s r = —0.07725, P = .22) (Fig 3C). 74%, P = .047). This difference appeared to be largely driven by
Of note, only 2 patients with RA had neutropenia, and both were the D661Y mutation with 71% of patients with anti-PAD4—posi-
anti-PAD4 positive (Supplemental Table S9). Our results suggest tive T-LGLL/RA harbouring this mutation, as compared with
that humoral immune responses against PAD4 may be linked to 39% of anti-PAD4 negative T-LGLL/RA (P = .005), whereas the
lower ANC in patients with T-LGLL/RA, supporting the hypothesis frequency of patients with T-LGLL/RA with the Y640F mutation

that neutrophils could represent a cellular reservoir of citrullina- was similar between patients with anti-PAD4 positive vs anti-

tion-associated autoantigens in this subset of patients. PAD4 negative (77% vs 61%, P = .11) (Table 2). This links acti-
vating STAT3 mutations with the presence of anti-PAD4 antibod-

STAT3 mutations are associated with anti-PAD4 antibodies ies in patients with T-LGLL/RA.

in T-LGLL/RA and RA Since activating STAT3 mutations have recently been identi-

fied in CTLs of patients with RA [29], we probed the relationship

As STAT3 mutations in CTLs are a common feature of T-LGLL between activating STAT3 mutations and anti-PAD4 antibodies
and are enriched in T-LGLL/RA [24,40,41], we assessed whether ~ in RA (UVA cohort), using data from Moosic et al [29]. Interest-
STAT3 mutations and anti-PAD4 antibodies are associated in  ingly, 16% harboured at least 1 STAT3 mutation; 8% had the
T-LGLL/RA. We used ddPCR to detect the 2 most common STAT3 D661Y, and 10% had the Y640F mutation. Patients with anti-
mutations—D661Y and Y640F—in peripheral blood mononu- PAD4—positive RA had a higher prevalence of STAT3 mutations
clear cells (PBMCs) of patients with T-LGLL/RA. At least 1 STAT3  compared with patients with anti-PAD4—negative RA (39% vs
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Table 2
STAT3 mutations are present in a subset of patients with RA and associated with anti-PAD4
antibodies
Patient group STAT3mut P D661Y mut P Y640F mut P
T-LGLL/RA (n = 90) 83% (75) 58% (52) 70% (63)
Anti-PAD4+ (n = 52) 90% (47) *.047 71% (37) *+,0047 77% (40) .108
Anti-PAD4— (n = 38) 74% (28) 39% (15) 61% (23)
RA (n = 98) 16% (16) 8% (8) 10% (10)
Anti-PAD4+ (n = 23)  39% (9) 5,002 26% (6) #0019  22% (5) .052
Anti-PAD4— (n = 75) 9% (7) 3% (2) 7% (5)

PADA4, peptidylarginine deiminase type IV; RA, rheumatoid arthritis; STAT3, signal transducer and acti-
vator of transcription 3; T-LGLL, T-large granular lymphocytic leukaemia.

* P <.05.
** P <.01.

9%, P = .002). The D661Y mutation was found in 26% of anti-
PAD4 positive RA, and the Y640F mutation was found in 22% of
anti-PAD4 positive RA, as compared with 3% (P = .002) and 7%
(P = .05) of anti-PAD4 negative RA, respectively (Table 2).
These data indicate that humoral autoimmunity to PAD4 is
linked to activating STAT3 mutations in CTLs of both patients
with T-LGLL/RA and RA.

Characterisation of CTL phenotypes in anti-PAD4 positive RA

Given the striking enrichment of anti-PAD4 antibodies in
patients with T-LGLL/RA and increased frequency of CTLs
harbouring STAT3 mutations in anti-PAD4 positive RA, we
addressed whether CTLs in anti-PAD4 positive RA might share
features of LGLs. The LGL phenotype varies between patients
and can include expression of CD57, NK markers CD16 and
CD56, and reduced expression of pan-T cell markers CD5 and
CD7 [42—47]. The expression of these LGL markers, as well as
typical lineage and activation markers, was assessed in PBMCs
from T-LGLL (n = 5), anti-PAD4 positive T-LGLL/RA (n = 3),
anti-PAD4 positive RA (n 10), anti-PAD4 negative RA
(n = 10), and HCs (n = 10) via flow cytometry (Supplemental
Table S10).

Dimensional reduction analysis was performed to generate a
uniform manifold approximation and projection of CTLs consist-
ing of 8 clusters based on expression of the 11 markers assessed
(Fig 4A,B). Clusters 6 and 8 were overrepresented in T-LGLL
(13.62% and 18.81%, respectively) and T-LGLL/RA (18.62%
and 27.77%, respectively) (Fig 4C,D). Cluster 6 represents
human leukocyte antigen (HLA)-DR+ CD38+ CD5 low, CD7
low TEMRA cells. Cluster 8 is similar to cluster 6 and also
includes CD57 high cells (Fig 4B). The phenotypes present in
clusters 6 and 8 are consistent with the known phenotype of
LGLs [42]. Cluster 7 represents CD57 high, CD7 low, TEMRA
cells, without any other defining features (Fig 4B-D), and com-
prised 16.23% of the CTLs in anti-PAD4 positive RA. Although
LGLs are not overrepresented in this disease subset, patients
with anti-PAD4—positive RA had a numerically higher propor-
tion of CD57 high CD7 low TEMRA cells (cluster 7) than anti-
PAD4—negative RA or HCs, indicating the presence of chroni-
cally stimulated CTLs, similar to T-LGLL and T-LGLL/RA.

Patients with Anti-PAD4 + RA have PAD4-specific CTLs that
express CD69, CD57, KLRG1, and a TEMRA phenotype

Previous studies have shown oligoclonality of CTLs in RA,
specifically among CD57+ CD8+ T cells [48,49], and have
identified CTLs specific for citrullinated antigens [20]. This,
along with our data linking anti-PAD4 antibodies with CTL
involvement in RA, led us to hypothesise that PAD4 may be a
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target of antigen-specific CTLs in anti-PAD4 positive RA. To
assess the existence of PAD4-specific CTLs in RA, high-resolu-
tion HLA class I sequencing was first performed to identify major
histocompatibility complex class I alleles present at high fre-
quency in our cohort. This analysis revealed that the most com-
mon allele in our RA cohort was HLA-A*02:01 (present in 49%
of patients). The Net-CTL 1.2 Algorithm was used to predict 9-
amino acid long peptides of the susceptible variant of the PAD4
protein that could bind to the HLA-A2 supertype (Supplemental
Table S11). Each PAD4 peptide predicted to bind to the HLA-A2
supertype was individually tested using Multiparameter Fluoro-
spot with PBMCs from 2 patients with HLA-A*02:01—positive
anti-PAD4—positive RA and 1 HLA-A*02:01 positive HC. Eight
of the 22 PAD4 peptides tested were found to elicit a greater or
equal coexpression of IFN-y and Granzyme B in either patient
with anti-PAD4—positive RA than the HC and were selected for
subsequent analysis (Supplemental Fig S3).

These 8 PAD4 peptides (40, 105, 109, 263, 271, 285, 312,
and 534) and a pool of all 22 PAD4 peptides predicted to bind
HLA-A2 supertype were tested in a peptide stimulation assay to
measure their ability to induce degranulation and activation of
CTLs (flow panels are shown in Supplemental Table S12 and gat-
ing strategy is shown in Supplemental Fig S6). All PBMCs used
in this assay were from HLA-A*02:01 positive individuals.
Patients with anti-PAD4—positive RA had a significantly higher
percentage of CTLs that degranulated in response to Peptide 105
(KALLYLTGV) with a median (95% CI) of 0.1 (0.03-0.57) than
anti-PAD4—negative RA (0.0 [0.0-0.08], P = .04), or HCs (0.0
[0.0-0.03], P = .03). We observed a similar trend with Peptide
263 (GLITLTISL), with a median (95% CI) of 0.12 (0.0-0.54) in
anti-PAD4—positive RA, compared with 0.01 (0.0-0.25)
P .29) in anti-PAD4—negative RA, and 0.0 (0.0-0.06)
(P = .09) in HC (Fig 5A). The PAD4 peptide pool also demon-
strated a similar trend: 0.52 (0.18-0.77) in anti-PAD4—positive
RA, compared with 0.25 (0.0-0.43) (P .27) in anti-PAD4
—negative RA and 0.05 (0.02-0.31) (P = .11) in HC (Fig 5A).
None of the other PAD4 peptides tested induced CTL degranula-
tion or activation (Supplemental Fig S4).

To identify the presence of PAD4-specific CTLs in anti-PAD4
—positive RA, a pentamer binding assay was performed using
HLA-A*02:01 pentamers with either the KALLYLTGV or GLITL-
TISL peptides (both peptides induced CTL degranulation in
patients with anti-PAD4—positive RA [Fig 5A]). The flow panel
used for the pentamer binding assay is shown in Supplemental
Table S13, and the gating strategy is shown in Supplemental Fig
S7. All PBMCs used in this assay were from HLA-A*02:01—posi-
tive individuals. A significantly higher percentage of CD8+ T
cells from patients with anti-PAD4—positive RA bound the KAL-
LYLTGV pentamer (median [95% CI] of 0.32 [0.23-0.47]) than
anti-PAD4—negative RA (0.13 [0.05-0.25], P .02) or HC
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Figure. 4. Phenotypic analysis of CD8 + T cells in T-LGLL, T-LGLL/RA, anti-PAD4+ RA, anti-PAD4- RA, and HC. (A) Colour dot plots show UMAPs
generated using T-LGLL (n = 5), T-LGLL/RA (n = 3), anti-PAD4+ RA (JHU cohort; n = 10), anti-PAD4- RA (JHU cohort; n = 10), and HC (n = 10).
The first UMAP shows all patients and controls, and subsequent UMAPs show each group separately. (B) A heat map shows the scaled MFI of each of
the 11 markers within each of the 8 clusters. (C) The stacked bar graph shows the percentage of each cluster that was found in each disease group. (D)
Bar graphs show number of CD8+ T cells in each disease group within each cluster. Each data point represents 1 patient, and mean with SEM is
shown. *P < .05, **P < .01, and ***P < .001 with T-LGLL/RA as the comparator group; # = P < .05 with T-LGLL as the comparator group. ANC, abso-
lute neutrophil count; AU, arbitrary unit; HC, healthy control; JHU, Johns Hopkins University; MFI, mean fluorescence intensity; PAD4, peptidylargi-
nine deiminase type IV; RA, rheumatoid arthritis; T-LGLL, T-large granular lymphocytic leukaemia; UMAP, uniform manifold approximation and
projection; UVA, University of Virginia.

(0.12 [0.06-0.19], P = .049) (Fig 5B). We did not observe bind-
ing to the GLITLTISL PAD4 pentamer or the HIV pentamer above
the no pentamer negative control (Fig 5B). Of the patients with
anti-PAD4—positive RA tested, 88% had CTLs specific for the
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KALLYLTGV peptide, compared with only 25% of anti-PAD4
—negative RA (P = .02) and 20% of HC (P = .03), where posi-
tivity was defined as greater than the 95th percentile of pen-
tamer positive CD8 + T cells in HC subjects.
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Figure. 5. Patients with anti-PAD4 4+ RA have PAD4-specific CD8 + T cells that express CD69, CD57, KLRG1, and a TEMRA phenotype. (A) Bar graphs
show the percentage of CD8 + T cells that express LAMP-1 when stimulated with PAD4 peptide 105 (KALLYLTGV), PAD4 peptide 263 (GLITLTISL), or
a pool of 22 PAD4 peptides predicted to bind HLA-A2, after subtracting the percentage of LAMP-1 + cells in the unstimulated condition. PBMCs from
patients with HLA-A*02:01—positive anti-PAD4 + RA (JHU cohort; n = 7), patients with anti-PAD4— RA (JHU cohort; n = 12), and HC (n = 5) were
included in this analysis (B) Bar graphs show the percentage of CD8+ T cells that bound the KALLYLTGV pentamer, GLITLTISL pentamer, negative
control HIV pentamer (SLYNTVATL), or that stained positive for PE in the no pentamer condition (negative control). PBMCs from HLA-A*02:01 posi-
tive patients with anti-PAD4+ RA (JHU cohort; n = 8), patients with anti-PAD4— RA (JHU cohort; n = 12), and HC (n = 5) were included in this
analysis. (C) Bar graphs show the percentage of CD8 + T cells in patients with anti-PAD4+ RA (JHU cohort; n = 8) that were positive or negative for
the KALLYLTGV pentamer that expressed CD69, CD57, KLRG1, CD7, or a TEMRA, Tcy;, Or Thaive phenotype. Median with 95% CI is shown for all bar
graphs. *P < .05, **P < .01. HC, healthy control; HLA-A2, human leukocyte antigen serotype A2; JHU, Johns Hopkins University; LAMP-1, lysosomal
associated membrane protein 1; PAD4, peptidylarginine deiminase type IV; PBMCs, peripheral blood mononuclear cells; PE, R-Phycoerythrin; RA,
rheumatoid arthritis; T-LGLL, T-large granular lymphocytic leukaemia; TEMRA, T effector memory cells re-expressing CD45RA.
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In patients with anti-PAD4+ RA, a greater percentage of
KALLYLTGV-positive vs KALLYLTGV-negative CTLs expressed
CD69 (median of 5.90% vs 1.56%, P = .02), CD57 (53.74% vs
29.16%, P = .02), KLRG1 (75.62% vs 47.48%, P = .008), and a
TEMRA phenotype (37.76% vs 20.10%, P = .008), which are
indicative of chronic activation and are expressed by LGLs
(Fig 5C). Notably, a lower percentage of KALLYLTGV-positive
cells expressed CD7, a marker downregulated in LGLs (92.06%
vs 94.94%, P = .04), or were T, (3.59% vs 11.12%, P = .04) or
Thaive (10.94% vs 25.31%, P = .02) cells (Fig 5C). In addition,
a higher percentage of KALLYLTGV-positive cells compared
with KALLYLTGV-negative cells expressed activation markers
CD137, HLA-DR, CD38, and LGL marker CD56, and a lower per-
centage expressed CD5, a pan-T cell marker downregulated in
LGLs, but these did not reach significance (Supplemental Fig
S5). These data reveal that patients with anti-PAD4 antibodies
harbour PAD4-specific CTLs that express features of chronically
antigen-stimulated cells.

Our work reveals striking serologic and haematologic simi-
larities between T-LGLL/RA and anti-PAD4—positive RA that
suggest a shared CTL-associated mechanism. Here, we identified
that anti-PAD4 antibodies were significantly enriched in
patients with T-LGLL/RA relative to T-LGLL and spontaneous
RA, demonstrating that anti-PAD4 antibodies are highly specific
serological biomarkers of an RA endotype linked to pathogenic
CTLs. This is strengthened by our findings that patients with
anti-PAD4 positive with RA harboured CTLs with increased rates
of STAT3 activating mutations, features of chronically antigen-
stimulated TEMRA cells, and reactivity to PAD4 peptides. Clini-
cally, the enrichment of anti-PAD4 antibodies in T-LGLL/RA
and their association with a prolonged interval between RA and
subsequent T-LGLL diagnosis suggest that anti-PAD4 antibodies
may identify patients with RA with chronic PAD4-driven CTL
stimulation who are at higher risk for future T-LGLL develop-
ment. Together, our data suggest that T-LGLL in the RA popula-
tion occurs on a continuum, with T-LGLL/RA representing an
extreme end of the spectrum of CTL-associated RA enriched in
autoimmunity to citrullinated antigens and PAD4.

In this study, we found that homozygosity for the susceptible
haplotype of PADI4 is enriched in patients with T-LGLL/RA who
developanti-PAD4 antibodies. The PADI4 susceptible haplotype
has been shown to associate with anti-PAD4 antibodies in 1 RA
cohort [7], but this was not observed in other RA cohorts
[37,38], and was not seen in the group of patients with RA
included in our study. The functional consequences of the
PADI4 polymorphisms associated with RA development remain
unclear, with hypotheses including stabilising PAD4 mRNA
[7,9,36]. Although our study focused on the relationship
between 3 specific polymorphisms in the PADI4 gene and the
development of anti-PAD4 antibodies in T-LGLL/RA, it is possi-
ble that other SNPs within the PADI4 gene or in nearby genes as
part of an extended haplotype may also increase the genetic risk
for developing autoimmunity to PAD4 as well as T-LGLL more
broadly. In this regard, studies on the effects of PADI4 SNPs
have not yet extended to understanding the relationship
between the susceptible haplotype and cellular immunity to
PAD4. Future studies aimed at more broadly understanding
the immunologic significance of PADI4 SNPs to the breach of
tolerance to PAD4 are warranted.

Our data show that patients with anti-PAD4+ RA harbour
CTLs enriched for features reminiscent of LGLs including STAT3
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mutations and a chronically antigen-stimulated TEMRA pheno-
type. These genetic and immunological similarities between T-
LGLL/RA and RA provide compelling evidence linking humoral
autoimmunity to PAD4 with CTL-associated RA. The enrichment
in STAT3 mutations in patients with anti-PAD4—positive T-
LGLL/RA or patients with RA could support the persistence and
accumulation of autoreactive CTLs in these patients. In fact,
there is evidence of oligoclonal CD8 + CD57 + granzyme+ T
cells in the RA synovium [17,50,51], and CTLs specific for citrul-
linated antigens have been identified in RA [20]. Importantly,
our study in patients with anti-PAD4 + RA adds PAD4 as a novel
target of CTLs, which can degranulate in response to cognate
antigen recognition, and express an activated, antigen experi-
enced, and chronically stimulated phenotype. Future studies are
needed to further define the functionality of PAD4-specific CTLs
and their ability to kill PAD4-expressing cells in vitro and in vivo.

The mechanistic roles of anti-PAD4 antibodies and PADA4-
specific CTLs in RA remain to be determined. Given that
we observed a modest negative correlation between ANC and
anti-PAD4 antibodies in T-LGLL/RA, and the only 2 patients
with RA with neutropenia were anti-PAD4 positive, 1 hypothesis
is that anti-PAD4 antibodies may directly target and contribute
to the killing of neutrophils, which are highly abundant in the
RA joint and express surface PAD4 [52], via antibody dependent
cellular cytotoxicity or complement-dependent cytotoxicity
[53]. Furthermore, our data that PAD4-specific CTLs are present
in the peripheral blood of patients with anti-PAD4—positive RA
suggest that CTLs may also target PAD4-expressing neutrophils
through recognition of PAD4 peptides displayed on surface
major histocompatibility complex class I, leading to perforin-
mediated neutrophil hypercitrullination and cell death [11].
Certainly, other factors may also contribute to neutropenia in
patients with T-LGLL/RA and in T-LGLL who do not develop RA
or anti-PAD4 immune responses [39]. Studies have shown that
sera of patient with T-LGLL have increased levels of soluble Fas
ligand and enhanced capacity to induce apoptosis in neutrophils
ex vivo [53,54]. Bone marrow abnormalities in patients with T-
LGLL have also been described, with fibrosis, hypercellularity,
and lymphocyte infiltration reported in some patients [39].
Thus, neutropenia in T-LGLL/RA is likely multifactorial, with
PAD4-directed autoimmunity representing 1 of several possible
mechanisms contributing to reduced neutrophil counts in these
patients. In patients with T-LGLL who do not develop RA, it is
likely that the other mechanisms are dominant and that these
patients lack the requisite genetic risk factors and contributing
environmental exposures needed to break immune tolerance to
citrullination-associated antigens and develop RA.

Although it is still unknown whether subclinical T-LGLL or
RA develops first in patients who ultimately receive both diag-
noses, we have identified anti-PAD4 antibodies as a biomarker
of T-LGLL/RA. Our results highlight serologic, genetic, and hae-
matologic factors linked to CTL-associated RA and reveal the
presence of autoreactive PAD4-specific CTLs in patients with RA
with humoral autoimmunity to PAD4. These findings reveal
CTLs as a common mechanistic link between the anti-PAD4
autoantibody positive subset of RA and RA occurring in the set-
ting of T-LGLL.

Here, we demonstrated that patients with T-LGLL/RA have a
high prevalence of anti-PAD4 antibodies, identifying anti-PAD4
antibodies as a biomarker of RA in the T-LGLL population. We
additionally found that anti-PAD4 positivity in sporadic RA is
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associated with activating STAT3 mutations and PAD4-specific
CTLs that bear phenotypic similarities to LGLs. This study pro-
vides evidence that humoral autoimmunity to PAD4 is a marker
of CTL-associated RA.
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ARTICLE INFO ABSTRACT

Article history: Objectives: This study aims to assess the risks of primary and second primary keratinocyte can-
ﬁece?‘md 24 October 2025 cers (KCs) in patients with rheumatoid arthritis (RA) and in relation to treatment with biologic
eceived in revised form 23 January 2026
Accepted 16 February 2026 disease-modifying antirheumatic drugs (bDMARDs) or targeted synthetic disease-modifying
antirheumatic drugs.
Methods: Nationwide cohort study of patients treated with Janus kinase inhibitors (JAKi),
tumour necrosis factor inhibitor (TNFi), or non-TNFi bDMARDs, using data from the Swedish
Rheumatology Quality Register linked to other registers including the National Cancer Register,
2012 through 2023. Adjusted hazard ratios (HRs) were estimated via Cox regression using TNFi
as reference.
Results: We identified 21,756 unique patients with RA. Based on 155 incident KC with JAKi, 458
with non-TNFi and 766 with TNFi, the HR for JAKi vs TNFi was 1.39 (1.16-1.68), corresponding
to 1 extra KC case per every 244 patients per year. For non-TNFi vs TNFi, the HR was 0.96
(0.86-1.08). By subtype, the HR for JAKi vs TNFi was 1.41 (1.13-1.75) for basal cell carcinoma
and 1.49 (1.09-2.05) for squamous cell carcinoma (SCC). For abatacept vs etanercept, the HR
for SCC was 1.48 (1.11-1.97). The HR for a second primary KC was 1.31 (0.94-1.82) for JAKi
and 0.94 (0.75-1.17) for non-TNFi bDMARD vs TNFi.
Conclusions: Patients treated with JAKi have an elevated risk of KC compared with patients
treated with TNFi. Although the class of non-TNFi bDMARD:s is not associated with increased
KC risk, we repeated a drug-specific signal of increased risk for SCC with abatacept.

INTRODUCTION common malignancy in the general population and comprises
the vast majority of all ‘nonmelanoma skin cancers’ [1]. Estab-

Keratinocyte cancer (KC), with its 2 main subtypes, basal cell lished risk factors for KC include skin complexion, exposure to
cancer (BCC) and squamous cell skin cancer (SCC), is the most UV radiation, and therapeutic immunosuppression such as
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WHAT IS ALREADY KNOWN ON THIS TOPIC

¢ Patients with rheumatoid arthritis (RA) are at increased risk of
keratinocyte cancer (KC, a.k.a. nonmelanoma skin cancer) com-
pared with the general population. Whether this increased risk
varies with biologic or targeted synthetic disease-modifying
antirheumatic drug (b/tsDMARDs) treatment is unknown,
especially for Janus kinase inhibitors (JAKi). For abatacept, sig-
nals of a possible risk increase have been reported.

WHAT THIS STUDY ADDS

* For JAKi, we noted a higher incidence of first ever as well as sec-
ond primary KC compared with tumour necrosis factor inhibitor
(TNFi), which in turn showed a higher incidence than b/
tsDMARD-naive RA, among which the incidence was higher
than that in the general population. In absolute terms, these
increased KC risks would translate into 1 extra case of a first pri-
mary KC per year per every: 244 patients treated with JAKi vs
TNFi, 667 patients treated with TNFi vs b/tsDMARD-naive RA,
and 526 individuals with b/tsDMARD-naive RA vs the general
population. For the class of non-TNFi bDMARDs, no overall risk
increase was observed; however, the signal for squamous cell
skin cancer in patients treated with abatacept was repeated.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* Our study supports the Oral Rheumatoid Arthritis Trial (ORAL)
surveillance trial signal of an increased risk for KC with tofaciti-
nib, extending it to the class of JAKi vs TNFi. We provide rela-
tive and absolute risk data on subtype-specific, second primary
KC and time-dependent risks by time in relation to other b/
tsDMARDs, and contextualise these risks by providing informa-
tion on the relative and absolute scale on KC risks in b/
tsDMARD-naive RA and in the general population. Regular skin
cancer screening may be advisable, especially in patients with
prior KC starting treatment with b/tsDMARDs.

following organ transplantation [2—4]. In contrast to their high
—and increasing—incidence, the mortality from KC is low, in
the order of <1 per 100,000 cases [5]. Previous studies in
patients with rheumatoid arthritis (RA) naive to biologic/tar-
geted synthetic disease-modifying antirheumatic drugs (b/
tsDMARDs) have reported a 20%-80% increased risk of KC com-
pared with the general population [6—9]. Concerns have been
raised that the immune-modulatory properties of b/tsDMARDs
might further increase the already elevated KC risk in RA [10].
For tumour necrosis factor inhibitor (TNFi), several studies have
examined risks of KC, with somewhat inconsistent results; some
studies pointing towards increased risks [11,12], others not
[6,13]. Data on KC risks in relation to treatment with non-TNFi
bDMARDs are scarce, and as with TNFi, results are somewhat
conflicting. For abatacept, a meta-analysis of 6 observational
studies did not find a statistically increased risk of KC (hazard
ratio [HR]: 1.11, 95% CI: 0.98-1.26) compared with other b/
tsDMARD [14]. However, a previous study from our group
found an increased risk of KC with abatacept vs TNFi (HR: 2.12,
95% CIL: 1.14-3.95) [15]. A meta-analysis by Xie et al [16]
reported no signals of increased risks with rituximab and tocili-
zumab.

For Janus kinase inhibitors (JAKi), the Oral Rheumatoid
Arthritis Trial (ORAL) surveillance safety trial found a signal of
an almost doubled risk of KC with tofacitinib compared
with TNFi. The extent to which this signal is study-, drug-, or
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class-specific remains unclear [17]. In a previous study from our
group, based on 1967 JAKi-treated patients with RA followed for
a median of 1.95 years, we reported an increased risk of KC (HR:
1.39, 95% CI: 1.01-1.91) based on 59 KC events in the JAKi
cohort vs TNFi [18]. By contrast, a meta-analysis by Olivera et al
[19] and 2 (shorter) recent observational US cohort studies
[20,21] found no increased risk of KC with JAKi treatment. So
far, available studies on risks for KC with JAKi vs TNFi have not
presented data by subtype (SCC or BCC). Similarly, whether the
association between JAKi and KC is similar or different in
patients with a history of KC is not studied. The latter is highly
clinically important for risk mitigation strategies, especially since
the baseline absolute risks of KC are about 2- to 10-fold higher in
individuals with a history of KC [7—9,22].

The primary aim was to estimate the incidence of KC overall
and by subtypes in patients with RA initiating JAKi or non-TNFi
bDMARDs compared with TNFi. Our secondary aim was to esti-
mate the risk of a second primary KC in patients with RA who
had a history of KC before their b/tsDMARD treatment start. To
contextualise our findings, we put these incidences in relation to
those in patients with b/tsDMARD-naive RA and to those in the
general population.

METHODS
Design and setting

We performed a nationwide cohort study (January 1, 2012
through December 31, 2023) using the Swedish Rheumatology
Quality Register (SRQ) linked to the National Cancer Register
and other national registers (Supplementary Table S1).

Participants

We identified all individuals in Sweden above 18 years of age
registered with a diagnosis of RA in SRQ and/or in the National
Patient Register (NPR) (Supplementary Table S2). To minimise
misclassification, we required 2 or more registrations with a diag-
nosis code for RA in NPR. At least 1 of these visits had to be from
an internal medicine or rheumatology department. The second of
the 2 visits served as the date of inclusion. Through this, we iden-
tified virtually all patients with RA alive in Sweden during the
study period. For comparison purposes, we also identified a ran-
dom sample of individuals from the general population.

Exposure

In SRQ, we identified all treatment initiations for all individ-
ual b/tsDMARDs: (i) JAKi (baricitinib, filgotinib, tofacitinib,
and upadacitinib), (ii) non-TNFi bDMARD (abatacept, rituxi-
mab, sarilumab, and tocilizumab), and (iii) TNFi (adalimumab,
certolizumab pegol, etanercept, golimumab, and infliximab).
We used the Prescribed Drug Register (PDR) to verify that treat-
ment episodes recorded in SRQ corresponded to actually dis-
pensed drugs. In analyses by drug class, each individual drug
initiation (the first treatment episode of each individual b/
tsDMARD) was included. Accordingly, patients who initiated
treatment with 1 JAKi and later with a second (different) JAKi
contributed both treatment episodes to the JAKi class. Similarly,
a patient who was first treated with, eg, etanercept, then with
rituximab, followed by upadacitinib contributed to the TNFj,
non-TNFi, and JAKi classes, respectively. Nonmedical switch to
the same drug (originator to biosimilar) was not counted as a
treatment discontinuation. Treatment interruptions shorter than
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90 days (183 days for rituximab) were considered as the same
treatment episode. Patients with RA unexposed to b/tsDMARDs
were considered as b/tsDMARD-naive up until their first start of
a b/tsDMARD, but not thereafter and thus censored from the b/
tsDMARD-naive cohort at that time point.

Follow-up

The start of follow-up for each treatment exposure cohort was
the date of treatment initiation. Start of follow-up for the b/
tsDMARD-naive cohort was the first date of entry criteria fulfil-
ment during the study period, provided the patient was b/
tsDMARD naive at this date. For the general population subjects,
the start of follow-up was the date of the matched patient’s first
treatment initiation. We applied an ever-treated approach in
which each individual was followed until any occurrence of the
outcome, death, emigration from Sweden, or the end of the
study period. Thus, 1 outcome could be attributed to more than
1 treatment.

Outcomes

Outcomes were defined as first ever: (i) KC of any subtype,
(ii) any SCC, (iii) in situ SCC, (iv) invasive SCC, and (v) BCC. In
the main analysis, patients with a history of any previous inva-
sive cancer (including KC) were excluded (Supplementary Table
S3). Individuals who, during follow-up, developed a cancer
other than the 1 under study were not censored. SCC was identi-
fied through ICD codes in the National Cancer Register. BCC
was identified through the BCC register (Supplementary Table
S4). For the analysis of the second primary KC, we performed
the same analyses but restricted to patients with a history of a
first KC (of any subtype) before treatment start.

Statistical methods

For each cohort, we calculated crude and age- and sex-stand-
ardised incidence rates, weighted against the age/sex distribu-
tion in the TNFi cohort. We used Cox proportional hazards
models to estimate HRs using time since treatment initiation as
time scale. In the class-specific analysis, we used the class of
TNFi as reference. In the drug-specific analysis, we used etaner-
cept as a reference. Models were first adjusted for age and sex.
Fully adjusted HRs were additionally adjusted for line of ther-
apy, comorbidities (diabetes, heart failure, ischaemic heart dis-
ease, hospitalised infections, lung disease, kidney failure, joint
surgery, organ transplantation, and benign skin disorders), dis-
ability and sick leave, educational level, use of concomitant
medications (csDMARD, steroids, and topical steroid creams),
RA disease-related factors (DAS28CRP, disease duration, and
seropositivity), and smoking status (Supplementary Table S5).
HRs were not estimated where the number of observed events in
each cohort was less than 5. Supplementary Table S6 describes
missing data. We applied a missing indicator approach where
missing data for a variable were coded as a separate category. In
addition, we conducted alternative analyses using a complete
case approach as well as a sensitivity analysis excluding varia-
bles with non-negligible proportions of missing (here:
DAS28CRP, CRP, and smoking) and performed a sensitivity
analysis with an IPTW weighted model for the main outcome
and subtypes (Supplementary Tables S7-S9). As a measure of
absolute risk increase, approximate numbers needed to harm
were calculated as: 1/(age- and sex-standardised incidence rate
in the exposed group—age- and sex-standardised incidence rate
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in the referent group, assuming stable incidences over time
[23]. Stata 16.1 and R 4.5.1 were used for the analyses.

Additional analyses

We performed analyses stratified by time since treatment ini-
tiation (0 to <1 year, 1 to <2 years, 2 to <3 years, 3 to <4 years,
4 to <5 years, and >5 years), by age at treatment initiation (18-
59, 60-74, and 75 + years of age), by number of previously initi-
ated b/tsDMARDs (0, 1-2, and >3) and by time on active treat-
ment (0 to <1 year, 1 to <2 years, 2 to <3 years, 3 to <4 years, 4
to <5 years, and >5 years). We limited the study period to Janu-
ary 1, 2017-2020 and 2017-2023, respectively. We restricted
the analyses to individuals who had accumulated at least 1 year
of continuous treatment, thus starting follow-up at day 366. We
evaluated a 90- and 180-day lag period, and changed the main
analysis from ever-treated to an on-drug analysis in which fol-
low-up ended at the discontinuation of the treatment episode in
question. The study was approved by the Swedish Ethics Review
Authority 2023-03804-01.

Patients and public involvement

Patients and/or the public were not involved in the design, or
conduct, or reporting, or dissemination plans of this research.

RESULTS

We identified a total of 21,756 unique individuals with RA,
without any history of organ transplantation or any history of
previous cancer, who started at least 1 b/tsDMARD. Of these,
2936 initiated a JAKi, 7280 a non-TNFi bDMARD, and 15,359 a
TNFi. A total of 5834 patients contributed to more than
1 b/tsDMARD cohort. We identified 65,218 patients who con-
tributed to the b/tsDMARD-naive cohort (14,212 of these also
contributed to the b/tsDMARD cohorts). For each b/tsDMARD
treatment initiation, 5 general population comparators
(n = 163,909) from the total population register were identi-
fied, which are matched based on age, sex, and vital status at
the date of at the date of first identification of RA. In the main
analysis, the median (IQR) follow-up times were 3.8 years (2.2-
5.3) for JAKi initiators, 6.6 years (3.4-9.1) for non-TNFi
bDMARD, and 5.8 years (3.0-8.9) for TNFi (Table 1 and Supple-
mentary Table S10).

Occurrence, relative, and absolute risks of first-ever KC

The age- and sex-standardised incidence rates in the
3 b/tsDMARD cohorts were all higher than in the b/tsDMARD-
naive cohort, with 12.9/1000-person-years for JAKi, 9.1 for
non-TNFi bDMARDs, 8.8 for TNFi, and 7.3 for b/tsDMARD-
naive RA, which in turn was higher than the 5.4 for the general
population subjects (Table 2). For JAKi vs TNFi, the fully
adjusted overall HR was 1.39 (1.16-1.68), corresponding to 1
additional case of KC for every 244 patients treated with JAKi
vs a TNFi per year (Table 2). For non-TNFi bDMARDs vs TNFi,
the corresponding HR was 0.96 (0.86-1.08). Comparing the
pattern of fully adjusted HRs from the main model with the 3
alternative Cox models suggested small between-model varia-
tions, taking statistical precision into account (Supplementary
Table S7).
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Baseline characteristics of the study cohorts of Swedish patients with RA initiating b/tsDMARD treatment

Cohort No. of No.of Median follow-up, y Age (y), Female, Disease No. of treatment No. of treatment No. treatment
treatment patients (IQR [25th percentile- median % duration (y), episodes 0 episodes 1-2 episodes 3+
episodes 75th percentile]) median previous previous previous

b/tsDMARDs b/tsDMARDs b/tsDMARDs

JAKi 3416 2936  3.8(2.2-5.3) 58 81 12.6 392 1265 1279

Baricitinib 1798 1716 4.7 (3.6-5.5) 59 81 12.3 249 695 772

Filgotinib 152 89 0.6 (0.3-0.9) 54 76 11.8 6 50 33

Tofacitinib 462 339 4.9 (3.3-6.2) 57 78 12.0 49 121 169

Upadacitinib 1004 792 2.0 (1.4-2.6) 57 81 12.4 88 399 305

Non-TNFi bDMARD 9381 7280 6.6 (3.4-9.1) 61 78 10.5 1931 3936 1412

Abatacept 3465 2750 6.0 (2.7-8.8) 61 79 10.8 635 1512 603

Rituximab 2917 2310 6.9 (4.3-9.4) 63 75 11.4 880 1114 316

Sarilumab 629 378 1.6 (2.5-3.9) 60 77 9.7 41 237 100

Tocilizumab 2371 1842  7.5(4.6-9.6) 58 79 9.5 375 1073 393

TNFi 20,065 15,359 5.8 (3.0-8.9) 57 76 6.1 12,211 2338 495

Adalimumab 7212 5284  3.2(1.8-4.9) 57 75 5.6 4007 786 153

Certolizumab 1591 1213 9.9 (8.2-10.9) 55 80 7.7 824 271 119

Etanercept 7776 6071 5.9 (3.6-7.7) 57 77 5.9 5186 816 88

Golimumab 1401 1063 9.3(8.4-10.5) 57 76 8.6 656 310 97

Infliximab 2085 1728  8.0(6.1-10.2) 57 74 5.7 1538 155 38

bDMARD, biologic disease-modifying antirheumatic drug; JAKi, Janus kinase inhibitor; TNFi, tumour necrosis factor inhibitor; tsDMARD, targeted synthetic disease-

modifying antirheumatic drug.

Extended information on baseline characteristics is provided in Supplementary Table S10.

Occurrence, relative, and absolute risks of first-ever KC—Dby time
since treatment initiation

Table 3 presents analyses stratified by time since treatment
initiation. Figure displays the corresponding Kaplan-Meier fail-
ure curve. For JAKi vs TNFi, numerically increased risks were
found in most follow-up intervals after around 15 months. At
4 years, patients treated with JAKi (4.9% crude cumulative inci-
dence) had a 2.4% higher absolute risk of KC vs TNFi and its
2.5% crude cumulative incidence, corresponding to 1 extra KC
case for every 41 patients treated with JAKi instead of TNFi for
4 years. For non-TNFi bDMARD vs TNFi, we observed no pattern
of increased risk in any of the time intervals.

Occurrence, relative, and absolute risks of first-ever KC—by
subtype

For SCC, the fully adjusted HR for JAKi vs TNFi was 1.49
(1.09-2.05) and 1.10 (0.91-1.32) for non-TNFi bDMARD vs
TNFi. For BCC, the fully adjusted HR for JAKi vs TNFi was 1.41
(1.13-1.75) and 0.92 (0.80 -1.05) for non-TNFi bDMARD vs
TNFi (Table 2).

Occurrence, relative risk of first-ever KC of any subtype—by
individual b/tsDMARDs

Table 4 and Supplementary Table S11 display the fully
adjusted HR for KC by individual b/tsDMARDs using etanercept
as reference. For all KC, we noted increased HRs for baricitinib
1.50 (1.19-1.89), tofacitinib 1.69 (1.16-2.45), and infliximab
1.27 (1.05-1.54). Regarding specific subtypes, SCC risk was
increased HRs for baricitinib 1.54 (1.03-2.30), abatacept 1.48
(1.11-1.97), and infliximab 1.45 (1.06-1.98). For BCC, we noted
increased HR with baricitinib 1.62 (1.24-2.12) and tofacitinib
1.79 (1.16-2.78). The above-mentioned signal for abatacept
appeared specific to SCC; HR: 1.52 (1.05-2.19) for in situ SCC
and 1.52 (0.99-2.33) for invasive SCC, whereas no increased
risk was found for BCC: 1.07 (0.87-1.33).
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Occurrence, relative, and absolute risk of second primary KC

Overall, the incidence rates of second primary KC were
approximately 10-fold higher than those for first-ever KC
(Tables 2 and 5). The fully adjusted HR for a second KC was
1.31 (0.94-1.82) for JAKi vs TNFi, corresponding to 1 extra case
per 17 patients per year. The corresponding HR for non-TNFi
bDMARD vs TNFi was 0.94 (0.75-1.17) (Table 5).

Additional analyses

Analyses by age at treatment initiation (Supplementary Table
S$12) and by previous number of b/tsDMARDs (Supplementary
Table S13) revealed a U-shaped risk pattern of HRs for all KC
and BCC. The results of analyses with a 90-day and 180-day
latency period (Supplementary Table S14), and those restricting
the study period to 2017-2020 and 2017-2023 (Supplementary
Table S15), also fell close to the main analysis. The on-drug anal-
ysis, the analyses by time on active treatment, and the analyses
restricted to individuals who had been on treatment for at least
1 year resulted in, if anything, higher HRs compared with the
main analysis (Supplementary Tables S16-518).

DISCUSSION

In this nationwide observational cohort study on risks of KC
in patients with RA in relation to b/tsDMARD treatment, we
confirmed an increased risk of KC in b/tsDMARD-naive RA vs
the general population and an increased risk in TNFi-treated vs
b/tsDMARD-naive RA. We observed that patients initiating
treatment with JAKi, but not patients initiating treatment with
the class of non-TNFi bDMARDs, had a higher incidence of KC
compared with those initiating a TNFi. However, drug-specific
analyses confirmed a signal for elevated SCC risk with abata-
cept. Additional analyses suggested that the elevated KC inci-
dence with JAKi was a class rather than drug-specific effect, that
it applied (at least numerically) also to patients with a history of
a previous KC, and that it remained or was accentuated with
increasing follow-up or time since treatment initiation.
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Table 2

Number of treatment episodes, incident events, incidences, and relative risks of first primary KC, overall and by KC subtype

Cohort No. of No.of No.of Crudeincidence Age/sex- Age-sex Fully No. needed to harm
treatment patients events per 1000 PY standardised adjusted HR" adjusted HR" (1 extra KC case per 1-y
episodes incidence per treatment vs reference)

1000 PY

Al KC

JAKi 3416 2936 155 14.7 12.9 1.67 (1.40-1.99) 1.39(1.16-1.68) JAKi vs TNFi = 244

Non-TNFi bDMARD 9381 7279 458 10.4 9.1 1.04 (0.93-1.17) 0.96 (0.86-1.08) n/a

TNFi 20,065 15,044 766 8.8 8.8 1 (reference) 1 (reference) TNFi vs b/tsDMARD-naive

RA = 667
b/tsDMARD-naive RA 65,218 65,218 5027 8.8 7.3 0.75 (0.69-0.80) n/a b/tsDMARD-naive RA vs gen
pop = 526

General population 163,909 163,909 4016 5.5 5.4 0.61 (0.57-0.66) n/a n/a

All SCC

JAKi 3416 2936 55 5.2 4.2 1.80 (1.35-2.42) 1.49 (1.09-2.05) JAKi vs TNFi = 833

Non-TNFi bDMARD 9381 7279 196 4.4 3.8 1.21 (1.00-1.45) 1.10(0.91-1.32) n/a

TNFi 20,065 15,044 271 3.0 3.0 1 (reference) 1 (reference) TNFi vs b/tsDMARD-naive

RA = 3333
b/tsDMARD-naive RA 65,218 65,218 2057 3.5 2.7 0.75 (0.66-0.86) n/a b/tsDMARD-naive RA vs gen
pop = 909

General population 163,909 163,909 1206 1.6 1.6 0.52(0.45-0.59) n/a n/a

In situ SCC

JAKi 3416 2936 42 3.9 3.1 2.52(1.80-3.55) 2.06 (1.43-2.98) JAKivs TNFi = 714

Non-TNFi bDMARD 9381 7279 113 25 2.2 1.20 (0.94-1.52) 1.16 (0.93-1.46) n/a

TNFi 20,065 15,044 158 1.8 1.7 1 (reference) 1 (reference) TNFi vs b/tsDMARD-naive

RA = 10,000
b/tsDMARD-naive RA 65,218 65,218 1164 1.9 1.6 0.70 (0.59-0.84) n/a b/tsDMARD-naive RA vs gen
pop = 1429

General population 163,909 163,909 659 0.8 0.9 0.48 (0.40-0.58) n/a n/a

Invasive SCC

JAKi 3416 2936 21 1.9 1.8 1.77 (1.11-2.82) 1.20(0.75-1.93) JAKi vs TNFi = 2000

Non-TNFi bDMARD 9381 7279 92 2.0 1.7 1.33(1.01-1.75) 1.05(0.79-1.38) n/a

TNFi 20,065 15,044 115 1.3 1.3 1 (reference) 1 (reference) TNFi vs b/tsDMARD-naive

RA = 5000
b/tsDMARD-naive RA 65,218 65,218 879 1.5 1.1 0.68 (0.56-0.83) n/a b/tsDMARD-naive RA vs gen
pop = 2000

General population 163,909 163,909 497 0.6 0.6 0.49 (0.40-0.60) n/a n/a

BCC

JAKi 3416 2936 113  10.6 9.6 1.65 (1.35-2.02) 1.41 (1.13-1.75) JAKi vs TNFi = 526

Non-TNFi bDMARD 9381 7279 312 7.0 6.2 0.97 (0.84-1.11) 0.92(0.80-1.05) n/a

TNFi 20,065 15,044 568 6.5 6.5 1 (reference) 1 (reference) TNFi vs b/tsDMARD-naive

RA = 833
b/tsDMARD-naive RA 65,218 65,218 3622 6.3 5.3 0.75 (0.68-0.82) n/a b/tsDMARD-naive RA vs gen
pop = 909
General population 163,909 163,909 3102 4.3 4.2 0.65 (0.59-0.70) n/a n/a

b/tsDMARD, biologic/targeted synthetic disease-modifying antirheumatic drug; BCC, basal cell carcinoma; csDMARD, conventional synthetic disease-
modifying antirheumatic drugs; DAS28CRP, disease activity score 28-joint count C reactive protein; HR, hazard ratio; JAKi, Janus kinase inhibitor; KC,
keratinocyte cancer; n/a, analyses not performed; PY, person-years; RA, rheumatoid arthritis; SCC, squamous cell carcinoma; TNFi, tumour necrosis factor

inhibitor.
@ Age-sex adjusted HR was adjusted for age and sex.

b Fully adjusted HR: HR was adjusted for age, sex, line of therapy, disability and sick leave, comorbidities (diabetes, heart failure, ischaemic heart dis-
ease, hospitalised infections, lung disease, kidney failure, joint surgery, organ transplantation, benign skin disorders), disability and sick leave, socioeco-
nomic status, educational level, use of concomitant medications (csDMARDs, steroids and topical steroid cream), RA disease-related factors (DAS28CRP,
disease duration, seropositivity), calendar year, smoking status and with missing categories included for those variables with missing information.

Our observation that patients with RA treated with JAKi had
an increased risk of KC (of any subtype) compared with TNFi
blends well with findings from the ORAL surveillance trial,
which reported close to doubled risk for KC with tofacitinib
compared with etanercept or adalimumab. That trial included
patients with at least 1 cardiovascular risk factor failing metho-
trexate and who were largely b/tsDMARD-naive (89%) [17].
Conversely, our JAKi cohort had considerably more b/tsDMARD
exposures (12% b/tsDMARD-naive), suggesting that the associa-
tion observed in the ORAL surveillance trial was not limited to
the trial population under study but was also detectable in a
real-world setting. However, a meta-analysis by Olivera et al
[19] of (considerably shorter) JAKi trials did not find a statisti-
cally significant risk for KC in patients with RA (pooled analysis
from 11 RA trials) treated with JAKi (1.12, 95% CI: 0.39-3.24).
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Two observational cohort studies from the United States, where
the follow-up times for JAKi were 2.3 years and less than 1 year,
respectively, did not find any increased risk of KC with tofaciti-
nib vs other bDMARDs (HR: 1.02, 95% CI: 0.69-1.50) and vs
TNFi (HR: 1.15, 95% CIL: 0.96-1.39), respectively [20,21]. In a
previous report from our group, we described an increased risk
for KC in patients with RA treated with JAKi vs TNFi (HR: 1.39,
95% CI: 1.01-1.91). Our current study, performed in a consider-
ably extended dataset with more individuals treated with JAKi
(2936 vs 1967), longer median follow-up time for JAKi
(3.8 years vs 1.95 years) and more than twice as many incident
KC events in the JAKi class (155 vs 59) as in our previous assess-
ment confirms and strengthens this signal [18].

Our current study included analysis by KC subtype. We
observed an increased risk for BCC with JAKi. For SCC, the
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Table 3

Relative risks for first-ever KC by time since treatment initiation and KC subtype

0-ly 1-2y 2-3y 34y 4-5y 5+y
Cohort Fully adjusted Fully adjusted Fully adjusted Fully adjusted Fully adjusted Fully adjusted
HR"/no. events HR"/no. events HR?/no. events HR?/no. events HR"/no events HR"/no events
AllKC
JAKi 0.78 (0.51-1.20) 1.81 (1.27-2.58) 1.95(1.35-2.82) 1.45 (0.95-2.20) 1.78 (1.13-2.78) 1.0 (0.50-1.97)
n=25 n =45 n =41 n=29 n=25 n=9
Non-TNFi 0.81 (0.61-1.10) 1.20 (0.90-1.60) 1.37(1.03-1.81) 0.89 (0.66-1.20) 0.97 (0.70-1.33) 0.87 (0.72-1.04)
bDMARD n =70 n = 82 n =90 n =67 n = 64 n =199
TNFi 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
n = 142 n =116 n =110 n=122 n = 106 n = 371
All SCC
JAKi 0.79 (0.37-1.70) 3.13(1.74-5.62) 1.80 (0.97-3.35) 1.28 (0.58-2.80) 2.20(1.08-4.41) n/an<5
n=2_8 n =20 n=15 n=_8 n=11
Non-TNFi 0.82(0.49-1.37) 1.63(0.98-2.75) 1.76 (1.14-2.71) 0.89 (0.52-1.53) 0.85 (0.49-1.48) 1.03 (0.80-1.34)
bDMARD n =23 n = 30 n = 46 n =21 n=21 n = 106
TNFi 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
n =42 n =28 n = 40 n=35 n = 36 n =154
In situ SCC
JAKi 1.02 (0.41-2.50) 4.14 (2.00-8.58) 2.27 (0.98-5.24) 1.70 (0.66-4.37) 2.45 (1.10-5.49) n/an = <5
n==6 n=15 n=9 n==6 n=9
Non-TNFi 0.85(0.43-1.68) 0.83(0.36-1.97) 2.42(1.33-4.43) 1.18 (0.60-2.32) 0.47 (0.21-1.06) 1.19(0.85-1.64)
bDMARD n=13 n=2_8 n =28 n=15 n=_8 n=73
TNFi 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
n =23 n=15 n=18 n =19 n=25 n =93
Invasive SCC
JAKi n/an<5 2.70 (1.16-6.30) 1.54 (0.66-3.56) n/an<5 n/an<5 n/an<5
n=10 n=3_8
Non-TNFi 0.58 (0.22-1.55) 1.79 (0.86-3.70) 1.30 (0.69-2.48) n/an<5 1.10 (0.49-2.50) 0.92 (0.64-1.35)
bDMARD n==6 n=17 n=19 n=11 n =53
TNFi 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
n=14 n=13 n = 20 n=11 n=13 n=77
BCC
JAKi 0.92 (0.56-1.50) 1.48 (0.95-2.30) 2.13(1.38-3.28) 1.52 (0.94-2.46) 1.54 (0.90-2.6) 1.32 (0.66-2.66)
n =20 n =27 n = 30 n =22 n=17 n=9
Non-TNFi 0.83 (0.59-1.18) 1.07 (0.76-1.50) 1.16 (0.82-1.67) 0.96 (0.69-1.36) 0.99 (0.70-1.41) 0.79 (0.64-0.98)
bDMARD n =49 n =54 n=>52 n =53 n=>51 n =129
TNFi 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference) 1 (reference)
n = 103 n = 90 n=178 n =93 n = 86 n =272

BCC, basal cell carcinoma; bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional synthetic disease-modifying anti-
rheumatic drugs; DAS28CRP, disease activity score 28-joint count C reactive protein; JAKi, Janus kinase inhibitor; KC, keratinocyte cancer, n/a,
analyses not performed; PY, person-years; RA, rheumatoid arthritis; SCC, squamous cell carcinoma; TNFi, tumour necrosis factor inhibitor.

@ Fully adjusted HR: HR was adjusted for age, sex, line of therapy, disability and sick leave, comorbidities (diabetes, heart failure, ischaemic heart
disease, hospitalised infections, lung disease, kidney failure, joint surgery, organ transplantation, and benign skin disorders), disability and sick
leave, socioeconomic status, educational level, use of concomitant medications (csDMARDs, steroids, and topical steroid cream), RA disease-related
factors (DAS28CRP, disease duration, and seropositivity), calendar year, smoking status, and missing categories included for those variables with

missing information.

results were mixed, with significant risks observed for all SCC
and in situ but not for invasive SCCs. To our knowledge, sub-
type-specific analyses for JAKi vs TNFi have not been presented
previously, but relative risks by KC subtype have been studied in
patients with RA naive to b/tsDMARDs compared with the gen-
eral population; a Danish study by Mellemkjaer et al [9]
reported elevated risks for BCC (RR 1.3, 95% CI: 1.1-1.4) as well
as for SCC (RR: 1.4, 95% CI: 1.1-1.9). Also, a previous study
from our group reported similar results with a fully adjusted HR
of 1.22 (95% CI: 1.07-1.41) for BCC and 1.88 (95% CI: 1.74-
2.03) for SCC [8]. There are also studies on TNFi compared with
patients with b/tsDMARD-naive RA; a British cohort study by
Mercer et al [7] did not find increased risks for BCC (HR: 0.95,
95% CI: 0.53-1.71) nor for SCC (HR: 1.16, 95% CI: 0.35-3.84).
Similarly, a previous study by our group did not confirm any ele-
vated risk for SCC (but for BCC) with TNFi (HR: 1.09, 95% CI:
0.84-1.42) [8,15].

When stratifying our analysis by time since treatment initia-
tion, we observed that the risk curves (JAKi vs TNFi) started to
deviate at approximately 15 months, similar to the findings
from the German RABBIT registry study regarding overall
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malignancy, by Schaefer et al [24], underscoring the need for
sufficient observation time to capture the latency period of
malignancies associated with JAKi treatment.

A further observation in our study was that the increased risk
of KC was specific to the class of JAKi and not to non-TNFi
bDMARDs (rituximab, abatacept, tocilizumab, and sarilumab).
However, drug-specific analysis revealed a safety signal for aba-
tacept. While the pooled results for abatacept (all KC) were reas-
suring, we identified an increased risk of SCC with abatacept vs
etanercept. This finding replicates a previous signal reported by
our group, which showed a doubled risk of SCC (based on 17
events) in patients treated with abatacept vs TNFi [15]. Our cur-
rent study, using a considerably larger dataset, strengthens the
evidence for an association between abatacept and SCC, noting
that the risk increase was specific to SCC (both in situ and inva-
sive) with no corresponding signal for BCC. By contrast, a recent
study by Simon et al [14] presenting pooled estimates from 6
observational studies did not show an increased risk for KC in
patients with RA treated with abatacept compared with other b/
tsDMARDs. Finally, all b/tsDMARD-exposed cohorts had higher
incidence rates for KC overall compared with b/tsDMARD-naive
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Figure. Kaplan-Meier failure estimate curve (age/sex-standardised cumulative incidence) for first primary KC, in patients with RA initiating treatment
with JAKi, TNFi, or non-TNFi bDMARDs. bDMARD, biologic synthetic disease-modifying antirheumatic drug; JAKi, Janus kinase inhibitor; KC, kerati-
nocyte cancer; RA, rheumatoid arthritis; TNFi; tumour necrosis factor inhibitor.

patients, who in turn had higher rates than the general popula-
tion.

Among patients with a history of KC before treatment start,
we observed a signal of increased risk of a second primary KC
(JAKi vs TNFi). Data on the risk of a second primary KC are so
far limited. This remains a clinically relevant group to identify,
as individuals with RA and a history of KC represent a potential

Table 4

risk group when considering further immunosuppressive treat-
ment.

Our study has some limitations. Although skin complexion
and exposure to UV radiation are well-known risk factors for
KC, we did not have information on these. That said, to bias the
HRs in the between-drug analyses, patients treated with JAKi,
TNFi, and non-TNFi bDMARDs would need to have different UV

Number of treatment episodes, incident events, incidences and relative risks of a first-ever KC, by individual b/tsDMARDs using

etanercept as reference

Cohort No. of treatment No.of No.of Crudeincidence Age/sex-standardised Age-sex adjusted HR” Fully adjusted HR®
episodes patients events per 1000 PY incidence per 1000 PY
AllKC
Baricitinib 1798 1716 113 15.2 13.2 1.74 (1.40-2.18) 1.50(1.19-1.89)
Filgotinib 152 89 0 n/a n/a n/a n/a
Tofacitinib 463 339 25 16.6 15.3 2.12(1.41-3.18) 1.69 (1.16-2.45)
Upadacitinib 1004 792 17 11.1 10.3 1.59 (0.97-2.61) 1.23 (0.77-1.96)
Abatacept 3465 2750 178 115 10.4 1.23(1.02-1.48) 1.15 (0.96-1.38)
Rituximab 2917 2310 170 11.4 9.1 1.10(0.91-1.34) 1.03 (0.86-1.24)
Sarilumab 629 378 8 7.9 6.9 1.04 (0.51-2.09) 0.91 (0.53-1.55)
Tocilizumab 2370 1841 102 8.2 8.2 0.96 (0.76-1.20) 0.89 (0.72-1.10)
Adalimumab 6796 4946 160 8.0 8.4 1.03(0.85-1.25) 1.05 (0.89-1.26)
Certolizumab 1591 1214 99 9.3 9.9 1.17 (0.89-1.40) 1.12(0.90-1.39)
Etanercept 7776 6090 284 8.3 8.3 1 (reference) 1 (reference)
Golimumab 1401 1063 89 9.7 9.7 1.17 (0.92-1.49) 1.09 (0.87-1.37)
Infliximab 2086 1731 134 10.4 10.2 1.18 (0.96-1.45) 1.27 (1.05-1.54)

BCC, basal cell carcinoma; b/tsDMARD, biologic/targeted synthetic disease-modifying antirheumatic drug; csDMARD, conventional syn-
thetic disease-modifying antirheumatic drugs; DAS28CRP, disease activity score 28-joint count C reactive protein; HR, hazard ratio; KC,
keratinocyte cancer; n/a, analyses not performed; PY, person-years; RA, rheumatoid arthritis.

Extended information on KC by each outcome definition; all KC, all SCC, in situ SCC, invasive SCC, and BCC, is presented in Supplemen-
tary Table S11.

@ Age-sex adjusted HR was adjusted for age and sex.

b Fully adjusted HR: HR was adjusted for age, sex, line of therapy, disability and sick leave, comorbidities (diabetes, heart failure,
ischaemic heart disease, hospitalised infections, lung disease, kidney failure, joint surgery, organ transplantation, and benign skin disor-
ders), disability and sick leave, socioeconomic status, educational level, use of concomitant medications (csDMARD, steroids and topical
steroid cream), RA disease-related factors (DAS28CRP, disease duration, seropositivity), calendar year, smoking status, and missing cate-
gories included for those variables with missing information.
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Number of treatment episodes, events, incidences, and relative risks of a second KC, in individuals with a history of a primary KC

Cohort No. of No.of No.of Crudeincidence Age/sex-standardised Age-sex Fully No. needed to harm
treatment patients events per 1000 PY incidence per 1000 PY adjusted HR" adjusted HR" (1 extra KC case per 1-y
episodes treatment vs reference)

AllKC

JAKi 222 190 83 145.0 150.9 1.48 (1.17-1.89) 1.31(0.94-1.82) JAKivs TNFi = 17

Non-TNFi bDMARD 614 508 208 94.6 92.5 0.99 (0.83-1.17) 0.94 (0.75-1.17) n/a

TNFi 948 779 317 927 92.7 1 (reference) 1.0 (reference)  TNFi vs b/tsDMARD-naive
RA = 63

b/tsDMARD-naive RA 2800 2800 1247 82.0 76.8 0.85(0.74-0.97) n/a b/tsDMARD-naive RA vs gen
pop = 103

General population 6859 6859 1799 67.3 67.1 0.71 (0.62-0.81) n/a n/a

bDMARD, biologic disease-modifying antirheumatic drug; csDMARD, conventional synthetic disease-modifying antirheumatic drugs; DAS28CRP, disease activity
score 28-joint count C reactive protein; HR, hazard ratio; JAKi, Janus kinas inhibitor; KC, keratinocyte cancer; n/a, analyses not performed; PY; person-years; RA,
rheumatoid arthritis; TNFi, tumour necrosis factor inhibitor; tsDMARD, targeted synthetic disease-modifying antirheumatic drug.

# Age-sex adjusted HR was adjusted for age and sex.

b Fully adjusted HR: HR was adjusted for age, sex, line of therapy, disability and sick leave, comorbidities (diabetes, heart failure, ischaemic heart disease, hospi-
talised infections, lung disease, kidney failure, joint surgery, organ transplantation, and benign skin disorders), disability and sick leave, socioeconomic status, edu-
cational level, use of concomitant medications (csDMARD, steroids, and topical steroid cream), RA disease-related factors (DAS28CRP, disease duration, and
seropositivity), calendar year, smoking status, and missing categories included for those variables with missing information.

exposures, or skin types. We observed notable differences in
baseline characteristics, with JAKi initiators having longer dis-
ease duration and more extensive treatment history than TNFi
initiators. We adjusted for line of therapy and disease duration,
performed analyses stratified by previous b/tsDMARD use, and
employed alternative specifications of the Cox model, all of
which resulted in qualitatively similar main results. For the
main analysis, we used an ever-treated approach (mimicking an
‘intention to treat’) where follow-up stopped at the end of the
study period, death or migration, whichever occurred first.
However, many patients initiating JAKi therapy were previously
treated with TNFi, meaning that the HRs for JAKi, often used as
later line of therapy, also include person-time on other and pre-
ceding b/tsDMARDs, potentially skewing HRs downwards in an
ever-treated approach, attributing incident events to all preced-
ing drug exposures. To address this, we conducted a sensitivity
analysis using an on-drug approach (similar to an ‘as treated’
approach), which assesses risk linked to active treatment. This
more restrictive analysis resulted in reduced person-time and
fewer events, limiting its interpretability but did not challenge
the findings from the main analysis. To remove the influence of
biologically less plausible short induction times, we conducted
an additional sensitivity analysis restricting the analysis to
patients who remained on treatment for at least 365 days (start-
ing follow-up at day 366). This analysis did not weaken the HRs
for all KC and SCGC; if anything, the opposite.

A central question is whether malignancy risks in RA treated
with b/tsDMARD:s are driven by the medication or by the under-
lying inflammation, and the net balance between the 2. In our
study, both the JAKi group and the non-TNFi-bDMARD group
were likely more ‘refractory’ to treatment than the TNFi group,
yet while we observed a signal for KC in the JAKi group, none
was observed in the non-TNFi group (with the exception of SCC
risk with abatacept). The absence of a signal in the latter group
argues against (albeit does not demonstrate) that the observed
increase in risk with JAKi would only be a question about dis-
ease severity, but certainly does not exclude the possibility of an
interaction of the 2, here: that any (true) effects of JAKi on KC
risk would be particularly pronounced in patients with a higher
underlying KC risk due to factor associated with their more
severe RA.

Our study has several strengths. We used nationwide regis-
ters with high validity and coverage (SRQ, around 85% of all RA
in Sweden) [25]. Using SRQ, NPR, and PDR ensured accurate
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exposure data for the vast majority of Swedish patients with b/
tsDMARD-treated RA. Additionally, our median follow-up for
JAKi (3.8 years) is comparable to the ORAL surveillance trial
(4.0 years) [17]. We were additionally able to evaluate the risk
for KC by subtype (BCC and SSC), risks of KC in patients with
RA treated with JAKi or non-TNFi bDMARD per class and per
drug, and risks of KC in patients with a history of KC whose
baseline risk is 10-fold higher. Also, we performed several sensi-
tivity analyses that supported the robustness of our findings.

In conclusion, our results add to the concern regarding the
risk of developing KC (of any subtype and order) in patients
with RA treated with a JAKi compared with TNFi, with absolute
risk differences for a primary KC in the order of 4.9% (JAKi) vs
2.5% (TNFi) at 4 years of follow-up. By contrast, our results do
not link the class of non-TNFi bDMARDs with increased KC risks.
However, at the drug-specific level, we confirmed a signal for an
increased risk of SCC with abatacept. Considering that b/
tsDMARD-treated patients with RA are at increased risk for KC
compared to both b/tsDMARD-naive patients and the general
population, it would seem prudent to focus skin cancer vigilance
on advanced treatments in general rather than on specific drugs,
especially in patients with a history of KC.

Competing interests

VH has no competing interests to declare. KH is part-time
employed at the Swedish Medical Products Agency. The views
expressed in this paper are the personal views of the authors
and not necessarily the views of the Government agency. JA has
had or have research agreements with AbbVie, AstraZeneca,
BMS, Eli Lilly, MSD, Pfizer, Roche, Samsung Bioepis, Sanofi, and
UCB, mainly in the context of safety monitoring of biologics via
ARTIS/Swedish Biologics Register.

Acknowledgements

The following were members of the ARTIS Study Group dur-
ing study completion:

Katerina Chatzidionysiou (Department of Medicine Solna,
Karolinska Institutet), Alf Kastbom (Department of Biomedical
and Clinical Sciences, Linkoping University), Ann Knight
(Department of Medical Sciences, Uppsala University), Anna
Deminger (Department of Rheumatology and Inflammation
Research, Sahlgrenska Academy, University of Gothenburg),



V. Huss et al.

Anna Sodergren (Department of Public Health and Clinical Med-
icine/Rheumatology, Umea University, 901 87 Umea, Sweden),
Carl Turesson (Rheumatology, Department of Clinical Sciences,
Malmo, Lund University), Gerd-Marie Alenius (Department of
Public Health and Clinical Medicine/Rheumatology, Umea Uni-
versity), Helena Forsblad-d’Elia (Department of Rheumatology
and Inflammation Research, Sahlgrenska Academy, University
of Gothenburg), Eva Baecklund (Department of Medical Scien-
ces, Uppsala University), Johan Askling (Department of Medi-
cine Solna, Karolinska Institutet), Johan K. Wallman
(Department of Clinical Sciences Lund, Rheumatology, Skane
University Hospital, Lund University, Lund, Sweden.), Lars Klar-
eskog (Department of Medicine Solna, Karolinska Institutet),
Lotta Ljung (Department of Medicine Solna, Karolinska Institu-
tet), Nils Feltelius (Swedish Medical Products Agency, Depart-
ment of Public Health and Caring Sciences, Uppsala University),
and Valgerdur Sigurdardottir (Department of Rheumatology,
Falun Hospital, Centre for Clinical Research, Dalarna, Uppsala
University, Falun, Sweden).

We also would like to thank all Swedish patients with RA and
rheumatologists for entering data into the Swedish Rheumatol-
ogy Quality Register.

Contributors

VH, HB, MB, KH, TF, BD, DDG, and JA had full access to all
the data in the study and participated in the design of the study.
HB, MB, and VH conducted the statistical analyses. All authors
participated in designing the analyses and in the interpretation

of the results. All authors contributed to the drafting of the man-
uscript.

Funding

This work was supported by funding from the Karolinska
Institute Region Stockholm funds (FoUI-1000733), the Swedish
Research Council (2023-01827), the Swedish Cancer Society
(22 2208 Pj), Vinnova (2024-01145), ERA PerMed ScandRA
(2021-00757), and NORDFORSK (90825). TF was supported by

the Swedish Research Council (2021-01418). Funders had no
impact on the design or interpretation of the study or its results.

Patient consent for publication
Not applicable.
Ethics approval

The study was approved by the Swedish Ethics Review
Authority 2023-03804-01.

Provenance and peer review
Not commissioned; externally peer-reviewed.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.ard.2026.02.015.

Orcid

Viking Huss: http://orcid.org/0000-0002-9764-6435

Ann Rheum Dis 85 (2026) 1520—1529
REFERENCES

[1] Almahroos M, Kurban AK. Ultraviolet carcinogenesis in nonmelanoma skin
cancer. Part I incidence rates in relation to geographic locations and in
migrant populations. Skinmed 2004;3(1):29-35 quiz 35-6.

[2] Adami J, Gébel H, Lindelof B, Ekstrom K, Rydh B, Glimelius B, et al. Cancer

risk following organ transplantation: a nationwide cohort study in Sweden.

Br J Cancer 2003;89(7):1221-7.

Lindelof B, Sigurgeirsson B, Gabel H, Stern RS. Incidence of skin cancer in

5356 patients following organ transplantation. Br J Dermatol 2000;143

(3):513-9.

Leiter U, Eigentler T, Garbe C. Epidemiology of skin cancer. Adv Exp Med

Biol 2014;810:120-40.

Andersson EM, Paoli J, Wastensson G. Incidence of cutaneous squamous cell

carcinoma in coastal and inland areas of Western Sweden. Cancer Epidemiol

2011;35(6):e69-74.

Dreyer L, Mellemkjer L, Andersen AR, Bennett P, Poulsen UE, Juulsgaard

Ellingsen T, et al. Incidences of overall and site specific cancers in TNFa

inhibitor treated patients with rheumatoid arthritis and other arthritides - a

follow-up study from the DANBIO Registry. Ann Rheum Dis 2013;72(1):

79-82.

Mercer LK, Green AC, Galloway JB, Davies R, Lunt M, Dixon WG, et al. The

influence of anti-TNF therapy upon incidence of keratinocyte skin cancer in

patients with rheumatoid arthritis: longitudinal results from the British

Society for Rheumatology Biologics Register. Ann Rheum Dis 2012;71

(6):869-74.

Raaschou P, Simard JF, Asker Hagelberg C, Askling J, ARTIS Study Group.

Rheumatoid arthritis, anti-tumour necrosis factor treatment, and risk of squa-

mous cell and basal cell skin cancer: cohort study based on nationwide pro-

spectively recorded data from Sweden. BMJ 2016;352:i262.

Mellemkjaer L, Linet MS, Gridley G, Frisch M, Mgller H, Olsen JH. Rheuma-

toid arthritis and cancer risk. Eur J Cancer 1996;32A(10):1753-7.

[10] Balkwill F. Tumour necrosis factor and cancer. Nat Rev Cancer 2009;9
(5):361-71.

[11] Amari W, Zeringue AL, McDonald JR, Caplan L, Eisen SA, Ranganathan P.
Risk of non-melanoma skin cancer in a national cohort of veterans with rheu-
matoid arthritis. Rheumatology (Oxford) 2011;50(8):1431-9.

[12] Chakravarty EF, Michaud K, Wolfe F. Skin cancer, rheumatoid arthritis, and
tumor necrosis factor inhibitors. J Rheumatol 2005;32(11):2130-5.

[13] Haynes K, Beukelman T, Curtis JR, Newcomb C, Herrinton LJ, Graham DJ,
et al. Tumor necrosis factor a inhibitor therapy and cancer risk in chronic
immune-mediated diseases. Arthritis Rheum 2013;65(1):48-58.

[14] Simon TA, Dong L, Suissa S, Michaud K, Pedro S, Hochberg M, et al. Abata-
cept and non-melanoma skin cancer in patients with rheumatoid arthritis: a
comprehensive evaluation of randomised controlled trials and observational
studies. Ann Rheum Dis 2024;83(2):177-83.

[15] Wadstrom H, Frisell T, Askling J, Anti-Rheumatic Therapy in Sweden
(ARTIS) Study Group. Malignant neoplasms in patients with rheumatoid
arthritis treated with tumor necrosis factor inhibitors, tocilizumab, abata-
cept, or rituximab in clinical practice: a nationwide cohort study from Swe-
den. JAMA Intern Med 2017;177(11):1605-12.

[16] Xie W, Yang X, Huang H, Gao D, Ji L, Zhang Z. Risk of malignancy with non-
TNFi biologic or tofacitinib therapy in rheumatoid arthritis: a meta-analysis
of observational studies. Semin Arthritis Rheum 2020;50(5):930-7.

[17] Ytterberg SR, Bhatt DL, Mikuls TR, Koch GG, Fleischmann R, Rivas JL, et al.
Cardiovascular and cancer risk with tofacitinib in rheumatoid arthritis. N
Engl J Med 2022;386(4):316-26.

[18] Huss V, Bower H, Hellgren K, Frisell T, Askling J, behalf of the ARTIS group.
Cancer risks with JAKi and biological disease-modifying antirheumatic drugs
in patients with rheumatoid arthritis or psoriatic arthritis: a national real-
world cohort study. Ann Rheum Dis 2023;82:911-9.

[19] Olivera PA, Lasa JS, Bonovas S, Danese S, Peyrin-Biroulet L. Safety of Janus
kinase inhibitors in patients with inflammatory bowel diseases or other
immune-mediated diseases: a systematic review and meta-analysis. Gastroen-
terology 2020;158(6) 1554-73.e12.

[20] Kremer JM, Bingham 3rd CO, Cappelli LC, Greenberg JD, Madsen AM,
Geier J, et al. Postapproval comparative safety study of tofacitinib and
biological disease-modifying antirheumatic drugs: 5-year results from a
United States-based rheumatoid arthritis registry. ACR Open Rheumatol
2021;3(3):173-84.

[21] Khosrow-Khavar F, Kim SC, Lee H, Lee SB, Desai RJ. Tofacitinib and risk of
cardiovascular outcomes: results from the Safety of TofAcitinib in Routine
care patients with Rheumatoid Arthritis (STAR-RA) study. Ann Rheum Dis
2022;81(6):798-804.

[22] Duarte AF, Sousa-Pinto B, Haneke E, Correia O. Risk factors for development
of new skin neoplasms in patients with past history of skin cancer: a survival
analysis. Sci Rep 2018;8(1):15744.

[3

—

[4

=

[5

=

[6

=

[7

—

[8

[ar}

[9

—


https://doi.org/10.1016/j.ard.2026.02.015
http://orcid.org/0000-0002-9764-6435
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0001
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0001
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0001
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0002
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0003
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0003
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0003
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0003
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0003
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0004
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0004
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0005
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0005
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0005
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0006
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0006
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0006
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0006
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0006
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0007
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0007
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0007
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0007
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0007
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0008
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0008
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0008
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0008
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0009
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0009
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0010
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0010
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0011
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0011
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0011
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0012
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0012
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0013
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0013
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0013
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0013
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0014
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0014
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0014
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0014
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0015
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0016
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0016
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0016
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0017
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0017
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0017
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0018
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0018
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0018
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0018
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0019
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0019
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0019
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0019
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0020
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0020
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0020
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0020
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0020
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0021
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0021
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0021
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0021
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0022
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0022
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0022

V. Huss et al. Ann Rheum Dis 85 (2026) 1520—1529
[23] Citrome L, Ketter TA. When does a difference make a difference? Interpreta- treated with Janus kinase inhibitors or bDMARDs: observational data from
tion of number needed to treat, number needed to harm, and likelihood to be the German RABBIT register. Ann Rheum Dis 2025;84:1779-90.
helped or harmed. Int J Clin Pract 2013;67(5):407-11. [25] Wadstrom H, Eriksson JK, Neovius M, Askling J, ARTIS Study Group. How
[24] Schaefer M, Purschke A, Zietemann V, Rudi T, Meissner Y, Richter A, et al. good is the coverage and how accurate are exposure data in the Swedish Bio-
Comparative risk of incident malignancies in rheumatoid arthritis patients logics Register (ARTIS)? Scand J Rheumatol 2015;44(1):22-8.

1529


http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0023
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0023
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0023
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0024
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0024
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0024
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0024
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0025
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0025
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0025
http://refhub.elsevier.com/S0003-4967(26)00090-7/sbref0025

Ann Rheum Dis 85 (2026) 1530—1542

Contents lists available at ScienceDirect

Annals of the Rheumatic Diseases cianc

journal homepage: https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

Psoriatic arthritis

Composite outcome measures that successfully
differentiate active treatments from placebo in
psoriatic arthritis trials: a GRAPPA-OMERACT
systematic review and network meta-analysis

Tommy K Annfeldt® "* Mina N Hindel"?, Tobias Haugegaard ',

Marius Henriksen', Laura C Coates”, Alexis Ogdie°, William Tillett”-%,

Niti Goel®, Dafna D Gladman'%'!, Ana-Maria Orbai'?, Maarten de Wit'>,
Vibeke Strand'“, Philip J Mease'*-'°, Oliver FitzGerald'’, Philip S Helliwell'®,
Peter Tugwell'®, Ying-Ying Leung”®>', Robin Christensen'-***

! Section for Biostatistics and Evidence-Based Research, The Parker Institute, Bispebjerg and Frederiksberg Hospital, Copenhagen,
Denmark

2 Research Unit OPEN at Department of Clinical Research, University of Southern Denmark, Odense, Denmark

3 Research Unit of Rheumatology, Department of Clinical Research, University of Southern Denmark, Odense University Hospital,
Denmark

* Nuffield Department of Orthopaedics, Rheumatology and Musculoskeletal Sciences, University of Oxford, Oxford, UK

5 Department of Medicine/Rheumatology, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, USA

6 Department of Epidemiology and Biostatistics, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA, USA

7 Department of Life Sciences, Centre for Therapeutic Innovation, University of Bath, Bath, UK

8 Royal National Hospital for Rheumatic Diseases, University of Bath, Bath, UK

° Patient Research Partner and Department of Medicine, Duke University School of Medicine, Durham, NC, USA

10 Division of Rheumatology, Department of Medicine, University of Toronto, Toronto, ON, Canada

11 Schroeder Arthritis Institute, Krembil Research Institute, Toronto Western Hospital, University Health Network, Toronto, ON,
Canada

12 psoriatic Arthritis Program, Johns Hopkins Arthritis Center, Division of Rheumatology, Johns Hopkins University School of Med-
icine, Baltimore, MD, USA

13 GRAPPA Patient Research Partner, The Netherlands

14 Division of Immunology/Rheumatology, Stanford University, Palo Alto, CA, USA

15 Swedish Medical Center/Providence St. Joseph Health, Seattle, WA, USA

16 University of Washington School of Medicine, Seattle, WA, USA

17 UCD Conway Institute, School of Medicine, University College Dublin, Belfield, Dublin, Ireland.

18 LIRMM, University of Leeds, Leeds, UK

19 Department of Medicine, University of Ottawa, Ottawa, ON, Canada

20 Singapore General Hospital, Singapore, Singapore

2! Duke-NUS Medical School, Singapore, Singapore

22 Cochrane Denmark & Centre for Evidence-Based Medicine Odense (CEBMO), Department of Clinical Research, University of
Southern Denmark, Denmark

*Correspondence to Tommy Kok Annfeldt, Section for Biostatistics and Evidence-Based Research, The Parker Institute, Bispebjerg and Frederiksberg Hospital, Copen-
hagen, Denmark.

E-mail address: Tommy.Kok.Annfeldt@regionh.dk (T.K. Annfeldt).

Ying-Ying Leung and Robin Christensen are co-senior authors.

https://doi.org/10.1016/j.ard.2026.05.013

0003-4967/© 2026 The Authors. Published by Elsevier B.V. on behalf of European Alliance of Associations for Rheumatology (EULAR). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/)


http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
http://orcid.org/0009-0001-8402-3917
mailto:Tommy.Kok.Annfeldt@regionh.dk
https://doi.org/10.1016/j.ard.2026.05.013
https://doi.org/10.1016/j.ard.2026.05.013
http://www.ScienceDirect.com
http://https://www.sciencedirect.com/journal/annals-of-the-rheumatic-diseases

T.K. Annfeldt et al.

Ann Rheum Dis 85 (2026) 1530—1542

A R

TICLE

INFO ABSTRACT

Article history:

Received 19 October 2025

Received in revised form 9 May 2026
Accepted 11 May 2026

Handling editor Josef S Smolen

Objectives: To identify which composite outcome measure most effectively distinguishes active
treatments from placebo in randomised controlled trials (RCTs) of biologic or targeted synthetic
disease-modifying antirheumatic drugs (b- or tsDMARDs) for psoriatic arthritis (PsA).

Methods: A systematic literature review (PROSPERO ID: CRD42024578203) of Cochrane Central

Register of Controlled Trials and PubMed identified RCTs comparing b- or tsDMARDs with placebo
reporting >2 of 7 composite outcome measures shortlisted for evaluation by the Group for Research

and Assessment of Psoriasis and Psoriatic Arthritis—Outcome Measures in Rheumatology (GRAPPA-
OMERACT) working group (American College of Rheumatology Response Criteria [ACR], Composite
Psoriatic Disease Activity Index [CPDAI], Disease Activity index for PSoriatic Arthritis [DAPSA], Min-
imal Disease Activity [MDA], Psoriatic Arthritis Disease Activity Score [PASDAS], and 3- and 4-Visual
Analogue Scale [VAS]). Discriminant capacities were assessed using odds ratio (OR) for binary out-
comes, with continuous outcomes converted from standardised mean differences and analysed
through network and multivariate meta-analysis techniques.

Results: Of 2483 references, 24 trials were included (43 randomised comparisons). CPDAI was rarely
reported, and no RCTs reported 3-VAS and 4-VAS. The main network meta-analysis showed differen-
ces in discriminant properties for DAPSA vs ACR20 (OR: 0.80; 95% CI: 0.66-0.97; favouring ACR20),
DAPSA vs MDA (OR: 0.71; 0.57-0.87; favouring MDA), and PASDAS vs DAPSA (OR: 1.35; 1.10-1.66;
favouring PASDAS). Supported by multivariate meta-analysis: MDA (OR: 5.06; 4.20-6.09), ACR20
(OR: 4.01; 3.41-4.73), PASDAS (OR:3.70; 3.00-4.56), DAPSA (OR: 3.02; 2.44-3.75), and CPDAI (OR:
1.86; 0.95-3.64). Sensitivity analyses confirmed a pattern of consistent numerical advantages for
MDA and PASDAS. Exploratory analyses showed ACR70 had more discriminant capacity than
ACR20 and DAPSA but not ACR50, MDA, and PASDAS.

Conclusions: ACR20, MDA, and PASDAS demonstrated greater discriminant capacity than
DAPSA. Exploratory analyses suggested greater discriminant capacity for ACR70 compared with
ACR20 and DAPSA but not with ACR50, MDA or PASDAS.

.

WHAT IS ALREADY KNOWN ON THIS TOPIC

Composite outcome measures can measure several domains in
one combined measure.

Composite outcome measures add statistical efficiency when
they are used as outcome measures in randomised controlled
trials (RCTs).

The Group for Research and Assessment of Psoriasis and Psoriatic
Arthritis—Outcome Measures in Rheumatology (GRAPPA-OMER-
ACT) working group has shortlisted 7 composite outcome meas-
ures (American College of Rheumatology Response Criteria
[ACR], Composite Psoriatic Disease Activity Index [CPDAI], Dis-
ease Activity index for PSoriatic Arthritis [DAPSA], Minimal Dis-
ease Activity [MDA], Psoriatic Arthritis Disease Activity Score
[PASDAS], and 3- and 4 Visual Analogue Scale) to be evaluated
for their use in RCTs comparing a biologic or targeted synthetic
disease-modifying antirheumatic drug (b- or tsDMARD) against
placebo in people with psoriatic arthritis (PsA).

It is not known which composite outcome measure is best at separat-
ing experimental intervention from a placebo-comparator in RCTs
comparing a b- or tsDMARD against placebo in people with PsA.

WHAT THIS STUDY ADDS

This study provides an evidence-based comparison of the discrimi-
nant capacity of the composite outcome measures shortlisted by
the GRAPPA-OMERACT working group, for use in RCTs compar-
ing a b- or tsDMARD against placebo in people with PsA. An evi-
dence-based evaluation of the shortlisted composite outcome
measures could facilitate consensus on the most relevant primary
outcome measure for future RCTs evaluating experimental inter-
ventions against a placebo-comparator in people with PsA.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

Given that MDA, followed by PASDAS consistently showed a pat-
tern of numerically higher discriminant capacity across the primary
and sensitivity analyses, this study indicates that they might be
more relevant endpoints relative to ACR20 in PsA RCT settings.
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INTRODUCTION

Psoriatic arthritis (PsA) is a chronic inflammatory disease
with manifestations affecting the skin, nails, peripheral joints,
spine, and entheses. Patients are affected by a variety of symp-
toms arising from these aspects to various degrees [1]. Hence,
for people living with PsA, the impact of the disease and the sub-
sequent response to therapy are related to improvement in a
combination of several domains. Composite outcome measures
are attractive options to measure disease activity in multiple
domains and response to experimental therapy in randomised
controlled trials (RCTs) because they measure several domains
and offer increased statistical efficiency by avoiding multiplicity
issues [2]. According to Outcome Measures in Rheumatology
(OMERACT), composite outcome measures may be imple-
mented either as a composite outcome domain (COD) measured
by a dichotomous instrument, which comprises multiple compo-
nents and is evaluated by determining whether one, several, or
all specified components are present in each individual. It is
summarised as achieving vs not achieving the COD [3]. Alterna-
tively, a composite outcome measure can be applied as a multi-
outcome domain (MOD) measured by a continuous instrument,
wherein a single aggregated score is calculated for each individ-
ual based on assessments across all domains within the MOD
[3]. There are several validated COD and MOD instruments for
use in PsA RCTs [4]; however, it is not known which instrument
possesses the most discriminant capacity to separate the experi-
mental therapy group from the placebo-comparator group.

Since the update of the PsA core domain set in 2016 [5], the
Group for Research and Assessment of Psoriasis and Psoriatic
Arthritis (GRAPPA)-OMERACT working group has been assess-
ing the measurement properties of various COD and MOD
instruments used to evaluate the net benefit of an experimental
therapy, relative to an active- or placebo-comparator [5]. The
working group has proposed a list of COD and MOD instruments
to evaluate for use in PsA RCTs which includes: Minimal Disease



Activity (MDA) [6] Disease Activity index for PSoriatic Arthritis
(DAPSA) [7], American College of Rheumatology Response Crite-
ria (ACR) [8], Psoriatic Arthritis Disease Activity Score (PASDAS)
[9], Composite Psoriatic Disease Activity Index (CPDAI) [10],
and 3- or 4-visual analogue scales (VASs) [4,11,12]. The Ameri-
can Food and Drug Administartion (FDA) and the European Med-
icines Agency (EMA) have historically supported ACR20 as the
primary efficacy endpoint to be used in PsA RCTs [13]. Therefore,
the final list of instruments to be evaluated for their discriminant
capacities in RCTs includes the 2 COD instruments ACR20 and
MDA, and 5 MOD instruments DAPSA, PASDAS, CPDAI, 3-VAS,
and 4-VAS. An evidence-based evaluation of the shortlisted
instruments could facilitate consensus on the most appropriate
primary outcome measure for future RCTs evaluating experimen-
tal interventions against a placebo-comparator [4].

This study was conducted as part of the GRAPPA-OMERACT
working groups agenda to evaluate PsA composite outcome
measures used in RCTs. The objective was to identify which
composite outcome measure most effectively distinguished
active treatments from placebo in RCTs evaluating biologic or
targeted synthetic disease-modifying antirheumatic drugs (b- or
tsDMARDs) in people with PsA. In this context, our aim was not
to evaluate within-person change, but rather to assess the RCT
discrimination on a group level for each composite outcome
measure as defined by the OMERACT Handbook [14].

This study was a systematic literature review and network
meta-analysis of the comparative discriminant capacities of
composite outcome measures in published RCTs in PsA. In
accordance with OMERACT guidance and recommendations
from the European Alliance of Associations for Rheumatology
(formerly known as the European League Against Rheumatism)
[15], patient research partners (NG and MDW) were involved
from the project start. Study selection, assessment of eligibility
criteria, data extraction, and statistical analyses were performed
as described in the protocol (Supplementary file) submitted to
the International Prospective Register of Systematic Reviews
PROSPERO on 2024-Aug-09 (ID: CRD42024578203). The proto-
col followed the recommendations in Preferred Reporting Items
for Systematic Reviews and Meta-Analysis Protocols [16], and
the study findings are reported according to the PRISMA check-
list (Supplementary file) [16].

Eligible trials were identified through systematic literature
searches in the Cochrane Central Register of Controlled Trials
(CENTRAL) for RCTs and MEDLINE (via PubMed) for RCTs from
inception to September 16, 2024; in addition, experts in the field
were consulted to identify additional trials. The search strategies
for PubMed and CENTRAL are described in the protocol and
focused on identifying trials which aimed to compare the effect
of a b- or tsDMARD to a placebo-comparator for the treatment of
PsA. Included b- or tsDMARDs, where those with an approved
label in the EU and United States to treat PsA [17—19]. Eligible
trials had to report results for at least 2 of the 7 shortlisted com-
posite outcome measures in a PsA population.

All references were uploaded into Covidence [20], and dupli-
cates were removed. Two reviewers (TKA and MNH) indepen-
dently screened titles and abstracts to identify references for
full-text review. Full-text published articles were again indepen-
dently reviewed by the same reviewers. In case of disagreement,
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consensus was reached through discussion and consulting with
a third reviewer (RC) if needed. Risk of bias assessment was per-
formed using the updated Cochrane Collaboration tool (RoB2)
[21]. Two reviewers (TKA and MNH) independently assessed
each trial and reached consensus through discussions. The over-
all risk of bias for a study was determined as ‘low risk of bias’,
‘some concerns’, or ‘high risk of bias’ accordingly [21]. The
Excel tool available from www.riskofbias.com was used to facili-
tate the RoB2 process.

Data were extracted from journal articles and ClinicalTrials.
gov onto a predefined form (Supplementary file) by TKA and
verified for accuracy by MNH. In cases where data were incom-
plete, study authors were contacted. For studies with multiple
publications reporting the same data, the original publication
was used for extraction. Missing outcome data were visualised
as an empty line in the forest plots. All efficacy data were
extracted at the end of the placebo-controlled period.

For continuous instruments, we extracted the mean change
from baseline to the end of the placebo-controlled period, along
with the reported measures of variance. These data were used to
calculate standardised mean differences (SMD) (Cohen’s d)
[22]. For binary instruments, we extracted the number of
patients achieving the outcome and the total number of patients
randomised to each group. These data were used to estimate
odds ratios (ORs) and their variances. From the included trials,
we extracted the sample sizes, female proportion, mean age, dis-
ease duration, proportion with prior exposure to b- or
tsDMARDs, early escape (yes/no), and funding source. The rele-
vant extracted data were transferred to an evidence synthesis
document created in Microsoft Excel, where we calculated the
summary measures as introduced below.

The SMD between intervention- and placebo-comparator
groups with the corresponding SE was chosen as the summary
measure for quantifying the discriminant capacity of the contin-
uous instruments (DAPSA, PASDAS, CPDAI, 3-VAS, and 4-VAS).
It was calculated by dividing the difference between the change
in the intervention and the placebo group by the pooled SD for
that trial. Where the SD was not reported, it was estimated based
on measures of variation or precision published. For the binary
instruments (ACR20 and MDA) the OR was chosen as the sum-
mary measure, calculated based on the number of events and
total participants in the intervention and placebo groups. Where
there was more than one randomised comparison (ie, several
doses) within a trial, the number of participants in the placebo
group was divided by the number of comparisons for the analy-
sis. Data were coded so that an SMD > 0 and an OR > 1 indi-
cated a beneficial effect of the experimental intervention
compared with placebo. This facilitated a standardised way of
assessing the discriminant capacity of the included composite
outcome measures [23,24]. The greater the size of the SMD,
or the higher the OR, the stronger the discriminant capacity
of the instrument within any given trial. To enable compari-
sons between binary and continuous instruments, SMDs were
converted to their corresponding OR following the method
described by Chinn [25]. Similarly, the ORs were converted
to their corresponding SMDs. Consequently, all 7 composite
outcome measures were analysed as both ORs and SMDs
with 95% ClIs.
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Forest plots displaying the logOR with 95% CIs for binary
instruments and SMD with 95% ClIs for continuous instruments
were produced to visually display the discriminant capacity and
the magnitude of missing data for each measure. The number of
rows per study in each forest plot corresponds to the number of
comparisons in that study, eg, if a study includes 2 doses of the
experimental intervention against 1 placebo-comparator, data
were coded as 2 mutually independent randomised comparisons
1 row for each dose compared with placebo). Since the purpose
of the forest plots was to visually display the missing data, we
did not calculate or display the pooled summary measures.

Quantitative evidence synthesis

The relative discriminant capacities of the composite out-
come measures were compared through a multiple-treatment
network meta-analysis approach using both indirect and direct
analysis, which allowed us to model the net benefit of each out-
come measure. Making valid inferences based on network meta-
analysis techniques requires a consideration of both the direct
and indirect evidence contributing to the network meta-analysis
effect estimates (NMA estimates). Robustness of the inference
was supported if the direct estimates for a comparison between
2 specific measures fell within the 95% CI derived from the cor-
responding network. The present meta-analysis was specifically
vulnerable to selective outcome reporting bias, and therefore
multivariate meta-analysis was used as a sensitivity analysis
[26]. Multivariate meta-analysis is a technique developed by
Kirkham et al. [26] specifically to reduce the impact of outcome
reporting bias in systematic reviews. This method combines
results from different studies by considering how their outcomes
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are related and maximizes use of the available evidence while
reducing potential bias from selective reporting [26].

To assess the robustness of the findings and the impact of
trial-level heterogeneity, additional sensitivity analyses not pre-
specified in the protocol were performed. First, to further assess
selective outcome reporting bias, we stratified the analysis by
trials reporting fewer (ie, 2) vs more (ie, >3) than half of the 5
outcome measures with available data. Second, to assess out-
come-availability bias, we restricted the dataset to trials report-
ing at least ACR20, MDA, DAPSA, and PASDAS concurrently.
Third, to ensure temporal alignment, we repeated the analysis
restricted to trials with data extracted at week 24. This week-24
dataset was then stratified (1) by the presence vs absence of
early escape, and (2) the proportion of participants previously
exposed to b- or tsDMARD therapy (>50% vs <50% of partici-
pants). To explore the discriminant capacity of ACR50/70, we
expanded the network and multivariate meta-analyses to
include these outcomes alongside the prespecified outcomes.
Lastly, we excluded the active-controlled arm from a trial that
contributed both placebo-controlled and active-controlled com-
parisons. All sensitivity analyses were performed using the same
random-effects network meta-analytic framework as the pri-
mary analysis. All statistical analyses and visualisations were
performed using RStudio version 4.3.0 [27].

RESULTS
Systematic literature search

We identified 1653 and 830 references through PubMed and
CENTRAL, respectively. After removal of duplicates, 2082 titles

S References identified (k = 2483)
'E . PubMed (k = 1653)
g «  CENTRAL (k = 830)
=
Z
'-":J Duplicates removed (k = 401)
- > . Duplicates identified manually (k = 1)
. Duplicates identified by Covidence (k = 400)
A 4
Titles and abstracts screened (k = 2082)
»| Titles and abstracts excluded (k = 1831)
\ 4
Y]
Zz References sought for retrieval (k = 251)
E
W
4
U
0
A 4
Full text references assessed for eligibility (k = 251) Manuscripts excluded (k = 226)
. Reported only on o-1 of the relevant outcomes (k = 95)
. Not the primary report (e.g., pooled analysis) (k = 85)
> . Not a blinded RCT (k =32)
. Did not compare b- or tsDMARDs towards placebo (k =7)
. Not PsA population (k = 3)
a v . Wrong comparator (k = 3)
laJ . Wrong intervention (k = 1)
=) Manuscripts included (k = 25)
o . Reporting on 24 individual trials
z . Resulting in 43 randomised comparisons

Figure 1. Flow chart illustrating the systematic literature search and manuscript selection process. bDMARD, biologic disease-modifying antirheu-
matic drugs; CENTRAL, Cochrane Central Register of Controlled Trials; PSA, psoriatic arthritis; RCT, randomised controlled trials.
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Figure 2. Forest plots displaying the randomised comparisons of the ACR20 and MDA log odds ratios (OR) including 95% CI and the DAPSA, PASDAS
and CPDAI standardised mean differences (SMDs) including the 95% CI. 1-1 refers to the first comparison in study ID#1 and 1-2 refers to the second
comparison in study ID#1; ACR, American College of Rheumatology Response Criteria; CPDAI, Composite Psoriatic Disease Activity Index; DAPSA,
Disease Activity index for Psoriatic Arthritis; 2, the proportion of total variability in effect estimates across studies that is due to heterogeneity rather
than chance; MDA, Minimal Disease Activity; PASDAS, Psoriatic Arthritis Disease Activity Score.

and abstracts were screened, and 251 articles were retrieved for
full-text screening, of which 25 articles reporting on 24 trials,
corresponding to 43 randomised comparisons, were eligible for
this analysis (Fig 1); references excluded following full-text
review can be found in the online supplementary file.

The included trials (Table 1) involved 12,000 participants
across both treatment naive and b- and tsDMARD-experi-
enced populations. All 24 trials reported ACR20 and MDA, 7
trials reported PASDAS, 6 trials reported DAPSA, and 1 trial
reported CPDAIL No trials reported 3-VAS and 4-VAS; hence,
data for 5 outcome measures (2 COD and 3 MOD) were
available for analysis. Two trials were investigator-initiated
of which 1 was sponsored by a pharmaceutical company.
The remaining 22 studies were initiated and sponsored by
the pharmaceutical industry. All studies were multicentre tri-
als with 3 to 281 trial sites included. All 24 trials achieved a
low risk of bias rating (Supplementary file) and consistently
reported results of the outcome measures they had prospec-
tively registered on ClinicalTrials.gov.

Quantitative evidence synthesis

Figure 2 shows the combined forest plot displaying results
from 24 RCTs, with each row representing a unique comparison.
Composite outcome measures are illustrated by the logORs with
95% ClIs plotted for COD instruments (ACR20, MDA), and SMDs
with 95% CIs for MOD instruments (DAPSA, PASDAS, and
CPDAI). Empty rows within outcome columns indicate that the
corresponding trial did not report that specific measure. The
included RCTs allowed for up to 43 randomised direct compari-
sons between ACR20 and MDA; 11 between ACR20, PASDAS,
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and DAPSA, respectively; 11 between MDA, PASDAS, and
DAPSA respectively; and 8 between DAPSA and PASDAS. One
study reported CPDAI, resulting in one randomised comparison
between CPDAI, DAPSA, PASDAS, ACR20, and MDA, respec-
tively. Since no study reported the 3-VAS and 4-VAS, they are
not included in the figures.

Unlike conventional network meta-analysis, which compares
treatments across trials, the present network used nodes to rep-
resent outcome measures, with the connections quantifying the

ACR20

CPDAI

PASDAS

DAPSA

MDA

Figure 3. Network graph visualising the direct comparisons. The num-
bers on and the thickness of each line refer to the number of randomised
comparisons between each outcome measure. ACR, American College of
Rheumatology Response Criteria; CPDAI, Composite Psoriatic Disease
Activity Index; DAPSA, Disease Activity index for PSoriatic Arthritis;
MDA, Minimal Disease Activity; PASDAS, Psoriatic Arthritis Disease
Activity Score.



GEST

Table 1
Characteristics of the trials and randomised comparisons eligible for the quantitative evidence synthesis

Author, year Study ID# Study acronym N total Study population Outcomes Experimental Intervention (n) Comparator Early escape: Timepoint for data Funding source
NCT# reported (n) total (Yes/No) extraction
Mease PJ, 2014 1 RAPID-PsA 409 % Female: 55.4 ACR20 Certolizumab pegol 400 mg LD, Placebo, Yes Week 24 UCB Pharma
[28] NCT01087788 Mean age (y): 47.5 MDA then 200 mg g2wk, n = 138 n =136
Mean disease duration (y): 8.5 Certolizumab pegol 400 mg LD,
% Prior b-, tsDMARD exposure: then 400 mg q4wk, n = 135
19.5
Mease PJ, 2017 2 ASTREA 424 % Female: 60.0 ACR20 Abatacept 125 mg qwk, n = 213 Placebo, Yes Week 24 Bristol-Meyers
[29] NCT01860976 Mean age (y): 50.4 MDA n =211 Squibb
Mean disease duration (y): 8.6 DAPSA PASDAS
% Prior b-, tsDMARD exposure:
61.1
van Mens LJJ, 3 NA 51 % Female: 25.4 ACR20 Golimumab 50 mg q4wk, n = 26  Placebo, No Week 12 Investigator initi-
2019 [30] NCT01871649 Mean age (y): 46.7 MDA n =25 ated study sup-
Mean disease duration (y): 0.5 ported by MSD
% Prior b-, tsDMARD exposure: 0
Mease PJ, 2017 4 OPAL Broaden 422 % Female: 53.3 ACR20 Tofacitinib 5 mg twice daily, Placebo, No Week 24 Pfizer
[31] NCT01877668 Mean age (y): 47.9 MDA n = 107 n = 105
Mean disease duration (y): 6.1 Tofacitinib 10 mg twice daily,
% Prior b-, tsDMARD exposure: 2.8 n =104
Adalimumab 40 mg g2wk, n = 106
Gladman D, 2017 5 Opal Beyond 394 % Female: 55.3 ACR20 Tofacitinib 5 mg twice daily, Placebo, No Week 24 Pfizer
[32] NCT01882439 Mean age (y): 49.9 MDA n=131 n =131
Mean disease duration (y): 9,4 Tofacitinib 10 mg twice daily,
% Prior b-, tsDMARD exposure: 100 n =132
Vieira-Sousa E, 6 GO-DACT 44 % Female: 16 ACR20 Golimumab 50 mg g4wk, n = 21 Placebo, No Week 24 Investigator initi-
2020 [33] NCT02065713 Mean age (y): 49.16 MDA n=23 ated, funding not
Mean disease duration (y): 5.3 DAPSA reported
% Prior b-, tsDMARD exposure:0 PASDAS
CPDAI
Kavanaugh A, 2017 7 GO-VIBRANT 479 % Female: 48.0 ACR20 Golimumab 2 mg/kg at weeks 0 Placebo,n = 239  Yes Week 24 Janssen
[34] NCT02181673 Mean age (y): 46.2 MDA and 4 and then q8wk, n = 240
Mean disease duration (y): 5.8
% Prior b-, tsDMARD exposure: 0
Kivitz AJ, 2019 8 FUTURE 4 341 % Female: 58.0 ACR20 Secukinumab 150 mg at weeks 0,  Placebo,n = 114  Yes Week 16 Novartis
[35] NCT02294227 Mean age (y): 49.0 MDA 1, 2, and 3 then g4wk, n = 114
Mean disease duration (y): 6.0 Secukinumab 150 mg g4wk,
% Prior b-, tsDMARD exposure: n =113
23.8
Deodhar A, 2018 9 NA 149 % Female: 49.5 ACR20 Guselkumab 100 mg at week 0 and Placebo, n = 49 Yes Week 24 Janssen
[36] NCT02319759 Mean age (y): 45.8 MDA 4 and then q8wk, n = 100
& Mean disease duration (y): 6.8 PASDAS
Helliwell PS, 2020 % Prior b-; tsDMARD exposure: 8.5 DAPSA
[371
Nash P, 2017 [38] 10 SPIRIT-P2 363 % Female: 53.3 ACR20 Ixekizumab 80 mg q2wk, n = 123 Placebo,n = 118  Yes Week 24 Eli Lilly and
NCT02349295 Mean age (y): 51.9 MDA Ixekizumab 80 mg q4wk, n = 122 Company
Mean disease duration (y): 10.3
% Prior b-; tsDMARD exposure: 100
(continued on next page)
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Table 1 (Continued)

Author, year Study ID# Study acronym N total Study population Outcomes Experimental Intervention (n) Comparator Early escape: Timepoint for data Funding source
NCT# reported (n) total (Yes/No) extraction
Mease PJ, 2019 11 SEAM-PsA 851 % Female: 50.7 ACR20 Etanercept 50 mg qwk, n = 284 Placebo + MTX No Week 24 Amgen Inc
[39] NCT02376790 Mean age (y): 48.4 MDA Etanercept 50 mg qwk + MTX 20 mg qwk,
Mean disease duration (y): 4.4 PASDAS 20 mg qwk, n = 283 n = 284
% Prior b-, tsDMARD exposure: 0 DAPSA
Mease PJ, 2018 12 FUTURE 5 996 % Female: 49.6 ACR20 Secukinumab 300 mg at week 1, 2, Placebo,n = 332  Yes Week 16 Novartis
[40] NCT02404350 Mean age (y): 48.8 MDA and 3 then g4wk, n = 222
Mean disease duration (y): 6.6 Secukinumab 150 mg at week 1, 2,
% Prior b-, ts-DMARD exposure: and 3 then q4wk, n = 220
29.6 Secukinumab 150 mg q4ek,
n = 222
Nguyen T, 2020 13 CHOICE 258 % Female: 50.3 ACR20 Secukinumab 300 mg at week 0, 1, Placebo, n = 52 No Week 16 Novartis
[41] NCT02798211 Mean age (y): 52.1 MDA 2, and 3 then g4wk, n = 103
Mean disease duration (y): 3,6 PASDAS Secukinumab 150 mg at week 0, 1,
% Prior b-, tsDMARD exposure: o 2, and 3 then g4wk, n = 103
Ritchlin CT, 2020 14 BE ACTIV 206 % Female: 49.0 ACR20 Bimekizumab 16 mg g4wk, n = 41 Placebo, n = 42 No Week 12 UCB Pharma
[42] NCT02969525 Mean age (y): 49.3 MDA Bimekizumab 160 mg q4wk,
Mean disease duration (y): 7.1 n =41
% Prior b-, tsDMARD exposure: 19 Bimekizumab 320 mg LD and then
160 mg q4w, n = 41
Bimekizumab 320 mg q4wk,
n =41
Mease PJ, 2021 15 SELECT-PsA 2 641 % Female: 54.3 ACR20 MDA Upadacitinib 15 mg daily, n = 211 Placebo,n = 212  Yes Week 24 AbbVie Inc
[43] NCT03104374 Mean age (y): 53.4 DAPSA Upadacitinib 30 mg daily,n = 218
Mean disease duration (y): 10.1
% Prior b-, tsDMARD exposure:
92.0
Mclnnes IB, 2021 16 SELECT-PsA 1 1704 % Female: 53.2 ACR20 Upadacitinib 15 mg daily, n = 429 Placebo,n = 423  Yes Week 24 AbbVie Inc
[44] NCT03104400 Mean age (y): 50.1 MDA Upadacitinib 30 mg daily, n = 423
Mean disease duration (y): 6.1 Adalimumab 40mg q2wk, n = 429
% Prior b-, tsDMARD exposure:0
Mease PJ, 2020 17 DISCOVER -2 739 % Female: 47.3 ACR20 Guselkumab 100 mg, q4wk, Placebo,n = 247  Yes Week 24 Janssen
[45] NCT03158285 Mean age (y): 45.7 MDA n = 245
Mean disease duration (y): 5.5 PASDAS Guselkumab 100 mg at week 0 and
% Prior b-, tsDMARD exposure: 0 DAPSA 4 and them q8wk, n = 248
Deodhar A, 2020 18 DISCOVER -1 381 % Female: 48.7 ACR20 Guselkumab 100 mg q4wk, Placebo,n = 126  Yes Week 24 Janssen
[46] NCT03162796 Mean age (y): 48.4 MDA n =128
Mean disease duration (y): 6.7 PASDAS Guselkumab 100mg at week 0 and
% Prior b-, tsDMARD exposure: 31 DAPSA 5 and then q8wk, n = 127
Leng X, 2023 [47] 19 NA 204 % Female: 40.1 ACR20 Tofacitinib 5 mg twice daily, Placebo, n = 86 No Week 12 Pfizer
NCT03486457 Mean age (y): 44.6 MDA n =136
Mean disease duration (y):4.3
% Prior b-, tsDMARD exposure:
13.2
Ostor A, 2022 [48] 20 KEEPsAKE 2 443 % Female: 51.1 ACR20 Risankizumab 150mg at week 0, 4, Placebo,n = 219  No Week 24 AbbVie Inc
NCT03671148 Mean age (y): 52.5 MDA and 16, n = 224

Mean disease duration (y): 8.2
% Prior b-, tsDMARD exposure:
46.5

(continued on next page)
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Table 1 (Continued)

Early escape: Timepoint for data Funding source

Comparator

(n) total

Experimental Intervention (n)

Outcomes
reported

N total Study population

Study ID# Study acronym

Author, year

extraction

(Yes/No)

NCT#

AbbVie Inc

Week 24

Yes

Risankizumab 150 mg at week 0, 4, Placebo, n = 481

ACR20
MDA

% Female: 49.6

21 KEEPSAKE 1 964

Kristensen LE,

and 16, n = 483

Mean age (y): 52

NCT03675308

2022 [49]

Mean disease duration (y): 7.1

% Prior b-, tsDMARD exposure: 0

% Female: 50.0

Janssen

Week 24

Yes

Guselkumab 100 mg at week 0 and Placebo, n = 96

ACR20
MDA

285

COSMOS

22

Coates LC, 2022

4 and then q8wk, n = 189

Mean age (y): 49.0

NCT03796858

[50]

DAPSA

Mean disease duration (y): 8.5

% Prior b-, tsDMARD exposure: 100

% Female: 52.2

UCB Pharma

Week 16

No

Bimekizumab 160 mg q4wk, Placebo, n = 281

ACR20
MDA

BE OPTIMAL 852

23

Mclnnes IB, 2023

n = 431
Adalimumab 40 mg g2wk, n = 140

Mean age (y): 48.7

NCT03895203

[51]

Mean disease duration (y): 5.9

% Prior b-, tsDMARD exposure: 0

% Female: 53.0

UCB Pharma

Week 16

No

Bimekizumab 160 mg q4wk, Placebo, n = 133

ACR20
MDA

400

BE COMPLETE
NCT03896581

24

Merola JF, 2023

n = 267

Mean age (y): 50.7

[52]

Mean disease duration (y): 9.4

% Prior b-, tsDMARD exposure: 12

ACR, American College of Rheumatology Response Criteria; CPDAI, Composite Psoriatic Disease Activity Index; DAPSA, Disease Activity index for PSoriatic Arthritis; LD, loading dose; NCT, clinicaltrials.gov identifier MDA, Mini-

mal Disease Activity; MTX, methotrexate; NA, not applicable; PASDAS, Psoriatic Arthritis Disease Activity Score; 2wk, once every other week; q4wk; once every 4 weeks; q8wk, once every 8 weeks; qwk; once every week;

tsDMARD, targeted synthetic disease-modifying antirheumatic drugs.
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number of randomised comparisons available between each
pair. The network graph (Fig 3) illustrates the number of rando-
mised comparisons available between each pair of measures.
Each line represents direct evidence, with the thickness propor-
tional to the number of comparisons; numbers on the lines indi-
cate the exact count of randomised comparisons informing each
assessment.

As illustrated in Table 2, all direct estimates fell within the
95% CI of the network meta-analysis estimates, thus confirming
the robustness of the inference made from the model. Differen-
ces in the discriminant capacity were observed for DAPSA vs
ACR20 (NMA estimate = 0.80, 95% CI 0.66-0.97; favouring
ACR20), DAPSA vs MDA (NMA estimate = 0.71, 95% CI 0.57-
0.87; favouring MDA), and PASDAS vs DAPSA (NMA esti-
mate = 1.35, 95% CI 1.10-1.66; favouring PASDAS). Trends
consistently placed MDA as the most discriminant measure and
favoured PASDAS over ACR20. Comparisons between CPDAI
and other instruments resulted in wide CIs indicating impreci-
sion, likely due to limited data being available for CPDAI The
direction of effects was consistent between direct and network
estimates (Table 2), with the SMD analysis (Supplementary file)
confirming the OR-based analysis.

Including ACR50/70 in the network meta-analysis showed
greater discriminant capacity for ACR70 than ACR20 and
DAPSA, but not vs ACR50, MDA, or PASDAS. ACR50 outper-
formed DAPSA only. Robustness was not confirmed for
ACRS50 vs DAPSA or PASDAS. PASDAS showed greater discrimi-
nant capacity compared with ACR20 (Table 3). Forest plots are
included in the supplementary file.

The multivariate meta-analysis (Table 4) enabled presenta-
tion of estimates in a direct manner that largely confirmed the
results derived from the network meta-analysis. Again, MDA
(OR: 5.06; 95% CI: 4.20-6.09) was the most discriminant out-
come measure, this time followed by ACR20 (OR: 4.01; 95% CL:
3.41-4.73), then PASDAS (OR: 3.70; 95% CI: 3.00-4.56), DAPSA
(OR: 3.02; 95% CI: 2.44-3.75), and lastly CPDAI (OR: 1.86; 95%
CI: 0.95-3.64).

Including ACR50/70 in the multivariate meta-analysis
yielded wide and overlapping 95% ClIs for all comparisons
(Table 5).

Restricting the dataset to trials reporting ACR20, MDA,
DAPSA, and PASDAS concurrently, to those with data extracted
at week 24, or to week-24 trials stratified by early escape rules
or by prior b- or tsDMARD exposure (>50% vs <50%) did not
materially alter the direction or relative magnitude of the esti-
mates. In all analyses, direct estimates fell within the corre-
sponding 95% ClIs of the network estimates. No reversals of
statistically significant contrasts from the network meta-analysis
were observed. Full numerical results are available in the sup-
plementary file.

DISCUSSION

This study aimed to identify which composite outcome mea-
sure most effectively differentiated active treatment from pla-
cebo in the setting of PsA RCTs. Network meta-analysis showed
that MDA, ACR20, and PASDAS all discriminated experimental
drug from placebo better than DAPSA with 95% Cls excluding
one. The pairwise comparisons of MDA, ACR20, and PASDAS,
respectively, had overlapping 95% Cls and contrasts involving
CPDAI were imprecise because of sparse data. The multivariate
meta-analysis, which accounted for correlations across meas-
ures, confirmed these patterns, again identifying MDA as most
discriminant, followed by ACR20 and PASDAS. Although effect
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Table 2
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Network meta-analysis using OR comparing discriminant capacity of ACR20, MDA, DAPSA, PASDAS, and CPDAI

Comparison NMA estimate 95% Cls Direct estimate 95% Cls Robustness Yes/No
MDA vs ACR20 1.13 0.97-1.31 1.14 0.98-1.32 Yes
“DAPSA vs ACR20 0.80 0.66-0.97 0.79 0.64-0.96 Yes
PASDAS vs ACR20 1.08 0.88-1.32 1.04 0.83-1.31 Yes
CPDAI vs ACR20 0.47 0.13-1.64 0.17 0.02-1.91 Yes
“DAPSA vs MDA 0.71 0.57-0.87 0.71 0.55-0.94 Yes
PASDAS vs MDA 0.96 0.76-1.19 1.06 0.80-1.41 Yes
CPDAI vs MDA 0.41 0.76-1.19 0.68 0.13-3.50 Yes
“PASDAS vs DAPSA 1.35 1.10-1.66 1.35 1.09-1.67 Yes
CPDAI vs DAPSA 0.58 0.17-2.04 0.57 0.12-2.68 Yes
CPDAI vs PASDAS 0.43 0.12-1.52 0.38 0.08-1.78 Yes

ACR, American College of Rheumatology Response Criteria; CPDAI, Composite Psoriatic Disease Activity Index; DAPSA, Disease Activity index for PSoriatic
Arthritis; MDA, Minimal Disease Activity; NMA, network meta-analysis; OR, odds ratio; PASDAS, Psoriatic Arthritis Disease Activity Score.
An NMA estimate >1 indicates that the comparator listed on the left demonstrates greater discriminant capacity.

@ Comparisons where the 95% Cls exclude 1. Direct, Inference is based on trials that compared the measures head-to-head.

Table 3

Exploratory network meta-analysis comparing discriminant capacity of ACR20/50/70, MDA, DAPSA, PASDAS, and CPDAI

Comparison NMA estimate 95% CIs Direct estimate 95% Cls Robustness Yes/No
ACR50 vs ACR20 1.13 0.98-1.29 1.13 0.98-1.29 Yes
“ACR70 vs ACR20 1.23 1.08-1.54 1.23 1.07-1.53 Yes
MDA vs ACR20 1.10 0.95-1.27 1.10 0.95-1.28 Yes
DAPSA vs ACR20 0.91 0.76-1.08 0.80 0.65-0.97 Yes
“PASDAS vs ACR20 1.24 1.02-1.50 1.06 0.84-1.33 Yes
CPDAI vs ACR20 0.55 0.17-1.83 0.24 0.03-2.03 Yes
ACR70 vs ACR50 1.15 0.95-1.38 1.15 0.95-1.39 Yes
MDA vs ACR50 0.97 0.83-1.14 0.95 0.81-1.12 Yes
DAPSA vs ACR50 0.81 0.67-0.97 1.02 0.81-1.28 No
PASDAS vs ACR50 1.11 0.90-1.35 1.44 1.13-1.85 No
CPDAI vs ACR50 0.49 0.15-1.63 0.41 0.08-2.12 Yes
MDA vs ACR70 0.85 0.70-1.03 0.83 0.68-1.01 Yes
“DAPSA vs ACR70 0.70 0.57-0.87 0.68 0.50-0.92 Yes
PASDAS vs ACR70 0.96 0.76-1.21 1.02 0.74-1.39 Yes
CPDAI vs ACR70 0.43 0.13-1.42 0.70 0.13-3.69 Yes
DAPSA vs MDA 0.83 0.68-1.01 0.74 0.57-0.97 Yes
PASDAS vs MDA 1.13 0.92-1.40 1.10 0.83-1.46 Yes
CPDAI vs MDA 0.50 0.15-1.67 0.72 0.14-3.58 Yes
“PASDAS vs DAPSA 1.36 1.11-1.67 1.35 1.09-1.67 Yes
CPDAI vs DAPSA 0.61 0.18-2.02 0.57 0.12-2.68 Yes
CPDAI vs PASDAS 0.45 0.13-1.48 0.38 0.08-1.78 Yes

ACR, American College of Rheumatology Response Criteria; CPDAI, Composite Psoriatic Disease Activity Index; DAPSA, Disease Activity index for PSoriatic
Arthritis; MDA, Minimal Disease Activity; NMA, network meta-analysis; OR, odds ratio; PASDAS, Psoriatic Arthritis Disease Activity Score.
An NMA estimate >1 indicates that the comparator listed on the left demonstrates greater discriminant capacity.

@ Comparisons where the 95% Cls exclude 1. Direct: Inference is based on trials that compared the measures head-to-head.

sizes were modest and 95% ClIs overlapped, the network- and
multivariate meta-analysis together with the sensitivity analyses
indicated a numerical advantage for MDA with PASDAS gener-
ally emerging as the second most discriminant measure. Taken
together, these complementary approaches strengthen confi-
dence in the findings, highlighting modest but directionally con-
sistent differences in performance across measures. Although
differences in discriminant capacity between composite out-
come measures were modest in absolute terms, they may still
have practical implications for primary endpoint selection in
future PsA RCTs. For example, an NMA estimate of 0.71 for
DAPSA vs MDA indicates that DAPSA has approximately 29%
lower ability to distinguish active treatment from placebo com-
pared with MDA, that is, MDA demonstrated 40% higher dis-
criminant capacity relative to DAPSA. As endpoints with higher
discriminant capacity generally require smaller sample sizes to
achieve the same statistical power, differences of this magnitude
could meaningfully influence statistical power and reduce the

number of patients needed to detect a meaningful treatment
effect.

Our results should be interpreted as differences in how effec-
tively each measure captures treatment effects in the RCT frame-
work, not as indicators of differential clinical benefit in routine
practice. Interpreting discriminant capacity must consider both
the relative measure and the absolute response rates underlying
each outcome. ACR20 represents a low threshold for improve-
ment and may yield relatively high placebo response rates,
which can offset the contrast between intervention and placebo-
comparator. MDA, however, is a more stringent target with low
placebo response rates, making between-group differences more
detectable. This difference in hurdle height could contribute to
the moderately higher ORs observed for MDA. In addition to the
discriminant capacity, a relevant outcome measure should
reflect what is important for people living with the condition.
Although all 5 shortlisted composite outcome measures include
peripheral joint activity, PASDAS also includes enthesitis and
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Multivariate meta-analysis comparing discriminant capacity of ACR20,
MDA, DAPSA, PASDAS, and CPDAI

Outcome OR 95% Cls k
MDA 5.06 4.20-6.09 43
ACR20 4.01 3.41-4.73 43
PASDAS 3.70 3.00-4.56 11
DAPSA 3.02 2.44-3.75 12
CPDAI 1.86 0.95-3.64 1

ACR, American College of Rheumatology Response Criteria; CPDAI, Compos-
ite Psoriatic Disease Activity Index; DAPSA, Disease Activity index for PSori-
atic Arthritis; k, the number of randomised comparisons included; MDA,
Minimal Disease Activity; OR, odds ratio; PASDAS, Psoriatic Arthritis Dis-
ease Activity Score.

Exploratory multivariate meta-analysis comparing discriminant capacity
of ACR20/50,/70, MDA, DAPSA, PASDAS, and CPDAI

Outcome OR 95% CIs k

ACR70 4.78 3.64-6.29 43
MDA 4.34 3.65-5.17 43
ACR50 4.12 3.50-4.86 43
PASDAS 4.09 3.18-5.26 11
ACR20 3.58 3.07-4.16 43
DAPSA 2.92 2.25-3.79 12
CPDAI 2.03 1.05-3.93 1

ACR, American College of Rheumatology Response Criteria; CPDAI, Compos-
ite Psoriatic Disease Activity Index; DAPSA, Disease Activity index for PSori-
atic Arthritis; k, the number of randomised comparisons included; MDA,
Minimal Disease Activity; OR, odds ratio; PASDAS, Psoriatic Arthritis Dis-
ease Activity Score.

dactylitis, whereas MDA incorporates enthesitis and skin activ-
ity, which is a hallmark of PsA and considered important by peo-
ple with the condition [5]. These structural differences likely
influence their observed discriminant capacities, reflecting
alignment between the instrument and the clinical expression of
treatment benefit. Nonetheless, it also underscores the impor-
tance of selecting outcome measures that match the therapeutic
targets and the multidimensional nature of PsA. Therefore, the
higher discriminant capacity observed for MDA and PASDAS rel-
ative to ACR20 might reflect their multidomain structure.
Exploratory analyses suggested greater discriminant capacity for
ACR70 than for ACR20 and DAPSA, whereas comparisons against
MDA and PASDAS showed overlapping 95% Cls indicating no dif-
ference. This may be truly no difference or an insufficient statistical
power to demonstrate the differences. However, the selection of an
appropriate composite outcome measure for an RCT should incor-
porate considerations beyond RCT discrimination. In line with the
OMERACT filter 2.2, this includes assessment of truth, discrimina-
tion, and feasibility, alongside the intended purpose [53]. Based on
systematic review and Delphi consensus, DAPSA, MDA, and PAS-
DAS have demonstrated consistent measurement-property evidence
and achieved support for domain match by the GRAPPA-OMERACT
group [54]. In contrast, consensus on domain match has not been
achieved for ACR20/50/70, limiting their suitability as standalone
primary endpoints in PsA RCTs [54]. Nevertheless, ACR response
criteria may remain useful as legacy measures to facilitate compari-
son with the extensive existing PsA trial literature. At the same
time, it will be important for future PsA trials to incorporate PsA-
specific composite outcome measures as primary endpoints and to
report not only on continuous values but also the proportions of
patients achieving PASDAS- and DAPSA-defined remission and low
disease activity. Routine reporting of these stringent, PsA-relevant
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endpoints will facilitate further evidence generation and support
more comprehensive comparative evaluations in the future.

We are mindful of a few limitations of our study. Most included
trials were industry-sponsored regulatory trials. As a result, the dis-
criminant capacity identified here reflects performance within this
specific trial population, mostly patients with polyarthritis, and
may not fully generalise to the broader clinical spectrum of PsA
encountered in routine practice. In addition, because the focus of
this analysis was outcome-level discriminant capacity rather than
estimating intervention effect sizes, the network estimates should
be interpreted as indicators of within-trial separation between
active treatment and placebo, averaged across RCTs, rather than as
population-specific estimates of treatment efficacy. The number of
available comparisons varied markedly across instruments, with
MDA and ACR20 being reported in all included trials, whereas PAS-
DAS, DAPSA, and particularly CPDAI were reported far less fre-
quently. This imbalance reflects the historical landscape of PsA
RCTs and regulatory requirements for inclusion of ACR20. Since
the intent for the development of 3-VAS and 4-VAS was their use in
clinical practice or longitudinal studies, and because the included
RCTs were published between 2014 and 2023, with initiation of
the trials predating the introduction of 3-VAS and 4-VAS in 2021
[11,12], their absence from the dataset would be expected. Simi-
larly, we are cognisant that there was only 1 study reporting CPDAI,
and hence more data are needed to analyse the discriminant capac-
ity of CPDAI in RCTs. DAPSA and PASDAS were originally devel-
oped and validated as continuous instruments with remission and
low disease activity cut-off values introduced later to support clini-
cal interpretation [7,9]. As this analysis focused on evaluating the
discriminant capacity in the RCT setting, the prespecified protocol
did not include these cut-off values. However, as these cut-off val-
ues also represent stringent responder criteria, like MDA, future
analyses should examine their comparative discriminant capacity
to provide a more comprehensive evaluation across stringent PsA-
specific composite outcome measures. To evaluate the impact of tri-
al-level heterogeneity and confounding factors, we performed a set
of additional sensitivity analyses. First, restricting the dataset to tri-
als reporting at least ACR20, MDA, DAPSA, and PASDAS, which
yielded effect estimates consistent with the main analysis. Second,
limiting the dataset to trials reporting data at week 24 ensured tem-
poral alignment across measures, yielding discriminant capacity
estimates that were highly consistent with the main analysis. Third,
stratifying week-24 trials by the presence vs absence of early escape
showed no meaningful changes in relative performance. Finally,
stratifying week-24 trials by prior b- or tsDMARD exposure (>50%
vs <50%) demonstrated stable direction and magnitude across the
strata. Collectively, these analyses indicate that differences in out-
come availability, timepoints, early-escape policies, and prior treat-
ment exposure did not materially influence the comparative
patterns observed in the main analysis, suggesting that the results
are transferable to future PsA RCTs.

Using a network meta-analytic framework to compare outcome
measures is not a traditional application. However, a recent publica-
tion comparing physical functioning outcomes in PsA demonstrated
that this approach can be successfully applied to compare measure-
ment instruments [55]. Comparing binary and continuous measures
was a methodological challenge requiring a common summary
measure. In line with recommendations from the Cochrane Hand-
book for Systematic Reviews of Interventions [56], we addressed
this by converting SMDs into ORs using Chinns conversion factor
[25]. Recognising that this process could potentially reduce the pre-
cision of the estimates, we also performed the reverse conversion
(ie, transforming ORs into SMDs) and repeated the analysis, which
confirmed the OR-based results. The agreement between the OR-
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and SMD-based analyses, as well as the consistency observed when
comparing original and converted estimates for both binary and
continuous outcomes, supports the robustness of our findings and
strengthens the confidence in the validity of our comparative analy-
ses across different outcome types. In network meta-analyses,
inconsistency should reflect disagreement between direct and indi-
rect comparisons of the included composite outcome measures.
High inconsistency would indicate that the relative discriminant
capacity of 2 measures differs depending on whether it is estimated
directly from trials reporting both outcomes or indirectly via a third
measure. Such findings would question the assumption of generalis-
ability and may arise from differences in trial populations, design,
or selective outcome reporting. However, in the present analysis,
including sensitivity analyses, all direct estimates fell within the
95% ClIs, indicating robustness in the model.

Conclusion

Among the 5 shortlisted composite outcome measures with
available data, ACR20, MDA, and PASDAS all demonstrated greater
discriminant capacity than DAPSA. Exploratory analyses suggested
greater discriminant capacity for ACR70 compared with ACR20
and DAPSA but not with ACR50, MDA or PASDAS. Limited data
were available for CPDAI, and no data were available for 3-VAS
and 4-VAS.
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ARTICLE INFO ABSTRACT

Article history: Objectives: No app-based nonpharmacological intervention has yet demonstrated to meaning-
Received 4 November 2025 fully improve disease activity, functional status, and disease-specific quality of life in axial spon-
Received in revised form 16 February 2026 y p. R ty, X ’ P q ty . . P
Accepted 17 February 2026 dyloarthritis (axSpA). We evaluated Axia, a CE-marked smartphone application designed for

axSpA, that combines personalised exercise therapy, patient education, and disease manage-
ment, supported by gamification for long-term adherence.

Methods: To evaluate its clinical efficacy, a 12-week monocentric randomised controlled inter-
ventional trial was conducted involving 200 patients with axSpA with stable pharmacotherapy.
Patients were randomised (1:1) to either using Axia (intervention group [IG]) or standard of
care (control group [CG]).

Results: A total of 186 participants (mean age 50.61 years, 66% females, 56% with radiographic
axSpA, mean Bath Ankylosing Spondylitis Disease Activity Index [BASDAI] 5.17, and 58%
received biologicals or Janus kinase inhibitors) completed the study (95 in the IG and 91 in the
CG). Compared to CG, participants in the IG demonstrated significant improvements in BASDAI
(analysis of covariance [ANCOVA]-estimated group difference: —1.508, P < .001), Bath Ankylos-
ing Spondylitis Functional Index (—1.139; P < .001), and Ankylosing Spondylitis Quality of Life
questionnaire (—2.297; P < .001), all exceeding minimal clinically important difference thresh-
olds. A significantly higher proportion of patients in the IG achieved an Assessment of
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Spondyloarthritis International Society (ASAS)20 response compared to the CG (51% vs 9%; P <
.001), and the ASAS40 response rate was also higher (23% vs 3%; P < .001). No concerning
safety signals were observed.

Conclusions: These findings support the potential of Axia as a safe and effective nonpharmacolog-
ical intervention to further improve the state of care of patients with axSpA in addition to con-
ventional anti-inflammatory pharmacotherapy.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Exercise therapy and patient education are key recommenda-
tions in axial spondyloarthritis (axSpA) care, but long-term
adherence is often poor, and scalable access is limited.

* No app-based intervention in axSpA has yet demonstrated clini-
cally meaningful improvements in disease activity in a rando-
mised controlled trial.

WHAT THIS STUDY ADDS

* In a 12-week randomised controlled trial (n = 186), an app-
based, axSpA-specific digital intervention (‘Axia’) as add-on to
stable pharmacotherapy significantly improved patient-per-
ceived disease activity (Bath Ankylosing Spondylitis Disease
Activity Index), functionality (Bath Ankylosing Spondylitis
Functional Index), and quality of life (Ankylosing Spondylitis
Quality of Life questionnaire) vs standard of care alone.
Assessment of Spondyloarthritis International Society 20/40
response rates were markedly higher in the app-usage group
than in the control group.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* These findings suggest that an axSpA-specific app-based inter-
vention could serve as an accessible and scalable form of non-
pharmacological therapy as add-on to routine care.

« Digital interventions may help to close the long-standing imple-
mentation gap between guideline-recommended nonpharma-
cological therapies and their real-world clinical practice.

INTRODUCTION

Nonpharmacological interventions such as physical activity
and patient education are a cornerstone in the management of
axial spondyloarthritis (axSpA), an inflammatory rheumatic and
musculoskeletal disease (iRMD) characterised by chronic
inflammation of the axial skeleton [1]. In particular, home-
based exercise (HbE) has been shown to improve disease activ-
ity, physical function, and quality of life [2,3], and is thus
strongly recommended in national and international guidelines
[4-6].

However, the effective translation of these recommendations
in real-world clinical practice remains a major challenge, as a
considerable proportion of patients underutilise or fail to adhere
to exercise therapy [7]. This lack of sustained engagement has
far-reaching consequences, as patients who do not engage in
regular exercise interventions are more likely to experience pro-
gressive functional and mobility limitations, higher disease
activity, and poorer disease-related quality of life [8].

Mobile healthcare apps may offer a scalable solution to this gap
by delivering structured and individualised interventions directly
to patients in their everyday environments [9,10]. In doing so,
they may reduce key barriers to adherence, including limited
access to physiotherapy, time constraints, and motivational chal-
lenges [11,12]. However, no app-based intervention in
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rheumatology has yet demonstrated clinically meaningful improve-
ments in robust clinical endpoints in a randomised controlled trial
(RCT) with a substantial sample size [13]. This evidentiary gap cur-
rently limits their integration into standard care pathways.

To address these gaps, Axia was developed by a start-up of 2
medical students in collaboration with the University Hospital
of Wuerzburg and the German axSpA patient self-help associa-
tion [14]. Axia provides axSpA-specific HbE and structured
patient education, complemented by additional disease self-
management tools. Gamification elements are integrated to
enhance engagement and maximise adherence to therapy [14].

To prove Axia’s efficacy, we conducted the Bechterew-App
Trial, a 3-phase RCT involving 200 patients with axSpA with sta-
ble pharmacotherapy (German registry of clinical trials [DRKS],
DRKS-ID: DRKS00033783).

METHODS
Study design

The Bechterew-App Trial was designed as a monocentric,
prospective RCT with remote nationwide recruitment to evalu-
ate the efficacy of the medical app Axia in patients with axSpA
receiving stable pharmacotherapy. The RCT was conducted
under the sponsorship of the University Hospital of Wuerzburg.
Following baseline assessment, participants were randomised in
a 1:1 ratio to either the intervention group (IG) or the control
group (CG). Randomisation was stratified based on whether or
not participants were receiving 1 session of individual physio-
therapy per week (yes/no).

Participants in the IG received access to Axia for a 12-week
period in addition to standard of care (SOC). The CG received
SOC alone. SOC included pharmacological and nonpharmaco-
logical treatment as recommended by their treating physicians.
Participants were intended to stay on stable physical therapy
and pharmacotherapy during the trial; however, treating physi-
cians were free to change pharmacotherapy on the basis of their
own decision in case of flares or side-effects (rescue medication).
Participants with switches of antirheumatic pharmacotherapy
were excluded from the per-protocol (PP) analysis. Neither par-
ticipants nor investigators were blinded.

The study was conducted in accordance with the Declaration of
Helsinki and Good Clinical Practice guidelines. The study protocol
was approved by the ethics committee of the medical faculty of the
University of Wuerzburg, Wuerzburg (DE/EKBY13) (Date July 31,
2023, No. 92/23-am). The trial was prospectively registered at the
German Clinical Trials Register (DRKS, DRKS-ID: DRKS00033783),
date of first registry March 1, 2024. The corresponding consoli-
dated standards of reporting trials (CONSORT) statement can be
found in our Supplementary File.

Patient and public involvement

Patients with axSpA and representatives of the national Ger-
man patient self-help association (Deutsche Vereinigung Morbus
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Bechterew [DVMB]) were involved in the development of Axia,
including the definition of patient-relevant content (exercise
therapy, self-management support, and education) and usability
testing. Patients and DVMB representatives were not involved in
the RCT design, the selection of outcomes, the analysis, or the
interpretation of data. However, they contributed to the recruit-
ment process by supporting outreach to potential participants.
The results of this study will be communicated back to the
patient community in an accessible summary via the DVMB. Fur-
ther details on patient and public involvement are provided in
the Supplementary Material.

Participants

Candidates were eligible for participation in the Bechterew-
App Trial if they were at least 18 years old, not pregnant, and
had a confirmed diagnosis of axSpA. Furthermore, they had to
be on stable axSpA-specific pharmacotherapy for 8 weeks before
baseline (Supplementary Material for detailed definitions), a
Bath Ankylosing Spondylitis Disease Activity Index (BASDAI) of
at least 3.5 was mandatory at baseline, and participants were
excluded if they had already been engaged in high levels of
physical exercise. Finally, candidates must have sufficient digital
literacy skills defined by the regular use of a messenger service.
A comprehensive list of inclusion and exclusion criteria is pro-
vided in the Supplementary Material.

Intervention

The intervention consisted of using the medical smartphone
application Axia over a 12-week period. Axia is a German lan-
guage, disease-specific, and patient-tailored medical app devel-
oped for individuals with axSpA.

Axia is a Conformité Européenne (CE) class I medical device
certified under the European Medical Device Regulation. Axia
and its functions have already been described in detail else-
where [14]. The content and the features of Axia, as well as its
onboarding process, are presented in Figure 1 and in detail in
the Supplementary Figures S1-S4.

Primary and secondary endpoints and their assessment

The coprimary endpoints were changes in patient-reported
disease activity (measured by BASDAI), disease-specific func-
tionality (assessed by Bath Ankylosing Spondylitis Functional
Index [BASFI]), and axSpA-specific quality of life (assessed by
Ankylosing Spondylitis Quality of Life [ASQoL] questionnaire)
after 12 weeks, comparing the IG with the CG. All 3 instruments
are standard patient-reported outcome measures (PROM) rou-
tinely used in axSpA care and pharmacological trials. Literature-
based minimal clinically important differences (MCIDs), prede-
fined in the study protocol, were as follows: a reduction of >1.0
point or >22.5% in BASDAI, >0.7 points or >17.5% in BASFI
[15], and >1.8 points in ASQoL (equivalent to 10% of the total
scale range) [16].

As patients are familiar with answering these question-
naires in clinical routine, no specific training was required.
All PROMs were digitalised within an electronic Case Report
Form (eCRF) and completed independently by participants at
home, without access to previous responses or interaction
with study personnel. Baseline and week-12 assessments
were made available via email invitations. To simulate real-
world conditions, no financial compensation or additional
incentives were provided.
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Secondary endpoints included self-efficacy (Allgemeine
Selbstwirksamkeit Kurzskala [German language questionnaire
for self-efficacy]), health literacy (German version of the
16-Item European Health Literacy Survey Questionnaire), global
pain (numeric rating scale), patient global assessment of disease
activity (PtGA), and self-reported adherence to exercise therapy
(Exercise Adherence Rating Scale). All secondary measures were
collected via eCRF at baseline and week 12.

In addition, the Assessment of Spondyloarthritis Interna-
tional Society (ASAS)20 and ASAS40 response rates were cal-
culated. ASAS20 response was defined as an improvement of
at least 20% and at least 1 unit (on a 0-10 scale) from base-
line in 3 of 4 domains (spinal pain [BASDAI question 2], spi-
nal inflammation [mean of BASDAI questions 5 and 6],
physical function [BASFI], and PtGA), with no worsening in
the remaining domain (defined as a deterioration of >20%
and >1 unit). ASAS40 response required an improvement of
at least 40% and 2 units in 3 of the 4 domains without any
worsening in the fourth.

At week 12, participants were also asked via open-ended
questions about adverse events (AEs) and their willingness to
continue with Axia in the follow-up phases of the trial.

Sample size calculation

A sample size of 160 patients (80 patients per group) was
determined to provide 90% power to detect differences in the
coprimary outcomes between CG and IG at a significance level
of @ = 0.05 using baseline- and multiplicity-adjusted analysis of
covariance (ANCOVA). To account for an expected drop-out rate
of 20%, 40 participants were added. Further information on
sample size calculation is reported in our Supplementary Mate-
rial.

Randomisation

The randomisation method was stratified block randomisa-
tion (ratio 1:1) in randomly defined blocks of 4 or 6. The stratifi-
cation factor was regular individual physiotherapy (defined as 4
sessions per month on average during the 3 months preceding
study inclusion vs no/less regular individual physiotherapy ses-
sions before the study). Separate randomisation lists were gener-
ated by the independent Clinical Trial Center at the University
Hospital Wuerzburg (ZKSW) for each stratum and implemented
in a secure allocation software. The study team was blinded to
the allocation sequence, and group assignment was revealed
only after eligibility confirmation and entry of participant data
into the system.

Statistical analysis

The primary analysed population was the intention-to-treat
(ITT) population. Due to the use of mandatory fields within the
eCRF, data completeness was 100% for all participants who
completed the trial; missing values occurred only for the single
individual lost to follow-up after 12 weeks.

Primary and secondary outcomes were analysed by ANCOVA
models, adjusted for the respective baseline value, comparing
the IG and CG after 12 weeks. Due to the slightly higher propor-
tion of women in the IG compared to the CG, additional
ANCOVA adjustments were made for sex (biological sex),
besides the adjustment for baseline values. Descriptive statistics,
including mean and SD, were used to summarise baseline char-
acteristics. To address multiple testing and accumulation of
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Figure 1. Onboarding process and key functional components of Axia. The figure shows the onboarding process (purple box), exercise functions
as core components (central black box), and patient education and disease management functions (lower black boxes). Gamification elements
(blue arrows) support treatment adherence. Navigation through Axia and representative slides of functional areas are provided in the Supplementary

Material.

alpha errors, the Benjamini-Hochberg method was used to
adjust the significance level. The primary endpoint was consid-
ered achieved if the statistical analysis using the baseline-
adjusted ANCOVA described above, together with the Benja-
mini-Hochberg adjustment, showed a statistically significant
improvement (P < .05) in at least 1 of the 3 coprimary out-
comes.

Differences in ASAS20 and ASAS40 response rates between
both groups were analysed by the Chi-square test. For all
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analyses, Prism and R were used. The statistical analysis plan is
presented in detail in our Supplementary File.

RESULTS
Recruitment and baseline characteristics

Participants were recruited in Germany between March 2024
and December 2024 with the support of patient self-help
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associations, social media, and rheumatology practices. The recruit-
ment process is described in detail in the Supplementary Material.
Of 453 individuals screened for eligibility, 200 were enrolled and
randomised 1:1 to receive either Axia or SOC for 12 weeks.

The primary outcome assessment was conducted at week 12
and was completed by 186 participants; baseline characteristics
for the ITT population are reported for the 187 participants with
available baseline data (Table 1, Supplementary Table S1). The

Ann Rheum Dis 85 (2026) 1543—1555

main reason for discontinuation was withdrawal of informed
consent (n = 13); 1 participant was lost to follow-up (Fig 2).
Blockwise randomisation within the physiotherapy stratum
(yes/no) ensured an equal distribution of participants with and
without physiotherapy between IG and CG. Apart from a slightly
higher proportion of female participants in the IG, no relevant
differences were observed. Age, use of biological disease-modi-
fying antirheumatic drugs (bDMARDs) or targeted synthetic

Table 1
Baseline characteristics

Characteristic Intervention (n = 95)  Control (n = 92)  Total (n = 187)

Mean age, y (SD) 50.36 (12.07) 50.63 (11.35) 50.49 (11.69)

BASDA], absolute (SD) 5.32(1.31) 5.02 (1.26) 5.17 (1.29)
Female proportion, n (%) 70 (74%) 54 (59%) 124 (66%)
Radiographic axSpA, n (%) 59 (62%) 45 (49%) 104 (56%)
Nonradiographic axSpA, n (%) 36 (38%) 47 (51%) 83 (44%)
Peripheral involvement, n (%) 16 (17%) 31 (34%) 47 (25%)
HLA-B27 status, n (%)
HLA-B27 positive, n (%) 47 (49%) 53 (58%) 100 (53%)
HLA-B27 negative, n (%) 11 (12%) 9 (10%) 20 (11%)
Not reported, n (%) 37 (39%) 30 (33%) 67 (36%)
Pharmacotherapy
NSAIDs, n (%) 52 (55%) 57 (62%) 109 (58%)
bDMARD or tsDMARD usage, n (%) 53 (56%) 55 (60%) 108 (58%)
Physical therapy
Professional physiotherapy
Once per week, n (%) 53 (56%) 55 (60%) 108 (58%)
No physiotherapy, n (%) 42 (44%) 37 (40%) 79 (42%)
Other forms of exercise and physical therapy
Home-based exercise, n (%) 37 (39%) 38 (41%) 75 (40%)
Functional training, n (%) 29 (31%) 31 (34%) 60 (32%)
Other sports, n (%) 30 (32%) 31 (34%) 61 (33%)
Disease duration
0-2y,n (%) 11 (12%) 14 (15%) 25 (13%)
2-10y,n (%) 28 (29%) 29 (32%) 57 (30%)
>10y,n (%) 56 (59%) 49 (53%) 105 (56%)
Comorbidities
SpA-related comorbidities, n (%) 26 (27%) 33 (36%) 59 (32%)
Inflammatory bowel disease, n (%) 8 (8%) 6 (7%) 14 (7%)
Ulcerative colitis, n (%) 2 (2%) 2 (2%) 4 (2%)
Crohn’s disease, n (%) 2 (2%) 3 (3%) 5 (3%)
Not classified, n (%) 4(4%) 1(1%) 5(3%)
Psoriasis, n (%) 4 (4%) 15 (16%) 19 (10%)
Uveitis, n (%) 14 (15%) 12 (13%) 26 (14%)
Chronic pain syndrome/fibromyalgia, n (%) 16 (17%) 12 (13%) 28 (15%)
Other comorbidities
Cardiovascular disease, n (%) 42 (44%) 48 (52%) 90 (48%)
Pulmonary disease, n (%) 13 (14%) 8 (9%) 21 (11%)
Dermatologic disease, n (%) 7 (7%) 9(10%) 16 (9%)
Endocrine/metabolic disease, n (%) 47 (49%) 51 (55%) 98 (52%)
MSK disease, n (%) 59 (62%) 55 (60%) 114 (61%)
Hip OA, n (%) 9 (9%) 7 (8%) 16 (9%)
Knee OA, n (%) 5(5%) 3(3%) 8 (4%)
OA of the fingers, n (%) 7 (7%) 6 (7%) 13 (7%)
Basal thumb OA, n (%) 2 (2%) 3 (3%) 5 (3%)
Other forms of OA, n (%) 3 (3%) 1(1%) 4 (2%)
Other degenerative MSK disease, n (%) 10 (11%) 8 (9%) 18 (10%)
Degenerative spinal disorders, n (%) 23 (24%) 27 (29%) 50 (27%)
History of cancer, n (%) 8 (8%) 1(1%) 9 (5%)
Gastroenteric disease, n (%) 13 (14%) 13 (14%) 26 (14%)
Psychiatric/neurologic disorders, n (%) 22 (23%) 21 (23%) 43 (23%)
Other disorders, n (%) 14 (15%) 21 (23%) 35 (19%)

Non-SpA-related comorbidities in total, n 225 227 452
Unknown due to data deletion, n (%) 5 (5%) 8 (9%) 13 (7%)
No comorbidity, n (%) 16 (17%) 14 (15%) 30 (16%)

axSpA, axial spondyloarthritis; BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; bDMARD, biologi-
cal disease-modifying antirheumatic drug; HLA, human leukocyte antigen; MSK, musculoskeletal; NSAID, non-
steroidal anti-inflammatory drug; OA, osteoarthritis; SpA, spondyloarthritis; tsDMARD, targeted synthetic
disease-modifying antirheumatic drug.

The individual comorbidity categories are further detailed in the Supplementary Table S1, which can be found
in the Supplementary Material.
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’ Assessed for eligibility (n = 453)

Ann Rheum Dis 85 (2026) 1543—1555

Reasons for screen failure (n = 253)

Enrolment

‘ Randomised (n = 200) ‘

r

Physical activity exceeding protocol limits (n=78)
BASDAI below inclusion thresheld (n=32)

+ current IRMD app use (n =2)

+ excessive physical activity (n=70)

+ excessive physical activity + Unstable pharmacotherapy (n=1)
Physiotherapy exceeding protocol limits (n=6)

+ diagnosis not meeting inclusion criteria(n=1)

+ unstable pharmacotherapy (n=1)

+ excessive physical activity (n=25)

+ excessive physical activity +current IRMD app use (n=1)

Allocated to intervention (n = 100)

Allocated to control (n = 100)

+ BASDAI below inclusion threshold (n=4)
+ BASDAI below inclusion threshold + excessive physical activity (n=5)
Diagnosis not meeting inclusion criteria (n=1)

Follow-Up

Participant unreachable by phone (n=2)
Unstable Pharmacotherapy (n=6)
BMI above inclusion limit (n=2)

Completed (n = 95)
Mot completed (n = 5)
* Withdrawal of consent (n = 5)

Completed (n = 91)
Not completed (n = 9)

* Lostto follow-up (n = 1)

* Withdrawal of consent (n = 8)

Withdrawal of informed consent (n=5)
Reason ilable due to data deleti

(n=11)

Analysis

“ o

Analysed for primary outcome

(n =95) (n=92)

Analysed for primary outcome

Figure 2. CONSORT flow diagram of the trial. BASDAI, Bath Ankylosing Spondylitis Disease Activity Index; BMI, body mass index; Consort, consoli-
dated standards of reporting trials; iRMD, inflammatory rheumatic and musculoskeletal disease.

disease-modifying antirheumatic drugs, and exercise behaviour
were well balanced between both groups.

Primary outcomes

After 12 weeks, participants in the Axia IG showed signifi-
cantly greater improvements in BASDAI (ANCOVA-estimated
group difference, adjusted for baseline values and sex: —1.508;
95% CI: —1.874 to —1.142; P < .001), BASFI (—1.139; 95% CI:
—1.524 to —0.755; P < .001), and ASQoL (—2.297; 95% CI:
—2.983 to —1.610; P < .001) (Fig 3). All effects exceeded their
respective MCID thresholds. Effect sizes were large across all pri-
mary outcomes, with Cohen’s d values of 1.20 for BASDAI, 0.87
for BASFI, and 0.97 for ASQoL.

Participants were instructed to remain on stable antirheumatic
pharmacotherapy and physiotherapy during the trial to minimise
the potential influence of treatment changes. Nevertheless, some
treatment switches occurred. To assess their impact, the primary
outcomes of the PP population were compared to the ITT popula-
tion. Effect estimates in the PP population were numerically higher
and consistent in direction with the ITT analysis, indicating that
protocol deviations, including treatment modifications, had no sub-
stantial impact on the results (Supplementary Table S2). Physio-
therapy use remained stable from baseline to week 12 in both
groups (CG: from 60% to 64%; IG: from 56% to 62%).

Participants in the IG who increased their HbE by more than
60 min/wk on average achieved a markedly better response in
the primary outcomes (Table 2). Responder analyses revealed
that significantly more participants in the IG achieved improve-
ments exceeding the predefined MCIDs compared with the CG
(BASDALI: 67% vs 18%; BASFI: 67% vs 22%; ASQoL: 60% vs 28%;
all P <.001).

Secondary outcomes

Secondary outcomes included response rates according to the
ASAS20 and ASASA4O0 criteria, as well as changes in global pain,
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PtGA, self-efficacy, self-reported exercise adherence, and health
literacy.

After 12 weeks of app use, significantly more participants in
the IG met the ASAS20 (51% vs 9%; P < .001) and ASAS40 (23%
vs 3%; P < .001) response criteria compared to the CG (Fig 4).
Adjusted ANCOVA models showed significant group differences
in favour of the intervention for global pain, PtGA, self-efficacy,
and self-reported exercise adherence. No significant difference
was observed for health literacy (Fig 5).

Adherence rates

In addition to self-reported adherence, participants’ usage of
Axia was objectively tracked: during the 12-week study period,
the app was used on an average of 69 days (SD 18.3) of 90 days,
and cumulatively, for an average of 1145 minutes (SD
937.6 minutes). A total of 77.9% of participants used the app on
at least 5 days a week, and 29.7% used Axia daily during the
study period. The app was used by 93% of participants on at
least half of the days of the study period. A total of 98.9% of the
participants of the IG stated that they would like to continue
using Axia.

Safety

All AEs were assessed during the trial. In total, 55 AEs (29%)
were observed, 4 of which were severe AEs (SAEs). AE incidence
rates of the IG (22%, n = 21; 1% SAE, n = 1) were lower than in
the CG (37%, n = 34; 3% SAE, n = 3). No device-related AEs
were identified in the IG. Table 3 lists all observed AEs.

DISCUSSION

This RCT provided the first robust evidence that a medical
app can achieve clinically meaningful improvements in patient-
reported disease activity, functional status, and quality of life in
patients with axSpA receiving stable pharmacotherapy. The



P.-P. Strunz et al.

A

Ann Rheum Dis 85 (2026) 1543—1555
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Table 2
Association of HbE with the primary endpoints
Outcome Delta HbE (min/wk) n Delta mean SD Pvalue Cohens d
BASDAI >60 52 -1.94 1.47  .031 0.45
<60 43 -1.32 1.27
BASFI >60 52 -1.49 1.47  .004 0.60
<60 43 —0.68 1.19
ASQoL >60 52 -3.12 2.66 .008 0.55
<60 43 -1.77 2.21

ASQoL, Ankylosing Spondylitis Quality of Life; BASDAI, Bath Ankylosing Spondylitis Dis-
ease Activity Index; BASFI, Bath Ankylosing Spondylitis Functional Index; HbE, home-
based exercise.
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Figure 4. Higher ASAS20 and ASAS40 response rates in the Axia group
after 12 weeks. The proportion of participants achieving ASAS20 (A)
and ASAS40 responses (B) was significantly higher in the intervention
group. ***: P < .001. ASAS, Assessment of Spondyloarthritis Interna-
tional Society.

Bechterew-App Trial met all 3 coprimary endpoints, demonstrat-
ing that Axia may serve as a new, scalable, nonpharmacological
treatment modality for axSpA. To our knowledge, for a digital
intervention, this is the first large-scale and methodologically
rigorous RCT to show that an app-based intervention can signifi-
cantly reduce disease activity in an iRMD.

The efficacy observed with Axia represents a marked advance
over previous digital health studies in rheumatology. The posi-
tive effects of nonpharmacological therapies for axSpA are well-
established, mostly from interventions delivered in traditional
formats such as printed manuals or booklets [2,17,18]. In recent
years, several app-based interventions have been explored
[19,20]. However, these studies have often suffered from meth-
odological limitations, including small sample sizes, non-dis-
ease-specific applications, or insufficient control designs.
Crucially, none of these medical apps achieved significant or
clinically relevant improvements in key outcomes such as dis-
ease activity, functional status, or quality of life [19,20]. In con-
trast, the Bechterew-App Trial provided high-quality evidence
that an axSpA-specific medical app can achieve such outcomes.

The magnitude of the treatment effects observed in this trial
is clinically noteworthy. The ASAS20 and ASAS40 response cri-
teria are commonly used as primary or secondary endpoints in
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pharmacological trials for axSpA [21—24]. Historically, exercise
interventions have shown only modest effects on disease activity
[25], and consequently, robust comparable data on their impact
on ASAS20 or ASAS40 responses are lacking. In this trial, the IG
achieved ASAS20 and ASAS40 response rates of 51% and 23%,
respectively, compared with 9% and 3% in the CG. For context,
trials with tumour necrosis factor inhibitors (TNFi) typically
report ASAS20 response rates of around 65% and ASAS40 rates
between 39% and 48% [26]. A meta-analysis by Betts et al [27]
found ASAS20 responses ranging from 50.5% to 71.7% for TNFi
and interleukin-17 inhibitors, with placebo groups achieving
around 27.9% for ASAS20 and 13.5% for ASAS40. While these
figures offer a useful benchmark, differences in study design,
blinding, and patient selection inevitably preclude direct head-
to-head comparison and caution against interpreting the present
results as evidence of equal or comparable efficacy to pharmaco-
logical treatments. Nevertheless, the magnitude of the ASAS20
and ASAS40 responses underscores the high therapeutic poten-
tial of Axia, and—more broadly—of app-based approaches in
iRMDs.

The pronounced efficacy of Axia may be attributable to its
low-threshold, location-independent accessibility as well as its
multimodal, gamified design, which integrates physical activity,
patient education, and behavioural support within a single digi-
tal platform. In addition, unlike generic exercise applications,
Axia was developed exclusively for axSpA, integrating targeted
exercise therapy tailored to the pathophysiology and movement
limitations of this condition [14].

Another factor that may explain its superior effectiveness
compared with conventional HbE approaches is the holistic
physical activity concept deployed in this trial. Axia provides
patients with a variety of options to increase physical activity,
including patient-tailored axSpA-specific HbE of varying dura-
tions, cardiovascular-focused training sessions, and targeted
HDbE modules for acute pain and morning stiffness [14]. Further-
more, it directly promotes participation of sports alongside gen-
eral activity enhancement through features such as daily step
goals, a built-in step counter, and smartwatch integration [14].
Additionally, Axia especially encourages the integration of brief,
highly accessible exercise habits into daily routines, such as link-
ing 1 or 2 short exercises with a daily routine like getting out of
bed or brewing coffee [14]. This contrasts with many other digi-
tal exercise interventions that focus primarily on longer, fixed
sessions (eg, 20 minutes in the evening) [19,20]. Combining a
wide range of exercise options and encouraging short, distrib-
uted bouts of activity embedded into everyday life may there-
fore represent a promising approach for exercise-based medical
apps in iRMDs and other chronic diseases.

Sustaining long-term adherence is a recognised challenge in
both exercise interventions and digital interventions, with low
engagement and high attrition frequently cited as key barriers
to efficacy [28,29]. As personal communication is known to
enhance adherence to smartphone applications and interven-
tions by motivating the user [29], the Bechterew-App Trial was
deliberately designed to simulate real-world conditions by
avoiding such interactions and to minimise potential adherence
bias. After enrolment, interaction was limited to baseline alloca-
tion and postassessment follow-up, with no motivational
prompts. Accordingly, no proactive contact was initiated with
study participants during this period, and only channels for par-
ticipant inquiries were made available. With a total of 77.9% of
participants using the app on at least 5 days a week over a 12-
week period, Axia still achieved adherence and usage rates far
exceeding those reported in other axSpA trials with digital
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Figure 5. Results of further secondary outcomes in the intention-to-treat population. (A, C, E, G) The app intervention significantly improved the
means of self-efficacy (ASKU), health literacy (HLS-EU Q16), pain (NRS pain), and patient global assessment (NRS PtGA) compared to baseline while
no changes were observed in the control group. (B, D, F, H) ANCOVA analyses, adjusted for baseline values and sex, confirmed significantly greater
improvements for ASKU, NRS pain, and NRS PtGA in the intervention group than in the control group. Differences in HLS-EU Q16 between interven-
tion and control group were not significant in ANCOVA analysis. **: P < .01, ***: P <.001. ANCOVA, analysis of covariance; ASKU, Allgemeine Selbst-
wirksamkeit Kurzskala (German language questionnaire for self-efficacy); est., estimated; HLS-EU Q16, 16-Item European Health Literacy Survey
Questionnaire; NRS, numeric rating scale; PtGA, patient global assessment.
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Table 3
Safety during the 12-week treatment period

Ann Rheum Dis 85 (2026) 1543—1555

Adverse events

Control group (n = 92)

Intervention group (n = 95) Total (n = 187)

Any adverse event n (%) 34 (37%)
Flare 7 (8%)
Uveitis 0 (0%)
Other MSK symptoms (not axSpA-related) 14 (15%)
Mild infectious disease 2(2%)
Other 8 (9%)

Severe adverse events n (%) 3(3%)
Death 0 (0%)
Seizure 0(0%)
Prostate carcinoma 1(1%)
Severe infection 1(1%)
Hip replacement 1(1%)
Device-related adverse events n/a

21 (22%) 55 (29%)
9 (9%) 16 (9%)
1(1%) 1(1%)

6 (6%) 20 (11%)
2 (2%) 4(2%)

2 (2%) 10 (5%)
1(1%) 4 (2%)
0(0%) 0 (0%)
1(1%) 1(1%)
0(0%) 1(1%)

0 (0%) 1Q%)

0 (0%) 1(1%)

0 (0%) 0 (0%)

axSpA, axial spondyloarthritis; MSK, musculoskeletal; n/a, not applicable.

interventions in real-world settings [28,29]. Gamification fea-
tures—such as daily activity streaks, milestone tracking, and
point rewards—may have contributed to sustained engagement
and the observed treatment effects. Moreover, the possibility of
perceiving early improvements in pain and mobility could have
created a reinforcing feedback loop that further encouraged con-
tinued use. However, it remains uncertain whether such high
adherence rates observed under trial conditions can be main-
tained in routine clinical practice, where external accountability
and structured follow-up are often absent. Further pragmatic
and longitudinal studies are needed to determine whether the
observed engagement and clinical benefits are sustainable.
Long-term follow-up studies of the Bechterew-App Trial are cur-
rently underway to address these questions.

The findings of this trial also have relevance beyond axSpA.
In Germany, Axia has been submitted for approval as a reim-
bursable digital health application (DiGA) under the national
fast-track pathway for prescription medical apps. If approved,
Axia could be made available to all eligible patients nationwide,
providing a scalable, low-barrier treatment option that comple-
ments existing pharmacological and nonpharmacological thera-
pies [30]. Planned translations into additional languages and
implementation in other European countries, as well as the
United States, may also enable broader access to structured, evi-
dence-based exercise therapy for axSpA in health systems where
such programmes are limited or inconsistently provided. The
underlying therapeutic approach—disease-specific, adaptive
exercise combined with patient education, behavioural support,
and gamification elements—represents a framework that could
be adapted for other iRMDs in which exercise and self-manage-
ment are integral to care, but long-term adherence is
suboptimal.

Regarding safety, no concerning safety signals were
observed, especially no device-related AFs.

The main limitation of this study is the absence of a double-
blinded design and a placebo group. This is a common challenge
in RCTs involving digital or app-based interventions, as partici-
pants can often easily unblind themselves by reviewing the
internet on the content and function of the verum app.

Blinding of the study personnel was also not implemented;
however, as per protocol, no direct contact occurred after group
allocation, and all questionnaires were self-reported and com-
pleted by participants at home via eCRFs, minimising the poten-
tial for investigator-induced bias. A further limitation is the
exclusive reliance on PROMs without objective clinical or
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biomarker-based endpoints. Due to the remote design, we did
not screen for objective inflammatory markers (ie CRP) and
relied solely on BASDAI to assess disease activity. Participant
expectations might therefore have influenced the outcome of
the PROMs, which are particularly prone to expectation and
reporting bias. These effects are non-negligible, especially for
subjective measures such as pain and PtGA. Although contact
with investigators was minimised to reduce these biases, future
studies must incorporate objective or clinician-assessed end-
points to validate the observed effects.

Chronic pain syndromes, including fibromyalgia, are fre-
quent comorbidities of axSpA, which, however, were not sys-
tematically documented due to the remote nature of our trial
and the structure of the screening assessment [31]. Therefore,
we cannot report their exact prevalence in our cohort. This rep-
resents a relevant limitation, particularly because PROM-based
endpoints cannot fully distinguish between improvements in
inflammatory vs noninflammatory pain mechanisms, and app-
based interventions have been shown to effectively improve
chronic pain syndromes as well [32].

Our trial deliberately evaluated Axia as a whole under real-
world conditions for digital health application (DHA/German
"DiGA") approval. Accordingly, no firm conclusions can be
drawn as to which specific components or usage patterns drove
the effect, nor whether the observed benefits reflect changes in
inflammatory activity or noninflammatory mechanisms. To con-
clusively address this relevant question, further studies with
more differentiated designs are required.

In a small number of cases (5 participants in the IG and 8 par-
ticipants in the CG), baseline data had to be deleted in accor-
dance with data protection regulations, as consent to participate
in the study was withdrawn. While this is a limitation, all with-
drawals occurred prior to the 12-week assessment, and the small
number of cases reduces the likelihood of systematic bias.

Key strengths of this trial include the large sample size for an
RCT with a digital intervention and the high proportion of com-
plete datasets, both of which enhance statistical power and mini-
mise attrition bias. Moreover, the demographic and treatment
characteristics of the study population—including the frequency
of bDMARD and nonsteroidal anti-inflammatory drugs use,
physiotherapy treatment, and levels of HbE and other sports
activities—were closely aligned with those reported in recent
national real-world observational studies [33,34], supporting
representativeness. The higher mean BASDAI in our trial
(5.17 vs 3.9 in the ATTENTUS study [33]) reflects the inclusion
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criterion of BASDAI >3.5, which was applied to reduce hetero-
geneity and ensured that treatment effects were evaluated in
patients with at least moderate disease activity. On the other
hand, preselection of a study population with either low or mod-
erate physical activity and a BASDAI >3.5, reflects a selection
bias. This was intentional, as our aim was to detect a clear effect
on BASDAI due to the app-driven increase in exercise therapy.
Women were overrepresented, likely reflecting the higher
uptake of DiGA among women, who account for approximately
73% of DHA users according to national health insurance data
[35]. The lack of differentiation between difficult-to-manage
and treatment-naive patients with axSpA introduced clinical het-
erogeneity and may have influenced the outcomes, particularly
if a substantial proportion had difficult-to-treat disease. Con-
versely, the low-threshold remote design enabled nationwide
inclusion without on-site visits, resulting in a representative
real-world axSpA cohort rather than a highly selected, homoge-
neous study population.

In conclusion, the Bechterew-App Trial provides the first
methodologically rigorous evidence that a disease-specific,
app-based multimodal intervention can achieve significant
and clinically meaningful improvements in patient-reported
disease activity, functional status, and quality of life in
patients with axSpA receiving stable pharmacotherapy. These
findings support the potential of mobile healthcare apps to
complement existing pharmacological and nonpharmacologi-
cal treatments and help close the gap between guideline-
based exercise recommendations and their limited implemen-
tation in routine care. This is in line with the European Alli-
ance of Associations for Rheumatology (EULAR)
recommendations for remote care and mobile health applica-
tions [9,36], While the absence of blinding, reliance on
PROMs, and the short intervention period warrant cautious
interpretation, the magnitude of the observed effects and
high adherence rates under real-world-like conditions justify
further pragmatic and long-term evaluations. The Axia
approach could also serve as a model for other iRMDs, where
structured exercise and self-management are central to care
but long-term adherence remains a challenge.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Pathological bone formation in radiographic axial spondyloar-
thritis often progresses even when systemic inflammation is
controlled by biologic therapies.

* The molecular mechanisms driving this structural damage—
specifically the potential role of transmembrane TNF (tmTNF)
reverse signalling—are poorly understood.

WHAT THIS STUDY ADDS

* We identified a novel ‘reverse signalling’ axis where tmTNF
recruits proteasome subunit alpha type-1 (PSMA1) to activate
NF-xB in macrophages, stimulating the secretion of osteogenic
factors (TGF-$3/BMP2).

 Targeted silencing of this axis arrested bone formation in mice
despite persistent inflammation, confirming that pathological
ossification is a distinct downstream consequence of this
pathway.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

 These findings explain the clinical paradox of why bone pro-
gression dissociates from inflammatory activity.

+ Targeting the tmTNF-PSMA1-NF-xB axis offers a precision
strategy to halt the ‘inflammation-osteogenesis transition’ and
prevent structural disability.

INTRODUCTION

Radiographic axial spondyloarthritis (r-axSpA), traditionally
termed ankylosing spondylitis (AS), is a chronic autoimmune
disorder characterised by the interplay of persistent inflamma-
tion and pathological new bone formation (syndesmophytes),
leading to structural damage and functional loss [1,2]. In recent
years, the clinical introduction of biological agents has marked a
milestone breakthrough in the management of axial spondyloar-
thritis (axSpA). These therapies effectively inhibit articular
inflammation and provide rapid relief from clinical symptoms
such as back pain and morning stiffness; moreover, they retard
radiographic progression to a certain extent. Multiple rando-
mised controlled trials and long-term follow-up studies have
confirmed that TNF inhibitors (TNFis) such as infliximab [3,4]
and adalimumab [5,6], as well as IL-17 (interleukin 17)-target-
ing biologics such as secukinumab [7], can significantly reduce
disease activity indices and inflammatory markers in patients.
However, reliance solely on acute phase reactants such as C-
reactive protein and erythrocyte sedimentation rate has limita-
tions. As emphasised by the Assessment of SpondyloArthritis
international Society guidelines [8], magnetic resonance imag-
ing (MRI) is indispensable for determining disease activity, par-
ticularly by detecting bone marrow oedema—a critical predictor
of future structural progression that can persist even when sero-
logic markers are normalised [9,10]. This highlights a clinical
paradox: radiographic progression often continues despite appar-
ent clinical remission and normal inflammatory indices. This
phenomenon suggests that the relationship between inflamma-
tion and ossification is far more intricate than previously under-
stood. It implies that residual local inflammation detected by
MR], or specific local inflammatory mediators and immune
microenvironments, may play a pivotal, direct role in driving the
osteogenic programme [11,12]. Therefore, elucidating the
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specific cellular and molecular mechanisms by which inflamma-
tory effectors trigger and sustain pathological ossification repre-
sents both a profound scientific challenge and an urgent, unmet
clinical need.

As core effector cells of the innate immune system, macro-
phages serve as critical nodal points bridging chronic inflamma-
tion and aberrant bone repair in r-axSpA. Their infiltration at
sites of pathology, such as entheses, correlates positively with
radiographic progression [13,14]. Beyond driving inflamma-
tion, macrophages possess high plasticity, actively modulating
the osteoblast/osteoclast balance and directly promoting ossifi-
cation through the secretion of osteogenic factors [15—19]. It is
well established that activation of bone morphogenetic protein
(BMP) signalling is a requisite driver of ankylosis in murine mod-
els of SpA, as elegantly demonstrated by Lories et al. [20]. Fur-
thermore, in the context of joint inflammation, proinflammatory
cytokines such as TNF-a (tumor necrosis factor-a) have been
shown to upregulate BMP2 (bone morphogenetic protein 2)
expression in synovial fibroblasts via NF-xB signalling [21,22].
However, whether macrophages use similar mechanisms to trig-
ger this osteogenic cascade remains to be elucidated.

TNF-a, primarily produced by macrophages, exists in soluble
(sTNF) and transmembrane (tmTNF) forms. Crucially, unlike
STNF, tmTNF is disproportionately upregulated in axSpA tissues
and acts as a unique membrane-anchored receptor capable
of initiating ‘reverse signalling’ [23,24]. Clinical evidence
indicates that high tmTNF expression is strongly associated with
osteophyte formation [25], and tmTNF transgenic mice sponta-
neously develop spinal ankylosis characteristic of r-axSpA
[26,27]. Given that macrophages are the primary carriers of
tmTNF [28], we hypothesise that tmTNF reverse signalling may
act as a specific molecular switch, activating NF-xB-dependent
BMP pathways to reprogramme macrophages towards a pro-
osteogenic phenotype. Despite these clues, the precise mecha-
nisms by which this reverse signalling drives macrophage-
mediated pathological ossification remain largely unexplored.

This study aims to unveil a novel signalling axis through
which tmTNF regulates macrophage function via reverse signal-
ling to drive pathological ossification in AS, thereby identifying
a precise therapeutic target for intervening in osteophyte pro-
gression that transcends mere anti-inflammatory effects. We will
first establish a transgenic mouse model with stable tmTNF
expression to simulate the pathological synergy of
‘inflammation-ossification’ characteristic of AS, providing an
ideal in vivo platform for mechanistic inquiry. Subsequently, by
integrating this model with multiomics technologies, we seek to
systematically identify the critical receptor molecules and down-
stream core signalling pathways of tmTNF reverse signalling,
clarifying the central role of macrophages within this axis and
identifying the key pro-osteogenic factors they secrete. Ulti-
mately, through in vivo and in vitro functional validation, we will
evaluate the therapeutic potential of targeting the tmTNF
reverse signalling-macrophage axis, exploring the feasibility of
novel strategies designed to specifically arrest the process of het-
erotopic ossification.

METHODS
Experimental animals and model construction

Founder mice for the tmTNF-overexpressing transgenic
strain, as well as Tnfrsfla knockout (tmTNF*/ %) and Tnfrsflb
knockout (TNFRII/*) strains, were generated with the assis-
tance of Cyagen Biosciences. Independent breeding colonies and



P.Jietal

genotyping protocols were subsequently established in-house.
Initially, these founder mice were backcrossed with wild-type
(WT) C57BL/6 mice to purify the genetic background. After
multiple generations, homozygous mice were identified via
polymerase chain reaction genotyping. Based on these colonies,
further intercrossing was performed to generate homozygous
tmTNF "/ mice, as well as tnTNF*/* xTNFRI~ and tmTNF*’
* xTNFRII™’~ double-mutant mice. All animals were housed in a
specific pathogen-free facility at the Laboratory Animal Center
of Sun Yat-sen University. Mice were maintained under con-
trolled conditions with a constant temperature of 22 + 2°C,
humidity of 55% + 5%, and a 12-hour light/dark cycle, with ad
libitum access to standard rodent chow and water. All animal
experimental procedures were approved by the Institutional
Animal Care and Use Committee (IACUC) of Sun Yat-sen Univer-
sity (Approval no. SYSU-IACUC-2024-0033GEM).

The severity of arthritis was evaluated in a double-blind man-
ner using a semiquantitative clinical scoring system. The scoring
criteria were as follows: 0, normal; 1, mild erythema or swelling
of a single digit; 2, erythema or swelling of multiple digits; 3,
obvious erythema or swelling of the entire paw; 4, severe defor-
mity or ankylosis.

To deplete macrophages in vivo, 4-week-old tmTNF mice
received intravenous injections of clodronate liposomes (Clodro-
nate Liposomes, Liposoma BV) or equal volumes of control lipo-
somes once weekly for 4 weeks. To target the NF-xB pathway in
macrophages, 6-week-old tnTNF*/" mice were intravenously
injected with mannose-modified mesoporous silica nanopar-
ticles loaded with Ikbkb siRNA, while the control group received
non-targeting nanoparticles. Treatments were administered
once weekly for 4 weeks. Following the final treatment,
peripheral blood and joint tissues were collected for subse-
quent analysis.

+/+

CatWalk gait analysis and grip strength assessment

Gait analysis was performed using the CatWalk XT auto-
mated system (Noldus Information Technology). As mice volun-
tarily traversed a glass walkway in a dark tunnel, illuminated
footprints were captured by a high-speed camera and transmit-
ted to a computer for analysis. Key parameters, including foot-
print heatmaps, paw pressure intensity, regularity index, and
mean paw print area, were quantified. In addition, muscle
strength was evaluated using forelimb and all-limb grip strength
tests. Multiple measurements were recorded for each mouse,
and the mean value was calculated for statistical analysis.

Animal uCT scanning and histologic analysis

Twelve-week-old tmTNF*/* transgenic mice and WT control
mice (n = 6 per group) were euthanised by CO, asphyxiation.
The skin was incised along the ventral midline, internal organs
were removed, and the entire carcass was immersed in 4% form-
aldehyde fixative and fixed at 4°C for 1 week. After fixation, the
whole-mouse specimens were fitted in a cylindrical sample
holder and scanned using a Scanco uCT40 system (Scanco Medi-
cal AG). The scanning parameters were set at 55 kVp and 70 pA.
The acquired tomographic data were reconstructed into 3-
dimensional images using MicroCT Ray V3.0 software (Scanco
Medical). Following uCT scanning, target skeletal tissues,
including the ankle joint and caudal vertebrae, were dissected.
Bone samples were decalcified in 0.5 M ethylenediaminetetra-
acetic acid solution (Sigma-Aldrich) at 4°C until complete soft-
ening. After decalcification, tissues were washed, dehydrated
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through a graded ethanol series, embedded in paraffin, and sec-
tioned at 5 um thickness. The sections were stained with haema-
toxylin and eosin (H&E) to assess general tissue morphology
and cellular architecture, and with Safranin O-fast green to eval-
uate the distribution and content of cartilage matrix (stained red
by Safranin O) and bone tissue (stained green by Fast Green).

Statistical analysis

Statistical analyses were performed using GraphPad Prism
8.0 software (GraphPad Software, Inc.). All data are presented
as mean =+ SD. The assumption of normality was verified using
the Shapiro-Wilk test. For data following a normal distribution,
differences between 2 experimental groups were analysed using
unpaired 2-tailed Student’s t-tests, while comparisons among
multiple groups were assessed using 1-way analysis of variance
followed by Bonferroni’s post hoc test to correct for multiple
comparisons and control the false discovery rate. Sample sizes
(n) representing biological replicates are explicitly stated in the
corresponding figure legends. A P value of <.05 was considered
statistically significant.

Detailed experimental procedures and specific materials are
described in the Supporting Information.

RESULTS

Construction of a tmTNF transgenic mouse model mimicking the
pathological features of radiographic axSpA

To elucidate the specific role of tmTNF in the pathogenesis of
AS, particularly its contribution to pathological osteogenesis, we
generated a tmTNF-overexpressing transgenic mouse model.
Following the strategy established by the Kollias group (TgA86)
[27]1, we engineered a construct containing the mouse Tnf geno-
mic region with a cleavage-resistant mutation, stabilised by
human HBB (hemoglobin subunit beta) regulatory elements to
achieve specific high-level expression of tmTNF (Fig 1A; Supple-
mentary Fig S1A). Through multiple generations of breeding,
we established a homozygous line (tmTNF*’/*) with a stable
phenotype. Genotyping and molecular characterisation con-
firmed the successful integration and predominant accumulation
of the membrane-bound TNF form in target tissues (Supplemen-
tary Fig S1B-D).

These tmTNF*/™ mice spontaneously developed progressive
spinal kyphosis and rigid tail deformities (Fig 1B). Micro-CT 3-
dimensional reconstruction revealed severe skeletal pathologies
highly reminiscent of human AS, including bony fusion and
ankylosis of the caudal vertebrae and an increased thoracic
kyphosis angle. Notably, we observed distinct pathological
changes in the sacroiliac joints, characterised by joint space nar-
rowing and partial bony fusion on the ventral aspect (Fig 1E),
alongside fusion of spinous processes in the pelvic region and
osteophyte formation. Structural deformities were also evident
in the hind limb ankle joints (Fig 1C-F).

Histologic analysis further corroborated the progressive
nature of the disease. Commencing as early as 6 weeks of age,
tmTNF*/" mice exhibited escalating cartilage destruction,
inflammatory cell infiltration, and pannus formation in ankle
joints and caudal vertebrae. Over time, these inflammatory
changes culminated in the obliteration of joint spaces and sub-
stantial new bone formation (Fig 1G,H,L,M). Consistent with
active aberrant ossification, immunohistochemical staining
demonstrated markedly elevated expression of type I collagen
(COL1) in the lesion sites (Fig 1I). Functionally, these structural
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damages translated into significant motor deficits, characterised
by a disordered gait pattern with a reduced regularity index
(Fig 1J) and a significant decline in limb grip strength (Fig 1K).

Collectively, these data demonstrate that the tmTNF*/*
mouse model successfully recapitulates the core ‘inflammation-
ossification’ pathological axis of AS, providing a robust in vivo
platform for investigating the underlying mechanisms of struc-
tural progression.

Macrophages drive pathological osteogenesis via the TGF-3
superfamily

To dissect the cellular heterogeneity driving the observed
skeletal pathology and identify the specific immune cell subsets
responsible for ossification, we performed single-cell RNA
sequencing on ankle joint tissues. We observed a significant
expansion of the monocyte/macrophage population in tnTNF*”/
* mice compared with WT controls (Fig 2A).

Crucially, bioinformatic interrogation revealed that these
expanded macrophages are not merely inflammatory responders
but are functionally reprogrammed. Their transcriptional profile
was significantly enriched in pathways governing not only
immune responses but also tissue repair and osteogenesis
(Fig 2B-E; Supplementary Fig S2A). Gene Set Enrichment Analy-
sis further confirmed this pathological dual function, highlight-
ing the marked upregulation of gene sets associated with the
early TGF-f1 response, Wnt signalling, and extracellular matrix
organisation within the macrophage population (Fig 2F; Supple-
mentary Fig S2B).

Subclustering analysis further resolved the heterogeneity of
macrophages, identifying a distinct ‘Fibrotic Mac’ subset. This
population was defined by the high expression of fibrotic and
osteogenic markers, including Fstl1, Colla2, Col3al, Bmp2, and
Tgfb3 (Supplementary Fig S2C-G), a signature consistent with
the ‘fibrotic macrophage’ state described in recent studies [29].
This suggests a direct transition from an inflammatory to a
matrix-producing phenotype. Immunofluorescence staining of
tissue sections confirmed the in situ colocalisation of TNF with
F4/80"% macrophages (Fig 2G). Crucially, in primary macro-
phages isolated from tmTNF*/* mice, members of the TGF-f
superfamily—particularly Tgfb3 and Bmp2—were significantly
upregulated at both the mRNA and protein levels (Fig 2H-J).

To definitively establish the causative role of macrophages in
this pathology, we depleted them in vivo using clodronate lipo-
somes (Fig 2K). Flow cytometry analysis of the ankle joints and
spinal tissues confirmed a high depletion efficiency, showing an
approximately 85% reduction in the CD11b+F4/80+ macro-
phage population compared with the phosphate-buffered saline-
liposome control group (Fig 2L). Following this successful reduc-
tion of the local macrophage burden, the mice exhibited signifi-
cantly alleviated spinal kyphosis and reduced tail deformities
(Fig 2M). Histologic assessment confirmed that macrophage
depletion markedly inhibited heterotopic ossification
(Fig 2N). Collectively, these results demonstrate that macro-
phages are the pivotal cellular drivers of pathological osteo-
genesis in tmTNF™/" mice, functioning through the
upregulation of TGF-f superfamily signalling.

TNFR1 deficiency reverses the AS-like phenotype

To identify the specific receptor mediating the pathological
effects of tmTNF, we crossed tmTNF*’* mice with Tnfrsfla
(TNFR1)- or Tnfrsf1b (TNFR2)-deficient mice (Fig 3A). The suc-
cessful generation of double-mutant strains was confirmed by
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genotyping and immunoblot analysis, which verified the com-
plete absence of TNFR1 or TNFR2 protein expression in the
respective knockout lines (Supplementary Fig S3A-F).

Phenotypic assessment revealed that TNFR1 deficiency effec-
tively reversed the gross pathological phenotypes of tmTNF
tmTNF*/™" mice, including spinal kyphosis and tail deformities.
In contrast, TNFR2 deficiency conferred only limited ameliora-
tion (Fig 3B). Longitudinal histologic evaluation (at 6, 12, and
18 weeks) demonstrated that tnTNF*/* x TNFRI~'~ mice main-
tained intact joint architecture with negligible structural
damage. Conversely, tnTNF*/* x TNFRII™’~ mice continued to
exhibit progressive pathological osteogenesis comparable with
the parental strain (Fig 3C,D).

At the molecular and cellular levels, the absence of
TNFR1 significantly abrogated macrophage infiltration
within articular tissues (Fig 3E). Immunohistochemistry and
serum ELISA (Enzyme-Linked Immunosorbent Assay) analysis
further indicated a marked downregulation of osteogenic fac-
tors, TGF-#3 (transforming growth factor beta 3) and BMP2,
in both local tissues and systemic circulation of tmTNF*/
*xTNFRI™~ mice (Fig 3G,H,N). Consistently, immunoblot
analysis of bone marrow-derived macrophages (BMDMs) con-
firmed that the tmTNF-driven upregulation of TGF-#3 and
BMP2 proteins was normalised by TNFR1 deletion (Fig 3L,
M). Functionally, tnTNF*/* xTNFRI™/~ mice exhibited a res-
toration of normal gait patterns and grip strength (Fig 31,J),
accompanied by a significant reduction in joint inflammation
scores (Fig 3K). Collectively, these data indicate that the
pathogenic efficacy of tmTNF—encompassing both inflamma-
tion and pathological ossification—is predominantly medi-
ated via TNFR1 signalling.

tmTNF binding with sTNFR I in macrophage induced TGF-f}3 and
BMP2 expression to trigger osteogenesis

Immunofluorescence analysis of diseased joint sections
revealed a striking spatial proximity between TNF'F4/80"
macrophages and CD90" mesenchymal stem cells (MSCs)
(Fig 4A). This intimate physical association suggested a poten-
tial for direct intercellular communication. We hypothesised
that tmTNF on macrophages might function as a receptor to
receive signals from the microenvironment. To test this ‘reverse
signalling’ hypothesis, we established an in vitro Transwell
coculture system comprising primary macrophages and bone
marrow-derived MSCs, using recombinant sTNFR proteins to
specifically ligate and stimulate surface tmTNF on macrophages
(Fig 4B).

Stimulation of tnTNF*/* macrophages with sTNFR I sig-
nificantly enhanced the osteogenic differentiation of cocul-
tured MSCs. This was evidenced by intensified Alizarin Red S
staining (calcium deposition) and elevated alkaline phospha-
tase activity (Fig 4C,D). At the molecular level, the expression
of key osteogenic markers, COL1 and RUNX2 (runt-related
transcription factor 2), was markedly upregulated in MSCs
(Fig 4E,F). Crucially, we investigated the intrinsic response of
macrophages to this stimulation. Immunofluorescence and
immunoblot analyses revealed that sTNFR I treatment
induced high expression of TGF-$3 and BMP2 in tmTNF*’/*
macrophages in a dose-dependent manner (Fig 4G-J). Further-
more, comparative analysis demonstrated that sSTNFR I was
significantly more potent than sTNFR II in triggering this sig-
nalling cascade (Fig 4K), identifying sTNFR I as the predomi-
nant physiological ligand driving this process.
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Collectively, these findings unveil a novel reverse signalling
axis—sTNFR I (ligand) —tmTNF (receptor) — TGF-f superfam-
ily (downstream effectors)—through which macrophages are
instructed to promote pathological osteogenesis.

tmTNF activates the NF-kB pathway to induce Tgfb3 and Bmp2
expression via direct interaction with PSMA1

To elucidate the downstream molecular mechanisms govern-
ing tmTNF reverse signalling, we performed a series of transcrip-
tomic analyses. Initially, we compared the transcriptomes of
articular macrophages from tmTNF*/" mice vs WT controls,
identifying a set of tmTNF-dependent upregulated genes. Nota-
bly, the expression of these genes was normalised in tmTNF*/*
xTNFRI™’~ mice (Fig 5A,B). Subsequently, we conducted a
‘rescue’ experiment by treating BMDMs from tmTNF*/
*xTNFRI™'~ mice with exogenous sTNFR I to induce reverse
signalling. Intersection analysis of the differentially expressed
genes from both datasets identified a core signature of 145 genes
(Fig 5C). Pathway enrichment analysis of this core set promi-
nently highlighted the activation of the NF-«xB signalling path-
way, with Ikbkb (encoding IKKf3) emerging as a critical
upregulated node (Fig 5D-F).

To identify the signal transducer directly interacting with the
intracellular domain of tmTNF, we engineered a dual-tagged
tmTNF lentiviral construct (N-terminal intracellular-Flag tag; C-
terminal extracellular HA tag). Following transduction into
RAW264.7 cells, we performed coimmunoprecipitation coupled
with mass spectrometry (Co-IP/MS) (Fig 5G,H). This proteomic
screen, validated by subsequent Co-IP assays, identified the pro-
teasome subunit alpha type-1 (PSMA1) as a specific binding
partner of the tmTNF intracellular domain (Fig 5I,J).

To further clarify the structural basis of this interaction, we
performed molecular docking simulations. The results revealed
a high binding affinity between PSMA1 and tmTNF, with the
top-ranked complex model achieving a HADDOCK (high-ambi-
guity-driven docking) score of —44.7 + 13.3 and a Z-score of
—1.9, indicating a highly reliable prediction. Energy decomposi-
tion analysis suggested that electrostatic interactions (—410.3 +
34.4 kcal/mol) and van der Waals forces (—95.5 + 9.6 kcal/mol)
were the primary drivers stabilising the complex. Detailed inter-
face analysis identified critical interacting residues, specifically
revealing a stable salt bridge formed between Asp56 in the intra-
cellular domain of tmTNF and Argl101 of PSMA1 (Fig 5K).

Functional validation demonstrated that silencing Psmal in
tmTNF*/* macrophages significantly inhibited the phosphory-
lation of IKKf, IkBa, and p65. Conversely, in a TNFRI™/~ back-
ground, sSTNFR I stimulation restored NF-xB pathway activation
(Fig 5L). Furthermore, knockdown of either Psmal or Ikbkb
markedly suppressed the expression of Tgfb3 and Bmp2 (Fig 5M,
N). Collectively, these findings prove that tmTNF directly inter-
acts with PSMA1 to activate the downstream IKKf3/NF-xB
(inhibitor of nuclear factor kappa B kinase subunit beta /
nuclear factor kappa B) pathway, thereby upregulating TGF-f
superfamily expression to drive pathological osteogenesis.

Macrophage-targeted Ikbkb-silencing selectively blocks the
inflammation-driven osteogenic programme

Building upon our mechanistic insights and adapting the
delivery strategy described by the Janak Lal Pathak group, we
developed a macrophage-targeted nanomedicine designed to
specifically interrupt the tmTNF-driven signalling axis. We engi-
neered mannose-modified mesoporous silica nanoparticles

1565

Ann Rheum Dis 85 (2026) 1556—1569

(Man-MSN) to deliver Ikbkb siRNA (inhibitor of nuclear factor
kappa B kinase subunit beta small interfering RNA) (silkbkb/
Cy5.5@Man-MSN) specifically to macrophages (Fig 6A). Physi-
cochemical characterisation via transmission electron micros-
copy and scanning electron microscopy confirmed a uniform
spherical mesoporous morphology (Fig 6B). Upon cargo loading,
the hydrodynamic diameter increased from ~114 nm to
~139 nm, and the Zeta potential shifted from +32.7 mV to
+17.6 mV, confirming successful siRNA encapsulation. UV-Vis
(ultraviolet—visible spectroscopy) and fluorescence spectra fur-
ther verified Cy5.5 loading (Fig 6B). High encapsulation effi-
ciencies were achieved for siRNA (92.16%) and Cy5.5 (68.57%),
with drug-loading contents of 1.82% and 3.43%, respectively. In
vivo imaging subsequently confirmed efficient nanoparticle
accumulation within inflamed articular regions (Fig 6C).

At the molecular level, therapeutic administration signifi-
cantly suppressed IKKf protein levels and attenuated NF-xB
pathway activity in macrophages (Fig 6D). Concurrently, this
blockade led to a marked downregulation of TGF-$3 and BMP2
levels, both systemically in the serum and locally within macro-
phages (Fig 6E,F).

Phenotypically, the treatment notably ameliorated spinal
kyphosis and tail deformities in the transgenic mice (Fig 6G).
Histologic quantification revealed a significant inhibition of het-
erotopic ossification and ectopic chondrogenesis. Strikingly,
however, inflammatory cell infiltration at the lesion sites
remained largely unchanged in the treated group, and inflam-
mation scores showed no significant difference compared with
controls (Fig 6H,I). To further profile the systemic inflammatory
status, we quantified key proinflammatory cytokines in the
serum. Interestingly, the response was heterogeneous: while IL-
124 and IL-17A levels were reduced, TNF and IL-1/ levels
remained unchanged, and IL-6 levels were conversely elevated
(Fig 6J). This lack of uniform suppression of proinflammatory
mediators contrasts with the profound inhibition of osteogenic
factors, confirming that the treatment did not induce broad
immunosuppression. Furthermore, the treatment regimen dem-
onstrated a favourable safety profile, with no significant body
weight loss (Fig 6K) or organ toxicity observed (Fig 6L). Collec-
tively, these findings demonstrate that targeting the tmTNF-
PSMA1-NF-kB axis does not broadly suppress the inflammatory
response but selectively arrests its downstream osteogenic pro-
gramme. This identifies this signalling axis as a specific thera-
peutic target to intervene in structural progression.

DISCUSSION

In this study, we delineate a previously unrecognised reverse
signalling axis composed of sTNFR1-tmTNF-PSMA1-IKK//NF-
xB. Within the pathological landscape of r-axSpA, this axis spe-
cifically instructs macrophages—the core effector cells of
inflammation—to acquire and execute a pro-osteogenic func-
tion. By integrating genetic manipulation with pharmacological
intervention, we verified that tmTNF acts not merely as a pre-
cursor to soluble TNF, but as a critical membrane-bound switch
that drives pathological osteophyte formation. These findings
clarify that pathological ossification in axSpA is driven by a spe-
cific, molecularly distinct signalling branch embedded within
the broader inflammatory cascade.

Our results provide a molecular explanation for the clinical
observation that radiographic progression can proceed even
when systemic inflammatory markers are normalised [9,11].
The tmTNF transgenic mice utilised in this study spontaneously
recapitulate this progressive ankylosis. Strikingly, targeting
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Figure 6. Macrophage-targeted delivery of Ikbkb siRNA inhibits pathological osteogenesis in tmTNF-overexpressing mice. (A) Schematic of the man-
nose-modified, siRNA-loaded mesoporous silica nanoparticle (silkbkb/Cy5.5@Man-MSN) synthesis and treatment protocol. (B) Characterisation of
nanoparticles. Top: representative TEM (left) and SEM (right) images showing spherical morphology and mesoporous structure. Scale bars: 50 nm
(TEM), 100 nm (SEM). Bottom: table summarising the hydrodynamic size (DLS), Polydispersity Index (PDI), and Zeta potential changes upon drug
loading. UV-Vis absorption spectra and Fluorescence emission spectra confirming the successful coloading of siRNA and Cy5.5. (C) In vivo fluorescence
imaging showing enhanced accumulation of targeted nanoparticles in affected areas. (D) Immunoblot analysis of IKK$ and NF-xB pathway activation
in macrophages post-treatment. (E,F) Downregulation of TGF-#3 and BMP2 demonstrated by serum ELISA (E) and macrophage qPCR (F) (n = 6). (G)
Gross appearance showing alleviated kyphosis and tail folding in treated mice. (H) Representative Safranin O-fast green and H&E staining of ankle
and spine sections. Note the reduced ossification but persistent inflammation in the treated group. (I) Quantification of ectopic chondrogenesis area
(top) and inflammation score (bottom), confirming specific inhibition of osteogenesis without altering inflammation. (J) Serum concentrations of
proinflammatory cytokines (TNF, IL-1/, IL-6, IL-12f, and IL-17A) were assessed by ELISA, showing a heterogeneous inflammatory profile post-treat-
ment. (K,L) Safety assessment via body weight (K) and H&E staining of major organs (L). Data are mean + SD. “P < .05, **P < .01, ***P < .001,
(Student’s t-test). BMP2, Bone Morphogenetic Protein 2; ELISA, Bone Morphogenetic Protein 2; GAPDH, Glyceraldehyde-3-Phosphate Dehydrogenase;
H&E, haematoxylin and eosin; IKKf, Inhibitor of Nuclear Factor Kappa B Kinase Subunit Beta; IL, Interleukin; NF-xB, Nuclear Factor-kappa B; NH2-
MSN, Amino-functionalized Mesoporous Silica Nanoparticles; ns, not significant; QPCR, Quantitative Real-Time Polymerase Chain Reaction; SEM,
Scanning Electron Microscopy; siRNA, Small Interfering RNA; TEM, Transmission Electron Microscopy; TGF-f3, Transforming Growth Factor Beta 3;
tmTNF, transmembrane TNF; TNF, Tumor Necrosis Factor; UV-Vi, Ultraviolet—Visible Spectroscopy.

1566



P.Jietal

macrophages with Ikbkb-silencing nanoparticles significantly
inhibited heterotopic ossification without broadly suppressing
inflammatory infiltration. This observation is consistent with
the established concept of ‘uncoupling’ described in previous
experimental models of SpA [30], where inflammation and
remodelling can be dissociated. Our study advances this concept
by identifying the tmTNF-PSMA1 axis as a specific molecular
driver of this phenomenon. By precisely blocking the tmTNF-
PSMA1-NF-xB axis, we effectively severed the link between
chronic inflammation and aberrant bone formation, preventing
the ‘inflammation-osteogenesis transition’.

Mechanistically, this study advances the field on 2 inter-
connected fronts. First, we identified sSTNFR1 as the primary
physiological ligand triggering this pro-osteogenic reverse
signal. This finding elucidates how osteogenic signals are
specifically initiated within a complex microenvironment
replete with various TNF forms and partially explains why
drugs targeting different TNF pathways may yield disparate
clinical outcomes [31]. Second—and representing a signifi-
cant conceptual breakthrough—we identified the proteasome
subunit PSMA1 [32,33] as the intracellular signal transducer
for tmTNF. This interaction directly bridges membrane-
bound tmTNF with the canonical intracellular IKK/3/NF-xB
signalling pathway [34,35], revealing a mode of reverse sig-
nal transduction that was previously underappreciated.
Unlike traditional signalling mechanisms that rely on the
recruitment of adaptor proteins to receptor domains [36,37],
this mechanism engages nonclassical signalling molecules to
initiate a specific transcriptional programme, thereby estab-
lishing a new molecular paradigm for the functional diversity
of cytokine reverse signalling.

Building on these mechanistic insights, our findings fundamen-
tally reshape the understanding of macrophage function in r-

Ann Rheum Dis 85 (2026) 1556—1569

axSpA pathology. While previous studies have identified synovial
fibroblasts as a source of BMPs under inflammatory conditions
[22], our data demonstrate that macrophages, under the instruc-
tion of tmTNF reverse signalling, also transition into a specialised
pro-osteogenic phenotype. Importantly, this macrophage-driven
mechanism does not negate the established central role of the
HLA-B27/1L-23/Th17 axis in axSpA pathogenesis. Instead, we
propose that these pathways likely operate synergistically: while
HLA-B27 (human leukocyte antigen B27) misfolding and Th17-
derived cytokines (IL-17, TNF) drive the upstream inflammatory
cascade and immune activation [38], macrophages may function
as downstream local ‘executioners’ of structural damage. Under
the influence of this inflammatory milieu, the tmTNF reverse sig-
nalling axis acts as a specific switch, reprogramming macrophages
to upregulate TGF-$3 and BMP2. These cells then directly propel
MSCs toward aberrant osteogenic differentiation. This unique
activation state, dictated by a specific signalling axis, transcends
the classical M1/M2 dichotomy [39,40] and represents a func-
tionally specialised macrophage subtype dedicated to pathologi-
cal tissue remodelling.

From a translational perspective, these findings suggest
that optimal axSpA management might benefit from address-
ing both the ‘inflammatory’ and ‘remodelling’ axes. Current
TNFi primarily neutralise soluble TNF or block receptor bind-
ing [41]; while effective for symptoms, they may not fully
silence the intracellular reverse signalling events triggered by
tmTNF, particularly in deep tissue microenvironments. There-
fore, targeting the tmTNF-PSMAL1 interaction or macrophage-
specific IKKf represents a potential precision strategy. By
specifically arresting the osteogenic programme embedded
within the inflammatory response, such approaches could
potentially complement existing therapies to halt structural
progression.
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However, clear boundaries to this study exist. First, regarding
the macrophage depletion strategy, we acknowledge that clodr-
onate liposomes, while highly effective for macrophages, may
also deplete a subset of phagocytic dendritic cells [42]. Never-
theless, the corroborating results obtained from our macro-
phage-specific mannose-targeted siRNA experiments strongly
support macrophages as the primary effector cells in this axis.
Second, this study relies on a transgenic mouse model driven by
tmTNF overexpression. While this model recapitulates the ossifi-
cation phenotype, it does not fully capture the complex human
genetic background involving HLA-B27 [43] and ERAP1 (endo-
plasmic reticulum aminopeptidase 1), nor the diverse T-cell rep-
ertoires seen in patients [44]. Consequently, the interaction
between HLA-B27-driven stress and the tmTNF axis remains to
be elucidated. Furthermore, the potential impact of long-term
suppression of this specific macrophage pathway on systemic
immune homeostasis requires rigorous, longitudinal assess-
ment. Most importantly, as no human validation was pre-
sented in this study, future research is critically needed to
directly validate the activity of this signalling axis in lesions
from patients with r-axSpA and correlate it with clinical pro-
gression.

Schematic diagram of tmTNF reverse signaling in osteogenic
differentiation

Schematic overview of tmTNF reverse signaling through
TNFRI1. Activation of IKK3/NF-xB by tmTNF induces the expres-
sion of TGF-$3 and BMP2, which synergistically promote osteo-
genic differentiation of MSCs and macrophages. This process
results in heterotopic ossification and spinal ankylosis, a hall-
mark of AS.

CONCLUSION

In summary, this study systematically elucidates the cellular
and molecular mechanisms by which tmTNF drives pathological
osteogenesis in AS via a unique reverse signalling axis. This
work not only expands our cognitive horizon regarding the bio-
logical diversity of TNF and the functional plasticity of macro-
phages but also provides a critical theoretical basis and
potential novel targets for elevating the therapeutic goal in AS
from ‘symptom control’ to ‘blockade of structural damage.’
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ARTICLE INFO ABSTRACT

Article history: Objectives: Systemic lupus erythematosus (SLE) is an autoimmune disease characterised by dysre-
Received 30 October 2025 ulation of the adaptive and innate immunity. This study aimed to identify transcriptomic differ-
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Accepted 14 February 2026 ences in neutrophils from patients with SLE and healthy individuals, analyse ex vivo adaptation

dynamics, and evaluate the impact of chimeric antigen receptor (CAR) T-cell therapy on neutro-
phil transcriptomic profiles.

Methods: Neutrophils were isolated via negative selection from 7 patients with SLE and 7 healthy
individuals. RNA sequencing was performed to assess transcriptomic differences, ex vivo dynam-
ics over 60 minutes, and responses to lipopolysaccharide (LPS) stimulation. In addition, longitu-
dinal transcriptomic data from a patient with SLE undergoing KYV-101 anti-CD19 CAR T-cell
therapy were evaluated.

Results: We identified 258 differentially expressed genes consistently distinguishing SLE from
healthy neutrophils; they spanned multiple clusters, enriched in interferon-related and DNA
damage repair genes (upregulated), and ribosomal protein genes (downregulated). Ex vivo adap-
tation revealed shared activation pathways, such as NF-xB (Nuclear factor kappa-light-chain-
enhancer of activated B cells) and apoptosis, in both groups. LPS stimulation highlighted over-
lapping inflammatory responses, demonstrating retained functional capacities in SLE neutro-
phils. Following CAR T-cell therapy of a patient with SLE, neutrophil transcriptomic profiles
were realigned with healthy controls by 3 months posttreatment.

Conclusions: Neutrophils in SLE exhibit intrinsic, disease-specific transcriptomic alterations
while sharing ex vivo adaptation dynamics with healthy individuals. The disease-specific altera-
tions appear to be modifiable through targeted therapeutic intervention, as anti-CD19 CAR T-
cell therapy resets neutrophil gene expression towards healthy patterns despite targeting B cells
rather than neutrophils directly. These findings provide insights into SLE pathogenesis and high-
light potential therapeutic strategies targeting both adaptive and innate immunity.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* Neutrophils play a critical role in systemic lupus erythematosus
(SLE) pathogenesis through dysregulated functions including
enhanced NETosis, accelerated cell death, and elevated proin-
flammatory cytokine secretion.

* Transcriptomic studies have revealed aberrant interferon signa-
tures in neutrophils from patients with SLE that contribute to
chronic inflammation.

WHAT THIS STUDY ADDS

* We identify 258 intrinsically differentially expressed genes that
consistently distinguish SLE neutrophils from healthy controls
regardless of ex vivo culture duration, demonstrating persistent
disease-specific transcriptomic alterations.

Despite intrinsic differences, neutrophils from both patients
with SLE and healthy individuals undergo similar ex vivo tran-
scriptional adaptations over time, with shared activation of NF-
kB and apoptosis pathways.

Anti-CD19 chimeric antigen receptor T-cell therapy demon-
strates the ability to reset neutrophil gene expression towards
healthy patterns by 3 months posttreatment, despite targeting
B cells rather than neutrophils directly.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

» These findings highlight the interconnectedness of adaptive
and innate immune dysfunction in SLE, suggesting that B cell-
targeted therapies may have broader immunomodulatory
effects than previously recognised.

The identification of intrinsic, stable transcriptomic alterations
in SLE neutrophils provides potential biomarkers for disease
monitoring and therapeutic response assessment.

Our results support the development of therapeutic strategies
targeting both adaptive and innate immunity.

INTRODUCTION

Systemic lupus erythematosus (SLE) is a complex autoim-
mune disorder that disproportionately affects women of repro-
ductive age. It is marked by the production of autoantibodies,
immune complex (IC) deposition, and a profound inflammatory
response that can affect nearly every organ in the body. [1]. Tra-
ditionally, SLE pathogenesis is attributed to dysfunctions in the
adaptive immune system. However, emerging evidence under-
scores the role of the innate immune system in both the initia-
tion and progression of the disease [2].

Neutrophils, as key players of the innate immune system, have
gained significant attention in recent years for their role in SLE.
Neutrophils from patients with SLE exhibit dysregulated func-
tions, including enhanced NETosis, accelerated cell death,
increased reactive oxygen species (ROS) production, and elevated
secretion of proinflammatory cytokines such as tumour necrosis
factor (TNF)-q, interferon (IFN)-@, and IFN-y [2—5]. These aber-
rant neutrophil activities directly contribute to tissue damage, IC
formation, and sustained inflammatory responses characteristic
of SLE pathogenesis [2]. In addition, transcriptomic studies of
neutrophils have provided critical insights into SLE pathogenesis,
revealing aberrant IFN signatures, dysregulated apoptotic path-
ways, and enhanced neutrophil activation states that contribute
to chronic inflammation and tissue damage [6].

Neutrophils play a critical role in SLE pathogenesis, yet it remains
unclear to what extent their dysregulated phenotype is driven by the
lupus environment vs intrinsic abnormalities. This study investi-
gated the persistence of disease-specific transcriptional signatures in
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neutrophils from patients with SLE after their removal from the
inflammatory milieu. By analysing ex vivo transcriptional adapta-
tions in neutrophils maintained in stimulant-free conditions, we aim
to distinguish intrinsic neutrophil dysfunction from that induced by
the SLE inflammatory milieu. In addition, we examined neutrophil
responses to lipopolysaccharide (LPS) stimulation to assess func-
tional differences between SLE and healthy controls.

In recent years, chimeric antigen receptor (CAR) T-cell ther-
apy has demonstrated promising results in patients with SLE
who are refractory to conventional treatments [7,8]. Since both
arms of the innate and adaptive immune systems are involved in
SLE pathogenesis, we aimed to investigate the impact of this
therapy on the gene expression profile of neutrophils from a
patient with SLE undergoing CD19 CAR T-cell therapy.

METHODS

Patients and public involvement

Patients and/or the public were not involved in the design,
conduction, reporting, or dissemination of this research.

Patients and blood collection

Seven patients with SLE were selected from the UMass Chan
Lupus Center, a prospective cohort approved by the local institu-
tional review board. All the patients met at least 4 criteria of the
2019 European League Against Rheumatism/American College
of Rheumatology classification criteria [9]. Seven healthy con-
trols were also included. Demographic data are shown in the
Table. After informed consent, whole blood was collected in K,
EDTA-coated tubes (BD Vacutainer, BD, USA, 366643). In addi-
tion to the 7 patients, a 28-year-old woman with refractory SLE,
who underwent lymphodepletion and subsequent CD19 CAR T-
cell therapy with KYV-101 (Kyverna Therapeutics, Inc) via
expanded access through a Single-Patient Investigational New
Drug application, was also included. Blood samples from this
patient were collected at 10 time points: twice before CD19 CAR
T-cell infusion and 8 times afterwards.

Neutrophil purification and culture

Blood samples were incubated at room temperature for
1 hour and then centrifuged at 1500 X g for 15 minutes. The
buffy coat was collected, and neutrophils were isolated by nega-
tive selection using the EasySep Direct Human Neutrophil Isola-
tion Kit (STEMCELL Technologies, Canada, 19666), according
to the manufacturer’s instructions. For the patient undergoing
CAR T-cell therapy, neutrophils were purified directly from
whole blood without prior centrifugation or buffy coat separa-
tion, using the same kit. This modified approach was imple-
mented due to the limited blood sample volume. Following
isolation, purity was confirmed via flow cytometry using CD45
(BioLegend, USA, 304050), CD16 (Biosciences, BD, USA,
562293), and CD66b (BioLegend, USA, 305104) as neutrophil
markers (Supplementary Fig S1).

After isolation and cell counting, neutrophils were centrifuged
at 400 x g for 10 minutes with the acceleration and brake set to 4.
The cell pellet was resuspended at 2 X 10° cells/mL in RPMI 1640
medium (phenol red—free) (Gibco, USA, 11835-030) supple-
mented with 1% L-glutamine (Gibco, USA, 25-030-081), then
seeded at 1 x 10° cells/well in 24-well tissue culture-treated plates
(Corning Costar, USA, 3526). Neutrophils were either stimulated
with LPS (100 ng/mlL) (Sigma-Aldrich, USA, L3755) or left
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Table
Demographic and clinical characteristics of study participants

Demographics Healthy SLE
Age, median (Q1, Q3), y 36(23,40) 34(31,57)
Sex, % female 100 71.4
Race/ethnicity, no.

African American 2 2

White 3

Other 1 2
Disease duration median (Q1, Q3) 7(2,9)
Medication usage, %

Hydroxychloroquine 86

Mycophenolate mofetil 57

Prednisone 43
SLEDAI, median (Q1, Q3) 0(0,6)

SLE, systemic lupus erythematosus; SLEDAI, SLE Disease Activity
Index.

Demographic data, disease characteristics, medication usage of
healthy controls (n = 7), and patients with SLE (n = 7) included
in the study. Age, disease duration, and SLEDAI are presented as
median with first (Q1) and third (Q3) quartiles. Medication usage
is shown as a percentage of patients with SLE receiving each treat-
ment. Race/ethnicity is presented as absolute numbers.

unstimulated and incubated at 37°C with 5% CO,. Unstimulated
cells were pelleted at 0, 30, and 60 minutes, whereas LPS-stimu-
lated neutrophils were pelleted at 60 minutes to capture early tran-
scriptional changes while avoiding spontaneous neutrophil
activation and NETosis that occurs rapidly in ex vivo conditions
[10]. The full time-course analysis (0, 30, and 60 minutes) was per-
formed on all patients with SLE and 3 healthy controls. For the
CAR T-cell therapy patient, neutrophils were pelleted only at time
0, without incubation. Four additional healthy controls were also
processed at time 0 only for validation purposes. All pelleting steps
were performed at 400 X g for 10 minutes. Pellets were then resus-
pended in 500 pL Tri-Reagent (Zymo Research, USA, R2050-1-
200) and stored at —80°C.

RNA extraction and RNA sequencing library preparation

The RNA from neutrophils was extracted using the TRI Reagent
Solution protocol (ThermoFisher Scientific, USA, AM9738). Purity
and integrity were confirmed using the TapeStation system (Agi-
lent Technologies). mRNA was purified using the NEBNext Poly(A)
mRNA Magnetic Isolation module (NewEngland Biolabs, USA,
E7490S/L). Subsequently, libraries were prepared using the xGEN
Broad-Range RNA Library Prep Kit (Integrated DNA Technologies,
USA, 10009813) and xGen Normalase UDI Primers (Integrated
DNA Technologies, USA, 10009796). The prepared libraries were
enzymatically pooled using the xGen Normalase Module (Inte-
grated DNA Technologies, USA, 10009793) and sequenced, gener-
ating 150 bp paired-end reads (Azenta Life Sciences).

Quantitative real-time polymerase chain reaction validation

To validate RNA sequencing findings, quantitative real-time
polymerase chain reaction (qQPCR) was performed for select
genes (ABCA1, GRAMD1B, MDXK, IL8, IL1B, and TNF) using stan-
dard protocols. Relative expression was calculated using the
2744C method with RPLPO as the housekeeping gene.

B cell activating factor ELISA

Plasma B cell activating factor (BAFF) concentrations were
measured in samples from healthy controls (n = 3) and patients
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with SLE (n 7) using the Human BAFF DuoSet ELISA kit
(R&D Systems, USA, DY124-05). For neutrophil secretion stud-
ies, neutrophils were isolated from an independent pool of
healthy controls (n = 3) and patients with SLE (n = 12), cul-
tured at 2 X 10° cells/mL in X-VIVO 15 medium (Lonza, USA,
04-418Q), and stimulated with PBS (Gibco, USA, 14190-144) or
LPS (100 ng/mL) for 18 hours. Supernatants were collected, and
BAFF concentrations were measured by ELISA (enzyme-linked
immunosorbent assay).

Statistical analysis

We generated FASTQ files from RNA sequencing and assessed
their quality using FastQC. We mapped the reads to the GRCh38
reference human genome using RSEM v1.3.3 to quantify the num-
ber of reads per gene. We analysed the resulting count matrix with
the R package DESeq2 (v1.44.0) [11] and identified differentially
expressed genes (DEGs) using thresholds of fold change > 1.5 and
an adjusted P value <.05. We generated principal component anal-
ysis (PCA) plots using the plotPCA function in DESeq2 based on
the top 2000 most variable genes, and heatmaps using data nor-
malised with the EdgeR function, 1og2(CPM + 4). To assess
whether disease status (SLE vs healthy) affected the pattern of
time-dependent gene expression changes, we incorporated DESeq2
interaction term analysis. We used the design formula: design = ~
SLE Health + Time point + SLE_Health:Time_point. To assess
whether including the interaction term improved the model, we
performed a likelihood ratio test comparing this full model to a
reduced model (design ~ SLE_Health + Time_point). Gene
expression with an adjusted P value <.05 in this test was consid-
ered to be significant based on both the time factor and the disease
status. We identified enriched pathways through hypergeometric
testing with the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database and defined significantly enriched pathways
using a false discovery rate cutoff of < 0.05. We conducted data
analysis using GraphPad Prism 10 software. We generated heat-
maps with the ComplexHeatmap package in R, and created all
other plots using either the ggplot2 package in R or GraphPad
Prism 10 software. To validate our findings against external data-
sets, we generated a combined heatmap incorporating data from
the GSE139360 dataset by Mistry et al [6]. Gene Set Variation
Analysis (GSVA) scores were calculated for each intrinsic DEG clus-
ter to assess functional implications across datasets. Two-way anal-
ysis of variance tests were performed on the GSVA scores to
identify significant variations.

RESULTS

Neutrophils from healthy individuals and patients with SLE
display different intrinsic transcriptomic profiles at baseline
which, however, undergo similar changes over time

We conducted a PCA to characterise the overall transcrip-
tomic profiles of neutrophils from healthy individuals and indi-
viduals with SLE following 0, 30, and 60 minutes of ex vivo
culture. The PCA plot shows a distinct separation between
healthy and SLE neutrophils primarily along the PC1 axis,
highlighting intrinsic differences in their transcriptomic profiles.
However, both groups follow similar trajectories over time along
the PC2 axis (Fig 1).

This parallel progression suggests that, despite inherent dif-
ferences, neutrophils from healthy individuals and individuals
with SLE undergo comparable transcriptomic shifts over time.
Guided by this observation, we used DESeq2 to identify DEGs,
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Figure 1. Principal component analysis (PCA). PCA was conducted on neutrophils from healthy individuals and individuals with SLE at 3 time points
(0, 30, and 60 minutes). The PCA plot shows a clear separation between healthy and SLE samples along the PC1 axis, indicating intrinsic differences,
and a progression along the PC2 axis representing longitudinal transcriptomic shifts. PC1, principal component 1; PC2, Principal component 2; SLE,

systemic lupus erythematosus.

confirming that the time factor had no significant interaction
with disease status. These findings indicate that the observed
time-dependent changes in gene expression are independent of
SLE, with both groups displaying similar patterns of transcrip-
tional adaptation during ex vivo culture.

Intrinsic differences in neutrophil transcriptomics of healthy
individuals and individuals with SLE

A Venn diagram was generated to illustrate the DEG patterns
between neutrophils from healthy individuals and individuals
with SLE across 3 time points: 0, 30, and 60 minutes (Supple-
mentary Fig S2). The DEGs were identified using the thresholds
of fold change > 2 and an adjusted P value <.01. This diagram
reveals the overlapping and unique gene sets for each compari-
son. Notably, 262 DEGs were identified as common across all 3
time points, suggesting stable intrinsic differences in transcrip-
tomic profiles between neutrophils from healthy individuals and
individuals with SLE, regardless of ex vivo culture duration. Of
these 262 DEGs, 4 genes were related to the Y chromosome and
were excluded from future analyses, and the rest were referred
to as intrinsic DEGs. To validate these findings, we compared
SLE neutrophils (n = 7) to a group of healthy individuals
(n = 7) at time 0, confirming that intrinsic DEG expression pat-
terns remained consistent (Supplementary Fig S3).

To assess whether these intrinsic differences vary with dis-
ease activity, we examined their relationship with clinical
parameters. Disease activity was measured using the SLE Disease
Activity Index (SLEDAI) score for all patients. When patients
were stratified into groups based on their SLEDAI scores, com-
parative analysis revealed no significant differences in neutro-
phil gene expression patterns between these groups (not
shown). Similarly, when patients were grouped according to
their medication regimens, no significant differences in tran-
scriptomic profiles were observed between treatment groups
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(not shown). These findings further support that the observed
transcriptomic differences reflect intrinsic disease-specific char-
acteristics that remain stable regardless of clinical disease activ-
ity or therapeutic intervention.

We categorised the intrinsic DEGs into several clusters based on
information from KEGG, Reactome, WikiPathways, Hallmark, and
Gene Ontology (GO) databases. Our first 5 clusters included genes
related to IFN signalling, Rho GTPase activity, cytoskeleton organi-
sation, DNA damage repair, and ribosome function. We formed a
sixth cluster from long noncoding RNAs (IncRNAs) and grouped
the less well-characterised DEGs into a final cluster labelled
‘other’. We generated heatmaps to display the expression patterns
of these gene clusters across the 3 time points (Fig 2).

The first cluster (IFN-related genes) shows significant upregula-
tion in patients with SLE compared with healthy individuals. The
second and third clusters contain genes from the Rho GTPase and
cytoskeleton gene sets, which regulate intracellular trafficking, cell
migration, cell polarity, gene expression, and cell proliferation.
These biological processes underpin essential immune functions
such as cellular trafficking, phagocytosis, and antigen recognition
[12,13]. The DNA damage repair gene set, which forms the next
cluster, also exhibits upregulation in SLE samples, whereas the
ribosome gene cluster shows downregulation in SLE neutrophils
relative to healthy controls. In addition, the IncRNA cluster—
which includes, among others, JPX, FTX, NRIR, LINC02574, and
IRF1-AS1—displays higher expression in SLE samples. The ‘other’
cluster contains DEGs upregulated in SLE neutrophils that lack sig-
nificant enrichment information in the databases we used. Based
on a literature review, we further categorised several well-charac-
terised genes from the ‘other’ cluster into 6 groups (Supplementary
Fig S4 and Supplementary Table).

Comparison with an independent dataset [6] confirmed that
the intrinsic transcriptomic differences we identified between
healthy and SLE neutrophils are consistent with previous find-
ings (Supplementary Fig S5). In addition, analysis of pathway
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Figure 2. Clustered heatmap of intrinsic DEGs. Heatmap showing expression patterns of intrinsic DEGs categorised into 7 clusters including inter-
feron-related, Rho GTPase, cytoskeleton, DNA damage repair, ribosome, and long noncoding RNA (IncRNA). The ‘other’ cluster includes genes with

activity through GSVA scores (Fig 3) revealed significant varia-
tions in functional pathways between healthy and SLE neutro-
phils. Notably, the IFN-related genes, along with other intrinsic
gene clusters, maintained their differential expression patterns
in SLE neutrophils throughout the culture adaptation period,
suggesting that these transcriptomic alterations are long-lived
and intrinsic to SLE neutrophils rather than simply reflecting
their immediate inflammatory milieu.

Impact of time progression on transcriptomic profiles of
neutrophils

We performed differential gene expression analyses on neu-
trophils from both healthy individuals and patients with SLE at
3 time points (0, 30, and 60 minutes) following ex vivo culture.
Volcano plots (Supplementary Fig S6A) illustrate the DEGs for
each pairwise comparison in both groups. These plots highlight
genes that were significantly upregulated or downregulated
over time in neutrophils from both healthy and SLE donors.

Venn diagrams further clarify the relationships among DEGs
across the 3 time-point comparisons (Supplementary Fig S6B).
In the first Venn diagram, each set (circle) represents the follow-
ing comparisons of DEGs combining both healthy and SLE sam-
ples: (i) 0 vs 30, (ii) 0 vs 60 minutes, and (iii) 30 vs 60 minutes.
The second and third Venn diagrams show these ex vivo time-
dependent DEG patterns separately for healthy controls and
patients with SLE. Although these latter diagrams appear to
show different numbers of DEGs between healthy and SLE neu-
trophils over time, our statistical analysis revealed that, despite
having different baseline transcriptional profiles, neutrophils
from both groups undergo similar ex vivo adaptations in gene
expression over time (except for the 3 genes of BTG2, SEPTIN4,
and GSTO2).

We used heatmaps to visualise the DEGs that are common
across groups (Fig 4A). Based on these heatmaps and Venn dia-
grams, we observed 3 main groups of gene expression changes:
(i) genes that downregulate significantly from 0 to 30 minutes
and continue in the same direction through 60 minutes, (ii)
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genes that upregulate significantly from 0 to 30 minutes and
continue in the same direction through 60 minutes, and (iii)
genes that mainly show significant changes in expression only
between 30 and 60 minutes (Fig 4B).

To identify the biological processes affected by these
changes, we performed KEGG pathway enrichment analysis on
DEGs from each comparison group (Fig 4C). The first group
showed no enrichment. The second group showed enrichment
in multiple inflammatory pathways, including NF-«xB, TNF, IL-
17 signalling, and apoptosis. In the third group, while NF-xB sig-
nalling persisted, we observed a shift towards cell death-related
processes, with significant enrichment in apoptosis, mitogen-
activated protein kinase signalling, and longevity regulating
pathways. A common feature is that neutrophils undergo activa-
tion and cell death over time following isolation, as indicated by
the consistent activation of the NF-xB and apoptosis pathways
[14]. This time-dependent progression from broad inflammatory
response to focused activation and ultimately cell death path-
ways provides insights into neutrophil behaviour under ex vivo
conditions, though we acknowledge these changes may partly
reflect artificial activation due to isolation procedures and cul-
ture conditions.

Distinct DEGs in SLE neutrophils: cholesterol handling and
immune function

Apart from the enrichment tests, some of the differences in
intrinsic DEGs between healthy and SLE neutrophils are of par-
ticular interest. Among these, ABCAI, MDK, and GRAMDIB,
which are involved in cholesterol metabolism, are worth men-
tioning. GRAMDIB is an IFN-I inducible gene that codes for a
protein involved in the transport of high-density lipoprotein and
low-density lipoprotein-derived cholesterol from the plasma
membrane to the endoplasmic reticulum [15,16]. Conversely,
ABCA1 is an integral plasma membrane protein that plays a
major role in exporting excess cholesterol out of the cell [17].
MDK is involved in decreasing ABCA1 expression, thus inhibit-
ing the cholesterol efflux out of the cell [18]. Although all these
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Figure 3. GSVA scores of intrinsic DEG clusters across datasets. GSVA scores calculated for each intrinsic DEG cluster, comparing pathway activities in
neutrophils from healthy individuals and patients with SLE. Data from this study are displayed alongside corresponding GSVA scores from the
GSE139360 dataset. Two-way ANOVA tests were used to compare the scores, revealing significant differences in clusters associated with intrinsic tran-
scriptomic alterations in SLE neutrophils. ANOVA, analysis of variance; DEG, differentially expressed gene; GSVA, Gene Set Variation Analysis;
GTPase, Guanosine Triphosphatases; HC, healthy control; IncRNA, long noncoding RNA; LPS, lipopolysaccharide; SLE, systemic lupus erythematosus.

genes are upregulated in neutrophils from patients with SLE
compared with healthy individuals, ABCAI shows a markedly
lower fold change than the other 2 genes, suggesting potential
abnormalities in cholesterol metabolism of neutrophils from
patients with SLE (Supplementary Fig S7). Further evidence sug-
gesting altered cholesterol metabolism in patients with SLE neu-
trophils is the upregulation of C7orf50, which encodes the
hormone Cholesin that functions to inhibit cholesterol synthesis
in the liver [19].

To validate these transcriptomic findings, we performed
gqPCR analysis of ABCA1, GRAMDIB, and MDK expression in
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neutrophils from healthy controls and patients with SLE (Sup-
plementary Fig S8A,B). At time 0, all 3 genes showed signifi-
cantly higher expression in SLE neutrophils compared with
healthy controls. This differential expression pattern persisted at
60 minutes of ex vivo culture, confirming the stability of these
intrinsic transcriptomic differences.

Another gene of interest from the ‘other’ cluster is
TNFSF13B, which encodes BAFF, a key player in SLE pathogene-
sis [20]. Quantitative analysis revealed significant upregulation
of TNFSF13B (more than 2-fold) in neutrophils from patients
with SLE compared with healthy individuals. Notably, this
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erythematosus; TNF, tumour necrosis factor.

upregulation was consistently maintained across all 3 time
points examined, suggesting that it represents a stable intrinsic
feature of SLE neutrophils.

To validate the TNFSF13B transcriptomic findings at the pro-
tein level, we measured BAFF concentrations in plasma from
healthy controls (n = 3) and patients with SLE (n = 7). Plasma
BAFF levels showed a trend towards elevation in patients with
SLE compared with healthy controls (P = .0667; Supplementary
Fig S9), consistent with a previous report demonstrating signifi-
cantly elevated serum BAFF in patients with SLE [21]. To deter-
mine whether neutrophils directly contribute to BAFF secretion,
we cultured neutrophils from an independent pool of healthy
controls (n = 3) and patients with SLE (n 12) for 18 hours
with or without LPS stimulation. Both healthy and SLE neutro-
phils significantly increased BAFF secretion following LPS stim-
ulation (Supplementary Fig S10), consistent with evidence that
neutrophil activation promotes BAFF release [21]. However,
baseline and LPS-stimulated BAFF secretion did not differ signif-
icantly between groups, despite the observed transcriptional
upregulation in SLE neutrophils. This discordance between
mRNA and secreted protein levels suggests post-transcriptional
regulation of BAFF production, potentially involving retention
of membrane-bound BAFF or differences in protein processing
and release. In addition, the elevated plasma BAFF observed in
SLE likely reflects contributions from multiple cellular sources
beyond neutrophils.

MICB is another upregulated gene in neutrophils of patients
with SLE. It is upregulated under cellular stress and DNA dam-
age and can tag cells for elimination by natural killer cells [22].
This suggests that neutrophil elimination and the release of their
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cellular contents may continuously occur in SLE. Among the
IFN-related gene cluster, MOV10, which can act as an autoanti-
gen in SLE [23], is upregulated in neutrophils of patients with
SLE compared with healthy individuals.

LPS induces a common inflammatory response in neutrophils
while preserving SLE-specific transcriptional differences

Given the elevated interferon signature in SLE neutrophils,
we hypothesised that these cells might exhibit an altered
response to pathogen-associated molecular patterns compared
with healthy controls. To test this hypothesis, neutrophils from
both healthy donors and patients with SLE were stimulated with
LPS, followed by transcriptomic analysis to detect LPS-induced
gene expression changes. Surprisingly, the analysis revealed
that both groups shared a common set of DEGs in response to
LPS, including classic inflammatory genes such as IL1B, CXCL2,
TNF, and CCL20.[24—27]. To visualise these transcriptional
changes, we generated a heatmap incorporating both the LPS-
induced DEGs and the SLE-specific DEGs, illustrating the com-
mon inflammatory response as well as the persistence of dis-
ease-specific transcriptional signatures (Fig 5A).

To further investigate the pathways activated by LPS, we per-
formed KEGG and GO enrichment analyses on the DEGs identi-
fied in both healthy and SLE neutrophils in response to LPS
(Fig 5B,C). KEGG pathway analysis revealed significant enrich-
ment of inflammatory and immune-related pathways, including
TNF signalling, NF-xB activation, and IL-17 signalling, consis-
tent with a robust inflammatory response to LPS. Similarly, GO
biological process (GO:BP) analysis highlighted inflammatory
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Figure 5. Impact of LPS stimulation on neutrophil transcriptomics. (A) Heatmap displaying shared inflammatory response genes induced by LPS stim-
ulation in neutrophils from both healthy individuals and individuals with SLE (labelled as ‘LPS’), along with the persistence of intrinsic transcriptional
differences between neutrophils from both groups (organised in clusters: cytoskeleton, Rho GTPase, IncRNA, IFN genes, DNA damage repair, other,
and ribosome) despite LPS treatment. (B) KEGG pathway analysis of LPS-induced DEGs, showing enrichment of key inflammatory pathways such as
TNF and NF-«B signalling. (C) GO biological process (GO:BP) analysis reveals significant enrichment of inflammatory and immune response pathways
following LPS stimulation. CCL2, C-C motif chemokine ligand 2; DEG, differentially expressed gene; FDR, false discovery rate; GTPase, Guanosine Tri-
phosphatases; HC, healthy control; IFN, interferon; IL, Interleukin; IL-17, Interleukin-17; IL1B, Interleukin-14; KEGG, Kyoto Encyclopedia of Genes
and Genomes; IncRNA, long noncoding RNA; NF-xB, Nuclear Factor kappa-light-chain-enhancer of activated B cells; NOD, Nucleotide-binding Oligo-
merization Domain; LPS, lipopolysaccharide; SLE, systemic lupus erythematosus; TNF, tumour necrosis factor.

response, cellular response to biotic stimulus, and LPS as key
processes induced by LPS in both groups. These findings indicate
that LPS elicits a shared proinflammatory transcriptional pro-
gramme in neutrophils, regardless of disease status.

Despite this common response to LPS, we observed that the
intrinsic transcriptional differences that distinguish SLE from
healthy neutrophils remained intact with minimal response to
LPS, further supporting the idea that lupus-associated transcrip-
tional alterations persist even in the presence of external inflam-
matory stimuli. QPCR validation of key inflammatory genes (IL8,
IL1B, and TNF) following LPS stimulation confirmed comparable
expression levels between healthy and SLE neutrophils, with no
significant differences observed between groups (Supplemen-
tary Fig S8C). These results corroborate our transcriptomic find-
ings demonstrating preserved inflammatory responsiveness in
SLE neutrophils.

Longitudinal impact of CAR T-cell therapy on intrinsic
transcriptomic profiles in neutrophils of patient with SLE

To investigate the longitudinal impact of CD19 CAR T-cell
therapy on intrinsic DEGs in neutrophils, we analysed data from
a patient with SLE undergoing this treatment. The patient, who
had a SLEDAI score of 17 before treatment, received CD19 CAR
T-cell therapy in 2024 (day 0). Notably, by 4 months posttreat-
ment, the patient’s SLEDAI score had decreased to 4, indicating
significant clinical improvement. Moreover, by month 5 postin-
fusion, the patient was off any immunosuppressive therapy
(Supplementary Fig S11A).

A heatmap was generated to visualise the expression patterns
of the previously identified intrinsic DEGs in the patient’s neu-
trophils at baseline (pretreatment) and multiple time points
posttreatment: day 3, day 7, day 14, day 21, day 28, day 56,
month 3, and month 5. For reference, neutrophil samples from 3
healthy individuals were included, allowing for a direct
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comparison between healthy controls and the patient at various
stages posttreatment (Fig 6A).

The heatmap clusters genes according to the same pathway-
based enrichment categories identified earlier in our analysis,
providing insight into how those intrinsic DEGs evolve over
time in response to CD19 CAR T-cell therapy. At baseline, the
patient’s neutrophil transcriptome differed markedly from
healthy controls, with upregulation of interferon, DNA damage
repair, Rho GTPase, cytoskeleton, IncRNA, and other gene clus-
ters, whereas ribosomal structural protein genes were downre-
gulated. Following therapy, we observed modest changes in
gene expression during the first 2 months, but a substantial tran-
sition began around 3 months, with the neutrophil expression
profile at month 3 and month 5 closely resembling that of
healthy controls across most gene clusters.

To provide a more quantitative assessment of these longitudi-
nal changes, GSVA scores were calculated for each time point in
the CD19 CAR T-cell therapy patient, based on the same gene
clusters used in previous analyses (Fig 6B). The GSVA plot pro-
vides a quantitative view of pathway activity changes over time.
As shown in the figure, following initial CAR T-cell therapy, we
observed some fluctuation in pathway scores during the first
month, followed by a consistent trend towards healthy control
values across most gene clusters by month 3. This gradual nor-
malisation timeline is consistent with a progressive immune
reset process. Except for the ribosome cluster, the gene expres-
sion levels in all other clusters resembled those of healthy con-
trols by 3 months posttherapy.

To complement these findings, further analysis confirmed
profound B cell depletion following therapy, with CD19 + B cell
counts dropping from approximately 2000 cells/uL pretreat-
ment to near-undetectable levels postinfusion and remaining
depleted throughout the follow-up period (Supplementary Fig
S11B). Notably, the timeline of neutrophil transcriptomic nor-
malisation—becoming evident by month 3—occurred well after
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Figure 6. Longitudinal transcriptomic and GSVA score analysis post-CAR-T-cell therapy. (A) Heatmap visualising intrinsic DEG expression in a patient
with SLE undergoing CAR T-cell therapy across baseline (2 pretreatment time points) and 8 posttreatment time points. Samples from 3 healthy individ-
uals serve as controls. Red arrowhead indicates day 0 (CAR T-cell infusion) and black arrowhead marks when the patient discontinued all immunosup-
pressive medications. (B) GSVA plots showing pathway activity for intrinsic DEG clusters across time points in the CAR T-cell therapy patient. The
analysis reveals dynamic transcriptomic reprogramming, with most clusters approaching healthy transcriptomic profiles by 3 months posttreatment.
CAR, chimeric antigen receptor; DEG, differentially expressed gene; GSVA, Gene Set Variation Analysis; GTPase, Guanosine Triphosphatases; HC,
healthy control; IFN, interferon; IncRNA, long noncoding RNA; SLE, systemic lupus erythematosus.

B cell depletion was established. qPCR analysis of select intrinsic
DEGs (ABCA1, GRAMDIB, and MDK) in the CAR T-cell therapy
patient revealed decreased expression at 3 to 5 months postinfu-
sion compared with pretreatment levels (Supplementary Fig
S8D). These findings provide additional validation for the tran-
scriptomic reset observed following therapy.

DISCUSSION

This study provides a comprehensive investigation into the
transcriptomic landscape of neutrophils in SLE, offering several
novel insights that extend beyond previous work in this field.

By employing a refined neutrophil isolation technique and
examining ex vivo transcriptomic adaptations over time, we
have introduced an approach that, to the best of our knowledge,
has not been previously utilised in SLE neutrophil research.
Although previous studies have examined neutrophil transcrip-
tomics in SLE [2,6], our work presents 3 key innovations: (i) the
assessment of transcriptomic stability during ex vivo adaptation,
allowing discrimination between intrinsic versus microenviron-
ment-induced differences; (ii) the evaluation of functional
responses to LPS stimulation alongside disease-specific signa-
tures; and (iii) the first longitudinal analysis of neutrophil
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transcriptomic changes following CD19 CAR T-cell therapy in a
patient with SLE.

Our findings revealed that neutrophils from both healthy and
SLE groups exhibited remarkably similar and rapid transcrip-
tional adaptation patterns during culture. This parallel behav-
iour in response to ex vivo conditions suggests that, despite
disease status and ongoing therapy, SLE neutrophils retain many
core functional capabilities similar to healthy controls. Both
populations showed coordinated activation of key pathways
including NF-xB signalling, inflammatory responses, and regu-
lated progression towards apoptosis. Although these shared
responses demonstrate the preservation of essential neutrophil
functions in SLE despite disease-specific differences, they also
highlight the challenges of maintaining neutrophil stability ex
vivo and underscore the importance of rapid processing in tran-
scriptomic studies [28].

Our findings also revealed that while healthy and SLE neutro-
phils can exhibit similar transcriptomic changes in response to
time, there are intrinsic DEGs between the 2 groups that remain
consistently different regardless of the in vitro culture duration.
These persistent DEGs likely reflect fundamental differences in
the baseline biology of neutrophils from healthy individuals and
individuals with SLE and possibly also reflect the disease vs
health status, irrespective of the disease activity. These genes



were categorised into several clusters, each providing unique
insights into SLE pathogenesis. The upregulation of interferon-
related genes in SLE neutrophils aligns with the established role
of interferons in SLE pathogenesis [29]. This finding reinforces
the critical importance of interferon signalling in the molecular
mechanism of the disease.

Apart from interferon-related genes, differences in other
functional gene clusters were observed between neutrophils
from patients with SLE and controls. The upregulation of most
Rho GTPase and cytoskeleton gene sets in SLE neutrophils may
be due to the aberrant neutrophil activation in patients with SLE
[30]. Increased expression of DNA damage repair genes in neu-
trophils from patients with SLE may reflect efforts by the cells to
repair DNA damage caused by various factors, such as elevated
levels of ROS [30—32]. The downregulation of ribosomal struc-
tural protein gene expression may result from the metabolic
reprogramming of cells under immunological stress, which redi-
rects their transcriptomic machinery towards the production of
inflammatory genes rather than housekeeping ones [33—35].

JPX and FTX are 2 of the IncRNAs involved in X chromosome
inactivation by upregulating the expression of Xist [36]. Despite
the increased expression of JPX and FTX in our dataset, the level
of Xist does not show a significant difference between neutro-
phils from healthy individuals and those with SLE. However,
Tasl (categorised in ‘other’ cluster), an X-linked member of the
TLR7-9 pathway, is consistently upregulated in SLE neutrophils
compared with healthy individuals, suggesting abnormal X chro-
mosome inactivation in neutrophils of patients with SLE similar
to their T cells and B cells, as shown by previous studies [37
—39]. NRIR, LINC02574 and IRF1-AS1 are also among the
IncRNA cluster and are considered interferon-stimulated genes,
which are expected to be upregulated in SLE [29,40—42]. Inter-
estingly, IRF1-AS1 depletion in HeLa cells resulted in increased
expression of Xist [42]. Thus, the overexpression of this gene in
neutrophils from patients with SLE might contribute to altered X
chromosome inactivation and may explain why Xist is not upre-
gulated despite the increased expression of JPX and FTX
IncRNAs.

Comparing our intrinsic DEGs with the previous study by
Mistry et al [6] (Fig 3 and Supplementary Fig S5) confirms the
presence of most of the intrinsic DEGs between healthy and
patient neutrophils in their dataset as well. However, the GSVA
score difference between healthy individuals and individuals
with SLE regarding intrinsic DEGs clusters is less in their dataset,
which may be attributed to the neutrophil purification method
using density gradient medium, which inadvertently results in
more neutrophil activation compared with using negative selec-
tion by magnetic beads [28]. The GSVA scores of ribosome clus-
ter in Mistry et al [6] datasets did not show a significant
difference between healthy individuals and individuals with
SLE, possibly due to patients’ heterogenicity.

Correlation analysis between GSVA scores for our intrinsic
DEG clusters and previously identified interferon-stimulated
gene (ISG) [43] GSVA scores in SLE samples revealed a funda-
mental distinction between neutrophils and other immune cells
(Supplementary Fig S12). Although the IFN-related cluster (C1)
showed significant ISG correlation in neutrophils, clusters C2-
C6—representing Rho GTPase, ribosome, cytoskeleton, DNA
damage repair, and IncRNA—showed no significant ISG correla-
tion in our neutrophil dataset. In contrast, these same clusters
exhibited highly significant ISG correlations across peripheral
blood mononuclear cells (GSE50772) [44], whole blood
(SRP136102) [45], and B cells (SRP156583) [46]. This IFN-
independent pattern of dysregulation in multiple functional
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pathways distinguishes neutrophil contributions to SLE patho-
genesis from the predominantly IFN-driven dysfunction
observed in other immune cells, suggesting unique neutrophil-
specific mechanisms.

An important consideration in SLE neutrophil research is the
role of low-density granulocytes (LDGs), a distinct proinflamma-
tory neutrophil subset that colocalises with peripheral blood
mononuclear cells after density gradient centrifugation [47,48].
LDGs in SLE display prominent type I interferon signatures,
enhanced spontaneous NETosis, increased production of proin-
flammatory cytokines, and impaired phagocytic capacity
[5,6,47]. Given that LDGs represent a significant proportion of
circulating neutrophils in patients with SLE, particularly those
with active disease [6,48], the intrinsic transcriptomic differen-
ces we identified likely reflect contributions from both LDG and
normal-density neutrophil populations.

Our LPS stimulation experiment revealed that both healthy
and SLE neutrophils demonstrated overlapping inflammatory
responses, as evidenced by the upregulation of common inflam-
matory genes. Importantly, while LPS induced substantial tran-
scriptional changes in both groups, the intrinsic disease-specific
signatures that distinguish SLE neutrophils remained intact.
This indicates that the mechanisms controlling the SLE-specific
gene expression operate independently from pathways respond-
ing to infectious stimuli. The coexistence of these parallel
inflammatory mechanisms could potentially lead to enhanced
tissue damage during infectious challenges, which may help
explain the increased risk of complications that patients with
SLE face during infections [49].

The longitudinal analysis of a patient with SLE undergoing
CD19 CAR T-cell therapy provided unique insights into neutro-
phil transcriptomic recovery. The gene expression patterns did
not immediately normalise after treatment, indicating that neu-
trophil transcriptomes may require some time to realign with
healthy profiles, highlighting the importance of lupus epige-
netics [6,50]. By 3 months posttherapy, most gene clusters
approached healthy neutrophil characteristics, suggesting a
gradual immunological reset. The temporal dissociation
between rapid B cell depletion and gradual neutrophil transcrip-
tomic normalisation suggests that the resetting of innate
immune gene expression requires time for systemic immunologi-
cal recalibration following elimination of autoreactive B cells.
Notably, this therapeutic approach highlights the interconnec-
tedness of adaptive and innate immune dysfunction in SLE, as
evidenced by changes in neutrophil gene expression following
CD19-targeted intervention. This study, while only in a single
patient, also reveals how anti-CD19 CAR T-cell therapy can
drive durable remission through deep B cell depletion to broadly
reset the immune system to patterns seen in healthy individuals.

Our study introduces several methodological advances. By
utilising negative selection for neutrophil isolation, we mini-
mised potential activation artefacts common in traditional isola-
tion techniques. This approach also enabled the uniform
isolation of all neutrophils, regardless of their density. Further-
more, the examination of transcriptomic patterns during ex vivo
adaptation, complemented by LPS stimulation experiments,
offers a more comprehensive and dynamic understanding of
neutrophil behaviour in SLE.

While our study offers valuable insights, several limitations
should be acknowledged. The relatively small sample size and
focus on a single CD19 CAR T-cell therapy patient suggest the
need for larger and more comprehensive studies. In addition,
while our transcriptomic analysis identified differential expres-
sion of cholesterol metabolism genes (ABCA1, MDK, and
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GRAMDIB), functional validation through direct cholesterol
measurements was not performed. Future research could
explore the functional implications of the identified transcrip-
tomic differences and investigate potential therapeutic interven-
tions targeting these molecular pathways.

CONCLUSION

This comprehensive transcriptomic analysis of neutrophils in
SLE unveils complex molecular alterations that contribute to our
understanding of the disease’s pathogenesis. By highlighting
intrinsic differences, time-dependent shifts, and inflammatory
responses, our study provides a foundation for a deeper under-
standing of neutrophil involvement in SLE pathogenesis and
highlights potential avenues for therapeutic intervention.
Finally, our longitudinal analysis of neutrophil transcriptomes
following anti-CD19 CAR T-cell therapy, though limited to a sin-
gle patient, provides compelling evidence of immune reset
beyond the targeted B cell compartment, with neutrophil gene
expression profiles normalising towards healthy patterns by 3
months posttreatment. This finding suggests that targeted
immunotherapy can induce systemic immune reprogramming
and restore normal gene expression in innate immune cells,
offering a potential explanation for the durable remissions
observed with CAR T-cell therapy in SLE.
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ARTICLE INFO ABSTRACT
Article history: Objectives: The gut microbiome plays a crucial role in regulating systemic immunity and has been
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implicated in several chronic inflammatory diseases. Intestinal expansions of Ruminococcus gna-
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Accepted 4 March 2026 vus (RG), a dominant gut commensal, correlate with disease flares in lupus nephritis (LN), but

the underlying mechanism remains unknown.

Methods: In a Pilot cohort of patients with biopsy-proven LN, subsetted by gut microbiota com-
munity, immune status was characterised using bulk-blood RNA sequencing libraries, serum lev-
els of representative host proteins, and levels of immunoglobulin (Ig)G antibodies to the novel
lipoglycan (LG) produced by pathogenic RG strains. A Validation LN cohort was evaluated for
blood transcriptomic profiles and levels of anti-LG antibodies. In murine models, mechanistic
hypotheses were tested after RG gut colonisation or after intraperitoneal injection with an LG
preparation, with outcomes determined by transcriptomic analyses, platelet functional readouts,
and tissue histology.

Results: In a Pilot cohort of patients with LN, RG gut expansions were associated with high-level
platelet, neutrophil, and monocyte activation. Serum levels of platelet factor 4 and release of
neutrophil extracellular traps (NETs) were significantly higher in patients with high serum IgG
antibody against the novel RG-specific LG, a marker of in vivo immune exposure. An LN Valida-
tion cohort confirmed these correlates and showed that anti-LG antibodies serve as a surrogate
for thromboinflammatory profile in this LN-associated endotype. In mice, gut colonisation with
LG-producing RG strains or a single LG injection caused megakaryocytosis and platelet activa-
tion; RG colonisation with LG-producing strains induced tubulointerstitial injury with NETosis.
Invivo responses to LG toxin were Toll-like receptor 2-dependent.

Conclusions: Gut expansions of the RG pathobiont may contribute to autoimmune pathogenesis
through the LG toxin and cause LN flares through thromboinflammatory mechanisms in this pre-
viously unrecognised LN endotype.
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» The gut microbiome has been recognized as a regulator of sys-
temic immunity.

Lupus nephritis (LN) is a serious illness, yet despite improve-
ments in therapeutic interventions, many patients progress to
renal failure.

Intestinal blooms of Ruminococcus gnavus (RG)(renamed Med-
iterraneibacter gnavus) are associated with higher lupus dis-
ease activity.

Strains isolated from lupus patients have been shown to pro-
duce a cell wall-associated novel lipoglycan (LG); however, the
roles of this lipoglycan in the pathogenesis of lupus and disease
progression remain unclear.

WHAT THIS STUDY ADDS

* We identify a distinct LN endotype in which systemic innate
immune thromboinflammation is linked to RG gut blooms and
the immune response to a novel RG-associated LG.

In the Pilot and Validation cohorts, the serum level of anti-LG
antibody was shown to be a reliable surrogate biomarker for
this inflammatory profile (endotype), based on transcriptomic
profiles of platelet activation and neutrophil degranulation, as
well as immunoassay measures of Platelet Factor 4 levels (PF4)
and neutrophil extracellular trap (NET) release.

Murine gut colonization demonstrated that only RG strains that
produce the novel immunogenic surface LG toxin, or injection
of an LG preparation from RG alone, induced increased mega-
karyocytosis, platelet activation, and renal injury, remarkably
mirroring findings in LN patients with RG intestinal blooms.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

« This study identified a previously unsuspected, yet common, LN
endotype in which renal flares are driven by gut bacterial blooms.
Anti-LG antibody testing may help identify LN patients with
this unique endotype, and therefore those most at risk for
microbiome-driven thromboinflammation and renal involve-
ment, with implications for disease presentation, therapeutic
decision-making, and subsequent personalized treatment.

This work opens the door to new therapeutic directions, includ-
ing newly characterized RG-induced pathogenic pathways,
TLR2 blockade, and the therapeutic targeting of intestinal
blooms of pathobiont strains.

Taken together, our findings may provide a means to treat a
common driver of LN flares without the immunosuppression
inherent to current treatments.

INTRODUCTION

The gut microbiome is a key regulator of systemic health and
is implicated as a significant driver in chronic autoimmune and
inflammatory diseases [1,2]. We investigated the importance of
this connection in systemic lupus erythematosus (SLE), an auto-
immune disease characterised by considerable clinical heteroge-
neity in which recurrent flares often cause severe multiorgan
damage. A fundamental quandary in SLE is how clinical and
immunologic diversity arises and whether there are distinct
patient subsets that each reflect unique underlying pathogenic
mechanisms. This question may be fundamental to understand-
ing the causes of lupus nephritis (LN), which affects half of SLE
patients and is a major contributor to morbidity and mortality.

Despite recent therapeutic advancements, within 10 years of
diagnosis, 1 in 5 patients progresses to end-stage renal disease
[3]. In genetically predisposed individuals, environmental fac-
tors, including the gut microbiome, are suspected to play a role
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in the development of SLE and the subsequent triggering of dis-
ease flares; however, their contributions remain poorly under-
stood. We hypothesise that a shift in the balance of intestinal
commensals, leading to the release of microbial factors through
a compromised gut barrier, is a key driver of disease flares
[4,5]. This hypothesis underscores the significance of a compre-
hensive understanding of the interplay between disease predis-
position, shifts in the gut microbiome, and the
immunopathogenesis of SLE.

The gut microbiota plays a crucial role in immune development
and homeostasis. Dysbiosis, or an imbalance in the gut microbiota,
can increase gut permeability, contributing to the development of
inflammatory and autoimmune diseases. In female patients with
SLE, renal involvement is associated with expansions of specific
strains of the pathobiont species that was recently renamed Medi-
terraneibacter gnavus [6]. Earlier work, to which we refer here, used
the species name Ruminococcus gnavus (RG) [7—9]. RG, a member
of the Lachnospiraceae family of obligate anaerobes, is a key species
in the human gut microbiome [10,11]. Strains of RG generally first
colonise humans during infancy [11]. In adults, several chronic
inflammatory diseases have been associated with RG gut expan-
sions [4,10]. In addition, substantial genomic diversity has been
documented among RG strains [9,12], suggesting that not all
strains may have pathogenic potential, and the pathways triggered
by RG colonisation remain undefined.

In cross-sectional studies of cohorts of patients with SLE
from diverse ethnic and racial backgrounds across 3 continents
[7,13—15], RG gut expansions directly correlated with higher dis-
ease activity. Longitudinal studies have shown that, in individual
patients, RG blooms are temporally associated with LN disease flares
[9]. RG strains isolated from patients with active LN produce a novel
form of lipoglycan (LG) [9], which has been characterised by mass
spectrometry and nuclear magnetic resonance. This LG is a complex
glycan with a unique structure featuring prominent mannoses and
lipid anchors that attach it to the bacterial cell membrane. LGs pro-
duced by different RG strains share a conserved structure recognised
by post-immunisation monoclonal antibodies [9] and also by spon-
taneously arising serum immunoglobulin (Ig)G2 anti-LG antibodies,
which are found at high levels in approximately one-third or more
of patients with active LN [7,9]. Evidence suggests a pathogenic
role: murine colonisation RG strains, which produce the LG toxin
and were isolated from lupus patients, translocate out of the gut and
modulate the systemic immune response. LG-producing strains also
accelerate the progression of lupus-like autoimmune disease, but
the mechanisms underlying this effect remain undefined [16].

In this study, we investigated the mechanism(s) by which
intestinal RG may directly influence autoimmune pathogenesis
in LN patients. We specifically tested the hypothesis that gut col-
onisation with certain RG strains that produce the novel LG
drives disease progression. Using patient cohorts with LN and
relevant murine models, we aimed to elucidate the underlying
pathogenic mechanisms. Our studies identified a significant sub-
set of LN patients characterised by immune responses to LG. We
delineate herein the role of this LG in activating platelets and
neutrophils, which contribute to inflammatory renal injury.

RESULTS

LN patients in a Pilot cohort can be dichotomised based on the
presence of RG intestinal blooms

In recent studies, we reported a significant correlation
between high lupus disease activity and expansions of the gut



A. Amarnani et al. Ann Rheum Dis 85 (2026) 1582—1595

A B Cc °
Pilot cohort 50+ O
Control SLE -
N=8) [| (N=16) 107 S
/ ‘ 251
Non- ' 4 1054
Renal Renal = §
N =8) ulgl] £
(N= 2 104 0
2 :
: d " + +
Active lupus o o ® LN w RG bloom
nephritis o, 5 [ S'TEMO blooml
4 A non-rena
without 10 TEE . © Healthy controls.
bloom T T T T -100
(N=4) Healthy SLE  Renal RG bloom
confrols non-renal  wio
bloom
LN wi/o bloom LN w RG bloom
[) — s
6 Myeloid cell development - 1 ®
Platelet degranulation | 'y
Myeloid cell homeostasis - : [ B
g Platelet activation- i ®
_ Platelet alpha granule - :' @
% Platelet aggregation ; O+
% Meutrophil chemotaxis- :' e
0 i
._§ Myeloid leukocyte migration 1t —
g Myeloid leukocyte activation ;I 1 @ . . 50
| 100
7-;' Neutrophil degranulation 1 ! m | .
= i s 1
& 3 Adaptive immune response O 1 i . 50
=} 1
= padj B cell activation- } padj
o0 H 001
o Humoral immune response o i ' 0001
& 0001 o ) | 00001
2% -3 0 3 6 00001 B cell mediated immunity — @ T Q0000
000001 | 0000001
Log,(LN w/o bloom/control) Compl { activation, classical pathway i
2 0 2
. LNwio LNw MNormalized enrichment score
F Wik G SLE non-renal t"?ﬂ'ﬂ RG bloom H
7| Platelet L ‘ SPARC i 0.03
10 /sl activation SNCA  —
N | . PROS1 .
“Beell s, v, i g _ B [eeer £ 04
[immunity | 5 ‘ Hl PE4 2
o (%] 2 u .n“““”“!h““.
g = . § [} PDGFA g%
e\ i | MMRN1 H -
S © 0.1+
2 ® F13A1 8
T S ] EGF : H
[ W cD9 & 024 %
° MEIS1 -
Too(LN w RG bioom/LN w/o bloo |1§QTM e o
0g,(LN w loom/LM wi o m} Il CCA bloom  RG bloom
10 ~Neutrophil', LNwo  LNw K 0.03
| - degranulation’, SLE non-renal bloom RG bloom
Al B \ PRDX6 » 034 :
m  KRT1 g =+
: il A P
I k] £ 02
Ss B [ ] cLu 2 _I—
g s VTHB g %
3 i LoALSS Zeow, S |
| [l PDE3A s &
£ il cTss @ 3
0 2 PGRMC1 lo 00
[ .04
[l ) 2 LNwo  LNw

50 25 0 25 50
Log;(LN w RG bloom/LN w/o bloom) bloom  RG bioom
Figure 1. Whole-blood RNA sequence analysis of patients with lupus nephritis (LN) demonstrates increased platelet activation in patients with Rumi-
nococcus gnavus (RG) intestinal blooms. (A) In the Pilot cohort, patients with LN (class III or IV based on renal biopsy) were dichotomised by serum lev-
els of RG anti-lipoglycan (LG) immunoglobulin (Ig)G for RNA sequencing. (B) Antibody levels reactive with the RG LG in the sera of healthy controls
(n = 20), nonrenal (systemic lupus erythematosus [SLE]) patients (n = 20), LN patients without gut blooms (n = 8), and LN patients with RG gut
blooms (n = 4) in the Pilot New York University (NYU) cohort [7,9]. (C) Principal component analysis (PCA) of gene expression in whole-blood RNA
sequencing libraries with top 25% variance between control, SLE without LN (SLE nonrenal), LN without RG bloom, and LN with RG gut bloom. In the
prior study [9], a gut RG bloom was defined as >1% RG abundance (LN with RG bloom), which was ~10-fold higher than the mean abundance in
healthy participants. PC1 40.9%, PC2 19.1%, and PC3 7.8%. (D) Scatter plot of Log2-fold change in gene expression comparing LN patients with RG
blooms (LN with RG bloom) vs controls to LN patients without bloom vs healthy controls. Two hundred seventeen genes are significantly differentially
expressed between the LN with RG bloom and the LN without bloom (adjusted P < .05), with 202 upregulated and 15 downregulated. Colour scheme
adjusted P value of LN with RG bloom vs LN without bloom. (E) Gene set enrichment analysis results of ranked genes based on LN with RG bloom vs
LN without bloom, showing significantly overrepresented pathways from genes increased in LN with RG bloom (right) or instead, increased in LN
without bloom (left). The absolute value of the normalised enrichment score (NES) is shown. NES and P,q; values are listed in Supplementary Table
S2. (F) LN with RG bloom is devoid of B-cell activation and the classical complement pathway; instead, these pathways are associated with LN without
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commensal anaerobe, RG [7,9,14]. A longitudinal study of a
cohort of female patients with SLE, as defined by the European
League Against Rheumatism/American College of Rheumatology
2019 criteria [17], here termed the Pilot cohort, included 8
patients without evidence of renal disease and 8 who fulfilled the
clinical criteria for LN (Fig 1A) [7,9] at the time of high
disease activity. These LN patients all had elevated serum anti-
double-stranded DNA (dsDNA) autoantibodies and hypocomple-
mentemia [9], with renal biopsies documenting International
Society of Nephrology/Renal Pathology Society histopathologic
class III or IV proliferative glomerulonephritis [9] (Supplemen-
tary Table S1). All patients in our Pilot cohort had normal platelet
counts and lacked antiphospholipid autoantibodies. Four LN
patients had RG expansions, which we have termed ‘blooms’
when they represent >1% of the community [9]. This subset of
LN patients with RG blooms also developed robust antibody
responses against a structurally unique, membrane-associated LG
produced by RG strains isolated from patients with active LN
[7,9] (Fig 1B; Supplementary Data S1). Faecal RG abundance sig-
nificantly correlated with the serum level of anti-LG IgG antibod-
ies [7]. Within this Pilot cohort, LN patients with RG intestinal
blooms displayed among the highest levels of serum IgG antibod-
ies to this pathobiont species-associated LG, whereas the remain-
ing LN patients showed neither expansions of RG nor identifiable
antimicrobial antibody elevations compared to healthy subjects
[7,9] (Fig 1B). LN patients with RG blooms also had evidence of
increased systemic inflammation and immune activation, with
significantly higher levels of the host acute phase reactant, lipo-
polysaccharide-binding protein (Supplementary Data S2), indicat-
ing increased intestinal permeability, microbial translocation, and
a strong host innate immune response to circulating microbial
components, including lipopolysaccharide [18].

Differential blood transcript expression in patients with LN
and RG blooms

To provide an unbiased global snapshot of a patient’s
immune system, RNA sequencing (RNA-seq) libraries were pre-
pared from whole blood and then analysed using unsupervised
principal component analysis (PCA). As expected [19,20], in
the Pilot cohort, we found a clear separation between the SLE
patients and the control subjects (Fig 1C). As further anticipated
based on earlier reports [21—23], there were features shared
between patients with nonrenal and renal disease (Fig 1C; Sup-
plementary Data S3). Surprisingly, LN patients with RG gut
blooms formed a distinct cluster that was separate from those
with LN and no blooms (Fig 1C). Although there was no signifi-
cant difference in the steroid dose received (Supplementary
Table S1), compared with the other LN patients, in the LN
patients with RG blooms, 202 genes were upregulated and 15
were underexpressed (Fig 1D), which represented a tractable
gene set amenable to meaningful interrogation.

In female LN patients with RG blooms in the Pilot cohort,
gene set enrichment analysis (GSEA) [24] revealed that 5 of the
top 20 most overexpressed pathways were associated with plate-
let activation and neutrophil degranulation compared with
patients without blooms (Fig 1E; Supplementary Tables S2 and
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S3). Unlike the heterogeneous patterns found in SLE patients
without prominent renal involvement, those with LN and gut
RG blooms exhibited distinctly enhanced expression of platelet
activation [25] (Fig 1F). These included transcripts for a-gran-
ule-related factors, such as platelet factor 4 (PF4), a chemokine
that attracts immune cells and modulates platelet—immune cell
interactions [26], and protein S (Pros1), which is crucial for clot-
ting, apoptotic cell clearance, and immune modulation [27]. The
LN patients with RG blooms also exhibited upregulation of tran-
scripts for key platelet activation factors, including alpha-synu-
clein and platelet-derived growth factor A (Fig 1G,H). As
expected [21,23], based on module analysis, some nonrenal
patients showed elevated transcripts associated with platelet
and neutrophil activation (Supplementary Data S3). However,
anti-LG antibody levels were not increased in these patients
(Supplementary Data S1A).

Patients with RG blooms also showed enhanced representation
of pathways involved in neutrophil migration, chemotaxis, and
degranulation, indicating broader immune activation. Further-
more, LN patients with RG blooms also showed transcript overex-
pression of specific genes, including LGALS3 and PRDX6 (Fig 1J,
K), which are involved in neutrophil degranulation. In many
cases, overexpression of genes involved in platelet activation cor-
related with expression of genes reflecting neutrophil degranula-
tion (Supplementary Data S4A,B). However, these patients did
not exhibit significantly elevated expression of interferon-stimu-
lated genes (ISGs) (Supplementary Data S4A,B). Furthermore, LN
patients without blooms instead had an overrepresentation of
genes related to B-cell activation, humoral responses, and comple-
ment activation, which have been shown to play classical roles in
LN disease development [19,28] (Fig 1E).

Although the number of longitudinal samples available for
our study was limited, during intestinal RG blooms during dis-
ease flares, transcriptomic analyses showed that these LN
patients had higher expression of the platelet activation module
(Supplementary Data S5-S7). Furthermore, although it did not
attain significance, the level of platelet gene activation was
directly associated with that of neutrophil gene activation
(rem = 0.86, P = .062, Supplementary Data S6), which further
supported a coordinated immune response involving platelets
and neutrophils. Conversely, the expression level of platelet acti-
vation showed an inverse correlation trend with ISG modules
(rym = —0.88, P = .05, Supplementary Data S6), suggesting a
reciprocal relationship during overall disease flares. Longitudi-
nal evaluation of transcript modules showed a significant posi-
tive correlation between increased SLE disease activity
(measured by the Systemic Lupus Erythematosus Disease
Activity Index [SLEDAI]) and neutrophil module expression
(rem = 0.99, P = .001), while there was coordinated negative
correlation of B-cell (r,, = —0.97, P = .006) and ISG modules
(rem = —0.96, P = .01) (Supplementary Data S7).

Serum anti-LG IgG antibody levels are markers of gut dysbiosis
associated with RG blooms

In our earlier studies of SLE patients, higher levels of antibod-
ies that bind to the LG produced by RG strains were correlated

bloom. Gene expression of LN with RG bloom vs LN without bloom, with genes related to platelet activation (right) and B-cell activation (left), noted.
(G) Heatmap of gene expression involved in platelet activation in nonrenal SLE patients, LN patients without bloom, and LN patients with RG bloom.
(H) Singscore modules assessing platelet activation pathway in LN patients with RG bloom vs those without RG bloom. (I) Expression of genes related
to neutrophil degranulation (right) and interferon-stimulated genes (ISGs) (left), with (J) heatmap of gene expression in nonrenal SLE, LN without
bloom, and LN with RG bloom patients, and (K) Singscore module of neutrophil degranulation genes in LN patients with RG bloom and without gut

bloom; unpaired nonparametric t-test.
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with higher lupus disease activity, as measured by the SLEDAI
[29], and with serum IgG autoantibodies to native DNA [7]. Ele-
vated levels of serum IgG antibodies against the novel surface
LG from RG strains also significantly correlated with the faecal
abundance of the RG species [4], a pattern here reproduced in a
smaller cohort (Supplementary Data S1). To further investigate
the immunobiologic implications of this specific host immune
response, in patients of the Pilot cohort, we assessed levels of
serum IgG to the RG-specific LG product [9] (Supplementary
Data S1). We also studied a Validation cohort of patients with
active biopsy-proven class III or IV LN from the standard-of-care
control arm of the previously reported randomised multisite
Abatacept and Cyclophosphamide Combination Therapy for
Lupus Nephritis (ACCESS) trial (NCT00774852) [30] (Supple-
mentary Table S4). Specifically, we sought to determine
whether serum anti-LG IgG levels, which reflect the host
response to RG colonisation and blooms [7,9], also correlated
with systemic transcriptomic profiles at the time of LN flares
(Supplementary Table S5).

Serum IgG antibody levels against the novel surface LG of the
RG2 strain [4] were quantified with a previously reported
immunoassay [9], and patient sera were stratified based on an
anti-LG antibody cutoff value (59,000 U/mL). In the Pilot
cohort, anti-LG IgG antibody levels were increased in the
patients with LN with RG blooms compared with the patients
with LN without RG bloom and the nonrenal patients (Supple-
mentary Data S1A). In the Validation cohort, we found that 12
of these 20 active LN patients had anti-LG IgG antibody levels
that exceeded the cutoff value (Supplementary Data S1).

These LN patients had been recruited from 11 of the 21 clini-
cal sites in the ACCESS trial (Supplementary Data S8), geograph-
ically dispersed throughout the United States. Otherwise, these
patients showed no associations between anti-LG antibody levels
and patient demographics, antiphospholipid antibody positivity,
anti-dsDNA autoantibody levels, complement levels, urinary
protein-to-creatinine ratio, white and red blood cell counts,
platelet counts, estimated glomerular filtration rate, or serum
albumin level (Supplementary Table S3). Anti-LG antibody lev-
els were unaffected by medications or corticosteroid exposure;
however, the LN patients with elevated anti-LG antibodies
were older (P = .02). In this cohort, each LN patient generally
maintained a stable anti-LG antibody level over a 2-year follow-
up period, with few exceptions [9] (Supplementary Data S1B).

Anti-LG antibody levels are correlated with platelet activation
and neutrophil degranulation gene signatures

In the Pilot cohort, the LN subset with RG blooms had signifi-
cantly higher expression of transcripts for platelet activation
and neutrophil degranulation (P = .03) (Fig 1). However, there
was no correlation with differences in the levels of specific cell
types (eg, platelets or neutrophils) in the blood (Supplementary
Data S9). In the Validation LN cohort, PCA of bulk-blood RNA-
seq libraries, based on anti-LG antibody positivity, did not dis-
tinguish patients with global gene representation (Supplemen-
tary Data S10A). In contrast, anti-LG antibody positive and
negative subsets significantly distinguished those with platelet
module-specific gene expression, which was consistent with the
findings that elevated anti-LG antibody levels correlated with
significantly higher expression of platelet activation genes
(P = .04) (Fig 2A-D [31]; Supplementary Tables S2 and S3; Sup-
plementary Data S10B,C). Hence the multiscale approach vali-
dated both the biological specificity and the reproducibility of
the platelet activation signature as a pathway-level biomarker in
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LN. Furthermore, in the Validation cohort, the levels of anti-LG
antibodies also significantly directly correlated with platelet
activation (r = 0.47, P < .05), with neutrophil extracellular trap
(NET) fragmentation (r = 0.45, P < .05), and with a positive
numerical trend with the neutrophil degranulation transcript
module (r = 0.43, P = .06) (Supplementary Data S11 and S12;
Supplementary Table S5).

Hierarchical clustering of these overexpressed pathways in
the anti-LG positive patients in the Validation cohort mirrored
the patterns found in patients with RG blooms in the Pilot cohort
(Supplementary Data S13). In contrast, there was no direct or
indirect significant association with ISG expression (Supplemen-
tary Table S5). However, we also identified an exception—an
LN patient with elevated platelet activation gene expression
despite negative anti-LG antibody levels. This patient had a sig-
nificantly elevated pathologic-range protein-to-creatinine ratio
(>20 g/g) (Fig 2B; Supplementary Data S13), suggesting that
serum antibody loss may have resulted from pathologic urinary
excretion.

To assess these profiles in independent SLE cohorts, we ana-
lysed transcriptomic data from published reports on 390
patients with active LN [19,20,32,33]. We found inverse rela-
tionships between platelet activation/neutrophil degranulation
genes with both ISG and B-cell activation/differentiation genes
(Supplementary Data S4C,D), and the same relationships seen
for modules for ISG and B-cell activation. However, in this com-
posite of datasets from several reports, there was no identifiable
relationship between platelets and neutrophil modules, and this
was expected as there was no means to dichotomise this hetero-
geneous lupus dataset based on gut RG representation or circu-
lating anti-LG antibody levels. Hence, RNA-seq analyses across
cohorts provided circumstantial evidence for a distinct pathway
of platelet activation and neutrophil degranulation that was first
identified in LN patients with RG blooms, distinguishing this
patient flare endotype, from flares involving previously impli-
cated pathways, which are characterised by overexpression of B-
cell activation and interferon-related genes [19].

Peripheral transcript profiles of platelet and neutrophil activation
are associated with elevated serum PF4 and NETosis proteins

To further investigate the mechanisms underlying the
observed platelet and neutrophil activation, we assessed for cor-
relations between gene expression and serum levels of relevant
self-proteins. Validation cohort patients with positive anti-LG
antibody levels showed increased platelet activation gene scores
and higher serum PF4 protein levels, confirming in vivo platelet
activation (Fig 2C,D,F). These patients also exhibited gene signa-
tures of increased neutrophil degranulation, as well as higher
serum levels of NET fragments, including myeloperoxidase, cit-
rulline-modified histone 3, and dsDNA, compared with anti-LG
antibody-negative patients (Fig 2GC,E,G). Significant correlations
were found between levels of serum PF4 protein and platelet-
related transcripts, including PROS1 (r = 0.52, P = .02), PPBP
(r = 0.48, P = .03), and TREML1 (r = 0.48, P = .03), indicat-
ing coordinated platelet degranulation (Supplementary Data
S14). Similarly, correlations between serum NET fragments, a
hallmark of NETosis, and transcripts related to neutrophil
degranulation and epithelial damage (KRT1:r = 0.58, P = .02;
EGF: r = 0.53, P = .04) were observed (Supplementary Data
S15). These direct transcript-protein relationships provide
robust evidence for coordinated platelet, neutrophil activation,
and NETosis as contributors to disease activity.



A. Amarnani et al.

A

Validation cohort
07-

106

1054 e

Anti-LG (U/mL)

104

103~

—r

c . anti-LG negative
*

B

Platelet activation, |
signaling, and aggregation

Platelet degranulation—

Response to elevated
platalat cytosolic Ca?*

Plalelet alpha granule —
Myeloid leukocyte migration-—
Neutrophil degranulation—
Myeloid activation—

Platelat activation—
Macrophage migration—
Neutrophil activation—
Macrophage chemotaxis—

[ anti-LG positive

[T ers
]

PF4V1

1]

Platelet activation

| F2RL3
SLCBA4
B[] |P2rY1

| 1 | |EeocFa

Bl (rzryi2

0.2+

SPARC

| TREML1

TUBB1
MYLS

0.1

Platelet activation module

I |

_sELP
PROS1
EEEEE =
PRKG1
~ |MMRN1
SLCTA11

7 vwF

0.0-4

-

150004

|
[T T

Neutrophil degranulation

. vTiHB
ALOX12
~co177
| FOLR3
~ PGRMC1
| CR1
HSPAB
 HPSE
i [TEcu
| [isLcieaz o=
ADAMS

L "___THBS1
] |CD300LF
mE B

(SNAP23
B | e Za

4

(] || sTxBP3 2
_ B i _—l:l_PIKBCD 0

i I 'SBNO2
RSAD2
IFl44
| IFi44L
| MX1

10000+

Platelet Factor 4 (PF4)
g
1

Enriched in anti-LG positive LN patients

3

— T
anti-LG anti-LG

negative positive

anti-LG anti-LG
negative positive

E

ot
w
L

et
(5]
1

e
1

Ann Rheum Dis 85 (2026) 1582—1595

t

10
o2

@
@

padj
oo

100001

Meutrophil degranulation module
o
(=]
L

10000 -

5000

DNA-MPO-CitH3 NET AU

EENE I E—
anti-LG anti-LG

negative positive
0.03

L -

-

anti-LG anti-LG
negative positive

Figure 2. Patients with anti-lipoglycan (LG) positive antibody levels in the Validation cohort displayed transcript profile evidence of platelet activa-
tion. (A) Using a quantitative Luminex-based assay, lupus nephritis (LN) patients were dichotomised based on a cutoff for immunoglobulin (Ig)G anti-
LG reactivity (horizontal dashed line), distinguishing those with negative (n = 8) vs positive (>5.9 X 10* U/mL; n = 12) antibody levels. Validation
cohort LN samples were from the ITNO34AI trial (NCT00774852) (see methods in the Supplementary Materials). (B) Pathways and (C) genes related
to platelet and neutrophil activation were increased in anti-LG-positive patients. Pathway normalised enrichment score (NES) values and statistics are
listed in Supplementary Table S2. *Indicates an unusual patient with a negative anti-LG antibody level who had a significantly elevated urine protein/
creatine ratio of >20 g/g (see text and Supplementary Data S4). (D) Platelet gene expression module and (E) Neutrophil degranulation gene module
scores in the anti-LG negative patients (n = 8) vs anti-LG-positive patients (n = 12) in the Validation cohort. (F) Platelet factor 4 (PF4) protein levels
in the serum of patients with class III or class IV LN in the Validation cohort (n = 17). (G) Serum neutrophil extracellular trap (NET) fragment detec-
tion by enzyme-linked immunosorbent assay for citrullinated histone 3 (CitH3), myeloperoxidase (MPO), and DNA, which are serum markers for
NETosis in the patients in the Validation cohort (n = 20). NET fragment detection utilised a published methodology for simultaneous detection of
MPO-CitH3 and DNA fragments [31]. Statistics represent an unpaired, nonparametric t-test. AU, arbitrary units.

Intestinal colonisation of mice with LG-producing RG strains

induces platelet activation

We next sought to survey for potential causal relationships
between the influences of RG strains from LN patients and in
vivo platelet activation [8,16] (Fig 3A). To assess the gut

presence of RG akin to the RG-colonized LN subset, RG-specific

quantitative polymerase chain reaction assays of faecal sam-
ples documented high-level colonisation in mice given RG
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strains isolated from LN patients, at 2 weeks post-gavage, but
not in the controls (Fig 3B). Notably, after challenge, the rapid
appearance of high serum fluorescein isothiocyanate-dextran
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Figure 3. Ruminococcus gnavus (RG) gut gavage induces platelet-targeted transcriptomic changes and activates peripheral platelets. (A) The experimen-
tal model used antibiotic pretreatment, then subsequent murine gavage of RG or sham, and sample collection. (B) Polymerase chain reaction assessment
of stool samples throughout the experiment identified peak RG colonisation of C57BL/6 mice at 2 weeks after the last gavage. Mice were pretreated for 2
weeks with an antibiotic cocktail of enrofloxacin, ampicillin, and metronidazole. Mice were then gavaged with either sham or RG every other day for a
total of 5 administrations over 2 weeks. Timepoint 0 represents the end of this gavage period (n = 3 per group). (C) FITC-dextran levels in serum pre-
and post-oral gavage of sham vs RG gavage-treated (RG-colonised) mice. n > 7 mice per group. (D) Principal component analysis of the top 25% varied
genes in C57BL/6 mice at 2 weeks, and 4 weeks post-gavage, with either sham or RG. PC1 48.7%, PC2 28.3%. n = 3 per group. (E) Gene set enrichment
analysis detected genes overexpressed in RG compared with sham at 2 weeks post-gavage. Pathway normalised enrichment scores are listed in Supple-
mentary Table S2. (F) Expression at 2 weeks post-gavage of genes related to platelet activation. (G) Heatmap of whole-blood RNA sequencing (RNA-seq)
genes related to platelet activation, in sham gavage (left) and RG-colonised (right) mice. *Indicates transcripts overrepresented in pathway analyses for
platelet activation and/or degranulation in both murine RG colonisation model and human whole-blood RNA-seq studies (Figs 1, 2). (H, I) P-selectin ™
platelets (relative to CD41* FSC'®") in C57BL/6 mice (H) and GP1b-Cre * platelets in tdTomato-GP1bCre mice (I) with or without thrombin stimula-

tion detected by flow cytometry. n > 3 mice per group. FITC, fluorescein isothiocyanate, FSC, forward scatter; GP1b, glycoprotein Ib.

levels documented impaired intestinal barrier functional integ-
rity in RG-colonised mice (Fig 3C), akin to findings in LN
patients with RG intestinal blooms (Supplementary Data S1).
Overall, in RG gut colonisation studies, there was no evidence
of sepsis, infection, changes in body temperature, or weight
loss in treated mice. Colonisation with LG-producing RG
induced significant global changes in the transcriptome, affect-
ing over 700 enriched pathways (Supplementary Table S2). As
shown by PCA, whole-blood RNA-seq libraries from peak RG
colonisation revealed distinct gene expression profiles
(Fig 3D). In RG-gavaged mice, there was significant overrepre-
sentation of pathways for platelet activation and degranulation
(Fig 3E; Supplementary Tables S2 and S3), mirroring findings
in LN patients with RG blooms (Figs 1 and 2). Key genes
involved in platelet activation and aggregation, such as Pros1,
Pdgfa, Pf4, and Sparc, were notably overrepresented (Fig 3F,
G). Although RG colonisation did not affect total white blood
cell, lymphocyte, or platelet counts, mean platelet volume, or

haemoglobin levels (Supplementary Data S16), RG-colonised
mice did have significantly lower circulating neutrophil levels
(P = .02), suggesting that RG-induced platelet activation may
accelerate peripheral neutrophil consumption.

To understand RG-driven platelet activation in thromboin-
flammatory conditions, we used a standard set of experimental
agonists to assess ex vivo platelet responsiveness in RG-colonised
mice. During thrombogenesis, P-selectin is packaged into plate-
let cytoplasmic a-granule organelles. Using flow cytometry, we
quantified P-selectin levels expressed on platelet membranes.
We found that, upon ex vivo activation with thrombin, P-selectin
rapidly translocated to the platelet surface in RG-gavaged mice,
but not in sham-treated mice (Fig 3H; Supplementary Data S17),
where it is accessible for cell-cell interactions, including those
with neutrophils. Using RG-colonised tdTomato-GP1b transgenic
mice (Supplementary Data S18), we found no differences in
basal P-selectin expression. However, after in vitro challenge
with thrombin, we documented enhanced P-selectin responses
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Figure 4. Colonisation of lupus-prone mice causes splenic megakaryocytosis and increased renal cellular infiltration by macrophage/monocytes and
lymphocytes with increased local NETosis. (A, B) Splenic immunohistochemistry shows an increased number of megakaryocytes, representing mega-
karyocytosis, after gut colonisation with the Ruminococcus gnavus RG2 strain and the nb92 subclone that produces lipoglycan (LG), but not after sham
or colonisation with the nb90 subclone that does not produce LG. See Supplementary Data S32. Immunofluorescence of splenic megakaryocytes in 12-
month-old, female, FcyRIIb~'~ mice (as defined by CD41 ™" cells) after gavage with LG-positive RG subclone or strain (nb92, RG2) versus a subclone
that does not produce LG (nb90). The cell counts represent the number of cells per low-power field (n > 3 mice per group). (C) Representative kidney
sections (hematoxylin and eosin stained) after colonisation of FcyRIIb™~ mice with LG-producing RG strains (nb92, RG2), and LG-non-producing
strain (nb90), 10 days after the last gavage. Bar = 50 ym. (D) Quantification of the renal activity index evaluated a blinded reviewer for the presence
(score 0-3) of mononuclear tubulointerstitial cells, glomerular leukocyte infiltration, hyalinisation of glomeruli, closed capillary loops, or early cres-
cent formation/fibrotic ring (see Supplementary Table S6). Statistics represent an unpaired t-test. (E) Example of glomeruli of RG2 (LG-producing RG
strain)-colonised FcyRIIb~/~ lupus-prone female mice, showing mononuclear interstitial cellular infiltrations (#), early crescent formation (*) and hya-
linisation (arrow) (original magnification, 40x). Bar = 20 pum. (F) Representative images of merged immunofluorescence of macrophage/monocytes
(F4/80), neutrophils (MPO), with evidence of NETosis (CitH3), and T cells (CD3). Bar = 50 um. Regions of interest with glomeruli and surrounding
macrophages are encircled with dashed lines. Arrow highlights area of NETosis adjacent to a glomerulus, based on MPO, CitH3, and F4/80 detection.
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(Fig 3I). In contrast, no functional differences were observed
with either type I collagen or adenosine diphosphate (ADP),
which act via receptors distinct from those activated by throm-
bin (Supplementary Data S19).

RG colonisation leads to a robust local intestinal immune
response

After gavage with an LG-producing RG strain, but not in sham-
gavaged control mice, RG colonisation led to large lymphoid
aggregates in the ileal lamina propria. These contained
IgA*CD45* lymphocytes (Supplementary Data S20A-D). Addi-
tionally, RG-colonised mice showed reduced epithelial expression
of claudin-1, a protein essential for maintaining intestinal barrier
integrity (Supplementary Data S20E,F). These findings suggest
that certain RG strains can compromise gut barrier function,
potentially allowing systemic exposure to numerous microbial
factors.

Intestinal colonisation increases the number of megakaryocytes in
the bone marrow and spleen

Platelets, formed from the fragmentation of megakaryocyte
cytoplasm in the bone marrow, lack nuclei and mitochondria. In
GP1b-tdTomato platelet reporter mice, we examined the effect
of RG gut colonisation on megakaryocytes. After colonisation
with LG-producing RG, megakaryocyte numbers significantly
increased in the bone marrow (Supplementary Data S21A). We
also assessed the impact on the spleen, a key site for platelet
storage and extramedullary production during periods of
increased demand, such as in sepsis [34]. RG gavage resulted in
significantly higher megakaryocyte numbers in the spleen com-
pared with sham-treated mice (Supplementary Data S21B) (Sup-
plementary Data S33).

Pathogenic LG-producing RG strains induce renal injury in lupus-
prone mice

To assess the influence of LG production, we used bacterial
strains with or without the capacity to produce LG in vitro [7].
These included newly isolated RG subclones obtained by subcul-
ture and colony isolation from the previously described S107-48
RG strain recovered from an LN patient [9]. For these studies,
we used the nb90 subclone, which lacks LG production, and the
nb92 subclone, which consistently produces LG. In wild-type
mice, colonisation with LG-producing strains did not lead to
renal pathology (Supplementary Data S22).

To consider potential effects on autoimmune pathogenesis
and end-organ effects, we studied the effect of RG colonisation
in lupus-prone FcyRIIb~/~ mice, which are at risk of autoimmune
renal injury [35,36]. FcyRIIb™~ mice were gut-colonised with
the control RG1 (also called the ATCC 29149) strain (an LG-non-
producing RG strain [7] from a healthy donor) or with the LG-
producing nb92, or RG2 (also called CC55_001C) strains (Sup-
plementary Data S32). The LG-producing strains significantly
increased spleen megakaryocyte numbers, whereas the LG-non-
producing strain did not (Fig 4A,B). In lupus-prone mice, coloni-
sation with LG-producing RG strains (nb92 or RG2) in FcyRIIb™/
~ mice induced significant renal cellular infiltration, marked by
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tubulointerstitial lymphocytic infiltrates (Fig 4C,D,E) with
prominent T-cell and macrophage populations identified by
immunofluorescence (Fig 4F) (Supplementary Tables S6 and
S7). Furthermore, in mice colonised with LG-producing RG
strains, there was deposition of myeloperoxidase and citrulli-
nated histone 3 markers consistent with neutrophil degranula-
tion and death by NETosis (Fig 4F-I; Supplementary Data S23).
This renal pathology was not present in sham-gavaged mice or
in mice colonised with the control LG-nonproducing strain.
Hence, in genetically lupus-prone female mice, LG-producing
RG strains drive both NETosis and renal injury.

Intraperitoneal injection of LG alone drives platelet activation
and in vivo megakaryocytosis

We next sought to determine whether the LG glycan moiety
alone is sufficient to drive these features in vivo, and we there-
fore administered a purified LG preparation via intraperitoneal
injection. As with our findings after RG colonisation (Fig 3), in
LG-injected mice RNA library analysis revealed overexpression
of genes associated with platelet activation compared with vehi-
cle-injected mice (Fig 5A-C; Supplementary Tables S2 and S3;
Supplementary Data S24). In both wild-type and lupus-prone
mice, LG treatment significantly increased functional platelet
responses to ex vivo thrombin stimulation (Fig 5D,E), without
associated alterations in total white blood cell count, lympho-
cytes, neutrophils, haemoglobin, platelet count, or mean platelet
volume compared with vehicle controls (Supplementary Data
S§25, S§26). LG injection induced enhanced ex vivo platelet
responses at 6 days post-injection, but not at earlier time points
(8 hours or 2 days; Supplementary Data S27). Given the ~4-day
platelet lifespan in mice [37], this suggests that the influence of
LG is mediated by sensitisation of newly formed platelets to
thrombin stimulation, which then mature, rather than by direct
effects of the lipoglycan on mature platelets.

LG-injected mice also exhibited splenic megakaryocytosis
(Fig 5F), indicating that LG affects platelet progenitors and sub-
sequent platelet activation functions. However, there was no
increase in functional aggregation rates after thrombin or ADP
stimulation compared with vehicle-injected mice (Supplemen-
tary Data S28). Hence, LG specifically drives platelet activation
but not the platelet aggregation that leads to clot formation.

RG drives platelet activation and immune modulation in both
lupus patients and murine models

As described above, in both human and murine studies, we
found consistent evidence of RG-driven platelet activation and
innate immune modulation. Indeed, in RG-colonised mice, the
pathways for platelet activation, degranulation, and NETosis
closely matched those in RG-exposed LN patients. Under the
influence of LG-producing strains, the shared overexpression
pattern was also seen at the level of individual genes crucial for
regulating platelet activation, degranulation, and NET formation
in a pathway-dependent manner (Supplementary Data S29).

(G) Cell percentage of F4/80™ cells (macrophages), (H) MPO ™ cells (neutrophils), and (I) CD3™* cells (T cells) relative to all cells (DAPI) in low-power
fields, with >3 fields evaluated per mouse (n = 3 mice per group). Statistics represent an unpaired t-test. CitH3, citrullinated histone 3; DAPI, 4’,6-dia-
midino-2-phenylindole; FcyRIIb, Fc gamma receptor IIb; MPO, myeloperoxidase; NET, neutrophil extracellular trap.



A. Amarnani et al. Ann Rheum Dis 85 (2026) 1582—1595

A B c Intraperitoneal Injaction
Vehicle Lipoglycan __Vehicle Lipoglycan g
: Platelet activation B Fundeo - : v
. and degranulation et Platelet activation ] .
H = — ry : H
6 E— - SI Plok Coagulation ®
':3.;;- Serpine2 GPVI-mediated aclivation .
% Mmm1 Platelet aggregation °
= SlcGad Integrin-mediated signaling L[]
— % Alox12 Platelet degranulation : ®
g =i Ppbp Response o elevated ' *
= a . Rab27h platelet cytosolic Ca2+ H
=1 Tiabds T cell proliferation .
g ! o O Regulated necrosis ) P
i 1 e Vascular wall interactions L ®
. e @
[ Clec1b Cell killing []
T | chmps Bacterial response L) pad)
0 | s100a9 LPS response ! ® bt
= | Cd2da Response to symbiont H o om
@ 1 Mise3 ) & o
c Bripdl 8 4 DNA repair H 001
§'—- B ooz Protein-DNA complex ™
i ; & Casp3 0 Interleukin-7 signaling . '
25 [ 25 5 Stamft B -4 -2 0 2 4
Log.(LG/vehicle) IP injection Normalized enrichment score
Spleen
D C57 BL/6 E  Fcyr2B* F P w0t
100+ 0.02 1007 0.04
— <0.001 -
* <0.01 1 % 20 -
= 804 ' 80+ M = L]
81 =l | - & 2 3 .
S & ] - : E 15
) N —:f— g A
+ o . imm
£ . £ 10- =
§ 404 L] 404 L] L ® Vehicke 9 = _&_ Emm
] B Lipoglycan = g .
E’ @ = 5 .
204 [ - ]
4 o - :
. " @
N o
T T T T o T T T T o 0
- N . T
Lipoglycan == — — - c
pogyea + + + + £ Vehicle LG
Thrombin = — L L — - L L DAPI + CD19 + CD41
G 20n H 100- TLR2- J B6 lipoglycan/TLR2 lipoglycan
0.001 <0.01 NS —_—
L] — '
§15 " ‘ g 80 <0001 &’:“ Platelet aggregation ! °
. w | 8 o ;
o = 1 %S 60 gy —-¥-— Platelet activation | ®
g 0O = :
10 % # 1
g o '
] g am o . Platelet degranulation | [ ]
@ uE AA 5 H
g ‘E@B 2 Response to platelet |
5 T po P H
=% oo —%— ib 3 e 2 ® \erice cytosolic Ca?* ! .
00 A B Lipoglycan Platelet activation, !
0 T T T T o T . ¢ :lgn.almgI Et'nd ! [ ]
egranulation i
C57BLI6 TLR2* _ Lipoglycan = 5 — + g .
Lipoglycan == - -_ & Thrombin = = + + Hemostasis | [}
; : o Chemokine signaling | ®
| i i i : _ Platelet activation SR !
. .and degranulation H
A el 1”:";: ;’:’:: 9 Macrophage migration ]
Megakaryocyte development : [ ]
— i : 100
o MHC class Il antigen presentation | [ ] 20
s Mment ' @0
2 Neutrophil degranulation ® pad
? . : . 00075
Toll-like receptor cascades | =) 00050
0 ! Imms
T E 0 2 4
= e ; 8 ; 5 Normalized enrichment score

Log, (B6 LG/TLR2* LG)

Figure 5. Intraperitoneal (IP) administration of lipoglycan (LG) preparation in C57BL/6, FcyRIIb~’~ and TLR2™/~ mice increases splenic megakaryo-
cyte numbers, peripheral blood platelet activation, and P-selectin externalisation. (A) Platelet activation genes were increased in whole-blood RNA
sequencing (RNA-seq) studies 6 days after a single IP injection of an LG preparation (1.5 ug/g), isolated from the RG2 strain, into FcyRIIb~'~ mice. n
greater than or equal to 3 mice per group. (B) Heatmap visualisation of genes related to platelet activation and degranulation and the associated
immune activation pathways induced by RG bacterial products. (C) Gene set enrichment analysis (GSEA) detects pathways overrepresented in mice
after LG injection. Pathway normalised enrichment scores (NES) are listed in Supplementary Table S2. (D, E) Functional platelet activation 6 days after
IP LG injection was evaluated by flow cytometric monitoring of the percentage of surface P-selectin expressing cells after ex vivo thrombin stimulation
in (D) C57BL/6 and (E) FcyRIIb~/~ mice. n > 3 mice per group. (F) Immunofluorescence megakaryocyte quantification in the spleen of 5- to 8-month-
old lupus-prone, female, FcyRIIb~'~ mice 6 days after one-time LG IP injection. Bar = 50 pm. Cell counts are the number of cells per low-power field
(n > 3 mice per group). (G-I) TLR2-dependence of RG LG preparation-mediated activities. (G) Increased megakaryocyte numbers in the spleen were
observed in wild-type LG-injected mice, but not LG-injected TLR2™~ mice. Cell counts are the number of cells per low-power field (n = 3-4 fields per
mouse, n > 3 mice per group). (H) Percentage of surface P-selectin-expressing cells, functional platelet activation 6 days after IP LG injection, in
response to ex vivo thrombin stimulation in TLR2™/~ mice (n > 3 mice per group). (I) Platelet activation genes were increased in RNA-seq studies of
whole blood collected 6 days after LG injection in both C57BL/6 (B6) and TLR2~/~ mice (n > 3 mice per group). (J) GSEA showed increased expression
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Figure 6. A mechanistic hypothesis of the influence of RG on systemic
lupus erythematosus pathogenesis. Impaired gut barrier function allows
microbial products to translocate, exposing the immune system to RG
surface lipoglycan (LG). RG can activate platelets via Toll-like receptor 2
(TLR2), and, potentially, via immune complexes acting through FcyR
and complement/mannose-binding lectin, promoting platelet—immune
cell interactions. This leads to lupus nephritis injury via P-selectin-medi-
ated neutrophil priming, resulting in the release of neutrophil extracellu-
lar traps (NETs) that contain inflammatory factors and active neutrophil
proteases. Activated platelets also release soluble factors, such as platelet
factor 4 (PF-4), which drive granulocyte maturation and further sustain
inflammation. NET, neutrophil extracellular trap; RG, Ruminococcus gna-
vus; SLEDAI, Systemic Lupus Erythematosus Disease Activity Index.
Adapted from [4,39].

Megakaryocytosis, altered platelet function, and transcriptomic
activation mediated by LG preparations in vivo are Toll-like
receptor 2-dependent

Prior studies using a reporter cell line implicated Toll-like
receptor (TLR)2 in the immune activation induced by an LG
preparation isolated from RG by chromatography (see Methods
[7]). As TLR2 is expressed on megakaryocytes and platelets
[38], we therefore tested the in vivo responses to such LG prepa-
rations. In wild-type mice, a single LG injection induced mega-
karyocytosis expansion of these platelet precursors (Fig 5G), as
well as platelet activation and TLR-mediated cascade pathways,
whereas neither was observed in TLR2™'~ mice (Fig 5H,I; Sup-
plementary Data S30). In LG-injected wild-type mice, GSEA
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confirmed overrepresentation of pathways associated with
platelet activation, degranulation, macrophage migration, and
neutrophil degranulation, which was not observed in LG-
injected TLR2™/~ mice (Fig 5J; Supplementary Tables S2 and S3;
Supplementary Data S31). These findings highlight the crucial
in vivo role of the TLR2 cascade in mediating the thromboinflam-
matory response triggered by LG preparations (Fig 6 [4,39]).

DISCUSSION

In this study, we identified a distinct pathophysiologic endo-
type in patients with LN characterised by gut expansion of the
pathobiont RG and the release of a proinflammatory LG toxin. In
2 independent cohorts, unbiased whole-blood RNA-seq (Figs 1
and 2) provided a comprehensive view of the immune land-
scape. LN patients with RG blooms exhibited a gene expression
profile indicative of platelet activation and neutrophil degranu-
lation. In contrast, LN patients without gut bloom displayed dis-
tinct transcriptional patterns associated with B-cell and
complement activation [19,20]. In support of this, analysis of
publicly available whole-blood gene expression datasets under-
scored the clear separation of these molecular pathologic endo-
types among patients with active LN, especially the inverse
correlation between platelet activation and B-cell activation
modules.

To further investigate the causative roles in lupus-like dis-
ease, we conducted animal studies. Our murine gut colonisation
experiments demonstrated that only RG strains that produced
the unique immunogenic surface LG toxin, or injection of an LG
preparation from RG alone, induced increased tissue levels of
megakaryocytes, platelet activation, and renal injury (Figs 3 and
4). Indeed, megakaryocytes and platelets express innate immune
receptors, including TLRs, which can stimulate proliferation and
differentiation, particularly in the context of inflammation,
infection, or sepsis [38]. Transcript profiles were induced by LG
injection that reiterated findings after colonisation with LG-pro-
ducing RG strains (Fig 5A-C), as well as induced functional acti-
vation in platelets (Fig 5D, E). However, responses induced by
an LG preparation from RG were not observed in TLR2-deficient
mice (Fig 5). Notably, to induce platelet activation via specific
signalling pathways, TLR2 functions as a heterodimer [40]. Our
RNA-seq data demonstrated implicated activation via the TLR2
and the TLR1 signalling subunit. These findings align with a
report that synthetic TLR2 agonists can activate platelets [41]
and contribute to thromboinflammatory responses and NETosis
[42]. However, it remains possible that other host innate
immune receptors, such as C-type lectins, also contribute to RG-
driven immune activation.

Beyond platelet effects, which included increased serum P-
selectin expression, RG blooms in LN patients enhanced the
expression of genes associated with NET formation (eg, myelo-
peroxidase, citrullinated histone H3, dsDNA) [31,43], features
of the thromboinflammatory innate pathway also observed in
sepsis [44]. In our patients with RG intestinal expansions, we
observed no episodes of bacteraemia, epithelial barrier invasion,
or associated tissue injury. Furthermore, unlike in sepsis, neither
thrombosis nor vascular clotting was prominent, and these
patients showed no signs of disseminated intravascular

of genes related to platelet activation and degranulation pathways in B6 mice, but not in TLR2™/~ mice, after IP injection of LG preparation. Pathway
NES listed in Supplementary Table S2. In panels A and I, vertical dashed lines indicate log»(Fold Change) +1, representing a 2-fold change in gene
expression. Unpaired, nonparametric t-test. DAPI, 4’,6-diamidino-2-phenylindole; FcyRIIb, Fc gamma receptor IIb; TLR2, Toll-like receptor 2.



coagulation or thrombocytopenia. To better define the central
features shared by patients with this LN endotype, we inten-
tionally excluded patients with clinical antiphospholipid syn-
drome, thereby clarifying that these autoimmune features are
not integral to this LG toxin-driven thromboinflammatory endo-
type.

Supporting the translational relevance of our murine models,
comparative analysis of patient and murine RNA-seq libraries
revealed conserved pathway overexpression (Supplementary
Data S29). Hence, despite species-specific differences between
mice and humans, and significant differences in LG exposure
timelines (short-term in murine models vs years in LN patients),
the transcriptomic profiles induced by murine RG gut colonisa-
tion remarkably mirrored those observed in LN patients with RG
intestinal blooms.

In the kidneys of lupus-prone mice, within weeks of RG colo-
nisation, a profound cellular infiltration by neutrophils, macro-
phages, and T cells was observed. This provided a novel model
of early-stage immune cell infiltration driven by gut dysbiosis.
In contrast, glomerulonephritis in patients with SLE typically
develops over a longer period. Murine studies confirmed that
these LG preparations alone can induce the central features of
an early step in autoimmune renal pathogenesis.

In mice, we observed neutrophil infiltration and degranula-
tion, as well as macrophage and T-cell entry into the kidneys of
RG-colonised lupus-prone mice. Just weeks after murine RG gut
colonisation, we observed immune cell infiltration, representing
an early-stage model of dysbiosis-driven inflammation. How-
ever, refinements in experimental design can address the conse-
quences of prolonged intestinal RG persistence and its impact on
long-term renal pathology that is more typical in human LN
pathogenesis. Overall, our findings from human and murine
studies support the hypothesis that gut expansion of pathogenic
RG strains in LN patients drives platelet and immune activation,
as well as renal disease (Fig 6).

Among the limitations that warrant consideration, the Pilot
cohort size was modest and from a single site. Because women
are most affected by LN, the Pilot cohort comprised female
patients, and the 20 LN patients in the Validation cohort
included only one male patient. Although gut microbiota data
were unavailable for the Validation cohort, the number of signif-
icant cross-data correlations in this cohort demonstrated that
anti-LG IgG antibody levels served as a powerful surrogate for
identifying patients with the thromboinflammatory endotype.
The LG from RG strains is specifically recognised by a well-char-
acterised recombinant antibody, although future studies will be
needed to extend testing to additional strains and other glycan
molecules. In addition, we appreciate that a copurified minor
component may influence the host response to LG [7]. It remains
possible that, at the molecular level, TLR2 dependence does not
rely on a direct interaction with the LG itself but rather with a
copurified factor [45—48].

The initial renal injury from RG colonisation and LG exposure
mirrors aspects of early cellular infiltration seen in sepsis-driven
acute kidney injury [49,50]. However, this RG-associated early
inflammatory renal injury occurs without overt infection or
widespread thromboses. We hypothesise that such repeated or
prolonged insults are necessary for the development of all the
features of classical LN in susceptible individuals.

Taken together, our findings define an LN endotype associ-
ated with blooms of LG-producing RG strains and the underlying
mechanisms. In patients with LN, platelet activation has previ-
ously been linked to leukocyte recruitment and end-organ injury
[22,51—-53], roles central to this endotype. Unlike other LN
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endotypes, which include B-cell activation or interferon path-
ways, our findings suggest that a pathogenic subset of LN
patients can be identified using the anti-LG antibody biomarker,
reflecting the in vivo influence of a gut pathobiont that acts via
specific disease mechanisms. Overall, this previously unknown
LN endotype is triggered by systemic platelet activation—
beyond their traditional roles in thrombosis—as immune senti-
nels that drive inflammation. As a result, our studies are reshap-
ing our understanding of LN pathogenesis in lupus patients with
RG blooms.

In-depth studies are now needed to investigate the relation-
ship between elevated anti-LG antibody levels and the risk of
renal failure, as well as the potential for impairment of clinical
responses to therapy due to overwhelming microbiome-induced
innate immune activation in the lupus host. Similarly, our
understanding of RG ecobiology, particularly the relationship
with time-dependent shifts in pathogenic strains and overall dis-
ease activity, is currently limited. We documented remarkably
high antibody levels against the LG toxin in many patients with
LN. The direct pathogenic properties of such antibodies, and/or
their IgG immune complexes with the lipoglycan, need to be
characterised in patients with this endotype. The effects on
platelet biology and functionality, including transcript levels in
isolated platelets from affected individuals, should also be inves-
tigated. The induced B-cell/antibody clones should also be eval-
uated for their potential contribution to pathogenesis through
cross-reactivity with self- or renal antigens and by forming com-
plexes in vivo. We found a significant difference in the mean age
of the patients in the Validation cohort in anti-LG antibody high
versus anti-LG antibody low subsets (Supplementary Table S3;
P = .02), although for the categorical age distributions (18-24,
25-39, >40 years) there were no significant differences
(P = .25). It currently appears unlikely that RG intestinal expan-
sions occur only late in the course of LN pathogenesis, as we
have detected high anti-LG antibody levels in individual patients
on the day of LN biopsy and diagnosis [13]. However, to address
this question, longitudinal studies of patients with LN enrolment
at disease onset may be necessary.

In summary, our study highlights the unique pathophysiol-
ogy underlying RG blooms in a subset of LN patients. Our find-
ings reveal many parallels with poststreptococcal autoimmune
syndromes, such as rheumatic fever and poststreptococcal glo-
merulonephritis, as recently discussed [4]. However, in the
absence of overt infections and associated tissue barrier destruc-
tion, RG blooms provoke host immune responses that disrupt
gut barrier function [4,5]. The detection of RG blooms and
related systemic anti-LG antibody responses should serve as a
biomarker to identify patients at higher risk for this endotype of
disease flare and tissue damage, particularly in genetically sus-
ceptible individuals. Future work in SLE inception cohorts will
therefore also be needed to assess the dynamics of RG strain
expansion, competition, and persistence.

Early clinical testing of anti-LG antibody as a biomarker
may help stratify patients by risk of microbiome-induced dis-
ease flares, potentially as early as their first clinical presenta-
tion. Detection of this pronounced platelet-driven immune
response in an LN patient may inform therapy decisions more
effectively, facilitating a personalised medicine approach
[38]. These findings highlight the potential clinical opportu-
nities to target RG-induced pathways, including through
TLR2 blockade or selective antibiotic treatment, which may
spare some patients the broad immunosuppressive effects and
associated adverse events of current standard-of-care thera-
pies for lupus.
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METHODS

This study was conducted in accordance with the principles
outlined in the Declaration of Helsinki. Written informed con-
sent, approved by the New York University (NYU) Institutional
Review Board, was obtained from all subjects before their enrol-
ment in the study for research use and publication of their data.
Detailed methods are provided in the Supplementary Material.
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ARTICLE INFO ABSTRACT

Article history: Objectives: Systemic lupus erythematosus (SLE) frequently affects the central nervous system,
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Received in revised form 2 February 2026 leading to neu.ropsy.chlamc SLE (NPSLE.). Ma.]or depre551.ve disorder 1'n SLE (SLEMD‘D) is the most

Accepted 19 February 2026 frequent manifestation of NPSLE and is believed to arise from an immune-mediated process.
However, biomarkers for SLEypp remain lacking. The aim of this study was to identify candidate

Handling editor Josef S. Smolen immunometabolic biomarkers associated with SLEypp.

Methods: We analysed deep flow cytometry immune phenotyping, gut microbiota profiling, and
targeted mass spectrometry—based metabolomics from 99 patients from the LUPIL-2 study
(NCT02955615). Biological signatures were identified using unsupervised principal component
analysis and supervised decision tree classification. They were then validated in an independent
cohort from the TRANSIMMUNOM study (NCT02466217).

Results: SLEypp patients exhibited a distinct immune profile with decreased naive CD4* T cells
and naive regulatory T cells (Tregs), alongside increased ICOS* effector memory Tregs (94% clas-
sification accuracy). Gut microbiota diversity was reduced with depletion of Akkermansia mucini-
phila and enrichment of Faecalibacterium prausnitzii. Metabolomic analyses revealed disruptions
in kynurenine and short-chain fatty acid pathways, including decreased butyrate levels. Integra-
tive analyses demonstrated coordinated alterations linking Treg activation, microbial metabo-
lites, and immune pathways, distinguishing SLEypp from SLE,,o,.mpp With up to 85% accuracy.
Conclusions: SLEypp is associated with an immunometabolic signature involving alterations in
Treg phenotype, gut microbiota composition, and metabolic pathways. These findings provide a
rationale for future immunoregulatory or microbiota-targeted therapeutic strategies in SLEypp.

INTRODUCTION Its incidence ranges from 1 to 10 per 100,000 individuals, with a
prevalence estimated between 20 and 150 per 100,000 [1].

Systemic lupus erythematosus (SLE) is a chronic systemic Compared to other systemic autoimmune diseases, such as sys-
autoimmune disease with heterogeneous clinical manifestations. ~ temic sclerosis, Sjogren’s syndrome, connective tissue diseases,
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WHAT IS ALREADY KNOWN ON THIS TOPIC

* We searched PubMed from inception to September 2025 for
articles published in English, using search terms related to sys-
temic lupus erythematosus (SLE) and major depressive disorder
(MDD) (for example, “depression” OR “MDD” OR “major
depressive disorder”) AND (“lupus“ OR “systemic lupus eryth-
ematosus OR “SLE”). Several studies examined the comorbid-
ity between SLE and MDD-related symptoms (SLEypp). Despite
the heterogeneity of the studies, the prevalence was never less
than 20%, and all reported that MDD affects the prognosis of
SLE in terms of quality of life, morbidity, and mortality. Others
have investigated the mechanistic links between depressive
symptoms and SLE. Despite the weakness of the level of evi-
dence, this association seems to be underpinned not by genetic
factors but by complex immunometabolic pathways. Indeed, an
increase in inflammatory mediators was associated with an
increase in MDD associated with SLE (SLEypp). Unfortunately,
each study has focused on limited immunological and/or meta-
bolic components, making it difficult to formulate pathophysio-
logical hypotheses.

WHAT THIS STUDY ADDS

* We used an international multicentre cohort of SLE patients for
discovery and an independent French cohort for validation. We
performed deep cell immunophenotyping, gut microbiome,
and target metabolomic profiling. We identified an immunome-
tabolic signature of SLEypp with a classification prediction per-
formance of 94%. This signature includes ICOS+ effector
memory regulatory T cell (Treg), depletion of Akkermansia
muciniphila, and enrichment of Faecalibacterium prausnitzii and
metabolomic disruptions in kynurenine and short-chain fatty
acid pathways, including decreased butyrate levels.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* A substantial body of evidence suggests that SLEy;pp may spe-
cifically result from an immunometabolic dysregulation. Our
findings provide further support for an immunometabolic
involvement in SLEypp and identify Treg insufficiency and
serotonin deficiency as key predictors of SLEypp. These find-
ings should lead to the investigation of the use of these factors
as biomarkers for SLEypp and may open new avenues in the
development of immunotherapy for SLEypp.

or vasculitis, SLE carries higher mortality [1], driven primarily
by infections, renal complications, and neuropsychiatric
involvement. Neuropsychiatric SLE (NPSLE) affects 25% to 50%
of patients and remains one of the most debilitating and diag-
nostically challenging aspects of the disease [2].

NPSLE encompasses a broad spectrum of neurological and psy-
chiatric manifestations, many of which lack specific biomarkers
and can mimic primary psychiatric disorders. Among these, major
depressive disorder in SLE (SLEypp) is the most frequent condi-
tion directly attributable to lupus—that is, resulting from a pri-
mary immune-mediated pathogenic mechanism [2]. SLEypp
affects up to 30% of patients and substantially worsens prognosis,
disability, and quality of life (QoL) [3,4].

Major depressive disorder (MDD) is defined clinically by at
least 2 weeks of persistent affective, cognitive, and somatic
symptoms, including depressed mood, anhedonia, impaired con-
centration, and recurrent thoughts of death [5]. Its pathophysi-
ology involves complex alterations in neurobiological stress-
response systems [6], including chronic hyperactivity of the
hypothalamic-pituitary-adrenal axis and low-grade systemic
inflammation. The immune system is tightly integrated into
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these pathways through bidirectional interactions with neuroen-
docrine circuits [7].

A substantial body of evidence now supports inflammation as
a causal contributor to MDD: (i) patients with MDD display ele-
vated peripheral inflammatory markers; (ii) higher baseline
inflammation predicts incident MDD in the general population
[71; (iii) proinflammatory therapies such as interferon-a fre-
quently induce depressive symptoms; and (iv) anti-inflamma-
tory treatments can alleviate depressive symptoms in
inflammatory diseases [8]. Notably, murine models of SLE
exhibit inflammation-driven depressive-like behaviours, rein-
forcing the link between immune dysregulation and SLEypp [9].

Beyond inflammation, gut microbiota dysbiosis and associ-
ated metabolic pathways have emerged as important regulators
of mood and affect. Approximately 90% of peripheral serotonin
is produced by enterochromaffin cells [10], and this production
is tightly modulated by spore-forming commensals [11] and
microbiota-derived short-chain fatty acids (SCFAs) [12]. Thus,
profiling gut microbes and their metabolites provides key
insight into the immunometabolic mechanisms linking dysbiosis
to mood disorders, including SLEypp. Inflammation and gut
microbiota converge at the interface of immune, metabolic, and
neuroendocrine systems [13], and their study could enlighten
the pathophysiology of SLEypp.

In this study, we applied an integrative immunometabolic
approach combining deep flow cytometry immune phenotyping,
gut microbiota metabolic pathway (GMMP) analysis, and targeted
mass spectrometry—based metabolomics to identify candidate bio-
markers associated with SLEypp in 2 independent SLE cohorts.

METHODS
The LUPIL-2 clinical trial

The LUPIL-2 clinical trial [14] (NCT02955615) is an interna-
tional, multicentre, randomised, double-blind, placebo-con-
trolled phase II study. Eligible participants were adults
(=18 years) with a confirmed diagnosis of SLE, according to
either the revised 1997 American College of Rheumatology clas-
sification criteria or the 2012 Systemic Lupus International Col-
laborating Clinics criteria and presented with moderate to
severe disease activity (Safety of Estrogens in Lupus Erythemato-
sus National Assessment—Systemic Lupus Erythematosus Dis-
ease Activity Index [SELENA-SLEDAI] >6); 99/100 patients
from the LUPIL-2 clinical trial were included in this study (1
patient had missing data for SELENA-SLEDAI).

Depressive status was assessed retrospectively using baseline
responses from the study’s QoL questionnaire. To approximate
MDD symptoms as defined by the DSM-5, we selected 4 QoL sub-
scores—intimate relationships, burden on others, emotional
health, and fatigue—as proxies for the following DSM-5 symp-
toms: feelings of worthlessness or excessive/inappropriate guilt,
depressed mood, markedly diminished interest or pleasure
in activities, and fatigue, respectively [15] (Supplementary
Fig S1).

Thresholds for each subscore were defined as the midpoint
between the median and the third quartile, in order to approxi-
mate the expected MDD prevalence of 30% among SLE patients.
To reduce misclassification due to arbitrary thresholds, partici-
pants were classified as having depression only if they met or
exceeded the threshold on at least 3 of the 4 selected items.
Using this approach, 30 out of 99 SLE patients (30%) were classi-
fied as depressed, in line with previously reported prevalence
estimates [4].
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The TRANSIMMUNOM clinical trial

The TRANSIMMUNOM study [16] (NCT02466217) was
designed to identify and validate biomarkers and therapeutic
targets in immune-mediated diseases using systems immunology
approaches. Patients were recruited from multiple departments
across Parisian hospitals, including the diabetology, ophthal-
mology, internal medicine, and clinical immunology depart-
ments of Pitié-Salpétriere Hospital; the rheumatology and
gastroenterology departments of Saint-Antoine Hospital; and
the internal medicine department of Tenon Hospital. To ensure
inclusion criteria comparable to those used for the LUPIL-2
patients, we restricted the analysis to active patients with a
SELENA-SLEDAI score >6 (n = 12).

In contrast to LUPIL-2, depressive symptoms in SLE TRANSI-
MMUNOM participants were assessed using the Hospital Anxi-
ety and Depression Scale (HADS) [17]. Following standard
clinical cutoffs, participants were classified as not depressed if
their total HADS score was <7 and depressed if the score was
>11 [17]. For participants with intermediate scores (8—10), cor-
responding to ambiguous symptomatology, depression status
was further evaluated using a self-report version of the QoL
questionnaire. This version, distinct from that used in LUPIL-2,
specifically assesses the presence of depressive symptoms. Par-
ticipants who endorsed 2 or more items were classified as
depressed.

Cytometry profiling

Flow cytometry was performed using 12 predefined panels,
as previously described [18]. Among these, 3 panels were specif-
ically designed to assess T cell activation, migration, and mem-
ory phenotypes; 1 panel was dedicated to characterising CD4* T
cell polarisation using a combination of chemokine receptors,
while 2 panels focused on the phenotypic profiling of regulatory
T cells (Tregs). The remaining panels were used to analyse a
broad range of immune cell subsets, including B cells, natural
killer cells, monocytes, dendritic cells, mucosal-associated
invariant T cells, and myeloid-derived suppressor cells. A panel
was also developed for the enumeration of major immune cell
populations, incorporating counting beads to allow for the abso-
lute quantification of these subsets. These absolute counts were
subsequently used as reference values to extrapolate absolute
cell numbers across the other panels, based on overlapping pop-
ulations. All the panels used were the same that have been
described in [18] using exactly the same clones and methods.
The panel used to quantify the abundance of the innate lym-
phoid cell is described in [19].

All cytometric acquisitions were carried out on a Gallios flow
cytometer equipped with 3 lasers (violet: 405 nm, blue: 488 nm,
violet: 638 nm), enabling the detection of 10 fluorescent param-
eters (Beckman Coulter), maintained daily according to the
manufacturer’s guidelines using Flow Check Pro and Flow Set
Pro fluorospheres. Data acquisition was performed using Kaluza
software (Beckman Coulter). Cell populations were defined
using previously established gating strategies [18], and data
were analysed by manual gating with Kaluza analysis 1.3 soft-
ware (Beckman Coulter).

Unsupervised analysis of flow cytometry data

Cytometry profiles were visualised using Uniform Manifold
Approximation and Projection (UMAP) based on the expression
of all markers [16]. This dimensionality reduction technique
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preserves the global structure of the data while facilitating the
visual identification of cellular subpopulations. To further
explore population structure, the K-means clustering algorithm
was applied to automatically partition cells into 100 clusters
based on phenotypic similarity. Quality control procedures for
these unsupervised analyses are detailed in Supplementary
Figure S2.

Gut microbiome profiling

Patients were provided with a standardised stool collection
kit (Metagenopolis, INRA) to ensure proper sample collection
and preservation during transport prior to microbiota analysis.
Total faecal DNA was extracted and subjected to shotgun meta-
genomic sequencing using Ion Proton technology (Thermo-
Fisher), generating an average of 23.7 + 0.8 million single-end
short reads per sample (read length: 150 bp). Each sample
yielded a minimum of 20 million single-end reads, with frag-
ment sizes ranging from 45 to 370 bp.

Raw sequencing reads were processed using AlienTrimmer to
remove residual sequencing adaptors and low-quality bases
[20]. Reads were then filtered to exclude human and dietary
contaminant DNA using genome assemblies of Homo sapiens, Bos
taurus, and Arabidopsis thaliana, applying a 97% identity thresh-
old. Reads shorter than 100 bp after trimming were discarded.

Microbial taxonomic composition and functional profiling
were assessed using MetaPhlAn2 and HUMAnNN2, respectively
[21,22], allowing quantification of both microbial species and
metabolic pathways. The Rényi taxonomic diversity profiles
were evaluated using the vegan package (version 2.6.4).

Microbiome profiling was available for 69 patients from the
LUPIL-2 trial.

Targeted mass spectrometry —based metabolomics analysis

Tryptophan metabolites were quantified using a targeted LC-
MS/MS method, with analytical parameters described in refer-
ence [23] and the list of quantified metabolites provided in
[24]. For SCFAs, a separate LC-MS/MS protocol was applied, as
detailed in [25]. These 2 targeted assays were designed to quan-
tify distinct classes of metabolites and do not aim to reconstruct
complete upstream-downstream metabolic pathways. For both
metabolite classes, quantification was performed using Target-
Lynx software (Waters), which was used to construct calibration
curves and quantify analytes. Calibration curves were generated
individually for each metabolite based on the intensity ratio
(response) between the analyte and its corresponding internal
standard. Each calibration curve defines a quantification range,
from the lower limit of quantification to the upper limit of quan-
tification. Quality control samples were used to validate the
accuracy of each quantification batch. The %Diff formula was
applied to assess the deviation between measured and theoreti-
cal concentrations, ensuring consistency and reliability of the
results. Metabolomic profiling was available for 83 patients
from the LUPIL-2 trial.

Statistical analyses

Prior to each analysis, the normality of variable distributions
was assessed using the Shapiro-Wilk test. For continuous varia-
bles, either Student’s t test or the Wilcoxon rank-sum test was
applied, depending on the distribution. Categorical variables
were compared using Fisher’s exact test. To reduce the risk of
false positives in univariate comparisons, a significance
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threshold of P < .01 was adopted. To identify immune variables
associated with depression in a multivariate framework, we
employed classification decision trees, a type of supervised
learning algorithm. These models enable intuitive interpretation
of complex datasets by segmenting observations into branches
based on hierarchical decision rules. Classification trees were
generated using the ‘partykit’ R package [26]. Model perfor-
mance was evaluated using the area under the receiver operat-
ing characteristic curve (AUC), as well as accuracy, sensitivity,
and specificity metrics. Principal component analyses (PCAs)
were performed using the FactoMineR R package, based on
unscaled abundances of immune cell parameters, microbial
taxa, and metabolic pathways [27]. Integrated analyses were
performed on the subset of 33 patients for whom matched mul-
tiomics profiles were available.

Data availability

The datasets generated and/or analysed during the current
study are available from the corresponding author upon reason-
able request.

RESULTS

Among the 99 patients enrolled in the LUPIL-2 study, 30
patients (30.3%) were identified as having SLEypp at baseline.
No significant differences in demographic or SLE-related clinical
parameters were observed between SLEypp and SLE,.,wmpp
patients (Table 1), notably for gender distribution and disease
activity scores (assessed by both SELENA-SLEDAI and British
Isles Lupus Assessment Group).

T cell phenotyping signature of SLEypp

Prior studies have consistently shown that Tregs are dysregu-
lated in active SLE, with reduced percentages of naive Tregs and
increased frequencies of activated effector memory T cells asso-
ciated with elevated disease activity, while ICOS Tregs undergo
impaired differentiation during SLE disease progression
[28,29]. Furthermore, T cell alterations in SLE, including
increased PD-1* T cell expression and shifts from naive to mem-
ory phenotypes, have been linked to organ involvement and,
critically, to neuropsychiatric symptoms through mechanisms
involving infiltrating T cells into the central nervous system
[30].

Using deep immunophenotyping, we identified 18 lympho-
cyte subpopulations that were differentially abundant between
SLEMDD and SLEnon—MDD patients (n 52, Flg ].A) SLEMDD
patients exhibited a decrease in naive CD4* T cells, along with
an increase in CD4* and CD8* T cells displaying an effector/cen-
tral memory phenotype. When comparing SLEypp and SLE, o,
mpp groups, SLEypp patients showed significantly lower fre-
quencies of naive CD4" T cells (P value = .001) and naive Tregs
(P value = .0008), and higher frequencies of PD-1* CD4* T cells
(P value .006) and ICOS* effector memory Tregs (P
value = .007) (Fig 1C-F).

To assess the relevance of these observations, we analysed
their power of classification. Using decision trees, ICOS* Tregs
were the best discriminators of SLEypp VS SLE,on-mpp With 94%
accuracy, a sensitivity of 100%, a specificity of 92%, and an AUC
of 0.98 (Fig 1B).

To further refine the phenotypic characterisation of
SLEypp-associated lymphocyte subsets, we performed unsu-
pervised clustering of cytometry data. Cells were embedded
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Table 1
Demographic and clinical characteristics of depressed and nondepressed
patients with systemic lupus erythematosus in the LUPIL-2 study

SLEnpD SLE on-MDD Pvalue
(n = 30;30.3%) (n = 69;69.7%)

Demographics

Age (y) 41.53 (+11.16)  40.58 (+12.5) .70

Sex ratio (M/F) 2/28 7/62 .86
Geographic origin .27

Bulgaria 12 (40%) 14 (20.3%)

France 1(3.3%) 8(11.6%)

Germany 2(6.7%) 7 (10.1%)

Mauritius 4 (13.3%) 16 (23.2)

Mexico 3(10%) 10 (14.5%)

Portugal 0 (0%) 3 (4.3%)

Romania 6 (20%) 8(11.6%)

Spain 2 (6.7%) 3(4.34)
Education level .18

Bachelor’s degree or less 20 (74.1%) 39 (75%)

Advanced level 7 (25.9%) 13 (25%)
Anthropometric information

Weight (kg) 67.61 (+12.9) 66.24 (+14.8) .40

BMI 24.7 (+4.5) 25.09 (+5.36) .90
SLE clinical characteristics

Duration of SLE (y) 12.7 (+10.2) 8.4 (+6.9) .06

SELENA-SLEDAI 10.03 (£3.09) 10.7 (+3.7) .50

BILAG index 16.13 (+5.2) 15.9 (+7.06) .80

BILAG, British Isles Lupus Assessment Group; BMI, body mass index; SELENA-
SLEDAI, Safety of Estrogens in Lupus Erythematosus National Assessment—Sys-
temic Lupus Erythematosus Disease Activity Index; SLE, systemic lupus erythe-
matosus; SLEypp, major depressive disorder in SLE. Sex refers to biological sex
(female/male), and the sex ratio corresponds to the distribution of male and
female participants.

Values are shown as mean + SD or n (%), as appropriate. P values correspond to
statistical comparisons performed between SLEypp and SLE,,, mpp groups.

using UMAP based on surface marker expression and
grouped into clusters using the K-means algorithm (Fig 1G).
These clusters were then assigned a label based on their
defining phenotype. SLEypp was associated with a notable
shift in T cell phenotypes, characterised by a reduction in
several CD4* T cell subsets, including naive CD4* T cells
(CD45RA*, CCR7*, CD103™- Cluster 79 and M1), tissue-resi-
dent naive CD4* T cells (CD45RA*, CCR7*, CD103*- Cluster
97), as well as tissue-resident memory CD4" T cells
(CD45RA™, CCR7*, CD103*- Cluster 83 and M3). In contrast,
an increase was observed in TEMRA CD8* T cells (CD45RA",
CCR7*, CD103*- Cluster M4) and in a population of resident
effector memory CD4* and CD8* T cells (CD45RA™, CCR7™,
CD103"* - Cluster 57, 59 and M5) (Fig 1H,I).

While these markers reflect phenotypic activation and differ-
entiation states of Tregs rather than direct measures of suppres-
sive function, our findings highlight a reshaping of the T cell
compartment in SLEypp, involving both regulatory and effector
subsets.

Validation of the immunometabolic signature of SLEy;pp

As no suitable external cohort with comparable data was
available, we could not directly validate the combined immuno-
metabolic signature in an independent dataset. However, since
flow cytometry immunophenotyping alone demonstrates good
classification performance, we applied the immunological signa-
ture identified in LUPIL-2 to an independent cohort derived
from the TRANSIMMUNOM study, for which we had performed
identical deep flow cytometry immunophenotyping (n = 10).
This cohort included 23 patients with SLE (13 SLEypp (56.5%)
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Figure 1. Immunophenotypic differences between SLE patients with and without major depressive disorder. (A) Volcano plot showing immune cell
populations differentially abundant between SLEypp and SLE,,,, mpp patients. (B) Decision tree model based on flow cytometry variables used to clas-
sify patients by depression status. The tree illustrates hierarchical rules derived from cell subset abundances. (C-F) Distribution of selected T cell sub-
sets in SLEypp and SLE, ,,.vpp patients, including naive CD4* T cells, naive regulatory T cells (Tregs), PD-1* CD4" T cells, and ICOS* effector memory
Tregs. (G) UMAP projection of flow cytometry data showing clustering of lymphocyte populations based on marker expression. (H) Volcano plot show-
ing clusters differentially abundant between SLEypp and SLE,,,, .vpp groups, as identified by unsupervised clustering. (I) Heatmap showing the relative
expression levels of selected surface markers across representative T cell clusters. A total of 52 patients were included in these cytometry analyses.
AUC, area under the receiver operating characteristic curve; SLE, systemic lupus erythematosus; SLEyipp, major depressive disorder in SLE; UMAP,

Uniform Manifold Approximation and Projection.

and 10 SLE,on.mpp (43.5%)). In order to have similar inclusion
criteria to those for LUPIL-2 patients, we only included active
patients from TRANSIMMUNOM (with a SELENA-SLEDAI score
>6) (Table 2).

To first explore group separation in a nonsupervised frame-
work, we performed a PCA. This analysis revealed a partial sepa-
ration between SLEypp and SLE,, mpp patients along the first
principal component (PC1), which accounted for 60.32% of the
total variance (Fig 2A). Inspection of the PCA correlation circle
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(Fig 2B) indicated that PC1 was mainly driven by opposing con-
tributions of naive Teffs and central memory Tregs, highlighting
these populations as major sources of variance in the dataset. In
contrast, PC2 (23.31% of the variance) captured additional vari-
ability across samples but was not associated with specific varia-
bles and was not relevant for the group discrimination. Some
overlap between groups was observed, reflecting interindividual
heterogeneity within each clinical category rather than a strict
separation.
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Table 2
Demographic, clinical, and biological characteristics of SLEypp, SLEon.
mpp patients in TRANSIMMUNOM

SLEmpD SLEon-MDD P value
(n = 7;58%) (n = 5;42%)
Demographic
Age (y) 40.71 (+7.5) 49.6 (+8.08) 12
Sex ratio (M/F) 0/7 1/4 .15
Education level .20
Bachelor’s degree or less 4 (57%) 2 (40%)
Advanced level 3 (43%) 3 (60%)
Anthropometric information
Weight (kg) 62.7 (+10.1)  55.98 (+4.01) .14
BMI 22.07 (£3.43)  21.07 (x2.1) .75
SLE clinical characteristics
Duration of SLE (mo) 104 (+101.1) 90.8 (+66.6) .87
SELENA-SLEDAI 13.1(x7.1) 9.5 (£3.0) 27
HAD 20.29 (+4.4) 5.8 (+3.42) .005

BMI, body mass index; HAD, Hospital Anxiety and Depression Scale; SELENA-
SLEDAI, Safety of Estrogens in Lupus Erythematosus National Assessment
—Systemic Lupus Erythematosus Disease Activity Index; SLE, systemic lupus
erythematosus; SLEypp, major depressive disorder in SLE.
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We then assessed the discriminative power of this signa-
ture using a supervised classification approach based on a
random forest model. In this context, increased proportions
of central memory Tregs together with decreased proportions
of naive Teffs emerged again as the most important features
contributing to the classification of SLEypp VS SLE,on-mpp
patients (Fig 2C). The random forest model achieved an
overall accuracy of 100%, with both sensitivity and specific-
ity reaching 100%, as summarised by the confusion matrix
(Fig 2D).

Gut microbiota signature of SLEy;pp

Given the well-established interactions between the gut
microbiome and immune responses, we next investigated gut
microbiota composition. Indeed, accumulating evidence demon-
strates that SLE patients exhibit gut microbiota dysbiosis charac-
terised by reduced microbial diversity and richness, decreased
Firmicutes/Bacteroidetes ratio, and alterations in specific bacte-
rial taxa, including depletion of Akkermansia muciniphila and
Faecalibacterium prausnitzii [31,32].
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Figure 2. Validation of the lymphocyte-based signature in the independent TRANSIMMUNOM cohort. (A) Principal component analysis (PCA) of flow
cytometry variables distinguishes SLEypp from SLE, ., mpp patients. (B) PCA correlation circle showing the contribution of individual cell population
variables to the principal components. (C) Random forest classifier built on the same variables, with a ranked list of the most informative features. (D)
Confusion matrix based on random forest model performance. A total of 10 patients were included in these cytometry analyses. SLE, systemic lupus

erythematosus; SLEypp, major depressive disorder in SLE.
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Figure 3. Differences in gut microbiota composition and microbial metabolic pathways between SLEypp and SLE,o,.mpp patients. (A) Rényi diversity
curves at the species level comparing gut microbial diversity across groups. (B) Box plots showing species richness and Shannon entropy. (C) Volcano
plot of microbial taxa displaying differential abundance between groups, with selected species highlighted. (D) Differential analysis of microbial meta-
bolic pathways inferred from metagenomic data. Each bar represents a pathway annotated by directionality and functional category, including associa-
tions with short-chain fatty acids and serotonin-related metabolism. A total of 69 patients were included in these microbiome analyses. AUC, area
under the receiver operating characteristic curve; 5-HIAA, 5-hydroxyindoleacetic acid; IPA, indole-3-propionic acid; SLE, systemic lupus erythemato-

sus; SLEypp, major depressive disorder in SLE.

Firstly, compared with SLE,,,.mpp patients, we found
that patients with SLEy;pp exhibit lower microbial diversity,
as evidenced by the Rényi diversity index (Fig 3A), as well
as lower genus richness (P value = .04), species richness (P
value = .03), and Shannon entropy (P value = .04)
(Fig 3B). Differential analysis of gut microbiota taxa
revealed a significant decrease in several bacteria, including
A. muciniphila and Firmicutes, as well as a notable increase
in F. prausnitzii (Fig 3C). Secondly, differential analysis of
GMMP revealed that SLEypp patients exhibited a remark-
able overexpression of GMMPs related to the tryptophan/
serotonin pathway, as well as a reduction in GMMPs related
to fatty acid biosynthesis (Fig 3D). Additionally, there were
also disruptions of other GMMP, notably related to sugar
and amino acid biosynthesis (Fig 3D).

Serum metabolomic signature of SLEypp

Emerging evidence indicates that the gut microbiota might
influence tryptophan metabolism in SLE, although this
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relationship remains to be fully elucidated [33]. Given the rela-
tionship between tryptophan and SCFA with Tregs homeostasis,
we next performed targeted mass spectrometry—based metabo-
lomics to directly quantify metabolites involved in serotonin-
related tryptophan and SCFA pathways (n = 83).

Targeted metabolomic profiling of the serotonin and
kynurenine pathways revealed selective alterations in
SLEypp patients compared to SLE,,,.vpp patients. The cen-
tral serotonergic pathway—including tryptophan availability,
conversion to serotonin, and serotonin degradation—
appeared largely preserved. No significant difference in
plasma tryptophan levels was observed between the groups,
indicating that systemic tryptophan availability per se is not
altered in SLEypp; similarly, no significant changes were
observed in serotonin (5-HT), its main degradation product
5-hydroxyindoleacetic acid (5-HIAA), or the indole-3-pro-
pionic acid (IPA)/5-HIAA ratio.

In contrast, compared with SLE,,,mpp patients, SLEypp
patients showed significant changes in the kynurenine pathway.
Quinolinic acid (QA), a neurotoxic product of the kynurenine
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Figure 4. Targeted plasma metabolomics in SLE patients with and without major depressive disorder. (A) Concentration of quinolinic acid,
a metabolite produced in the kynurenine branch of tryptophan metabolism. (B) Ratios derived from indole-3-propionic acid, kynurenine,

quinolinic acid, and serotonin that summarise relative fluxes within

the tryptophan-serotonin and tryptophan—kynurenine pathways. (C)

Concentrations of the short-chain fatty acids butyrate and valerate. (D) Ratios combining butyrate or valerate with either tryptophan or
the serotonin catabolite 5-hydroxyindoleacetic acid, illustrating integration between short-chain-fatty-acid production and serotonin metab-
olism. (E) Classification tree built from the metabolite variables, showing the hierarchical rules that separate patients according to depres-
sion status. A total of 83 patients were included in these metabolomic analyses. AUC, area under the receiver operating characteristic

curve; Ig, immunoglobulin; PCA, principal component analysis; SLE,
SLE; Treg, regulatory T cell.

pathway, was significantly lower in SLEypp patients (P = .04)
(Fig 4A), together with lower QA/IPA (P value .04), QA/
kynurenine (P value .03), and QA/5-HT (P value .01)
ratios (Fig 4B). While absolute levels of IPA, a neuroprotective

systemic lupus erythematosus; SLEypp, major depressive disorder in

microbial metabolite of tryptophan, did not differ significantly
between SLEypp and SLE,.,mpp patients, the IPA/tryptophan
ratio was significantly lower in SLEypp patients (P value = .03)
(Fig 4B).
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Compared with SLE,,,.mpp patients, SLEypp patients showed
lower plasma levels of butyrate (P value = .004) and valerate (P
value .02) (Fig 4C). In addition, acetate and propionic acid
levels were not significantly different. Those results suggest a
selective disruption rather than a global SCFA depletion. The
branched chain/straight chain ratio is also nonsignificantly dif-
ferent, indicating that the global balance between carbohydrate
and protein fermentation pathways is conserved and further
confirming the specificity of the disruption in butyrate/valerate
pathways.

To explore potential interactions between SCFA metabolism
and the tryptophan-serotonin axis, several cross-pathway ratios
were examined. Compared with SLE,,, mpp patients, SLEypp
patients showed lower butyrate/tryptophan (P value = .003)
and valerate/tryptophan (P value = .02) ratios, indicating a rel-
ative reduction in SCFA production with respect to tryptophan
availability (Fig 4D). Moreover, compared with SLE, ., nmpp
patients, SLEypp patients showed a lower butyrate/5-HIAA ratio
(P value = .04), while serotonin-related metabolites did not dif-
fer between groups. Notably, the butyrate/5-HT ratio is not sig-
nificantly different, further supporting that primary
serotonergic metabolism is preserved, while secondary interac-
tions involving serotonin catabolism and microbial activity may
be altered. The importance of butyrate and QA/5HT in particu-
lar was further supported by a classification tree, which
achieved a receiver operating characteristic (ROC) area under
the curve (AUC) of 0.71 with an 71% accuracy, with a sensitivity
of 51%, specificity of 80% (Fig 4E).

To further explore our hypothesis of a complex interaction
between immune cell populations, GMMP, and targeted metabo-
lites, we assessed the discriminatory capacity of an integrated
immunometabolic feature to distinguish between SLEypp and
SLE,on-mpp Patients using PCA (n = 33).

Using the features that we had previously found to be dif-
ferent between the groups, PCA revealed distinct separation
between the 2 groups (Fig 5A). The PC1, which accounted
for 16.1% of the variance, was driven by a combination of
immune cell populations, metabolites, and pathway varia-
bles. In contrast, the second component (PC2), which cap-
tured approximately 12.8% of the variance, was influenced
by SCFA/serotonin metabolites (see Fig 5B and Supplemen-
tary Fig S3).

Secondly, random forest classification analysis showed
that the immunometabolic signature could accurately distin-
guish between SLEypp patients with 85% accuracy, 70% sen-
sitivity, and 100% specificity (AUC 0.98; Fig 5C). The
most informative variables contributing to the classification
were (i) microbial pathways related to sugar and amino acid
biosynthesis; (ii) the metabolome, which confirmed the
importance of SCFA and its interaction with serotonin; and
(iii) the lymphocyte population, which showed an increase
in central/effector memory Tregs and Teff, and a decrease in
naive CD4 + (Fig 5C).

Lastly, to better analyse the interconnection between the dif-
ferent components of the SLEypp signature, we used coexpres-
sion network analysis (Fig 5D). Specifically, we identified all
significant correlations between variable pairs across these 3
data layers. Firstly, we confirmed that the immune cell popula-
tions (brown circles) are highly interconnected (Fig 5D). Sec-
ond, we found that activated Treg—related variables exhibited
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high centrality within the correlation network connecting
immune cell populations, microbial pathways, and circulating
metabolites. Specifically, we highlighted that effector memory
Treg ICOS+ are highly connected with serotonin synthesis and
degradation (tryptophan/serotonin, serotonin/5-HIAA, 3-OH-
anthranilic acid) pathways, as well as with CR45RA™* Tregs and
CD95+ central memory Tregs, specifically with the kynurenine
pathway of serotonin degradation (QA/serotonin, QA/kynure-
nine, serotonin/kynurenine and kynurenine) (Fig 5D). Thirdly,
SCFA and serotonin-related metabolites were interconnected
and also linked to GMMP features (Fig 5D).

In this study, we identified candidate immunometabolic bio-
markers associated with SLEypp, a frequent and clinically het-
erogeneous manifestation for which objective biological
markers remain limited. This signature integrates coordinated
alterations across immune phenotypes, microbial metabolic
pathways, and circulating metabolites, consistent with a sys-
tems-level immunometabolic state rather than isolated abnor-
malities. While not establishing causality, these findings
propose a coherent set of candidate biological markers—vali-
dated in part across independent cohorts—that support the view
that SLEypp reflects a distinct, immune-associated biological
context beyond nonspecific psychological or reactive mecha-
nisms.

The most prominent immunological feature associated with
SLEvpp Was a shift in the phenotypic composition of the Treg
compartment. SLEypp patients displayed a marked reduction in
naive Tregs together with a significant increase in ICOS* effector
memory Tregs. The strong discriminative performance of ICOS*
Tregs—achieving 94% accuracy—supports their role as a core
component of the SLEypp immune signature. Furthermore,
unsupervised clustering confirmed a broader reconfiguration of
the T cell landscape, including a loss of naive CD4* T cells and
an expansion of memory and tissue-resident effector popula-
tions. This phenotype indicates chronic activation and acceler-
ated differentiation, a pattern consistent with a Treg response to
sustained immune stimulation.

Naive Tregs are particularly reduced in active SLE, while
effector memory T cell populations accumulate due to chronic
immune stimulation. ICOS™ Tregs represent a functionally dis-
tinct subset with superior suppressive capacity mediated primar-
ily by IL-10 production [28]. Notably, impaired differentiation
of ICOS™ Tregs has been documented during the transition from
low to high disease activity in SLE patients. In line with previous
reports of impaired Treg function in SLE, the increased fre-
quency of ICOS™ effector memory Tregs in SLEypp is more
likely to reflect a phenotypic shift within the Treg compartment
rather than restored regulatory competence. Thus, the observed
expansion of ICOS™ effector memory Tregs may reflect a com-
pensatory or dysregulated activation state rather than effective
immune regulation.

Together, these data position Treg imbalance within a
broader context of immune activation and impaired homeostatic
regulation. However, they do not establish whether the
observed Treg alterations represent a primary driver of this
immune state or a secondary response. Consistently, this expan-
sion of ICOS* Tregs was accompanied by increased frequencies
of activated CD4" and CD8* T cells, further supporting the
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notion of a globally activated immune environment rather than
effective immune regulation. This hypothesis is further sup-
ported by the tendency of SLEypp patients to exhibit a longer
disease duration (trend in the LUPIL-2 cohort, P < .06), which is
compatible with sustained immune stimulation and chronic T
cell activation driving progressive phenotypic remodelling of
the Treg compartment. This hypothesis would require dedicated
functional assays to be formally tested.

Integration of Treg changes with microbial and metabolic
alterations

Beyond immune cell abnormalities, SLEypp exhibited coordi-
nated changes in gut microbial composition and metabolic out-
put. We observed a general reduction in microbial diversity in
SLEypp patients, an anomaly that has been described indepen-
dently in MDD and SLE [34]. Here, our results highlight that
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this is even more pronounced in SLEypp. Similarly, we observed
a specific depletion of A. muciniphila which has also been
observed in both conditions separately [35,36] and which thus
appears also more pronounced in patients with SLEypp. Of note,
interventional approaches that aim to increase levels of A. muci-
niphila are ongoing for both mood disorders and autoimmune
disorders, with preliminary data suggesting a beneficial impact
on inflammation, gut integrity, and neuroimmune signalling [37
—39]. In contrast, we also found that F. prausnitzii levels
increased in SLEypp, despite them generally decreasing in SLE
and primary MDD [40,41]. F. prausnitzii abundance is negatively
correlated with inflammatory markers, and augmenting this
bacterium in animal models demonstrates anti-inflammatory
and neuroprotective effects [42,43]. As F. prausnitzii is a major
butyrate producer, and we found low butyrate levels in SLEypp,
we hypothesised that its increase could reflect an attempt at
combating inflammation.

Altogether, coordinated changes in gut microbial composi-
tion and metabolic output, with reduced alpha diversity and
depletion of A. muciniphila indicated a disrupted gut ecosystem,
with immunometabolic consequences.

The metabolomic alterations observed in this study suggest a
disruption of immune—microbial—neurotransmitter crosstalk in
SLEypp. Although tryptophan and serotonin levels remained
unchanged, key shifts in the downstream metabolism of trypto-
phan, specifically a reduction in QA (known to play a central
role in the pathophysiology of MDD [44]) and lower QA/kynur-
enine and QA/IPA ratios, point towards altered activity of the
indoleamine 2,3-dioxygenase (IDO) pathway. As IDO expression
is typically upregulated in proinflammatory contexts such as
SLE [45], this points to impaired regulatory mechanisms with a
potential defect in Tregs which function and stability depend on
both IDO signalling [46] and butyrate [47].

Importantly, these metabolomic changes differ from the clas-
sical model of inflammation-driven activation of the tryptophan
—kynurenine pathway described in SLE and MDD. Although
tryptophan is a common upstream substrate, its metabolism can
diverge towards either the kynurenine pathway, mainly regu-
lated by IDO, or the serotonin pathway, which depends on tryp-
tophan hydroxylase activity [48]. In our study, the absence of
increased kynurenine levels together with reduced QA and
altered QA-based ratios does not support a global activation of
the kynurenine pathway. Instead, combined with the gut micro-
biota functional analyses, these findings suggest a preferential
shift of tryptophan metabolism towards microbiota-associated
serotonin-related pathways. This points to an alteration of
immune—microbial—neurotransmitter interactions in SLEypp,
rather than a simple increase in inflammation-driven IDO
activity.

The observed metabolomic changes thus likely confirm the
breakdown in this regulatory mechanism, rather than a true
absence of inflammation. Consistent with this, we observed a
pronounced decrease in butyrate and valerate—2 SCFAs known
to promote Treg differentiation and stability. Butyrate modu-
lates immune homeostasis through epigenetic regulation (nota-
bly histone deacetylase inhibition) and gut-brain axis
communication by modulating blood-brain barrier permeability
and suppressing neuroinflammation [49]. Butyrates are also
essential components of neuronal phospholipid membranes that
regulate brain homeostasis [50]. Reduction in butyrate is also
associated with MDD, and its supplementation is an effective
treatment [51—-53].

Coexpression network analysis enabled an innovative inte-
grative approach that simultaneously captured multiple layers
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of biological interaction, providing systems-level insights sub-
stantially more comprehensive than conventional single-modal-
ity analyses. ICOS* Treg—related variables occupied a highly
connected position within the correlation network, linking T
cell subsets, SCFAs, serotonin-related metabolites, and microbial
metabolic pathways. This pattern reflects network convergence
across immune, microbial, and metabolic data layers rather than
dominance in disease mechanisms. Importantly, this integrative
architecture supports testable, hypothesis-generating models in
which alterations in microbial SCFA production, particularly
butyrate, and in tryptophan catabolism via the IDO-kynurenine
pathway are associated with shifts in Treg differentiation and
activation states. Overall, these findings indicate that SLEypp is
characterised by coordinated immunometabolic alterations
spanning multiple biological compartments, providing a struc-
tured framework for future mechanistic and interventional stud-
ies rather than definitive causal conclusions.

Although direct experimental evidence simultaneously link-
ing lupus, gut microbiota alterations, and depressive-like behav-
iour remains limited in animal models, preclinical studies
provide strong biological plausibility for the immunometabolic
pathways highlighted here. Lupus-prone MRL/lpr mice sponta-
neously develop depression-like behaviours early in the disease
course, preceding major systemic pathology [9]. In parallel, gut
microbiota composition has been shown to shape lupus severity
through microbiota-dependent modulation of tryptophan
metabolism and downstream immune activation, implicating
the IDO-kynurenine axis as a key interface between microbial
metabolism and immune regulation [33]. Together, these data
support the plausibility of a microbiota-tryptophan/IDO-
immune axis contributing to mood symptoms in SLE and moti-
vate future causal investigations.

Our study has some limitations. First, we used a general QoL
scale to identify SLEypp patients in LUPIL-2 rather than a MDD
specific scale. However, the score we used appears to have valid-
ity as it allowed to discover an immunometabolic signature in
line with well-validated central pathways in the pathophysiol-
ogy of MDD. It also has an external validity as the SLEypp signa-
ture discovered based on this classification is valid in an
independent cohort for which patients could be assigned to
MDD using a classical scale. Secondly, the number of patients
included is limited, but this limitation must be balanced against
the fact that (i) SLE is a rare disease, (ii) we isolated a signature
from an international multicentre study and replicated it on a
different study including healthy controls, allowing us to better
discriminate SLEypp patients from controls and SLE,,,, mpp, (iii)
we used several supervised and unsupervised classification algo-
rithms allowing us to overcome this small number of patients
and obtain similar results, and (iv) while flow cytometry, micro-
biome profiling, and metabolomics were not available for
exactly the same set of patients, we did not observe significant
differences in key clinical variables between the subsets ana-
lysed in each modality, supporting that these subsets were repre-
sentative of the overall cohort. Third, given the cross-sectional
and observational nature of the data, our findings describe asso-
ciations and therefore preclude any inference regarding causal-
ity between depressive symptoms and immune, microbial, or
metabolic alterations. Importantly, the present analyses do not
support a unique initiating role for any single biological com-
partment. Several causal models could account for the observed
immunometabolic patterns, including microbiota-driven effects
on immune regulation and metabolite availability (eg, SCFAs),
immune-driven alterations of microbial composition and metab-
olism, or bidirectional feedback loops between these systems. In
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this framework, Treg—related phenotypic changes should be
viewed as integrative components of a broader immunometa-
bolic state rather than as primary drivers of depressive symp-
toms. This latter possibility is supported by the improved
clinical outcome observed in the 2 clinical studies of IL-2;p in
depression [54,55].

Perspectives

While this study delineates a reproducible immunometabolic
profile associated with depressive symptoms in SLE, the reasons
why such alterations arise in a subset of patients remain
unknown. Addressing these questions will require longitudinal
and experimental studies designed to disentangle causal rela-
tionships between immune regulation, microbiota-derived
metabolites, and neuropsychiatric manifestations, as well as
clinical trials testing Treg stimulation by IL-2 or faecal micro-
biota transplantation to identify causal defects.

These data collectively support a model in which SLEypp
arises from a convergent immunometabolic mechanism involv-
ing (i) chronic Treg activation and loss of naive Tregs, (ii) gut
microbiota dysbiosis with depletion of SCFA-producing bacteria,
and (iii) disruption of tryptophan and SCFA pathways, highlight-
ing a cross talk between microbial metabolites and immune reg-
ulatory circuits. This integrated signature highlights new
avenues for therapeutic intervention. Interventions aimed at
restoring Treg homeostasis—such as low-dose IL-2 therapy—
may be particularly relevant, as could microbiota-directed thera-
pies (dietary modulation, probiotics, or SCFA supplementation).
In this line, 2 studies recently reported promising results for the
treatment of MDD by low-dose IL-2 [54,55].

Future studies should explore longitudinal dynamics, causal-
ity, and the mechanistic interplay between microbial metabo-
lites, peripheral immune regulation, and central nervous system
involvement. Importantly, interventional trials targeting these
pathways will be essential to translate this immunometabolic
signature into clinically actionable strategies.
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sustained elevated ESSDAI and ESSPRI scores during follow-up years with decreased survival.
The 0, 1, and 2 copies of H90 carriage in SjD PBMCs exhibited dose-dependent decreases in
switched memory B cells, which might be recruited by fibroblasts into MSG, and further differ-
entiated into long-lived Immunoglobulin G (IgG+) plasma cells, resulting in elevated serum
SSA+ IgG levels and greater disease severity. In a retrospective belimumab-treated SSA+
female cohort, homozygous H90 patients showed significantly greater improvement in ESSDAI,
C4 levels, and serum SSA+ IgG levels, supporting the role of NCF1-H90 as a predictive bio-
marker for enhanced response to B-cell-targeted therapy.

Conclusions: Low NCF1 activity increases the risk of severe SSA+ SjD by driving switched mem-
ory B-cell trafficking and IgG+ plasma cell differentiation, revealing targetable pathways in

SSA+ SjD.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* The hypofunctional p.Arg90His (p.R90H, rs201802880) substi-
tution in neutrophil cytosolic factor 1 (NCF1), which reduces
NADPH (Nicotinamide Adenine Dinucleotide Phosphate) oxi-
dase 2 activity and induces a type I interferon (IFN-I) signature,
strongly associates with the risk of multiple autoimmune dis-
eases, including systemic lupus erythematosus (SLE) and sys-
temic sclerosis (SSc). It is associated not only with the risk of
developing autoimmune diseases but also with the progression
to specific tissue damage, including renal involvement in SLE
and pulmonary fibrosis in SSc.

WHAT THIS STUDY ADDS

* The hypofunctional NCFI-H90 variant is strongly associated
with Sjogren’s Syndrome type A antigen (SSA) + SjD in Chinese
and European Americans. The H90 variant was dose depen-
dently associated with increased inflammatory infiltration in
salivary glands, disease activity, and mortality in a longitudinal
Chinese cohort.

We put forth a coordinated pathogenic axis in patients with
SSA+ SjD carrying the NCF1-H90 variant, wherein CXCL12"
fibroblasts with heightened IFN signatures recruit peripheral
switched memory B cells into salivary glands, supporting their
differentiation into autoantibody-producing, long-lived Immu-
noglobulin G (IgG +) plasma cells.

Homozygous H90 female patients with SSA + SjD exhibit supe-
rior treatment responses to belimumab, suggesting its potential
utility as a predictive biomarker for guiding B-cell-targeted
therapy in SjD.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

« Stratifying patients with SSA+ SjD by NCFI risk genotyping
identifies responders to B-cell-targeted therapy, enabling more
effective and personalised treatments.

INTRODUCTION

Sjogren’s disease (SjD) is a chronic autoimmune disease char-
acterised by lymphocytic infiltration and secretory gland dysfunc-
tion, resulting in dryness of the mouth and eyes [1,2]. Although
the aetiology of SjD is not completely known, a genetic compo-
nent is recognised. Genome-wide association studies (GWAS) and
ImmunoChip analyses have identified nearly 30 SjD-associated
risk loci [3]. A strong susceptibility locus, rs117026326 within
the GTF2I intergenic region at 7q11.23, was first identified in a
SjD GWAS of Chinese ancestry [4]. Subsequently, we identified
the NCF1-R90H variant (p.R90H, rs201802880) at 7q11.23 asso-
ciated with robust risk of multiple autoimmune diseases, includ-
ing SjD, systemic lupus erythematosus (SLE), and rheumatoid
arthritis [5]. The hypofunctional NCF1-R90H has been proven to
be an established causal variant of SLE and systemic sclerosis
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(SSc) [6,7], causing defective efferocytosis in macrophages [6],
endosomal Toll-like receptor (TLR)-signalling impairment in plas-
macytoid cells and B cells [8—10], and upregulated type I inter-
feron (IFN-I) stimulated gene expression [11].

Patients with SjD exhibit symptoms of B-cell activation,
including production of autoantibodies to SSA (Ro) and Sjogren’s
Syndrome type B antigen (SSB) (La), hypergammaglobulinaemia,
and mucosa-associated lymphoid tissue lymphoma [12]. The
finding that antibodies to SSA and SSB can be detected years
before disease diagnosis suggests an early key role of B cells in
the development of SjD [13]. The observations that CD27 * mem-
ory B cells decrease in peripheral blood mononuclear cells
(PBMCs) while accumulating in salivary glands [14,15] suggest
the migration or retention of memory B cells in the inflamed sali-
vary glands; however, the underlying mechanism is unclear.

Here, we assessed NCF1-R90H variant-associated SjD charac-
teristics and how this variant may affect pathogenic mecha-
nisms, focusing on paired peripheral blood and salivary gland
samples from newly diagnosed, untreated patients with SjD to
delineate likely molecular and cellular pathogenic pathways.
Specifically, we define the nomenclature for the NCF1-p.R90H
locus: homozygous H90 is labelled as NCF1-H90 or H90, homo-
zygous R90 is labelled as NCF1-R90 or R90, and heterozygous is
labelled as NCF1-90R/H or 90R/H.

METHODS

All methods are provided in the Supplementary information.

RESULTS

Robust association of the hypofunctional NCF1-H90 variant with
patient with SSA + SjD subset in Han Chinese and European
American ancestries

The association between the NCF1-H90 allele and risk for SjD
was assessed in 1313 patients with SjD and 3210 controls (odds
ratio [OR] = 2.58, Ppeta = 1.15E-55). We observed an associa-
tion between the H90 variant of NCF1 and SjD in 2 independent
Han Chinese cohorts (OR = 2.60, P = 2.52E-53 in total), with
more robust association signals in the SSA + subset (OR = 3.37,
P = 9.63E-55 in total). The association between the NCF1-H90
variant and SjD was confirmed in European Americans
(OR 2.35, P 9.70E-4), with a stronger association in
patients with SSA+ (OR 2.60, P 1.05E-3). Moreover,
patients with SSA+ exhibited a stronger association with the
NCF1-H90 variant in Chinese patients (OR = 2.05, P = 8.14E-
11) than patients with SSA— (Table, Supplementary Table S1).
In both Chinese cohorts, patients with SjD carrying 1 or 2 copies
of the H90 variant showed earlier age at diagnosis and higher
SSA seropositivity (Supplementary Table S2). These findings
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Robust association of the NCF1 variant with SjD in SSA + subset of patients

SNP Ancestry Subject MAF % p OR (95% Cl)
Case Control ~ Case Control
rs201802880 Chinese Cohort 1 565 190 33.9 18.4 5.76E-8 222 (1.67-2.97)
(p.Arg90His, A/G) SSA(+) 352 40.2 6.83E-12 2.99 (2.18-4.08)
SSA(-) 213 23.5 8.50E-2 1.35 (0.96-1.89)
Cohort 2 446" 2089° 37.8 16.8 2.00E-37 2.84 (2.42-3.32)
SSA(+)¢ 171 43.9 6.78E-28  3.70  (2.93-4.68)
SSA(-)¢ 110 27.7 5.09E-5 1.87 (1.38-2.53)
Total 1011 2279 35.6 16.9 2.52E-53 2.60 (2.30-2.93)
SSA(+) 523 41.4 9.63E-55 3.37  (2.90-3.93)
SSA(-) 323 24.9 1.24E-6 1.61 (1.33-1.95)
European 3027 931° 4.8 2.2 9.70E-04 235 (1.42-3.91)
American SSA(+)¢ 189 5.3 1.05E-03 2.60 (1.47-4.60)
SSA(-)? 109 3.7 1.34E-01 1.84 (0.83-4.09)
Meta-analysis 1313 3210 28.5 12.6 1.15E-55 2.58
SSA(+) SSA(-) SSA(+) SSA(-)
Chinese 523 323 41.4 24.9 8.14E-11  2.05 (1.65-2.54)
Total
European 189 109 5.3 3.7 0.382 1.45 (0.63-3.33)
American
Meta-analysis 712 432 31.8 19.6 7.51E-11  2.00

MAF, minor allele frequency; NCF1, neutrophil cytosolic factor 1; SSA, Sjogren’s Syndrome type A antigen; SNP, Single Nucleotide Polymorphism;

SjD, Sjogren’s disease; OR, odds ratio.
@ Data from our previous study [5].
> Data from our previous study [7].

¢ Of 446 patients, 281 in Chinese Cohort 2 have the SSA antibody data.

supported the notion that abnormally low NADPH (Nicotin-
amide Adenine Dinucleotide Phosphate) oxidase 2 (NOX2)
activity, due to the hypofunctional NCF1-H90 variant, predis-
posed to SjD, especially in the subset of patient with SSA+ of
multiple ancestries.

Increased risk of salivary gland inflammatory infiltration, disease
activity, and mortality in a longitudinal cohort of patients with
SjD carrying the NCF1-H90 variant

We assessed the relationship between the carriage of the
NCF1-H90 variant and clinical characteristics of 131 patients in
a longitudinal observational cohort with at least 4-year follow-
up from the Chinese cohort 1. Among them, 53 were homozy-
gous for NCF1-R90 (40.5%), 63 were NCF1-90R/H (48.1%), and
15 were homozygous for NCF1-H90 (11.5%). The minor allele
frequency of the H90 allele in this cohort was 35.5%, including
40.4% in the SSA + group and 23.0% in the SSA— group, consis-
tent with our cohort 1 findings (Table). The baseline demo-
graphics and clinical manifestations at diagnosis of the
longitudinal cohort are depicted in Supplementary Table S3.

Although we observed no genotype-associated differences in
sex or disease duration, those carrying the NCFI-H90 variant
showed a trend towards an earlier age at diagnosis (P = .079).
With respect to autoantibody profiles, the H90 group exhibited
elevated Antinuclear Antibody titres (P = 1.50E-3) and SSA
seropositivity (P = .024) as well as decreased complement C4
levels (P = 1.80E-5) compared with either the 90R/H or R90
group (Supplementary Table S3, Fig 1A). The salivary gland
inflammatory infiltration assessed using labial salivary gland
biopsy (LSGB) Score (Chisholm-Mason Score) was significantly
higher in the H90 group than either the 90R/H or R90 group at
baseline (Fig 1B). Importantly, the disease severity, evaluated
using the EULAR Sjogren’s Syndrome Disease Activity Index
(ESSDAI) Score and the EULAR Sjogren’s Syndrome Patient
Reported Index (ESSPRI) Score, was significantly higher in the
H90 group than in either the 90R/H or R90 group at baseline,
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and remained the highest at the last follow-up (LFU) (Fig 1C,D).
The 0, 1, or 2 copies of H90 carriage dose dependently associ-
ated with decreased C4 level, elevated LSGB, ESSDAI, and
ESSPRI Score, indicating contribution of NCF1-H90 variant in
salivary gland inflammatory infiltration and disease severity for
patients with SjD (Fig 1A-D). Although the overall survival rate
of these 131 patients was 90.1% (118/131) during an average
5.6-year period, survival rate was 73.3% (11/15) in the H90
group, 90.5% (57/63) in the 90R/H group, and 94.3% (50/53)
in the R90 group, respectively, indicating that H90 carriage in
patients with SjD is associated with shorter survival (Fig 1E). All
13 recorded deaths were due to severe visceral complications of
SjD (Supplementary Table S4).

Within the SSA+ subset, the NCF1-H90 genotype was associ-
ated with a trend towards earlier age at diagnosis (P = .078) and
elevated Antinuclear Antibody titres (P = .037) (Supplementary
Table S5). Moreover, patients with SSA+ carrying 2 copies of the
H90 variant exhibited lower C4 levels and higher LSGB, ESSDAI,
and ESSPRI scores at both baseline and LFU. There were dose-
dependent associations between the 0, 1, or 2 copies of H90 and
decreased C4 levels, elevated LSGB, ESSDAI, and ESSPRI scores
(Fig 1A-D). The overall survival rate was 86.2% (81/94), and the
H90 group (69.2%, 9/13) had a lower survival rate than the 90R/
H group (88.0%, 44/50) and R90 group (90.3%, 28/31) (Fig 1E).

Proportions of CD27*CD19" IgD™~ switched memory B cells in
PBMC:s of patients with SjD correlated with NCF1-H90 dose and
disease activity

To further explore the involvement of the NCF1-H90 variant
in SjD disease progression, we comprehensively profiled PBMCs
from 15 female patients with SSA+ in the 131 Chinese longitu-
dinal cohort using cytometry by time-of-flight (CyTOF) (n = 5
per genotype). The demographics and clinical manifestations of
these subjects at the time of blood draw are depicted in Supple-
mentary Table S6. The H90 group had a significantly higher
ESSDAI Score than the R90 or 90R/H group.
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Figure 1. Dose-dependent association of the NCF1-H90 variant with decreased levels of complement C4 and increased inflammatory infiltrates in sali-
vary glands, disease activity, and mortality in Chinese patients with SjD. A total of 131 patients with SjD (containing 94 patients with SSA + from Chi-
nese cohort 1 in the Table) were consecutively enrolled in a longitudinal observational cohort stratified by genotypes. (A,B) A dose-dependent
association of the NCF1-H90 variant with decreased serum complement C4 level, elevated LSGB score of all patients/patients with SSA + at enrolment.
(C,D) A dose-dependent association of the NCF1-H90 variant with elevated ESSDAI and ESSPRI scores of all patients/patients with SSA + at enrolment
and last follow-up. (E) Kaplan-Meier survival curve of these 131 patients with SjD and 94 patients with SSA+. *P < .05; **P < .01; ***P < .001; ****P
< .0001. P values among the 3 groups were determined using one-way ANOVA with Bonferroni’s multiple-comparison test for continuous variables.
The association of H90 copy numbers with C4 level, LSGB Score, ESSDAI Score, or ESSPRI Score was calculated using a linear regression test. Results
were shown as mean + SEM. 90R/H, heterozygous for NCF1-90R/H; ANOVA, Analysis of Variance; ESSDAIL, EULAR Sjogren’s Syndrome Disease Activ-
ity Index; ESSPRI, EULAR Sjogren’s Syndrome Patient Reported Index; H90, homozygous for NCF1-H90; LSGB, labial salivary gland biopsy; NCF1,
neutrophil cytosolic factor 1; R90, homozygous for NCF1-R90; SjD, Sjogren disease SEM, Standard Error of the Mean.

1613



X. Yuan et al. Ann Rheum Dis 85 (2026) 1610—1624

A Switched memory B cells
E

coaT
® coz
® cu
& cz2
® c2
@ cos
@ cx
@ cor
CD8T
@® coa
14 C14
0 Ci6
® cir

B cE”
2 c20
gdT

®cis

Frequency(%)

In
(1
[ M [
| ]
SOOOONE
oy B b
H3R2008%3A39R%8

R90 90R/H HS0

C
C33: CD27+CD19*IgD- switched memory B cells

e had R=-0.76 P=0.0011 R=-060 P=0.017 R=-069 P=0.0045
wy D 1 = 1 8 10
. — o
: gﬂ 2 = g 8
e, § 1 5 6{ o o o ]
Fos g o @ 3“-..0‘_‘\ o ‘§ 6 ? &
ol * g § 1 o‘;ho\“ o Ed]o o T o . S
.2 e | g L “-“‘. i @ 0T § o“"“- °
ﬁpa ﬁﬁ w B %2 o 2 a° 0® "‘%‘
who sohm Hbo wbo sofm Kb % i i ; z i it P . i)
b1 T 00 0z 04 08 %0 o0z 04 o6 %0 o0z 04 06
Peigegt P=2e0? % C33in PBMCs % C33in PBMCs % C33 in PBMCs

R=083
P=6.60%10%
FS=1.47

FS=3.05 FS=6.55

Figure 2. Proportions of CD27 *CD19 ¥ IgD~ switched memory B cells in PBMCs of patients with SjD correlated with NCF1-H90 dose and disease
activity. (A) Left: tSNE plot of the CyTOF data of CD45™" cells from PBMCs of 15 patients with SjD. A total of 35 clusters were identified, and each spe-
cific immune cell type was annotated using established marker gene expression. Right: tSNE plot of all CD45 ™" cells coloured by the expression levels
of CD45, CD4, CD19, CD14, CD8a, and CD56. (B) Left: tSNE plot of all CD45™* cells from PBMCs of patients with R90 (n = 5), 90R/H (n = 5), and
H90 (n = 5). Right: proportions of 35 cell clusters in the 3 groups. (C) Proportions and numbers of cluster 33 (CD27 *CD19 "IgD~ switched memory B
cells) associated with H90 copy numbers, ESSDAI Score, ESSPRI Score, and Focus Score. (D) A dose-dependent association of the NCF1-H90 variant
with elevated Focus Score. Representative images of salivary gland stained with H&E from 1 patient of each genotype group representing the mean
value of Focus Score. The box showed a focus of lymphocyte infiltration. * P < .05; ** P < .01; *** P < .001; **** P < .0001. P values among the 3
groups were determined using one-way ANOVA with Bonferroni’s multiple-comparison test. The association of H90 copy numbers with the percentage
and number of C33 or Focus Score was calculated using a linear regression test. The correlation was calculated using the Pearson correlation test.
Results were shown as mean + SEM. ANOVA, Analysis of Variance; CyTOF, cytometry by time-of-flight; DC, dendritic cell; DNT, double negative T
cell; DPT, double positive T cell; ESSDAI, EULAR Sjogren’s Syndrome Disease Activity Index; ESSPRI, EULAR Sjogren’s Syndrome Patient Reported
Index; FS, Focus Score; gDT, y§ T cell; H90, homozygous for NCF1-H90; H&E, haematoxylin and eosin; IgD, Immunoglobulin D; NCF1, neutrophil cyto-
solic factor 1; NK, natural killer; PBMCs, peripheral blood mononuclear cells; SjD, Sjogren disease; tSNE, t-distributed stochastic neighbour embed-
ding.
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Based on expression levels of lineage-associated markers,
PBMCs were partitioned into 35 cell clusters (Supplementary
Fig S1 and Supplementary Table S7) visualised on a t-distributed
stochastic neighbour embedding map (Fig 2A,B), which were
annotated into 10 major immune cell lineages: CD4™ T cells,
CD8™ T cells, y5 T cells, double negative T cells, double positive
T cells, dendritic cells (DC), B cells, natural killer (NK) cells,
monocytes, and basophils. Both the frequency and absolute
number of cluster 33 (cluster comprising predominantly
CD27*CD19 " IgD" switched memory B cells) were significantly
decreased in the H90 group compared with the 90R/H or R90
groups (Fig 2C), exhibiting an H90 dose-dependent decrease in
both percentage and absolute number of this cluster. The per-
centage of CD27 *CD19 " IgD" switched memory B cells was neg-
atively correlated with ESSDAI, ESSPRI, and Focus Score
(Fig 2C). The H90 group had significantly higher Focus Score
than the R90 or 90R/H group, and the 0, 1, or 2 copies of H90
carriage dose dependently associated with increased Focus
Score (Fig 2D and Supplementary Table S6).

Other significant changes in the PBMCs of H90 group com-
pared with those from R90 group included
CX3CR1*CD68*CD86 "HLA-DR*CD11b*CD11c* monocytes
(cluster 10), CD8 * CXCR3 ™" effector memory T cells (cluster 14),
CD3"CD687CD127 " y5 T cells (cluster 15), CD8*CD68™* effec-
tor T cells (cluster 17), CD4*CD25™" regulatory T cells (cluster
22) [16], and NK cells (cluster 30) (Supplementary Fig S2).
However, no significant correlation was found between the pro-
portion of these differentially expressed clusters and Focus
Score, ESSDAI Score, or ESSPRI Score (Supplementary Fig S3).

NCF1-H90 variant drives increased proportions of CXCR4-
enriched switched memory B cells and plasma cells, and elevated
expression of ISGs of fibroblasts in MSG

To explore functional consequences of the decreased
switched memory B-cell subset in PBMCs and its underlying
mechanism in salivary glands, we collected minor salivary
glands (MSGs) from 3 patients with H90 and 4 patients with
R90. Detailed clinical characteristics were recorded at the time
that paired blood (CyTOF study) and salivary gland samples
were collected (Supplementary Table S6).

Single-cell suspensions of MSG tissues were subjected to sin-
gle-cell RNA sequencing (scRNA-seq) using the MobiNova-100
Single Cell System. After quality control processing, a total of
68,496 high-quality single-cell transcriptomes were identified
and visualised as 12 major cell subpopulations based on known
cell type-specific marker gene expression using uniform mani-
fold approximation and projection (Fig 3A,B, Supplementary Fig
S4). The proportion of B cells (top 3 maker genes: MS4Al,
CD79A, and CXCR4, defined as CXCR4-enriched switched mem-
ory B cells) was significantly elevated in the H90 group than the
R90 group, and mucous acinar cells, plasma cells, and endothe-
lial cells also showed significantly higher abundance in the H90
group (Fig 3C, Supplementary Fig S5A). Moreover, the percent-
age of switched memory B cells in the MSG was negatively cor-
related with that in the paired PBMCs (Fig 3D), suggesting that
substantial switched memory B-cell migration from peripheral
blood into salivary glands occurred in a patient with SjD carry-
ing the NCF1-H90 genotype, thereby causing severe inflamma-
tory infiltration in the MSG. Furthermore, the proportions of
switched memory B cells in MSG were positively correlated with
the proportions of plasma cells and the Focus Score. Similarly,
proportions of plasma cells in MSG showed a positive correla-
tion with the serum IgG levels, SSA+ IgG levels, and Focus
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Score (Fig 3D). In contrast, no significant correlations were
observed between proportions of mucous acinar cells and
switched memory B cells or plasma cells, nor between the pro-
portions of mucous acinar cells and the Focus Score in MSG, and
nor between the proportions of plasma cells and serum IgA lev-
els (Supplementary Fig S5B-E).

The elevated differentially expressed genes (DEGs) of the H90
group in each of the cell types were dominated by interferon-
stimulated genes (ISGs), and functional enrichment analysis
showed that DEGs are mainly involved in the interferon-associ-
ated signalling (Supplementary Fig S6). Hence, we further calcu-
lated both type I and type II IFN scores using the scRNA-seq
dataset (Supplementary Table S8). The H90 group exhibited sig-
nificantly elevated IFN-I and IFN-II scores relative to the R90
group in most cell types. Among these, fibroblasts exhibited the
greatest fold increase in IFN-I score in the H90 relative to the
R90 group, whereas pericytes and fibroblasts showed the most
pronounced fold increase in IFN-II Score (Fig 3E, Supplementary
Fig S7). Moreover, the IFN-I and IFN-II Scores of MSG were signif-
icantly increased in patients with SjD compared with healthy con-
trols, and fibroblasts also showed the greatest fold increase in
IFN-I score in patients relative to controls in our analysis of pub-
lished scRNA-seq data from Chinese subjects (Supplementary Fig
S8) [17]. Because low reactive oxygen species (ROS) due to the
NCF1-H90 variant is strongly associated with various autoim-
mune diseases [6,9], we calculated the ROS Score of MSG using
the scRNA-seq dataset (Supplementary Table S8). Both overall
ROS and NOX2-ROS Scores of MSG were significantly lower in
the H90 group than the R90 group, in which both T cells and B
cells exhibited a high fold decrease in NOX2-ROS scores in the
H90 group (Supplementary Fig SOA-F). Moreover, the NOX2-ROS
Score showed significant negative correlation with CXCR4
expression in B cells, and the total ROS Score also showed signifi-
cant negative correlations with CXCL12 expression across multi-
ple stromal cell types (Supplementary Fig S9G-H).

Further dissection of the B-cell compartment revealed that
glandular B cells in the H90 group were enriched for a ZEB2™"
subset (1.54% vs 0.26%, P = .032) displaying an age-associated
B cell (ABC)-like phenotype and elevated expression of ISGs
[18]. This ZEB2™" subset accounted for the elevated IFN-I signa-
ture and the reduced NOX2-ROS observed in total B cells (Sup-
plementary Fig S10). Within the T/NK compartment, T
peripheral helper (Tph) and IL7ZR*CD4" T cells were signifi-
cantly increased in the H90 group, whereas CD8 ™ T-cell subsets
were decreased and NK cells unchanged. Meanwhile, Tph and
IL7ZR*CD4" T cells exhibited high CXCR4 levels comparable
with those of B cells, whereas CD8* T cells and NK cells showed
low CXCR4 levels (Supplementary Fig S11A-D). By contrast,
plasmacytoid dendritic cell (pDCs) and neutrophils were not
detected in the myeloid compartment from our glandular
scRNA-seq data (Supplementary Fig S11E-G).

NCF1-H90 variant promotes interaction between CXCR4-
enriched memory B cells and CXCL12™ fibroblasts with elevated
IEN scores in MSG

Next, we subcategorised fibroblasts into 3 distinct subpopula-
tions based on DEGs signatures: THBS4", CXCL12", and
TNXB™ fibroblasts. The proportion of CXCL12™* fibroblasts was
increased in the H90 group (Fig 4A), exhibiting the highest IFN-
I and IFN-II scores among all subsets (Fig 4B,C). Functional
enrichment analysis revealed that DEGs of CXCL12™" fibroblast
were mainly associated with interferon signalling and negative
regulation of B-cell apoptosis (Supplementary Fig S12A). To
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Figure 3. NCF1-H90 variant drives increased proportions of CXCR4-enriched switched memory B cells and plasma cells, and expression of ISGs in
MSG fibroblasts from Chinese patients with SjD. (A) Left: UMAP visualisation of 68,496 single cells from MSG tissue, coloured by annotated cell subset
and revealing 12 distinct cell clusters. Right: UMAP of cells from the R90 (n = 4) and H90 (n = 3) groups. All patients underwent concurrent salivary
gland biopsy and PBMC collection; PBMC data were analysed by CyTOF in Figure 2. (B) Dot plots depict the expression of selected marker genes in
each cell type. (C) Comparison of cell subset proportions between R90 and H90 groups, which was calculated in Supplementary Figure S5A. (D) The
correlation among the percentages of switched memory B cells in MSG, switched memory B cells in PBMCs, plasma cells in MSG, serum IgG levels,
serum SSA + IgG levels, and Focus Score. (E) Left: UMAP projection of IFN-I and IFN-II scores across cell subsets. Both scores were elevated in the H90
group compared to the R90 group. Right: fibroblasts exhibited the greatest fold increase in IFN-I score in the H90 relative to the R90 group, whereas
pericytes and fibroblasts showed the most pronounced fold increase in IFN-II scores. The correlation was calculated using the Spearman correlation
test. CyTOF, cytometry by time-of-flight; CXCR4, C-X-C motif chemokine receptor type 4; HLA, Human Leukocyte Antigen; H90, homozygous for
NCF1-H90; IFN-I, interferon type I; IFN-II, interferon type II; IgG, Immunoglobulin G; ISGs, interferon-stimulated genes; MSG, minor salivary gland;
NCF1, neutrophil cytosolic factor 1; PBMCs, peripheral blood mononuclear cells; PDGFRB, Platelet-Derived Growth Factor Receptor Beta; R90, homo-
zygous for NCFI1-R90; SSA, Sjogren’s Syndrome type A antigen; SjD, Sjogren’s disease; UMAP, Uniform Manifold Approximation and Projection.
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further delineate dysregulated intercellular communication
involving fibroblasts, we performed ligand-receptor interaction
analysis using CellChat. The analysis identified CXCL12-CXCR4
as the most significantly upregulated signalling axis between
fibroblasts and other cell types in the H90 group. Conversely,
several interactions, including COL1A2-(ITGA2 +ITGB1), HLA-
B-CD8A, etc, were downregulated (Fig 4D and Supplementary
Fig S12B,C). To gain deeper mechanistic insight into the func-
tional consequences of this interaction, we employed NicheNet,
a computational method that integrates prior knowledge of sig-
nalling and gene regulatory networks to predict ligand-target
links [19]. This analysis predicted that signalling from
CXCL12* fibroblasts via the CXCL12-CXCR4 axis specifically
upregulates key genes in B cells, most notably the canonical ISG
—IFI44L (Supplementary Fig S12D). Moreover, interaction
strength within the CXCL signalling network between fibroblasts
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:
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Figure 4. NCF1-H90 genotype promotes interaction between
CXCR4-enriched memory B cells and CXCL12" fibroblasts with
elevated IFN-I and IFN-II scores in MSG from Chinese patients
with SjD. (A) UMAP plot of the distribution of fibroblasts in MSG
coloured by cell subsets. The proportion of CXCL12™ fibroblasts
was elevated in the H90 group. (B,C) Both IFN-I and IFN-II scores
in CXCL12" fibroblasts were significantly higher in the H90 group
compared with the R90 group. (D) The most prominently upregu-
lated fibroblast-specific signalling in the H90 group was the inter-
action between CXCL12% fibroblasts and CXCR4-enriched B/T
cells. (E) The interaction strength within the CXCL signalling net-
work between fibroblasts and switched memory B cells in MSG
was enhanced in the H90 group. (F) Increased interaction between
CXCR4-enriched B cells and CXCL12* fibroblasts in patients with
SjD carrying NCF1-H90 genotype (n = 3 for each group). The
arrow indicated the interaction between CXCR4"* (red) B cell
(magenta) and CXCL12" (green) fibroblast (orange). Scale bar:
20 ym. * P < .05; ** P < .01; **** P < .0001. P values between
R90 and H90 groups were determined using 2-tailed Student’s t-
test. CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C
motif chemokine receptor type 4; DAPI, 4’,6-diamidino-2-phenyl-
indole; H90, homozygous for NCF1-H90; IFN-, interferon type [;
IFN-II, interferon type II; MSG, minor salivary gland; NCF1, neu-
trophil cytosolic factor 1; R90, homozygous for NCFI1-R90; SjD,
Sjogren disease; THBS, Thrombospondin; TNXB:,Tenascin XB;
UMAP, Uniform Manifold Approximation and Projection a-SMA,
a-smooth muscle actin.

and switched memory B cells or T cells was enhanced in MSG of
the H90 group (Fig 4E), suggesting that CXCL12™" fibroblasts
may recruit CXCR4 ™ immune cells into MSG, thereby promoting
glandular inflammation. Consistent with this mechanism, we
observed significant accumulation of CXCR4-enriched switched
memory B cells adjacent to CXCL12™" fibroblasts in MSG for
patients with H90 (Fig 4F).

NCF1-H90 genotype promotes elevated proportions of long-lived
IgG + plasma cells in MSG correlated with serum levels of SSA +
IgG

Because plasma cells are the terminally differentiated B cells,
we further explored the features of plasma cell subpopulations.
We identified plasma cell subpopulations based on the secreted
immunoglobulin class, and IgG + plasma cells were significantly
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Figure 5. NCF1-H90 genotype promotes elevated proportions of
long-lived IgG + plasma cells in MSG correlated with serum levels
of SSA + IgG. (A) UMAP visualisation of plasma cells in MSG, col-
oured by cell subset. (B) Proportion of IgG+ and IgA+ plasma
cells between the H90 and R90 groups, which was calculated in
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show a positive correlation with serum SSA + IgG level. (D) Scat-
ter plot of B cells and plasma cells, coloured by pseudotime, illus-
trating a bifurcated differentiation trajectory. The H90 group
shows a higher proportion of cells in Branch 2, which contains ele-
vated numbers of IgG + plasma cells. (E,F) The markers related to
LLPC survival increased significantly in branch 2 (dotted line)
compared with branch 1 (full line). (F) A quantitative analysis of
panel (E). (G,H) In branch 2, the markers related to LLPC survival
significantly increased in the H90 group compared with the R90
group. (H) A quantitative analysis of panel (G). (I) Increased IgG +
plasma cells in patients with SjD carrying the NCF1-H90 genotype
(n = 3 for each group). Scale bar: 20 ym. The correlation was cal-
culated using the Spearman correlation test. * P < .05; ** P < .01;
*#k p < .001; **** P < .0001. P values between R90 and H90
groups or between branch 1 and branch 2 were determined using
2-tailed Student’s t-test. DAPI, 4’,6-diamidino-2-phenylindole,
H90, homozygous for NCF1-H90; IgA, Immunoglobulin A; IgG,
Immunoglobulin G; LLPC, long-lived plasma cell; ns, no signifi-
cance; MSG, minor salivary gland; NCF1, neutrophil cytosolic fac-
tor 1; R90, homozygous for NCF1-R90; SjD, Sjogren’s disease;
SSA, Sjogren’s Syndrome type A antigen, UMAP, Uniform Mani-
fold Approximation and Projection.

elevated in the H90 group (Fig 5A,B, Supplementary Fig S13).
This expansion correlated strongly with elevated serum IgG and
SSA + IgG levels (Fig 5C).

To elucidate the developmental trajectory linking switched
memory B cells to plasma cells, we used monocle 2 to construct
a model of the differentiation potential trajectory for all B cells
and plasma cells collected from H90 and R90 groups. The analy-
sis revealed 2 branching differentiation pathways towards the
plasma cell fate. Both branches contained mixed IgA+ and IgG
+ plasma cells; however, the H90 group showed a pronounced
enrichment in branch 2 (41.7% in branch 1 vs 58.3% in branch
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2), which was also enriched for IgG+ plasma cells (15.6% in
branch 1 vs 27.0% in branch 2) (Fig 5D). We then investigated
trends in gene expression along pseudotime by the branch
expression analysis model. gene ontology functional enrichment
analysis of genes reclustered into 4 clusters, and the genes asso-
ciated with the differentiation process from B cells to plasma
cells were predominantly clustered in cluster 4 (Supplementary
Fig S14). Gene expression dynamics along the pseudotime tra-
jectory further demonstrated that expression markers related to
long-lived plasma cell (LLPC) survival and maintenance, such as
SDC1, MCL1, TNFRSF17, CXCR4, STAT3, and IKZF3, were



upregulated in branch 2 (Fig 5E,F), with significantly higher
expression in the H90 group than in the R90 group (Fig 5G,H).
Consistently, immunofluorescence staining confirmed an
increase in IgG+ plasma cells accompanied by a reduction in
IgA + plasma cells in the salivary glands of patients with SjD car-
rying the NCF1-H90 variant (Fig 51, Supplementary Fig S15).

To independently validate the LLPC characteristics of branch
2, we derived an LLPC-enriched gene signature from a published
dataset (GSE180090) [20] and scored our salivary gland plasma
cells. This analysis confirmed that cells within branch 2 exhib-
ited significantly higher LLPC signature scores than those in
branch 1 (Supplementary Fig S16), supporting their LLPC-like
phenotype.

In summary, these findings indicated that the NCF1-H90 vari-
ant promoted the accumulation and local differentiation of IgG
+ plasma cells in the MSG, and the proportions of IgG + plasma
cells correlated with elevated circulating SSA+ IgG levels in
Chinese patients affected with SjD.

To evaluate the effect of the NCF1-H90 genotype on treat-
ment response to B-cell-targeted therapy in patients with SjD,
we retrospectively analysed an independent cohort of 19 female
patients with SSA+ SjD treated at our centre. All patients had
received belimumab for at least 1 year. Treatment consisted of
intravenous belimumab at 10 mg/kg administered at weeks 0,
2, and 4, and every 4 weeks thereafter. Clinical and laboratory
parameters, including ESSDAI, ESSPRI, serum IgG, and C4 lev-
els, were assessed at baseline, week 24, week 48, and at the LFU
(mean follow-up duration: 65.5 + 8.5 weeks, range: 56-84
weeks) (Supplementary Table S9).

At the LFU, the H90 group showed a marked reduction in
ESSDAI Score, with significantly greater improvement than the
other groups. A dose-dependent association was observed
between the copy number of H90 alleles and the change in ESS-
DAI Score at LFU. Similarly, serum IgG levels declined more sub-
stantially in the H90 group, also in a dose-dependent manner.
Anti-SSA 1gG levels were significantly reduced only in the H90
group. Furthermore, C4 levels increased most markedly in the
H90 group with a clear dose-dependent relationship across H90
copy numbers (Fig 6A, Supplementary Fig S17A-D). Moreover,
multivariate logistic regression showed that only the H90 geno-
type remained a significant, independent predictor of greater
ESSDAI reduction after adjusting for baseline serum IgG and
IFN-a levels (Supplementary Fig S17E). Consistent with these
clinical improvements after belimumab treatment, immunofluo-
rescence staining revealed a more pronounced reduction in
CXCR4-enriched B cells within the salivary glands of the H90
group compared with those of the R90 group (Fig 6B).

Here, we show that the hypofunctional H90 NCF1 allele is
one of the strongest common risk variants for SjD in a case-con-
trol study and provide a detailed phenotypic characterisation
linking this variant to specific cellular alterations in PBMCs and
MSG using both CyTOF and scRNA-seq (Fig 7). The NCF1 locus
is complicated by the presence of pseudogenes (NCF1B and
NCF10), leading to frequent copy number variations, which is
common in Europeans (>15%) but rare in East Asians (<2%)
[5], explaining why initial European GWAS missed this variant.
In the present study, we validated the association of the NCF1-
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H90 variant with SjD in both Chinese and European American
populations, in which more robust association signals were
observed in patients with SSA+ SjD (Table). Moreover, the
NCF1-H90 variant was associated with an earlier age at diagno-
sis in both ancestral groups (Supplementary Table S2), consis-
tent with earlier SLE onset linked to this variant [5,21].

Previous work links the NCF1-H90 variant to tissue-specific
injury in various autoimmune diseases, including renal involve-
ment in SLE and pulmonary fibrosis in SSc [6,7]. Our study now
adds salivary gland immunopathology in SjD to this genetic
effect, showing, in a longitudinal Chinese SjD cohort, that the
H90 allele accelerates local inflammation and disease activity
(Fig 1). This supports the model that the NCF1-R90H variant
functions as a common amplifier of end-organ damage across
different autoimmune contexts, rather than initiating any single
disease. To our knowledge, this study is the first to report a
dose-dependent association between the H90 allele and elevated
ESSDAI and ESSPRI scores, both at baseline and after a median
5.6-year follow-up. Moreover, patients with SjD carrying 2 cop-
ies of the H90 allele exhibited lower C4 levels, higher LSGB
scores, and increased disease morbidity. Given that anti-SSA
antibody status is strongly linked with distinct genetic and clini-
cal subtypes [22], we further analysed patients with SSA+ to
minimise potential confounding effects. The persistence of the
NCF1-H90 genotype effect within the SSA + subgroup reinforces
its role as a causal variant contributing to SjD severity.

B cells are critically involved in the pathogenesis of SjD
[12,23], with peripheral blood studies consistently showing
reduced CD27* memory B cells [14,15,24,25]. A high-dimen-
sional CyTOF analysis of PBMCs from patients with SSA+ SjD
revealed a significant decrease in both the frequency and abso-
lute number of CD27* memory B cells, with inverse correlation
with ESSDAI scores [26]. Our CyTOF study of PBMCs from
patients with SSA+ SjD further demonstrated that the decreased
proportion of CD27 *CD19*IgD™ switched memory B cells nega-
tively correlated with the dose of the NCF1-H90 variant and dis-
ease activity measured using ESSDAI, ESSPRI, and Focus scores.

The observed reduction in circulating memory B cells in SjD
may reflect their migration into inflamed salivary glands,
although the precise mechanisms remain unclear. To explore
this further, we performed scRNA-seq on salivary gland tissues
from patients with SSA+ SjD whose paired PBMCs were studied
using CyTOF. The only B-cell population in MSG, the CXCR4-
enriched switched memory B-cell subset, showed a significant
increase in the H90 group. Notably, the proportion of these
CXCR4-enriched switched memory B cells in MSG was nega-
tively correlated with the frequency of CD27*CD19"IgD
switched memory B cells in the PBMCs collected at the time of
MSG biopsies. Given that elevated surface expression of CXCR4
(a chemokine receptor facilitating B-cell migration to lymphoid
tissues) on peripheral blood B cells from patients with SjD com-
pared with healthy controls [27], we deduced that the reduction
in switched memory B cells in PBMCs and their concomitant
accumulation in MSG within the H90 group represent the migra-
tion of this B-cell subset from the circulation into glandular tis-
sues. Moreover, the selective enrichment of ZEB2* B cells with
an ABC-like phenotype identifies this subset as a key driver of
the heightened IFN-I signature and diminished NOX2-ROS
observed in the H90 group, which is consistent with previous
findings that ZEB2 emerges as a driver of B-cell autoimmunity
and the ZEB2-JAK-STAT axis governs ABC differentiation [18].
Within the T-cell niche, the expansion of CXCR4-high Tph and
IL7R*CD4™ T cells, and the paucity of CXCR4-low CD8* T
cells, demonstrates that differential CXCR4 expression may
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govern subset-specific recruitment of T cells via the CXCR4-
CXCL12 axis. The absence of transcriptionally detectable pDCs
and neutrophils in our MSG, consistent with recent SjD scRNA-
seq studies [28—30], indicates that the prominent IFN-I signa-
ture originates from fibroblasts, B cells, and epithelial cells
rather than infiltrating pDCs.
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The strong expression of CXCL12 in the inflamed salivary
glands of patients with SjD contributes to a supportive environ-
ment that attracts CXCR4-enriched switched memory B cells
(via CXCR4-CXCL12 interactions) migrating into MSG and dif-
ferentiating into plasma cells [31]. Plasma cells are often local-
ised near CXCL12-expressing salivary gland epithelial cells and
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adipocytes, suggesting a potential role for CXCL12 in supporting
plasma cell survival [32]. Although the proportion of CXCL12*
fibroblasts was only marginally increased in the H90 group, this
subset exhibited the highest IFN-I and IFN-II scores among all
fibroblast subpopulations (Fig 4B,C). This functional distinction
made it a prime candidate for investigation. Moreover, the
CXCR4-CXCL12 axis was the most markedly upregulated ligand-
receptor pair between fibroblasts and immune cells (Fig 4D),
and we observed accumulated CXCR4-enriched switched mem-
ory B cells in proximity to CXCL12" fibroblasts in MSG tissues
from patients with H90 (Fig 4F). These findings support that
CXCL12™ fibroblasts, through their functional state and chemo-
kine signalling, contribute to the recruitment of CXCR4-
enriched switched memory B cells into the salivary glands, and
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constitute a key component of the inflammatory niche for B-cell
differentiation, characterised by a high IFN-I signature.

Analysis of plasma cell phenotypes in salivary glands from
patients with SjD has revealed the presence of both IgA+ and
IgG+ plasma cells [32]. Previous studies demonstrated that
patients with a Focus Score > 2 exhibited upregulated IgG +
plasma cells but not IgA+ plasma cells [32]. Additionally,
plasma cells within MSG could produce anti-SSA/Ro and anti-
SSB/La autoantibodies, the levels of which correlated with those
in sera [33]. We observed a significant increase in the propor-
tion of plasma cells in the MSG of the H90 group, which posi-
tively correlated with serum IgG levels, SSA+ IgG levels, and
Focus Score (Fig 3D). Specifically, IgG+ plasma cells—but not
IgA+ plasma cells—were significantly expanded in H90
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carriers, and this increase was strongly associated with elevated
serum IgG and SSA + IgG levels (Fig 5B,C). Moreover, these IgG
+ plasma cells in the H90 group exhibited higher expression of
SDC1, MCL1, TNFRSF17, CXCR4, STAT3, and IKZF3—markers
related to survival of LLPC (Fig 5E-H). These results suggested
that the NCF1-H90 variant might promote long-lived IgG+
plasma cells within the salivary gland microenvironment. This
finding aligns with earlier reports indicating that plasma cells in
MSG of patients with SjD with high Focus Score display a long-
lived phenotype [32]. It has been proposed that LLPC may
occupy survival niches in salivary glands, and therapeutic strate-
gies targeting these niches may hold clinical benefit [34].

Building on evidence from the BELISS (Efficacy and Safety of
Belimumab in Subjects With Primary Sjogren’s Syndrome) open-
label phase II study, which reported symptomatic improvement
in a subset of patients with SjD following belimumab treatment
and called for future trials to identify responder subgroups
[35,36], our retrospective analysis provides a potential genetic
basis for such stratification. We observed that in female patients
with SSA + §jD, carriers of the homozygous NCF1-H90 genotype
exhibited a superior treatment response, characterised by signif-
icantly greater reductions in ESSDAI Score, serum SSA+ IgG
levels, and more pronounced increases in C4 levels. These find-
ings strongly suggest that NCFI1-H90 genotyping could help
identify patients with SjD who are most likely to derive substan-
tial benefit from B-cell-targeted therapies.

Hypofunctional NCF1-H90 variants, leading to reduced ROS
production, are causal variants in multiple autoimmune dis-
eases, as demonstrated in corresponding animal models
[6,9,21,37]. In line with this, we calculated ROS scores from
scRNA-seq data of MSG and found significantly lower overall
ROS and NOX2-ROS in the H90 group, with T cells and B cells
showing the greatest reductions of NOX2-ROS. Previous studies
have established that NOXs serve as the primary source of ROS
in B cells, and oxidase-deficient B cells from patients with
chronic granulomatous disease exhibit hyperresponsiveness to
TLR7/9 activation [38,39]. Similarly, global or B-cell-specific
deletion of Ncfl in murine lupus models enhances endosomal
TLR signalling, spontaneous germinal centre formation, and
humoral autoimmunity [10]. Thus, diminished ROS levels in B
cells within the salivary glands may aberrantly activate anti-
body-producing B cells to SSA antigens associated with RNA via
nucleic acid-binding TLRs in homozygous H90 carriers.

Limitations of this study include the following: (1) although
population admixture could not be corrected via principal compo-
nent analysis, we strengthened the validity of findings by validat-
ing the association between the H90 variant and pathological
features of SjD across both peripheral blood and salivary glands.
(2) Despite being unable to isolate sufficient CXCR4-enriched
switched memory B cells from MSG for in vitro differentiation
into plasma cells to establish a direct relationship, the pseudotime
trajectory analysis supported their developmental link, which was
further corroborated by immunofluorescence staining. (3) Beli-
mumab response was assessed in a small retrospective cohort;
future prospective randomised controlled trials are warranted to
definitively establish the association between the NCF1-R9OH
variant and belimumab efficacy. (4) A potential limitation in the
interpretation of our 5.6-year-long-term retrospective clinical
data is attrition bias. Patients who achieve sustained remission
are less likely to remain engaged in regular specialist follow-up. A
multicentre prospective investigation with scheduled follow-up is
needed in the future. (5) The observed increase in mucous acinar
cells within the salivary gland of the H90 group remains mecha-
nistically unexplained, and its specific contribution to SjD
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pathogenesis warrants future investigation. (6) A limitation of
our CyTOF analysis is the absence of CD38, which prevented us
from definitively distinguishing between memory B cells and
immature antibody-secreting cells. Future studies employing
more targeted panels will be needed to resolve this.

In summary, the NCF1-R90H variant was associated with SjD
susceptibility, particularly in patients with SSA+. The patients
with SjD carrying the homozygous H90 genotype had an abnor-
mally decreased switched memory B-cell subset in peripheral
blood, which might be recruited by CXCL12* fibroblasts into
MSG, and further differentiated into long-lived IgG+ plasma
cells, resulting in elevated serum SSA+ IgG levels and greater
disease severity. The B cells and the LLPCs are promising thera-
peutic targets in SjD, particularly in the patients with SSA+ car-
rying the H90 variant.
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ARTICLE INFO ABSTRACT

Article hi:fo'yi Objectives: Systemic sclerosis (SSc) is a deleterious disease. Its clinical management is compli-
Received 1 May 2025 . . . . . s e s . .
Received in revised form 12 March 2026 catetd by stro.ng interpatient heterogeneity. Progresm.ve organ ﬁbrf)51s is llpked to autoantl.bodles
Accepted 14 March 2026 against topoisomerase 1 (TOP1). Here, we hypothesised that the interaction between anti-TOP1

autoantibodies (ATAs) and TOP1 could influence SSc pathogenesis. TOP1 is a DNA-binding
enzyme. Therefore, we studied the effects and functional consequences of TOP1-DNA binding
on ATA recognition.

Methods: ATA monoclonal antibodies (ATA mAbs) and ATA-expressing B cell lines were gen-
erated from patient-derived TOP1-reactive B cells. Reactivity of monoclonal and polyclonal
ATAs towards TOP1 and TOP1-DNA cleavage complexes (TOPlcc) was determined by
enzyme-linked immunosorbent assay and mass photometry. Immunostimulatory properties
of ATA mAbs in complex with TOP1/TOPlcc were assessed on monocytic THP-1 cells and
primary monocytes. The stimulatory effects of TOP1-DNA complexes were tested on ATA-
expressing B cells.

Results: TOP1-DNA binding differentially affected TOP1 recognition by ATA mAbs. A subset of
ATA mAbs showed enhanced binding to TOP1cc, whereas others recognised TOP1 and TOP1cc
to a similar extent. ATAs with enhanced TOP1cc recognition were observed in ATA* patients
and correlated with ATA levels and interstitial lung disease. These ‘TOPlcc-enhanced ATAs’
affected the enzymatic function of TOP1 and, in complex with TOP1cc, increased proinflamma-
tory cytokine production by THP-1 cells and primary monocytes. B cells expressing “TOP1cc-
enhanced ATAs’ responded strongly to stimulation with TOP1-DNA complexes, whereas addi-
tive effects were not observed for B cells expressing ‘regular’ ATAs.
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Conclusions: The differential recognition of TOP1 upon DNA binding by ATAs demonstrates het-
erogeneity in the ATA B cell response, possibly impacting disease-relevant processes in severe

SSc.

WHAT IS ALREADY KNOWN ON THIS TOPIC

* Autoantibodies targeting topoisomerase 1 (TOP1) associate
with disease phenotype and severity of organ complications in
systemic sclerosis.

* Activated, TOP1-reactive memory B cells and TOP1-secreting
plasma cells are found in the circulation of patients with pro-
gressive disease and those with pulmonary fibrosis.

WHAT THIS STUDY ADDS

* Novel evidence describing anti-TOP1 monoclonal autoantibod-
ies (ATA) derived from patients with systemic sclerosis, which
are heterogeneous and differentially recognise TOP1 and TOP1
in complex with DNA.

TOP1-DNA complexes enhance the recognition by some but not
all anti-TOP1 autoantibodies, a phenomenon observed in most
patients.

The differential recognition of TOP1 and TOP1-DNA complexes
affects the immunostimulatory properties of ATA and activa-
tion of TOP1-specific B cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

« Differential recognition patterns of ATA indicate functional
heterogeneity in the B cell response targeting TOP1, which
may help to further dissect and understand patient and disease
heterogeneity.

* DNA binding by TOP1 could be an important determinant in
the activation of the ATA B cell response and thereby offers
new insights into potential drivers of disease-relevant immuno-
logical processes.

INTRODUCTION

Systemic sclerosis (SSc) is a heterogeneous disease character-
ised by fibrosis of internal organs and the skin, vasculopathy,
and autoimmunity. The disease displays remarkable clinical het-
erogeneity, ranging from indolent to rapidly progressive disease
with irreversible organ damage and subsequent mortality. Clini-
cal management of SSc is complicated by the lack of effective
treatments and variation in disease progression, which is diffi-
cult to predict [1]. Therefore, identification of pathogenic mech-
anisms driving disease may improve patient stratification and
enable the development of targeted treatment strategies.

Like many other autoimmune diseases, SSc is hallmarked by
a break in B cell tolerance towards nuclear proteins [2,3]. Auto-
antibodies targeting the nuclear enzyme topoisomerase 1
(TOP1) are observed in a subset of patients with SSc and are
associated with diffuse cutaneous SSc, a distinct clinical pheno-
type with the highest mortality among the rheumatic diseases
[4,5]. Specifically, anti-TOP1 autoantibodies (ATAs) associate
with progressive lung and skin fibrosis and early death, although
not all ATA-positive patients show this progressive course of dis-
ease [6]. Recently, we could associate measures reflective of an
active ATA B cell response to disease progression in patients
with ATA™ SSc [7,8]. Specifically, ATA-secreting B cells were
found in the circulation of patients with SSc, and their presence
was associated with the presence and severity of pulmonary
fibrosis [7]. Also, the presence of ATA-immunoglobulin (Ig)M
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was predictive of disease progression in the early stages of dis-
ease [8]. These findings suggest that activated, autoreactive
ATA B cells might contribute directly to processes driving fibro-
sis. This notion is further supported by the beneficial effects of B
cell-targeting therapies in SSc [9,10]. Nevertheless, the mecha-
nisms by which ATA B cells could contribute to disease remain
unclear [3]. ATA pathogenicity has been debated, with the
hypothesis that ATAs directly activate fibroblasts [11—-13].
However, whether this affects disease in vivo is unclear, primar-
ily because ATA can also be present in indolent disease. ATA B
cells, on the other hand, might contribute to disease by the pro-
duction of cytokines and stimulation of T cells through antigen
presentation and co-stimulation [14].

A crucial prerequisite for B cell activation is the recognition
of antigen by B cell receptors (BCRs) [15,16]. The same holds
for antibody-mediated effector functions, which require anti-
body-binding to cognate antigens. Epitope structure and confor-
mation can determine and modulate these interactions [17].
TOP1 is a DNA-binding nuclear protein that unwinds negatively
supercoiled DNA [18]. During its enzymatic cycle, TOP1 cova-
lently binds DNA to form TOP1-DNA cleavage complexes
(TOP1cc), which allows the passing of the other DNA strand
through the single-stranded break [18]. TOP1lcc is a transient
complex under physiological conditions, but stable TOP1cc can
be formed if DNA contains lesions, which can occur during cell
death induced under inflammatory conditions [19]. The binding
of antigen to nucleic acids, a common property among many
nuclear antigens targeted in autoimmune diseases, can potenti-
ate antibody effector functions and B cell activation through co-
engagement of innate Toll-like receptors (TLRs) with Fc recep-
tors or the BCRs [2,16]. Whether TOP1, as an SSc autoantigen,
binds DNA, and how TOP1 and TOPlcc are recognised by
human ATAs, warrant detailed analyses to better understand the
antigenicity of TOP1 in SSc pathogenesis.

To this end, we set out to determine the molecular and func-
tional characteristics of the interaction between ATAs and
TOP1. We generated patient-derived ATA monoclonal antibod-
ies (ATA mAbs), enabling us to study the effect of DNA binding
by TOP1 on the interaction with ATAs. We found remarkable
heterogeneity in the recognition of TOP1 and TOPlcc among
ATA mAbs and ATA in plasma. This heterogeneity affected both
antibody functionality and the activation of B cells expressing
TOP1-reactive BCRs. Together, these findings show that hetero-
geneity in the ATA B cell response can impact disease-relevant
processes in progressive SSc and contribute to a deeper under-
standing of disease variability in ATA* SSc and the processes
driving this deleterious disease.

METHODS

The experimental procedures for the recombinant production
and purification of human TOP1, the generation of patient-
derived ATA mAbs, gel electrophoresis, western blotting, cross-
inhibition enzyme-linked immunosorbent assay (ELISA) with
ATA mAbs, mass photometry, TOP1-mediated DNA relaxation
assay, and the generation of Ramos B cell lines expressing a
TOP1-reactive BCR are provided in detail in the Supplementary
Methods section.
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Patients and healthy individuals

Peripheral blood was obtained from patients with ATA™ and
anticentromere protein B autoantibody™ (ACA™) SSc visiting
the outpatient clinic of the Department of Rheumatology at Lei-
den University Medical Center. These patients with SSc were
included in the Leiden Combined Care in Systemic Sclerosis
cohort [20], fulfilled the American College of Rheumatology/
European Alliance of Associations for Rheumatology 2013 clas-
sification criteria for SSc, and were either ATA-IgG* or ACA-
IgG* as measured by routine clinical diagnostic tests. Patients
on B cell-depleting therapies or with a history of haematopoietic
stem cell transplantation were excluded. Plasma samples of a
cross-sectional cohort of patients with ATA-IgG* SSc (n = 21)
collected in a previous study were used (Table 1) [7]. In addi-
tion, serum samples of patients with ATA-IgG" SSc containing
high levels of ATA-IgM (n = 9) were selected from another pre-
viously reported study (Table 1) [8]. Plasma samples from
patients with ACA™* SSc (n 9) and healthy donors (HDs)
(n = 6) were used as controls (Table 1).

Generation of TOP1cc using suicide substrate

To obtain stable TOP1cc, TOP1 was incubated with a suicide
substrate (ScS), which is covalently bound by TOP1. ScS was
generated as described previously by Kristoffersen et al [21].
Three oligonucleotides (26DL: ‘5-pAGA AAA ATT TTT CCG AGT
GCG AAG-3’ [p = phosphorylated 5’], 38SC: 5’-CTA GAG GAT
CTA AAA GAC TTA GA-3’, 61NCL: 5’-CTT CGC ACT CGG AAA
AAT TTT TCT AAG TCT TTT AGA TCC TCT AG-3’) were mixed
to obtain a 66.67 uM concentration of ScS. The suspension was
heated to 80°C for 5 minutes and cooled to room temperature in
3 hours. TOP1cc was formed by incubation of 0.1 mg/mL of
TOP1 with 5 pM of ScS for 30 minutes at 37°C.

Anti-TOP1/TOPIcc-antibody ELISAs

To measure the reactivity of ATA mAbs and antibodies in
plasma towards TOP1 and TOPlcc, high-binding 384-well
microplates (Corning) were coated with 2.5 pug/mL TOP1 or
TOPlcc in phosphate buffered saline (PBS) (pH 8). Plates
were blocked using 1% bovine serum albumin (BSA) in PBS (Ig,
IgG, IgG subclasses, and IgA) or 1% skim milk in PBS (IgM).
Plasma, ATA mAbs, and culture supernatants of single-cell cul-
tured B cells were applied in single or serial dilutions (as indi-
cated in the respective figures) in 1% BSA in PBS with 0.05%
Tween (Ig, IgG, IgG subclasses, and IgA) or in 1% skim milk in
PBS with 0.05% Tween (IgM). Subsequently, secondary antibod-
ies were added: rabbit anti-human IgG-horseradish peroxidase

Table 1
Characteristics of patients with ATA* SSc
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(HRP) (1:5000, P0214, DAKO), mouse anti-human
(1:5000, HP6186, Nordic-MUbio), mouse anti-human
(1:250, HP6014, Nordic-MUbio), mouse anti-human IgG3
(HP6080, 1:2500, Nordic-MUbio), mouse anti-human IgG4
(1:500, MH164-1, Sanquin), goat anti-human IgA-HRP (1:1000,
A18781, Novex), goat anti-human-IgM-HRP (1:5000, AP114P,
Millipore), and goat anti-human Ig-HRP (1:10000, A80-152P,
Bethyl Laboratories). Goat anti-mouse Ig-HRP (1:5000 for IgG1/
2, 1:2500 for IgG3/4, P0447, DAKO) was used to detect the IgG
subclass-specific secondary antibodies. Pooled plasma samples
were used as reference standards. ATA mAbs were used in all
plasma ELISAs to control for comparable coating of TOP1 and
TOP1cc (ATA mAD 2F8) and as positive controls for the differen-
tial recognition of TOP1lcc compared with TOP1 (ATA mAbs
7G6 and 9D11). ELISAs were developed using 2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) ABTS supplemented with
H,0,. Optical density was measured at 415 nm with a Spectra-
max I3 X Multi-Mode Microplate Reader (Molecular Devices)
using SoftMax Pro 7 (version 7.0.2, Molecular Devices).

IgG1
IgG2

Stimulation of THP-1 cells

To assess the immunostimulatory properties of ATA mAbs,
monocytic THP-1 cells (Tohoku Hospital Pediatrics-1 Cells)
were stimulated with ATA mAbs in complex with plate-bound
TOP1 or TOP1cc. NUNC Maxisorp 96-well plates (ThermoFisher
Scientific) were coated with 5 ug/mL TOP1 and TOP1cc. Plates
were blocked with PBS containing 1% BSA, and 2.5 pug/mL of
lipopolysaccharide (LPS)-depleted (Pierce High-Capacity Endo-
toxin Removal Spin Columns, ThermoFisher Scientific), sterile-
filtered ATA mAbs were subsequently added to the plates. The
anti-citrullinated protein mAb 1F2 was used as a negative con-
trol [22]. Upon the formation of plate-bound immune com-
plexes, 1 X 10° THP-1 cells were added to the plates and
stimulated for 24 hours at 37°C in 5% CO,. Stimulation with 1
pg/mL LPS (Sigma) served as a positive control. Upon stimula-
tion, culture supernatants were collected to determine the secre-
tion of interleukin (IL)-8 by the THP-1 cells.

IL-8 ELISA

Human IL-8 was measured using a commercial ELISA on cul-
ture supernatants of THP-1 cells in accordance with the man-
ufacturer’s instructions (DY208-05, R&D Systems). Volumes of
the ELISA were adapted for the use of high-binding 384-well
microplates (Corning): 15 uL for coating, sample, and 3,3, 5,5’
tetramethylbenzidine (TMB) substrate solution (555214, BD
Biosciences), 75 uL for blocking (1% BSA in PBS), and 7.5 uL for
stop solution (1M H,SO,). Reactions were developed for

Patients with ATA-IgG* SSc  Patients with ATA-IgM™2" SSc  Patients with ACA-IgG* SSc  Healthy donors
(n=21) (n=29) n=9) (n=6)
Age (y), median (IQR) 55 (39-65) 53 (36-67) 55 (46-68) 29 (26-36)
Female, n (%) 11 (52) 8(89) 9(100) 5(83)
Duration since first NRP symptom (mo), median (IQR) 56 (31-92.8) 48 (14.5-119) 117 (57-359)
Diffuse cutaneous SSc, n (%) 7 (33) 3(33) 0(0)
mRSS, median (IQR) 5(2-7.5) 6 (4-16) 5(0-9)
ILD on HRCT, n (%) 14 (66.7) 8(89) 0(0)
Lung fibrosis score, median (IQR) 7 (0-13.5) a NA
Current use of immunosuppressive drugs, n (%) 12 (57) 1(11) 3(33)

ACA, anticentromere protein B autoantibody; ATA, antitopoisomerase 1 autoantibody; HRCT, high-resolution computer tomography scan; Ig, immunoglobulin; ILD,
interstitial lung disease; mRSS, modified Rodnan skin score; NA, not applicable; NRP, non-Raynaud’s phenomenon; SSc, systemic sclerosis.

@ Lung fibrosis scores were not determined for these patients.
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50 minutes, and absorbance was measured with a Spectramax
I3 X Multi-Mode Microplate Reader (Molecular Devices) at
450 nm with correction of the absorbance at 570 nm.

Stimulation of primary monocytes

Primary human monocytes were stimulated with ATA mAbs
in complex with plate-bound TOP1 or TOP1cc. Monocytes were
isolated from peripheral blood mononuclear cells of HDs
(n = 4) and patients with ATA* SSc (n = 4) by magnetic-acti-
vated cell sorting using CD14 MicroBeads (130-097-052, Milte-
nyi Biotec). Characteristics of these donors/patients are
provided in Supplementary Table S1. Plates containing ATA
mAbs 2F8 and 9D11 in complex with plate-bound TOP1 or
TOP1cc were prepared as described above for THP-1 cell stimu-
lation assays with a coating concentration of 2.5 pg/mL for
TOP1 and TOP1cc. Upon the formation of plate-bound immune
complexes, 0.5 x 10° primary monocytes were added to the
plates and stimulated for 24 hours at 37°C in 5% CO,. Stimula-
tions were performed in the presence or absence of 100 ng/mL
LPS, with 1 pg/mL LPS (Sigma) added as a positive control.
Upon stimulation, culture supernatants were collected to deter-
mine the secretion of tumour necrosis factor alpha (TNF-a) by
the primary monocytes.

TNF-a ELISA

Human TNF-a was measured in culture supernatant of pri-
mary monocytes using a commercial ELISA kit (88-7346-88,
InVitrogen). Volumes of the ELISA were adapted for the use of
high-binding 384-well microplates (Corning): 15 uL for coating,
sample, and ABTS, and 75 uL for blocking (1% BSA in PBS).
Samples were applied in a dilution of 1:4. Reactions were devel-
oped using ABTS, and absorbance was measured with a Spectra-
max I3 X Multi-Mode Microplate Reader (Molecular Devices) at
415 nm.

Stimulation of Ramos B cell lines expressing a TOP1-reactive
BCR

Ramos B cell lines expressing a TOP1-reactive BCR (derived
from BCR sequences of 2F8, 7G6, or 9D11 clone) were stimu-
lated with 5 pg/mL TOP1 preincubated (60 minutes, 37°C) with
or without 5 ug/mL plasmid DNA (pUC19 DNA, ThermoFisher
Scientific) in stimulation medium (Roswell Park Memorial Insti-
tute 1640 supplemented with 1% FCS [Bodinco], 10 mM HEPES,
100 units/mL penicillin/streptomycin, and glutamax [all
Gibco]) for 5 minutes at 37°C. Stimulation with 5 pg/mL poly-
clonal AffiniPure F(ab’)2 fragment goat anti-human IgG (109-
006-097, Jackson ImmunoResearch) was used as a positive con-
trol. Stimulated cells were fixed in paraformaldehyde (4%, Biol-
egend) for 20 minutes at 37°C and subsequently permeabilised
(True-Phos Perm Buffer, Biolegend) for 75 minutes at —20°C.
Staining was subsequently performed using anti-Syk(pY352)-
Alexa Fluor 647 (557817, BD Biosciences) diluted tenfold in
PBS, 0.5% BSA, 0.02% NaNsj. Cells were acquired on a BD
LSRFortessa 4L flow cytometer (BD Biosciences) and analysed
using FlowJo software (version 10.9.0).

Statistical analysis

Data were analysed using Graphpad Prism (version 10.2.3).
As indicated in the figure legends, the Mann-Whitney U test, the
Wilcoxon matched-pairs signed-rank test, and the Kruskal-Wallis
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test, combined with Dunn’s multiple comparison, were used
where appropriate to determine the statistical significance of
the data. Correlations were described using Spearman’s rank
correlation coefficient.

Study approval

This study was approved by the ethical review board of the
Leiden University Medical Center (protocol number P17.151)
and the Leiden University Biobank Toetsing Commissie (REU/
036/SH/sh). Included patients and HDs gave written informed
consent to participate in the study.

RESULTS

Generation and characterisation of patient-derived anti-TOP1
monoclonal antibodies

We first generated ATA mAbs based on BCR sequences of
TOP1-reactive B cells obtained from 1 patient with ATA™ SSc. B
cells from the peripheral blood of the patient were single-cell
sorted based on their reactivity towards full-length human
TOP1 conjugated to Alexa Fluor 647 and phycoerythrin
(Fig 1A). These sorted cells were subsequently differentiated
towards antibody-secreting cells in culture. Secreted antibodies
could be detected in a fraction of the culture supernatants (Sup-
plementary Fig S1A-C). By analysing the reactivity of the
secreted antibodies towards human TOP1, we identified several
TOP1-reactive clones (Fig 1B-D). BCR sequences were deter-
mined from 3 of these clones (termed 2F8, 7G6, and 9D11;
Table 2) and expressed recombinantly as IgG1 mAbs (Supple-
mentary Fig S1D). Reactivity of the generated ATA mAbs
towards TOP1 was verified by ELISA in a concentration-depen-
dent manner (Fig 1E). TOP1 binding by ATA-IgG 2F8 was stron-
ger compared with that of ATA-IgGs 7G6 and 9D11. Specificity
of ATA mAbs was further confirmed by western blotting, with
all ATA mAbs recognising a single band at the expected height
of TOP1 (Fig 1F, Supplementary Fig S1E). No binding was
observed to centromeric protein B and double-stranded DNA
(Fig 1G,H).

We also performed cross-inhibition assays to determine
whether the recombinantly produced ATA mAbs would bind
unique or overlapping TOP1 epitopes. The 3 ATA mAbs were
generated with murine constant domains to test their capacity
to inhibit TOP1 binding by ATA mAbs with a human constant
domain. Binding of human ATA mAbs to TOP1 could be blocked
by their direct murine counterparts, but not by the respective
other mAbs (Fig 11I-K, Supplementary Fig S1F). Together, these
data show that we generated 3 ATA mAbs binding unique epito-
pes of human TOP1.

A subset of ATA mAbs recognise TOP1 better in complex with
DNA

TOP1 can form a covalent complex with DNA, termed
TOP1cc [18]. To study the effect of DNA binding on the recogni-
tion of TOP1 by the ATA mAbs, we next compared mAD reactiv-
ity towards TOP1 and TOP1cc. TOP1cc was formed using ScS, a
double-stranded DNA ligand that covalently and irreversibly
binds to TOP1 [21]. This binding results in a size shift that can
be visualised by gel electrophoresis (Fig 2A). By coating of
either antigen on an ELISA plate, the recognition of TOP1 and
TOP1lcc by the ATA mAbs could be compared. ATA mAb 2F8
recognised TOP1 and TOPlcc to a similar extent (Fig 2B,C). In
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Figure 1. Generation and characterisation of patient-derived ATA mAbs. (A) Gating strategy used to single-cell sort CD19* TOP1*/* B cells binding
to TOP1-Alexa Fluor 647 (AF647) and TOP1-PE. (B-D) Reactivity of IgM (B), IgG (C), and IgA (D) secreted by single-cell-sorted TOP1*/* B cells
towards TOP1 as assessed by an anti-TOP1-Ig (ATA-IgM), anti-TOP1-IgG and anti-TOP1-IgA ELISA, respectively. Cut-off (mean TOP1™/~ B
cells + 4 x SD) is represented by a dotted line. Only culture supernatants in which IgM, IgG, or IgA could be detected (Supplementary Fig S1A-C) are
depicted. (E) Reactivity of patient-derived ATA mAbs towards TOP1 in an ATA-IgG ELISA. (F) Binding of TOP1 by ATA mAbs on western blot. Molecu-
lar weight in kilodaltons (kDa) was estimated using a protein ladder. (G-H) Reactivity of ATA mAbs towards centromere protein B in an anti-centro-
mere protein B antibody-IgG (ACA-IgG) ELISA (G) and towards double-stranded DNA in an anti-double-stranded DNA-IgG (anti-dsDNA-IgG) ELISA
(H). (I-K) Binding of ATA mAbs 2F8 (1), 7G6 (J), and 9D11 (K) with a human constant domain (human ATA mAbs) to a TOP1-coated ELISA plate pre-
incubated with 5 pug/mL of the indicated ATA mAbs with a murine constant domain (murine ATA mAbs). Binding was normalised to the condition in
which no murine mAb was added. Concentrations of human mAbs were in the linear range of the ATA-IgG ELISA; 2F8, 0.04 ug/mL, 7G6 and 9D11, 1
pg/mL. Data are derived from 3 independent experiments. (B-E, G-K) Optical density was measured at 415 nm (OD4;5,m)- (E, G, H) Error bars repre-
sent the SD of technical duplicates. (E-H) Data are representative of at least 2 independent experiments. ACA, anti-centromere protein B autoantibody;
ATA, anti-TOP1 autoantibody; dsDNA, double-stranded DNA; ELISA, enzyme-linked immunosorbent assay; Ig, immunoglobulin; mAbs, monoclonal
antibodies; OD, optical density; PE, phycoerythrin; TOP1, topoisomerase 1.

Table 2
B cell receptor sequence details of patient-derived ATA mAbs

Clone HC IGHV IGHV IGHV  IGHD IGHJ IGH-CDR3 LC IGK/LV IGK/LV  IGK/LV IGK/LJ IGK/L-CDR3
mutations identity mutations identity
#) (%) #) (%)
2F8 IGHA1l V1-18 14 95.14 D6-6 J4 CARGRDFSSSPYDYW A v3-21 7 97.49 J2/J3 CQVWDRSSDDVIF
7G6 IGHG1 V3-48 26 90.97 D6-6 J5 CATTPRTGRPW K V4-1 12 95.96 J4 CQQYLTPLQIF
9D11 IGHG3 V1-3 28 93.75 D2-15 J4  CARDGGSSVAVISATLDSW 1  V2-23 8 97.22  J2/J3 CCSYAGSRGVVF

ATA, anti-topoisomerase 1 autoantibody; mAbs, monoclonal antibodies; HC, heavy chain; IGH-CDR3, amino acid sequence of heavy chain complemen-
tarity-determining region 3; IGHD, heavy chain D gene; IGHJ, heavy chain J gene; IGHV, heavy chain V gene; IGHV identity (%), similarity of IGHV com-
pared to closest germline IGHV expressed in a percentage; IGHV mutations (#), amount of nucleotide mutations in IGHV compared to closest germline
IGHV; IGK/L-CDR3, amino acid sequence of light chain complementarity-determining region 3; IGK/LJ, light chain J gene; IGK/LV, light chain V gene;
IGK/LV identity (%), similarity of IGK/LV compared to germline IGK/LV expressed in a percentage; IGK/LV mutations (#), amount of nucleotide muta-
tions in IGK/LV compared to germline IGK/LV; LC, light chain; «, kappa; 1, lambda.
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Figure 2. Reactivity of ATA mAbs towards TOP1 and TOP1cc. (A) Gel electrophoresis of TOP1 upon preincubation without or with suicide substrate
(TOP1 and TOP1cc, respectively) under non-reducing conditions. Molecular weight in kilodaltons (kDa) was estimated using a protein ladder. (B)
Reactivity of ATA mAbs 2F8, 7G6, and 9D11 towards TOP1 and TOP1cc in an anti-TOP1/TOP1cc-IgG ELISA. Data points represent the mean and SD
of 2 technical replicates from an individual experiment. (C) Quantification of the binding of 0.05 ug/mL ATA mAbs 2F8, 7G6, and 9D11 to TOP1 and
TOP1cc. Data are derived from 6 independent experiments. (D) Reactivity towards TOP1 and TOP1cc of ATA-IgG in culture supernatants (n = 13) of
single-cell sorted CD19* TOP1*/* B cells. Supernatants were derived from TOP1 "/ B cells from 1 patient with ATA* SSc from whom the recombi-
nantly expressed ATA mAbs were also generated. (E) Reactivity towards TOP1 and TOP1cc of ATA-IgG in culture supernatants (n = 17) of single-cell
sorted CD19" TOP1*/* B cell clones obtained from 3 additional patients with SSc. Data from individual patients are separated by colour and symbol.
(F) Representative mass histograms of ATA mAbs incubated with an excess of TOP1 and TOP1cc as obtained by mass photometry. Data are representa-
tive of 2 independent experiments. An overview of detected masses can be found in Supplementary Table S2. (G) DNA relaxation assay with TOP1 pre-
incubated with an 8 X and 32 X molar equivalent of the ATA mAbs. A monoclonal antibody reactive towards citrullinated proteins (1F2) was used as
negative control. DNA was visualised with a fluorescent DNA stain. Molecular weight of DNA in base pairs (bp) was estimated using a DNA ladder.
Data are representative of 2 independent experiments. (B-E) OD was measured at 415 nm (OD4;5,m). (C-E) Wilcoxon matched-pairs signed-rank test
was used to test for significant differences. *P < .05, **P < .005, ***P < .001. ATA, anti-TOP1 autoantibody; ELISA, enzyme-linked immunosorbent
assay; Ig, immunoglobulin; mAbs, monoclonal antibodies; ns, not significant; OD, optical density; SSc, systemic sclerosis; TOP1, topoisomerase 1;
TOP1cc, TOP1-DNA cleavage complex.
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contrast, ATA mAbs 7G6 and 9D11 recognised TOPlcc with
higher relative avidity than TOP1 (Fig 2B,C). None of the mAbs
reacted to ScS alone (Supplementary Fig S2A). To further sub-
stantiate the differential binding of ATA to TOP1 and TOPlcc,
we measured the reactivity towards either antigen by IgG in cul-
ture supernatants of 13 single-cell sorted TOP1-reactive B cell
clones obtained from the same patient (Fig 2D). Only 3 of the 13
clones recognised TOP1 and TOP1cc to a similar extent, whereas
the other 10 clones showed enhanced recognition of TOP1cc as
compared with TOP1 (Fig 2D). To validate this observation
across patients, another 17 ATA-IgG™ culture supernatants of
single-cell sorted TOP1*/* B cells were obtained from 3 addi-
tional donors. Again, most of these supernatants (12/17)
showed enhanced recognition of TOP1cc, while the others rec-
ognised TOP1 and TOP1cc to the same extent (5/17) (Fig 2E).
Importantly, we noted a strong variation between clones as to
the extent to which TOP1cc was differentially recognised.

We next analysed the differential binding under native condi-
tions in solution to exclude that immobilisation of either protein
to the ELISA plate would have caused the observed effects. We
employed mass photometry to determine the binding stoichiom-
etry of the ATA mAbs to TOP1 and TOP1cc. This single particle
interferometric scattering microscopy technique allows to ana-
lyse the formation of immune complexes in solution formed
upon incubation of ATA mAbs with TOP1 and TOP1cc (Fig 2F,
Supplementary Fig S2B,C, Supplementary Table S2). In the pres-
ence of antigen excess, ATA-IgG 2F8 bound both TOP1 and
TOP1cc and efficiently formed immune complexes containing 2
antigens (Fig 2F). ATA-IgG 7G6 and ATA-IgG 9D11 did not
show complete binding to TOP1 (Fig 2F). In these conditions,
antibodies binding no or only 1 antigen could be detected, espe-
cially for ATA-IgG 9D11. In contrast, nearly complete binding of
7G6 and 9D11 was observed to TOPlcc (Fig 2F). Hence, this
independent approach confirmed the finding that certain ATA
mAbs differentially recognise TOP1 and TOP1cc.

ATA mAb can inhibit the enzymatic function of TOP1

We further characterised the ATA mAbs by assessing their
effect on the enzymatic function of TOP1. Previous work
showed that purified immunoglobulins from patients with
ATA™ SSc can inhibit the enzymatic function of TOP1 [23,24].
The enzymatic activity of TOP1 can be measured based on the
relaxation of supercoiled plasmid DNA, which impairs the
mobility of DNA through agarose gels (Fig 2G). Preincubation of
TOP1 with ATA-IgG 2F8, ATA-IgG 7G6, and a control mAb did
not affect the enzymatic function of TOP1 (Fig 2G). In contrast,
supercoiled plasmid DNA was still apparent in the condition in
which TOP1 was preincubated with ATA mAb 9D11 (Fig 2G).
This indicates that the ATA mAb 9D11 inhibits the enzymatic
function of TOP1.

Polyclonal IgG autoantibodies from patients with ATA™ SSc
differentially recognise TOP1cc

Differential recognition of TOP1/TOP1cc by ATA-IgG could
affect the functionality of ATAs and, hence, influence disease
pathogenesis. Therefore, we next assessed differential recogni-
tion of TOP1/TOP1cc by polyclonal ATA in the circulation of
patients with ATA™ SSc. Half-maximal binding titres of poly-
clonal IgG to TOP1 and TOP1cc were determined by serial dilu-
tions of patient plasma (Fig 3A). ATA mAbs were taken along in
these assays to control for comparable coating concentrations of
TOP1 and TOP1lcc (ATA mAb 2F8), and as positive controls for
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the differential recognition of TOPlcc compared with TOP1
(ATA mAbs 7G6 and 9D11). Plasma of all patients with ATA™
SSc (n = 21) showed higher IgG titres to TOP1lcc compared
with TOP1 (Fig 3B). Patients varied as to the extent of differen-
tial TOP1/TOPlcc recognition. The difference between anti-
TOP1-IgG and anti-TOPlcc-IgG titres was modest for some
patients. For others, much higher dilutions of plasma were
needed to reach the same binding signal for TOP1cc in compari-
son with TOP1 (up to 30,000 difference in dilution factor)
(Fig 3C). Again, we excluded ScS recognition as a confounder,
as binding to ScS was minimal to undetectable (Supplementary
Fig S3A). Also, plasma from patients with ACA™ SSc and HDs
generated signals below the limit of detection (Supplementary
Fig S3B). Together, these findings indicate that enhanced
TOP1cc recognition by a subset of ATAs is a feature commonly
present in patients with ATA™* SSc.

To explore the possible clinical relevance of our finding, we
assessed the relation between the differential recognition of
TOPlcc and clinical disease parameters using the absolute dif-
ference between anti-TOPlcc-IgG and anti-TOP1-IgG titres
(anti-TOP1cc-IgG titre minus anti-TOP1-IgG titre) as read-out.
This difference correlated with anti-TOP1-IgG titres (r; = 0.91)
(Supplementary Fig S3C). In addition, both the anti-TOP1-IgG
titre and the difference between anti-TOPlcc-IgG and anti-
TOP1-IgG titres were increased in patients with interstitial lung
disease and correlated with the lung fibrosis score (rs = 0.65
and r; = 0.76, respectively) (Fig 3D,E, Supplementary Fig S3D,
E). Similar trends were observed for the modified Rodnan skin
score, whereas no differences were observed in patients treated
with or without immunosuppressive drugs (Supplementary Fig
S3F-I). Together, these data indicate that anti-TOP1-IgG titres
and anti-TOP1cc-IgG titres are strongly related and correlate
with clinical disease.

Anti-TOP1cc autoantibodies are predominantly present in the
IgG1 and IgM compartment

Isotype and subclass usage strongly affects antibody effector
functions and provides insights into the underlying B cell
response [25,26]. Therefore, we studied the recognition of
TOP1 and TOP1cc by antibodies of various subclasses and iso-
types in the plasma of patients with ATA* SSc. The presence of
ATA among the IgG subclasses was variable, as IgG1, IgG2,
IgG3, and IgG4 anti-TOP1-autoantibodies could be detected in
67%, 81%, 52%, and 95% of the samples (n = 21), respectively
(Supplementary Fig S4A-D). Therefore, we limited the analysis
to samples in which TOP1 was recognised by multiple IgG sub-
classes (n = 8 for IgG1/3/4, n = 7 for IgG2) and in which total
IgG recognised TOPlcc better than TOP1 (Fig 4A). Enhanced
recognition of TOP1cc compared with TOP1 was observed for
IgG1 and IgG4, but not for IgG2 and IgG3 (Fig 4A). To compare
the relative difference in TOP1cc binding by the IgG subclasses
to total IgG, anti-TOP1lcc titres were normalised to anti-TOP1
titres by expressing the titres as a ratio (anti-TOPlcc titre
divided by anti-TOP1 titre). The relative difference in TOP1lcc
binding by IgG1 was comparable to total IgG, whereas the ratio
between anti-TOP1cc and anti-TOP1 titres for IgG2-4 was lower
(Fig 4B). Consequently, the differential recognition of TOP1
upon DNA binding appears most prominent for IgG1.

TOP1-reactive antibodies of the IgA isotype can be detected
in almost all patients with ATA-IgG* SSc [8]. Accordingly, we
detected anti-TOP1-IgA in all patients with ATA-IgG* SSc
(n = 21) included in this study (Fig 4C). These IgA antibodies
recognised TOP1lcc slightly better in comparison with TOP1
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(Fig 4C). However, the relative difference in the half-maximal
binding titres between TOP1 and TOPlcc was significantly
higher in the IgG compartment (Fig 4D).

For IgM, we observed that only 2 of 21 patients with ATA-
IgG™" generated higher signals on the anti-TOP1-IgM ELISA com-
pared with controls (Supplementary Fig S4E-G). To prevent
interference of non-specific antibodies in the assay, we

TOP1-DNA cleavage complex.

compared the reactivity of IgM antibodies towards TOP1 and
TOP1cc in the 2 patients with SSc who had higher levels of ATA-
IgM in comparison with controls, and selected 9 other samples
of patients with ATA™ SSc with high levels of ATA-IgM from a
previous study (Supplementary Fig S4H, Table 1) [8]. TOPlcc
was better recognised than TOP1 by IgM antibodies in these
samples (Fig 4E). The relative difference in the half-maximal
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Figure 4. Reactivity towards TOP1 and TOP1cc by IgG subclasses, IgA and IgM in plasma of patients with ATA™* SSc. (A) Half-maximal binding titres
of IgG1-4 and total IgG in plasma of patients with ATA-IgG* SSc (n = 8 for IgG1, 3, 4, n = 7 for I[gG2) to TOP1 and TOP1cc. (B) Ratio between anti-
TOP1cc and anti-TOP1 titres of IgG1-4 and total IgG in plasma. Ratios of IgG1-4 were compared with total IgG using the Kruskal-Wallis test combined
with Dunn’s multiple comparison. (C) Reactivity of IgA in plasma of patients with ATA-IgG* SSc (n = 21) towards TOP1 and TOP1cc. (D) Anti-
TOP1cc-IgA/G titres expressed as ratio to anti-TOP1-IgA/G titres. (E) Reactivity of IgM in plasma of patients with ATA-IgM* SSc (n = 11) towards
TOP1 and TOP1cc. These 11 patients had elevated levels of ATA-IgM (see Supplementary Fig S4E-H); 2 were selected from the cohort of 21 patients,
and 9 other patients were selected from another study based on high ATA-IgM serum levels. (F) Anti-TOP1cc-IgM/IgG titres expressed as ratio to anti-
TOP1-IgA/G titres. (A,C,E) Binding to TOP1 and TOPlcc is expressed as half-maximal binding titre, the interpolated dilution generating an optical
density of 1.4 at 415 nm. (C-E) Half-maximal binding titres to TOP1 and TOP1lcc were statistically compared using the Wilcoxon matched-pairs
signed-rank test. (D,F) Ratio titres were compared using the Mann-Whitney U test. (E,F) The 2 patients with ATA-IgM selected from the cohort of 21
patients are displayed by symbols with dim colours. (A-F) *P < .05, **P < .005, ***P < .001. ATA, anti-TOP1 autoantibody; Ig, immunoglobulin; ns,
not significant; SSc, systemic sclerosis; TOP1, topoisomerase 1; TOP1cc, TOP1-DNA cleavage complex.
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binding titres to TOP1 and TOP1cc was comparable between IgG
and IgM (Fig 4F). Together, these data indicate that the differen-
tial recognition of TOP1 and TOP1cc is predominantly found in
the IgM compartment and in the IgG1 subclass.

Enhanced induction of cytokine production by anti-TOP1cc mAbs
in complex with TOP1cc

The enhanced binding of ATA mAbs to TOP1lcc compared
with TOP1 may have functional implications on the immunosti-
mulatory capacity of ATAs. To provide supportive evidence for
this possibility, we stimulated the monocytic THP-1 cell line
with ATA mAbs complexed with plate-bound TOP1 or TOPlcc
and subsequently determined the secretion of IL-8, a well-estab-
lished early activation marker of these cells [27,28]. Minimal
secretion of IL-8 by THP-1 cells was detected in conditions with
TOP1 and TOPlcc coating to which no antibody or a negative
control antibody was added (Fig 5A, Supplementary Fig S5A).
The ATA mAb 2F8, which binds to TOP1 and TOP1cc to a simi-
lar extent, induced comparable levels of IL-8 if complexed with
TOP1cc or TOP1 (Fig 5A, Supplementary Fig S5A). In contrast,
ATA mAbs 7G6 and 9D11, which both bind TOP1cc better than
TOP1, induced higher production of IL-8 by THP-1 cells when
complexed with TOP1cc compared with TOP1 (Fig 5A, Supple-
mentary Fig S5A).

The in vivo setting in which ATA-TOP1/TOPlcc immune
complexes may form is likely more complex, and human pri-
mary cells may be more variable in response to immune complex
stimulation. Nonetheless, we opted to validate the differential
immunostimulatory potential of ATAs on ex vivo isolated cells,

Ann Rheum Dis 85 (2026) 1625—1636

choosing monocytes isolated from HDs and patients with ATA™
SSc as a surrogate. Primary monocytes require priming stimuli
(eg Toll-like receptor [TLR] ligands) to respond to immune com-
plex stimulation, with TNF-a being a particularly sensitive read-
out in this setting [29,30]. In line with these considerations,
minimal secretion of TNF-a was observed in supernatants of pri-
mary monocytes stimulated with ATA mAbs in complex with
TOP1, while the cells reacted strongly to LPS stimulation (Sup-
plementary Fig S5B,D). In the presence of LPS, however, ATA
mAb immune complexes potently enhanced the LPS-induced
TNF-a secretion by monocytes from 2 of 4 HDs and 3 of 4
patients with ATA™ SSc tested (Supplementary Fig S5D,E). As
for THP-1 cells, the ability of ATA mAbs to induce activation
varied depending on their differential reactivity towards TOP1
and TOP1cc (Fig 5B). ATA mAb 2F8 induced comparable levels
of TNF-a in complex with TOP1cc or TOP1, whereas ATA mAb
9D11 induced enhanced secretion of TNF-a when complexed
with TOP1cc in both primary monocytes from HDs and patients
with ATA" SSc (Fig 5B). Together, these data provide support
for the hypothesis that the differential recognition profile of
ATA detected here and, hence, the heterogeneity within the
ATA B cell response may have functional consequences for the
degree to which inflammatory processes may be affected or
modulated by ATA in SSc.

Enhanced activation of B cells expressing TOP1cc-reactive BCR
upon stimulation with TOP1-DNA complexes

Previous evidence suggests that the degree of autoreactive B
cell activation correlates with SSc disease severity and
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Figure 5. Stimulation of THP-1 cells and primary monocytes with ATA mAbs in complex with TOP1 and TOP1cc. (A) Normalised levels of IL-8 in cul-
ture supernatants of THP-1 cells stimulated for 24 hours with ATA mAbs in complex with plate-bound TOP1 and TOP1cc. Conditions to which no mAb
or the ACPA-IgG mAb 1F2 was added were used as negative controls. IL-8 levels were normalised to the levels of IL-8 detected in culture supernatant
of THP-1 cells stimulated with 1 ug/mL LPS. Data are obtained from 3 independent experiments, which are connected by lines. Two out of 3 experi-
ments were performed in technical duplicate. (B) Levels of TNF-a (ng/mL) in culture supernatants of primed monocytes (100 ng/mL LPS) isolated
from HDs and patients with ATA™ SSc upon stimulation with ATA mAbs 2F8 and 9D11 in complex with plate-bound TOP1 and TOP1cc for 24 hours.
Conditions to which no mAb was added were used as negative controls. Data from 2 HDs and 3 patients with ATA* SSc are shown (out of 4 donors
tested per group, Supplementary Fig S5B-E) for whom a clear immune complex-mediated signal could be detected in the assay. Experiments were per-
formed in technical duplicate. (A,B) Cytokine levels were compared using a paired t-test. *P < .05, **P < .005, ***P < .001. ACPA, anti-citrullinated
protein antibody; ATA, anti-TOP1 autoantibody; mAbs, monoclonal antibodies; HD, healthy donor; Ig, immunoglobulin; IL, interleukin; LPS, lipopoly-
saccharide; ns, not significant; SSc, systemic sclerosis; TNF-a, tumour necrosis factor alpha; TOP1, topoisomerase 1; TOP1cc, TOP1-DNA cleavage
complex; THP-1, Tohoku Hospital Pediatrics-1 cells.
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progression [7,8]. Therefore, we next investigated the potential
functional relevance of the differential recognition of TOP1cc by
ATAs on the activation of TOP1-reactive B cells. Three TOP1-
reactive B cell lines were generated expressing the BCRs from
which 2F8, 7G6, and 9D11 were derived. A fourth B cell line
expressing the sequence of an anti-citrullinated protein antibody
B cell clone (3F3) served as a control. All B cell lines responded
to stimulation with anti-IgG (positive control) as measured by
increased expression of pSyk, indicating BCR-mediated activa-
tion (Fig. 6, Supplementary Fig S6). Similarly, all TOP1-reactive
cell lines, but not the control, responded to stimulation with
TOP1 (Fig. 6, Supplementary Fig S6). Notably, B cells expressing
BCRs from which the ‘TOP1lcc-enhanced ATA’ clones 7G6 and
9D11 were derived displayed higher expression of pSyk upon
stimulation with TOP1 in comparison with anti-IgG (Fig. 6, Sup-
plementary Fig S6). In contrast, a decline of pSyk expression
was observed for cells expressing the 2F8 clone. More impor-
tantly, however, and in line with observations made using the
TOP1-specific mAbs, preincubation of TOP1 with plasmid DNA
further enhanced the activation of B cells expressing the 7G6
and 9D11 clones (Fig. 6, Supplementary Fig S6). Importantly,
such an effect was not observed for the B cell line expressing the
2F8 BCR. Together, these data show that B cells expressing
‘TOP1cc-enhanced ATAs’ are particularly sensitive to stimula-
tion by TOP1-DNA complexes, indicating that the differential
TOP1/TOP1lcc recognition observed might directly impact
autoreactive B cell activation.

DISCUSSION

Predictability of disease progression forms a major challenge
in the clinical management of SSc due to heterogeneity in clini-
cal presentation and course of disease. To gain insights into the
molecular mechanisms driving the disease, we here focused on
the ATA B cell response and assessed whether DNA binding by
TOP1 would affect its recognition by ATAs. By studying mono-
clonal and polyclonal ATAs, we observed remarkable heteroge-
neity among these autoantibodies in the recognition of TOP1
and TOP1cc. In fact, a subset of ATAs recognised TOP1cc better
than TOP1, indicating that TOP1cc formation induces conforma-
tional changes that enhance the antigenic properties of individ-
ual TOP1 epitopes and, consequently, the immunostimulatory
properties of ATA immune complexes and the activation of B
cells expressing TOP1-reactive BCRs.

Heterogeneity within autoantibody responses has been
described for other autoimmune diseases such as rheumatoid
arthritis and myasthenia gravis, with evidence in each case for
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TOP1 and TOP1 + DNA were compared using a paired t-
test. *P < .05, **P < .005, ***P < .001. ACPA, anti-citrulli-
nated protein antibody; ATA, anti-TOP1 autoantibody; BCR,
B cell receptor; Ig, immunoglobulin; MFI, median fluores-
cence intensity; ns, not significant; TOP1, topoisomerase 1;
TOP1cc, TOP1-DNA cleavage complex.

its relevance for disease activity and course [31—35]. Likewise,
in SSc, the differential recognition of TOP1 and TOPlcc by
ATAs could relate to the disease by various means. We observed
that enhanced recognition of TOP1cc can be found in all patients
with ATA™ SSc, yet increasingly in patients with interstitial lung
disease and in those with higher anti-TOP1-IgG levels in serum.
Hence, it is likely that TOP1cc functions as an enhancer of the
stimulation of ATA™ B cells. In fact, our data on B cell lines
expressing TOP1-reactive BCRs show that TOP1cc preferentially
stimulates the subset of B cells expressing ATA with enhanced
recognition of TOPlcc epitopes. Interestingly, stimulation of
these cells may be further amplified by BCR-mediated internal-
isation of DNA in complex with TOP1 and subsequent coengage-
ment of TLR9 [36—38]. Consequently, TOP1cc recognition may
be relevant for both the initial break of B cell tolerance to TOP1
and, likewise, the continuous activation of ATA B cells in estab-
lished disease. In this context, it is important that we note the
predominant presence of ‘TOPlcc-enhanced’ ATA within the
IgM and the IgGl subclass compartments. The presence of
TOP1cc-enhanced reactivity in the IgM compartment makes the
naive B cell compartment susceptible to strong BCR-mediated
stimulation, while TLR stimulation synergises with BCR signal-
ling to induce activation-induced cytidine deaminase, which
mediates BCR class-switching [37,39]. Previously, we could
show that both the presence of ATA-IgM and ATA-IgG levels in
serum associated with progressive disease, supporting this con-
cept [8]. In addition, the presence of ATA-secreting cells in the
circulation, a sign of recent B cell activation, is associated with
the presence and severity of interstitial lung disease [7].
Together, these results indicate that the formation of TOPlcc
could be important for ATA B cell activation and suggest that
this process may be relevant to initiate and drive ATA" disease.
Our findings imply that TOP1 in complex with DNA is the
autoantigen primarily targeted by the ATA B cell response. Dif-
ferential recognition of TOP1 and TOPlcc likely depends on
conformational changes that occur when TOP1 binds DNA [40
—42]. This conformational change only affects the binding of
ATAs that recognise epitopes of TOP1, which are altered and,
thus, probably represent a subset of ATA B cells. This is consis-
tent with the finding that ATA mAbs differentially bind to TOP1
and TOP1cc, bind to unique epitopes, and vary in their ability to
inhibit the enzymatic function of TOP1. Concerning the latter, it
is notable that the activity of the enzyme was affected by those
ATA mAbs that preferentially bound to TOP1cc. Our data also
indicate that the differential recognition of TOPlcc may
enhance ATA functional properties inducing or supporting
inflammatory processes. The relevance of these functional
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effects, the conformation of the antigen, and the context in
which the actual antigen is encountered by ATAs and TOP1-
reactive B cells remains to be determined, particularly within
affected tissues. It has been described, for example, that TOP1
isolated from nuclei of SSc skin fibroblasts shows reduced enzy-
matic activity and is more often modified with a small ubiqui-
tin-like modifier (SUMO) [43]. These traits are associated with
the presence of TOP1cc, as TOP1cc is SUMOylated in pathways
needed to repair DNA lesions trapped in TOP1cc [44]. Another
variable could be the source of DNA incorporated in TOP1cc, as
human TOP1 can also bind microbial DNA [45]. Microbial DNA
is a more potent inducer of TLR9 signalling in comparison with
human DNA, which might further enhance the pro-inflamma-
tory potential of TOPlcc [46]. Together, such variables could
determine the immunological properties of TOP1, add to the
enhanced stimulation of B cells, and indicate the need for molec-
ular analyses of TOP1 in affected tissues.

Our study has limitations. We did not elucidate the exact in
vivo mechanisms by which ATAs or TOP1-reactive B cells could
contribute to disease. Although it is likely that differential recog-
nition of the antigen will modulate downstream effects of ATAs,
either as antibody or expressed as BCR by TOP1-reactive B cells,
additional studies on antigen conformation, autoantibody reac-
tivity, composition of immune complexes, and ATA B cells in situ
are warranted. In vivo models could also give further insights
into such mechanisms. Analysis of IgM reactivity in plasma of
patients with ATA* SSc towards TOP1 and TOP1cc was biased
as we selected patients with high ATA-IgM levels to prevent
interference of non-specific antibodies in the assay. In addition,
we did not assess the dynamics of ATAs that do or do not differ-
entially recognise TOP1cc. Such analyses will give insights into
the relation between the dynamics of this response and disease
activity or progression of disease over time.

In conclusion, our data indicate that DNA binding by TOP1, a
nuclear autoantigen in SSc, affects the recognition of the antigen
by disease-specific autoantibodies. This enhanced antigen bind-
ing extends the relevance of the well-appreciated proinflamma-
tory effects of nucleic acid binding by nuclear antigens.
Modulation of autoantigen recognition by nucleic acid binding
could affect autoreactive B cell responses targeting nuclear pro-
teins in SSc and other autoimmune diseases, thereby modulating
their disease processes and course. Finally, autoreactive B cells
recognising TOPlcc-enhanced epitopes might be preferential
targets for antigen-specific B cell-depleting strategies aimed at
further refining recently emerging treatment concepts.
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ARTICLE INFO ABSTRACT

Article history: Objectives: Osteoarthritis is a complex joint disease, affecting more than 500 million people

Received 6 October 2025 worldwide. We investigated DNA methylation profiles and integrated these with matching
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Accepted 28 January 2026 genotype and transcriptomics data in primary tissues of patients with knee osteoarthritis to
enhance our understanding of the regulatory framework that modulates gene expression in
osteoarthritis.

Methods: We measured matched genotype and methylation from primary chondrocytes of
macroscopically intact (low-grade) and degraded (high-grade) disease cartilage as well as
synovium, infrapatellar fat pad, and blood samples, for 314 patients who underwent total
knee replacement for osteoarthritis. We generated methylation quantitative trait locus
(mQTL) maps in cartilage, synovium, fat pad, and blood, as well as expression quantita-
tive trait methylation (eQTM) maps in cartilage and synovium. We integrated these
results with genome-wide association studies (GWAS) to identify likely effector genes of
osteoarthritis.

Results: We reported widespread associations between genetic variants and methylation as
well as between methylation and gene expression. Through colocalisation, we find meth-
ylation sites with a potential causal role in osteoarthritis. By tissue-specific integration of
colocalisation and eQTM results, we resolved GWAS signals and identified 50 likely effec-
tor genes.

Conclusions: We provided the largest genome-wide mQTL maps of low- and high-grade osteoar-
thritis cartilage and synovium. We further presented the largest cartilage eQTM map for primary
cartilage and the first eQTM map in synovium. We found methylation sites with a potential
mechanistically causal role in osteoarthritis and associated these with likely effector genes.
Together, the presented genome-wide eQTM and mQTL maps constitute relevant resources for
osteoarthritis research and beyond.
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WHAT IS ALREADY KNOWN ON THIS TOPIC
* Osteoarthritis is a prevalent joint disease with no curative therapy.
* Genome-wide association studies (GWAS) have identified oste-
oarthritis risk loci, but enhanced molecular profiles of primary
osteoarthritis tissues are required to link these loci to effector
genes in a tissue- and disease-specific manner.

WHAT THIS STUDY ADDS

* By combining whole-genome sequencing, DNA methylation,
and gene expression data from 314 patients with osteoarthritis
with GWAS results, we suggested 50 likely effector genes of
genetic risk loci, including 19 novel ones.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* We prioritised novel targets for further osteoarthritis research.

* We provided publicly available, genome-wide maps of genetic
effects on DNA methylation, as well as effects between DNA
methylation and gene expression across relevant osteoarthritis
tissue types.

INTRODUCTION

Osteoarthritis is a complex joint disease, affecting more than
500 million people worldwide [1], but despite its high preva-
lence, treatment methods are limited to pain management and
total joint replacement. To promote the development of novel,
personalised treatment strategies, it is important to better under-
stand the genetic and molecular basis of osteoarthritis. Large
genome-wide association studies (GWAS) have generated
insights into its complex genetic architecture and found 962 risk
loci for osteoarthritis [2]. However, in order to reveal molecular
pathways along which genetic variants exert osteoarthritis-rele-
vant effects, it is necessary to link these genetic insights to
molecular profiles of primary tissues [3—5].

A relevant regulatory molecular layer is DNA methylation, an
epigenetic mark describing the covalent addition of a methyl
group to the DNA that has a regulatory role on gene expression.
Previous work [6,7] combined DNA methylation of joint pri-
mary tissues with genotype data, matched from the same
patients with osteoarthritis, to examine genetic effects on meth-
ylation, thus providing genome-wide methylation quantitative
trait locus (mQTL) maps. These maps have been generated in
low-grade (n = 90 patients) [6] and high-grade osteoarthritis
cartilage (n = 89 patients) [6], synovium (n = 78 patients) [6],
as well as infrapatellar fat pad (n = 68 patients) [7], and consti-
tute a valuable data resource of these tissue types to enable
investigation of the causal roles of epigenetic markers in osteo-
arthritis. Beyond these insights into joint tissues, other osteoar-
thritis-relevant epigenetic studies have focused on blood
methylation profiles of patients with osteoarthritis, in particular
on building methylation-based classifiers to predict knee osteo-
arthritis progression [8].

However, genome-wide mQTL studies in osteoarthritis tissues
have been limited in sample size [9] (Supplementary Fig S1). Fur-
thermore, there is a need for genome-wide association maps
between molecular layers, particularly between DNA methylation
and gene expression in osteoarthritis-relevant tissues.

Here, we investigated primary osteoarthritis tissue samples of
314 patients to (1) map effects of genotype on DNA methylation
and identify mQTL, (2) determine associations between gene
expression and DNA methylation (expression quantitative trait
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methylation; eQTM), and (3) apply integrative approaches to
find likely effector genes for genetic risk loci.

METHODS
For full details of methods, see Supplementary Methods.

Osteoarthritis-affected individuals and study samples

We studied data from 314 patients who underwent total knee
replacement due to osteoarthritis (mean age, 70.57 years; age
range, 38-93 years; 181 women and 133 men; mean body mass
index [BMI], 32.23 kg/m?% BMI range, 20-51 kg/m? Supple-
mentary Table S1). Inclusion/exclusion criteria were primary
osteoarthritis of the affected knee, without use of drugs known
to affect bone turnover, such as steroids and bisphosphonates,
within 6 months of surgery, and no current cancer diagnosis.
Cartilage samples were graded according to the International
Cartilage Repair Society (ICRS) macroscopic scoring system
(low-grade osteoarthritis cartilage, ICRS score O or 1; high-grade
cartilage osteoarthritis, ICRS score 3 or 4) [10]. This work was
approved by the Oxford National Health Service Research Ethics
Committee C (10/H0606/20, 15/SC/0132, and 20/SC/0141),
and samples were collected under Human Tissue Authority
licence 12182, Sheffield Musculoskeletal Biobank, University of
Sheffield, UK. Before participating in the study, all osteoarthri-
tis-affected individuals provided written, informed consent.

Sample extraction

Knee chondrocytes and synoviocytes were isolated by follow-
ing previously published protocols (Methods, ‘Isolation of
chondrocytes’ and ‘Isolation of synoviocytes’ sections) [5].
Peripheral blood samples were stored at —80 °C prior to DNA
extraction using the QIAamp DNA Blood Maxi Kit [7].

Whole-genome sequencing preprocessing

Whole-genome sequencing (WGS) data preprocessing and
variant, as well as sample-level quality control, were described
previously [7] (Supplementary Methods).

DNA methylation data

Genome-wide DNA methylation data were obtained from pri-
mary chondrocytes of macroscopically intact (low-grade) and
degraded (high-grade) cartilage as well as synovium, infrapatel-
lar fat pad, and blood samples. DNA methylation was measured
using the Ilumina Infinium MethylationEPIC array technology.
We preprocessed methylation data from all tissues together
using an R package, meffil (https://github.com/perishky/mef
fil/wiki) [11] (Supplementary Methods). Preprocessing fat pad
methylation data and follow-up methylation cis-mQTL analysis
have also been described previously [7].

Gene expression data

Gene expression of the same patient cohort was collected and
preprocessed as described previously [12]. Of note, tissue-specific
RNA sequencing count matrices were normalised using the
Trimmed Mean of M-values method. We then retained gene
expression data for patients (low-grade cartilage, 227 patients and
16,991 genes; high-grade cartilage, 127 patients and 16,991 genes;
synovium, 226 patients and 15,628 genes; fat pad, 45 patients and
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15,726 genes) with matching DNA methylation data and per-
formed inverse normal transformation per tissue. We then tissue-
specifically estimated PEER factors using the R package peer [13],
which we accounted for in the eQTM analysis.

Cis-mQTL analysis

We performed cis-mQTL analysis (cis distance, 1 Mb on
either side of the tested methylation site) using FastQTL
(https://github.com/francois-a/fastqtl/) [14] in low- (289
patients) and high-grade osteoarthritis cartilage (172 patients),
synovium (249 patients), and blood (237 patients) (Supplemen-
tary Table S1). We further compared these results with the pre-
viously published cis-mQTL map in the infrapatellar fat pad of
this patient’s cohort (68 patients [7]) to find signals that are tis-
sue-specific and shared between joint tissues (Supplementary
Methods).

Trans-mQTL analysis

We performed trans-mQTL analysis using the R package
MatrixEQTL [15] in low- and high-grade osteoarthritis cartilage,
synovium, and infrapatellar fat pad, as well as blood, using the
same methylation and WGS data matrices, as well as including
the same covariates in the models as in the cis-mQTL analysis
(‘Cis-mQTL analysis’ section). We considered methylation site-
gene pairs of methylation sites and gene transcription starting
sites on different chromosomes or with a commonly used
[16,17] distance of >5 Mb. To correct for multiple testing, we
chose genetic variants with the lowest nominal P value per
methylation site. Next, we multiplied these nominal P values by
10° to correct for the number of independent tests when study-
ing common (minor allele frequencies (MAF) >5%) genetic var-
iants on a genome-wide scale. We then performed false
discovery rate (FDR) correction on these corrected P values to
account for tests across methylation sites, regarding methylation
sites with q value <5% Storey-Tibshirani FDR as trans-mQTL-
targeted [18]. Finally, we considered the largest nominal P
value of significant mQTL (q value < 0.05) and the lowest nomi-
nal P value of not significant ones (q value > 0.05) and calcu-
lated the average of these 2 nominal P values to define a
nominal P value threshold for trans-mQTLs.

Colocalisation analysis

We performed colocalisation analysis to identify methylation
sites that mediate genetic risk for osteoarthritis by integrating
mQTL (for low- and high-grade cartilage, synovium, infrapatel-
lar fat pad, and blood) and GWAS summary statistics [2] for
knee osteoarthritis (172,256 cases and 1,144,244 controls), total
knee replacement (48,161 cases and 958,463 controls), and
osteoarthritis at any joint site (489,975 cases and 1,472,094
controls), all aligned to GRCh38. Using the coloc R package
[19], we ran coloc.abf() to estimate the probability that the
same causal variant affects both DNA methylation and osteoar-
thritis risk. More specifically, we considered a 100 kb (1 x 10°
bp) window around the GWAS lead variant. We performed
colocalisation for mQTL-targeted methylation sites (q value <
0.05) if the methylation site-specific mQTL index variant was
located within this 100 kb window. For the actual analysis, we
considered variants within this 100 kb window for which GWAS
and cis-mQTL summary statistics were available. A signal was
considered significant when the posterior probability that the
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methylation site and the GWAS signal share the same causal var-
iant exceeded 80% (PP4 >80%).

eQTM analysis

We further integrated methylation and gene expression data
matched from the same patients to perform eQTM analysis, thus
finding associations between gene expression and methylation
levels of close methylation sites (<1 Mb between transcription
start site and methylation site). We performed eQTM analysis
tissue-specifically in low- (227 patients) and high-grade (127
patients) osteoarthritis cartilage, synovium (226 patients), and
infrapatellar fat pad (45 patients) using the R package Matrix-
EQTL [15] (Supplementary Methods; Supplementary Table S1).

Effector gene analysis

To identify potential effector genes of GWAS risk signals, we
overlaid colocalisation results with eQTM maps of the same tis-
sues. More specifically, we tested whether methylation sites
with a potential causal role in osteoarthritis (colocalisation pos-
terior probability ‘PP4’ > .8) are significantly associated with a
gene (eQTM q value < 0.05) in the same tissue.

To assess novelty, we tested whether identified likely effector
genes have been found in a previous large meta-GWAS for osteo-
arthritis [2], which integrates 24 orthogonal lines of evidence
and reports 700 effector genes (>3 lines of evidence). If likely
effector genes are within these 700, we regard them as con-
firmed; otherwise, as novel. We further used this effector gene
analysis resource [2] to investigate whether mQTL signals have
been colocalised with osteoarthritis GWAS risk signals before.

To assess the respective druggability of identified likely effec-
tor genes, we overlaid these with the OpenTarget (version
25.09) [20] database using the R package otargen (function:
knownDrugsGeneQuery) [21] and filtered for drugs that com-
pleted clinical trial phase 2.

Data visualisation

We used the R packages ggplot2 (version 3.4.3) and ggpubr
(version 0.4.0) to generate Figures 1, 2, and 3 (Supplementary
Methods).

Patient and public involvement statement

There was no involvement of patients and the public in the
design, conduct, reporting, or dissemination plans of this research.

RESULTS

Genome-wide mQTL maps in tissues from patients with primary
osteoarthritis

We performed mQTL analysis to study the effect of common
variants (MAF > 0.05) on methylation in low- (n 289
patients) and high-grade osteoarthritis cartilage (n = 172), as
well as in synovium (n = 249) and blood (n = 237). We found
widespread associations (q value < 0.05) between genetic var-
iants and close (<1 Mb; ‘cis-mQTL’) methylation sites in all
tested tissues: low- (207,422 mQTL-targeted methylation sites;
Fig 1A; most significant mQTL in Fig 1B) and high-grade carti-
lage (128,876; Fig 1C; most significant mQTL in Fig 1D), syno-
vium (160,257; Fig 1E; most significant mQTL in Fig 1F) and
blood (127,233; Fig 1G; most significant mQTL in Fig 1H).
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Furthermore, we have generated the first cissmQTL map in infra-
patellar fat pad samples (n = 68 patients; 35,948 cis-mQTL-tar-
geted methylation sites; Fig 1I; most significant mQTL in
Fig 1J), which was published previously [7].

In low- and high-grade cartilage as well as synovium, we found
cis-mQTL-targeted methylation sites that were not identified in the
previous largest mQTL maps [6] in these tissues (low-grade osteo-
arthritis cartilage, 162,314 of 207,422 quantitative trait locus
(QTL)-targeted methylation sites; high-grade osteoarthritis carti-
lage, 99,818 of 128,876; synovium, 136,315 of 160,257), underlin-
ing the novelty of these QTL maps and ultimately the expanded
regulatory landscape uncovered by these maps.

We performed follow-up comparative analyses by overlap-
ping cis-mQTL-targeted methylation sites (q < 0.05) in low- and
high-grade osteoarthritis cartilage, synovium, and fat pad, iden-
tifying signals that are tissue-specific and shared between joint
tissues (Supplementary Note S1; Supplementary Fig S2).

We further tested for novel long-range effects of genetic var-
iants on DNA methylation. We found trans-mQTL effects in low-
(2836 trans-mQTL-targeted methylation sites; 439 and 2424
DNA methylation sites being targeted by long-range intrachro-
mosomal (>5 Mb) and interchromosomal effects, respectively; P
< 1.82 x 107! Supplementary Table S2) and high-grade osteo-
arthritis cartilage (1488 trans-mQTL-targeted methylation sites;
216 and 1279 DNA methylation sites being targeted by long-
range intrachromosomal and interchromosomal effects, respec-
tively; P < 9.55 x 10™''; Supplementary Table S3), synovium

Al
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Genolype for 511675443

AR

=12
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Figure 1. Methylation quantitative trait locus (mQTL)
landscapes in cartilage, synovium, blood and fat pad in
patients with osteoarthritis. The cis-mQTL maps in (A)
| low- and (C) high-grade osteoarthritis cartilage, as well
as in (E) synovium, (G) blood and (I) fat pad in patients
' with osteoarthritis. Manhattan plots showing the nega-
tive log of the g value of the most significant association
per methylation site across genetic variants in cis (<1
Mb distance to the tested methylation site). Quantitative
trait locus (QTL)-targeted methylation sites (q value <
0.05) are coloured light blue (A), dark blue (C), yellow
(E), red (G), and blue (I), otherwise dark grey. Red lines
indicate genome-wide significance (q < 0.05). The box-
plots exemplify mQTL signals by showing the most sig-
nificant effects in (B) low-grade osteoarthritis crtilage
(rs486142 on cg22699768, with beta = 1.27, SE =
0.02, P value = 3.59 x 1071, (D) high-grade osteoar-
thritis cartilage (rs7224351 on ¢gl18950779, with
beta = 1.21, SE = 0.03, P value = 2.40 x 107%), (F)
synovium (rs4147103 on ¢g25303761, with beta =
1.36, SE = 0.02, P value = 6.35 x 107", (H) blood
(rs11675443 on cg26844603, with beta = —1.22, SE =
0.02, P value 1.75 x 107''®) and (J) fat pad
(rs10826861 on cg20673407, with beta = —1.40, SE =
0.05, P value = 4.15 x 1073%). Of note, the cis-mQTL fat
pad map has been published previously [7], and Figures
() and (J) were included in this earlier work. The box-
plots represent the 25th, 50th, and 75th percentiles, and
whiskers extend to 1.5 times the IQR. OA, osteoarthritis.
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(1999 trans-mQTL-targeted methylation sites; 307 and 110 DNA
methylation sites being targeted by long-range intrachromoso-
mal and interchromosomal effects, respectively; P <
1.28 x 107'% Supplementary Table S4), blood (1993 trans-
mQTL-targeted methylation sites; 260 and 1746 DNA methyla-
tion sites being targeted by long-range intrachromosomal and
interchromosomal effects, respectively; P < 1.27 x 107! Sup-
plementary Table S5) and infrapatellar fat pad (191 trans-
mQTL-targeted methylation sites; 25 and 166 DNA methylation
sites being targeted by long-range intrachromosomal and inter-
chromosomal effects, respectively; P < 1.29 x 107*'; Supple-
mentary Table S6). Together, these results constitute the largest
mQTL data sets for knee osteoarthritis to date and reveal QTL
effects in both the short and long-distance ranges.

Genome-wide eQTM maps in tissues from patients with primary
osteoarthritis

Next, we integrated DNA methylation with available gene
expression data [12] from the same patient cohort and tissue
types. We generated eQTM maps to associate methylation sites
and expression levels of their proximal genes (<1 Mb) in low-
(n = 227 patients) and high-grade osteoarthritis cartilage
(n = 127 patients), as well as synovium (n = 226 patients) and
infrapatellar fat pad (n = 45). In total, we found 3270 eQTM-tar-
geted genes (q < 0.05) across joint tissues, which showed enrich-
ments (FDR < 0.05) in 100 gene ontology (GO) terms
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(Supplementary Note S2; Supplementary Table S7). By tissue, we
identified genome-wide significant eQTM effects in low- (11,204
methylation sites associated with 2388 genes; Fig 2A; most signif-
icant eQTM in Fig 2B; Supplementary Table S8) and high-grade
osteoarthritis cartilage (3116 methylation sites associated with
649 genes; Fig 2C; most significant eQTM in Fig 2D; Supplemen-
tary Table S9) as well as synovium (7620 methylation sites associ-
ated with 1661 genes; Fig 2E; most significant eQTM in Fig 2F;
Supplementary Table S10). The fat pad eQTM map revealed
effects at nominal significance (P < .05) (Supplementary Note S3;
Supplementary Fig S3; Supplementary Table S11). To biologically
characterise eQTM-targeted genes in a tissue-specific manner, we
performed GO enrichment analysis separately in low-grade osteo-
arthritis cartilage (116 GO terms with FDR < 0.05; Supplemen-
tary Table S12) and high-grade osteoarthritis cartilage (5 GO
terms with FDR < 0.05; Supplementary Table S13), as well as in
synovium (4 GO terms with FDR < 0.05; Supplementary Table
S14), and found osteoarthritis-linked terms in cartilage (including
terms related to extracellular matrix or innervation) and syno-
vium (including terms related to the cytoskeleton or cell develop-
ment), suggesting effects between DNA methylation and genes
contributing to disease-relevant pathways in primary joint tissues
(Supplementary Note S4).

2 -

M values
for cg23122642

M values
for ¢g11935831
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Figure 2. Expression quantitative trait methylation
(eQTM) landscapes in cartilage and synovium. The
eQTM maps and respective top signals in (A) low- and
(C) high-grade osteoarthritis cartilage, as well as in (E)
synovium. Manhattan plots showing the negative log of
the q value of the most significant association per gene
across all tested methylation sites in cis (<1 Mb distance
to the tested gene transcription starting site). Methyla-
tion-associated genes are shown in light violet (A), dark
violet (C), or yellow (E), otherwise dark grey. Red lines
indicate genome-wide significance (q < 0.05). Scatter-
plots exemplify eQTM effects by showing the most sig-
nificant associations between methylation and gene
expression levels in (B) low-grade osteoarthritis carti-
lage (cg17304084 and PIWIL2 with beta = —0.77, SE =
0.04, P value = 2.25 x 10~*%), (D) high-grade osteoar-
thritis cartilage (cg23122642 and PAX8-AS1 with
beta = —0.77, SE = 0.05, P value = 1.90 x 107*’) and
(F) synovium (cg19083407 and PAX8-AS1 with beta =
—0.81, SE = 0.04, P value 1.83 x 107°%). Further-
more, we show an example for a differential eQTM
effect between cg11935831 and SLC16A3 that is present
in (G) low-grade osteoarthritis cartilage (beta = —0.52,
SE= 0.06, P value= 7.26 x 1077, q
value = 1.47 x 10~'1), but not (H) high-grade osteoar-
thritis cartilage (P value = .8, q value = 1). In Figures
2B, 2D, 2F, 2G, and 2H, the blue dashed line and shaded
region visualise the regression line as well as its 95% CI,
respectively. OA, osteoarthritis.

o 1 2

Comparing these eQTM maps between tested osteoarthritis
tissues revealed eQTM effects that are present in 1 but not the
other tissue type (q < 0.05 in 1 tissue and P > .05 in the other).
For example, we found 4166 eQTM effects (involving 1600
genes) that are present in low-grade osteoarthritis cartilage but
not high-grade osteoarthritis cartilage (exemplified using the
eQTM effect between SLC16A3 and cg11935831 being present
in low- but not high-grade osteoarthritis cartilage in Fig 2G,H)
(Supplementary Table S15). Vice versa, we found 253 eQTM
effects (involving 188 genes) in high- but not low-grade osteoar-
thritis cartilage (Supplementary Table S16). In total, we found
1726 genes that were targeted by a differential eQTM effect
between low- and high-grade osteoarthritis cartilage, which
were enriched (FDR < 0.05) in 93 GO terms (Supplementary
Note S5; Supplementary Table S17). These differences between
cartilage sample types suggest eQTM effects are switched on/off
during cartilage degeneration. Similarly, we found differences
between the synovium and low-grade (3300 eQTM effects
involving 1140 genes present in synovium but not low-grade
cartilage; 5593 effects for 1626 genes vice versa; 2449 genes
involved in total) as well as between the synovium and high-
grade osteoarthritis cartilage (4329 eQTM effects involving
1328 genes present in synovium but not high-grade cartilage;
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Figure 3. Highlights the likely effector gene CDK10 in low-grade osteoarthritis cartilage. (A) The methylation quantitative trait locus (mQTL) signal
for low-grade osteoarthritis cartilage at cg02128278 colocalises with a GWAS signal (index variant, rs645019) for osteoarthritis at any site (posterior
probability, 92.8%). (B) Methylation levels of cg02128278 are negatively associated with CDK10 expression in low-grade osteoarthritis cartilage
(beta, —0.40; SE, 0.06; P value, 2.907%). This exemplifies linking GWAS risk signals to a likely effector gene using methylation. In Figure 3B, the blue
dashed line and shaded region visualise the regression line as well as its 95% CI, respectively. GWAS, genome-wide association studies.

964 effects for 335 genes vice versa; 1365 genes involved in
total) (Supplementary Tables S18-21). Enrichment analysis
found 95 (FDR < 0.05) enriched GO terms in genes targeted by
a differential eQTM between cartilage and synovium (Supple-
mentary Note S6; Supplementary Tables S22 and S23). These
insights suggest tissue-specific effects between DNA methylation
and gene expression in these biological processes.

Furthermore, we found a small number of eQTM effects to be
significant in cartilage as well as synovium but show different
directions of effect (synovium vs low-grade osteoarthritis carti-
lage, 50 eQTM effects involving 33 genes; synovium vs high-
grade osteoarthritis cartilage, 14 eQTM effects involving 10
genes), suggesting tissue-specific effects between DNA methyla-
tion and gene expression.

Together, these results suggest widespread genome-wide effects
between DNA methylation and gene expression in knee cartilage
and synovium tissue, as well as disease-stage-specific effects.

Linking methylation sites and osteoarthritis GWAS signals

We performed colocalisation analysis by considering GWAS
risk signals [2] for osteoarthritis at any site, knee osteoarthritis,
and total knee replacement, to identify methylation sites that
potentially underlie risk variant effects on osteoarthritis. Apply-
ing colocalisation between mQTL and osteoarthritis GWAS risk
loci detected 1455 methylation sites with a putative causal role
in osteoarthritis. We found osteoarthritis-linked methylation
sites in low- (n = 736 methylation sites, colocalising with 166
GWAS signals; Supplementary Table S24) and high-grade osteo-
arthritis cartilage (n = 473 methylation sites, colocalising with
141 GWAS signals; Supplementary Table S25), synovium (549
methylation sites, colocalising with 144 GWAS signals; Supple-
mentary Table S26), blood (n = 347 methylation sites, colocal-
ising with 123 GWAS signals; Supplementary Table S27) and
infrapatellar fat pad (n 104 methylation sites, colocalising
with 64 GWAS signals; Supplementary Table S28). We further
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found that the majority of these detected methylation sites have
not been linked with osteoarthritis GWAS signals in the respective
tissue previously [6,7] (low-grade cartilage, mQTL signals from
728 of 736 methylation sites have not been colocalised with oste-
oarthritis GWAS signals previously; high-grade osteoarthritis car-
tilage, 469 of 473 methylation sites; synovium, 543 of 549
methylation sites; infrapatellar fat pad, 95 of 104 methylation
sites), highlighting the novelty of these colocalisation results.
Together, these colocalisation results suggest methylation sites
that may mediate genetic osteoarthritis risk in affected tissues.

Resolution of GWAS signals

Next, we tested whether methylation sites with a likely causal
role in osteoarthritis (through colocalisation) show genome-wide
significant associations with genes (through look-up in the eQTM
map of the same tissue). Together, this would suggest molecular
mechanisms through which genetic risk signals might exert their
osteoarthritis-promoting effects, namely through colocalised
methylation sites and methylation-associated effector genes. In
total, we identified 50 likely effector genes for GWAS risk signals,
of which 31 (62%) were reported in the largest osteoarthritis
GWAS [2] to date, and 19 (38%) are novel.

Stratified by tissue, we identified 44 likely effectors in genes
of low-grade osteoarthritis cartilage (Supplementary Table S29).
Of these 44 genes, 29 were suggested as likely effector genes of
genetic variants previously [2], whereas 15 genes are novel. In
high-grade osteoarthritis cartilage, we found 8 likely effector
genes (Supplementary Table S30). Of these 8 genes, 4 were
found as effector genes of genetic variants previously [2],
whereas 4 are novel. In the synovium, we detected 13 likely
effector genes (Supplementary Table S31). Of these, 3 were
identified previously [2], whereas 10 genes are novel. Together,
by associating putative osteoarthritis-related methylation sites
with genes, we can link GWAS risk signals to likely effector
genes. We further compared novel (Supplementary Fig S4) and



confirmed (Supplementary Fig S5) likely effector genes across
tissues, thus identifying tissue-specific and shared signals (Sup-
plementary Note S7).

The 31 previously identified effector genes include previ-
ously osteoarthritis-associated genes, such as ALDIA2 [6],
WWP2 [22], or SMAD3 [23]. For 13 of 31 previously identified
effector genes, we, for the first time, suggest mQTL signals that
colocalise with osteoarthritis GWAS risk signals, thus providing
additional mechanistic insights for these osteoarthritis-relevant
genes. These genes include CYP19A1, a regulator of the osteoar-
thritis-linked hormone oestrogen [23]. More specifically, we
identified 2 methylation sites in low-grade osteoarthritis carti-
lage for which mQTL signals colocalise with GWAS risk signals
(eg, methylation site c¢g02325664 with a knee osteoarthritis
GWAS risk signal with 95.0% posterior probability and methyla-
tion site cg00004322 colocalising with a total knee replacement
GWAS risk signal with 97.8% posterior probability, both GWAS
signals with lead variant rs146939415 and risk allele C) and
that are associated with its CYPI9A1 gene expression levels
(cg02325664 with beta, 0.45; P, 8.95 x 1073 cg00004322
with beta, —0.27; P, 4.51 x 107°%). This proposes a contributing
role of these methylation sites in the disease-promoting effect of
genetic risk loci through CYP19A1.

Similarly, for 17 of 19 novel, likely effector genes (including
GDNF, which encodes a pain-related neurotrophic factor [24];
EXOSC6 component of the RNA exosome complex; CDK10 cyclin-
dependent kinase), we found for the first time mQTL signals coloc-
alising with osteoarthritis GWAS risk signals. Thus, by linking these
GWAS risk signals to DNA methylation sites (through colocalisa-
tion analysis) and DNA methylation sites to gene expression
(through eQTM association analysis), we suggest, for the first time
in these likely effector genes, enhanced molecular insights into
how epigenetics and transcriptomics might mediate the osteoar-
thritis-promoting effect of genetic risk loci in primary tissues.

For 5 (ZNF641, PDPR, PAM, EXOSC6, and CDK10) of these
novel likely effector genes, a previous GWAS study reported 2
lines of evidence supporting their relevance to osteoarthritis,
which we now supplement with epigenetic insights.

Together, integrating GWAS, mQTL, and eQTM maps enables
additional mechanistic insights into previously identified osteo-
arthritis effector genes and reveals novel candidates.

To estimate translational potentials, we further performed
druggability analysis for the 50 likely effector genes and found
links to drugs with at least 1 completed clinical trial phase 2 for 5
genes [20] (Supplementary Table S32). These 5 genes comprise
CDK10, for which a previous GWAS [2] found a close genetic
osteoarthritis risk signal. We identified CDK10 DNA methylation
in low-grade osteoarthritis cartilage for which mQTL signals (for
cg02128278, 92.8% posterior probability, Fig 3A; cg08616182,
97.5% posterior probability) colocalise with a GWAS risk signal
for osteoarthritis at any site (lead variant, rs645019; risk allele,
T). In addition, we associated CDK10 methylation and gene
expression levels (Fig 3B). CDK10 is involved in the cell cycle, has
been associated with cell proliferation [25], and contributes to
the regulation of actin cytoskeleton organisation [26]. Of note,
CDK10 is targeted by AT-7519, a drug that has completed clinical
trial phase 2. Together, these results suggest translational poten-
tial for these likely effector genes.

This study provided the largest genome-wide maps of genetic
effects on DNA methylation (mQTL maps) in low- and high-grade
osteoarthritis cartilage as well as synovium and, for the first time,
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reports long-range (trans) effects between genetic variants and
methylation sites in osteoarthritis tissues. We presented the largest
maps of associating DNA methylation sites and genes (eQTM
maps) in cartilage and the first in synovium. Integrating osteoar-
thritis GWAS results, mQTL, and eQTM maps revealed a multitude
of methylation sites with a potential causal role in osteoarthritis, as
well as 50 likely effector genes in a tissue-specific manner.

We identified novel mQTL, extending our understanding of the
genetic effects on the epigenetic profile. Colocalisation of mQTL
with GWAS risk signals [2] finds novel methylation sites that puta-
tively mediate the genetic risk of osteoarthritis risk loci, highlight-
ing epigenetic marks that contribute to osteoarthritis risk in
primary tissues. We linked these osteoarthritis-related methylation
sites to 19 novel likely effector genes, which have not been
reported by the largest genetic study for osteoarthritis to date [2].
These novel effector genes include CDK10, which encodes a part of
the protein kinase CDK10/Cyclin M, which regulates actin cyto-
skeleton organisation [26]. EXOSC6 encodes a subunit of the RNA
exosome complex, which regulates RNA-processing and RNA-
decay functions within the cell [27]. The RNA exosome complex
has also been implicated in regulating cytokine production and
thereby modulating innate immune signalling and inflammatory
responses [28]. Furthermore, depletion of the RNA exosome com-
plex has been linked to disrupted cellular homeostasis and cell
senescence [29]. Furthermore, GDNF is a neurotrophic factor that
has been linked to skeletal pain in a rat model [24]. More specifi-
cally, bone pain involves activation and sensitisation of nonpepti-
dergic neurones through the GDNF/GFRal signalling pathway
[24], suggesting a potential osteoarthritis pain-related role.

We suggest that these genes contribute to osteoarthritis path-
ogenesis through genetically driven changes in DNA methyla-
tion and gene expression in disease-relevant tissues.

Our integrative, methylation-focused approach further confirms
31 previously reported effector genes [2], including ALDH1A2
(linked to the retinoic acid signalling pathway, which regulated
genes involved in skeletal [30], organ and limb development
[311), SMAD3 (mediates the signalling of the osteoarthritis-rele-
vant transforming growth factor § pathway that contributes to
skeletal development, cartilage and bone formation, inflammation,
remodelling of the extracellular matrix, and changes of the syno-
vial tissue [2]) and WWP2 (regulator in chondrocytes [22]),
highlighting that some findings confirm previous results.

Of note, overlapping the 50 effector genes across tissues
revealed tissue-shared as well as tissue-specific signals, suggest-
ing that effector genes mediate genetic risk loci in a tissue-spe-
cific manner as well as across joint tissues.

Genome-wide methylation studies in osteoarthritis primary
tissues [7,32] often apply rigid, distance-based information,
annotating methylation sites to the closest genes for further
interpretation, although previous eQTM maps in human tissues
found associations between DNA methylation sites and genes to
be partly tissue-specific [33] or across moderate distances (per
tissue median distance between CpG site and gene transcription
start site in Oliva et al [33]: 119-157 kb). Therefore, we generate
eQTM maps of tissue (cartilage and synovium) and disease stage
(low- and high-grade osteoarthritis cartilage) specifically and
annotate methylation sites to genes.

Furthermore, these eQTM maps reveal enrichments of DNA
methylation-associated genes in osteoarthritis-relevant GO
terms in cartilage as well as in synovium, suggesting that regula-
tory effects between DNA methylation sites and genes play a
role in osteoarthritis-relevant pathways in primary joint tissues.

This study focuses on individuals of European ancestry; it
does not reflect global genetic diversity. There is a need to
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extend omics studies to diverse populations, particularly includ-
ing cohorts of non-European ancestry, to enhance maps of
genetic and molecular variation and ensure the general applica-
bility of findings [34].

Our study presented the largest genome-wide DNA methyla-
tion profiles across tissues and disease stages. We described the
effects of genetics on DNA methylation as well as the relation-
ship between DNA methylation and gene expression. We
enabled novel insights into the important role of DNA methyla-
tion in osteoarthritis and, ultimately, into molecular mecha-
nisms underpinning genetic risk loci. We provided molecular
maps of primary tissues in osteoarthritis patients, which repre-
sent relevant resources for the musculoskeletal disease research
community and beyond.
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ABSTRACT

Objectives: The objective of this study was to describe the musculoskeletal ultrasound features of
asymptomatic hyperuricaemia using the Outcome Measures in Rheumatology (OMERACT) gout
semiquantitative scoring system and examine relationships between ultrasound lesions.
Methods: Participants with serum urate >0.48 mmol/L, no previous gout flares, and no subcuta-
neous tophi (n = 269) underwent a standardised ultrasound examination of bilateral patellar
tendons, knee, first and second metatarsophalangeal joints (MTPs), and Achilles tendon. Double
contour, tophus, and aggregates were scored according to the OMERACT gout ultrasound semi-
quantitative scoring system (0-3, with score >1 indicating a definite finding), together with ero-
sion, synovial hypertrophy, and power Doppler activity in the scanned joints. In addition to
elementary lesion sum scores, the sum of the semiquantitative double contour scores and tophus
scores was calculated for each participant (semiquantitative double contour-tophus [SQDT] sum
score, maximum 60).

Results: There were 38.7% of participants with at least 1 definite double contour and/or tophus
on ultrasound. The median (IQR) SQDT sum score was 2 (0-4). Double contour scores contrib-
uted most to the SQDT sum score, followed by first MTP tophus scores. Double contour was asso-
ciated with synovial hypertrophy at the first and second MTP, and tophus was associated with
erosion, synovial hypertrophy, and power Doppler activity at the first MTP.

Conclusions: Definite ultrasound features of gout can be identified in more than one-third of peo-
ple with asymptomatic hyperuricemia. However, the amount of monosodium urate crystal depo-
sition on ultrasound, assessed using the OMERACT gout ultrasound scoring system, is low. In
asymptomatic hyperuricemia without clinical evidence of gout, ultrasound features of gout are
associated with subclinical joint damage and inflammation.

WHAT IS ALREADY KNOWN ON THIS TOPIC

periarticular tissues [1,2]. Asymptomatic hyperuricemia is the
key precursor to the development of gout, and there is a concen-
tration-dependent relationship of urate with both MSU crystal

» Asymptomatic hyperuricemia is the key precursor to the devel-
opment of gout.

* Prior studies have reported that ultrasound findings of gout
may be present in people with asymptomatic hyperuricemia.

WHAT THIS STUDY ADDS

* We demonstrate that definite musculoskeletal ultrasound fea-
tures of gout can be identified in more than one-third of people
with asymptomatic hyperuricemia.

However, the amount of monosodium urate (MSU) crystal
deposition on ultrasound, assessed using the Outcome Meas-
ures in Rheumatology (OMERACT) gout ultrasound scoring sys-
tem, is low.

We also demonstrate that in asymptomatic hyperuricemia,
ultrasound features of gout are associated with subclinical joint
damage and inflammation.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* This study provides reference data to inform the interpretation
of musculoskeletal ultrasound findings in asymptomatic hyper-
uricemia.

The study indicates that joint damage and inflammation due to
MSU crystal deposition can occur before the development of
clinically evident gout in some people with asymptomatic
hyperuricemia.

The low OMERACT ultrasound scores suggest that a threshold
of MSU crystal deposition may be required for the development
of symptomatic gout, and this will be tested in the long-term
follow-up of Transitions in Gout Research study participants.

INTRODUCTION

Gout is caused by monosodium urate (MSU) crystal deposi-
tion, which primarily occurs within joints, tendons, and
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formation and incident gout [3—5].

In gout, musculoskeletal ultrasound allows visualisation of
the 3 imaging domains of gout: MSU crystal deposition, struc-
tural damage, and inflammation [6]. On ultrasound, MSU crys-
tal deposition is visualised most commonly as double contour
signs, tophi, and aggregates [7,8]. Prior ultrasound studies have
reported that these findings may be present in people with
asymptomatic hyperuricemia; 14% to 59% of people with
asymptomatic hyperuricemia have ultrasound evidence of MSU
crystal deposition [9—20].

The Outcome Measures in Rheumatology (OMERACT) ultra-
sound working group has developed definitions for ultrasound
elementary gout lesions [8,21], together with a semiquantitative
ultrasound scoring system for gout [22]. This semiquantitative
scoring system was responsive to treatment in people with gout
on urate-lowering therapy, with a combined score that summed
the semiquantitative double contour scores and tophus scores
(SQDT score) found to be the most responsive measure [22].

The aim of this study was to describe the ultrasound features
of asymptomatic hyperuricemia using the OMERACT gout semi-
quantitative scoring system, and to examine relationships
between ultrasound lesions using this scoring system.

METHODS
Study design

Baseline visit data from the Transitions in Gout Research
(TIGER) study, a multisite prospective cohort study, were ana-
lysed. The full protocol of the TIGER study has been published
[23], and data describing perceptions of hyperuricemia at the
baseline visit have also been reported [24]. In brief, this is a pro-
spective, international, multicentre study of 270 people with



asymptomatic hyperuricemia that aims to understand the risk
factors for developing gout in people who already have an
increased risk of gout due to elevated serum urate concentra-
tions (serum urate of > 0.48 mmol/L [8 mg/dL]). Baseline visits
occurred between June 2019 and August 2024. Participating
sites are in Auckland, Wellington and Christchurch (New Zea-
land), Lille (France), Alicante (Spain), Kaunas (Lithuania), Los
Angeles (USA), Qingdao (China), and Mexico City (Mexico). The
study was approved by the New Zealand Ministry of Health
Southern Health and Disability Ethics Committee (MEC/05/10/
130AM16) and by the local ethics committee/institutional
review board for each participating centre. All participants pro-
vided written informed consent before enrolment in the study.
The study was registered with the Australia and New Zealand
Clinical Trials Registry (ACTRN12619000915156).

Participants were recruited from primary and secondary care,
together with public advertising. The inclusion criteria were:
serum urate of >0.48 mmol/L (8 mg/dL); no current or previous
clinical symptoms of gout (including flares or clinically apparent
tophi); aged between 18 and 80 years; and able to provide
informed consent. The exclusion criteria were: estimated glo-
merular filtration rate (eGFR) < 30 mL/min/1.73 m? or on renal
replacement therapy; serious illness with poor prognosis less
than 5 years; other forms of inflammatory arthritis; plans to shift
out of area in the next 5 years; previous synovial fluid analysis
showing MSU crystals; the presence of subcutaneous tophi; and
use of urate-lowering therapy (allopurinol, probenecid, benzbro-
marone, and febuxostat), canakinumab, or colchicine.

The following information was obtained at the baseline visit:
demographic and medical history, anthropomorphic measures,
swollen (/66) and tender (/68) joint counts, laboratory tests
(serum urate and creatinine, with eGFR calculated using the
Modification of Diet in Renal Disease formula [25]), question-
naires (including pain score over the last week, using 100 mm
visual analogue scale), and bilateral plain weight bearing ante-
rior-posterior radiographs of the feet. The radiographs were
scored by a central reader who was blinded to all clinical details,
including ultrasound scores for erosion and joint space narrow-
ing according to the Sharp-van der Heijde scoring system modi-
fied for gout [26], together with the Kellgren-Lawrence grading
scale [27] at each metatarsophalangeal joint (MTP) and the big
toe interphalangeal joint. Plain radiographs were available for
240 participants, as 1 site was unable to obtain radiographs due
to ethics committee restrictions on medical radiation exposure
in asymptomatic individuals.

The following sites were scanned by ultrasound: bilateral first
and second MTPs (with the feet resting on the examination
couch, dorsal longitudinal scanning, from side to side for synovi-
tis, tophi and double contour, and longitudinal scanning of the
medial first MTP for tophi and erosions), knee (dorsal scanning
of a moderately flexed [suprapatellar recess] or maximally
flexed [for double contour, with dorsal longitudinal or trans-
verse scanning of condyles, medial and lateral parapatellar
recess]), patellar tendon (entire tendon scanned, recorded as
proximal and distal half of tendon from the midpoint of the
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tendon), and Achilles tendon (entire tendon scanned, recorded
as proximal and distal half of tendon from the midpoint of the
tendon). Double contour, erosion, synovial hypertrophy and
power Doppler activity were assessed at the first and second
MTPs and knees. Tophus was assessed at all sites, and aggregates
were assessed at the patellar and Achilles tendons. The sites for
scanning were selected based on ultrasound expert opinion and
prior studies using semiquantitative scoring systems in gout
[28,29].

At each centre, ultrasound examinations were performed
using a high-end ultrasound machine by an experienced muscu-
loskeletal sonographer unrelated to other study activities. A
scanning manual was developed for the study to ensure consis-
tent patient positioning and image acquisition across sites and is
shown in Supplementary Material 1. The machine, probe fre-
quency, and sonographer experience/training were recorded on
the ultrasound assessment report form and are summarised in
Supplementary Material 2.

Ultrasound scans were read locally at the time of scanning on
a standardised ultrasound report form, with images at each
joint/tendon area recorded for documentation and quality con-
trol. The study protocol prespecified analysis of local readers’
scores to best reflect ‘real world’ clinical imaging practice.
Before commencing the study, an imaging atlas was developed
for each ultrasound gout lesion. This atlas was available to stan-
dardise scores of ultrasound lesions across sites. Elementary
gout lesions (double contour, tophus, aggregates, and erosion)
were assessed according to OMERACT definitions [8,21] and
scored according to the OMERACT gout ultrasound scoring sys-
tem [22]. The definition of aggregates was the following: ‘bright
hyperechoic, isolated spots too small to fulfil the tophus defini-
tion and characterised by maintaining their high degree of
reflectivity when the insonation angle is changed’ [22].
Although in the OMERACT definitions it is specified to score
aggregates only in people with proven gout when other ultra-
sound gout lesions are also present [22], the TIGER study steer-
ing committee decided to include aggregates in the ultrasound
protocol, noting that study participants are at increased risk of
gout, but limited the sites for scoring aggregates to the patellar
and Achilles tendons. Double contour, tophus, and aggregates
were graded semiquantitative 0-3 (0 = absent, 1 = possible,
2 = definite but minimal, and 3 = definite and severe). Erosion
was graded binary (0 = absent, 1 = present, and defined as
present if visible in 2 perpendicular planes, regardless of size).
Synovial hypertrophy and power Doppler activity were each
scored semiquantitative 0 to 3 using the European Alliance of
Associations for Rheumatology (EULAR)-OMERACT rheumatoid
arthritis definitions and ultrasound scoring system [30,31]. The
scoring sheet is shown in Supplementary Material 3.

Data are presented as n (%), mean (SD), or median (IQR) for
descriptive purposes. For elementary ultrasound lesions, semi-
quantitative sum scores for each ultrasound lesion and the pro-
portion of participants with at least 1 definite ultrasound lesion
(score > 1) were calculated. The combined SQDT sum score was
calculated by summing the double contour scores and tophus
scores for all scanned sites, with a maximum score of 60. The
relationship between ultrasound lesions was assessed using gen-
eral linear mixed modelling with a random effect of participant
used to provide control for clustering between measurements
made on the left and right sides of the same individual and to
provide robust confidence intervals. The odds of an ultrasound
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score >1 were modelled with a binomial distribution and a logit
link function. Bivariate Spearman correlation analysis was also
performed. Data were analysed using SAS V.9.4 (SAS Institute).
All comparisons were preplanned, so no adjustment for multiple
comparisons was made. P < .05 was considered statistically
significant.

RESULTS
Participant characteristics

Demographic and clinical features of the 269 study partici-
pants are shown in Table 1. In this multinational cohort, the
mean (SD) age was 48 (18) years, and 81% were men. The mean
(SD) serum urate was 0.52 (0.04) mmol/L (8.7 [0.7] mg/dL).
There were low levels of pain and radiographic damage, and
median (IQR) swollen and tender joint counts were 0 (0,0).

Ultrasound scores

Ultrasound findings are shown in Table 2 and Figures 1 and
2. For the elementary gout lesions, scores >0 were common,

Table 1
Participant characteristics

Clinical feature (n = 269)

Age,y 48 (18)
Male sex, n (%) 218 (81.0)
Ethnicity, n (%) African/Black 5(1.9)
East Asian 66 (24.5)
Hispanic 10(3.7)
Maori 11 (4.1)
Pacific Island 19(7.1)
South Asian 36(13.4)
White 112 (41.6)
Other/unknown 10 (3.8)
Country, n (%) New Zealand 143 (53.2)
China 65 (24.2)
France 21 (7.8)
Spain 21(7.8)
Mexico 10 (3.7)
Lithuania 8(3.0)
United States of America 1 (0.4)
Hypertension, n (%) 110 (40.9)
Cardiovascular disease”, n (%) 50 (18.6)
Type 2 diabetes, n (%) 35(13.0)
Units of alcohol/day 4.2(7.6)
Diuretic use, n (%) 45 (16.7)
Body mass index, kg/m? 30.5 (6.5)
Waist circumference, cm 103 (16)
Swollen joint count (/66), median 0(0,0)
(IQR)
Tender joint count (/68), median 0(0,0)
(IQR)
Pain score, mm 12(21)
Serum urate, mmol/L 0.52 (0.04)
eGFR, mL/min/1.73m? 90 (25)
SvdH erosion radiographic score 0.36 (0.97)
(range 0-120)°
SvdH narrowing radiographic score  2.52 (2.48)
(range 0-48)h
Kellgren-Lawrence grade sum 2.92(2.81)

scores (range 0-48)b

eGFR, estimated glomerular filtration rate; SvdH, Sharp-van der Heijde.
Data are mean (SD) unless otherwise specified.

? includes chronic heart failure, peripheral vascular disease, myocardial
revascularisation, peripheral artery surgery revascularisation (inc. aortic aneu-
rysm), cardiac arrhythmia (atrial fibrillation/flutter), angina, myocardial
infarction, or stroke.

® n = 240.
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particularly for double contour (62.1% participants). There
were 77 (28.6%) participants with at least 1 definite (score
>1) double contour, 46 (17.1%) with at least 1 definite
tophus, and 104 (38.7%) participants with at least 1 definite
double contour and/or tophus. The median (IQR) SQDT sum
score was 2 (0-4). Definite aggregates were present in 50
(18.6%). There were 83 (30.9%) participants with an SQDT
score of 0, including 14 participants (5.2%) with a score of
>0 for aggregates, and 8 (3%) participants with at least 1
site with definite aggregates. Ultrasound erosion was present
in 32 (11.9%).

Synovial hypertrophy was the most common ultrasound find-
ing; there were 52.8% participants with at least 1 joint with a
synovial hypertrophy score >1. However, power Doppler activ-
ity was uncommon, with only 5.2% of participants having at
least 1 joint with a power Doppler score >1.

Distribution of ultrasound lesions

Figure 1 shows the sites of involvement for the compo-
nents of the SQDT sum score. Unilateral double contour
scores >0 at the first MTP and knee were the most common
ultrasound finding. Similarly, double contour scores at the
first MTP and knee and 2nd MTP, followed by tophus scores
at the 1st MTP and distal patella, were the largest contribu-
tors to the SQDT sum score.

Figure 2 shows the sites of involvement for the other ultra-
sound lesions. Aggregates were most commonly evident in the
distal patellar tendon, in a unilateral distribution. The first MTP
was most frequently affected by erosion, synovial hypertrophy,
and power Doppler activity. Generally, ultrasound lesions were
unilateral, except for synovial hypertrophy.

Correlations between ultrasound sum scores

Correlations for the ultrasound sum scores are shown in Sup-
plementary Material 4. There were positive correlations
between the sum scores for ultrasound findings of MSU crystal
deposition (double contour, tophus, and aggregates), except for
double contour and aggregates, with the highest correlations
between tophus and aggregates sum scores (r 0.34, P <
.0001). Erosion sum scores weakly correlated with tophus, syno-
vial hypertrophy, and Doppler activity sum scores. Synovial
hypertrophy sum scores weakly correlated with double contour,
tophus, and erosion sum scores and power Doppler sum scores
with tophus and erosion. There were no significant correlations
between screening serum urate results and elementary ultra-
sound lesions or SQDT scores (r = —0.12 to 0.06, P > .05 for all
comparisons, data not shown).

Association of ultrasound findings of MSU crystal deposition with
ultrasound findings of joint damage and inflammation in
individual joints

Table 3 shows the analysis of individual joints examining
associations between ultrasound findings of MSU crystal deposi-
tion and ultrasound findings of joint damage and inflammation.
Consistent with the correlation analysis, joint by joint analysis
demonstrated an association between double contour sign at the
first and second MTPs with synovial hypertrophy; the presence
of a definite double contour sign (score > 1) was associated with
an odds ratio of 4.00 for the presence of synovial hypertrophy
(score > 1) at the first MTP, and 5.11 at the second MTP
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Table 2
Ultrasound findings (n = 269)

Ann Rheum Dis 85 (2026) 1646—1655

Number (%) of participants with at least 1 site with an ultrasound lesion

Ultrasound lesion

N (%) participants with at least
1 site with score >0

N (%) participants with at least
1 site with score >1

Double contour 167 (62.1) 77 (28.6)
Tophus 83(30.9) 46 (17.1)
Aggregates 80 (29.7) 50 (18.6)
Erosion 32(11.9) NA®
Synovial hypertrophy 206 (76.6) 142 (52.8)
Power Doppler activity 43 (16.0) 15(5.6)

Ultrasound sum scores

Ultrasound lesion (range) Median (IQR) Mean (SD)
Double contour (0-18) 1(0-3) 1.80(1.89)
Tophus (0-42) 0(0-1) 0.78 (1.49)
Aggregates (0-24) 0(0-1) 0.74 (1.43)
Erosion (0-6) 0 (0-0) 0.16 (0.47)
Synovial hypertrophy (0-18) 4(0-6) 3.84 (3.27)
Power Doppler activity (0-18) 0 (0-0) 0.30 (0.86)
Semiquantitative double contour-tophus (0-60) 2 (0-4) 2.57 (2.47)

m

erosion scored as binary present/absent.

(Table 3). There was no association observed for the double con-
tour sign with erosion or power Doppler activity.

Similarly, consistent with the correlation analysis, joint by
joint analysis demonstrated an association for tophus at the
first MTP with erosion, synovial hypertrophy, and power
Doppler activity; the presence of a definite tophus (score >
1) was associated with an odds ratio of 3.09 for the presence
of erosion, 2.51 for synovial hypertrophy (score > 1), and

Score >0 at site

= Bilateral w Unilateral = Absent

Mean semiquantitative score
=~ = =, L b =
- L) w - o o
1 L 1 1 L 3

o
o
1

19.8 for power Doppler activity (score > 1) at the first MTP
(Table 3). Adjustment for synovial hypertrophy in the regres-
sion model did not substantially alter the association
between tophus and power Doppler activity at the first MTP
(adjusted odds ratio [95% CI] 17.06 [4.49-64.75], P <
.0001). Tophus and erosion were uncommon at the second
MTP and knee, so analysis of other associations with tophus
at these joints was not possible.

Score >1 at site

= Bilateral mm Unilateral mm Absent
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Figure 1. Double contour and tophus scores. (A) Percentage of patients with at least possible (score > 0) or at least definite (score > 1) bilateral or uni-
lateral double contour (DC) and tophus (TO) at joint/tendon sites. (B) Mean (95% CI) score for contributors to semiquantitative DC and TO (SQDT)
sum score according to site and gout lesion. MTP, metatarsophalangeal joint.

1650



S. Stewart et al.

Aggregates
Score >0 at site

100%

0%

L

0%

L

50%

A0,

0%

2%

0%

%

,‘é‘&

= Bilateral

we Unilsteral =m0 Absent

Erosion

Bcore >0 at site

g33¥§REEIEEE

"

« «

&

. Biateral == Unitateral - Absent

Synovial hypertrophy

‘Score >0 at site

$3FERERIEES

& &

mm Biateral = Uniateral  mm Absent

Power Doppler

Score =0 at site

s3¥FaEgsEsEs

~
&

&

= Unilateral

&

mm Biateral == Absent

Ann Rheum Dis 85 (2026) 1646—1655

Score =1 at site
100%

O

60
50%:
A%
0%
20%:

= Bilateral = Unilateral = Absent

Score >1 at site

& & «
= Bilateral  ww Unilateral o Absent
Score >1 at site
100%:
0%
L
T0%:
5%
50%
40%
0%
0t
0%
%
N
& & &
mm Gilateral e Undateral  mm Absent

Figure 2. Percentage of patients with other bilateral or unilateral ultrasound lesions. Percentage of patients with at least possible (score > 0) or at
least definite (score > 1) bilateral or unilateral ultrasound lesions at joint/tendon sites. MTP, metatarsophalangeal joint.

Association of ultrasound and plain radiographic findings at the
first MTP

As the first MTP was most frequently affected on ultrasound
and is also a joint that is frequently affected by both gout and
osteoarthritis, we undertook additional analysis examining the
relationship between ultrasound and plain radiographic findings
at this joint, shown in Table 4. On plain radiography, joint space
narrowing and features of osteoarthritis were common, but defi-
nite erosion was uncommon, affecting only 18 first MTPs
(Table 4). There was no association between ultrasound features
of MSU crystal deposition (double contour or tophus) or joint
inflammation (synovial hypertrophy and Doppler activity) with
Sharp-van der Heijde narrowing scores or Kellgren-Lawrence
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radiographic grade at the first MTP. Consistent with the ultra-
sound erosion analysis, the presence of a definite ultrasound
tophus (score > 1) was associated with an odds ratio of 11.58
for the presence of radiographic erosion at the first MTP. The
presence of Doppler activity (score > 1) on ultrasound was also
associated with an odds ratio of 11.44 for radiographic erosion
at the first MTP. Double contour sign and synovial hypertrophy
were not associated with radiographic erosion at this joint.

DISCUSSION

In this multinational study of people with asymptomatic
hyperuricemia, ultrasound features of gout were identified, with
at least 1 definite double contour or tophus in more than one-
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Table 3
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Association of ultrasound findings of MSU crystal deposition with ultrasound findings of joint damage and

inflammation: joint by joint analysis

Independent variable ~ Outcome Joint Number of events ~ Odds ratio (95% CI) P
(outcomes)
Double contour Erosion MTP1 32 0.76 (0.17-3.35) 72
MTP2 1 NE NE
Knee 9 NE NE
Synovial hypertrophy MTP1 158 4.00 (1.95-8.20) .0002
MTP2 102 5.11 (1.94-13.46) .0010
Knee 53 1.83(0.78-4.30) 17
Power Doppler activity =~ MTP1 11 2.66 (0.32-21.85) .36
MTP2 3 NE NE
Knee 4 NE NE
Tophus Erosion MTP1 32 3.09 (1.06-9.48) .049
MTP2 1 NE NE
Knee 9 NE NE
Synovial hypertrophy MTP1 158 2.51(1.15-5.51) .021
MTP2 102 1.08 (0.10-11.15) .95
Knee 53 NE NE
Power Doppler activity =~ MTP1 11 19.8 (4.87-80.4) <.0001
MTP2 3 NE NE
Knee 4 NE NE

MSU, monosodium urate; MTP, metatarsophalangeal joint; NE, not estimable.
Analysis for ultrasound scores >1. Erosion scored as binary present/absent, erosion score of 1 included in this

analysis.

third of participants using the OMERACT gout ultrasound scor-
ing system. However, the overall extent of MSU crystal deposi-
tion, as assessed using the OMERACT gout scoring system, was
low. Despite the low levels of deposition overall, ultrasound
tophus scores were associated with other imaging features of
MSU crystal deposition, joint damage, and inflammation.

This large multinational study provides precision to prior
estimates of MSU crystal deposition on ultrasound in asymptom-
atic hyperuricemia [9—20]. Variation in the prior estimates may
be, in part, due to different methods of scoring or the number of
sites scored [32]. The low extent of MSU crystal deposition using
the OMERACT gout ultrasound scoring system in this cohort of
people with asymptomatic hyperuricaemia is consistent with
our previous dual-energy computed tomography (DECT) study,
which quantified MSU crystal volume in the feet and ankles
[33]. DECT MSU crystal deposition was found in 24% of partici-
pants with asymptomatic hyperuricaemia (serum urate >
0.52 mmol/L), and MSU crystal volumes were much lower in
people with asymptomatic hyperuricaemia compared with gout-
positive control participants, even in those with a gout disease

duration <3 years. Patterns of MSU crystal deposition in the
TIGER study cohort can be contrasted with those of a study
using the OMERACT scoring system in people with gout, which
reported that tophus at the first MTP was the most common
ultrasound lesion, followed by double contour at the first MTP
and knee [28]. In the TIGER study of people with asymptomatic
hyperuricaemia, double contour was more common than
tophus, potentially reflecting small amounts of MSU crystal
deposition on articular cartilage without the larger MSU crystal
collections that occur within tophi.

Nevertheless, 17.2% of participants had ultrasound evi-
dence of tophi, despite no history of prior gout flares, no
clinically evident subcutaneous tophi, and low levels of pain
and plain radiographic erosion scores. In people with gout,
clinically evident tophi typically develop more than a decade
after the onset of gout in the setting of untreated hyperuri-
caemia [34], and reflect high volumes of MSU crystal deposi-
tion [33]. Prior CT and magnetic resonance imaging research
has also demonstrated a close relationship between tophus
and bone erosion in people with gout [35—39], and this

Table 4
Association of ultrasound findings with plain radiographic findings: site-by-site analysis at the first metatarsophalangeal joint
(n = 240)
Independent variable Outcome Number of events ~ Odds ratio (95% CI) P
(outcomes)
Ultrasound double contour SvdH erosion radiographic score 18 2.44 (0.69-8.61) 17
SvdH narrowing radiographic score 109 0.90 (0.37-2.18) .82
Kellgren-Lawrence radiographic grade =~ 138 0.88 (0.37-2.08) 77
Ultrasound tophus SvdH erosion radiographic score 18 11.58 (4.07-32.96) <.0001
SvdH narrowing radiographic score 109 1.93(0.72-5.17) .19
Kellgren-Lawrence radiographic grade = 138 1.38(0.52-3.69) .52
Ultrasound synovial hypertrophy SvdH erosion radiographic score 18 1.96 (0.75-5.13) 17
SvdH narrowing radiographic score 109 0.69 (0.40-1.19) .18
Kellgren-Lawrence radiographic grade = 138 0.87 (0.53-1.44) .60
Ultrasound power Doppler activity ~ SvdH erosion radiographic score 18 11.44 (3.24-40.45) .0002
SvdH narrowing radiographic score 108 2.07 (0.49-8.72) .32
Kellgren-Lawrence radiographic grade 137 1.48 (0.35-6.23) .59

SvdH, Sharp-van der Heijde.

Analysis for ultrasound scores >1 and plain radiography scores/grade >1.
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study suggests a similar relationship in asymptomatic hyper-
uricaemia, both for ultrasound and plain radiographic ero-
sion, particularly at the first MTP. It is noteworthy that
erosion was present on ultrasound in 11.9% of participants.
Our results indicate that subclinical tophi and joint damage
can develop much earlier than previously appreciated in
those with elevated serum urate levels without clinical symp-
toms of gout.

Synovial hypertrophy, particularly at low grade, was the
most common ultrasound finding in this study. Of note, neither
synovial hypertrophy nor other ultrasound lesions were associ-
ated with radiographic features of osteoarthritis. Synovial
hypertrophy is very common in the MTPs of healthy individuals
[40], and the relevance of these findings in our study population
is uncertain, particularly since power Doppler activity scores
were very low. On ultrasound, high-grade synovial hypertrophy
and Doppler activity in affected joints are characteristic of the
acute inflammatory gout flare [41]. Nevertheless, we did
observe consistent associations for both double contour and
tophus with synovial hypertrophy, and also for tophus and
power Doppler activity (independent of synovial hypertrophy),
suggesting that MSU crystal deposition contributes to subclinical
joint inflammation in people with asymptomatic hyperuricae-
mia. It will be particularly interesting to determine if the pres-
ence of high-grade synovial hypertrophy or Doppler activity at
the baseline visit predicts subsequent development of gout in
the TIGER study participants during their 5 years of follow-up.

Definitions and scoring of ultrasound aggregates have been
controversial, due to low inter-reader agreement, lack of
response to change during urate-lowering therapy in some longi-
tudinal studies, and uncertainty about the specificity of aggre-
gates for gout [22,28,42]. In this study, aggregates were scored
according to the revised OMERACT gout ultrasound definition
[22]. Despite the recent OMERACT gout ultrasound working
group recommendation that aggregates should only be scored in
patients with other ultrasound lesions indicative of gout (e,
double contour and/or tophus) [22], the protocol prespecified
that the presence of aggregates was assessed only at the patellar
and Achilles tendons (both proximal and distal) and recorded
irrespective of other ultrasound features in this study [23].
There were 14 (5.2%) of participants with a score of >0 for
aggregates but no (possible or definite) double contour and
tophus. It is noteworthy that aggregate sum scores correlated
with tophus sum scores, consistent with the concept that at least
some ultrasound aggregates represent small micro-tophi/MSU
crystal deposits [28,43].

No significant correlations were observed between screening
serum urate results and ultrasound elementary lesion or sum
scores. Importantly, all participants had a screening serum urate
of at least 0.48 mmol/L, the level at which MSU crystals rapidly
form in vivo in people with gout [5]. It is possible that once
serum urate levels are consistently above the saturation level,
MSU crystallisation occurs in a manner that is not concentration
dependent with serum urate. However, it should be recognised
that the duration of hyperuricemia for each participant could
not be accurately recorded before entry into the study, and it is
also possible that the duration of serum urate elevation, or some
unrelated factor, might contribute to developing ultrasound
gout lesions.

Study strengths include the multicentre, multinational cohort
study design, large sample size, careful clinical phenotyping
including exclusion of people with clinical features of gout using
the ACR/EULAR gout classification criteria, standardised ultra-
sound examination, and scoring using the validated OMERACT
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definitions and scoring system by experienced sonographers.
Despite the attempts to standardise the ultrasound scoring with
detailed descriptions and an atlas for the scoring system, there
was potential for different scoring between different sonogra-
phers across study sites. The decision to use real-time scoring
was made to reflect real-life clinical practice, rather than central
scoring of ultrasound images which has its own potential biases.
Although sonographers were blinded to clinical details, includ-
ing serum urate levels, they may have been aware that partici-
pants were enrolled in a study of people with hyperuricemia,
and this knowledge might have influenced the scoring of border-
line ultrasound lesions as possible lesions or possible ultrasound
lesions as definite. It is also possible that scoring the presence of
1 ultrasound finding may have influenced interpretation and
scoring of other possible ultrasound lesions. For this reason, we
focused on definite ultrasound lesions (score > 1) in our analy-
sis.

The TIGER study is ongoing, with repeat ultrasound scanning
at the time of developing gout or after 5 years of follow-up [23].
The OMERACT scoring systems provide a framework to deter-
mine the prognostic relevance of the musculoskeletal ultrasound
findings related to the 3 imaging domains of gout: MSU crystal
deposition, structural damage, and inflammation, in people
with high risk of developing gout due to hyperuricemia.
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Article hgtOW: . Objectives: Calcium pyrophosphate deposition (CPPD) disease is a common form of arthritis
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tory and degenerative arthritis. A loss-of-function mutation in the TNFRSF11B locus (also

Handling editor Josef S. Smolen known as CCAL1), which encodes osteoprotegerin (OPG) causes familial CPPD. OPG acts as a

decoy receptor for RANKL, thereby inhibiting osteoclast differentiation and activity. CPPD cur-
rently lacks any animal models. The goal of this study was to develop a murine model of early
CPPD by incorporating the TNFRSF11B gene mutation in mice and determining its effects on
bones, joints and CPPD biomarkers.

Methods: We used CRISPR/Cas9 editing to generate mice carrying the TNFRSFI11B
mutation (Opg™). Joint and bone phenotypes, bone remodelling biomarkers and key CPPD
biomarkers were assessed in wild type (WT; Opg“”""), Opg””™ and Opg™™ mice at 6 and
12 months of age.

Results: Male and female mice carrying Opg™ displayed osteopenia and high bone remodelling
markers at 6 and 12 months of age. This phenotype was concurrent with increased osteo-
clast numbers and activity. Female Opg™™ mice also displayed significant osteoarthritis
features by 12 months of age, including articular cartilage loss in the lateral compartment
of the knee based on Mankin structural damage scores. Additionally, biomarkers pathogno-
monic of CPPD disease, such as pyrophosphate, transforming growth factor (TGF)-f1 levels
and ENPP1 activity, were significantly elevated in the joints of both 6- and 12-month-old
female mice with OPG™".
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Conclusions: Mice carrying Opg™ display bone and joint phenotypes characteristic of early-stage
CPPD disease in humans. Opg™ mice represent a novel preclinical model of early CPPD, ideal for
exploring potential therapies targeting the disease prior to the development of major joint

damage.

WHAT IS ALREADY KNOWN ON THIS TOPIC

« Little is known about the pathogenic mechanisms of calcium
pyrophosphate deposition (CPPD) disease. There have been no
animal models to date that mimic features of human CPPD.

WHAT THIS STUDY ADDS

* The phenotype of mice carrying mutant osteoprotegerin
mimics that of human disease, and to our knowledge, this study
presents the first preclinical model of CPPD.

» High levels of osteoclast numbers and activity correlate with
increased markers of CPPD in joints of affected mice.

HOW THIS RESEARCH MIGHT AFFECT RESEARCH, PRACTICE
OR POLICY

* This work describes a preclinical model of early CPPD that will
be useful for identifying drugs that target important pathogenic
pathways in this common and disabling arthritis.

INTRODUCTION

Calcium pyrophosphate deposition (CPPD) disease is a com-
mon form of arthritis typically affecting older individuals. It is
defined by the presence of calcium pyrophosphate (CPP) crystals
in articular cartilage and presents clinically as both degenerative
and inflammatory arthritis. There are currently no specific treat-
ments targeting CPPD. Work to delineate CPPD aetiology has
largely focused on chondrocyte overproduction of pyrophos-
phate (PPi) [1]. Chondrocytes in affected cartilage produce high
levels of extracellular ATP, which is converted by the ecto-
enzyme ectonucleotide pyrophosphatase phosphodiesterase 1
(ENPP1) into PPi and adenosine monophosphate (AMP) [2,3].
Extracellular PPi accumulates in cartilage matrix where it com-
plexes with calcium to form CPP crystals. CPP crystal formation
in human cartilage is likely facilitated by the unique characteris-
tics of ageing chondrocytes in combination with alterations in
extracellular matrix due to age or injury [4].

Studies of familial forms of CPPD have contributed to our
understanding of CPPD disease pathogenesis. Mutations causing
familial CPPD cluster in the 5p and 8q chromosomal regions.
The 5p locus (also known as CCAL2) encodes ANKH (progressive
ankylosis protein homolog) [5], which regulates extracellular
PPi levels by modulating extracellular ATP levels in cartilage
[3]. Recently, osteoprotegerin (OPG, also known as CCAL1) was
identified as the protein encoded by the 8q gene locus. OPG is
the protein product of the gene TNFRSF11B [6]. OPG is a circu-
lating protein best known for its role in bone metabolism, where
it serves as a decoy receptor for receptor activator of NF-xB
ligand (RANKL) [7]. Its major function in bone is to negatively
modulate osteoclast formation and activity. The CPPD-associ-
ated OPG mutation occurs at the stop codon, leading to the addi-
tion of 19 extra amino acids at the carboxy terminal end of
the protein and resulting in its loss of function [8]. Individuals
who are heterozygous for the CPPD-associated OPG mutation
(OPG"™) develop severe premature joint degeneration with
exuberant CPPD crystal deposition in affected joints [9].
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Osteoporosis and increased fracture rates have been recently
described in patients with sporadic age-related CPPD disease
[10,11]. Interestingly, metabolic conditions such as hemochro-
matosis, hypomagnesaemia, or hypophosphatasia, which
increase risk for CPPD, are also associated with a bone loss phe-
notype [12—14]. Taken together with the discovery that OPG—
a protein critical for normal bone metabolism—causes familial
CPPD, we now have ample clinical evidence to propose a role
for bone pathology in CPPD. Subchondral bone alterations play
key roles in age-related osteoarthritis (OA) [15,16], which
shares common features with CPPD. In addition, remodelling
processes in subchondral bone can release factors into the adja-
cent articular cartilage, such as transforming growth factor
(TGF)-f1, that contribute to cartilage matrix damage and stimu-
late PPi formation [17]. Taken together, these observations sug-
gest a possible role for increased osteoclast activity as a critical
pathogenic pathway in CPPD.

To our knowledge, there are no animal models of CPPD that
focus on pathways leading to CPP crystal formation. We were
particularly interested in establishing a model of early CPPD, in
which we would not necessarily expect to see crystals but
instead could easily measure CPPD biomarkers. This type of
model will be useful to study drugs that affect pathways
involved in regulation of critical factors contributing to CPPD,
and this stage of the disease is logically most amenable to treat-
ment before irrevocable joint damage occurs. We used CRISPR/
Cas9 technology to introduce the extra 19 amino acids found in
patients with CPPD expressing OPG™ into Opg in C57BL/6
mice. Microcomputed tomography (uCT) imaging and histologic
scoring was used to measure OA severity and bone phenotypes.
We also assessed levels of bone remodelling biomarkers and key
CPPD biomarkers in wild type (WT; Opg"”*"), Opg"”™, and
Opg™ ™ mice at 6 and 12 months of age.

METHODS
Mouse model

All animal experiments were performed in accordance with
protocols approved by the Institutional Animal Care and Use
Committee (IACUC). CRISPR/Cas9 technology was used by the
Mouse Genetics Core at Washington University in St. Louis to
generate Opg™ mice. The strategy that was used to generate sin-
gle-stranded oligodeoxynucleotides (ssODN) containing the 19
extra amino acids found at the carboxy terminal end of the
human OPG™" is shown in Supplementary Figure S1. Target-spe-
cific sgRNA cleavage activity was validated in vitro by transfect-
ing N2A cells with ROCHE Xtremegene HP, followed by Sanger
sequencing and TIDE analysis (https://tide.nki.nl/) of PCR prod-
ucts. T7 sgRNA and Cas9 templates for in vitro transcription were
PCR amplified, gel purified and in vitro transcribed with the
MEGAshortscript T7 kit (sgRNA, Life Technologies) or the T7
mMessage mMachine Ultra kit (Cas9, Life Technologies). After
transcription, both RNAs were purified with the Megaclear kit
(Life Technologies). A 200 nucleotide ssODN donor DNA was
synthesised by IDT. B6/CBA F; mice at 3 to 4 weeks of age (JAX
Laboratories) were superovulated by intraperitoneal injection of
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5 IU pregnant mare serum gonadotropin (Sigma), followed
48 hours later by intraperitoneal injection of 5 IU human chori-
onic gonadotropin (Millipore). Mouse zygotes were obtained by
mating B6/CBA stud males with superovulated B6/CBA females
at a 1:1 ratio. One-cell stage fertilised embryos (C57BL/6J) were
collected and maintained in M2 medium before microinjections.
DNA constructs were microinjected into the pronucleus and/or
cytoplasm of each zygote following standard procedures of the
Washington University Mouse Genetics Core. Injection concen-
trations were 50 ng/uL Cas9, 20 ng/uL gRNA and 20 ng/uL
ssODN B6/CBA. Injected embryos were transferred into the ovi-
ducts of pseudopregnant recipient females. Offspring (F, genera-
tion) were screened for the presence of the transgene by PCR
using genomic DNA extracted from tail biopsies. Positive found-
ers were bred to establish subsequent generations (F,, F,) for
further studies.

Microcomputed tomography

Before decalcification, the knee joints including femur and
tibia were imaged using a 4CT 50 scanner (Scanco Medical AG)
at a resolution of 10 um, at 55 kVp, 145 pA, and 300 ms integra-
tion time. The distal metaphysis and the middiaphysis of femur
were used for uCT analysis of trabecular and cortical bone,
respectively.

Histology

The knee joints of 6- and 12-month-old mice were fixed in
10% neutral buffered formalin at room temperature for 24 hours,
then decalcified in Immunocal (StatLab) for 3 days; fresh Immu-
nocal was changed every 24 hours. Tissues were processed and
paraffin-embedded. Five-um-thick coronal sections were gener-
ated, starting from the anterior side of the knees. These were
stained with safranin-O and fast green. Images were taken using
a Nanozoomer 2.0 HT whole slide scanner (Hamamatsu Photon-
ics) at 20 x magnification. OA scoring was performed using a
modified Mankin scoring system by 2 observers blinded to age,
sex and genotype of the mice [18].

Histomorphometry

For static histomorphometry, 5 ym sections were stained
with tartrate-resistant acid phosphatase (TRAP) as described
previously [19] and imaged as above. Osteoclasts were scored
in the distal femur metaphysis using Bioquant Osteo software
(v18.2.6; Bioquant Image Analysis Corp) for image analysis.

Osteoclast differentiation and TRAP assay

Bone marrow stromal cells (BMSCs) and bone marrow mac-
rophages (BMMs) were plated in a 96-well plate (2 x 10* total
cells/well) at 1:1 ratio in «MEM media containing 10% fetal
bovine serum and 20 nM 1,25-dihydroxyvitamin D3 for 7 days.
Cytochemical staining for TRAP was used to identify osteoclasts
as previously described [20]. Briefly, cells in a 96-well plate
were fixed with 3.7% formaldehyde and 0.1% Triton X-100 for
10 minutes at room temperature. Cells were washed with water
and incubated with the TRAP staining solution (Leukocyte Acid
Phosphatase Kit; Sigma) at 37 °C for 15 minutes followed by
washing with water. After drying, pictures were taken using a
coupled Olympus microscope and GRYPHAX software. Multinu-
cleated TRAP-positive cells with >3 nuclei were scored as osteo-
clasts using ImageJ.
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Biomarker assays

Bone turnover assays

Levels of circulating markers of bone turnover were mea-
sured in mouse serum according to manufacturer’s directions
using Rat-Laps (CTX-1) and Rat/Mouse P1NP enzyme immuno-
assays (Immunodiagnostic Systems). Twenty microliters of
mouse serum were used for the CTX-1 assay and 5 pL of mouse
serum was used for the P1NP assay. All serum samples were run
in duplicate.

CPPD biomarker assays

PPi, ANK, ENPP1 activity, and TGF-f1 assays were performed
on osteochondral units removed from joints from intact unpro-
cessed frozen limbs. These units consisted of a similar size block
of articular cartilage and subchondral bone removed from
mouse joints cleaned of all visible extra tissues. All assays were
run with duplicates of each sample, and results were corrected
for wet weight of the sample. Tissue PPi levels were measured
in osteochondral units treated with 1.2 M HCI overnight and
then dried in an oven until desiccated [21]. Each sample was
rehydrated with water and used for the measurement of PPi
using a standard radiometric assay [17]. Tissue ENPP1 activity
levels were assessed by measuring nucleoside triphosphate pyro-
phosphohydrolase (NTPPPH) activity. Samples were incubated
in 100 pL thymidine 5’-monophosphate p-nitrophenyl ester
sodium salt (TMPNP) (Sigma Aldrich) for 2 hours. NTPPPH
activity was measured after the addition of 1 N NaOH in a Biotek
plate reader at 410 nm. To measure TGF-f1, the osteochondral
unit was incubated in TGF-f isolation buffer for 48 hours at 4 °C
[22]. After incubation, the supernatant was dialysed against
4 mM HCI for 3 hours and then neutralised with 0.5 N NaOH.
The neutralised samples were assayed with the Mouse Trans-
forming Growth (TGF-f1) ELISA kit (Abbexa). ANK levels were
measured using Mouse Progressive Ankylosis Protein (ANK)
ELISA kit (Abexxa). The samples were snap-frozen and pulver-
ised, then resuspended in phosphate-buffered saline and assayed
for levels of ANK protein.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 9.0
software either using Student’s t test or one-way analysis of vari-
ance with Tukey’s multiple comparisons test based on the data
type. Parameters that were deemed nonparametric, including
serum and osteochondral unit biomarkers, were analysed using
Kruskal-Wallis with Dunn’s multiple comparison post-hoc test.
Values are expressed as mean + SEM. P < .05 was considered
statistically significant.

RESULTS
Mice expressing OPG™ are osteopenic

WT (Opg””™") mice and mice carrying 1 or 2 mutant Opg
alleles (hereafter referred to as Opg*”™ and Opg™™, respec-
tively) were born at the expected Mendelian ratios, developed
normally and were all fertile. At both 6 and 12 months of age,
Opg"”*", Opg"”™ and Opg™ ™ mice of the same sex displayed
comparable body weights (Supplementary Fig S2). We assessed
the bone phenotypes of Opg””*., Opg"”™ and Opg™™ mice.
Male Opg””™ mice exhibited no reduction in trabecular bone at
6 months of age compared to Opg””** controls (Fig 1A-C). By
contrast, male Opg™™ mice and female Opg"””™ and Opg™'™
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Figure 1. Expression of OPG™ causes trabecular bone loss in 6- and 12-month-old mice. Analysis of trabecular bone was performed using uCT scan-
ning in 6- and 12-month-old mice (n = 9-11). Representative images of bone from all 3 genotypes and both sexes of mice are shown in panels A, D, G,
and J. Bone volume/total volume (BV/TV) measurements are displayed in panels B, E, H, and K. At 6 months, male mice with Opg’"t/ ™ had signifi-
cantly reduced bone mineral density (BMD) and lower BV/TV. Both female Opg"”™ and Opg™ ™ mice (E, F) showed significantly lower values of

both BV/TV and BMD. At 12 months, both male and female Opg""™

and Opg™™ mice had significantly reduced BV/TV and BMD compared with their

Opg""”"* counterparts (H, I, K, L). Scale bar: 500 pm. *P < .05, **P < .01, ***P < .001. mt, mutant; OPG, osteoprotegerin; wt, wild type.

mice at the age of 6 months and 12 months showed significantly
reduced trabecular bone volume/total volume and bone mineral
density compared to Opg””*"* controls as assessed by uCT scan-
ning (Fig 1A-L). Similar trends were observed for other bone
parameters, including trabecular number and trabecular spacing
(Supplementary Fig S3). Significant changes in cortical bone
parameters occurred at 6 months of age in male and female
Opg™™ mice. Both Opg””™ and Opg™™ mice exhibited these
changes at 12 months (Supplementary Fig S4). To rule out
potential off-target effects from CRISPR/Cas9-based editing, we
assessed bone parameters in an independent line of Opg™™
mice. In this second line, trabecular and cortical bone parame-
ters were similarly reduced in 6-month-old Opg™™ mice com-
pared to Opg””** counterparts (Supplementary Fig S5). These
findings demonstrate significant reduction of bone density in all
mice carrying OPG™ compared to Opg""** controls.

OPG™ promotes osteoclast differentiation and activity in vivo
and in vitro

We previously demonstrated that recombinant OPG™ inef-
fectively blocks osteoclastogenesis in in vitro models [8]. Here,
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we found that male and female Opg""™ and Opg™ ™ mice carry-

ing Opg™ had significantly higher osteoclast number and bone
surface area compared to Opg””** mice at 6 months of age
(Fig 2A-D). Evidence of increased bone remodelling was
assessed using plasma levels of CTX-1 (biomarker of bone
resorption) and PINP (biomarker of bone formation) in
12-month-old mice. Although serum CTX-1 levels were similar
across male genotypes at 12 months of age, P1NP levels showed
a small but significant increase in Opg™™ males compared to
Opg*”** controls (Fig 3E). In contrast, the levels of both CTX-1
and PINP were significantly higher in female 12-month-old
Opg™™ mice relative to their Opg””*" counterparts (Fig 3F).
Similar patterns of CTX-1 and P1NP levels across genotypes and
sexes were seen at 6 months of age (Supplementary Fig S6). To
further determine the impact of OPG™ on osteoclastogenesis,
we cocultured Opg””"* BMMs, serving as osteoclast precursors,
with either Opg””** BMSCs or Opg™ ™ BMSCs in the presence of
1,25-dihydroxyvitamin D3, a well-known inducer of RANKL
expression by mesenchymal cells [23]. Osteoclast differentiation
was significantly increased in Opg"”** BMM-Opg™'™ BMSC
cocultures compared to Opg””** BMM—Opg""** BMSC cocul-
tures (Fig 2G, H). Collectively, these results demonstrate that
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Figure 2. OPG™" promotes osteoclast differentiation and activity in vivo and in vitro. Osteoclast numbers in bones of 6-month-old mice were
scored from femoral specimens stained for tartrate-resistant acid phosphatase (TRAP) activity (n = 8-11). Images are representative TRAP-
stained samples from males (A) and females (B). Panels C and D show osteoclast surface area (Oc.S/BS) and osteoclast number (N.Oc/BS) per
bone surface area. Serum levels of bone remodelling markers including CTX-1 and PINP are shown in E, F. PINP but not CTX-1 levels were
elevated in male Opg™™ mice, whereas female Opg™™ mice had higher levels of both biomarkers. Panel G shows representative images of
cocultures stained for TRAP activity from Opg””"* bone marrow stromal cells (BMSCs) cocultured with either Opg””"* or Opg™™ bone mar-
row macrophages (BMMs). The number of TRAP-positive multinucleated cells with at least 3 nuclei (osteoclasts)/well was significantly
increased in cocultures with Opg’"t/ ™ (H; n = 4). Scale bar: 100 um (A, B), 200 uym (G). *P < .05, **P < .01, ***P < .001. mt, mutant; OPG,

osteoprotegerin; wt, wild type.
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Figure 3. Expression of OPG™ causes arthritis in 12-month-old female mice. Knee joints from 12-month-old male and female mice (n = 5-13) were
sectioned and stained as described in Methods. Modified Mankin scores were assessed with reviewers blinded to the genotype and sex. Representative
images of the knees are shown in panels A and B. Arthritis scores are shown in males (C) and females (D). Female Opg""/ ™ mice had significantly

wt/wt

higher scores than Opg’
OPG, osteoprotegerin; wt, wild type.

OPG™ is ineffective at inhibiting osteoclast formation both in
vitro and in vivo.

Female Opg™ ™ mice exhibit cartilage damage by 12 months of
age

Knee joints from Opg"”*!, Opg””’™ and Opg™™ mice were
analysed for the development of OA using the modified Mankin
scoring system [18]. At 6 months of age, OA was not detected in
either males or females across all genotypes (Supplementary Fig
S7A-D). Twelve-month-old male Opg””** and Opg””™ mice had
similar arthritis scores, and Opg™'™ mice did not exhibit signs
of OA (Fig 3A, C). Unlike 12-month-old Opg””™ and Opg*"/**
female littermates, Opg™ ™ females exhibited significant OA
pathology characterised by loss of safranin-O staining in the car-
tilage and subchondral bone changes in the lateral knee com-
partment (Fig 3B, D). Total Mankin scores approached but did
not achieve statistical significance, in part due to interanimal
variability. Taken together, these data show that Opg™™ female
mice had significant evidence of knee OA, which was not
observed in similarly aged Opg"”"" female mice or Opg™’™
male mice.
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mice at 12 months of age. Scale bar: 1 mm. M = medial compartment; L = lateral compartment. *P < .05. mt, mutant;

nt

CPPD biomarkers are elevated in female mice with Opg"

Although human CPPD is characterised by the presence of
CPP crystals in cartilage matrix, murine articular cartilage has
considerably less extracellular matrix than large animal cartilage
and is therefore unlikely to allow formation of CPP crystals.
There are, however, multiple biomarkers of CPP crystal forma-
tion that are critical in the development of CPPD arthritis, are
quantifiable in tissue and are extremely valuable for preclinical
studies of early CPPD. The biomarker most strongly associated
with CPPD is PPi, which is essential for crystal formation. Along-
side PPi, we also measured other factors with major roles in
CPPD, including NTPPH activity, which reflects activity levels of
ENPP1, the ecto-enzyme that produces PPi from ATP [24]; ANK
protein, which regulates levels of extracellular ATP and PPi in
cartilage; and TGF-£1, which is the strongest known stimulant
of PPi production by chondrocytes. At 12 months of age, only
NTPPPH activity was increased in male Opg™™ mice (Fig 4A).
ANK levels were comparable across all genotypes in 12-month-
old female mice (Fig 4B). In contrast, all other biomarkers were
elevated in females expressing OPG™, except for PPi, which
showed higher levels in heterozygote females and smaller
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Figure 4. CPPD biomarkers are elevated in 12-month-old mice with OPG™". Levels of calcium pyrophosphate deposition disease biomarkers were
measured in osteochondral units corrected for wet weight from 12-month-old male (A) and female (B) mice (n = 9-11). PPi levels were significantly
increased in female Opg””™ mice, and there was a similar trend in male Opg""”™ mice. Ectonucleotide pyrophosphatase phosphodiesterase 1 activity
was measured as NTPPPH activity, which was increased in Opg™ ™ male and both Opg*”™ and Opg™™ female mice. TGF-$1 levels were increased in
female Opg"”™ and Opg™ ™ mice. *P <.05, ***P <.001. ANK, progressive ankylosis protein; mt, mutant; NTPPPH, nucleoside triphosphate pyrophos-
phohydrolase; OPG, osteoprotegerin; Ppi, pyrophosphate; TGF, transforming growth factor; wt, wild type.

increases in Opg™™ mice. The phenotype observed in 6-month- are critical for CPP crystal formation and pathognomonic for
old mice expressing OPG™" was unexpected, as significant differ- this disease. In contrast to crystals themselves, PPi levels are eas-
ences in CPPD markers were primarily seen in Opg””™ mice, ily measurable and represent a key pharmacologic target for

but not in Opg™™ mice, when compared to Opg""** controls new therapies. For example, agents that block enzymes that

(Supplementary Fig S8A, B). Despite this variability, the findings stimulate PPi production, such as ENPP1, are already in clinical
align with the presence of overt OA in female Opg™™ mice at trials for cancer [26], and drugs that focus on osteoclast activity,

12 months of age. such as denosumab, are currently available. In addition, we feel
strongly that early disease represents the disease phase most

DISCUSSION likely to be amenable to therapy. In humans, CPP crystals dam-
age cartilage by replacing the extracellular matrix-rich midzone

We show here that mice that are heterozygous or homozy- of articular cartilage. Agents that dissolve existing crystals, for
gous carrying OPG™ have both bone and joint phenotypes con- example, may actually leave empty spaces in cartilage that

sistent with human CPPD. The bone phenotype is characterised =~ would result in further biomechanical damage, as human carti-
by reduced trabecular and cortical bone and associated with lage is not capable of repair. There is also evidence that breaking
increased numbers of osteoclasts. These data are consistent with up existing CPP crystal deposits may induce a vigorous inflam-
our in vitro studies showing that this mutation impairs OPG func- matory response [27]. Taken together, these findings suggest
tion, thus facilitating excess osteoclastogenesis and bone loss. that once significant crystal formation occurs, treatments
We also see strong evidence for OA in the 12-month-old Opg™” focused on removing crystals are unlikely to reverse and may
™ female mice. This pattern of OA with lateral compartment actually exacerbate joint damage.

dominance is often seen in age-related murine OA models [25]. The mechanism through which this loss-of-function mutation
The joint damage correlates with high levels of CPPD bio- in OPG contributes to CPPD remains to be fully elucidated. Oste-
markers, including PPi, ENPP1 activity and TGF-f1. oclast activity is clearly increased throughout the bone in mice

This model clearly mimics early human CPPD disease and has with this mutation as well as humans with age-related osteopo-
characteristics that are particularly useful as a preclinical model. rosis [28]. One potential mechanism that may lead to subse-
Humans and mice carrying this OPG mutation develop both quent joint degeneration is through excess osteoclast activity at
arthritis and osteoporosis and demonstrate high levels of articu- the osteochondral junction. Channels at the cartilage-bone inter-
lar PPi. We approached this project knowing that rodent carti- face increase with age and OA [29] and facilitate the transfer of

lage, which has little extracellular matrix, is highly unlikely to substances from one tissue to another. Osteoclasts in subchon-
produce CPP crystals, in contrast to human cartilage, which has dral bone can promote joint damage by releasing factors from
ample extracellular matrix in which crystals can form. We chose bone matrix that stimulate PPi production by chondrocytes.
not to define CPPD by the presence of crystals in this model for TGF-$1 is an excellent candidate for such a factor [30]. In addi-
several additional reasons. Most importantly, elevated PPi levels tion, PPi itself is a bioactive molecule. PPi suppresses
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hydroxyapatite crystal formation and affects osteoblasts and
bone remodelling [31]. PPi from cartilage may filter to subchon-
dral bone and affect osteoblast behaviour, including increasing
levels of RANKL, which cannot be effectively blocked due to
defective OPG [31]. This type of positive feedback loop may pro-
mote joint damage even in the absence of crystal formation [32]
(Fig 5). Alternatively, or in addition, osteoclast activity near the
joint may result in increased levels of proteases and cytokines
that cause cartilage matrix damage and further facilitate arthri-
tis. However, the high PPi levels in mice carrying the OPG muta-
tion suggest that this model has features unique to early CPPD
disease that are not seen in typical OA.

The bone phenotype in this model is similar in males and
females carrying OPG™, but the OA pattern shows sexual dimor-
phism. Age-related and familial CPPD occurs equally in men and
women [1]. However, dramatic differences in males and females
are seen in a variety of murine models of degenerative and
inflammatory arthritis. Many models of posttraumatic OA show
more consistent and severe OA in males than in females, which
remains largely unexplained [33]. Age-associated murine OA
models are less commonly used but also show some sexual
dimorphism [34]. In our model, we saw more OA in female
mice expressing OPG™ than in their male counterparts. One
potential explanation for this is the decline in oestrogen levels at
6 months of age in female mice [35]. This results in reduced
bone formation and increased bone destruction, similar to what
occurs in postmenopausal women. Although males expressing
OPG™" have no evidence of an OA phenotype at 12 months, we
will need to study older mice to determine if these mice eventu-
ally develop more OA than their WT counterparts but do it more
slowly.

Although the bone phenotype was clearly more dramatic in
the homozygotes than the heterozygote mutant mice, some bio-
markers of CPPD did not appear to show a gene-based dose-
response. For example, PPi levels were higher in the osteochon-
dral units of heterozygotes than homozygotes in both sexes and
at both 6 months and 12 months of age. This pattern was also
seen with ENPP1 activity at some time points in the female
mice. Although this observation will require further study to
assess its mechanism, it may ultimately provide some additional
information about interactions between the OPG"* and OPG™

Homeostasis Arthritis
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proteins that apply to arthritis in human CPPD disease, which
has a dramatic joint phenotype in heterozygous individuals.
This may also reflect a timing issue, such that PPi levels rise
before significant arthritis occurs. Examining arthritis in all 3
genotypes at an older age may show a longitudinal relationship
between arthritis and PPi levels that may contribute to our
understanding of this phenomenon. Furthermore, the dramatic
bone loss seen in female homozygous mice may be an additional
cause of worsened joint damage.

Several factors should be considered in the interpretation of
these findings. There are clearly differences between human and
murine joints that limit the translation of mouse models to
human arthritis. However, our model shares many similarities
with early human CPPD. As murine cartilage is very difficult to
remove from underlying subchondral bone in mature mice, we
used the osteochondral unit to measure tissue levels of the key
biomarkers of CPPD. Although not ideal, it was important to
measure levels in this unit, as levels of the CPP biomarkers likely
reside in both cartilage and subchondral bone as joint disease
develops. We also only aged mice to 12 months. Although the
12-month-old mice mimic the early onset joint degeneration
that occurs in humans expressing OPG™, many murine studies
of age-related OA use 18- to 24-month-old mice [34]. Finally, as
described above, we did not examine the murine joints for CPP
crystals, as previous studies have shown that mice may not form
CPP crystals [36]. Although the mechanisms involved are not
clear, important differences that may explain this phenomenon
include factors such as the minimal cartilage thickness in mice,
differences in local temperature or pH, or the relatively
short lifespan of mice. However, further work should be done in
this area.

This preclinical model of early CPPD presents exciting
opportunities for translation. In our opinion, targeting path-
ways of excess PPi production in the early phases of CPPD
may be highly effective in preventing the irreversible dam-
age seen in human CPPD. Both pharmacologic and genetic
strategies can also be used to further confirm and explore
the pathways delineated in Figure 5. Using OA and the
CPPD biomarkers as endpoints, we hope to rapidly identify
potential drugs that may be safe and useful in the treatment
of this common and debilitating disease.

Proposed pathogenic mechanisms through which
OPG™ causes human calcium pyrophosphate deposition
disease. In healthy joints, OPG"" regulates RANKL activity
to control osteoclast (OC) formation from osteoclast precur-
sors (OCP). This is illustrated on the left side of the figure
(Homeostasis). In contrast, OPG™ is a weak RANKL inhibi-
tor, leading to excessive OC formation, as shown on the
right side of the figure (Arthritis). This effect causes release
of TGF-§ from bone matrix into the adjacent cartilage,
which stimulates PPi production by chondrocytes (Ch). The
excess PPi diffuses back into the subchondral bone trigger-
ing osteoblasts (OB) and osteocytes (Ocy) to produce more
RANKL, thereby creating a positive feedback loop that
accelerates both cartilage and bone destruction. CPP, cal-
cium pyrophosphate; OPG, osteoprotegerin; PPi, pyrophos-
phate; RANKL, receptor activator of NF-xB ligand; TGF,
transforming growth factor.
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Objectives: This study aims to estimate the extent of the reduction in healthy working life expec-
tancy (HWLE), from age 50, for people with rheumatic and musculoskeletal diseases (RMDs) in
19 countries across Europe and highlight the need to target extending working lives through
interventions and policy.

Methods: Data were from 2 longitudinal studies (Survey of Health, Ageing and Retirement in
Europe [2004-2022], English Longitudinal Study of Ageing [2002-2023]) that collect informa-
tion in people aged 50 years and over. ‘Healthy’ and ‘working” were defined as no limiting
long-standing illness and employment/self-employment, respectively. RMDs were identified
from self-report of ever having received a doctor diagnosis of arthritis or rheumatism. Age-
adjusted discrete time 3-state models were fitted using IMaCh software, a maximum likelihood
modelling programme using interpolation of Markov Chains, to estimate HWLE from transition
probabilities between each healthy and working state based on RMD status (overall, by sex, edu-
cation, and physical activity), stratified by 19 countries.

Results: In 6 countries, HWLE in the population with RMDs was around 50% or less than for the
population without RMDs. The lowest HWLE for populations with RMDs was in Austria 2.60
(1.49, 3.71) years which was 42.9% of HWLE for the population without RMDs. HWLE was
lower in populations with RMDs with lower than upper secondary education in all countries and
in populations with RMDs categorised as physically inactive in 16 countries.

Conclusions: The differences observed in HWLE demonstrate the substantial societal burden asso-
ciated with RMDs. However, differences by country, sex, education and physical activity indi-
cate that there are opportunities for interventions and policies to increase HWLE.

INTRODUCTION

Across Europe, the relationship between rheumatic and mus-
culoskeletal diseases (RMDs) and work is demanding more
attention from policymakers, employers, health professionals,
and people with these conditions [1—6]. Health professionals
are urged to increasingly consider work in their assessment and
management because, in addition to benefits to employers and
society, good quality work is beneficial for individual’s physical

health, mental health and well-being, is an indicator of healthy
ageing and often a requirement for continuing independence
[1,7]. In addition to this invigorated approach to work, there is
an even greater need to focus on workers aged 50 and over [8];
across Europe there are targets to encourage people to work
until they are older with state retirement age in some countries
(eg, Denmark) increasing [8]. The high and increasing preva-
lence of RMDs in adults aged 50 years onwards indicates that
they will have an increasing impact on work [9]. Plans to extend
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WHAT IS ALREADY KNOWN ON THIS TOPIC

» With the prevalence of rheumatic and musculoskeletal diseases
(RMDs) increasing with age, the impact of RMDs on being
healthy and in work is greater in older workers. Now with poli-
cies encouraging people to work until they are older, there will
be a greater number of adults with RMDs who are expected to
remain in work.

Healthy Working Life Expectancy (HWLE) is a population
health indicator that estimates the average number of years
from age 50 that people in a population are healthy and in
work. This captures whether populations and those with RMDs
are in a position to extend working lives and is important for
identifying potential demand on healthcare and employers to
manage health-related work issues and the development of
employment opportunities. Identifying associations with differ-
ent levels of HWLE can contribute to the development of poli-
cies and interventions to improve health and work for people
with RMDs.

WHAT THIS STUDY ADDS

* This study has identified that the amount of time that the popu-
lation of people with RMDs are healthy and in work is lower
than that of the population without RMDs in 18 of 19 European
countries. In 6 countries, HWLE for populations with RMDs
was around 50% or less than for the population without RMDs.
For people with RMDs, HWLE was lower in all countries in the
populations with educational attainment lower than upper sec-
ondary education and in 16 countries in populations categor-
ised as physically inactive.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

* The extent that HWLE is lower in populations with RMDs in
almost all countries indicates the need for policies (local,
national, international), interventions and clinical approaches
focusing on improving health and work for people with RMDs.
Differences by sex, education, and physical inactivity, as well as
country, highlight the role of enhancing job opportunities and
support to keep people healthy and in work, including occupa-
tional health and retraining. The study indicates the need for
larger datasets to further identify how HWLE can increase for
populations with RMDs.

working life mean that there will be a greater number of adults
with RMDs who are expected to remain in work. This will lead
to an additional demand on healthcare and healthcare professio-
nals to improve individuals’ capacity to stay in work. Capturing
whether populations and those with RMDs are in a position to
extend working lives is important for identifying potential
demand on healthcare (eg, greater need for nonpharmacological
approaches to reduce the impact of pain linked to working prac-
tice) and employers (eg, through offering vocational rehabilita-
tion and workplace accommodations) to manage health-related
work issues and the development of employment opportunities
(eg, increased access to jobs with less physical demands and
include potential for flexibility [10].

Healthy working life expectancy (HWLE) is a measure of the
average number of years that people in populations are healthy
and in work from age 50 [11,12]; higher HWLE corresponds to
longer working lives in good health, a key component of popula-
tions being able to extend working lives. Measurement of HWLE
is encouraged by the European Commission and allows identifi-
cation of factors that lead to lower and higher amounts of health
and work in populations; variation is linked to health condi-
tions, as well as demographic, lifestyle, and workplace factors
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[13,14]. There has been one previous study, which focused on
the most common RMD in adults aged 50 and over, and esti-
mated that adults aged 50 with osteoarthritis worked on average
for 4.32 years less than those who did not have osteoarthritis in
England [15]. However, there are no estimates of HWLE for peo-
ple with RMDs in other countries in Europe and comparing esti-
mates by country can contribute to the identification of targets
and development of policies to extend working lives for people
with RMDs.

In this study, we focused on HWLE from age 50 in adults with
RMDs. Nationally representative data from 19 countries was
used to estimate (i) HWLE in adults with and without RMDs and
(ii) the association of one modifiable factor with HWLE, in this
instance the role of physical (in)activity, and socioeconomic sta-
tus (educational attainment) and sex, and (iii) identify how esti-
mates differ between European countries. The overall aim is to
inform health professionals in rheumatology of the extent of the
reduction in healthy working life for people with RMDs and the
potential need to target extending working lives through inter-
ventions and policy.

METHODS
Patient and public involvement

Methods were coproduced with people with RMDs through:

(1) actively listening to people’s experiences of RMDs through
qualitative interviews in previous studies. The need (i) to
reduce work loss and improve work capacity is a concern
for people with RMDs, (ii) for dynamic approaches and
treatments to improve work capacity, either through public
health, primary or secondary care was identified, and (iii)
to provide data that would highlight the amount of time
and work that is lost to encourage policymakers to develop
policies and clinicians to focus on work.

(2) responding to the documented information needs of user-
led and user-centred organisations (eg, people with arthri-
tis/rheumatism in Europe) wishing to promote musculo-
skeletal health, influence policy, and advocate service
improvements; these documents advocated measurement
of health and work in populations to encourage change at
policy level and by clinicians.

(3) convening dedicated workshops with people with RMDs
to select factors that explain differences in health and
work; education and physical activity were highlighted.
For example, people with higher qualifications were
observed as being able to retrain or modify their work
roles more than people with less qualifications who were
in roles that did not enable modifications. Those who
were physically active were seen to be more able to better
cope with the physical demands of work.

Study design and participants

Data used were from 2 longitudinal studies that collect infor-
mation in people aged 50 years and over: the Survey of Health,
Ageing and Retirement in Europe (SHARE) research infrastruc-
ture programme [16,17] provided data from surveys conducted
in 18 countries and the English Longitudinal Study of Ageing
(ELSA) [17] provided data for England. Full details of the study
design, including ethical approval, and methods of data col-
lected have been published [16—21]. SHARE and ELSA are
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harmonised datasets where data collection was similar, and the
same constructs were measured using the same items (albeit
translated into relevant languages) to produce data for compari-
sons. Briefly, self-reported SHARE data were collected via inter-
view questionnaires in a representative sample of community-
dwelling adults aged 50 years and older in each participating
country every 2 years. Mortality-linked data were obtained from
the SHARE programme wave 1-9 (2004/2005-2021/2022),
except for wave 3 (SHARELIFE), which did not follow the longi-
tudinal SHARE questionnaire. SHARE wave 1 (or other first sur-
vey timepoint; countries did not all participate in every wave)
was used as the baseline wave for identification of self-reported
fixed (time-invariant) covariates sex, education, and date of
birth. Similarly, ELSA data were obtained from the UK Data Ser-
vice (England) waves 1-10 (2002-2021/2023). We analysed
data by country. SHARE and ELSA participants may have joined
the study at baseline or through sample refreshment to account
for national cohort ageing or study attrition. Participants in each
national sample who responded to at least one survey wave
(while aged 50 years or over) were included in this study and
their first non-zero cross-sectional survey weight was used as
their survey weight for this study.

Assessment of health and work states

Health and work states were self-reported in each survey
wave. Health was defined by the presence or absence of limiting
long-standing illness, obtained from a combination of 2 survey
items: “Some people suffer from chronic or long-term health
problems. By long-term we mean it has troubled you over a
period of time or is likely to affect you over a period of time. Do
you have any long-term health problems, illness, disability or
infirmity?” If so, “For the past six months at least, to what extent
have you been limited because of a health problem in activities
people usually do?” (In England, these items were: “Do you
have any long-standing illness, disability or infirmity?” and, if
so, “(Does this/Do these) illness(es) or disability(ies) limit your
activities in any way?”).

Work was defined, in SHARE data, as self-report of current
employment situation as being employed or self-employment. In
England, work was defined as participating in paid work or self-
employment within the month preceding the survey.

At each survey wave, respondents were classified according
to whether they were healthy or not healthy, and whether they
were working or not working, or whether they had died.

RMDs were identified from self-report of ever having
received a doctor diagnosis of arthritis or rheumatism. We
assumed that the development of arthritis was irreversible; that
is, once reported, arthritis would continue to be present, and
that arthritis would not have been present before a negative sur-
vey response [22,23].

Covariates

Age was included in transition probability models and was
calculated as the number of years from date of birth to date of
observation (either survey date or death date). Sex (male/
female) was identified by self-report. Educational attainment
was categorised using 1997 International Standard Classifica-
tion of Education (ISCED-97) codes: upper secondary education
or higher was defined as high level of educational attainment;
no, or less than upper secondary, educational attainment was
defined as low educational attainment. Physical inactivity was
defined as participating in less than 2 vigorous or moderate
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physical activities per week; physically active was defined as 2
or more. This was measured using 2 items; vigorous activity was
measured using the item “How often do you engage in vigorous
physical activity (such as sports, heavy housework, or a job)
that involves physical labour?”” Moderate activity was measured
using “How often do you engage in activities that require a low
or moderate level of energy such as gardening, cleaning the car,
or doing a walk? Validity of the measurement of physical activ-
ity similarly across countries was addressed during survey devel-
opment [16—19].

Handling of missing data is outlined in Supplementary Mate-
rial File.

Statistical analysis

A multistate model was defined comprising 2 living states
(healthy and working, and otherwise) and an absorbing mortal-
ity state; that is a 3-state model where healthy and not in work,
not healthy and in work, and not healthy and not in work are
combined into a not ’healthy and in work’ state (Supplementary
Fig). Interpolated Markov Chain multistate modelling was per-
formed to estimate HWLE with 95% confidence intervals, using
IMacCh software version 0.99r19. Guidance on the use of IMaCh
software and code is available at https://euroreves.ined.fr/
imach/wiki/index.php/Documentation. This approach uses
multinomial logistic regression to model the probabilities of
transition from and to each HWLE state (or transition to the
dead vital state) over discrete time intervals (interpolation
steps) based on the transitions observed in the data. Maximum
likelihood estimates of transition probability model parameters
were found by evaluating the product of the transition probabili-
ties for each step contained within each observed transition
(health and work states at consecutive observed time points) or
sequence of transitions (where more than one transition was
observed for an individual). HWLE was estimated according to
the health and work state occupied at age 50 years and averaged
(weighted by the prevalence of occupying each health and work
state at age 50 years) to estimate HWLE for the population. Fur-
ther details are provided elsewhere [11,12]. The prevalence of
state occupation at age 50 was taken as the mean of the forward
and backward stable prevalences from the IMaCh transition
model, weighted by the years to convergence.

First of all, HWLE was estimated overall for all the countries,
and then by sex and education. HWLE was then estimated for
those with and without arthritis for each country and then by
sex, education and physical inactivity. Estimates are presented
for 19 countries.

RESULTS
Sample characteristics

Table 1 describes the sample sizes for each of the 19 coun-
tries; Supplementary Table S1a and S1b provides further detail.

HWLE varied across the 19 countries (Table 2). HWLE was
highest in Switzerland (10.98; 95% CI: 10.64-11.32) years from
age 50) and lowest in Romania (5.28 years; 4.08, 6.48); that is,
if everyone were to live their healthy working years consecu-
tively, in Switzerland, on average people from age 50 were
healthy and in work until they were 60.98 years old, while in
Romania it was 55.28 years. Supplementary Table S2a and S2b
shows estimates of HWLE for each country overall and stratified
by sex, educational attainment, and physical inactivity.
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Table 1

Observed and weighted numbers and percentages of variables at baseline wave.

(A)
Austria Belgium Czech_Republic Denmark England Estonia France Germany Greece
Baseline wave 1 1 2 1 1 4 1 1 1
No. of survey wave 8 8 7 8 10 6 8 8 6
timepoints analysed
Calendar year period 2004-2022 2004-2022 2006-2022 2004-2022 2002-2023 2010-2022 2004-2022 2004-2022 2004-2022
of survey time points
Total Observed 1534 3694 2618 1660 10,488 6791 2988 2924 2836
participants sample size
Weighted 2,763,714 3,668,946 3,581,609 1,867,472 10,679 499,727 20,785,265 30,505,708 3,926,132
sample size
Age Median Observed 64 (57-72) 63 (55-72) 62 (56 -70) 61 (55-72) 64 (56-73) 65 (58-74) 62 (55-73) 63 (56-70) 61 (54-71)
(IQR) Weighted 63 (56-73) 64 (56-74) 62 (55-71) 61 (55-72) 64 (56-73) 63 (56-73) 64 (56-74) 64 (56-72) 64 (55-72)
Sex Female Observed sample size 896 (58.4%) 1991 (53.9%) 1495 (57.1%) 906 (54.6%) 5579 (53.2%) 4047 (59.6%) 1677 (56.1%) 1569 (53.7%) 1599 (56.4%)
Weighted sample size 1,551,545 (56.1%) 2,027,194 (55.3%) 1,978,938 (55.3%) 1,006,739 (53.9%) 5702 (53.4%) 305,857 (61.2%) 11,604,436 (55.8%) 16,879,063 (55.3%) 2,156,633 (54.9%)
Male Observed sample size 638 (41.6%) 1703 (46.1%) 1123 (42.9%) 754 (45.4%) 4909 (46.8%) 2744 (40.4%) 1311 (43.9%) 1355 (46.3%) 1237 (43.6%)
Weighted sample size 1,212,169 (43.9%) 1,641,752 (44.7%) 1,602,671 (44.7%) 860,733 (46.1%) 4977 (46.6%) 193,870 (38.8%) 9,180,829 (44.2%) 13,626,645 (44.7%) 1,769,499 (45.1%)
RMDs Observed sample size 164 (10.7%) 827 (22.4%) 417 (15.9%) 432 (26.0%) 3215 (30.7%) 1915 (28.2%) 912 (30.5%) 341 (11.7%) 467 (16.5%)
Weighted sample size 295,173 (10.7%) 882,692 (24.1%) 563,351 (15.7%) 489,398 (26.2%) 3263 (30.6%) 138,966 (27.8%) 6,433,085 (31.0%) 3,696,600 (12.1%) 700,659 (17.8%)
Sex + RMDs Male + RMDs Observed sample size 43 (26.2%) 281 (34.0%) 148 (35.5%) 147 (34.0%) 1192 (37.1%) 584 (30.5%) 309 (33.9%) 125 (36.7%) 118(25.3%)
Weighted sample size 83,999 (28.5%) 287,476 (32.6%) 194,595 (34.5%) 167,280 (34.2%) 1199 (36.7%) 39,492 (28.4%) 2,180,084 (33.9%) 1,252,960 (33.9%) 186,967 (26.7%)
Female + RMDs Observed sample size 121 (73.8%) 546 (66.0%) 269 (64.5%) 285 (66.0%) 2023 (62.9%) 1331 (69.5%) 603 (66.1%) 216 (63.3%) 349 (74.7%)
Weighted sample size 211,174 (71.5%) 595,216 (67.4%) 368,756 (65.5%) 322,118 (65.8%) 2064 (63.3%) 99,474 (71.6%) 4,253,001 (66.1%) 2,443,640 (66.1%) 513,692 (73.3%)
Education Less than high school + RMDs Observed sample size 67 (40.9%) 499 (60.3%) 278 (66.7%) 131 (30.3%) 1822 (56.7%) 661 (34.5%) 579 (63.5%) 81 (23.8%) 368 (78.8%)
Weighted sample size 119,763 (40.6%) 515,952 (58.5%) 314,850 (55.9%) 150,528 (30.8%) 1859 (57.0%) 48,320 (34.8%) 4,150,987 (64.5%) 1,009,305 (27.3%) 563,374 (80.4%)
Less than high school + no RMDs Observed sample size 428 (31.2%) 1396 (48.7%) 1205 (54.7%) 287 (23.4%) 3159 (43.4%) 1408 (28.9%) 1011 (48.7%) 426 (16.5%) 1347 (56.9%)
Weighted sample size 769,791 (31.2%) 1,345,843 (48.3%) 1,348,031 (44.7%) 323,984 (23.5%) 3244 (43.7%) 100,354 (27.8%) 7,145,276 (49.8%) 4,776,742 (17.8%) 1,935,146 (60.0%)
Physical inactivity Inactive + RMDs Observed sample size 66 (40.2%) 345 (41.7%) 180 (43.2%) 101 (23.4%) 1602 (49.8%) 703 (36.7%) 323 (35.4%) 95 (27.9%) 200 (42.8%)
Weighted sample size 120,978 (41.0%) 381,210 (43.2%) 208,701 (37.0%) 116,468 (23.8%) 1633 (50.0%) 50,422 (36.3%) 2,370,318 (36.8%) 1,174,606 (31.8%) 300,728 (42.9%)
Inactive + no RMDs Observed sample size 439 (32.0%) 721 (25.1%) 864 (39.3%) 198 (16.1%) 2467 (33.9%) 1311 (26.9%) 663 (31.9%) 538 (20.8%) 621 (26.2%)
Weighted sample size 815,525 (33.0%) 719,978 (25.8%) 1,054,829 (34.9%) 223,281 (16.2%) 2535 (34.2%) 94,448 (26.2%) 4,620,090 (32.2%) 6,179,886 (23.1%) 879,151 (27.3%)
(B)
Hungary Italy Netherlands Poland Portugal Romania Slovenia Spain Sweden Switzerland
Baseline wave 4 1 1 2 4 7 4 1 1 1
No. of survey wave 4 8 6 6 5 3 6 8 8 8
timepoints analysed
Calendar year period 2011-2022 2004-2022 2004-2022 2006-2022 2011-2022 2017-2022 2011-2022 2004-2022 2004-2022 2004-2022
of survey time points
Total participants Observed sample size 2997 2527 2854 2412 1915 1592 2719 2281 2973 941
Weighted sample size 3,860,758 21,724,321 5,202,962 12,252,857 3,831,766 5,835,238 765,280 765,280 3,293,191 2,442,040
Age Median (IQR) Observed 63 (57-71) 63 (57-70) 61 (55-70) 61 (55-71) 64 (56-71) 63 (58-70) 64 (57-73) 66 (57-74) 63 (57-72) 63 (56-72)
Weighted 62 (56-72) 64 (57-73) 61 (55-71) 60 (54-71) 64 (56-73) 63 (57-71) 63 (56-73) 65 (56-74) 63 (56-73) 62 (55-73)
Sex Female Observed sample size 1694 (56.5%) 1409 (55.8%) 1524 (53.4%) 1351 (56.0%) 1073 (56.0%) 930 (58.4%) 1539 (56.6%) 1326 (58.1%) 1592 (53.5%) 507 (53.9%)
Weighted sample size 2,290,998 (59.3%) 12,010,584 (55.3%) 2,784,930 (53.5%) 7,059,560 (57.6%) 2,124,906 (55.5%) 3,444,778 (59.0%) 422,588 (55.2%) 7,688,530 (54.8%) 1,781,202 (54.1%) 1,330,592 (54.5%)
Male Observed sample size 1303 (43.5%) 1118 (44.2%) 1330 (46.6%) 1061 (44.0%) 842 (44.0%) 662 (41.6%) 1180 (43.4%) 955 (41.9%) 1381 (46.5%) 434 (46.1%)
Weighted sample size 1,569,760 (40.7%) 9,713,737 (44.7%) 2,418,032 (46.5%) 5,193,297 (42.4%) 1,706,860 (44.5%) 2,390,460 (41.0%) 342,692 (44.8%) 6,330,161 (45.2%) 1,511,989 (45.9%) 1,111,448 (45.5%)
RMDs Observed sample size 1194 (39.8%) 801 (31.7%) 265 (9.3%) 829 (34.4%) 553 (28.9%) 255 (16.0%) 272 (10.0%) 692 (30.3%) 287 (9.7%) 101 (10.7%)
Weighted sample size 1,515,734 (39.3%) 6,867,196 (31.6%) 497,739 (9.6%) 4,084,331 (33.3%) 978,821 (25.5%) 889,607 (15.2%) 71,491 (9.3%) 3,918,119 (27.9%) 328,430 (10.0%) 267,232 (10.9%)
Sex + RMDs Male + RMDs Observed sample size 425 (35.6%) 254 (31.7%) 74 (27.9%) 299 (36.1%) 175 (31.6%) 70 (27.5%) 79 (29.0%) 197 (28.5%) 79 (27.5%) 29 (28.7%)
Weighted sample size 485,364 (32.0%) 2,064,609 (30.1%) 128,260 (25.8%) 1,371,005 (33.6%) 234,942 (24.0%) 224,676 (25.3%) 19,007 (26.6%) 1,168,859 (29.8%) 85,936 (26.2%) 70,767 (26.5%)
Female + RMDs Observed sample size 769 (64.4%) 547 (68.3%) 191 (72.1%) 530 (63.9%) 378 (68.4%) 185 (72.5%) 193 (71.0%) 495 (71.5%) 208 (72.5%) 72 (71.3%)
Weighted sample size 1,030,370 (68.0%) 4,802,587 (69.9%) 369,479 (74.2%) 2,713,326 (66.4%) 743,879 (76.0%) 664,931 (74.7%) 52,484 (73.4%) 2,749,260 (70.2%) 242,494 (73.8%) 196,465 (73.5%)
Education Less than high school + RMDs Observed sample size 487 (40.8%) 680 (84.9%) 152 (57.4%) 474 (57.2%) 494 (89.3%) 157 (61.6%) 125 (46.0%) 639 (92.3%) 162 (56.4%) 68 (67.3%)
Weighted sample size 598,091 (39.5%) 5,788,307 (84.3%) 289,627 (58.2%) 2,318,224 (56.8%) 876,549 (89.6%) 565,981 (63.6%) 30,579 (42.8%) 3,540,239 (90.4%) 193,362 (58.9%) 178,483 (66.8%)
Less than high school + no RMDs  Observed sample size 456 (25.3%) 1282 (74.3%) 1471 (56.8%) 669 (42.3%) 1026 (75.3%) 630 (47.1%) 820 (33.5%) 1313 (82.6%) 1404 (52.3%) 423 (50.4%)
Weighted sample size 645,602 (27.5%) 10,889,740 (73.3%) 2,690,030 (57.2%) 3,418,101 (41.8%) 2,168,600 (76.0%) 2,473,425 (50.0%) 229,194 (33.0%) 8,043,656 (79.6%) 1,554,809 (52.4%) 1,112,942 (51.2%)
Physical inactivity Inactive + RMDs Observed sample size 543 (45.5%) 344 (42.9%) 76 (28.7%) 432 (52.1%) 286 (51.7%) 119 (46.7%) 105 (38.6%) 227 (32.8%) 66 (23.0%) 26 (25.7%)
Weighted sample size 757,234 (50.0%) 3,145,155 (45.8%) 144,123 (29.0%) 2,185,056 (53.5%) 496,525 (50.7%) 398,353 (44.8%) 30,368 (42.5%) 1,251,498 (31.9%) 87,341 (26.6%) 65,979 (24.7%)
Inactive + no RMDs Observed sample size 564 (31.3%) 600 (34.8%) 457 (17.7%) 612 (38.7%) 686 (50.4%) 467 (34.9%) 649 (26.5%) 379 (23.9%) 406 (15.1%) 139 (16.5%)
Weighted sample size 738,390 (31.5%) 5,584,635 (37.6%) 896,866 (19.1%) 3,106,093 (38.0%) 1,613,039 (56.5%) 1,587,977 (32.1%) 172,108 (24.8%) 2,326,352 (23.0%) 468,721 (15.8%) 379,893 (17.5%)

RMDs, rheumatic and musculoskeletal diseases.
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Table 2

Estimates (and 95% CI) of healthy working life expectancy for adults aged 50 years and over (including adults with and without arthritis, stratified by sex, education, and physical inactivity)

Austria

Belgium

Czech Republic

Denmark

England

Estonia

France

Germany

Greece

Overall

Sex + RMDs

Education + RMDs

Physical inactivity + RMDs

No RMDs

RMDs

Difference (%) in HWLE between
no RMD and RMD

Male + RMDs

Female + RMDs

Male + no RMDs

Female + no RMDs

High school + RMDs

Less than high school + RMDs

High school + no RMDs

Less than high school + no RMDs

Active + RMDs

Inactive + RMDs

Active + no RMDs

Inactive + no RMDs

5.82(5.43, 6.21)
6.05 (5.65, 6.45)
2.60 (1.49,3.71)
3.45 (43.0%)

3.55(2.27, 4.83)
2.43(1.38, 3.48)
7.09 (6.58, 7.60)
5.36 (4.89, 5.83)
2.97 (1.81, 4.13)
1.38 (0.56, 2.20)
6.59 (6.19, 6.99)
3.71(2.94, 4.48)
2.79(1.67,3.91)
2.18(1.01, 3.35)
6.35 (5.94, 6.76)
5.22(4.41, 6.03)

7.08(6.79, 7.37)
7.68 (7.37,7.99)
4.95 (4.39,5.51)
2.73 (64.5%)

5.29 (4.66, 5.92)
4.75(4.18,5.32)
8.07 (7.69, 8.45)
7.23(6.82, 7.64)
5.57 (4.99, 6.15)
3.41 (2.75, 4.07)
8.21(7.88, 8.54)
6.23 (5.67, 6.79)
5.24 (4.67, 5.81)
4.04 (3.32, 4.76)
7.82(7.49, 8.15)
6.93 (6.32, 7.54)

7.13(6.87,7.39)
7.55(7.28,7.82)
5.25 (4.64, 5.86)
2.3 (69.5%)

6.28 (5.62, 6.94)
4.85(4.22,5.48)
7.94 (7.60, 8.28)
7.11(6.73,7.49)
6.11(5.46, 6.76)
3.53 (2.90, 4.16)
8.18(7.87,8.49)
5.79 (5.32, 6.26)
5.41 (4.82, 6.00)
4.49 (3.55,5.43)
7.69(7.41,7.97)
7.10 (6.44,7.76)

9.57(9.23,9.91)
10.47 (10.10, 10.84)
6.53 (5.88,7.18)
3.94 (62.4%)

7.67 (6.95, 8.39)
5.88 (5.19, 6.57)
11.46 (11.00, 11.92)
9.38(8.88,9.88)
7.06(6.41,7.71)
4.70(3.61,5.79)
10.80(10.42,11.18)
7.96 (6.90, 9.02)
6.97 (6.32,7.62)
4.69 (3.56, 5.82)
10.73(10.35,11.11)
8.58(7.49,9.67)

10.56 (10.35, 10.77)
11.55(11.31,11.79)
6.92 (6.50, 7.34)
4.63 (59.9%)

8.18(7.71, 8.65)
5.89 (5.46, 6.32)
12.69 (12.39,12.99)
10.32(10.01, 10.63)
7.51(7.09, 7.93)
5.65(5.11, 6.19)
11.97 (11.72,12.22)
10.18 (9.72,10.64)
8.40(7.97, 8.83)
5.16 (4.66, 5.66)
12.25 (12.00, 12.50)
9.08 (8.64, 9.52)

8.33(8.01, 8.65)
9.21 (8.87,9.55)
4.54(3.96,5.12)
4.67 (49.3%)

4.16 (3.58, 4.74)
4.78 (4.15, 5.41)
8.76 8.31,9.21)
9.66 (9.19, 10.13)
4.85 (4.25, 5.45)
2.49 (1.89, 3.09)
9.73(9.37,10.09)
5.89 (5.00, 6.78)
5.00 (4.40, 5.60)
2.96 (2.31, 3.61)
9.67 (9.30, 10.04)
7.13 (6.36, 7.90)

7.28(7.02,7.54)
7.70 (7.40, 8.00)
5.86 (5.38, 6.34)
1.84(76.1%)

5.88 (5.35, 6.41)
5.76 (5.24, 6.28)
7.83(7.47,8.19)
7.66 (7.26, 8.06)
6.13 (5.64, 6.62)
5.10(4.47,5.73)
8.05(7.74, 8.36)
6.46 (5.89,7.03)
6.23 (5.75,6.71)
4.92 (4.28,5.56)
7.99(7.67,8.31)
7.01(6.48,7.54)

6.90 (6.54, 7.26)
7.43 (7.06, 7.80)
3.96 3.25, 4.67)
3.47 (53.3%)

3.96 (3.17, 4.75)
3.93(3.21, 4.65)
7.67 (7.18, 8.16)
7.22(6.75, 7.69)
4.15(3.43, 4.87)
2.29(1.44,3.14)
7.63 (7.25, 8.01)
4.79 (3.68, 5.90)
3.96 (3.25, 4.67)
3.27 (2.39, 4.15)
7.57 (7.18, 7.96)
6.76 (5.94, 7.58)

9.67(9.22,10.12)
9.94 (9.48, 10.40)
6.14(4.57,7.71)
3.8(61.8%)

10.13(8.56,11.70)
5.67 (4.17,7.17)
12.70 (12.23,13.17)
7.52(6.91, 8.13)
6.90 (5.26, 8.54)
5.82(4.20, 7.44)
10.59(10.08, 11.10)
8.82(8.11, 9.53)
6.59 (4.98, 8.20)
6.83 (5.21, 8.45)
9.91 (9.40, 10.42)
9.97 (9.24,10.70)

Hungary

Italy

Netherlands

Poland

Portugal

Romania

Slovenia

Spain

Sweden

Switzerland

Overall
RMDS

Sex +RMDs

Education +RMDs

Physical inactivity +RMDs

8.26 (7.66, 8.86)
No RMDs 9.37 (8.86, 9.88)
RMDs 4.70 (2.73, 6.67)
Difference (%) in HWLE between 4.67 (50.2%)
no RMD and RMD

Male +RMDs 7.04 (5.73, 8.35)
Female + RMDs 4.19 (2.86, 5.52)
Male + no RMDs 10.73(10.15,11.31)
Female + no RMDs 7.84(7.17, 8.51)
High school + RMDs 5.15(3.97, 6.33)
Less than high school + RMDs 3.44 (2.56, 4.32)
High school + no RMDs 10.05 (9.54, 10.56)
Less than high school + no RMDs 5.98 (4.86,7.10)
Active + RMDs 5.17 (3.88, 6.46)
Inactive + RMDs 4.66 (3.57, 5.75)
Active +no RMDs 9.86 (9.24, 10.48)
Inactive + no RMDs 8.62(7.94, 9.30)

7.22(6.84, 7.60)
7.64 (7.24, 8.04)
5.36 (4.57, 6.15)
2.28 (70.2%)

7.74 (6.92, 8.56)
4.58 (3.78, 5.38)
9.23 (8.79, 9.67)
6.21 (5.67, 6.75)
8.03(7.13,8.93)
3.94 (3.18, 4.70)
9.85(9.34,10.36)
5.87 (5.39, 6.35)
6.01 (5.20, 6.82)
4.10 (3.20, 5.00)
7.78 (7.32, 8.24)
7.36 (6.77, 7.95)

8.15(7.71, 8.59)
8.32(7.89, 8.75)
3.82(3.25, 4.39)
4.50 (45.9%)

4.65 (3.83,5.47)
3.67 (3.11, 4.23)
9.58 (9.07, 10.09)
7.01 (6.4, 7.58)
4.20 (3.41, 4.99)
3.64 (3.05, 4.23)
9.32(8.83,9.81)
6.40 (5.76,7.04)
3.49 (2,87, 4.11)
4.08 (3.4, 4.72)
8.48 (8.03, 8.93)
6.98 (5.81, 8.15)

6.13(5.69, 6.57)
6.54 (6.09, 6.99)
4.60(3.72,5.48)
1.94 (70.3%)

5.91 (4.93, 6.89)
3.78 (2.94, 4.62)
7.81(7.23,8.39)
5.50 (4.97, 6.03)
4.80 (3.93, 5.67)
4.19(2.95,5.43)
6.90 (6.45, 7.35)
5.13(4.03,6.23)
4.73 (3.84,5.62)
4.40(3.35,5.45)
6.87 (6.38,7.36)
5.89 (5.09, 6.69)

7.90 (7.06, 8.74)
8.05(7.22,8.88)
8.05(6.17,9.93)
0.00 (100.0%)

9.29(6.95, 11.63)
7.76 (5.86, 9.66)
9.29(8.30,10.28)
6.96 (5.96, 7.96)
10.26 (7.66, 12.86)
8.13(6.29,9.97)
8.94(7.54,10.34)
7.62 (6.74, 8.50)
8.77 (6.92,10.62)
6.73 (4.40, 9.06)
8.27 (7.36,9.18)
7.22(5.98, 8.46)

5.28 (4.08, 6.48)
5.35 (4.14, 6.56)
4.96 (1.31, 8.61)
0.39 (92.7%)

5.03 (1.30, 8.76)
5.17 (1.51, 8.83)
6.54 (5.13, 7.95)
5.00 (3.61, 6.39)
5.96 (1.95, 9.97)
4.38(0.91, 7.85)
6.21 (4.89,7.53)
4.03 (2.48,5.58)
5.26 (1.64, 8.88)
4.54(0.15, 8.93)
5.57 (4.36, 6.78)
4.37 (2.01, 6.73)

6.42 (6.02, 6.82)
6.57 (6.17, 6.97)
3.17 (1.44, 4.90)
3.40 (48.3%)

3.16 (1.42, 4.90)
3.07 (1.34, 4.80)
7.08 (6.60, 7.56)
6.06 (5.50, 6.62)
3.63 (1.82, 5.44)
1.77 (0.49, 3.05)
7.30 (6.91, 7.69)
3.67 (2.80, 4.54)
3.29(1.57,5.01)
3.37 (1.25, 5.49)
6.52(6.11, 6.93)
7.18 (6.15, 8.21)

5.98 (5.62, 6.34)
6.38(5.99,6.77)
3.62(2.93,4.31)
2.76 (56.7%)

5.09 (4.27,5.91)
3.30 (2.62, 3.98)
7.29(6.79,7.79)
5.70(5.21, 6.19)
4.88(4.04,5.72)
3.15(2.50, 3.80)
8.55(7.97,9.13)
5.37 (4.93, 5.81)
4.13(3.41,4.85)
2.75(1.98,3.52)
6.75(6.34,7.16)
5.06 (4.33,5.79)

10.70 (10.41, 10.99)
11.11 (10.81,11.41)
7.37 (6.56, 8.18)
3.74(66.3%)

8.21(7.38,9.04)
6.90 (6.07, 7.73)
11.97 (11.60, 12.34)
10.26 (9.84,10.68)
7.62(6.81, 8.43)
5.87 (4.86, 6.88)
11.48 (11.16,11.80)
9.86 (9.24,10.48)
7.41 (6.60, 8.22)
6.02(4.92,7.12)
11.27 (10.96, 11.58)
10.11 (9.24,10.98)

10.98 (10.64, 11.32)
11.47 (11.10, 11.84)
8.13(7.34,8.92)
3.34(70.9%)

8.59 (7.70, 9.48)
7.75 (6.96, 8.54)
12.49 (12.02, 12.96)
10.48 (10.01, 10.95)
8.56 (7.75, 9.37)
6.36 (5.37,7.35)
11.79 (11.40,12.18)
10.38(9.64,11.12)
7.67 (6.86, 8.48)
7.13(6.12, 8.14)
11.61 (11.22, 12.00)
10.75(9.97,11.53)

HWLE, Healthy working life expectancy; RMDs, rheumatic and musculoskeletal diseases.

‘Te o 9D IM Y

££9T—999T (9207) S8 SIQ Wwnayy uuy




R. Wilkie et al.

Comparing HWLE between populations with and without RMDs
in 19 countries across Europe

In 18 of the 19 countries, HWLE was lower for the popula-
tions with RMDs than in the populations without RMDs (Fig 1).
In Portugal, HWLE was similar in both populations with and
without RMDs. In 6 of the 19 countries, HWLE in the popula-
tions with RMDs was around 50% or less, from age 50 years, of
the populations without RMDs. The lowest HWLE for popula-
tions with RMDs was for Austria: 2.60 (1.49, 3.71) years, which
was 43.0% of HWLE for the population without RMD. The other
countries were Netherlands (45.9%), Slovenia (48.3%), Estonia
(49.3%), Hungary (50.2%), and Germany (53.3%). In a further 6
countries, HWLE for the population with RMDs was greater than
a third less than for the population without RMD: Spain
(56.7%), England (59.9%), Greece (61.8%), Denmark (62.4%),
Belgium (64.5%), and Sweden (66.3%). The greatest difference
in HWLE between populations with and without RMDs was in
Estonia and Hungary (both 4.67 years).

Of the countries showing a difference, the country with the
smallest difference in HWLE between populations with and
without RMDs was France; HWLE for the population with RMDs
was 76.1% of the population without RMDs. The country with
the highest HWLE for the population with RMDs was Switzer-
land (8.13 [7.34, 8.92] years).

Ann Rheum Dis 85 (2026) 1666—1677

Comparing HWLE by sex for the population within countries with
RMDs

In populations with RMDs, HWLE was higher in men than in
women in 17 countries (Fig. 2); the greatest difference (56%)
was in Greece where men with RMDs on average were healthy
and in work for 10.13 (8.56, 11.70) years and women for 5.67
(4.17,7.17) years. HWLE was higher for women than for men in
Estonia and Romania. The lowest HWLE for women with RMDs
was in Austria (2.43 [1.38, 3.48] years) and for men with RMDs
was in Slovenia (3.16 [1.42, 4.90] years).

Comparing HWLE by education for the population within
countries with RMDs

In populations with RMDs, HWLE was lower in all countries
for populations with lower education. Austria had the lowest
HWLE for populations with RMDs with high education (2.97
[1.81, 4.13] years) as well as for the population with RMDs with
low education (1.38 [0.56, 2.20] years). Portugal had the high-
est HWLE for populations with RMDs and high education (10.26
[7.66, 12.86] years) and for RMDs and low education (8.13
[6.29, 9.97]years). The greatest difference, within a country, in
HWLE between populations with high and low education for
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Figure 1. (A) Healthy working life expectancy for adults over 50 with or without RMDs stratified by country. (B) Healthy working life expectancy for
adults over 50 with or without RMDs stratified by country. RMDs, rheumatic and musculoskeletal diseases.
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Figure 1. Continued.

those with RMDs, was for Italy (4.09 years; 8.03 [7.13, 8.93]
years compared to 3.94 [3.18, 4.70] years).

Comparing HWLE by physical activity for the population within
countries with RMDs

For those with RMDs, HWLE was higher in the populations
who were categorised as being physically active in 16 countries.
In Slovenia, Netherlands, and Greece, in the population with
RMDs, HWLE was similar in the populations who were categor-
ised as physically active and physically inactive. In 4 countries
(Denmark, England, Estonia, and Spain), in the populations with
RMDs who were physically inactive, HWLE was approximately
one-third or less than that of the population of those who had
RMDs and were physically active.

DISCUSSION
Key findings

This study has used nationally representative longitudinal
data from 19 countries across Europe to estimate the average
amount of time that adults who have RMDs are healthy and in
work from age 50. These results indicate that RMDs are
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associated with a significant reduction in length of healthy
working life; in 6 countries, the number of years that the popula-
tion with RMDs were healthy and in work was around a half, or
less, than that of the population without RMDs. This could indi-
cate the extent of the role that joint pain, fatigue, and related
disability, as well as other symptoms and morbidities that peo-
ple with RMDs experience, have on being healthy and in work.
HWLE will differ due to a range of factors and the differences in
the amount of HWLE in populations with RMDs by country indi-
cate differences in disability pension schemes and support for
people with RMDs in the workplace to compensate for the mis-
match in work capacity.

Differences by sex, education, and physical (in)activity, as
well as country, highlight the role of broader factors (including
retraining and workplace support) and indicate there are oppor-
tunities to improve the number of years that people can be
healthy and in work. Levels of job access, differences in avail-
able occupations in each country, caring responsibilities, meno-
pause and differences in state pension age will contribute to
variation by sex [24]. For example, in 2023, state retirement age
was 5 years higher for men than for women in Austria and
Poland (65 years compared to 60 years). As well as indicating
the relationship HWLE has with educational level, education
acts as a proxy for socioeconomic status [25]. Lower education
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is associated with occupations with less skill, latitude, and deci-
sion authority and a higher likelihood of environmental expo-
sures to harmful conditions including adverse ergonomic and
physical demands [26]. People with lower education are more
likely to be in jobs where there is a mismatch between their
capacity to meet job demands [26]. Lower educational attain-
ment reduces the ability to adapt or change roles, and there is
less opportunity to manage the impacts of joint pain and disabil-
ity on employment [24,26].

Physical activity is associated with longer healthy working
lives in people with and without RMDs; in 16 countries, HWLE
was less for the physically inactive RMD population compared
to the active. While this is an association, it suggests that this
may be one opportunity to increase healthy working life through
interventions. Physical activity has long been acknowledged as
being beneficial for physical and mental health and also for
maintaining work participation for people with RMDs [27].
Through its wider effect on health, increasing physical activity
would be expected to achieve an increase in health subsequently
increasing HWLE. Notably, HWLE was higher for people with
RMDs who were inactive compared to active in Greece, the
Netherlands, and Slovenia. In these countries, the prevalence of
RMDs was much lower than in the countries where HWLE is
lower with inactivity; this could suggest that doctor-diagnosed
arthritis differs by country and that diagnosis is given when
arthritis is more severe in Greece, the Netherlands, and Slovenia.
This may also indicate that activity levels act to some extent as a
proxy for the severity of arthritis (more severe pain and disabil-
ity will lead to less activity).

The results are comparable to others focusing on HWLE.
Cross-country variation in HWLE reported using the Sullivan
method (which tends to underestimate estimates compared to
IMacCh) are lower than in this study (eg, HWLE for men in Eng-
land in this study is 8.24 [7.85, 8.64] and was 5.07 [4.84, 5.29]
when using the Sullivan method) [28]. Previously published
estimates of HWLE in England who reported having a doctor
diagnosis of osteoarthritis (6.56 [5.99, 7.12] years) were lower
than those in this study [15]; this is explained by more recent
waves of data used in this study, in which state pension age has
increased, as well as no observed deaths in more recent ELSA
waves; this systematically underrepresents mortality transitions
relative to alive-to-alive transitions. However, because HWLE is
primarily experienced at younger ages from age 50, when mor-
tality rates are relatively low compared to later ages, this poten-
tial upwards bias in HWLE is likely to be small. The differences
within country between men and women with RMDs might be
explained by the availability of jobs that allow people with
RMDs to work through the prevention of pain and disability to
remain healthy and in work. Lower HWLE for women may also
reflect cultural expectation that women will stop working earlier
or focus on unpaid work such as caring responsibilities [29].

The strengths of this study include the use of nationally rep-
resentative longitudinal datasets with sufficient sample sizes for
comparison of HWLE by country. HWLE was estimated using
multistate models which consider the transition between states
between time points and is considered the best approach for
generating health expectancy estimates [30]. However, these
methods demand large sample sizes across multiple dimensions:
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sufficient participants and waves to generate adequate total
transitions, sufficient observations within each subgroup of
interest (eg, participants with or without particular characteris-
tics), and sufficient observations of specific transition types
within each subgroup (eg, participants with particular combina-
tions of characteristics making particular transitions). Given
these demands, examination of dataset characteristics and
model outputs suggested that representativeness may be more
limited in Greece, Portugal, and Romanian SHARE survey data-
sets, and that cautious interpretation is warranted of arthritis-
stratified results for Portugal, and arthritis by activity status in
Slovenia. Representativeness appeared most robust for Belgium,
Czech Republic, England (ELSA), Estonia, and France. We have
not reported the estimates for 10 other countries (Croatia, Fin-
land, Israel, Latvia, Lithuania, Luxemburg, Bulgaria, Malta,
Cyprus, Slovakia) because of limited sample sizes and transitions
to provide detailed estimates. We have also not presented esti-
mates of years spent in other health and work states because of
sample constraints; we have provided estimates of the propor-
tion of those with RMDs who are not healthy or not in work in
Supplementary Table Sla and S1b. Previous analysis of ELSA
data indicated that, in the population with RMDs, with the lower
HWLE, there was 1 year longer in the not healthy and working
state, and substantially higher number of years spent in the not
healthy and not working state compared to those without RMDs
[15]. The definition of health focuses on capacity to work and
alignment with the recommended Global Activity Limitation
Indicator (GALI) [31]. One limitation is that the definition of
work is broad and does not differentiate between amounts of
work (eg, full-time vs part-time). For the health definition, it
was not possible to incorporate the temporality aspect of the rec-
ommended GALI [31].

Self-report of doctor-diagnosed arthritis excludes those who
have joint pain but do not seek healthcare for it; this may mis-
classify those with osteoarthritis who are less likely to seek
healthcare, instead viewing their symptoms as an inevitable part
of ageing that healthcare cannot improve. The binary variable
masks the heterogeneity, in terms of type, severity and time
since diagnosis of RMDs. There is an assumption that self-
reported ‘doctor-diagnosed arthritis’ indicates a similar severity,
type, and distribution of arthritis in each country; differences in
diagnosis may explain some of the differences by country. How-
ever, this operationalisation is likely to capture RMDs that lead
to significant functional limitation, as evidence suggests most
persons with limiting symptoms do seek healthcare advice for it
[32]. Exclusion of those with missing data may have impacted
the representativeness of HWLE estimates. Not having an ‘other’
option for sex may have contributed to a small amount of miss-
ing data.

Knowledge about the differences in HWLE reported in this
manuscript will be crucial for the design of policies aimed at
increasing the length of working life for people with RMDs, par-
ticularly when people will be expected to work until they are
older because of population ageing and pension policies encour-
aging extension to working life. The lower HWLE in adults with
RMDs suggests that extending the length of work participation
will be difficult for many people who experience pain, and func-
tional limitation, from RMDs. The much lower level of HWLE in
most countries across Europe among populations with RMDs
indicates the need for policies to focus on supporting people
with RMDs to remain in/return to work to reduce the inequality.
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This would be encouraged by having work participation as a
treatment goal to encourage a focus on work for working-age
adults and to utilise opportunities (treatment of RMDs or how to
improve work) for people with RMDs [1]. The higher levels for
some countries and strata indicate there is potential for HWLE
to increase. Policy issues that impact at macrolevel and on eco-
nomic conditions may be beyond the scope of the RMD commu-
nity but targeting the need to support health and work must
continue to be a priority. Policy focusing on individual factors
that target work expectations and culture and lifestyle factors,
such as known detriments to health (eg, obesity), would reduce
the impact on people with RMDs. The further reduction in
HWLE linked to sex and education indicates a focus on support-
ing women and those who are in occupations linked to lower
socioeconomic status and where workers have less latitude to
manage pain and disability. This can include initiatives to pro-
mote job availability and fair hiring practices, facilitate training
and retraining opportunities for workers with RMDs, and
encourage employer flexibility to adapt jobs and workplaces. A
focus on maintaining health in the worker, which would include
maintenance of physical activity, would contribute to increases
in the ability of people with RMDs to work for longer. This
should include adults aged less than 50 when RMDs begin to
influence work participation.

A key implication for research is that there is a need for larger
sample sizes to model the transitions that occur and datasets that
provide information across health, work, and lifestyle factors.
This will provide a greater understanding of how health, socio-
demographic, workplace, and environmental factors combine to
drive being healthy and in work; this includes understanding
why absenteeism (work absence) and presenteeism (reduced
productivity while at work due to illness or for other reasons)
occur.

In conclusion, the findings indicate that people with RMDs
have substantially reduced ability to work until they are older.
The magnitude of these differences suggests the need for policy
approaches across Europe and within countries to support lon-
ger healthy working lives. Variations by country, sex, education,
and physical activity levels suggest that HWLE could be
improved through targeted interventions addressing modifiable
factors.
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Criterion validity of the
EULAR Antiphospholipid
Syndrome Disease Activity
Score (EAPSDAS)

The EULAR Antiphospholipid Syndrome Disease Activity
Score (EAPSDAS) is a newly developed clinical measure [1,2]
that measures antiphospholipid syndrome (APS) disease activity
based on new or worsening thrombotic/microvascular/non-
thrombotic (TMN) manifestations and separately scores obstet-
ric manifestations. Either the maximum TMN score or the
average TMN score during an observation period can be calcu-
lated. In initial tests of construct validity, TMN scores were
highly correlated with physician ratings of APS activity in
patient vignettes [1]. Here, we examined the criterion validity
of the TMN maximum score, using mortality as the criterion. We
tested the hypothesis that TMN maximum scores over the study
period would be higher in patients who died from APS than in
patients who died from other causes and those who survived
during observation.

We performed a nested case-control study within the Euro-
Phospholipid cohort, which was a prospective 10-year observa-
tional study of clinical manifestations and outcomes in 1000
patients with primary or secondary APS [3]. We limited our study
to patients with primary APS, because the development of the
EAPSDAS was focused on this group, and to patients observed dur-
ing the last 5 years of the study (2004-2009). New/worsening
TMN manifestations during this period were scored independently
by 3 study investigators (MGT, GJP-E, SS), and the maximum TMN
score was determined. Discrepancies were resolved by consensus.
Mortality and causes of death had previously been recorded [3]
and were used to classify cases (death due to APS) and 2 groups of
controls (death from other causes; alive). We used Wilcoxon rank-
sum tests to compare maximum TMN scores between groups.

The 459 patients had a median (25th, 75th percentile) age of 49
(42, 60) years, and 78% were women. The median TMN maximum
score was 0 (0, 39). During the observation period, 12 patients
died from manifestations of APS, including stroke (n = 4), myocar-
dial infarction (n = 3), pulmonary embolism (n = 3), haemor-
rhage (n = 1), and catastrophic APS (n = 1). Fifteen patients died
from other causes (infections in 8), and 432 patients survived;
10 patients were lost to follow-up during observation.

TMN maximum scores were significantly higher among
patients who died from APS (median 87 [25th, 75th percentile
86, 87]) than among those who survived (median 0 [25th, 75th
percentile 0, 0]) and those who died from other causes (median
0 [25th, 75th percentile 0, 65]) (Table). Although age and sex
distributions were similar between cases and controls, we also
compared TMN maximum scores within sex/age subgroups to
control for potential confounding. Results were similar in these
subgroups (Table).

Strengths of the study include the use of data from the largest
cohort to date of patients with primary APS with information on
all new thrombotic, microvascular, and nonthrombotic manifes-
tations scored using the EAPSDAS, and the inclusion of multiple
European centres, supporting the generalizability of our find-
ings. A limitation is the lack of information on the exact time
new manifestations occurred, which precludes calculation of the
average TMN score. We controlled for age and sex but not for
comorbidities such as cardiovascular risk factors [4] and APS-
related treatments (eg, anticoagulants and/or antiplatelets),
because the associations of cardiovascular risk factors and treat-
ments with death is largely through, and not independent of,
APS events.

In showing a strong association with disease-specific mortal-
ity, these results support the criterion validity of the TMN scale
of the EAPSDAS. As with other time-adjusted disease activity
scores (eg, Systemic Lupus FErythematosus Disease Activity
Index) [5], validating the TMN maximum score against mortal-
ity suggests an association between disease activity and long-

Table
Comparison of maximum TMN scores during observation in patients based on cause of death
Number Maximum TMN score, median (25™, 75™) P P
Alive Death from Death due to Death due to Death due to APS vs
other causes APS APS vs alive death from other causes
All 453 0(0,0) 0 (0, 65) 87 (86, 87) <.0001 <.0001
Men 68 0(0,61) 0(0,0) 86 (85, 87) <.0001 <.0001
Women aged 18-44 y 128 0(0,39) 0(0, 0) 87 (85, 95) <.0001 <.0001
Women aged 45-64 y 167 0(0,0) 39 (0, 82) 87 (87, 87) <.0001 <.0001
Women aged 65 y or older 44 0(0,47) 0 (0, 32.5) 87 (85, 87) <.0001 <.0001

APS, antiphospholipid syndrome; TMN, thrombotic/microvascular/nonthrombotic.

Data on age or sex were missing for 46 patients.
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term survival. This may help identify groups at high risk requir-
ing aggressive, targeted therapies [6]. Additional studies are
needed to examine the validity of average TMN scores over time
and of the obstetric scale.
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MRI Structural leSi ons in MRI sacroiliac joint (SIJ) structural score (SPARCC-SSS), which
L. . . uses a count for each lesion type, but without an overall or
aXSpA: dlStlngUIShlng aggregated score [2]. Building on this, the total number of struc-
tural lesions has been reported as an outcome [3]. In parallel,
outcome measures from dichotomous lesion thresholds, such as ‘>5 fat lesions or
diagnOStiC threShOIdS erosions,” ‘>3 SIJ quadrants with erosions,” or ‘>5 fat lesions’

on MRI of the SIJ or spine have been proposed to maximise dis-
Inhibiting development and progression of structural damage ~ Crimination between axSpA and .non-ax.SpA chron‘i? ba.ck pain
is a priority for patients with axial spondyloarthritis (axSpA) and can therefore be useful for diagnostic or classification pur-
[1]. To address this concern, the measurement of structural  Poses instudies [4,5]. _ _
damage is important. Radiographs have traditionally been used The lf‘Ck of consensgal a'nd validated instruments ha§ caused
to measure structural damage, but their sensitivity is low. Mag- substantial heterogeneity in how MRI structural lesions are
netic resonance imaging (MRI) has emerged as an alternative to ~ assessed across stud1es: Moreover, the proposed measures are
allow earlier and more sensitive detection of structural lesions, ~ °ften applied irrespective of the study type or obje.ctwe. This
such as erosions, fat lesions, or ankylosis, in axSpA. Conse- may.allso happen due toa lack of agreement in th? field on the
quently, MRI has been increasingly used in research studies, ~ SPecific measurement instruments to use [3,6]. It is essential to
including clinical trials, to assess structural damage over time. point out that the aboYementloned approaches serve different
Currently, no outcome measurement instruments have been purposes. Structural lesion counts quantify the structural burden
formally validated for quantifying MRI structural lesions in  ©Of Progression in patients with axSpA 3"1_1‘:1 are ther(?fore best
axSpA. Individual groups have proposed and started to use dif- regarded as outcome measures. The specific count variable may
ferent methods for measuring MRI structural damage. Some differ—for example, the measures listed in the Table and scoring
approaches focus on counting individual lesions, such as the  SyStems §uch as the SPARCQ'SSS and Canada.-Denmark
Spondyloarthritis Research Consortium of Canada (SPARCC)  MRI scoring system of the spine (CANDEN), which apply

Table
MRI structural lesions in axSpA and examples of their use as outcome measure or as a diagnostic threshold

Structural lesions Use as an outcome measure ~ Use as diagnostic threshold (dichotomous threshold with high
specificity for axSpA and good discriminatory capacity)

MRI-SLJ
Erosions 0-40 >3 erosions
>3 SIJ quadrants with erosions
>1 erosion present in >2 consecutive slices
Fat lesions 0-40 >3 fat lesions
>5 erosions or fat lesions
>5 SIJ quadrants with fat lesions
>1 fat lesion present in >3 consecutive slices
>1 deep fat lesion (>1 cm depth)

(partial) Ankylosis 0-24°

Total structural lesions”  0-104

MRI spine

Erosions 0-92

Fat lesions 0-92 >5 fat lesions
Bone spurs 0-92

Ankylosis 0-46

Total structural lesions®  0-322

axSpA; axial spondyloarthritis; MRI; magnetic resonance imaging; SIJ, sacroiliac joint.

@ Difference in scoring from the original Spondyloarthritis Research Consortium of Canada (SPARCC) sacroiliac joint
structural score because of scoring 6 slices, in alignment with the assessment of bone marrow oedema following the
SPARCC scoring system.

b Total structural lesions considering erosions, fat lesions, and (partial) ankylosis.

¢ Total structural lesions considering erosions, fat lesions, bone spurs and ankylosis.
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different ranges—but the underlying principle remains the same
[2,3,6—8]. In contrast, dichotomous thresholds such as ‘>5 fat
lesions or erosions’ are markers of disease presence. These bino-
mial thresholds were ‘tailor-made,” namely for optimally distin-
guishing patients with chronic back pain due to axSpA from
those with pain due to other causes. This means that binomial
thresholds cannot be used to monitor the severity or degree of
abnormalities in patients with axSpA over time, as their binary
nature obscures true quantitative change.

To promote methodological consistency, we emphasise the
importance of distinguishing existing measures of MRI structural
lesions by their intended use. When using imaging outcomes in
longitudinal studies of structural progression, researchers
should select lesion-count scores designed for outcome assess-
ment (Table, left column). For diagnostic or classification stud-
ies, especially those differentiating axSpA from non-axSpA
chronic back pain, dichotomous thresholds that are discrimina-
tory between groups should be used (Table, right column).
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Correspondence on ‘How
long do people with
rheumatic and
musculoskeletal diseases stay
healthy and in work across
Europe? Analysis of data from
SHARE and ELSA’ by Wilkie
et al

To the Editor,

We read with interest the paper by Wilkie et al [1], which
estimates healthy working-life expectancy (HWLE) for people
with rheumatic and musculoskeletal diseases (RMDs) across 19
European countries [1]. It is an important study and a timely
reminder of the scale of the work-related disadvantage associ-
ated with RMDs. However, it identifies the burden more clearly
than the remedy. That distinction matters if cross-country differ-
ences are to inform policy.

Caution begins with the exposure definition. RMD status was
based on self-report of ever having received a doctor’s diagnosis
of ‘arthritis or rheumatism’, and once recorded, was treated as
irreversible [1]. As the authors acknowledge, this binary vari-
able obscures heterogeneity in diagnosis, severity, and duration,
and may also reflect differences in diagnostic practice across
countries [1]. Clinically, this is not a minor caveat. ‘Arthritis or
rheumatism’ is not a single entity, and a broad administrative
category is a poor substitute for disease phenotype when the
question is why one country appears to sustain work better than
another. Some of the observed variation in work sustainability
may therefore reflect differences in who is classified as having
RMD in the first place.

Interpretation is further complicated by the outcome struc-
ture. The model combines 3 distinct states: healthy and not at
work, not healthy and at work, and not healthy and not at work,
into a single residual category [1]. The authors are clear that
this simplification reflects sample constraints [1]. Even so, the
price is interpretive ambiguity, a problem well recognised in
studies using work participation as an outcome domain [2,3]. A
reduction in HWLE driven mainly by labour-market exit is not
the same problem as one driven mainly by deterioration in
health status, even if both reduce the same summary measure.
The policy implications are plainly different: one points towards
pension rules, job design, and workplace accommodation; the
other towards disease control, rehabilitation, and -clinical

https://doi.org/10.1016/j.ard.2026.03.009
Received 9 March 2026; Accepted 10 March 2026

support [2,3]. When these pathways are not separated, the pol-
icy signal is inevitably blurred.

This becomes more important when sample limitations are
considered. The authors note that representativeness may be
more limited in Greece, Portugal, and Romania; that some strati-
fied estimates require particular caution; and that results for 10
additional countries could not be presented because sample
sizes and transitions were insufficient [1]. These acknowledge-
ments strengthen confidence in the authors’ judgement, but
should also temper confidence in the precision of cross-national
ranking. When both the case definition and transition modelling
are partly constrained by the data, international contrasts should
be interpreted with caution.

Similar care is needed when interpreting physical inactivity.
The association with lower HWLE is clinically plausible and
important. However, the paper notes that inactivity may partly
serve as a proxy for pain, disability, or disease severity and high-
lights countries where the expected pattern is not observed [1].
In this setting, inactivity cannot yet be assumed to be a straight-
forward intervention target [4,5]. What is robustly shown is
association; what remains uncertain is how much of that associa-
tion is independently modifiable.

None of this diminishes the value of the study. On the con-
trary, it makes an important contribution by quantifying the loss
of healthy working years associated with RMDs across Europe
[1]. But its principal strength is descriptive. The paper convinc-
ingly shows that the burden is large. It is less able, at least in its
present form, to show which levers should be pulled, in which
countries, and for what precise reason. That distinction matters
to clinicians, employers, and policymakers alike.
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Response to correspondence
on “How long do people with
rheumatic and
musculoskeletal diseases stay
healthy and in work across
Europe?”

We thank Weglowski and colleagues [1] for their thoughtful
engagement with our study [2].

We agree that the analysis is principally descriptive. Healthy
working life expectancy (HWLE) is a population indicator that
quantifies the average number of years that a population spends
in both healthy and in work from age 50 years, and estimates
are descriptive rather than causal. The substantial variation we
observed, with HWLE for populations with rheumatic and mus-
culoskeletal diseases (RMDs) falling to around half that of popu-
lations without RMDs in several countries, demonstrates the
scale of disadvantage associated with these conditions across
Europe. This variation, even allowing for differences in measure-
ment and case ascertainment, signals that policy-relevant differ-
ences exist and merit further attention.

Our study reported HWLE; however, it was not feasible to
report time spent in the other health and work states: healthy
and not working, not healthy and working, and not healthy and
not working. In other studies where such reporting was possible,
time spent in the unhealthy but still working state was generally
limited, suggesting that health status is an important aspect of
maintaining work participation [3—5].

HWLE does not clearly distinguish whether reductions pri-
marily arise from health deterioration or labour market exit.
Weglowski et al [1] are clear that both health and work are
important to the conversation of extending working lives [1].
We agree that understanding pathways out of healthy work
requires recognising that both health and work play a role and
furthermore that these roles interact. Whether a given job
remains sustainable depends on functional capacity and broader
psychosocial factors, including those in the workplace. The
availability of suitable job roles also varies by context. This is
why we examined HWLE rather than healthy life expectancy or
working life expectancy alone. Neither measure alone provides
a clear policy signal about the population’s readiness to extend
working lives, making HWLE better suited for this purpose.
Understanding why populations differ in HWLE, and what can
be done to improve it, requires studies that examine transitions

DOI of original article: http://dx.doi.org/10.1016/j.ard.2026.03.009.

https://doi.org/10.1016/j.ard.2026.03.028
Received 23 March 2026; Accepted 24 March 2026

between health and work states, informed by descriptive find-
ings such as these.

The broad self-reported category of ‘arthritis or rheumatism’
used in this study grouped together a wide range of musculo-
skeletal conditions, varying in terms of duration, severity, and
impact on work and health, and we treated onset as irreversible
once reported [6]. This operationalisation reflects what the sur-
vey data provide and aligns with how musculoskeletal condi-
tions are often recorded in population work-related statistics,
but it is indeed a limitation, particularly for condition-specific
interpretation. Further work is needed to understand how differ-
ent factors influence staying in or exiting from healthy work and
how these pathways differ across condition types and between
populations with and without RMDs. This includes understand-
ing the role of factors such as physical inactivity, which may act
as intervention targets, markers of severity, or both.

The findings provide a foundation, as Weglowski et al [1]
also suggested; they quantify the burden, identify variation asso-
ciated with RMDs by country and sociodemographic factors, and
suggest that opportunities for improvement exist. Realising
those opportunities will require larger data sets amenable to
modelling transitions in greater detail and studies designed to
identify which specific factors function as modifiable policy lev-
ers in different contexts.
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Correspondence on ‘Psoriatic
dactylitis: the association
with HLA genetic
susceptibility markers’ by
‘Kharouf et al.’

Dear Editor,

I read with great interest the fascinating recent report by
Kharouf et al, ‘Psoriatic dactylitis: the association with HLA
genetic susceptibility markers’ [1]. Human leukocyte antigen
(HLA) class I, including specific HLA-B alleles—particularly
HLA-B27—is a known susceptibility marker for psoriatic arthri-
tis (PsA) occurrence [2]. In their large cohort (n = 1216), in
addition to HLA-B27, HLA-C alleles—especially HLA-C2—are
suggested to be associated with the dactylitis domain of PsA [1].
Such a novel association with HLA-C is intriguing; further vali-
dation is essential [3]. HLA-C locus alleles likely influence the
clinical features of PsA, but additional subanalyses may be
needed to explore this interesting finding, as detailed below.

In regression models, the risk is approximately 2 for HLA-
B*27 (odds ratio [OR] 1.94, 95% CI 1.49-2.53), HLA-C*02 (OR
1.63, 95% CI 1.17-2.25), and the haplotype HLA-B*27/C*02
(OR 1.88, 95% CI 1.32-2.67). The study showed a positive asso-
ciation between PsA dactylitis (both tender and nontender) and
the presence of HLA-B*27, HLA-C*02, and HLA-B*27/C*02
genetic markers. Most (93.4%) of their cohort experienced dac-
tylitis resolution during follow-up. Interestingly, analyses of
both univariable and multivariable models, except for HLA-B27,
found no allele or haplotype that was significantly associated
[1]. Adjusting for potential confounders, such as age, sex, calen-
dar decade, PsA duration, and use of antirheumatic drugs, is
important, but I believe the most relevant factor to adjust for is
ethnicity.

In the study cohort, most (85%) participants were of White
ancestry (n = 1033). Among them, the frequency of HLA-B*27
was about 1 in 5 patients (n = 191) across various European
ancestry subgroups (18.5%; range = 5.1%-25%), and approxi-
mately 1 in 2 White patients had dactylitis (49.7%;
range = 45.9%-58.3%) [S3, ref 1]. However, in the non-White
ethnic group (n = 183), the HLA-B*27 frequency was low,
roughly 1 in 15 patients (n = 10), while about 1 in 3 had dacty-
litis (range = 32.3%-42.0%) [S2, ref 1]. Notably, within the
study cohort, White ancestry, which was enriched for HLA-
B*27, showed only a modest increase in PsA dactylitis compared
to non-White groups. This may suggest a role for non-HLA-B*27
factors, such as other HLA genetic susceptibility markers (eg,

https://doi.org/10.1016/j.ard.2026.03.012
Received 10 March 2026; Accepted 12 March 2026

HLA-C), especially in non-White populations. Therefore, a sup-
plementary note should be added to detail the frequency of
other non-HLA-B27 types, including the HLA-C alleles linked
with increased risk (OR) of dactylitis, specifically HLA-C*02 and
HLA-B*27/C*02. Before evaluating the risk of these HLA-C-spe-
cific alleles and haplotypes alongside HLA-B27 for PsA, clinical
phenotypes and specific features like psoriatic dactylitis, data on
missing class I HLA typing across different ethnic groups need to
be completed.

In summary, the connection between HLA genetic suscepti-
bility markers, especially HLA-C, and its influence on the pheno-
type of PsA remains unclear and requires further research.
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Response to correspondence
on “Psoriatic dactylitis: the
association with HLA genetic
susceptibility markers” by
Kharouf et al

We thank Dr Aamar for the careful reading of our work [1]
and for raising important considerations regarding the role of
ethnicity in the interpretation of human leukocyte antigen
(HLA) associations in psoriatic arthritis (PsA).

We agree that population structure is relevant in genetic asso-
ciation studies, particularly given known variability in HLA
allele frequencies across ancestral groups [2]. This was acknowl-
edged in our manuscript as a limitation, as the cohort is predom-
inantly of White ancestry, which may limit generalizability and
preclude robust ancestry-stratified analyses.

However, we would qualify the assertion that ethnicity repre-
sents the most relevant confounder in our time-to-resolution
models. For ethnicity to act as a confounder, it would need to
be associated not only with HLA allele distribution but also
independently with the rate of resolution of tender dactylitis.
Although the former is well established [2,3], the latter remains
uncertain. We therefore consider this an important hypothesis
rather than an established source of confounding.

To address this point directly, however, we performed a sen-
sitivity analysis further adjusting the multivariable Cox models
for ethnicity (White vs other). The results were materially
unchanged (Table 1), including the association between HLA-
B*27 and slower resolution of tender dactylitis, which remained

DOI of original article: http://dx.doi.org/10.1016/j.ard.2026.03.012.

https://doi.org/10.1016/j.ard.2026.03.031
Received 25 March 2026; Accepted 27 March 2026

statistically significant. Estimates for the remaining alleles and
haplotypes were also not meaningfully altered. These findings
are consistent with the primary analysis.

We also agree that additional descriptive data on the distribu-
tion of relevant alleles across ethnic groups may be informative.
The frequencies of HLA-C*02 and the HLA-B*27/C*02 haplo-
type across ethnic strata, alongside HLA-B*27 and dactylitis his-
tory, are provided in Table 2. These alleles were more frequent
in White participants than in other groups. However, given
the limited sample size in non-White strata, particularly within
certain subgroups, these findings should be interpreted with
caution.

Finally, we agree that the relationship between HLA class I
alleles—particularly HLA-C—and specific PsA phenotypes such
as dactylitis remains incompletely defined. Our findings are
consistent with prior studies [3—6] but require replication, par-
ticularly in larger and more diverse cohorts with detailed ances-
try characterization.

In summary, although ethnicity is an important consideration
in genetic studies of PsA, our sensitivity analysis does not sup-
port a material confounding effect on the association between
HLA-B*27 and the resolution of tender dactylitis. We provide
additional data on the distribution of HLA-C*02 and HLA-B*27/
C*02, which were more frequent in White participants; how-
ever, the limited representation of non-White strata precludes
robust inference regarding ancestry-specific effects. As we noted
in the original manuscript, this represents an important limita-
tion of our study; larger, population-based studies are required
to address this.

We thank the author for the thoughtful and constructive
remarks and believe that such scientific dialogue contributes
meaningfully to the advancement of the field.
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Table 1
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Results of the univariable and separate multivariable Cox regression analyses for
each allele or haplotype for the time to resolution of tender dactylitis

Variable Univariable model Multivariable model*
HR 95% CI Pvalue HR 95% CI Pvalue
Alleles
HLA-B*08 0.98 0.76-1.26 0.87 0.99 0.69-1.40 .94
HLA-B*15 1.16 0.86-1.55 0.33 1.10 0.76-1.59 .60
HLA-B*27 0.72 0.56-0.94  0.02 0.75 0.57-0.98 .04
HLA-B*40 1.32 0.80-2.18 0.27 1.50 0.89-2.51 .13
HLA-B*51 0.81 0.54-1.22 0.32 0.86 0.54-1.37 .64
HLA-C*02 0.78 0.59-1.05 0.10 0.84 0.58-1.21 .34
HLA-C*03 1.19 0.89-1.60 0.24 1.41 0.97-2.03 .07
HLA-C*12 1.04 0.83-1.31 0.71 0.97 0.78-1.21 .80
Haplotypes
HLA-B*08/C*07 0.99 0.76-1.28 0.92 1.00 0.73-1.36 .98
HLA-B*27/C*01 0.98 0.67-1.42 0.91 0.98 0.67-1.43 91
HLA-B*27/C*02 0.76 0.53-1.09 0.13 0.80 0.55-1.17 .25
HLA-B*38/C*12 1.03 0.76-1.38 0.85 0.96 0.72-1.30 .80
HLA-B*44/C*05 1.06 0.80-1.40 0.71 1.05 0.75-1.46 77
HLA-B*44/C*16  0.90 0.63-1.29 0.58 0.97 0.59-1.62 .92
HLA-B*57/C*06 0.97 0.71-1.33 0.84 0.99 0.72-1.36 .95

CI, confidence interval; DMARD, disease-modifying antirheumatic drug; HLA, human
leukocyte antigen; HR, hazard ratio; PsA, psoriatic arthritis

* Adjusted for age, sex, ethnicity (White versus non-White), calendar decade (with 1978-
1988 as the reference; other categories: 1989-1999, 2000-2010, and 2011-2024), PsA dura-
tion, and background use of conventional synthetic DMARDs as well as biologic or targeted
synthetic DMARDs, all measured at the time when dactylitis was recorded.
Bold values indicate statistical significance (p < 0.05).

Table 2

Frequency of HLA-B*27, HLA-C*02, and HLA-B*27/C*02 and history of dactylitis across ethnic groups

Variable White (n = 1033)  South Asian (n = 69)  Chinese (n = 31)  Other (n = 83)
HLA-B*27, n (%) 191 (18.5%) 5(7.2%) 0 (0.0%) 5(6.0%)
HLA-C*02, n (%) 128 (12.4%) 3(4.3%) 0(0.0%) 2(2.4%)
HLA-B*27/C*02, n (%) 101 (9.8%) 3(4.3%) 0 (0.0%) 1(1.2%)
Dactylitis ever, n (%) 513 (49.7%) 29 (42.0%) 10 (32.3%) 32(38.6%)

HLA, human leukocyte antigen.
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Correspondence on ‘Final
validation of the hierarchical
framework for outcomes in
axial spondyloarthritis:
longitudinal determinants of
health-related quality of life’

Dear Editor,

We read with interest the 10-year longitudinal analysis by
Ortolan et al. [1] in the Devenir des Spondylarthropathies Indif-
ferénciées Récentes (DESIR) cohort. Their effort to move beyond
cross-sectional associations and to examine how disease activity,
physical function and health-related quality of life (HRQoL)
relate over time is important. We are less convinced, however,
the study justifies the claim of ‘final validation’. What the analy-
sis shows is that, within one early axial spondyloarthritis
(axSpA) cohort and with a selected set of patient-reported
instruments, the Axial Spondyloarthritis Disease Activity Score
(ASDAS) and Bath Ankylosing Spondylitis Functional Index
(BASFI), remain closely linked to later HRQoL. That is not the
same as establishing a definitive hierarchy of outcome genera-
tion in axSpA.

The main difficulty lies in the status assigned to ASDAS. The
model still assumes that ASDAS can be read largely as an
upstream inflammatory construct and BASFI as its downstream
functional consequence. That assumption has become harder to
defend. Recent work suggests that ASDAS in treated axSpA is
shaped not only by inflammation, but also by illness perception
and central sensitisation [2]. The recent Assessment of Spondy-
loArthritis International Society (ASAS) consensus definition of
difficult-to-manage and treatment-refractory axSpA makes the
same point in more practical terms: treatment-refractory disease
requires objective evidence of inflammatory activity and exclu-
sion of noninflammatory explanations for persistent symptoms
[3]. Against that background, the proposed sequence from
ASDAS to BASFI and then to HRQoL looks less like a settled bio-
logical pathway than a model built around a mixed construct.

There is also a more basic issue of measurement proximity.
ASDAS, BASFI, SF-36 and ankylosing spondylitis quality of life
(ASQoL) are all heavily patient-derived and conceptually adja-
cent. Pain, fatigue, limitation, and perceived health run through
all of them. Under those conditions, it is not surprising that
BASFI appears to account for much of the association between

Handling editor Josef Smolen.

https://doi.org/10.1016/j.ard.2026.04.003
Received 6 April 2026; Accepted 7 April 2026

ASDAS and later HRQoL. The question is whether this reflects
mechanism or simply overlap between instruments that interro-
gate neighbouring domains in different language. This matter
because current ASAS-Outcomes Measures in Rheumatology
(OMERACT) work no longer treats axSpA outcomes as reducible
to disease activity and physical function alone. The updated
core set includes fatigue and overall functioning and health
among the mandatory domains, with the ASAS Health Index
selected to capture the latter [4]. A framework confined largely
to ASDAS and BASFI therefore seems narrower than the field’s
current outcome architecture.

The omission of structural damage further limits the model.
Recent data confirm that spinal damage remains independently
associated with physical function, even if its contribution is
smaller than that of disease activity or mobility [5]. Once imag-
ing-defined inflammation, radiographic progression, spinal
mobility, and the broader disease spectrum are left outside the
model, the residual direct effect attributed to ASDAS becomes
difficult to interpret. It is unlikely to represent one coherent
pathway. More probably, it absorbs what the framework does
not measure.

For the same reason, the clinical inference should be stated
more cautiously. Recent guidance places the primary goal of man-
agement on optimising HRQoL through comprehensive manage-
ment of all disease manifestations, prevention of structural
damage, and preservation of physical function, work productivity
and social participation and explicitly recommends that follow-up
should be holistic and supported by, rather than solely reliant on,
disease indices [6]. Seen in that light, the study by Ortolan et al.
[1] offers a useful longitudinal description of how selected
patient-reported domains move together over time, but it does not
provide a final account of outcome generation in axSpA. The pro-
posed hierarchy is informative, but incomplete.
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Response to correspondence
on ‘Final validation of the
hierarchical framework for
outcomes in axial
spondyloarthritis:
longitudinal determinants of
health-related quality of life’

We appreciate the interest shown by Qu et al. [1] in our
work, ‘Final validation of the hierarchical framework for out-
comes in axial spondyloarthritis: longitudinal determinants of
health-related quality of life’ [2], and welcome the opportunity
to respond.

Our conclusion of ‘final validation’ builds on a series of pre-
vious longitudinal studies that have validated the individual
components of the hierarchical framework of outcomes in axial
spondyloarthritis (axSpA) proposed by Machado et al. [3]. Spe-
cifically, 2 longitudinal studies [4,5] of the same Devenir des
Spondylarthropathies Indifferénciées Récentes (DESIR) cohort,
in which we conducted our analysis, demonstrated that (1) dis-
ease activity, structural damage, and spinal inflammation con-
tribute to spinal mobility [4]; and (2) disease activity is the
main contributor to disability (ie, loss of function), together
with spinal mobility [5]. In both studies, contextual factors were
considered in the associations, and their importance was con-
firmed in subsequent studies [4—6]. Starting from this, we con-
tinued and completed the validation of the hierarchical model.
The choice of the DESIR cohort has been particularly relevant,
as it includes the whole spectrum of axSpA (both radiographic
and nonradiographic) and has followed patients for 10 years,
providing robustness to our results. Furthermore, the relation-
ships across the outcomes described above have been consis-
tently reported in other cohorts, supporting the generalisability
of our findings [7,8].

Ilness perception and central sensitisation related to neu-
ropathic and nociplastic pain can contribute to higher Axial
Spondyloarthritis Disease Activity Score (ASDAS) scores.
However, this can likely influence the magnitude, but not the
presence of the association noted consistently throughout lit-
erature between disease activity and health-related quality of
life (HRQoL) [9]. Of note, the DESIR cohort does not repre-
sent a trial population but rather reflects usual clinical care,
and approximately 25% of its patients present with nociplastic

DOI of original article: http://dx.doi.org/10.1016/j.ard.2026.04.003.
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pain; our results, therefore, indirectly incorporate the influ-
ence of this pain mechanism.

Usual instruments to assess HRQoL include Short Form (SF)-36
and Ankylosing Spondylitis Quality of Life. According to the
Assessment of SpondyloArthritis international Society (ASAS)-Out-
come Measures in Rheumatology core domain set [10], HRQoL is
a proxy for overall functioning and health. According to the ASAS
core outcome set, such a domain is assessed with the ASAS-HI, but
the SF-36 is also endorsed [11]. The SF-36 has been widely used
throughout medicine and allows comparisons across conditions;
we chose this score to obtain an overview in the current analysis.
Furthermore, we appreciate the remark about a possible redun-
dancy in the instruments for disease activity, function, and HRQoL.
Although some degree of conceptual proximity between patient-
reported outcomes is unavoidable, consistent longitudinal associa-
tions across studies suggest that these relationships are not merely
driven by measurement overlap. Moreover, it is well known that
HRQoL is heavily influenced by both disease- and non—disease-
related factors [8,9]. Accordingly, our analysis was adjusted for all
contextual factors that, to the best of our knowledge, could influ-
ence these measures, thereby isolating the relationship between
axSpA outcomes as much as possible.

Structural damage was not included in the model because, in
this inception cohort of patients with axSpA, it has been demon-
strated that structural damage was very low and progressed very
slowly, probably due to a timely diagnosis and a prompt treat-
ment [12,13]. For similar reasons, and given that the relation-
ship between structural damage and spinal mobility has already
been demonstrated [3,4], we considered that adding spinal
mobility would contribute little to the model.

Taken together, these findings support the validity of the pro-
posed framework while acknowledging that it represents a sim-
plified -yet clinically meaningful- model of complex outcome
interactions in axSpA. We demonstrated a direct relationship
between disease activity and HRQoL, which makes the ASDAS a
good target for treatment. We recognise nevertheless, the impor-
tance of non-pharmacological interventions for the preservation
of physical function, work productivity and social participation,
aimed at attaining a higher HRQoL. Our results underline
how a prolonged control of disease activity over time might
influence HRQoL, while accounting for the full range of con-
textual factors.
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